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Abstract

Among the major factors controlling ozone loss in the polar winter is the kinetics of
the CIO dimer catalytic cycle. The most important issues are the thermal equilibrium
between CIO and CI,0O,, the rate of Cl,O, formation, and the CI,O, photolysis rate. All
these issues have been addressed in a large number of laboratory, field and theoretical
studies, but large discrepancies between individual results exist and a self-consistent
set of parameters compatible with field observations of CIO and Cl,O, has not been
identified. Here, we use thermodynamic calculations and unimolecular rate theory to
constrain the CIO/Cl,O, equilibrium constant and the rate constants for Cl,O, forma-
tion and dissociation. This information is used together with available atmospheric data
to examine Cl,O, photolysis rates based on different Cl,O, absorption cross sections.
Good overall consistency is achieved using a CIO/CI,0O, equilibrium constant recently
suggested by Plenge et al. (2005), the Cl,O, recombination rate constant reported by
Nickolaisen et al. (1994) and CI,O, photolysis rates based on averaged absorption
cross sections that are roughly intermediate between the JPL 2002 assessment and a
laboratory study by Burkholder et al. (1990).

1 Introduction

The CIO dimer cycle is one of the most important catalytic cycles destroying ozone in
the polar vortices in late winter/early spring (Molina and Molina, 1987):

e,

CIO+ClIO+M__ ClL,O, + M (R1)
kdiss

Cl,0, + Av L Cl + CIOO (R2)

CIOO+M —ClI+0, + M (R3)
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2 x (Cl + O3 —> CIO + O,) (R4)

Net : 205 + hv — 30,

In darkness thermal equilibrium of Reaction+ (R1) is established with
— krec - [CIZOZ]
*1" kiss  [CIOP

The terms k.o, and ky;s refer to rate constants for the recombination of CIO and CIO
and the dissociation of CIOOCI, respectively; Keq refers to the equilibrium constant.
When light is available Cl,O, (unless stated otherwise, Cl,O, here refers to the chlorine
peroxide isomer, CIOOCI, the only isomer that leads to ozone loss upon photolysis) is
readily photolysed, and it has been demonstrated that between 90 and 100% of the
product yield is comprised of Cl and CIOO as in Reaction (R2), out to wavelengths
of 308 nm (Moore et al.,, 1999; Plenge et al., 2004). No laboratory measurements
of product yields are available for wavelengths longer than 308 nm, which represents
a considerable gap in laboratory confirmation of ozone loss by the CIO+CIO cycle.
For a given amount of active chlorine ([CIO,]~[CIO]+2[CI,0,]) the rate at which this
catalytic cycle destroys ozone is determined by the dimer formation rate constant k.
and the photolysis rate J, which depends directly on the actinic flux and the absorption
cross section ogooc- The combined ozone loss rate from all catalytic cycles (see
e.g. Solomon, 1999) is more sensitive to J than to k. increasing J leads to a faster
dimer cycle as well as to higher [CIO], which largely determines the rates of other
catalytic cycles, in particular the CIO-BrO cycle (McElroy et al., 1986). On the other
hand, the enhanced overall rate of the dimer cycle induced by increasing k¢ is partly
offset due to the effect of reduced [CIO] on other catalytic cycles.

A large number of laboratory studies have addressed K., (Basco and Hunt, 1979;
Cox and Hayman, 1988; Nickolaisen et al., 1994; Ellermann et al., 1995; Plenge et al.,
2005), k.o (Sander et al., 1989; Trolier et al., 1990; Nickolaisen et al., 1994; Bloss et
al., 2001; Boakes et al., 2005) and o¢,0oc) (Basco and Hunt, 1979; Molina and Molina,
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1987; Permien et al., 1988; Cox and Hayman, 1988; DeMore and Tschuikow-Roux,
1990; Burkholder et al., 1990; Huder and DeMore, 1995). For each of these param-
eters, large discrepancies exist, and some proposed values for individual parameters
or combinations thereof are inconsistent in the thermodynamic properties they imply
(Golden, 2003). The consistency with atmospheric observations has been tested ex-
tensively (Shindell and de Zafra, 1995; Shindell and de Zafra, 1996; Solomon et al.,
2000; Avallone and Toohey, 2001; Solomon et al., 2002; Stimpfle et al., 2004; von
Hobe et al., 2005) showing that some of the constants determined in the laboratory
cannot be reconciled with atmospheric [CIO] and [Cl,O,]. Taken together, this results
in rather large uncertainties being reported for these constants by Sander et al. (2003)
in the JPL recommendations, referred to as JPL 2002 in the following.

The aim of this study is to reduce these uncertainties and identify a set of values
for Keqs Krec @Nd O¢ioocy that are consistent with each other and with atmospheric ob-
servations while still being reconcilable with theoretically feasible thermodynamic and
energy transfer properties. We start by using statistical thermodynamics to constrain
Keq» @nd exploit the result together with corresponding thermodynamic properties to
successively constrain kgyss and ko With the help of unimolecular rate theory as de-
veloped by Troe (1977a, b; 1979). With these parameters fixed, Cl,O, photolysis rates
are estimated from simultaneous CIO and Cl,O, observations assuming photochemi-
cal steady state. To test this assumption, calculations with a chemical box model are

also carried out.

2 Enthalpies and entropies of CIO and Cl,0, and the equilibrium constant K,

The equilibrium of Reaction (R1) and its temperature dependence have been ad-
dressed in numerous studies. Laboratory measurements of K, have been carried
out by Basco and Hunt, (1979), Cox and Hayman (1988), Nickolaisen et al. (1994)
and Ellermann et al. (1995). Avallone and Toohey (2001) and von Hobe et al. (2005)
have inferred K, from field observations of CIO and Cl,O,. A value for K, was de-
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termined from analysis of atmospheric measurements of CIO and Cl,O, by von Hobe
et al. (2005). Avallone and Toohey (2001) also estimated a value for K,,, based on
atmospheric measurements of ClO and estimates of the concentration of Cl,O, found
using an assumption of complete chlorine activation.
Keq is related to the standard reaction enthalpy A,H° and entropy A,S°:
RT o o
Keoq = N_AeArs /R g=DH*/RT 2)

with the factor RT/N4 (R in cm® atm K™’ mol'1) converting K into units of molecules™

cm®. A,S° can be calculated from the third law entropies of CIO and Cl,O, (see below).
A,H’ has been determined in the laboratory (Plenge et al., 2005) and estimated in ab
initio calculations (McGrath et al., 1990; Lee et al., 1992; Zhu and Lin, 2003).

The kinetic laboratory studies (Cox and Hayman, 1988; Nickolaisen et al., 1994) can
be interpreted either by third law analysis (i.e. obtaining A,S° from third law entropies
and fitting A,H°) or by second law analysis (i.e. both A,H° and A,S° are obtained from
a linear least squares fit to the observed K, values at different temperatures). The
two methods may yield significantly different values for the temperature dependence of
Keq» but as the entropies of CIO and Cl,O, are reasonably well constrained by available
spectroscopic data, third law analysis is the preferred method (Nickolaisen et al., 1994).
The JPL 2002 recommendation for K is based on third law analysis of the laboratory
data given by Cox and Hayman (1988) and Nickolaisen et al. (1994) using for Cl,O,
S° (300K)=302.2J K" mol™" to obtain the value of RTAN, exp(A,S°/R), the so-called
pre-exponential factor.

Here, standard entropies S° for CIO and Cl,O, and the standard enthalpy of
formation A;H° for CIO are determined using statistical thermodynamics as de-
scribed in Chase (1998). The uncertainty in these parameters for CIO is small
with §°(298.15K)=225.07+0.5JK ™" mol™" and A;H°(298.15K)=101.63+0.1 kJmol ™.
When computing S° for Cl,O, a larger uncertainty arises, because some of the vibra-
tional frequencies used in the calculation are not exactly known. Using the frequencies
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and uncertainties given in Table 1 results in 5°(298.15 K)=302.O8J_'8:1; JK"mol™". The
temperature dependence of A;H° for Cl,O,, d(A;H°)/dT, may also be calculated from
statistical thermodynamics with a relatively small uncertainty (using the same vibra-
tional frequencies as for computing S°). If we express A,H° as the sum of A,H°(0K)
and a temperature dependent thermal correction, Eq. (2) becomes

Koo(T) = RT £S /Ry (A,H°(o K)+/7 d(ArH")/dT)/HT
_ %eA S° /Re <f0Kd(ArHo)/dT>/RTe—ArH°(O K)/RT ®)
All quantities in Eq. (3) are either constant or can be calculated from statistical thermo-
dynamics except for A.H° (0K), which can be taken from direct laboratory measure-
ments or deduced from laboratory measurements of K, at different temperatures by a
logarithmic fit, corresponding to third law analysis but taking into account the temper-
ature dependence of A,H° and A,S°. The major uncertainty in this calculation arises
from the uncertainties in the vibrational frequencies of Cl,O, (Table 1). However, this
results in less than 0.2 kJmol™" error in the calculated AH° (0K) values and less than
10% error in K, below 300 K.

Figure 1a shows various laboratory measurements of K., at different temperatures,
and the temperature dependence resulting from the analysis of these data described
above. Also included is the temperature dependence deduced from A .H° measured
by Plenge et al. (2005) and the recommendation and uncertainty given in JPL 2002.
A comparison with K, deduced from stratospheric observations is shown in Fig. 1b.
The values obtained for A,H° (0K) from the temperature dependent third law analysis
of the laboratory data shown in Fig. 1a are given in Table 2, together with other values
found in the literature. While three laboratory studies (Basco and Hunt, 1979; Cox
and Hayman, 1988; Ellermann et al., 1995) are in excellent agreement, the values
obtained by Nickolaisen et al. (1994) are significantly higher. We note three arguments
that support the former three studies:
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. K,

. Cox and Hayman (1988) and Basco and Hunt (1979) actually establish the equi-

librium between CIO and CI,0, while Nickolaisen et al. (1994) determine K, from
measured values of ko and kg that are somewhat dependent on each other,

. in Nickolaisen et al. (1994) the CI,O, entropies obtained by second and third law

analyses disagree beyond the error margins of both methods, and

oq resulting from the Cox and Hayman (1988) data is in excellent agreement
with atmospheric measurements (Fig. 1b). At stratospheric temperatures, it cor-
responds almost exactly to the function inferred from aircraft observations of CIO
inside the Arctic polar vortex by Avallone and Toohey (2001), which represents
an upper limit to K, because their assumption of full chlorine activation means
that they used maximum possible values for [Cl,O,]. Stimpfle et al. (2004) could
best reproduce their simultaneous observations of CIO and CI,O, in darkness
using the Cox and Hayman (1998) value for K4, which is further supported by
a number of night-time CIO measurements (Berthet et al., 2005; Glatthor et al.,
2004; Pierson et al., 1999; von Clarmann et al., 1997). Observations of CIO and
Cl,0O, presented in von Hobe et al. (2005) suggest a value for K, even lower by a
factor of 2 to 4, but equilibrium may not have been established considering lower
rates of Cl,O, formation than assumed in their study (cf. Sect. 4) and their Cl,O,
measurements may be biased low (cf. Sect. 5).

Table 3 gives an overview of K, values given in the literature. While the upper (Nick-
olaisen et al., 1994) and lower (von Hobe et al., 2005) limits at stratospheric temper-
atures differ by a factor of 9 at 200K, the values given by Plenge et al. (2005) and
Avallone and Toohey (2001) and deduced here for the laboratory data of Cox and Hay-
man (1988) lie only 30% apart and are consistent with most observations (e.g. Glatthor
et al., 2004; Stimpfle et al., 2004; Berthet et al., 2005; and, within error limits, even von
Hobe et al., 2005).
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3 The Cl,0, dissociation rate constant k ;¢

Low pressure rate constants for unimolecular decomposition reactions such as the
reverse of Reaction (R1) may be described by the following formalism (Troe, 1977a;
Troe, 1977b; Troe, 1979; Patrick and Golden, 1983):

Kaiss.0 = Bekgins o = BoZLy [Puion (Eo) RT/Quip)] e E/AT F o FeFrotFrotintFeorr (4)
The hypothetical strong collision rate constant kg, , forms an upper limit, which is mul-

tiplied by a collision efficiency term g, to take weak collision effects into account. Z
is the Lennard-Jones collision frequency, p,i, , (Eg) the harmonic oscillator density of
states, Q,;, the vibrational partition function, £, = A,H° (0K) the reaction threshold
energy (note that in Table 2, A,H° values are given for the forward direction of Reac-
tion (R1), so the sign has to be reversed here), F,,, the anharmonicity correction, Fg
the energy dependence of the density of states and F,; the external rotational contribu-
tion. The correction factor for internal rotation, F; i, is not considered here because
internal rotors are not significant at low temperatures for these calculations (Patrick
and Golden, 1983). Following Troe (1977b) we neglect the final factor F,, introduced
to correct for the coupling between the various factors and the approximations made
in the calculation. A summary of the parameters in Eq. (4) and their uncertainties at
various temperatures is given in Table 4. The exact calculation is described in detail by
Troe (1977a, b). As for Keq, the uncertainties arising from the vibrational frequencies of
Cl,O, are small (<7% error for kjicss,o) because the temperature dependence is deter-
mined mainly by £, and the effects of using different vibrational frequencies on o, 1
(Eg) and Q,;, partially cancel.

In Fig. 2, kyiss o from EQ. (4) is plotted as a function of temperature and compared to
laboratory studies. Using A,H° (0K) from Plenge et al. (2005) and 3., (300K)=0.6, the
theoretical value derived here is in excellent agreement with laboratory data between
242 and 261 K recently published by Broske and Zabel (2006). Here, we only shown
data obtained at pressures below 10 mbar, where falloff behavior is assumed to be
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negligible (cf. Sect. 4). The values of kg o derived in the Nickolaisen et al. (1994)
study fall significantly below even the lowest theoretical value using A,Ho (0K) derived
from Cox and Hayman (1988) and (G, (300 K)=0.3. Broske and Zabel (2006) prepared
Cl,O,and monitored its loss whereas Nickolaisen et al. (1994) obtained ks from fitting
the observed decay of CIO in the temperature range 260-310K to an overall reaction
mechanism. We feel that the potential sources of error in the method employed by
Broske and Zabel (2006) are smaller, because the data are much easier to interpret
and the only other loss mechanism for Cl,O, in this experiment are wall effects that
were not apparent over the pressure range used (Broske and Zabel, 2006).

Broske and Zabel (2006) compare their results to theoretical predictions of the low
pressure rate constant using the formalism by Troe (1977a, b) described above (Eq. 4).
Choosing B, (250K)=0.3, they derive A,Ho (0K)=66.4+3.0kJ mol~" which is lower
than the laboratory values presented in Table 2 and would imply an equilibrium constant
similar to von Hobe et al. (2005). On the other hand Broske and Zabel (2006) obtain
Keq between Cox and Hayman (1988) and Plenge et al. (2005) when multiplying ks o
with ke o recommended by JPL 2002. If the laboratory measurements of Broske and
Zabel (2006) are correct, this would imply that the values recommended for K, and
Krec.0 DYy JPL 2002 are inconsistent (cf. Sect. 4).

Because of the limited temperature range over which Broske and Zabel (2006) con-
ducted their experiment, the uncertainty of their fit to the data becomes rather large
at temperatures well below or above 242-261 K. Therefore we fit a simple exponen-
tial function to Agiss o from Eq. (4) with AH° (0K) from Plenge et al. (2005) and S,
(300 K)=0.6 that best fits the Broske and Zabel (2006) measurements:

Kisso = 1.66 x 1076e7821/T (5)
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4 The Cl,0, formation rate constant 4

The CI,O, formation rate constant k.., has been determined in a number of labora-
tory studies employing flash photolysis with time resolved UV absorption spectroscopy
(Sander et al., 1989; Trolier et al., 1990; Nickolaisen et al., 1994; Bloss et al., 2001;
Boakes et al., 2005). Except for the most recent investigation (Boakes et al., 2005),
the values given for the low pressure limit k. o at temperatures above about 240 K
agree well, but at stratospheric temperatures between 180 and 220K there is a large
discrepancy (Fig. 3).

Using Eq. (1), kec o Can be calculated by multiplying K4 obtained from Eq. (3) and

kgiss o from Eq. (4). As long as the choice of A,H° (0K) is consistent, the g~ AH OK/RT

and e 5/AT terms in Egs. (3) and (4) cancel, and the remaining dependency on £,

and hence on the choice of the equilibrium constant is small. The following expression
is obtained:
R?T? 1

>1r (/b dBH /dT) /RT
Krec0 = N—A:Bcpvib,hZLJO _bFanhFEFroteArS /Re (/°K )
vi

(6)

R, N4, pvinnh @and F,,, are independent of temperature. The temperature dependence
of the remaining terms is calculated or fitted over the temperature range 170 to 320K to

the functional form 77, giving T~"5%%2 for 1/Q,,,, T~ 1*%" for F,y,, T~%9%04 for e25/F

712802 ¢ ~(okIAH/OT)AT (102501 ¢ B.Z.,Fz combined (the individual tem-
perature dependence of these three terms is complicated but small, cf. Table 4). The
uncertainties in the exponents incorporate uncertainties of the parameters used (e.g.
vibrational frequencies) as well as uncertainties from the fits, in some cases taking the
extremes at either end of the temperature range as upper and lower limits. Together
with the 72 term, this yields an overall temperature dependence of 7~29+% for Krec.0-
The uncertainty in the vibrational frequencies has a larger effect on k. o than on K,

AS°/R

and kgss o due to the sensitivity of o, , and Q,;, (Table 4) as well as e and
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T °
e_</°KdA'H MT)RT, resulting in an error for k. o of up to 15% from the uncertainties

given in Table 1.

It is evident from Fig. 3 that at stratospheric temperatures, k..o from Bloss et
al. (2001) and even more so from Boakes et al. (2005) are inconsistent with k. o
calculated from Eq. (5) even for B,=1. The temperature dependence of k., given
in these two studies by exponents of —4.5 and —3.8 respectively is also inconsis-
tent with the temperature dependence of k.., derived using Eq. (5). On the other
hand, using 3.=0.6 (most consistent with ks o Observed by Broske and Zabel (2006),
cf. Sect. 3) yields a k. o corresponding almost exactly to the T" treatment of Nicko-
laisen et al. (1994), which is in reasonable agreement with Sander et al. (1989) and
Trolier et al. (1990). Morover, the temperature exponent of —3.01+0.20 given by Nick-
olaisen et al. (1994) is in excellent agreement with the —2.9+0.6 we have deduced
above.

A value for K, o higher than the derived kg, , (i.e. B,=1.0) is difficult to rationalize:
thermal decomposition faster than kgicss,o derived in Sect. 3 is unlikely on theoretical
grounds (Golden, 2003) and would contradict both available laboratory studies (Broske
and Zabel, 2006; Nickolaisen et al., 1994). A significantly higher value for K, is in-
compatible with most field observations of CIO and Cl,O,. This is not in conflict with
the notion of Broske and Zabel (2006) that K, calculated from their Kgjss and k. from
Bloss et al. (2001) is consistent with Cox and Hayman (1988) and Plenge et al. (2005),
because over the temperature range of their experiment, i.e. 242-261 K, k., from Bloss
et al. (2001) and Nickolaisen et al. (1994) are equivalent (Fig. 3).

In the atmosphere somewhat lower values than the low pressure limits are usually
observed for rate constants such as kyssand A, due to falloff behavior with increasing
pressure. Effective rate constants are estimated using the following expression (Troe,
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1979; Patrick and Golden, 1983):

_ ko[M] F[1+(|og{%})2] -1
1+ kolM1/ koo

where k, is the high pressure limiting rate constant and F~0.6 is the broadening pa-
rameter. Parameterizations for k. , given in the laboratory studies mentioned above
are compared in Fig. 4. The largest difference at stratospheric temperatures is about
a factor of two. We choose to follow the JPL 2002 recommendation for A o, Which
provides an intermediate estimate at stratospheric temperatures with a temperature de-
pendence of 7724, Uncertainties in Krec.co @re not as critical as the choice for k. o at
stratospheric pressures. Below 150 hPa, variation of k. ., by a factor of two changes
the resulting ko by 10 % at most. Falloff behavior also applies to k4. Because no
reliable measurement of ks o, €Xists (Broske and Zabel, 2006, state that the uncer-
tainty of their proposed Ay o, iS large because measurements were only made at low
pressures), it is calculated from K o, through K.

(7)

5 The Cl,0, absorption cross section ogooc) and photolysis frequency J

Of all parameters governing ozone loss by the CIO dimer catalytic cycle, the photolysis
frequency J based on the absorption cross section ogpog holds the greatest uncer-
tainty. It has been determined in a number of laboratory studies (Basco and Hunt, 1979;
Molina and Molina, 1987; Permien et al., 1988; Cox and Hayman, 1988; DeMore and
Tschuikow-Roux, 1990; Burkholder et al., 1990; Huder and DeMore, 1995; Pope et al.,
2005). The spectra obtained by Basco and Hunt (1979) and Molina and Molina (1987)
are significantly different in shape from the other studies and have been proposed to be
influenced by Cl,O5 and possibly other impurities. The other studies agree extremely
well in the peak region around 245 nm, but disagree by up to a factor of five at higher
wavelength controlling J in the atmosphere (Fig. 5). The JPL 2002 recommendation
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for ociooc also shown in Fig. 5 is based on an average of the values reported by Per-
mien et al. (1988), Cox and Hayman (1988), DeMore and Tschuikow-Roux (1990) and
Burkholder et al. (1990).

In the analysis of the field data below, we also test a slightly modified wavelength
dependent average of reported cross sections named “MPIC” (Tables 5 and 6) that
falls between JPL 2002 and Burkholder et al. (1990) (Fig. 5). As stated in Table 5,
the MPIC cross sections listed in Table 6 are derived in the 302-360 nm range (which
strongly affects the resulting J and forms the basis for the log-linear extrapolation to
higher wavelengths) from averaging the data from Burkholder et al. (1990) and DeMore
and Tschuikow-Roux (1990). In this wavelength range, the MPIC averaged values do
not consider the much lower data set obtained by Huder and DeMore (1995), because
it is believed that not enough experimental information was provided to justify the use of
this cross section above 310 nm. For wavelengths greater than 310 nm, the Huder and
DeMore (1995) cross section is based on a log-linear extrapolation of data obtained at
shorter wavelengths. However, it should be noted that the most recent study by Pope
et al. (2005) suggests cross sections roughly equivalent to Huder and DeMore (1995)
out to ~350 nm, and possibly considerably lower values than the by Huder and DeMore
(1995) cross sections for the atmospherically important region of wavelengths longer
than 350 nm.

Photolysis frequencies of Cl,O, are obtained by multiplying the absorption cross sec-
tion by the actinic flux and integrating over all atmospherically relevant wavelengths.
Here we use a full radiative model that takes into account solar zenith angle (SZA),
ambient pressure, overhead ozone and albedo (Salawitch et al., 1994). This is the
same radiative transfer model used by Stimpfle et al. (2004) to examine the SOLVE
observations of CIO and CIOOCI. Variations in albedo along the flight track of the ER-2
and Geophysica aircraft are obtained primarily from TOMS reflectivity maps. However,
measurements from a UV/Vis spectrometer aboard the ER-2 are used when these data
are available (Stimpfle et al., 2004). The ozone profiles used to constrain the radiative
model are obtained primarily from an assimilation of satellite profiles scaled to match
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total ozone column measured by TOMS along the flight track. However, partial ozone
columns from the UV/Vis spectrometer are used for some portions of the ER-2 simula-
tions, when these data are available (Stimpfle et al., 2004). Under typical stratospheric
conditions, J values based on the cross sections by Burkholder et al. (1990) and Huder
and DeMore (1995) differ by a factor of about 2.5. Values based on JPL 2002 and MPIC
lie between the two. The variation in J due to the various cross sections is much larger
than typical differences due to reasonable uncertainties in overhead ozone and albedo.

5.1 Photochemical steady state analysis of field data

As described by Avallone and Toohey (2001), effective atmospheric J values can be
estimated from atmospheric observations assuming photochemical steady state:

[CIOF[M]  [M]
J =k - 8
< (C,0;] Keq> ©

The resulting J values depend critically on the choice of k... We utilize the second
order rate constant from Eq. (7) (that replaces the k;[M] term in Eq. 8) with k. o from
Nickolaisen et al. (1994) and k. o, from JPL 2002, which have been reasonably well
constrained in Sect. 4. K, is calculated according to Plenge et al. (2005) (cf. Sect. 2).
This choice is critical at high solar zenith angles where the contribution from thermal
dissociation to the overall rate of Cl,O, removal becomes significant.

Equation (8) only yields reliable J values when the steady state assumption holds.
To test this, we employ a time dependent diurnal box model containing the relevant
photochemical reactions that govern the partitioning of active chlorine and bromine
in the perturbed polar vortex (Canty et al., 2005). We compare J derived from the
simulated abundances of CIO and Cl,O, using Eq. (8) to the values of J used in the
photochemical model, which are based on radiative transfer calculations. The results
shown in Fig. 6 indicate that the steady state assumption is valid at SZA <84°, but
significant deviations exist at higher SZA. During early morning, Cl,O, accumulated
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during the night needs time to photolyse until steady state is reached, and J from
Eqg. (8) falls below J calculated by the radiative model. During late evening, Cl,O,
needs time to reform causing J from Eq. (8) to lie above the radiative J. The difference
between J found using Eq. (8) and the radiative J is larger at lower temperatures,
because of the temperature effect on k. and K. For larger cross sections that lead
to faster photolysis (i.e., Burkholder et al., 1990), the relative difference between the
two values of J is slightly smaller than for smaller cross sections that lead to slower
photolysis (i.e., Huder and DeMore, 1995). For air parcels that reach SZA of ~84 to
90° at noon, the difference between J found using Eq. (8) and radiative J is smaller
than results shown in Fig. 6. Under these conditions, air masses spend more time at
high SZA, resulting in chemical evolution that is close to instantaneous steady state.
Equation (8) will yield reliable results provided the data analysis is focused on SZA
<84°.

In Fig. 7, J values estimated from observations of [CIO] and [Cl,O,] made during
field campaigns in several Arctic winters (SOLVE, 1999/2000: Stimpfle et al., 2004;
EUPLEX and ENVISAT Arctic Validation, 2002/3: von Hobe et al., 2005; Arctic Vortex
flight 2005: von Hobe et al., 2006) using Eq. (8) are plotted as a function of SZA. Error
bars are based on relative errors for [CIO] (squared) and [Cl,O,] that propagate into
the relative error for J. The effect can be rather large, especially at low concentrations
where the relative measurement error is usually larger. At high zenith angles Cl,O,
thermal dissociation becomes comparable to photolysis and [CIO]2/[CI202] approaches
1/Ksqs resulting in a large relative error for the difference and hence J. Also shown
in Fig. 7 are J values based on the radiative model for the different cross sections
given by Burkholder et al. (1990), Huder and DeMore (1995), JPL 2002 and MPIC.
Variations along the aircraft flight track of overhead ozone, albedo, and pressure cause
the radiative J values to vary in a manner that is not monotonic with SZA. The error
bars on Fig. 7 for radiative J represent the maximum and minimum values for 2° wide
SZA bins.
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A large number of data points, particularly from the SOLVE data (Stimpfle et al.,
2004), follow a dependence on SZA very similar to Jypic, YipLo2 @Nd Jeyrkholder- HOW-
ever, 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 SZA >85°, the SOLVE data cluster
around two separate lines, the higher one containing almost all points measured in the
evening. This is consistent with expectation, as shown in Fig. 6.

Even though all flights carried out during the ENVISAT Arctic Validation Campaign
were carried out in the morning and hence are expected to fall below the steady state
curve, and most EUPLEX flights were evening flights expected to fall above, 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 obtain K, from

nighttime measurements (von Hobe et al., 2005), [CI202]/[CIO]2 ratios observed during
the EUPLEX campaign are considerably lower than during other field campaigns, which
via Eq. (8) translates into faster photolysis rates. For many data points the discrepancy
lies within the error bounds of the data, but the reason for this obvious underestimation
of [CI202]/[CIO]2 on the order of ~40% is unresolved. Indeed, it is unclear why the
EUPLEX measurements of [CI202]/[CIO]2 can differ substantially even compared to
other measurements by the same instrument. As mentioned above, a 40% relative
error on [CI202]/[CIO]2 can produce a much larger relative error for J derived from
Eqg. (8) at high zenith angles often encountered during EUPLEX. A source of error
leading to an underestimation of J may be present in the data from the ENVISAT
Validation campaign. Von Hobe et al. (2005) state that contribution from CIONO, at
the dimer dissociation temperature in their measurement is less than 1%. However,
at the end of the winter after significant deactivation and hence high CIONO, and
moderate to low levels of active chlorine, this may introduce a significant error in the
measurement of Cl,O,.
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For the SOLVE data and the Vortex 2005 flight, the ratio Jgq (g)/ Jradiative IS Plotted
as a function of solar zenith angle (SZA) in Fig. 8. As described above, the steady
state assumption does not hold at SZA >84°, and the uncertainties can be ascribed to
non-steady state effects. Below 84°, uncertainties in J inferred from Eq. (8) still exist,
and J cannot be deduced conclusively from the observations used. However, it can
be said that the best agreement is achieved for the JPL 2002 and the MPIC cross
sections, while the cross sections presented by Huder and DeMore (1995) are clearly
inconsistent with the atmospheric observations.

Avallone and Toohey (2001) presented a steady state analysis of CIO observations
during the AASE field campaigns in the Arctic vortex during the winters 1988/89 and
1991/92. In contrast to the results presented here, their steady state J values support
the cross section measurements by Huder and DeMore (1995). However, they used
Cl,0O, concentrations based on the assumption that all available inorganic chlorine is
activated and in the form of either CIO or Cl,O, (cf. Sect. 2), thus representing an
upper limit for [Cl,O,] resulting via Eq. (8) in a lower limit for J. Deviations from their
assumption will have a larger impact on their J value than on their K., because the
relative change of [Cl,O,] would be greater at lower concentrations during the day.

5.2 Box model studies

The results of the photochemical steady state analysis are in good agreement with the
results from the comparison of the SOLVE data with box model studies by Stimpfle
et al. (2004), where J;p oo Was too small and Jgknoider Was too large when using
Krec.0 from JPL 2000 (Sander et al., 2000), which is basically the same as k. o from
Nickolaisen et al. (1994).

We also carried out a box model study similar to Stimpfle et al. (2004) to provide
a further test independent of any non-steady-state-effects. Observations were taken
from the Arctic vortex 2005 flight (von Hobe et al., 2006). These are probably the
most reliable HALOX measurements due to high CIO, and low CIONO, levels and
stronger chlorine emission lamps than were available in the 2002/03 winter (lamp out-
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put strongly influences sensitivity of the chemical conversion reference fluorescence
technique used by HALOX). Due to the wide range of solar zenith angles encoun-
tered, the flight is also most suitable to constrain J. Simulations were carried out using
CLaMS (= Chemical Lagrangian Model of the Stratosphere, McKenna et al., 2002)
along back trajectories from ECMWF wind fields initialized at 04:00 a.m. UTC on the
flight day with [CIO,]=[CIO],ps+2[Cl,05],ps distributed between CIO and CI,O, using
Keq from Plenge et al. 2005), which was also used by the model together with kg o
from Nickolaisen et al. (1994) and ko o, from JPL 2002. Four model runs using dif-
ferent parameterizations for o ooc) Were carried out (Fig. 9). In agreement with the
steady state analysis presented in Sect. 5.1, the results using o ,ogc from Huder and
DeMore (1995) are mostly outside the error margins, and on average, the best fit is
obtained with the MPIC and the Burkholder et al. (1990) cross sections.

6 Conclusions

At stratospheric temperatures, similar values for K, are obtained from the parameter-
izations given by Avallone and Toohey (2001), Cox and Hayman (1988) and Plenge et
al. (2005), which all fulfill the theoretical constraints presented here and are in good
agreement with atmospheric observations. The temperature dependence of both A.S°
and A,H° has to be taken into account in order to extrapolate Keq Over a large tem-
perature range, to obtain exact values for A,H° (0K), and to derive the temperature
dependence of kg and k., as described above. However, for stratospheric condi-
tions, a more complex expression for the temperature dependence of K, than given
by JPL 2002 may not be necessary, especially in light of the significant differences in
estimates of K4 from various laboratory groups.

A parameterization for the low pressure unimolecular dissociation rate constant
Kyiss.0 Of Cl,O, is given in Eq. (5), which provides a useful extrapolation of the lab-
oratory measurement by Broske and Zabel (2006). As noted in Sect. 4, falloff behavior
applies to this reaction, so at atmospheric pressures ks should be calculated from
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Keq and the falloff expression for k. (EQ. 7).

Magnitude and temperature dependence of the low pressure limiting CIO recombi-
nation rate constant k.. o given by Nickolaisen et al. (1994) are in excellent agreement
with values derived from K, and Kgiss o- The choice of the high pressure limit kg
is not critical at stratospheric pressures and the least potential error is introduced by
using the intermediate value recommended by JPL 2002. A small downward correction
of 6% may be applied to take account of the lower efficiency of atmospheric O, as a
third body compared to N, (Bloss et al., 2001).

Using these kinetic parameters in a simple steady state analysis and in box model
studies, atmospheric observations of CIO and Cl,O, appear to be best explained using
J values derived from the MPIC CI,O, absorption cross sections. However, the scatter
of the data is large and within the uncertainties the JPL 2002 cross sections and those
suggested by Burkholder et al. (1990) still give a consistent picture for most of the
data. Results of the analysis of J values presented here are in excellent agreement
with Stimpfle et al. (2004). The cross sections measured by Huder and DeMore (1995)
are clearly too low to be consistent with nearly all atmospheric observations, including
earlier studies of CIO in the Antarctic vortex (Shindell and de Zafra, 1995; Shindell and
de Zafra, 1996; Solomon et al., 2002). If these cross sections or the even lower values
recently presented by Pope et al. (2005) are correct, then either some unidentified loss
process converts Cl,O, to CIO in the polar vortex, or the formation of Cl,O, from CIO
proceeds much slower than even the lowest rates reported based on laboratory studies,
or [CIO] in the polar vortices is overestimated in nearly all available observations.

The kinetic parameters suggested here, i.e. K4 from Avallone and Toohey (2001),
Cox and Hayman (1988) and Plenge et al. (2005), k4o measured by Broske and
Zabel (2006) and extrapolated using unimolecular rate theory (Troe, 1979; Patrick and
Golden, 1983), k..o and Ao o given by Nickolaisen et al. (1994) and JPL 2002 re-
spectively, and J derived from og 0o approximately halfway between the JPL 2002
evaluation and Burkholder (1990), termed here MPIC, are consistent internally and with
stratospheric observations of chlorine oxides. Provided that there are no large errors in
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these laboratory studies that eliminate each other in the calculations presented in this
study, and that there is no fundamental problem with the field measurement techniques
for CIO and Cl,O,, we seem to have reached good understanding of the kinetics of the
ClO dimer catalytic cycle as given by Reactions (R1) to (R4). However, given the large
discrepancies with some other laboratory studies mentioned above, some open ques-
tions remain. For example, it is important to identify the processes causing faster loss
of CIO in the laboratory studies by Bloss et al. (2001) and Boakes et al. (2005), be-
cause it cannot be excluded that these processes play a role in the atmosphere under
certain conditions. An enhancement of the CIO recombination rate due to a chaperone
mechanism in the presence of Cl, has been suggested by Nickolaisen et al. (1994).
Similar effects due to other molecules or even heterogeneous processes cannot be
ruled out. The possibility of pressure and temperature dependent formation of other
Cl,0O, isomers than CIOOCI has been proposed in several studies (Bloss et al., 2001;
Boakes et al., 2005; Broske and Zabel, 2006; Golden, 2003; Nickolaisen et al., 1994;
von Hobe et al., 2005). Finally there may be yet unidentified reactions involving CIO
and Cl,0,.
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Table 1. Vibrational frequencies and uncertainties of CIOOCI.

-1

Vibrational mode v, cm
Torsion 12742, 2
CIOO symmetric bend 3211410

ClOO antisymmetric bend 418.5°
Cl—O symmetric stretch 543.0°
Cl—O antisymmetric stretch  647.7°
O—O stretch 754.0°

3127+20cm™ represents the only measurement of the torsional wave number (Birk et al.,
1989). As all reported values from ab initio (e.g. Lee et al., 1992) and force field calculations
(Jacobs et al., 1994) fall below 127 cm™', we deem it unlikely that the frequency should be
higher. The lower limit used here represents the lowest value found in the literature (Jacobs et
al., 1994).

®321cm™ and upper limit of 342 cm™' from different ab initio calculations (Lee et al., 1992),
lower limit of 310cm™" from force field calculations (Jacobs et al., 1994).

°measured by (Jacobs et al., 1994), in good agreement with other experiments (Burkholder et
al., 1990; Cheng and Lee, 1989). Measurements are rather exact and uncertainties of these
higher frequencies are not significant for the calculations in the temperature range relevant to
this study.
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Table 2. Standard reaction enthalpies A,H° for Reaction (R1) and corresponding heat of for-
mation AH° for Cl,O, at 0K deduced from laboratory and theoretical studies.

ACPD
6, 7905-7944, 2006

AH® (0K) kJ mol™’

AH° (0K) for Cl,0, kd mol™
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Direct determination by photoionisation mass spec.

Plenge et al. (2005) -68.0+2.8
Deduced from measurements of K, as described
Cox and Hayman (1988) -68.9+0.2
Nickolaisen et al. (1994) -70.0+0.2
Basco and Hunt (1979) -68.8
Ellermann et al. (1995) -68.6
Ab initio studies
McGrath et al. (1990) -66.1+17.6
Lee et al., 1992 -65.2
Li and Ng (1997) -73.9
Zhu and Lin (2003) -78.0+4.2

134.1+2.8

133.2+0.2
132.1+0.2
132.3+0.2
132.5+0.2

136.5+13.4
136.9
128.2
123.1+4.2
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Table 3. K., values given in the literature. Given are pre-exponential factors and temperature

dependence using the JPL format K=Axexp(B/T).

A B
JPL 2002? 1.27x107% 8744
Cox and Hayman (1988) (4.10+£0.31)x107°°xT  8720+360
Nickolaisen et al. (1994) (3rd law anal.) (1.24+0.18)x10™%’ 8820440
Avallone and Toohey (2001) 1.99x107 0« T 8854
von Hobe et al. (2005) 3.61x107% 8167
Plenge et al. (2005) 1.92x107% 8430+326

& Factor of 1.3 uncertainty at 298 K and factor of 3 uncertainty at 200 K.
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Table 4. Overview of parameters used or calculated in Eq. (4) for M=N,. Except for G, errors
given arise mainly from uncertainties in Cl,O, vibrational frequencies (Table 1).

T Z0 Puib n(Eo)° Quip Eg Fan Fe  Foo  BS°
K 10%cm® kJ™" mol kJ mol ™

molecule™'s™
200 3.30 26891997 (283177%%) 2.02701° 68.0(68.9) 1.52 1.11 121 0.55+0.15
250 3.45 2.73"9%0 114 94  0.49+0.15
300 3.59 3.75%9 % 117 7.6  0.45+0.15

#Lennard-Jones parameters for Cl,O, from Bloss et al. (2001) were used.

bArH° (0K) from Plenge et al. (2005) is used for E,, (with values based on the Cox and Hayman
data, 1988, given in parentheses).

°Fe, Fop and B, are only marginally affected by the choice of £,.

4 we use values of 0.3, 0.45 and 0.6 for B (300K) and derive the temperature dependence as
described in (Troe, 1979) with B./(1-6,) = —<AE >/FgKT, where <AE > is the enegry transferred
in all up and down transitions.
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Table 5. Basis of MPIC cross sections at different wavelength intervals.

ACPD
6, 7905-7944, 2006

190-198 nm

200-210nm

212-218 nm

220-300 nm

302—-360 nm

362—450 nm

data of
(DeMore and E. Tschuikow-Roux, 1990)
mean of the data of
(DeMore and E. Tschuikow-Roux, 1990)
(Huder and DeMore, 1995)
mean of the data of
(Burkholder et al., 1990)
(DeMore and E. Tschuikow-Roux, 1990)
(Huder and DeMore, 1995)
mean of the data of
(Cox and Hayman, 1988)
(Burkholder et al., 1990)
(DeMore and E. Tschuikow-Roux, 1990)
(Huder and DeMore, 1995)
mean of the data of
(Burkholder et al., 1990)
(DeMore and E. Tschuikow-Roux, 1990)

log-linear extrapolation of the data at 302—-360 nm:

log 0=—12.982-0.01732 4
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Table 6. MPIC cross section data. ACPD

Lnm 0,102%cm®> A,nm 0,10%°cm?> A, nm 0,10%®cem? A,nm o, 10Pcm? 6, 7905-7944, 2006
190 565 256 498 322 24.5 388 1.99

192 526 258 451 304 23.0 390 1.83 ]

194 489 260 411 326 21.5 392 1.69 Understanding the
196 450 262 372 328 20.0 394 1.56 kinetics of the CIO
198 413 264 341 330 18.0 396 1.44 .

200 377 266 307 332 16.5 308 1.33 dimer cycle

202 344 268 282 334 16.0 400 1.23

204 313 270 259 336 14.5 402 1.14 M. von Hobe et al.
206 284 272 240 338 14.0 404 1.05

208 257 274 204 340 14.0 406 0.968

210 234 276 204 342 13.0 408 0.894

212 215 278 190 344 12.0 410 0.826 _
214 205 280 177 346 11.0 412 0.762

216 197 282 163 348 10.2 414 0.704 ! !
218 196 284 152 350 9.35 416 0.650

220 195 286 139 352 8.90 418 0.600 ! !
202 211 288 128 354 8.30 420 0.554

224 233 290 116 356 7.60 422 0.512 ! !
226 267 292 107 358 7.00 424 0.472

208 307 294 97.4 360 6.40 426 0.436

230 351 296 90.9 362 5.60 428 0.403 ! !
232 403 208 81.5 364 5.17 430 0.372

R < B AN < S E
236 511 302 74.0 368 4.41 434 0.317

238 561 304 66.5 370 4.07 436 0.293 ! !
240 604 306 59.5 372 3.76 438 0.270

242 634 308 53.5 374 3.47 440 0.250 _
244 649 310 47.0 376 3.20 442 0.230

246 649 312 415 378 2.96 444 0.213

248 639 314 37.0 380 273 446 0.196 _
250 614 316 32,5 382 252 448 0.181

252 580 318 295 384 233 450 0.167 _
254 541 320 27.0 386 2.15
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Fig. 1. Temperature dependence of K, (a) in the temperature range of laboratory measure-
ments and (b) at 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
and not on the fits reported in the original papers. The uncertainty range given by JPL 2002 is
shown by the gray areas.
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Fig. 2. Temperature dependence of kg, o. For the theoretical values (Eq. 4), solid lines show
ks 0» 10Ng dashed, short dashed and dotted lines kg, , with B, (300K) of 0.60, 0.45 and 0.30

respectively.
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Fig. 3. Temperature dependence of k. ,. For the theoretical values (Eq. 6), collision efficien-
cies B, are represented by line styles as in Fig. 2. For Nickolaisen et al. (1994), the solid line

represents the T” treatment, the dashed line the e &/ treatment. For Boakes et al. (2005)

the two points at each temperature represent their results with and without incorporating an
intercept in the falloff curves.
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Fig. 5. Comparison of UV-Vis absorption spectra of CIOOCI.
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Fig. 6. Comparison of J derived from the simulated abundances of [CIO] and [CI,0,] using
Eq. (8) to the values from the radiative model for different Cl,O, absorption cross sections.
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Fig. 7. J values deduced from simultaneous [CIO] and [CI,O,] observations (only when [CIO,]
>200 ppt and P<120 hPa) assuming photochemical steady state color coded for the different
campaigns with propagated error bars (top panel) and for different times of day (bottom panel).
For comparison, average J values calculated using a radiative model with different o ,go¢ are
given for 2° SZA bins, with error indicating maximum and minimum J in each 2° bin.
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Fig. 8. Ratio of J calculated from SOLVE and VORTEX 2005 observations using Eq. (8) to J
from the radiative model using different o 00¢) VS. SZA.
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Fig. 9. Comparison of simulated CIO and CI,O, using different parameterizations with obser-
vations from the Arctic Vortex 2005 flight (von Hobe et al., 2006). For each o oo Used in the
simulation, the relative difference of the simulated CIO and Cl,0O, mixing ratios to the observed
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values is shown in the bottom two panels (except where [CIO, ]<200 ppt).
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