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Abstract. The importance of radical-molecule complexes existence of CIQ radical-molecule complexes could possi-
for atmospheric chemistry has been discussed in recent yearbly explain discrepancies for the equilibrium constant of the
In particular, the existence of a ClO, and CIQ, water rad-  CIO dimer formation found between recent laboratory and
ical complexes like CIH2,0, OCIOH,0, OCIO(H20),, stratospheric measurements.
and CIOGH,0 could play a role in enhancing the CIO dimer
(Cl,02) formation and therefore may constitute an important
intermediate in polar stratospheric ozone loss cycles. Mode&
simulations performed with the Chemical Lagrangian Model
of the Stra.tosphere (CLaMS) will be presenteq to study theStratospheric polar ozone loss attracted worldwide attention
role of radical complexes on polar stratospheric ozone loss . :
. : since the discovery of the ozone hole over Antarctic&ay
processes. The model simulations are performed for the Arc-
man et al(1985. For more than a decade, strong halogen-

tic winter 2002/2003 at a level of 500 K potential temperaturein duced ozone losses have also been observed in cold Arc-

and the results are compared to observed ozone loss rat%sC winters (e.g. Miller et al, 1997 Solomon 1999 Man-
determined by the Match technigue. Moreover, recently re-ney ot al 200.:‘?'\,NMO 2003’Tilme’s ot al 2804 Jin et al

ported values for the equilibrium constant of the CIO dimer F0061; von Hobe et al., 200. However, there are still open

formation are used to restrict the number of possible mode . : N :
- . uestions regarding the quantitative understanding of Arc-
results caused by large uncertainties about radical compleg

; X . ._tic polar ozone chemistry. Discrepancies are being found in
chemistry. Our model simulations show that the potential . .
) : comparisons of observed and simulated ozone losses (e.g.,
impact of CIOO, on polar ozone loss processes is small | K iol |
(dOs/dt<0.5 ppb/sunlight h) provided that the GIay com-  12nSen et al.1997 Becker et a|.1998 Deniel et al, 1998

: ' ) ar Goutail et al, 1999 Woyke et al, 1999 Kilbane-Dawe et a.
plex is only weakly stable. Assuming that the binding ener-ZOOl_ Rex et al, 2003, whereby these discrepancies mainl
gies of the CIQ water complexes are much higher than the- . ' y P y

oretically predicted an enhancement of the ozone loss rate b&‘l)fizr;?;ﬁgéév géir;oz;d%oong (e-Gecker et al. 1998

up to~0.5 ppb/sunlight h is simulated. Because it is unlikely y ’ ’ ’

that .the ClQ water complexes are much more stable' than 13in, J., Semeniuk, K., Manney, G., Jonsson, A., Beagley, S..
predicted we conclude that these complexes have no impagycconnell, J., Dufour, G., Nassar, R., Boone, D., Walker, K.,
on polar stratospheric ozone loss processes. Although larggermath, P., and Rinsland, C.: Severe Arctic Ozone Loss in the Win-
uncertainties about radical complex chemistry exist, our find-ter 2004/2005: Observations from ACE-FTS, Geophys. Res. Lett.,
ings show that the potential impact of Gl@adical molecule  to be submitted, 2006.

complexes on polar stratospheric 0zone loss processes is very 2von Hobe, M., Ulanovsky, A., Volk, C. M., GrooR, J.-U.,
small considering pure gas-phase chemistry. However thdilmes, S., Konopka, P., @ither, G., Werner, A., Spelten, N., Shur,
G., Yushkov, V., Ravegnani, F., Schiller, C.{iler, R., and Stroh,
Correspondence td3. Vogel F.: Chlorine activation, denitrification and ozone depletion in the
(b.vogel@fz-juelich.de) cold Arctic winter 2004-05, Geophys. Res. Lett., in review, 2006.
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Beyond that, the role and importance of radical-moleculepreviously noted discrepancies throughout the lower strato-
complexes on atmospheric chemistry and specifically onsphere consistent with our understanding of global strato-
stratospheric ozone destruction has been a topic of discuspheric ozone chemistry.
sion for a number of years (e.gPrasad and Leel994 Here we study if such ClQradical-molecule complexes
Shindell 1996 Hansen and Francisc@002. Shindell can explain the discrepancies between measured and sim-
(1996 examined whether a ClO, complex could have a ulated ozone loss processes, performing model simulations
major role in chlorine catalyzed ozone depletion chemistry.with the Chemical Lagrangian Model of the Stratosphere
He found that either: (1) the ClO, is fairly stable, but (CLaMS) McKenna et al. 20023b). The simulation re-
does not significantly enhance CIO dimer formation andsults are compared to chemical induced ozone losses inside
therefore has a negligible effect on ozone loss rates, or (2}he stratospheric polar vortex determined with the Match
the CIOO, complex is only very weakly stable, but does technique (e.g.von der Gathen et al1995 Rex et al,
rapidly form the CIO dimer, and therefore can influence 1997 1999 Streibel et al. 2006. In the present study,
stratospheric ozone depletioBhindell(1996 finds that the  the focus is on the winter 2002/2003 and on the 500K po-
ClO-O2 complex would impact the CIO/@D; ratio, but at  tential temperature level, where the largest discrepancies
that time no measurements of,Ch were available. Today between model simulations and observations are observed
such measurements are being ma8énipfle 2004 von (Feng et al., 2008. The shown statistical uncertainties of
Hobe et al. 2009 so that more constraints exist. Further, the Match analysis represent the new approach by Lehmann
Francisco and Sandgi1999 proposed that a CI®i,0 et al. (2005) which fully account for the effect that not all
complex could possibly enhance the CIO Dimer () individual Match events are strictly independent. For the
formation. In addition, theoretical studies predict the shown analysis the error bars increased in average by 13%
existence of OCI@H,0, CIOOH,0, and OCIO(H20); compared to the standard error estimation.
radical-molecule complexe®\lpisio and Francisco1999
Hansen and Franciscd0032.

2 The model study

Here, we analyze if such CJOradical-molecule com-

plexes can explain the discrepancies between measured ah@" the present study we use the Chemical Lagrangian Model
simulated ozone loss processes, in particular the unexplaine@f the Stratosphere (CLaMSMgKenna et al. 20023b).

stratospheric ozone losses during cold Arctic Januaries (e.g) NS model simulates both the chemistry of multiple air
Rex et al, 2003. Rex et al.(2003 suggested the exis- parcels and their transport and is used here as a photochemi-
tence of a currently unknown ozone loss process that is recal box model. The absorption cross sections for the photol-

lated to CIQ and/or PSCs. They found that the observed YSis reactions and reaction rate constants are taken from stan-
ozone loss later during the winter is in good agreement withd@rd recommendation§énder et a]2002), except the equi-

model results based on observed CIO, suggesting that the uiPrium constant of the GO, formation (see Eql). Here
known ozone loss mechanism is most important at high Sza2n équilibrium constant recently reported Bjenge et al.
and low temperatures typical of January conditions. A re-(2009 is used which is lower than current reference data
cently pUb'lShEd model StUdy Wieler et a|(200© shows (Sander et aJ.2002 bUt agrees well with high altitude air-
that with faster rates of photolysis and thermal decomposiCraft measurementS{impflg 2004 von Hobe et al.2003;
tion of CIOOCI and higher stratospheric bromine concentra-the overal! ozone loss rate in t.he Ar9t|c winter stratosphere is
tions than previously assumed, a model closely reproduce€nly marginally affected by this choic®lenge et a).2009.
observed Arctic ozone loss while being consistent with ob-Th'S caseisinthe followmg_referred to as standard case. Us-
served levels of CIO and CIOOCI. Thus they suggested that"d faster rates of photolysis of CIOOGBirkholder et al.
previous discrepancies between measured and modeled pd999 as discussed biyrieler et al.(200§ and by von Hobe

lar ozone loss rates might be resolved by greater efficiencyft @l- (2006) yield to lower ozone loss rates, especially un-
of known catalytic cycles, rather than by the introduction of der cold mid-winter conditions, but do not solve the early
new chemical loss processes. The consistency of faster rat¥4nter problem of ozone loss rates (see Fp. For simula-

of photolysis and thermal decomposition of CIOOCI are cur- ions with the CLaMS model, the family method (IMPACT)
rently discussed in a study by von Hobe et al. (2006). More-(Carver and Scot2000 is usually employed as the integra-

over, further atmospheric observations of BrO are neededion solver McKenna et al. 20023. In all model simula-
to better define the levels of stratospheric Brand By,. tions presented in this work, the explicit stiff solver SVODE

Finally the model simulations b¥rieler et al.(2006 are 3Feng, W.. Chipperfield, M., Backmann, L., Godin-Beekmann,
only performed for certain level of potential temperature andg | chmann. R.. Mier. R.. Millard. G. Pyle, J. A., Streibel, M.

in general for early winter conditions with maximum chlo- \,n der Gathen, P., Rex, M., Vogel, B., and Tripathi, O. P.: In-
rine actiyation (C|_Q:C|y:3-7 ppl_)v). Thus a full resolution  tercomparison of European stratospheric chemical transport models
of the discrepancies between simulated and Match deduceguring the Arctic and Antarctic Match campaigns, in preparation,
ozone losses rates requires an explanation of the causes of tReoé.

Atmos. Chem. Phys., 6, 30938+14 2006 www.atmos-chem-phys.net/6/3099/2006/
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(Carver et al. 1997 is used which is more precise but nu- and cyclell:
merically more expensive. As input data for the photolysis
scheme an ozone climatologg(ool3 and Russe005 was

used derived from observations of the Halogen Occultation kts Keq,

Experiment (HALOE) on board the UARS satellitei(ssell 2x (CIO+0+M = ~ClO-Oy+ M)
et al, 1993. The CLaMS simulations were initialized us- K

ing output from a simulation with the SLIMCAT 3-D model ClO-O, + CIO-O2 X Clo02 + 20
(Feng et al.2009. The simulations were performed along CloOy 4+ hv — CIOO+ Cl

trajectories of air masses sampled during the Match cam-

paign 2002/2003%treibel et al, 2008, ClOO+M — Cl+0;+M

2x (Cl+ 03— CIO+ 0Oy)

net: 203 — 30,

3 Ozone chemistry with radical complexes

®)

@)
@
©)
4

3101

Further, the following reaction scheme (cycle lll) involv-

3.1 New catalytic cycles with radical complexes was proposed bfrancisco and Sandéra9s;

In currently accepted stratospheric ozone chemistry, halo-

ing the CIOH,0 complex for stratospheric ozone depletion

gens destroy polar ozone primarily through the CIO dimer kts.Keqg
(Cl20,) cycle Molina and Molina 1987) and CIO-BrO cy- CIO+H0O0+M = CIO-H0+M (8)
cle (McElroy et al, 1986. The CIO dimer cycle CIO-H-0 + CIO ko ClO» + HyO )
-Ha — Ch0Oy 2
Cl,02 + hv — CIOO+ ClI 2
k1. Keg ClIOO+M — Cl+ 0+ M (3)
CIO+CIO+M = ' ChOy+M, 1) 2% (Cl+ Og  CIO +0y) @
Cl,02 + hv — CIOO+ Cl (2)
CIOO+M — CI+ 02+ M ?3) net: 20 - 30,
2x (Cl+ 03 — CIO +0y) (4) .
net: 203 - 3 The reaction of CIO with BrO has three reaction channels

Br + Cl + Oy, BrCl + Oy, and OCIO + Br, where the lat-
o _ _ » ter one normally results in a null cycle for ozone destruc-
is limited under typical polar stratospheric conditions by thetjon, However, the following cycles including OCIB,0,

rate of the CIO dimer formation described by the termolec-oc|0.(H,0),, and CIOGH,0 could enhance the ozone de-

ular reaction rate constant;(i of the CIO dimer formation  pletion due to the reaction CIO+Br@OCIO+Br via cy-

and the equilibrium constant ¢¢;). New catalytic cycles g v
could take place involving a Cl®, complex via Shindell

1996 cycle I
2 x (BrO+ CIO — OCIO+ Br)
kfsﬁKeqs kflLKeqll
CO+0,+M = "CIOO,+M (5) OCIO+ H,O+ M = OCIO-H O+ M
k k
ClO.0, 4 CIO = CloOy + Oo (6) OCIO-H>0 4+ OCIO 2 ClbOy + Oy + H20O
Cl202 + hv — CIOO+CI 2 CloO + hv — 2ClI+ O
CIOO+M — ClI+ 0+ M (3) 2 x (Br+ O3 — BrO + Oy)
2x (Cl+ 03 — CIO + 0y) 4 2 x (Cl+ 03 — CIO+ 0Oy)
net: 203 - 30O net: 403 - 6Oy

www.atmos-chem-phys.net/6/3099/2006/ Atmos. Chem. Phys., 6, 30942006
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(11)

(12)
(2+3)
(13)
(14)
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Table 1. Kinetic parameters used for the first guess model simulation including the radical complex€s ClO

ClO-0O, Reference
A [cm3molecules?] 2.9E-26  Sander et a(2002
B K1 <3700  Sander et al(2002
Do [kcal mol—1] =7.4
Keqs(200K)  [cnPmolecules] ~3.1E-18
kg [cm3molecules1s~1] ~1.0E-12 Prasad and Leg1994
k7 [cm3molecules1s™1] ~5.0E-13 Prasad and Lef1994)

Table 2. Kinetic parameters used for the first guess model simulation including the radical complexds@QJQCIOH»,0, OCIO(H,0),,

and CIOGH,0.
CIO-H,0 OCIOH,0 OCIO (H20), CIOO-H,0
A Scomplex  [cal K~tmol~1] 71.C2 71.00 80.0% 71.0
AS [cal K~1 mol~] —27.9 —-355 -36.1 —38.4
Do [kcal mol—1] 3. 2.7 3.4 1.¢
Keq(200K)  [crPmolecules] ~Keg=11E-22 n Keq1=11E-25 ~Keqs=2.7E-24 ~ Keq7=4.2E-27
o [nm] 0.34 0.5 0.8 0.5
k [cmPmolecules1s™1] A ko= 1.3E-10 ~ kio= 1.7E-10 ~ k1= 2.7E-10 ~ kig= 1.7E-10

@ estimated byFrancisco and Sandér995
b assumed to be similar to CIB,0

¢ Francisco and Sandér995, similar values are calculated with the density functional theoryFoyet al, 2003

d Aloisio and Francisc¢1999

€ collision cross-section is estimated from geometric parameters calculafadeiyal.(2003
f collision cross-section is estimated from geometric parameters calculafddibip and Francisc§1999

9 assumed

cycle V:

2 x (BrO + ClO — OCIO+ Br) (10)

kfllﬁKeql1
OCIO+H,0+M = "~ OCIOHO+M (11

kf15>Keq15
OCIOH20+H,0+M =  OCIO(H20); + M

(15)
k
OCIO-(H20); + OCIO =%° Cl,0, 4+ 2H,0 + O, (16)
ClbO2 + hv — 2Cl+ Oz (2+3)
2 x (Br+ O3 — BrO+ 0y) (13
2 x (Cl 4+ O3 — CIO + Oy) (14)

net: 403 - 6O,

Atmos. Chem. Phys., 6, 30938+14 2006

and cycle VI:
BrO + ClO — OCIO + Br (10)
kfl,Keql

CIO+CIO+M = ' ClhO,+M (1)
Cl,0z + hv — CIOO+ Cl )

kf17wKeq17
CIOO+H,0+M = ' CIOOH,0+M  (17)
CIOO-H,0 + OCIO kig Cl,0; + H20 + O, (18)
Cl202 + hv — 2Cl+ O (2+3)
Br+ O3 — BrO+ Oy (13
3 x (Cl+ O3 — ClO + Oy) (14)

net:40; - 60,

To study the impact of these radical-molecule complexes on
stratospheric ozone chemistry considered in pure gas-phase
chemistry the reactions (EdS, 6, 7, 8, 9, 11, 12, 15, 16,

17, and18) were implemented into the CLaMS model. In
general, the complex formation is described by the reac-
tion rate constant ¢kkss, kig, kf11, kfis, or ki17), where

www.atmos-chem-phys.net/6/3099/2006/
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the chemical equilibrium between complex formation and of Coxon et al(1976 andLanghoff et al(1977) indicate that

its thermal decay is described by the equilibrium constantphotodecomposition of the bare CIO radical accounts for al-
(KegmKegs Kegs Keq11 Keqis 0r Keq17) for this termolecu-  most 2 to 3% of the total destruction rate of ClO in the strato-
lar reaction. The complex destruction is characterized by thesphere, therefore the photolysis of CIO (Cla+>CI+O)
bimolecular reaction rate constant (lzkz, Ko, k12, k16, OF and CIO radical complexes is not considered in our model
k1g) of the CIO dimer formation. calculations.

3.2 Kinetic parameters of the C{@adical complexes

: . o 4 Results
In stratospheric chemistry models a parameterization of the

form Keq(T) [cm®moleculest]=A x exp(£) is usually used
to describe the equilibrium constant. The parameters A and
are calculated from the reactions entropy. §) and enthalpy

For the CIQ radical complexes model simulations are per-
E?ormed as first guess with kinetic parameters shown in Ta-
bles1 and 2, respectively, (case 1l). Sensitivity studies are
(ArH) (Sander et 8] 2002: performed along one particular Match trajectory from mid-
RT A,S AH January until the beginning of February 2003, where the dis-
= Na\,eXp<?) and  B=-— R’ crepancies between simulated and observed ozone loss rates
are largest. For all these complexes no additional ozone loss
with R’=82.1 cn? atm molecules® K1, Ny, the Avogadro  compared to the standard case (cf. SB)ti.e. without rad-
constant, andR the universal gas constant,S can be cal- ical complex chemistry, is simulated by the model. Fur-
culated from the formation entropies of the species takingther model simulations show that an additionally calculated
part in the reactionA,H can be calculated from the binding ozone loss is very sensitive on the relation betweggatd
energies [g of the CIQ, radical complex ,H=—Dg) (see  k (see Figsl, 5, 6 and8). In the following, we will discuss

A

Tablesl and?2). this for each CIQ radical-molecule complex taking into ac-

For the CIOO; radical complex we used parameter A and count that the k values can not be faster than the gas-kinetic
B to calculated Kqs recommended bgander et al(2002) limit. Further at the end of this section we will discuss the
and both k and k values (Eqs6 and7) proposed byPrasad  potential impact of CIQ complexes on stratospheric in situ
and Lee(1999 (see Tablel). For the CIQ water radi- measurements.

cal complex, the equilibrium constant is calculated from the
formation entropy and from the binding energies & de- 4.1 The CIGO, complex
scribed above (see Tab®). As upper limit for the reac-
tion rate constants ¢k k12, kig, and kg) of the reactions To study the impact of a ClI@, complex on polar ozone
(Egs.9, 12, 16, and18) where the CIQ water complexes are chemistry sensitivity studies are performed (see Téble
destroyed, we assume that the reaction is gas-kinetic. Herand Fig. 1). Here simulations performed as first guess
the k values are derived for stratospheric temperatures anftase 1) with kinetic parameters recommendedSander
the collision cross-sections are estimated from geometric paet al.(2002 andPrasad and Leg994), but without consid-
rameters (see TabB®. The collision cross-sections are very ering the CIOGO; self-reaction (i.e. ¥=0) (cf. Tablel) yield
rough estimates, therefore sensitivity tests varying the k vala slightly smaller ozone loss compared to the standard case.
ues are performed (see below). In this case 1, the CI@, complex formation is faster than
For the reaction rate constants(kkss, ks, kf11, Kf15, and the complex destruction and up4g600 pptv CIQO; is pro-
ki17) for all CIO radical-molecule complex formation reac- duced by the model changing the partioning within the chlo-
tions (Eqs5, 8, 11, 15and17), we assume as first approxi- rine family compared to the standard case. In fact, further
mation values similar to the termolecular reaction ratg)(k increasing the reaction rate constant for the complex destruc-
of the CIO dimer formation (EdL). Because large uncertain- tion (ks) would yield more ozone destruction, but simulta-
ties about the radical complex chemistry exist, we performneously the simulated CIO mixing ratios would likewise de-
sensitivity studies varyingrk Keg, and k to analyze the im- crease compared to case 1 (not shown in Ejgso that the
pact of the several kinetic parameters on stratospheric ozongimulated CIO mixing ratios would be much lower than what
chemistry. In general, the system is not sensitive opro-  we know from stratospheric measurements which is most un-
vided that the formation of the complex is not too slow, be- likely. Therefore the K45 values, that mean the stability of
cause then the formation of the complex is suppressed anthe CIOO, complex, have to be decreased (case 2) to sim-
thus the proposed ozone loss cycle cannot proceed. ulate an ozone loss similar to the standard case as shown in
Photolysis reactions of ClQOradical complexes play a mi-  Fig. 1 (left panel). Further decreasing thed§ value (case 3)
nor role in stratospheric chemistry, because it is assumegield a bit lower CIQO, values as for case2 (Fid, left
that UV/VIS chromophore of the complex radical absorption panel). But taking the s values of case 2 and increasing
would probably be the same as in the bare radical — leading tthe ks values (case 4-6) (see Fify.right panel) the model
almost identical electronic absorption spectra. Calculationgroduces higher CIO dimer mixing ratios and therefore an

www.atmos-chem-phys.net/6/3099/2006/ Atmos. Chem. Phys., 6, 30942006
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Table 3. Equilibrium constants (Kgs) and reaction reaction rate constantg éad k in [cm3molecules 1s1]) used for different model
simulations (case 1-7) considering GOD complex chemistry (see Eds.6, and7). The parameterization ofdg is described in Sec8.2

case Kegs [cm®molecules!] ke ky additional dQ/dt
Alcm3molecules!] B[K™1] Dg[kcalmor 1] Kegs(200K)
1 2.9E-26 3700.0 7.35 3.1E-18 1.0 E-12 0.0 —
2 2.9E-26 3000.0 5.69 9.5 E-20 1.0 E-12 0.0 0
3 2.9 E-26 2500.0 4.96 7.8 E-21 1.0E-12 0.0 0
4 2.9E-26 3000.0 5.69 9.5 E-20 5.0 E-12 0.0 +
5 2.9E-26 3000.0 5.69 9.5 E-20 1.0 E-11 0.0 +
6 2.9E-26 3000.0 5.69 9.5 E-20 50E-11 0.0 +
7 2.9E-26 3700.0 7.35 3.1E-18 1.0E-12 5.0E-13 +
215E I =R 2155 = | — standard
o E [ ™ A} A= i;asldird a 210%; = |- case2
= = 3 |-- case2 g 2052 = | — cased
= E case 3 F 2005 = case 5
E 195 = case 6
_ = 280 —— E
£ 27E E
2 g 26 .
S o 255 g
] = T e s
T -255 € -3 E
2 _3‘0; g 3 w
g o g s -
o -45F5 o _gE ,
g 15 S 1s ﬁ
=y E )
2 oo || g 10 itk ﬁ w ﬁ
8 0.52}“3 é / 8 O'SM‘ u"y\_ H‘SEAN-J-N &"J’

0.0

0.8
0.6
0.4
0.2
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Fig. 1. Temperature, @ CIO, ChO5, CIOx (=ClO+ 2 x Cl»05), and CIGO, mixing ratios as well as the ozone depletion per sunlight
hour are shown along one Match trajectory starting in mid-January until the beginning of February 2003 for different sensitivity studies
considering the CI@, complex chemistry in model simulations. The sensitivity @fivalues (left panel) and ofgkvalues for a given

Kegs value (right panel) on polar ozone chemistry was analyzed.

additional ozone loss and lower CIO mixing ratios comparedcase 6 the simulated CIO mixing ratios are in a similar range
to the standard case. However, for case 4-5, the simulateds for case 1 (max<800 pptv).
ClO mixing ratios are higher than in case 1, whereas for

Atmos. Chem. Phys., 6, 30938+14 2006
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Further the impact of cycle Il (cf. Se@.1), i.e. the impact < I s s e S S S
of the CIOO; self-reaction (Eq7) is discussed. The simula- i Plenge et al., 2005
tions case 1-6 are repeated with the reaction rate constant for ~ 3°F ____ hiende, unceriainty
the CIOO; self-reaction (k) proposed byPrasad and Lee 25l ¢ stimpfle etal., 2004
(1994. An not negligible impact of Eq.7) on the ozone i
chemistry is only found for case 1, where upa&00 pptv
CIO-O7 is produced and so sufficient CIO, molecules are
available for the CI@D; self-reaction (Eq.7) (case 7, Ta-
ble 3, not shown in Figl). The simulated ozone destruc- r :
tion is here a bit higher than the standard case. The effect 22 = ey
of Eq. (7) in case 7 is comparable with an increase @fde [ o case 4
case 1 discussed above. Also here the simulated CIO mixing ~ 2° f'/ case & B
ratios (max~800 pptv) are much lower than we know from b
stratospheric measurements. 4.4 4.6 4.8 5.0 5.2

We note here that a reaction ClI+Cl{@— Cl,0+0, 100077 [K"]

(with k=1.0E-10 [cnimoleculess™1], estimated byPrasad

and Lee3 1994 and the reactions destroying 2O of the termolecular CIO dimer formation (Eff) as a function of

(Cl20+O(P)~CIO+CIO and CGO+Cl—Cl+CIO, both the reciprocal temperature (vant't Hoff plot). Current experimen-

with k values recommended [8ander et a].2002 have N0 ta] results Plenge et a).2009, results from field measurements

significantimpact on the ozone losses calculated in the modeistimpfle 2004 von Hobe et al.2009, and K, values calculated

simulations shown above. from model simulations included ClO, complex chemistry are
compared (see See.1.1and Table3).

261

In Kp [atm™]

24
[ standard ]

-
— Case

case2

Fig. 2. Temperature dependence of the equilibrium constgnt K

4.1.1 Analysis of the CIO dimer equilibrium constant

To analyze if the partioning between CIO and its dimer value derived bylenge et al(2005 as expected because this
(Cl202) in our model simulations is consistent with recently Keq1 value was used for the model simulations. Thevl-
reported values for the equilibrium constant of thed ues derived from case 1 are much higher than derived from
formation (Keqy, Eq.1) derived from stratospheric measure- gyiqspheric measurements, because here reactive chlorine
”_‘e”ts Stlmpf_le 2004_ von Hobe et a].2009, we calculate a is stored in the CI@D, complex and therefore the CIO mix-
kind of effective equilibrium constantd(Cl20,) from Re- ing ratios are strongly reduced. This is also valid for case 7,
actions @), (5), (6), and (): where in addition the CI@; self-reaction is considered.pK
[Cl202]night values derived from case 3 are almost identical with the stan-

KEM(Cl20) = :
[CIO]? dard case and values derived BJgnge et a].2005, respec-

night tively, because here a negligible amount of @@is calcu-

kis _[O2]night lated and thus the CIO mixing ratios are not affected. The
Kp values derived from case 2, 4, 5, and 6 increase with ris-
ing the reaction rate constant for the,Ob formation (ks),
whereby case 2, 4, and 5 are within the scatter range of the
results derived byStimpfle 2004 von Hobe et al.2005.
For case 6, the Kvalue is higher than stratospheric mea-
surements (see Fi@). Although significant ozone destruc-
tion compared to the standard case is taking place in case 6

= Kegy X 14 e ——=M9
i < kfl [Clo]nlght

with e the part of the CI@D, radical-molecule complexes

which forms the CIO dimer
ks[CIO] + k7[CIO-O2]

ks[ClO] + k7[ClO-O5] + Kk;—;M

Here only model data are used for solar zenith angelghis case is ruled out because the CIO tg@l partioning

(SZA) =100 representing night time conditionsPlenge
et al.(2009 found a value of Kq1 that is lower than current
reference date§ander et al2002 and agrees well with high

is unrealistic compared to stratospheric measurements. Thus
only for cases4 and 5, where addition ozone loss is simu-
lated and the K values are within the scatter range of strato-

altitude aircraft measurements within their scattering rangespheric measurements, the ozone loss rates are compared to

(Stimpfle 2004 von Hobe et a].2009 (see Fig.2), so that

the Match results for the Arctic winter 2002/2003 at a level

the upper limit of current reference values appears to be tomf 500 K potential temperature shown in F&.The amount
high. The rgg(cboz) values derived from our model results of O3 loss simulated additionally to the standard case (with-

are compared to the values derived ®tympfle (2004 and
von Hobe et al(2005 shown in a van't Hoff plot of the equi-
librium constant k as a function of T! (Kp=Keq(T)/(RT))

out complex chemistry) is lower than 0.5 ppb/sunlight h. We
note that for the first Match point in Fig.(and also in Fig7,
see below) we have no simulated ozone loss rates due to the

(see Fig.2). For the standard case without complex chem-chemical initialization from SLIMCAT which started from

istry (heree is zero), the Kq1 value is identically with the

www.atmos-chem-phys.net/6/3099/2006/
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L 4 Match results
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Fig. 3. Ozone loss rates derived with the Match technique for the Arctic winter 2002/2003 at a level of 500 K potential temperature compared
to different model simulations including ClIO, complex chemistry (see TabB. The standard case is without radical complex chemistry.

In addition a simulation is shown using standard conditions, but faster rates of photolysis of CRMDid|der et al.1990. Note that the

symbols for the model simulations are shifted a bit to the right in order to better distinguish between the different model cases.

100 r r r r r the standard case (without complex chemiste@6% of the
I standard ] 20 ozone destruction is caused by the CIO dimer cyslé3%
sol- case 1 ] by the CIO-BrO cycle McElroy et al, 1986, ~17% by the

case 2 b
case 3 4
case 5

CIO-0 cycle Molina and Rowland1974), and~4% by the
CIO-HO, cycle (Solomon et al. 1986 for daylight condi-
tions (SZA<90°) and averaged over all temperatures.

(o]
o
— T
1
=
o

o

(AdO /dt)/(dO /dt)¥ar [og]

For case 1, the ClI@, complex formation is faster than
the complex destruction and up4d00 pptv CIQO; is pro-
duced by the model, so that 55% of the ozone destruction is
produced via cycle | (see Fid, left panel). In this case, the
efficiency of the other halogen-induced ozone destroying cy-

1 cles are reduced mainly because of decreased free CIO. Thus
clo-0, CLO, BrO 0 HO, All Cycles the rate of the CIO dimer cycle on the total ozone destruction
is only 9%, also reduced by a factor of 4 (because the ozone
Fig. 4. The partioning between the different halogen-induced ozonechange is proportional to tHE€10]?), whereby the other cy-
destroying cycles: CI@, (Cycle 1), the CIO dimer cycle, the CIO-  cles are reduced by a factor of 1.3—1.9.

BrO cycle, the CIO-O cycle, and the HECIO cycle for different In case 2 the equilibrium constant for the QBB forma-

simulations (case 1, 2, 3, and 5) including GB® chemistry are . L .
compared to the standard case (without complex chemistry) (IeflIIOn was reduced so that lower CIO; mixing ratios are cal-

panel). The total ozone loss rates of the different cases are congulated by the model. Here only 7% the ozone destruction

pared to the standard case (right panel). The model results are akS cause by cycle_l. In case 3, the equilibrium constant for
alyzed for daylight conditions (SZA90°) and averaged over all the CIOO; formation was reduced further. Here the rate of

temperatures. cycle | on the total ozone change is negligible, because the
formation of the CIGO, complex is too slow compared to
the reaction velocity of the other halogen-induced ozone de-

4.1.2 Analysis of the ozone change stroying cycles. Thus the partioning between the different
halogen-induced ozone destroying cycles for case 3 is more

Our model calculations show that the simulations case 1" €SS the same as for the standard case.

yield only up to+4% ozone change than the standard case In case5, the samedys value is used as in case 2, but
(see Fig4, right panel), although the stability of the CIQ» the reaction rate constant for the C@ formation (k) is
complex is changed (§>7.35-4.96, see TabR). A detailed  increased. In this casey10% more ozone loss is calcu-
analysis of the ozone change show that the partioning belated by the model (see Fid, right panel), because the reac-
tween the different halogen-induced ozone destroying cyclesion rate of the formation of the CIO dimer from the C{@
differ in a wide range as shown in Fig. (left panel). In  complex is very fast. Here 36% of the total ozone loss is

1
=
o

(dO/dit)/ (dO,/dt)° [%]

|
N
o
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produced via cyclel (see Fidl, left panel). In this case, energy for the CIGH,0 complex substantial higher than pre-
where in our studies maximal additionally ozone loss is sim-dicted byFrancisco and Sandét995 andFu et al.(2003.
ulated for the CIGO, complex and simultaneously the,K A similar analysis for the partioning between CIO and its
values are within the scatter range of stratospheric measuretimer in our model simulations as for the G complex is
ments, the usual halogen-induced ozone destroying cycleperformed. Here case 3 yields @EKCIZOZ) which is above
(the CIO dimer cycle, the CIO-BrO cycle, the CIO-O cycle, the uncertainty range of the recently reported values for the
and the HQ-CIO cycle) are strongly depressed compared toequilibrium constant of the @D formation (Keq1, Eq. 1)

the standard case, but not as strongly as in case 1. The su(Plenge et a).2005. For all other cases thegg(CIzoz) val-

of the O loss rates for the CIO dimer cycle and cyclel is ues are within the reported uncertainties, where for case 5 the
approximately the same in cases 1 and 5, but reduced CICB(gg(CIZOZ) values are at the upper limit.

mixing ratios in case 1 causes that all other halogen-induced Ozone loss rates for case 2 and 5 compared to Match re-

ozone destroying cycles are slower than in case 5. sults for the whole winter 2003/2003 at a level of 500K are
shown in Fig.7. The enhancement of the ozone loss rates is

4.2 The CIQ water complexes ~0.5 ppb/sunlight h.

4.2.1 The CIGH20 complex 4.2.2 The OCICH20 complex

Our model simulations show that an additional ozone lossAnalogous sensitivity studies are performed with the
compared to the standard case is only simulated for muctOCIO-H,O complex (see Tabl® and Fig.6). Also here
higher equilibrium constants for the Cl@,O formation the equilibrium constant for the formation of the OGHO
(Kegg) (case 2) (cf. Tablel) than theoretically predicted as complex (Keq11) is to be increased (case2) compared to
shown in Fig.5 (left panel). Simultaneously the simulated case 1 to simulate ozone loss rates higher than in the stan-
ClO mixing ratios decrease and the;Op mixing ratios in-  dard case (see Fig, left panel). Again the CIO mixing ra-
crease when increasing thedg values (case 2). Here the tios are simultaneously decreased. However, by further in-
CIOx mixing ratios are very close to those for case 1. By fur- creasing the Ky11values (case 3) the relation betweegy ik
ther increasing the §g value (case 3) the CIO mixing ratios and k2 is changed so that the OCI®,0 complex formation
still decrease to values which are much lower (max. ClIO mix-is faster than the complex destruction and ups@00 pptv
ing ratios~700 pptv) than we know from stratospheric mea- OCIO-H0O is produced by the model changing the partioning
surements for activated conditions (cf. Sécl.]). Simulta-  within the chlorine family. Therefore less ozone is destroyed
neously the GIO, mixing ratios increase further on, but here in this model simulation than in the standard case. An in-
also the amount of CIQis higher 100 pptv) than forcase 1 crease of the f values in case 3 would yield more ozone
and 2. Thus in case 2, the partioning between CIO ap®4£| loss, but only for ko values much faster than gas-kinetic.
is only changed, whereas in case 3 also the partioning within  For a Keq11 value of case 2 we decrease the kalues
the chlorine family is affected. This is because in case 3 thgcase 4) and found the same behavior as in case 3, namely
ClO mixing ratios are so low that significantly lower Cl and a high formation rate of OCI®1,0 and less ozone loss than
HOCI and thus also lower HCI mixing ratios are simulated. in the standard case (see Figright panel) . For higheri
In case 3 the simulated CIO mixing ratios are much lowervalues (case 5), the simulations show ozone loss rates a bit
than we know from stratospheric measurements because thggher than in case 2 and the CIO mixing ratios are only de-
reactive chlorine is stored in the complex. Therefore we con-creased by a small amount. However, the ¥alue is in the
clude that Kgqg values in that range are unrealistic. An in- range of the upper limit of our estimation for the gas-kinetic
crease of thedvalues in case 3 would yield more ozone loss, limit, so that we conclude that case 2 yields model results
but only for ky values much faster than gas-kinetic. for reasonably realistic conditions, but with a much higher
For the Keqgvalue from case 2 we perform further sensitiv- binding energy for the CI®1,0 complex than theoretically
ity studies varying the kvalues (see Figp, right panel). For  predicted Aloisio and Francisco1999. For case?2 and 5
kg values (case 4) lower than in case 1, no additional ozonghe simulated ozone loss rates in comparison to the Match
loss is simulated similar to case 1 that means thigdtue is  results for the winter 2002/2003 at 500 K potential tempera-
too slow compared to s so that no additional CIO dimer ture are shown in FigZ. The simulated ozone loss rates are
mixing ratios are produced and no additional ozone loss isa bit larger than simulated ozone loss rates for the-B4O
simulated. Increasing the kalues (case 5) yield additional complex (see Fig/).
ozone loss because additionabQ} is produced. Here the We note that the analysis of the partioning between CIO
ClO mixing ratios are not so strongly reduced as in case 3and its dimer in our model simulations shows that the
but the lg value is high (in the range of the upper limit of our Kgg(cboz) values are only marginally affected. Further, for
estimation for the gas-kinetic limit). Thus we conclude that cases 2-5 the simulated OCIO mixing ratios are very low
only case 2 yields an additional ozone loss compared to thaith maximum OCIO mixing ratios up to 4-6 pptv. These
standard case under realistic conditions, but with a bindingmixing ratios are much lower than we know from recent
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Table 4. Equilibrium constants (Kgg) and reaction reaction rate constantg)(sed for different model simulations (case 1-5) considering
CIO-H,0 complex chemistry (see Edsand9). The parameterization ofdg is described in Sec8.2

case Kegg [cm3molecules!] kg [cmPmoleculess~1]  additional dQ/dt

Alcm3molecules?] B[K™1] Dglkcal mol!]  Kegg(200K)

1 3.3 E-26 1611.4 3.2 1.1E-22 1.3E-10 0

2 3.3E-26 4500.0 8.9 1.9E-16 1.3E-10 +

3 3.3E-26 5000.0 9.9 2.4E-15 1.3 E-10 +

4 3.3 E-26 4500.0 8.9 19E-16 1.0E-11 0

5 3.3E-26 4500.0 8.9 1.9E-16 3.0E-10 +

2155 = | — standard 215 = | — standard
o 2105 = case 1 o 210g] /5 | -- case4
2 2055 E case 2 = 205: E case 2
F 200 = | — case3 ~ 200E = | — case5

1955 3 1955 =

CIO [ppb] AQ, [ppb/sunlit h] Os [PPM]

CIO [ppb] A0, [ppbi/sunlit h] Os [PPM]
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=%
:
-
3
11
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o
o
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=
o

TT \H‘H\‘\H‘\H‘H\ H‘H\‘H\‘H

1
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Fig. 5. Temperature, @ CIO, ChO», CIOx (=CIO+ 2 x Cl»05), and CIOH,0 mixing ratios as well as the ozone depletion per sunlight
hour are shown along one Match trajectory starting in mid-January until the beginning of February 2003 for different sensitivity studies
considering the CI@1,0 complex chemistry in model simulations. The sensitivity @fgvalues (left panel) and ofvalues for a given

Kegg value (right panel) on polar ozone chemistry was analyzed.

stratospheric nighttime OCIO measuremer@siity et al. 4.2.3 The OCIQH20)2 complex
2009.

The potential impact of the ozone destroying cycleV due
to the OCIO(H20), radical complex is analyzed. For cy-
cleV also the OCIGH,O complex is required to form the
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Table 5. Equilibrium constants (Ky1) and reaction rate constants; gk used for different model simulations (case 1-5) considering
OCIO-H20 complex chemistry (see EdEl and12). The parameterization ofdg is described in Sec8.2

case Keqr1 [cm®molecules!] k12 [cmPmolecules1s~1]  additional dGy/dt
Alcm3molecules?] B[K™1] Dglkcal mor?] Keq1(200K)
1 7.2 E-28 1007.1 2.0 1.1E-25 1.7 E-10 0
2 7.2 E-28 7500.0 14.9 1.4E-11 1.7 E-10 +
3 7.2 E-28 8000.0 15.9 1.7 E-10 1.7 E-10 -
4 7.2 E-28 7500.0 14.9 14E-11 1.0E-11 -
5 7.2 E-28 7500.0 14.9 1.4E-11 3.0E-10 +
2155 < | — standard 2156 3 | — standard
o 210g 7 case 1 o 210F 7= | — case4
= 205 = case 2 = 2052 3 case 2
F 200= = | — case3 F  200& = | — case5
195 = 195 =
E e
g g 3
o S 5
= =
£ 255 = = =58 =
g 39T = gz 32 -
g a0 B E g -40 -
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Fig. 6. Temperature, @ ClO, ChO», ClOx (=CIO+ 2 x Cl»05), OCIO, and OCICH,0 mixing ratios as well as the ozone depletion per
sunlight hour are shown along one Match trajectory starting in mid-January until the beginning of February 2003 for different sensitivity
studies considering the OCIB,0 complex chemistry in model simulations. The sensitivity @fq values (left panel) and ofik values

for a given Keq11 value (right panel) on polar ozone chemistry was analyzed.

OCIO.(H20), complex, so that we have also to consider the performed for the OCI@H,O complex plus Egs.16) and

uncertainties of the OCI®I,O complex chemistry. There-

(16) with kinetic parameters for Eqsl®) and (L6) as shown

fore we repeat the model simulations case 1-5 (see Hble in Table2. However no additional ozone loss is simulated
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Fig. 7. Ozone loss rates derived with the Match technique for the Arctic winter 2002/2003 at a level of 500 K potential temperature compared
to different model simulations including CjQwater radical complex chemistry (see Tabdesnd5). The standard case is without radical
complex chemistry. We note that the symbols for the model simulations are shifted a bit to the right in order to better distinguish between
the different model cases.

for these cases. For case 2 and 3, where Q€O mixing Francisc91999. Thus a significant impact of a CIOB,0
ratios are simulated up to 600 and 800 pptv, respectively, weomplex on stratospheric 0zone processes can most likely be
expect that sufficient OCIQH20), molecules are available excluded.

that the ozone destroying cycle V can proceed. Therefore we

increase for these cases the reaction rate constgtvlen- 4.3 The potential impact of CkOcomplexes on strato-
hance the formation of @D, and therefore to enhance ozone spheric in situ measurements

destruction. But also for reaction rate constants much larger

than gas-kinetic, simulations yield no additional ozone loss. Here the potential impact of ClOradical-molecule com-

In further simulations we assume kinetic parameters forPlexes on stratospheric in situ measurements of CIO and
the OCIOH,0 complex of case 2 and variate the equilibrium Cl202, respectively, mixing ratios is to discussed. Al
constant kq15 We found here the same behavior as for the@vailable stratospheric in situ CIO and ,0pb measure-
OCIO-H,0 complex (see Sect.2.9. Only for equilibrium ~ Ments which were used t_o mfgr the equilibrium constant
rate constants &1smuch higher than predicted by theoret- for the CIO dimer formation &timpfle 2004 von Hobe
ical calculations of the binding energy of the OQIB8,0), €t al, 2003 employ the same measurement technique,
complex an additional ozone loss is simulated (see Table namely the well-established chemical-conversion resonance-
and Fig 8, case 6). Also here the simulated ozone loss is veryfluorescence techniqu@iune et al, 1989. A CIOx com-
sensitive on ks for given Keq15values (see case 7). Further Pleéx may react with NO in just the same way as CIO would,
increasing the Kq15values (case 8) yield a lower ozone loss therefore the _equmbrlum constant for the CIQ dimer forma-
as in the standard case (without radical complex chemistry)tion (Keq1) derived by stratospheric CIO and dimer measure-
because here reactive chlorine is stored in the (XHQD)Z ments has to be lower thal’blﬁvalues derived by |ab0rat0ry
complex. Increasing thek values would yield an additional Measurements, if CloOradical complexes would exist in a
ozone loss to case 2, but only forgvalues much higher than  sufficient large amount in the polar stratosphere:
gas-kinetic.

[CIOlmeas= [ClOlrea + [CIOx complexe$ (21)
meas_ 1C1202] - [Cl202]
~ [ClOJeas ~ [CIOTZ

real

4.2.4 The CIOGH,0 complex

Keq — Keqreal (22)

From the discussion above, we expect the same behav-

ior for the CIOOH>O complex chemistry as for the other Our studies show that for the ClIO, complexes for the
ClOx-(H20)x complexes because we assume that this comcases 1 and 7 a sufficient large amount of Q@is avail-
plex has a collision cross-section in a similar range, whichable so that K™ is significantly lower than K4 as
determined the gas-kinetic limit. Therefore we conclude thatshown in Fig.9. However, these cases are unrealistic be-
also the CIOCGH,0 radical complex molecule has to be fairly cause both the simulated CIO mixing ratios were too low and
stable which is in contrast to theoretically predicted valuethe K‘gg(CIzOz) values were too high. For the OCI®O

of 1.3kcal mot?! for the binding energy (p) (Aloisio and complex only for cases3 and 4 and for low temperatures

Atmos. Chem. Phys., 6, 30938+14 2006 www.atmos-chem-phys.net/6/3099/2006/



B. Vogel et al.: Radical complexes and ozone loss processes 3111

Table 6. Equilibrium constants (Kq15) and reaction reaction rate constantgsfkused for different model simulations (case 6-8) considering
OCIO . (H20); complex chemistry (see EqES and16). The parameterization ofdgis described in Sec8.2

case Kequs [cm®molecules ] k16 [cm3molecules1s~1]  additional dGy/dt
Alcm3molecules?] B[K™1] Dglkcal mol ] Keqs(200K)

6 5.2E-28 6800.0 13.5 3.0E-13 2.7 E-10 +

7 5.2E-28 6800.0 135 3.0E-13 5.0 E-10 +

8 5.2 E-28 7500.0 14.9 1.0E-11 2.7 E-10 —
(=196 K) a significant difference was found. These cases s E 2 [Z sandard
yield realistic values for the CIO mixing ratios and for 210 E case 2
KEM(CI205), but too low OCIO mixing ratios. We note that = 205 E N Iid
all these cases yield no additional ozone loss. However, in & 200= = case 8
this study we present only borderline cases to study the pos-  195= E
sible impact on stratospheric ozone loss rates. Therefore pos- . = - I
sibly for other binding energies not analyzed here these COM-E ,70c E
plexes could affect the in situ CIO andCl, measurements, & .= E
but not the ozone loss rates. Thus the existence of these CIO® ./
radical complexes could explain that thegJ{ values derived Y- 2
from stratospheric CIO and &D, in situ measurements by = "x\;::tg
Stimpfle (2004 andvon Hobe et al(2005 differ in a small E e E
range from the K41 values derived bylenge et al(2005. g 4= =
A recent paper based on nighttime CIO measurements con- g 5= E
ducted by the Sub-Millimeter Radiometer (SMR) instrument  ~ 16 =
on board the Odin satellite also studied the nighttime ther- _ 15 A ! A ﬁ '\ A \ E
mal equilibrium between CIO and its dimeBédrthet et al. g ég: | | “w n ﬁ A | ﬁ i E
2005. They found that the value ofdg; currently recom- S o=\ |||\ lkyl | N L e
mended by JPLSander et a).2002 leads to a large un- O3E \& T RPN T
derestimation of the observed nighttime CIO amounts, and = 3890F E

.. . . . 2 250F =

that a realistic estimation ofd41 must lie between the val- = 5= E
ues determined b ox and Haymar{1988 andvon Hobe T 1505 =
et al. (2009. An intermediate value of k& that falls in 8 128;: NooAnfannn, ARl Fis
this range is obtained by taking the lowest possible value . o-— AL CULTUV UG %
allowed by the estimated uncertainty of the recommenda- & 2E E
tion by Sander et al(2002. CTM simulations using this 5 08F E
JPL lower limit agree best with Odin/SMR observations. I 2°- E
These findings are in very good agreement with the labora- § o2: \N AVRIYIEAT £
tory measurements ofdg1 by Plenge et al(2009, especially © fz-‘l)oilm : 26:01.03 : m.ofog
for stratospheric temperatures. Thus thg fvalues based Time [UTC]

on laboratory and mm-wave measurements are in excellent

agreement, while kg1 values based on stratospheric in situ

fluorescence technique underestimagg{von Hobe et al.
2005 or scatter in a wide rangeStimpfle 2004. These
results support our assumption that ¢l€dical-molecule
complexes possibly have a potential impact on stratospheric
in situ measurements, but further examinations of this feature
would be worthwhile.

measurements based on the chemical-conversion resonandgd: &: Temperature, g CIO, 0CIOH,0, and OCIAH,0); mix-
|ﬁg ratios as well as the ozone depletion per sunlight hour are shown

along one Match trajectory starting in mid-January until the begin-

ning of February 2003 for different sensitivity studies considering

the OCIO(H20), complex chemistry in model simulations.

5 Summary and conclusions

The potential impact of radical complexes on polar strato-
spheric ozone loss processes was studied performing model
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P by fixed values for the equilibrium constantd€e?) for the

Plenge et al., 2005 ] CIO complex formation.

- Plenge, uncertain -
30 — — —— von Hobe et al., 2005 Z7

4 Stimpfle et al., 2004

T

The present sensitivity studies for a G complex show
that an additional ozone loss is only simulated for binding
energies of the CI@, complex in the range o&6 kcal
mol~1 in agreement wittshindell(1996. These binding en-
ergies are lower than the upper limit of 7.4 kcal mbtec-

ommended bysander et al(2002. In addition to the work
sl ElR:Gecasel 3 by Shindell(1996), recently published results for the equilib-
Ocia: e sase 3 rium constant of the CIO dimer formatione{Cl,O2) from

. Kegﬁ?'as ] stratospheric measuremeng&iMmpfle 2004 von Hobe et al.
2005 were used to restrict the number of possible model
e results caused by large uncertainties about radical complex

a4 46 mogﬁ K] >0 22 chemistry. Further our studies show, that the reaction rate

constant of the CIO dimer formation from the C{® com-

Fig. 9. Temperature dependence of the equilibrium constant K Plex (ks) needs to be faster than assumedPbgsad and Lee
of the termolecular CIO dimer formation (Ed) as a function (1994 which is in agreement witlshindell (1996. An up-
of the reciprocal temperature (vant't Hoff plot). Current exper- per limit for the ks value is that the effective equilibrium
imental results Rlenge et a).2009, results from field measure- constant for the CIO dimer formation gg((]zoz)) has not
ments Gtimpfle 2004 von Hobe et al. 2009, and Ky values g be higher than recently recommended from field mea-
calculated from model simulations included Gl@omplex chem- surements §timpfle 2004 von Hobe et al.2005. The

T
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istry are compared with "3 ee] +[[CI%)X§meIe>1)2 and  amount of addltlonally simulated{Joss rates is very small
Keq®2= [Eicllzg]%] for SZA <100°. (dOs/dt«0.5 ppb/sunlight h).

Our findings show for the Clwater complexes that to

produce additionally @ loss rates the binding energies of
simulations with the Chemical Lagrangian Model of the thes_elradlcal complexes have to be much high@15kcal
stratosphere (CLaMS) including the GOy and CIQ, water ~ Mol™") than theoretically predicted (1.3-3.4 kcal mo)
radical complexes like CI®,0, OCIOH,0, OCIO(H20),, (Francisco and Sandeﬁ_)gs Aloisio and Fra_nC|sc,01999
and CIOGH-0 in pure gas-phase chemistry. The simulatedFY et @l, 2003. In addition the CGIO, formation has to be
ozone loss was compared to observed ozone loss rates déery fast (gas-kinetic). The additionally simulated ss
termined with the Match technique for the Arctic winter rates are~0.5ppb/sunlight h. Considering pure gas-phase
2002/2003 at a level of 500 K potential temperature. chemistry the impact of Clowater radical complexes on po-

The present sensitivity studies show that the stratospherit®” 0zone loss rates is most unlikely as the binding energy of

polar ozone chemistry is very sensitive on the relation pe-these complexes needs to be much higher than theoretically
predicted.

tween the equilibrium constanteglf of the complex forma-
tion and its thermal decay and of the bimolecular reaction The equilibrium constant of CIOOCI formation is a cru-
rate constant k of the CIO dimer formation from the radical- cial quantity with respect to the importance of stratospheric
molecule complex. Our studies show that there exists forozone and chlorine chemistry. Although stratospheric mea-
each CIQ radical-molecule complex only one ideal range surements of the equilibrium constant of CIOOCI formation
for the equilibrium constant (L@"dea') where an additional are within the uncertainty range of recent laboratory mea-
ozone loss is possible provided that the reaction rate constarsurements, still small differences exist between laboratory

k for the ChO, formation is not faster than gas-kinetic. If the and stratospheric measurements, whereas reasons for this are
KeqVvalues are lower thanéﬁidea' no enhanced ozone loss is discussed presentlyPlenge et a).2005 von Hobe et al.
possible. If the &g are higher than gqidea' less ozone loss 2006. The present findings show that the existence of,CIO

is simulated, because reactive chlorine is stored in the comradical-molecule complexes could possibly explain these dis-
plex. Further, then the partioning between CIO angd3l  crepancies, however CjOradical-molecule complexes do

is unrealistic compared to stratospheric measurements. Farot solve the early winter problem of ozone loss rates con-
these kqvalues higher than é@idea' an additional ozone loss sidering pure gas-phase chemistry. We assume that if an-
is possible when the bimolecular reaction rate constant k foiother CIG radical-molecule complex formation channel for
Cl,0, formation from the complex is much faster than gas- instance via heterogeneous reactions on polar stratospheric
kinetic, which is unphysical and therefore can be excludedclouds would exist (e.gMcKeachie et al.2009), the ozone
Further, the present model simulations show that the simudestroying cycles discussed here could possibly have an im-
lated ozone loss is very sensitive on the bimolecular reactiorportant impact on stratospheric polar ozone loss processes,
rate constant of the CIO dimer formation k from the complex especially under cold mid-winter conditions.
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