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Abstract. Among the major factors controlling ozone lossin 1 Introduction
the polar vortices in winter/spring is the kinetics of the CIO
dimer catalytic cycle. Here, we propose a strategy to test and he CIO dimer cycle is one of the most important catalytic
improve our understanding of these kinetics by comparingcycles destroying ozone in the polar vortices in late win-
and combining information on the thermal equilibrium be- ter/early spring (Molina and Molina, 1987):
tween ClO and GOy, the rate of CIO, formation, and the

krec
Cl,0, photolysis rate from laboratory experiments, theoret- —
. . ) . N ClO+CIO+M CloO2 + M R1
ical studies and field observations. Concordant with a num-""~ + — 202+ (RL)
ber of earlier studies, we find considerable inconsistencies of diss
some recent laboratory results with rate theory calculations J
Cl202 + hv — Cl + CIOO (R2)

and stratospheric observations of CIO and@l The set
of parameters for which we find the best overall consistency

— namely the CIO/GIO, equilibrium constant suggested by ClOO+M — Cl+ 02 + M (R3)
Plenge et al. (2005), the £D, recombination rate constant 2 x (Cl + O3 —> CIO + Op) (R4)
reported by Nickolaisen et al. (1994) and>Op photoly-
sis rates based on absorption cross sections in the range bget: 205 + 1y — 30,

tween the JPL 2006 assessment and the laboratory study by

Burkholder etal. (1990) —is not congruent with the latest rec-In darkness thermal equilibrium of Reaction (R1) is estab-
ommendations given by the JPL and IUPAC panels and doefished with

not represent the laboratory studies currently regarded as the X [Cl,0y]
most reliable experimental values. We show that the incor-Keq = Jrec _ 122 22
poration of new Pope et al. (2007) 4/l absorption cross kdiss  [CIO]
sections into several models, combined with best estimatesne termst,e andkgiss refer to rate constants for the recom-
for other key parameters (based on either JPL and IUPAGyination of CIO and CIO and the dissociation 0O} (un-
evaluations or on our study), results in severe model underesess stated otherwise, £, here refers to the chlorine per-
timates of observed CIO and observed ozone loss rates. Thigxide isomer, CIOOCI, the only isomer that leads to ozone
finding suggests either the existence of an unknown procesgss upon photolysis), respectivelffaq refers to the equilib-
that drives the partitioning of CIO and £, or else some  riym constant and is the ChO, photolysis frequency. For a
unidentified problem with either the laboratory study or nu- given amount of active chlorine ([CIp~[CIO]+2[Cl,05])
merous measurements of atmospheric CIO. Our mechanishe rate at which this catalytic cycle destroys ozone is de-
tic understanding of the CIO/gD; system is grossly lack-  termined by the dimer formation rate constapi; and the

ing, with severe implications for our ab|l|ty to simulate both photo'ysis rateJ. The combined ozone loss rate from all
present and future polar ozone depletion. catalytic cycles (see e.g. Solomon, 1999) is more sensitive
to J than tokec: increasingJ leads to a faster dimer cy-
cle as well as to higher [CIO], which largely determines the
Correspondence tavl. von Hobe rates of other catalytic cycles, in particular the CIO-BrO cy-
(m.von.hobe@fz-juelich.de) cle (McElroy et al., 1986). On the other hand, the enhanced

)
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3056 M. von Hobe et al.: Understanding the kinetics of the CIO dimer cycle

vant parameters have not been considered together in a com-

Table 1. Vibrational frequencies and uncertainties of CIOOCI. :
prehensive way.

Vibrati ) Here we integrate the available information from labora-
ibrational mode v, cm . . . .
tory studies, atmospheric data and theoretical calculations,
Torsion 127_*23a pointing out the existing inconsistencies and their possible
CIOO symmetric bend 3_2}b implications. Based on the currently accepted chemistry
ClOO antisymmetric bend 4185 and reaction mechanisms, we attempt to identify a set of
CIl-0O symmetric stretch 5430 values forKeq, krec: @andociooci that are consistent with
CI-0 antisymmetric stretch 64 F.7 each other and with atmospheric observations while still be-
O-0 stretch 7540 ing reconcilable with theoretically feasible thermodynamic

and energy transfer properties. We start by using statistical
2 127+20 cnt? represents the only measurement of the torsionalthermodynamics to constraikieq, and exploit the result to-
wave number (Birk et al., 1989). As all reported values from ab ini- gether with corresponding thermodynamic properties to suc-
tio (e.g. Lee et al., 1992) and force field calculations (Jacobs et a'-cessively constraihgiss andkrec With the help of unimolecu-
should be hl_gher. The lower limit used here represents the Iowesfnd(_:‘pendent analyses — photochemical steady state analysis
value found in the literature (Jacobs et al., 1994). _ and a chemical box model study — are carried out to discern

321 cnm+ and upper limit of 342 cm- from different ab initio . . . N
which ChO» photolysis cross sections can best explain si-

calculations (Lee et al., 1992), lower limit of 310 chfrom force ) .
field calculations (Jacobs et al., 1994). multaneous CIO and @D, observations made during sev-

¢ measured by (Jacobs et al., 1994), in good agreement with othe®al Arctic aircraft missions in the stratosphere.
experiments (Burkholder et al., 1990; Cheng and Lee, 1989). Mea-

surements are rather exact and uncertainties of these higher frequen-

cies are not significant for the calculations in the temperature rang€ Enthalpies and entropies of CIO and C}O» and the
relevant to this study. equilibrium constant Keq

The equilibrium of Reaction (R1) and its temperature de-
overall rate of the dimer cycle induced by increaskig is  pendence have been addressed in numerous studies. Labo-
partly offset due to the effect of reduced [CIO] on other cat- ratory measurements dfeq have been carried out by Basco
alytic cycles. and Hunt (1979), Cox and Hayman (1988), Nickolaisen et

A large number of laboratory studies have addressggd  al. (1994) and Ellermann et al. (1995). Avallone and Toohey
(Basco and Hunt, 1979; Cox and Hayman, 1988; Nickolaisen(2001) and von Hobe et al. (2005) have infertgh from
et al., 1994; Ellermann et al., 1995; Plenge et al., 2005)field observations of CIO and &D,. A value forKeqwas de-
krec (Sander et al., 1989; Trolier et al., 1990; Nickolaisen termined from analysis of atmospheric measurements of CIO
et al., 1994; Bloss et al., 2001; Boakes et al., 2005) andcand ChO; by von Hobe et al. (2005). Avallone and Toohey
ocloocl (Basco and Hunt, 1979; Molina and Molina, 1987; (2001) also estimated a value f&eq, based on atmospheric
Permien et al., 1988; Cox and Hayman, 1988; DeMore andneasurements of CIO and estimates of the concentration of
Tschuikow-Roux, 1990; Burkholder et al., 1990; Huder and Cl,0, deduced assuming complete chlorine activation.
DeMore, 1995; Pope et al., 2007). For each of these pa- k., is related to the standard reaction enthalpyH° and
rameters, large discrepancies exist that often cannot be entropyA, s°:
plained by the reported uncertainty limits. The appearance
of new studies has not always led to a better understanding,, E A,S°/R —A,H®/RT 2
at least quantitatively. With the latest values reportedfgy «a= N, ¢ ¢ 2)
by Boakes et al. (2005) and feiciooc) by Pope et al. (2007)
falling outside the limits of all previously published values, with the factorRT/N4 (R in cm?® atm K= mol~1) converting
the uncertainties for the dimer formation and photolysis rateskeq into units of molecules® cm®. A, $° can be calculated
seem larger than ever. Some proposed parameters or combiom the third law entropies of CIO and £0» (see below).
nations thereof are inconsistent in the thermodynamic prop-A,H° has been determined in the laboratory (Plenge et al.,
erties they imply (e.g. Golden, 2003), and studies testing the2005) and estimated in ab initio calculations (McGrath et al.,
consistency with atmospheric observations (Shindell and dd.990; Lee et al., 1992; Zhu and Lin, 2003).
Zafra, 1995; Shindell and de Zafra, 1996; Solomon et al., The kinetic laboratory studies (Cox and Hayman, 1988;
2000; Avallone and Toohey, 2001; Solomon et al., 2002;Nickolaisen et al., 1994) can be interpreted either by third
Stimpfle et al., 2004; von Hobe et al., 2005) have shown thataw analysis (i.e. obtaining\,S° from third law entropies
some of the constants determined in the laboratory cannot band fittingA, H°) or by second law analysis (i.e. both H°
reconciled with atmospheric CIO andJCl, measurements. andA,S° are obtained from a linear least squares fit to the
But hitherto laboratory, field and theoretical data on all rele-observedKeq values at different temperatures). The two
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Fig. 1. Temperature dependenceiéq (a) in the temperature range of laboratory measurementggrad stratospheric temperatures. Note
that the lines corresponding to the Cox and Hayman (1988) and Nickolaisen et al. (1994) data are based on the fits obtained in this study anc
not on the fits reported in the original papers. The uncertainty range given by JPL 2006 is shown by the gray areas.

methods may yield significantly different values for the tem- ments ofKeq at different temperatures by a logarithmic fit,
perature dependence &tgq, but as the entropies of CIO and corresponding to third law analysis but taking into account
Cl,0, are reasonably well constrained by available spectrothe temperature dependence/qfH° and A, S°. The major
scopic data, third law analysis is the preferred method (Nick-uncertainty in this calculation arises from the uncertainties in
olaisen et al., 1994). The JPL 2006 recommendatioktgr  the vibrational frequencies of &0, (Table 1). However, this

is based on third law analysis of the laboratory data given byresults in less than 0.2 kJ mdierror in the calculated, H°
Cox and Hayman (1988) and Nickolaisen et al. (1994) using(0 K) values and less than 10% errorkiaq below 300 K.

a value fors® (300K) of CbO, equal to 302.2 JK mol~? Figure 1a shows various laboratory measurementscgf
to obtain the value oRT /N4 exp(A,S°/R), the so-called  at different temperatures, and the temperature dependence
pre-exponential factor. resulting from the analysis of these data described above.

Here, standard entropie®’ for CIO and C4O; and the  Basco and Hunt (1979) and Ellermann et al. (1995) only
standard enthalpy of formatiom sH° for CIO are de- measuredcqat 298 K so that no robust deterimnation of the
termined using statistical thermodynamics as described inemperature dependence BEq and thusA, H° can be ob-
Chase (1998). The uncertainty in these parameters for ClQained from these studies. Even though concerns have been
is small with $°(298.15K)=225.020.5JK*mol"* and  raised about their reliability (Crowley, 2006), they are in-

A H°(298.15K)=101.630.1kJmofl. When computing  cluded for completeness and seem to be in good agreement
§¢ for Cl202 a larger uncertainty arises, because some of thayith Cox and Hayman (1988). Also included in Fig. 1a is
vibrational frequencies used in the calculation are not exactlythe temperature dependence deduced from¥° measured
known. Using the frequencies and uncertainties given in Tay Plenge et al. (2005) and the recommendation and uncer-
ble 1 results ins°(298.15 K)=30208" ;73 JK~2mol~L. The tainty given in JPL 2006. A comparison witkieq deduced
temperature dependencesf H° for Cl,0p, d(A s H®)/dT,  from stratospheric observations is shown in Fig. 1b. The val-
may also be calculated from statistical thermodynamics withyes obtained fon, H° (0 K) from the temperature dependent
a relatively small uncertainty (using the same vibrational fre-third law analysis of the laboratory data shown in Fig. 1a are
quencies as for computing’). If we expressA, H® as the  given in Table 2, together with other values found in the liter-
sum ofA, H°(0K) and a temperature dependent thermal cor-ature. We note three arguments that support the |avyéf°
rection, Eq. (2) becomes (OK) obtained from Cox and Hayman (1988):

o (A e T 3(ArH®)
etrS e (A'H Cr0+for 7 dT)/RT 1. Cox and Hayman (1988) actually establish equilibrium

RT
Keg(T) = Ne
4 between CIO and GO, while Nickolaisen et al. (1994)

- EeA’S"/Re_(f"TK %dT)/RTe_A’HO(O K/RT (3) determineKeq from measured values dfec and kgiss
Na that are somewhat dependent on each other,
All quantities in Eqg. (3) are either constant or can be cal-
culated from statistical thermodynamics, except AgrH° 2. in Nickolaisen et al. (1994) the gD, entropies ob-
(OK). The value ofA,H° can be taken from direct labo- tained by second and third law analyses disagree beyond

ratory measurements or deduced from laboratory measure- the error margins of both methods, and
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Table 2. Standard reaction enthalpies H° for Reaction (R1) and corresponding heat of formattopH° for Cl,O, at 0K deduced from
laboratory and theoretical studies.

ArH® (0K)kImol™t Ay H® (OK) for Cl,0, kJ mot~1

Direct determination by photoionisation mass spec.

Plenge et al. (2005) —68.0+:2.8 134.12.8
Deduced from measurementsiogq as described

Cox and Hayman (1988) —68.9+0.2 133.2£0.2

Nickolaisen et al. (1994) —70.0+0.2 132.1%#0.2
Ab initio studies

McGrath et al. (1990) —66.1+17.6 136.3-13.4

Lee et al., 1992 —65.2 136.9

Li and Ng (1997) —73.9 128.2

Zhu and Lin (2003) —78.0+4.2 123.1#4.2

@ Given are values and errors derived using Eq. (3) with entropies/thermal corrections y@\@rational frequencies and uncertainties
given in Table 1. Because these uncertainties are small and\priy? (0 K) is fitted, its resulting uncertainty is small.

3. Keqresulting from the Cox and Hayman (1988) data is :
in excellent agreement with atmospheric measurements  1¢"”
(Fig. 1b). At stratospheric temperatures, it corresponds g :
almost exactly to the function inferred from aircraft ob-
servations of ClO inside the Arctic polar vortex by Aval-
lone and Toohey (2001), which represents an upper limit
to Keq because their assumption of full chlorine acti-
vation means that they used maximum possible values L
for [Cl,05]. Stimpfle et al. (2004) could best reproduce < 107 3
their simultaneous observations of CIO ang@l in i
darkness using the Cox and Hayman (1998) value for 10 . : : . :
Keq, Which is further supported by a number of night- 3.2 3.4 3.6 3.8 4.0 4.2 44
time CIO measurements (Berthet et al., 2005; Glatthor

et al., 2004; Pierson et al., 1999; von Clarmann et al.,rig 2 Temperature dependencelgfsso. For the theoretical val-
1997). Observations of CIO andQ), presented invon  yes (Eq. 4), solid lines shokj;f., o, long dashed, short dashed and
Hobe et al. (2005) suggest a value Kgq even lower  gotted lineskiy<, , with A (300K) of 0.60, 0.45 and 0.30 respec-
by a factor of 2 to 4, but equilibrium may not have been tively. Only the experimental data from &ke and Zabel (2006)
established considering lower rates 0$@4 formation obtained at pressures below 10hPa, where falloff behavior is as-
than assumed in their study (cf. Sect. 4) and theiOzl  sumed to be negligible (cf. Sect. 4), are included.

measurements may be biased low (cf. Sect. 5).

Broske and Zabel, 2006
Equation 4 with AH"c,, 44 Hayman
Equation 4 with A H’,q,q,

0, Molecules ¢

Table 3 gives an overview dfeq values given in the liter- 3 The Cl202 dissociation rate constantaiss

ature. While the upper (Nickolaisen et al., 1994) and lower

(von Hobe et al., 2005) limits at stratospheric temperaturesExplicit values for kgiss from laboratory experiments are

differ by a factor of 9 at 200K, the values given by Plenge etonly given by Nickolaisen et al. (1994) and byd@ke and

al. (2005) and Avallone and Toohey (2001) and deduced her&abel (2006). Boske and Zabel (2006) prepared:C} and

for the laboratory data of Cox and Hayman (1988) lie only monitored its loss whereas Nickolaisen et al. (1994) obtained

30% apart and are consistent with most observations of atmokdiss from fitting the observed decay of CIO to an overall

spheric CIO and GO, (e.g. Glatthor et al., 2004; Stimpfle et reaction mechanism. Neither study extends to stratospheric

al., 2004; Berthet et al., 2005; and, within error limits, even temperatures, and at 260 K they disagree by a factor of about

von Hobe et al., 2005). 3 as obvious from Fig. 2. We compare the low pressure lim-
iting rate constantggisso from these studies to theoretical
calculations using unimolecular rate theory described by the
following formalism (Troe, 1977a; Troe, 1977b; Troe, 1979;

Atmos. Chem. Phys., 7, 3053669 2007 www.atmos-chem-phys.net/7/3055/2007/
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Table 3. Keq values given in the literature. Given are pre-exponential factors and temperature dependence using the JPL format
K=Axexp(B/T).

A B
JPL 2006 9.3x10°28 8835
Cox and Hayman (1988) (4.3D.31)x10730x T  8720+360
Nickolaisen et al. (1994) (3rd law anal.)  (1:28.18)x1027 8820440
Avallone and Toohey (2001) 1.990°30xT 8854
von Hobe et al. (2005) 3.6410°27 8167
Plenge et al. (2005) 1.9210-27 8430+326

@ Factor of 1.2 uncertainty at 298 K and factor of 2 uncertainty at 200 K.

Patrick and Golden, 1983): In their paper, Bdske and Zabel (2006) also compare their
_ aase _ . results to theoretical predictions of the low pressure rate con-
kaiss0 = Pekdisso = PeZLa [ vin.n (Eo) RT/Quiv] stant using the formalism by Troe (1977a, b) described above
¢ E/RT FonnFE FrotFrot intFeorr 4) (Eq. 4). However, they fiy8, (250K)=0.3 and derive\, H°®
(0 K)=66.4+3.0 kJ mot to fit their data. This value is lower
than the laboratory values presented in Table 2 and would im-
ply an equilibrium constant similar to von Hobe et al. (2005).
On the other hand, when multiplyirigisso with kreco rec-
ommended by JPL 2006 they obtaffyq between Cox and
tition function, Eo=A, H° (0K) the reaction threshold en- Hayman (1938) and Plenge et al. (200,5)' waously the
ergy (note that in Table 2A, H° values are given for the agreement with the rate theory calculations is much better
r L.
forward direction of Reaction (R1), so the sign has to be re_fc;r thekr(alsylts of Bmslke and Zabel (2?061 colmr}:])areg to those
versed here)Fann the anharmonicity correctiorfg the en- 0 IN'C 0 alserf1 et a i (1394)' \r/]Veijaso Iee Jba.t.é{e poc';en-
ergy dependence of the density of states &pgthe exter- t|ab5(|)urces ot error "}lt ebmet 0 e;]m%oye v ehan .
nal rotational contribution. The correction factor for internal £3P€! (2006) are smaller, because the data are much easier to
interpret and the only other loss mechanism far@lin this

rotation, Fyot int, IS Not considered here because internal ro- . ‘ Il effects that : ‘ h
tors are not significant at low temperatures for these calcula$*PeEnment are wail efiects that were not apparent over the

tions (Patrick and Golden, 1983). Following Troe (1977b) pressure range used (@ike and Zabel, 2006). However, one

we neglect the final factoF.q introduced to correct for major drawback of the Ersk_e and Zabel gtudy is the limited
temperature range over which the experiment was conducted.

the coupling between the various factors and the approxima;

tions made in the calculation. A summary of the parametersThe uncertainty of the temperature extrapolation from their

in Eq. (4) and their uncertainties at various temperatures igz'tﬁtféh?/\(/jata becomes rather: large Wﬁ” belovvl orlapove ?42_
given in Table 4. The exact calculation is described in de- - We propose to use the rate .t eory caicu ations for a
tail by Troe (1977a, b). As foKeq the uncertainties arising more robust temperature extrapolation by fitting an exponen-

from the vibrational frequencies of £D, are small &7% tial function tokgisso obtained from Eq. (4) witls, H° (OK)

error forkgisso) because the temperature dependence is def_rom Plenge etal. (2005) arg} (300 K)=0.6 that best fits the

termined mainly byEg and the effects of using different vi- Broske and Zabel (2006) measurements, giving

brational frequencies opvib » (Eo) and Qvip partially can-

cel. Of all input parameters in Eq. (4o introduces the  kdisso = 1.66 x 1078~ 782VT. (%)

largest uncertainty, which is easily rationalised by the expo-

nential dependency and clearly shows in the comparison of As pointed out by Patrick and Golden (1983) and stressed

disso Using only marginally different values af, #° (0K) in Crowley (2006) and Golden (2006), rate theory is far from

(Fig. 2). being perfect and Eq. (4) involves a humber of approxima-
Using A, H° (0K) from Plenge et al. (2005) angd. tions. In particular the calculations @t and Fyot can not

(300K)=0.6, the theoretical value dfisso derived from  be regarded as exact and may introduce considerable uncer-

Eq. (4) is in excellent agreement with the results obske  tainty (Golden, 2006). Therefore the results of these cal-

and Zabel (2006) (Fig. 2). The values kfisso derived in  culations need to be treated with care and the good agree-

the Nickolaisen et al. (1994) study fall significantly below ment with rate theory calculations does not prove thaske

even the lowest theoretical value usingH° (0K) derived  and Zabel (2006) study right. Nevertheless, rate theory adds

from Cox and Hayman (1988) am} (300K)=0.3 (Fig. 2).  rather than reduces confidence in the results d@flsBe and

The hypothetical strong collision rate constagft, forms
an upper limit, which is multiplied by a collision efficiency
term B, to take weak collision effects into account,j is
the Lennard-Jones collision frequengyib.» (Eo) the har-
monic oscillator density of stateg)yi, the vibrational par-

www.atmos-chem-phys.net/7/3055/2007/ Atmos. Chem. Phys., 7, 30682007
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Table 4. Overview of parameters used or calculated in Eq. (4)MeeN>. Except forg., errors given arise mainly from uncertainties in
Cl>0», vibrational frequencies (Table 1).

Tz puib,(E)® oub  ES Fah F§  Fy A
K 107 0cm? kI~ mol kJ mol~1
molecule 1s~1
387 440 +0.16
200 3.30 2689387(283174%)  20201% 680(68.9) 152 111 121 058.15
250 3.45 r3thes 114 94 048015
300 3.59 375037 117 7.6  0.4%0.15

@ Lennard-Jones parameters fopOp from Bloss et al. (2001) were used.

bA,H® (0K) from Plenge et al. (2005) is used fap (with values based on the Cox and Hayman data, 1988, given in parentheses).
CFE, Frot andg. are only marginally affected by the choice B§.

d we use values of 0.3, 0.45 and 0.6 for (300 K) and derive the temperature dependence as described in (Troe, 1978) Wwith 8.)
= —<AE>I/FgkT,where<AE> is the enegry transferred in all up and down transitions.

o5 [ - ' T e o Ean. 6 with A ™) Trolier et al. (1990) and Boakes et al. (2005) find higher CIO
o i Bloss et . 2001; Fi: JPL, 2008 ] recombination rates at low pressures than expected from typ-
L ander et al., 1989 4 . . . . .
20 . ical falloff behaviour (cf. below), with the resulting intercept
i Boakes et al., 2005 ] in the falloff curves inversely related to temperature. A num-

ber of possible reasons for this behaviour are discussed in
both studies. However, the issue has not been fully resolved,
accentuating the extant shortcomings in our understanding of
the ChbO, formation kinetics.

Using Eq. (1) kreco can be calculated by multiplyingeq
obtained from Eg. (3) andlgisso from Eq. (4). As long as

15}

-32

Koo 10°molecules® cm

10 £

5

of the choice ofA, H° (0K) is consistent, the=2-#°OK)/RT
ande£o/RT terms in Egs. (3) and (4) cancel and the remain-
180 200 220 240 T2:o 280 300 320 ing dependency o (mainly throughoyip 1) and hence on

the choice of the equilibrium constant is small (Patrick and

Golden, 1983). The following expression is obtained:
Fig. 3. Temperature dependencekgd. o. For the theoretical values

(Eq. 6), collision efficiencieg, are represented by line styles as in R2T2 1
Fig. 2. For Nickolaisen et al. (1994), the solid line represents thekreqo = N_,Bcpvib,h Z 3 FannhFE Frot
T" treatment, the dashed line tae£/T treatment. For Boakes et A Qvib

al. (2005) the two points at each temperature represent their results eA,SO/Re—< ok %dT)/RT
with and without incorporating an intercept in the falloff curves.

(6)

R, N4, pvibr, and Fann are independent of temperature.
The temperature dependence of the remaining terms is cal-

chal?eI (2006), andtlntoulr oplnion IS hetlpful for extrapolating culated or fitted over the temperature range 170 to 320K
€I measurements to lower temperatures. to the functional form7”, giving 71503 for 1/Qyp,

T—l.liOl for Frot, T—0.9i0.4 for eA,-S"/R, T_l'ZiO‘Z for

. —( L 2ArH 47 RT
4 The ClLO, formation rate constant kyec e (OK or )/

and 792%01 for B.Z 3Fr combined

(the individual temperature dependence of these three terms
The CbhO; formation rate constariec has been determined is complicated but small, cf. Table 4). The uncertainties
in a number of laboratory studies employing flash photoly-in the exponents incorporate uncertainties of the parameters
sis with time resolved UV absorption spectroscopy (Sandeused (e.g. vibrational frequencies) as well as uncertainties
et al., 1989; Trolier et al., 1990; Nickolaisen et al., 1994; from the fits, in some cases taking the extremes at either end
Bloss et al., 2001; Boakes et al., 2005). Except for the mosof the temperature range as upper and lower limits. Together
recent investigation (Boakes et al., 2005), the values giverwith the T2 term, this yields an overall temperature depen-
for the low pressure limikreco at temperatures above about dence of7 ~29+06 for kreco- The uncertainty in the vibra-
240K agree well, but at stratospheric temperatures betweetional frequencies has a larger effect kggo than onKeq
180 and 220 K there is a large discrepancy as shown in Fig. 3andkdisso due to the sensitivity opvip, and Qvin (Table 4)

Atmos. Chem. Phys., 7, 3053669 2007 www.atmos-chem-phys.net/7/3055/2007/
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T 3(ArH®) . . .
as well as &-5°/R ande_( ok~ T dT)/RT, resulting in an  ferential cross sections has certainly advantages and deems

error forkreco Of Up to 15% from the uncertainties given in Bloss etal. (2001) more reliable, it does not conclusively in-
Table 1. As pointed out in Sect. 3, an additional uncertaintyvalidate the earlier Nickolaisen et al. (1994) study, especially

is introduced by the approximations made in the Troe calcu-given the significant scatter between variodg determina-
lations. tions from different chemical systems described in Bloss et

It is evident from Fig. 3 that at stratospheric temperatures,al' (2002).

these calculations raise concern over the validity of values From the laboratory point of view, Bloss et al. (2001) is
of kreco from Bloss et al. (2001) and Boakes et al. (2005). certainly the preferred value féfeco (Golden, 2003; Atkin-
Values ofkreco from these two studies are both higher than son et al., 2006; Crowley, 2006; Golden, 2006; Sander et al.,
krec0 calculated from Eq. (6), even f@r.=1, and both labora-  2006) with the very recent Boakes et al. (2005) study sug-
tory values display a stronger temperature dependence thagesting an even higher value. And clearly, the disagreement
theory. On the other hand, usifg3=0.6 (most consistent with rate theory calculations does not invalidate these results
with kgisso Observed by Biske and Zabel (2006), cf. Sect. 3) because of 1) the uncertainty inherent to the theory itself and
yields akreco corresponding almost exactly to thie treat-  2) the possibility of Reaction (R1) proceeding by a differ-
ment of Nickolaisen et al. (1994), which is in reasonable ent mechanism (e.g. chaperone mechanism, Golden, 2003)
agreement with Sander et al. (1989) and Trolier et al. (1990)or forming a product mix including different gD, isomers
Morover, the temperature exponent of —3HM20 given by  (Bloss et al., 2001), both not being compatible with rate the-
Nickolaisen et al. (1994) is in excellent agreement with theory calculations as applied above. However, to test if there
—2.9+0.6 deduced from Eg. (6). exists any combination of laboratory parameters consistent
A value for keco higher than the derivedksS,, with both “available” theory and atmospheric observations,
(i.e. 8.=1.0) is difficult to rationalize: thermal decomposition the results for the atmospheric steady state and modelling
faster tharks . , derived in Sect. 3 is unlikely on theoretical Studies presented in Section 5 use only the Nickolaisen et
grounds (Golden, 2003) and would contradict both availableal- (1994) value okreco because it presents the least discrep-
laboratory studies (Biske and Zabel, 2006; Nickolaisen et ancies for the suite of parameters discussed in Sects. 2, 3 and
al., 1994). A significantly higher value fdteq is incompat- 4.
ible with most field observations of CIO andxCh. This is
not in conflict with the notion of Biske and Zabel (2006)
that Keq calculated from theikgiss and krec from Bloss et
al. (2001) is consistent with Cox and Hayman (1988) and
Plenge et al. (2005), because over the temperature range
their experiment, i.e. 242-261 K. from Bloss et al. (2001)
and Nickolaisen et al. (1994) are equivalent (Fig. 3).

These studies were carried out by the same laboratory
and, as pointed out in Crowley (2006), the more recent KoIM] |\ 2
Bloss et al. (2001) results supersedes the older Nickolaisep — LM]F[HOOQ{W}) } (7)
et al. (1994) value because of an improvement in how the 1+ ko[M]/koo
ClO cross sectiono(cio) was used to infekreco at low tem-
perature. Compared to the low temperature extrapolation of
ocio measured by Sander and Friedl (1989) that was usedvhere ko, is the high pressure limiting rate constant and
by Nickolaisen et al. (1994), Bloss et al. (2001) measured aF~0.6 is the broadening parameter. Parameterizations for
steeper increase of o at low temperatures. However, the krecoo given in the laboratory studies mentioned above are
cross sections may not be directly comparable, because theompared in Fig. 4. The largest difference at stratospheric
earlier study used absolute cross sections at 275.2 nm whileemperatures is about a factor of two. We choose to follow
Bloss et al. (2001) relied on differential cross sections (peakhe JPL 2006 recommendation fggc «, because it provides
at 275.2 nm, trough at 276.4 nm). This could explain why thean intermediate estimate at stratospheric temperatures with
cross sections calculated by the two formulae for temperature temperature dependenceTof?4. Uncertainties irkrec o0
dependence afcio, both given in Bloss et al. (2001), are al- are not as critical as the choice k¢ o at stratospheric pres-
ways lower in Bloss et al. (2001) compared to Nickolaisen etsures. Below 150 hPa, variation k¢ by a factor of two
al. (1994) forT > 155 K. The steeper increasexfio towards  changes the resultingec by 10% at most. Falloff behav-
lower temperatures observed by Bloss et al. would then béor also applies tdgiss Because no reliable measurement
explained by the significant increase of peak-to-valley ra-of kgissoo €XiSts (BOske and Zabel, 2006, state that the un-
tios with decreasing temperature observed by Sander andertainty of their proposethiss iS large because measure-
Friedl (1989), the study on which the cross sections used irments were only made at low pressures), it is calculated from
Nickolaisen et al. (1994) are based. While the use of dif-krec o throughKeg.

In the atmosphere somewhat lower values than the low
pressure limits are usually observed for rate constants such
askgiss andkrec due to falloff behaviour with increasing pres-
syure. Effective rate constants are estimated using the follow-
ﬂrg expression (Troe, 1979; Patrick and Golden, 1983):

-1
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) Fig. 5. Comparison of UV-Vis absorption spectra of CIOOCI. Solid
Fig. 4. Temperature dependenceipéc - lines show actual experimental data, dashed lines are based on log-
linear extrapolation.
5 The CLO; absorption cross sectiornsciooc) and pho-

tolysis frequency J
Several ab initio studies suggest that the CIOOCI cross

When light is available G5 is readily photolysed, and it sections might not fall off in log-linear manner at long wave-
has been demonstrated that between 90 and 100% of thength. Toniolo et al. (2000) calculated a theoretical pho-
product yield is comprised of Cl and CIOO as in Reac- toabsorption spectrum of CIOOCI and predict two electronic
tion (R2), out to wavelengths of 308 nm (Moore et al., 1999; excited states producing small absorption bands centered at
Plenge et al., 2004). No laboratory measurements of prodabout 340 nm. Peterson and Francisco (2004) suggest the
uct yields are available for wavelengths longer than 308 nmpresence of a weakly absorbing, dissociative triplet state at
which represents a considerable gap in laboratory confirmaabout 385nm. These calculations may explain the struc-
tion of ozone loss by the CIO+CIO cycle. ture observed by Burkholder et al. (1990) and DeMore and
The absorption cross section of,0b, ociooc), has been  Tschuikow-Roux (1990) in this wavelength region. On the
determined in a number of laboratory studies (Basco andther hand, a recent study by Pope et al. (2007) suggests
Hunt, 1979; Molina and Molina, 1987; Permien et al., 1988; cross sections significantly lower compared to Huder and De-
Cox and Hayman, 1988; DeMore and Tschuikow-Roux, More (1995) in the atmospherically relevant region of wave-
1990; Burkholder et al., 1990; Huder and DeMore, 1995;lengths longer than 300 nm. Pope et al. (2007) obtained cross
Pope et al., 2007). The spectra obtained by Basco and Hurgection measurements out+355 nm and explicitly avoided
(1979) and Molina and Molina (1987) are significantly dif- some of the interferences from impurities causing uncertain-
ferentin shape from the other studies and have been proposés in the former laboratory studies. Therefore, the Pope et
to be influenced by GD3 and possibly other impurities. As al. (2007) study should be regarded as the most reliable ex-
shown in Fig. 5, the other studies agree extremely well in theperiment from the laboratory point of view.
peak region around 245 nm, but disagree by up to a factor of Photolysis frequencies of @D, are obtained by multiply-
20 at higher wavelengths, i.e. the wavelengths controlling ing the absorption cross section by the actinic flux and inte-
in the atmosphere. grating over all atmospherically relevant wavelengths. Here
The JPL 2006 recommendation feeipoc) also shown we use a full radiative model that takes into account solar
in Fig. 5 is based on an average of the values reported byenith angle (SZA), ambient pressure, overhead ozone and
Permien et al. (1988), Cox and Hayman (1988), DeMorealbedo (Salawitch et al., 1994). This is the same radiative
and Tschuikow-Roux (1990) and Burkholder et al. (1990).transfer model used by Stimpfle et al. (2004) to examine
The latest recommendation by the IUPAC Subcommittee orthe SOLVE observations of CIO and CIOOCI. Variations in
Gas Kinetic Data Evaluation (Atkinson et al., 2006) is basedalbedo along the flight track of the ER-2 and Geophysica air-
solely on the Huder and DeMore (1995) study with the notioncraft are obtained primarily from TOMS reflectivity maps.
that the authors prefer these data over the earlier study by thelowever, measurements from a UV/Vis spectrometer aboard
same group (DeMore and Tschuikow-Roux, 1990). How-the ER-2 are used when these data are available (Stimpfle et
ever, for wavelengths greater than 310 nm, the Huder andl., 2004). The ozone profiles used to constrain the radiative
DeMore (1995) cross section is based on a log-linear extrapmodel are obtained primarily from an assimilation of satel-
olation of data obtained at shorter wavelengths, which maylite profiles scaled to match total ozone column measured by
be problematic if there exist any CIOOCI absorption bandsTOMS along the flight track. Partial ozone columns from
centred at higher wavelength. the onboard UV/Vis spectrometer are used for some portions
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of the ER-2 simulations (Stimpfle et al., 2004). Under typi-
cal stratospheric conditiong,values based on the cross sec- 15F Oburk
tions by Burkholder et al. (1990) are higher compared to JPL
2006, Huder and DeMore (1995) and Pope et al. (2007) by =2 10| Y 7
factors of about 1.3, 2.5 and 10 respectively. The variationin 5 [ j::jﬁ o
J due to the various cross sections is much larger than typi-  os|- b H .
cal differences due to reasonable uncertainties in albedo an }
overhead ozone. xS
g 15 =
5.1 Photochemical steady state analysis of field data < 1of E
As described by Avallone and Toohey (2001), effective at- zz ]
mospheric/ values can be estimated from atmospheric mix-  12F o 3
ing ratios of ClO and GO, assuming photochemical steady 10f IO 1
state: . osk ]
o0 F et
[ClO)? 1 E 06 oo AM 3
= fedl <[C|202] ) K_q> @ e —Tim
02 ———— T=220K
The resulting/ values depend critically on the choiceigic. 99t i
We utilize the second order rate constant from Eq. (7) (that _ ,E E
replaces thé;,JM] term in Eq. 8) usingkreco from Nicko- f 1oF
laisen et al. (1994) anfdec oo from JPL 2006, for the reasons £ osE E
explained in Sect. 4Keq is calculated according to Plenge o0of
et al. (2005) (cf. Sect. 2). This choice is critical at high solar r o
zenith angles where the contribution from thermal dissocia-  os[- HUDER -
tion to the overall rate of GO, removal becomes significant. . [

Equation (8) only yields reliablé values when the steady G o4 T 7
state assumption holds. To test this, we employ a time de ° [ o PM ]
pendent diurnal box model containing the relevant photo- ~ **[ - Eézég ]
chemical reactions that govern the partitioning of active chlo- '+ . A —
rine and bromine in the perturbed polar vortex (Canty etal.,  *°t ¥ E
2005). We comparel derived from the simulated abun- § "°F E
dances of ClIO and @D, using Eq. (8) to the values of N E
used in the photochemical model, which are based on radia gz_ E
tive transfer calculations. The results shown in Fig. 6 indi-  o2sF 3
cate that the steady state assumption is valid at SZ&, ook Oore E
but significant deviations exist at higher SZA. During early : ]
morning, ChO, accumulated during the night needs time to 3; 3 oy E
photolyse until steady state is reached, @ndeduced from 5 o10F Jrooe PM 3
Eq. (8) falls belows calculated by the radiative model. Dur- £ NGNS TIhoK ]
ing late evening, GO, needs time to reform causingfrom F A
Eg. (8) to lie above the radiativé. The difference between 28 =
J found using Eq. (8) and the radiativeis larger at lower 3 15F 3
temperatures, because of the temperature effeétsrand 3 10F 3
Keq For larger cross sections that lead to faster photoly- = osf =
sis (i.e., Burkholder et al., 1990), the relative difference be-  °°F - - 90‘ - o

tween the two values af is smaller than for smaller cross azn -

sections that lead to slower photolysis (i.e., Huder and De-

More, 1995; Pope et al., 2007). For air parcels that reaclFig. 6. Comparison of/ derived from the simulated abundances
SZA of ~82° to 9¢° at noon, the difference betwedrfound of [CIO] and [ChL O] using Eq. (8) to the values from the radiative
using Eqg. (8) and radiativé is smaller than shown in Fig. 6. model for different GO, absorption cross sections.

Under these conditions, air masses spend more time at high

SZA, resulting in a chemical evolution that is close to instan-

taneous steady state. Equation (8) will yield reliable results

provided the data analysis is focused on SZ3%°.
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5 F iromuLioms ' ' ] A large number of data points, particularly from the
E otomicr s G o5 ] SOLVE data (Stimpfle et al., 2004), follow a dependence
4 | SOLYE 2000 (Stmpte ot o, 2000 3 on SZA very similar toJjp| 2006 and Jeurkholder  HOWever,
E Aot Voren 2008 von e ol 200 E numerous points diverge from the compact relationship with

SZA, especially at high SZA. Partly, these deviations can be
explained by the non-steady state effects described above. In
the bottom panel of Fig. 7, data are marked according to the
time of day when the measurement was made. At SER,
3 the SOLVE data cluster around two separate lines, the higher
E one containing almost all points measured in the evening.
3 This is consistent with expectation, as shown in Fig. 6.

Even though all flights carried out during the ENVISAT
E 10AM < ocalime < 121 E Arctic Validation Campaign occurred in the morning and
E 2 oo E hence are expected to fall below the steady state curve, and
2 Eﬂypls?fc?zgggs . s E most EUPLEX flights were evening flights expected to fall

d E above the curve, for the data from these two campaigns

the discrepancy is often too large to be explained by non
steady state effects alone. As observed in the empirical
fit used to obtainKeq from nighttime measurements (von
Hobe et al., 2005), [GD,)/[CIO]? ratios observed during
the EUPLEX campaign are considerably lower than dur-
ing other field campaigns, which via Eq. (8) translates into
s i, 3 faster photolysis rates. For many data points the discrep-
60 70 80 90 100 ancy with respect to the JPLO6 model lies within the error
bounds of the data, but the reason for this obvious under-

Fig. 7. J values deduced from simultaneous [CIO] anc[@j] ob- estimation of [Ci:O_z]/[CK)]Z on the order of+40% is unre-
servations (only when [CIQ >200 ppt andP <120 hPa) assuming  SOlved. Indeed, itis unclear why the EUPLEX measurements
photochemical steady state color coded for the different campaign®f [Cl202)/[CIO]? can differ substantially even compared to
with propagated error bars (top panel) and for different times of dayother measurements by the same instrument (HALOX). As
(bottom panel). For comparison, averafealues calculated using mentioned above, a 40% relative error onJ04]/[CIO]?
aradiative model with differentciooci are given for 2 SZA bins,  can produce a much larger relative error foderived from
with error indicating maximum and minimuthin each 2 bin. Eq. (8) at high zenith angles often encountered during EU-
PLEX. A source of error leading to an underestimation of
In Fig. 7, J values estimated from observations of [CIO] J may be present in the data from the ENVISAT Valida-
and [ChO2] made during field campaigns in several Arctic tion campaign. Von Hobe et al. (2005) state that contri-
winters (SOLVE, 1999/2000: Stimpfle et al., 2004; EUPLEX bution from CIONQ at the dimer dissociation temperature
and ENVISAT Arctic Validation, 2002/3: von Hobe et al., in their measurement is less than 1%. However, at the end
2005; Arctic Vortex flight 2005: von Hobe et al., 2006) us- of the Arctic winter after significant deactivation and hence
ing Eq. (8) are plotted as a function of SZA with error bars high CIONG and moderate to low levels of active chlorine,
propagated from measurement errors for [CIO] and(3]. this may introduce a significant error in the measurement of
The uncertainties can be rather large, especially at low con€l,05.
centrations where the relative measurement error is usually For the SOLVE data and the Vortex 2005 flight, the ratio
larger. At high zenith angles @D, thermal dissociation  Jgq (8)/ Jradiative iS plotted as a function of solar zenith angle
becomes comparable to photolysis and [CI{}I,0,] ap- (SZA) in Fig. 8. As described above, the steady state as-
proaches Mg, resulting in a large relative error for the dif- sumption does not hold at SZ/82°, and the uncertainties
ference and hencg. Also shown in Fig. 7 ard values based can be ascribed to non-steady state effects. Beldly @2
on the radiative model for the different cross sections givencertainties in/ inferred from Eq. (8) still exist, and cannot
by Burkholder et al. (1990), Huder and DeMore (1995), Popebe deduced conclusively from the observations used. How-
etal. (2007) and JPL 2006. Variations along the aircraft flightever, it can be said that the cross sections presented by Huder
track of overhead ozone, albedo, and pressure cause the rand DeMore (1995) and even more so Pope et al. (2007) are
diative J values to vary in a manner that is not strictly mono- clearly inconsistent with these atmospheric observations.
tonic with SZA. The error bars on Fig. 7 for radiativerep- Avallone and Toohey (2001) presented a steady state anal-
resent the maximum and minimum values féniide SZA  ysis of CIO observations during the AASE field campaigns
bins, considering the actual variations in albedo, overheadn the Arctic vortex during the winters 1988/89 and 1991/92.
ozone and pressure. In contrast to the results presented here, their steady state

_ \L\'\lffii#f; IQ

J,10°s"

™ Tocal time < 10AM
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J,10%s"
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J values support the cross section measurements by Hude  10[ Csdne s T
and DeMore (1995). However, they used,@4 concen- e Vorex200s
trations based on the assumption that all available inorganic
chlorine is activated and in the form of either CIO op O}

(cf. Sect. 2), thus representing an upper limit forfGd] re-
sulting via Eqg. (8) in a lower limit for/. Deviations from
their assumption will have a larger impact on thé&ivalue
than on theirKeq because the relative change of {Op]
would be greater at lower concentrations during the day.

JE@ ® / Jvmleuvemoa-n

5.2 Box model studies

The results of our photochemical steady state analysis are 60 70 80 %0 100
in good agreement with the results from the comparison
of the SOLVE data with box model studies by Stimpfle et
al. (2004), whereJjpL200sWas too small andyrknolder was
too large when usingreco from JPL 2000 (Sander et al.,
2000), which is basically the same/as;o from Nickolaisen
etal. (1994).

We also carried out a box model study similar to Stimpfle . i i
et al. (2004) to provide a further test independent of any non=o" etal, 2906’ Crovyley, 2006; GO'deT" 20.06’ Sander et a!.,
steady-state-effects. Observations were taken from the Arc?OOG)’ fa"S.JUSt outside the range ra.t|0nallsed by theoreti-
tic vortex 2005 flight (von Hobe et al., 2006). These are prob_cal calculations (cf. Bloss et al., 2001; Golden, 2003). Even

ably the most reliable HALOX measurements due to highyvith the imperfection of rate theory in mind, the difference

CIOy and low CIONG levels and stronger chlorine emis- is large enough to at least put a question mark on either our

sion lamps than were available in the 2002/03 winter (Iampz:e?;ggg“g;;zfrlzﬁq:'r:g eorfati?:scnc\)/ChFeerll géntgizle?ilr?ssogf
output strongly influences sensitivity of the chemical con- " P : 9

version reference fluorescence technique used by HALOX)SerVeOI atmospheric Clpartitioning, the Bloss et al. (2001)

Due to the wide range of solar zenith angles encountered, thgrlec( '1595 g)ncs:lr?)t:;tsggt%r\:\gtgt'lr)ﬁsﬁs ec;nalthez (I)Soui;(ht%lggr th o
flight is also most suitable to constrain Simulations were : ! Imp " ' val

carried out using CLaMS (Chemical Lagrangian Model of Lortr]]c”?c tgl\;(;n l:;y B:Sketfnet arl1. Eizoog) '?V'nt?O:S'St?Tt W'ttl; ;
the Stratosphere, McKenna et al., 2002) along back trajecto-0 ate theory and atmospheric observations (at least fo

ries from ECMWF wind fields initialized at 04:00 a.m. UTC &V _publis_hed ClOOCI cross ;ection data). _W_hile the_cross
on the flight day with [CIQI=[CIO] ops+2[Cl2Oz]obsand val-  SEctions given by JPL 2006 still produce realistic Lf@rti-
ues of CIO and GIO; calculated usingeq from Plenge et tioning (i.e. within given uncertainties) in combination with

al. (2005). ThisKeq was used in the model together with Ilog\éir) ktrrefevl—?lljudeesr ;E?“Deél\:érzl'(’légg)o ;nl\él(z(glzzseinalezzi)li)’?)
kreco from Nickolaisen et al. (1994) anklecoo from JPL ! P :

2002. Four model runs using different parameterizations fo°rOSS sections are clearly too low to be consistent with atmo-

000 vere caried out (Fg, 9). n agreement wih e BAYC Sboe o, g crlr sucles oL 60 1 e
steady state analysis presented in Sect. 5.1, the results u ic vortex (Shi ' » SN

ing ociooc) from Pope et al. (2007) always lie far outside ae Zafra, 1996; Solomon etal., 2002).
the margin of measurement error, and results from Huder Nevertheless, Huder and DeMore (1995) and Pope et
and DeMore (1995) mostly lie outside the error margins. Ital- (2007) represent the most recent and probably most re-

should be noted that the results of both, steady state analysl@ble Iabo.ratory measurements @élooc_l- Accepting the _
and box model studies, are insensitive to the choickgf  Cross sections from either of these studies and that the avail-

for zenith angles below 85 able observational techniques do not generally overestimate
[CIO] in the polar vortices means that either some unidenti-
fied loss process convertsyCl, to CIO in the polar vortex or

Fig. 8. Ratio of J calculated from SOLVE and VORTEX 2005
observations using Eqg. (8) tbfrom the radiative model using dif-
ferentociooc) vs. SZA.

6 Conclusions the formation of GO, from CIO proceeds much slower than
even at the lowest rates reported based on laboratory studies.
Figure 10 summarises our results concerriiggandJ that Recent studies (Chipperfield et al., 2005; Frieler et al.,

govern the rate of the CIO dimer cycle during daytime and2006; Tripathi et al., 2006) show that observed ozone loss
thus ozone loss rates. Under typical stratospheric conditionds underestimated by models using CIOOCI absorption cross
krec given by Bloss et al. (2001), currently regarded as thesections lower than JPL 2006 and that the best agreement
most reliable laboratory experiment (Golden, 2003; Atkin- is actually achieved when using the higher Burkholder et
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Fig. 9. Comparison of simulated CIO and£0, using different parameterizations with observations from the Arctic Vortex 2005 flight (von
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observed values is shown in the bottom two panels (except wherg [€RDO0 ppt).
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Fig. 10. “Map” of kinetic parameterseco andJ from various laboratory experiments (grey area) and deduced from atmospheric observa-
tions (green line, thickness indicates approximately the uncertainty). Shown in blue is the rapge slues consistent with unimolecular

rate theory calculations (0<18, (300 K) <1.0 with the darkest blue #. (300 K)=0.3). The plot is shown faF=190 K and SZA=89, but

the results are qualitatively insensitiveTaand SZA within the temperature range observed in the polar vortices and for SZA
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al. (1990) cross sections. This is further illustrated in Fig. 11 35F T T T T
that shows ozone loss simulated by CLaMS along a typi- .
cal trajectory over the Antarctic winter 2003, when a cold F
and stable vortex was observed (meaning that possible un-  2sf
certainties due to atmospheric dynamics are minimised). At c :
450K potential temperature, near complete ozone loss wasg "t
observed over much of the vortex by the end of the winter S 1sF
(Tilmes et al., 2006; Tripathi et al., 2006). This is not repro- E
duced by the model runs using Huder and DeMore (1995) '0F — k_=Biossetal, 2001 (PLOG)
or Pope et al. (2007) cross sections. With Pope et al. (2007), =7~ k= Nokolaisenetal, 1955 (PLSS)
Cl,0, photolysis becomes so slow that increagipgsignif- :
icantly reduces ozone loss indicating that ClO concentrations %" ! ! : !
become low enough to effectively slow the CIO-BrO cat- '™ 1June 1y 1Aug 1 Sept 10ct
f""y“c cyclg: Thus, cros; Se(?tyons lower than JPL 2006 WOUIdFig. 11. Simulated ozone loss in the Antarctic winter 2003 along
imply add_ltlonal yet.unl_dentlfled ozone loss _processes. a single trajectory ending on the 450K isentrope on 23 September.
By Iookl_ng atall kinetic an_d t_hermodynam.lc pz_irameters of This trajectory was selected such that its ozone loss (using JPL 2006
the CIO dimer cycle synergistically and taking into account yinetics) corresponds to the mean ozone loss of a 3-D CLaMS sim-
information from laboratory experiments, theoretical studiesyjation for this winter (GrooR et al., in preparation). The simulation
and field observations, we have presented a new strategy fatas initialised using MIPAS and HALOE satellite observations and
understanding the kinetics of the CIO dimer cycle, which wetracer correlations. For comparison, ozone sonde data from six sta-
hope complements the evaluations by the JPL and IUPAGQions south of 68 S (Tripathi et al., 2006) and the range of ILAS-II
panels that are based almost exclusively on laboratory me&P3 observations within the Antarctic Vortex at 450 K potential tem-
surements and focus on individual reactions rather than oerature (Times et al., 2006) near the end of the simulation are
complete reaction systems (such as the ClO dimer cycle). WEOWN-
can identify an internally consistent set of kinetic parameters

— Keq from Avallone and Toohey (2001), Cox and Hay_ al. (2001) and Boakes et al. (2005) need to be |dent|f|6d, be-
man (1988) or Plenge et al. (2005), cause it cannot be excluded that these processes play a role

in the atmosphere under certain conditions. An enhancement
— kdisso measured by Brske and Zabel (2006) and ex- of the CIO recombination rate due to a chaperone mechanism
trapolated using unimolecular rate theory, in the presence of Glhas been suggested by Nickolaisen et
al. (1994). Similar effects due to other molecules or even
heterogeneous processes can occur. The possibility of pres-
sure and temperature dependent formation of othe©£I
— J values in the range of JPL 2006 and Burkholder isomers than CIOOCI has been proposed in several studies
(1990) (Bloss et al., 2001; Boakes et al., 20050Bke and Zabel,

hat falls within th ) . by th ical id 2006; Golden, 2003; Nickolaisen et al., 1994; von Hobe et
that falls within the constraints given by theoretical consider-; 5005y Finally, there may be yet unidentified reactions

ations and reproduces stratospheric observations of Chlorinﬁ'}volving CIO and C}O, that are fast enough to alter the
oxides reasonably well. However, this set of parameters ispartitioning of these species

not consistent with the recommendations given by the JPL

and IUPAC panels, which are based solely on evaluation ofacknowledgementsive thank MDB for their support and supply
laboratory studies of individual processes. In particular, forof avionic data during the Geophysica field campaigns, which were
krec and J, values from Bloss et al. (2001) and Huder and funded by the EU within the VINTERSOL-EUPLEX and APE-
DeMore (1995)/Pope et al. (2007) respectively are currentlyiINFRA projects and by ESA and DLR in the context of ENVISAT
regarded as the most reliable experimental values. Validation activities. We gratefully acknowledge R. Stimpfle for
A number of open questions remain and we cannot claimproviding the CIO and GO, measurements conducted during the
to have reached full understanding of the kinetics of the CIOER-2 SOLVE campaign in winter 1999/2000, and ECMWF for
dimer catalytic cycle as given by Reactions (R1) to (R4). Providing meteorological analyses.
This has profound implications for our understanding of po-
lar ozone loss. Most importantly, the uncertainty regarding
the ChO, absorption cross section at wavelengths longer
than 310nm needs to be resolved. It is also critical t0 ex-References
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