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Temporal evolution of chlorine monoxide
in the middle stratosphere
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Abstract. The temporal evolution of stratospheric chlorine monoxide (ClO)

at northern midlatitudes is studied over different scales: diurnal and seasonal
variations. Data sets include temperature profiles, and ClO, HCI, CIONO;, NO.,
O3, H20, and CH4 mixing ratios as measured from 10 to 0.46 hPa (i.e., from ~30
to ~55 km) by the Microwave Limb Sounder (MLS), by the Halogen Occultation
Experiment, and by the Cryogenic Limb Array Etalon Spectrometer instruments
‘aboard the UARS satellite from at most September 1991 to June 1997 within the
band 40°-50°N. The time evolution of these species is interpreted by comparison
with results from a “zero-dimensional” (0-D) purely photochemical model and from
the SLIMCAT three-dimensional (3-D) chemical transport model over the Plateau
de Bure station (45°N, 10°E) from September 1991 to March 1998. A maximum
confidence value for the yield in the reaction ClIO + OH — HCI + O is deduced
from the analysis to be in the range 0.05-0.10£0.03, which is consistent with recent
laboratory data, suggesting a value of ~0.05-0.06+£0.02. Comparisons between the
CIO diurnal variations measured by MLS and calculated by the 0-D model agree
to within 10% around the maximum of CIO (~40 km) and within 5% elsewhere.
The CIO diurnal variation is induced by variations in the partitioning with HOCI
and CIONO; below 50 km and by variations in the partitioning within the ClO,
(=Cl1+4ClO) family above. The agreement between measured and modeled seasonal
variations of ClO implies an evolution above 30 km essentially dictated by the
variation in the partitioning with HCIl, together with the partitioning within the
ClO, family above 40 km. The differences between measured and modeled ClO
seasonal variations above 50 km are attributed to uncertainties in the relative rates
of the sources of HCI (reactions of Cl with CH4 and HOj).

1. Introduction stratospheric column ozone of a few percent per decade
is also observed at midlatitudes. Detecting and explain-
ing the temporal evolution of chlorine compounds are
prerequisites in helping to interpret the temporal evo-
lution of ozone in the stratosphere.

We decided to use ClO measurements obtained since
September 1991 by the Microwave Limb Sounder (MLS)
instrument aboard the UARS satellite, to study the

diurnal and the seasonal variations of midstratosphe-

Ozone depletion in the lower stratosphere at high lat-
itudes has been known for more than a decade to be
clearly induced by the activation of chlorine compounds
(e.g., chlorine monoxide) via heterogeneous reactions
in/on polar stratospheric clouds [World Meteorological
Organization (WMO), 1995]. In addition, a decrease in
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ric ClO over the northern midlatitudes. To interpret
the temporal evolutions, measurements from the Halo-
gen Occultation Experiment (HALOE) and the Cryoge-
nic Limb Array Etalon Spectrometer (CLAES) aboard
UARS were also used together with calculations from
a purely photochemical zero-dimensional (0-D) model
and the SLIMCAT three-dimensional (3-D) chemical
transport model.

Measurements from MLS [Bardath et al., 1993] are
temperature profiles and ClO mixing ratios using level
3AT version 4 files stored on the distributed active
archive center (DAAC). Measurements from HALOE
[Russell et al., 1993] are Os, HCL, H,0, and CH4 mix-
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ing ratios using level 3AT version 18 files on the DAAC.
Measurements from CLAES [Roche et al., 1993] are
CIONO; and NOs mixing ratios using level 3AT ver-
sion 8 files on the DAAC. Only MLS data flagged with
a positive uncertainty that is with an a priori contri-
bution <25% were taken. Satellite data have been av-
eraged within a latitude band from 40° to 50°N irre-
- spective of the sunset or sunrise period of measurement
for HALOE, while ClO, CIONO,, and NO, measure-
ments were binned in 24x1 hour wide bins in order to
detect diurnal variations. The amount and the quality
of UARS data offer a unique opportunity for quanti-
tatively studying the photochemistry of stratospheric
compounds. In particular, studies of the diurnal cycle
of ClO are appropriate tools for constraining the yield
of the ClIO 4+ OH reaction, while studies of the ClO
seasonal cycles help explore issues related to chlorine
partitioning. Trends in ClO over the 1991-1997 time
period are studied by Froidevauz et al. [this issue].
The 0-D model, described in detail by Ricaud et al.
[1994, 1996], is initialized with temperature profiles
taken from Barnett and Corney [1985] for the month
corresponding to the observation period. We verified
that the climatological seasonal variation in tempera-
ture was consistent with the monthly averaged temper-
ature field as measured by MLS. In order to be as close
as possible to the state of the atmosphere as seen by
UARS during the 1991-1997 period, (1) we decided to
use monthly averaged measurements of Oz, CHy, H20,
and HCI from HALOE for the appropriate month; (2)
we adjusted the monthly averaged CLAES CIONO;, val-
ues upward by a factor 1.2 as an average compensation
for the increasing low bias of these data versus correl-
ative measurements [Mergenthaler et al., 1996] in this
high-altitude region of rapidly decreasing CIONO; mix-
ing ratio for the appropriate month; and (3) we used a
yearly averaged midlatitude climatological atmosphere
where chlorine compounds such as ClO, Cl, and HOCI
have been rescaled by a factor 1.3 to account for the
positive trend of chlorine loading of ~1.1 ppbv decade™?
[WMO, 1995] from the mid-1980s to the mid-1990s, in-
dependent of the month. Total inorganic chlorine above
4.6 hPa is ~3.4 ppbv. Climatological NO3 has been ap-
propriately adjusted in order to overestimate CLAES
NO, measurements since there is a 20-30% low bias in

the NO3 data for pressures <10 hPa [Reburn et al.,

1996; Ricaud et al., 1998]. Outputs are selected for day
15 of each month. Reaction rates are updated from the
JPLYT handbook [DeMore et al., 1997]. The yield  of
the reaction

ClO + OH — HCL + O2 (1)
is an important issue in the understanding of the tempo-
ral evolution of the chlorine budget and related species
such as Oj [see, e.g., Toumi and Bekki, 1993; Lary et
al., 1995]. Since recent laboratory measurements by
Lipson et al. [1997] give n ~0.05-0.06%0.02, values of

RICAUD ET AL.: CHLORINE MONOXIDE TEMPORAL EVOLUTION

0, 0.05, and 0.1 were given to 5 in the 0-D model when
studying the ClO diurnal variations. When studying
the ClO seasonal variations, a value of 0.05 was taken,
and two runs were processed. In run A, HCl comes
from monthly averaged measurements from HALOE (as
described above) adapted to the corresponding month,
while in run B, HCI comes from the yearly averaged
measurements from HALOE and is thus kept constant
throughout the year.

The 3-D model [Chipperfield et al., 1996] uses mete-
orological analyses to force the circulation and contains
a detailed stratospheric chemistry scheme [ Chipperfield,
1999]. The model run used here is the same as that
described by Ricaud et al. [1998] with 7 set to 0.05,
except that model output is sampled at 1200 UT at the
Plateau de Bure station (45°N, 10°E). The model run
was forced using U.K. Meteorological Office (UKMO)
analyses with a horizontal resolution of 3.75°x3.75°.
As this 3-D model run was set up to study interannual
variability, there are few imposed external variations.
For example, the model was run without a trend in to-
tal inorganic chlorine and other source gases and with
no solar cycle.

Section 2 presents a general frame relating the ClO
temporal evolution to other chlorine compounds. Sec-
tion 3 deals with the ClO diurnal variations, and section
4 refers to the ClO seasonal variations.

2. Overview of the ClIO Temporal
Evolution

The temporal evolution of ClO is driven by the evolu-
tion of other chlorine family constituents (HCl, CIONO2,
HOC], and Cl) whose importance depends on the time
frame and the altitude considered. Early descriptions
of the chlorine partitioning were given by Brasseur and
Solomon [1984] and Solomon and Garcia [1984], while
a more recent study is described by Michelsen et al.
[1996]. In the middle stratosphere, inorganic chlorine
(Cly) essentially consists of ~75% of HCl and ~25%
of ClO [Zander et al., 1996]. Thus, for time frames
greater than a day, ClO evolution is dictated by the
slow processes controlling the evolution of HCl, which
is produced by

Cl + CH4 — HCI + CHg, (2)

with an important contribution from (1) depending on
the yield n, and to a lesser extent in the upper strato-

sphere, by
Cl+HOy — HCl 4+ O (3)

and destroyed through

OH + HCl — Cl+ H0. (4)

The CI/HCI ratio may be written as

cn k4[OH] 5)
[HCY ™ %3[CHa] + k3[HO,] + k1 [OH][CIO]/[CT]’
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where k; is the rate constant of reaction (¢). Below
~40 km, daytime ClO; (=Cl+ClO) is mainly ClO with
a ratio Cl/ClO < 1%, while above, the ratio Cl/ClO
increases dramatically to ~90% around 55 km. Conse-
quently, above 40 km the evolution of ClO is also gov-
erned by the fast processes controlling the partitioning
within the ClO, family, with the main ClO production
reaction being

Cl+ 03 — ClO + O, (6)

and the main loss reaction being

ClO + O —s Cl + O, (7)

giving a C1/CIO ratio of
[C] ks [0]

(8)

[CIO] ks [Os]
Thus, above 40 km the ratio (C10/HCl) becomes
[C1O] { k4[OH] }
ke [Os3] :

At altitudes lower than 40 km, CIONO; (and, to a
lesser extent, HOCI) are not negligible within Cly, thus

the evolution of CIONOQO3, which is governed by photol-
ysis

CIONOg 4+ hvy — Cl1 + NO3 (10)
and the production reaction
ClO + NO3 + M — CIONO; + M (11)

also plays a role in the ClO evolution when considering
a time frame of the order of a day, giving a fast daytime
equilibrium

[CI0] J10
[CIONO,] ™ k11 [NO5J[M]’

(12)

where J; is the photodissociation coefficient of the re-
action (7). The evolution of HOCI within a time frame
of a day is dictated by the photolysis reaction

HOCI + hvy — Cl + OH (13)
and the production reaction
CIO + HO; —s HOCI + Os, (14)
giving a fast daytime equilibrium
ClO
[C1O] Jis (15)

[HOCI ~ k14[HO,]"

3. Diurnalv Variation

Previous studies [e.g., Solomon et al., 1984; Ricaud
et al., 1997] reported diurnal variations of ClO at mid-
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latitudes by ground-based millimeter-wave techniques,
either as a normalized and integrated amount or within
a broad altitude layer of ~10 km vertical resolution.
These results, although qualitatively important, have a
strong quantitative limitation due to the vertical resolu-
tion and showed contamination of the retrieval by the a
priori information, essentially because the ClO lines at
millimeter wavelengths are very weak and very difficult
to detect. Indeed, the first diurnal variations in ClO
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Figure 1. The CIO diurnal variation at (a) 0.46
(~53 km), (b) 1 (~47 km), (c) 2.1 (~41 km), (d) 4.6
(~35 km), and (e) 10 hPa (~30 km) as measured by
UARS/Microwave Limb Sounder (MLS) from 1991 to
1997 within the band 40°-50°N and averaged irrespec-
tive of the year within 24 1 hour wide (crosses) bins and
as calculated by a 0-D purely photochemical model with
n = 0 (solid line), 0.05 (dotted line), and 0.1 (dashed
line) at 45°N in February. Vertical bars represent a lo
error.
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as measured by UARS/MLS and presented by Waters
et al. [1996] show very good agreement with variations
normalized to unity at noon and about zero at 0400
local solar time (LST) as calculated by the model of
Ko and Sze [1984] and as published by Solomon et al.
[1984]. '

Midstratospheric ClO diurnal variations are shown in
Figure 1 at 10 (~31 km), 4.6 (~36 km), 2.1 (~42 km), 1
(~47 km), and 0.46 hPa (~53 km). Because of the low
bias of nighttime ClO values in MLS reported by Wa-
ters et al. [1996], diurnal amplitudes are evaluated as
the diurnal variation minus the 24 hour average value.
Using a method described by Ricaud et al. [1996], MLS
data (crosses) have been monthly averaged within the
latitude band 40°-50°N irrespective of the year from
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Figure 2. Same as Figure 1 but in May.
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Figure 3. Same as Figure 1 but in July.

1991 to 1997 during the month of February in 24x1
hour wide bins. Error bars are representative of the 1o
error. The 0-D model outputs are evaluated for Febru-
ary 15 with 7 equal to 0 (solid line), 0.05 (dotted line),
and 0.1 (dashed line). The original model temporal res-
olution of 10 min has been degraded to 1 hour. The
change of ClO diurnal cycle with season can be seen as
measured and calculated in May, July, and October in
Figures 2, 3 and 4, respectively, with a decrease in am-
plitude from winter to summer as day length increases.

Within all layers from 10 to 2.1 hPa where there is a
significant amount of ClO, the modeled amplitude de-
creases with 7 since reaction (1) is a sink for ClO,. The
difference in amplitudes calculated with n=0-0.1 may be
as large as +0.12 ppbv at 4.6 hPa (Figures 1d, 2d, 3d,
and 4d). If we consider quantitatively the amplitudes
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Figure 4. Same as Figure 1 but in October.

of the diurnal variations, we find very good agreement
between measurements and models at 10 hPa (Figures
le, 2e, 3e, and 4e) to within 0.02 ppbv (~5%). The dif-
ference between the three modeled amplitudes is <0.01
ppbv. At 4.6 hPa (Figures 1d, 2d, 3d, and 4d), the mea-
sured amplitude lies around those calculated for n=0.05.
At 2.1 hPa (Figures lc, 2¢, 3c, and 4c) the measured
amplitudes tend to be of the order of, or even smaller
than, the amplitude calculated even with n=0.1. At 1
hPa (Figures 1b, 2b, 3b, and 4b), 1o error bars reach
~0.05 ppbv (~10%), but the agreement between model
and measurement is reasonable. The slight ClO mini-
mum at noon is clearly seen in February (Figure 1b) and
in October (Figure 4b). At 0.46 hPa (Figures la, 2a, 3a,
and 4a), although measurement errors are ~0.07 ppbv,
the night-to-day decrease in CIO is observed in the four
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periods with a measured amplitude that appears to be
slightly greater than those modeled in February (Figure
la) and October (Figure 4a). Our analysis of the am-
plitude of the ClO diurnal variations tends to show that
the maximum confidence value for 7 is within the range
0.05-0.1, which is consistent with recent laboratory data
suggesting a value of ~0.05-0.06+0.02.

The diurnal variation of ClO depends upon the abso-
lute amounts of ClO;, NO;, and HO, (see below). We
estimate that the amount of ClO, in the 0-D model is
known with an uncertainty of ~10% and that it is re-
lated to (1) the adjustment of the modeled Cl, ClO, and
HOCI amounts from the mid-1980s to the mid-1990s
and (2) the uncertainty in the HCl and CIONO; mea-
surements from UARS. We checked that the amplitude
of the CIO diurnal variation linearly responded to a
change in ClO,. Since the maximum of the amplitude
is in the vertical range 2.1-4.6 hPa, a 10% error in the
amplitude gives an error of ~0.03-0.04 ppbv in ClO.
Consequently, the associated error upon 7 does not ex-
ceed 0.02. Errors upon NO, essentially affect ClO be-
low 2.1 hPa. Assuming a 20% error on NO3y produces a
change in the ClO diurnal variation of <2% and, con-
sequently, gives a negligible effect upon the estimation
of 7. The amplitude of the diurnal variation of ClO
is found to be insensitive to HO2 since a 50% change
in HOy produces a change in the amplitude of ClO of.
<1%.

We also performed sensitivity studies of the ClO di-
urnal amplitude with respect to two reactions. First, as
discussed by Siskind et al. [1998] and Khosravi et al.
[1998], we decreased the reaction rate of

O +HO; — OH + Oy (16)
by 40% in order to reconcile the well known middle to
upper stratosphere “ozone deficit problem” [see, e.g.,
Eluszkiewicz and Allen, 1993] for which the abundance
of the modeled ozone is underestimated compared to
observations. The net effect upon the ClO diurnal am-

,plitude is at most 0.02 ppbv at 4.6 and 2.1 hPa and
almost negligible elsewhere (not shown). Consequently,
the associated error upon 7 might be estimated to be
~0.01. Second, the 0-D model assumes that 2% of the
reaction ClO + HO; forms HCl + Ogz [Finkbeiner et
al., 1995], but this nonzero yield has no effect upon
the ClO diurnal amplitude whichever layer is consid-
ered (not shown). Finally, the error budget associated
with the ClO diurnal variations shows that the overall
uncertainty upon the value of 7 does not exceed 0.03.

Over a time frame of 24 hours the ClO temporal
variation is no longer dictated by an evolution in the
ClO/HCI ratio since the HCl chemical lifetime is ~1
day [Brasseur and Solomon, 1984] but rather is dictated
by an evolution in the ClIO/CIONO; and ClO/HOCI
ratios in the middle stratosphere and by partitioning
within the ClO; family in the upper stratosphere. In-
deed, Figure 5 shows the diurnal variations of ClO (solid
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Figure 5. Diurnal variations of ClO (solid line),
CIONO; (dotted line), HOCI (dashed line), and Cl
(thick line) as calculated by the 0-D photochemical
model at 45°N in February at (a) 0.46 (~53 km), (b) 1
(~47 km), (c) 2.1 (~41 km), (d) 4.6 (~35 km), and (e)
10 hPa (~30 km).

line), CIONO3 (dotted line), HOCI (dashed line), and
Cl (thick line) calculated by the 0-D model at 10 (~31
km), 4.6 (~36 km), 2.1 (~42 km), 1 (~47 km), and
0.46 hPa (~53 km). The night-to-day increase in ClO
is attributed below 40 km to the diurnal variation in
CIONO> and between 40 and 50 km to variations in
HOCI. At 40 km the diurnal variations of both CIONO,
and HOC! influence the ClO evolution. Above 50 km
the ClO variation is no longer anticorrelated with HOCI
since it shows a night-to-day decrease that is mainly due
to a repartitioning within the ClO, family proportional
to the O/O3 ratio as mentioned in section 2.
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During the night, sink reactions largely dominate
source reactions, causing ClO to decrease from sunset
to sunrise. For nighttime conditions below 40 km the
dominant sink reaction is (11) with a turnover above 40
km where reaction (14) dominates. For daytime con-
ditions at 30 km (see, e.g., Figures le and 5e) from
sunrise to noon the CIONO; photodissociation (10) en-
ables ClO to increase before reaction (14) dominates,
explaining the symmetrical variation in ClO with re-
spect to noon. At 35 km (see, e.g., Figures 1d and 5d),
from sunrise to ~1000 LST, source reaction (10) dom-
inates, thus ClO increases before the equilibrium be-
tween the sink reaction (14) and the source reaction (13)
is reached. After ~1600 LST, sink reaction (11) domi-
nates, and ClO decreases. At ~40 km (see, e.g., Figures
1c and 5¢), ClO rapidly increases at sunrise from 0600
to 0800 LST because of the rapid photodissociation of
HOCI and CIONO,. Then equilibrium is reached be-
tween sink reaction (14) and source reactions (13) and
(4). At ~47 km (see, e.g., Figures 1b and 5b) the ClO
diurnal variation is no longer completely governed by
the source and sink reactions of ClO,. The Cl/ClO ra-
tio is not negligible and is proportional to O/O3. Since
the ClO diurnal variation also depends on the diurnal
variation of O, (=0+03), whose amplitude of night-to-
day decrease increases with height [Ricaud et al., 1994],
the ClO night-to-day increase amplitude tends to be re-
duced. Although daytime source reactions (13) and (4)
dominate sink reaction (2), a slight decrease in ClO is
detected around noon. At 53 km (see; e.g., Figures la
and 5a), source and sink daytime reactions are similar
to the ones listed for 47 km with source reactions much
greater than sink reactions. However, the O/Og3 ratio
increase produces a net night-to-day decrease in ClO
that is mainly due to a repartitioning within the ClO,
family.

4. Seasonal Variation

Data sets z(t), where  represents the constituent
mixing ratio or temperature and ¢ is time, available
since 1991 from the UARS/MLS, the UARS/HALOE,
and the UARS/CLAES instruments and from the 0-D
and 3-D models have been decomposed as

. 2m
z(t) = ao+alsln(ﬁt+a2)

2
~+as sin(—6ﬂ:t + a4) + ast (17)

to evaluate the 6 year average value ag, the amplitude
a1 and phase as of the annual oscillation, the ampli-
tude a3z and phase a4 of the semiannual oscillation, and
the long-term trend as, which is naturally not available
for the 0-D data set. The long-term trend figures will
not be discussed in the present manuscript. Note, for
CLAES, only 2 years of data are available. Figure 6
shows the seasonal variations (i.e., the ay, as, as, and
a4 terms) of daytime ClO at 10,4.6, 2.1, 1, and 0.46 hPa
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Figure 6. Seasonal variations of daytime ClO as mea-
sured by UARS/MLS (thin line) from 1991 to 1997
within the band 40°-50°N, and as calculated by the run
A (thick solid line) and the run B (thick dashed line)
0-D model at 45°N for the 15th day of each month and
as calculated by the 3-D SLIMCAT chemical transport
model (dotted line) above the station of Plateau de Bure
(45°N, 10°E) at 1200 UT at the pressure levels (a) 0.46,
(b) 1, (c) 2.1, (d) 4.6, and (e) 10 hPa. Daytime MLS
ClO is an average of data measured from 1100 to 1600
local solar time (LST). The shaded area represents the
lo error domain of the measured ClO seasonal varia-
tions.

as measured.by MLS and as calculated by the 0-D and
3-D models. Daytime ClO measured by MLS and calcu-
lated by the 0-D model are an average of data from 1100
to 1600 LST, while daytime CIO from the 3-D model
is valid for 1200 UT. The shaded area represents the
lo error domain around the measured variation. For
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the 0-D model, two runs were performed: run A, using
monthly averaged HALOE HCI for the corresponding
month; and run B, using yearly averaged HALOE HCI.
At 10 hPa (Figure 6e) the ClO seasonal variations
(annual and semiannual oscillations) measured by MLS
and calculated by the run A 0-D model and the 3-D
model tend to agree both in amplitude (~0.075 ppbv)
and in phase with a minimum in winter and a broad
maximum in spring-summer, although the run B 0-D
model seasonal amplitude is almost negligible (<0.01
pbbv). At 4.6 hPa (Figure 6d), there is an overall
agreement between MLS, the 3-D model, and the run
A 0-D model data with a seasonal amplitude of ~0.1
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Figure 7. Seasonal variations of the rate (molecules
em™3.571) of the reactions C10 + OH — HCI + O,
(solid line), Cl + CHy — HCI + CHs (dotted line),
and Cl + HO5 — HCI + O3 (dashed line) as calculated
by the 0-D model at the pressure levels (a) 0.46, (b) 1,
(c) 2.1, (d) 4.6, and (e) 10 hPa.
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Table 1. Parameters and Associated Definitions Used
in the Text for Interpreting the ClO Seasonal Variations

Parameter Definition
r [HCI] ks /Ry
re r1[03]/[O]
s r2[03]/[O]
r3 [HCI1] [OH]/[HO:]
rs r3[0s]/[0]

ppbv and with minima in winter and maxima in spring-
summer, while the run B CIO seasonal variation has
a much stronger semiannual oscillation. At 2.1 hPa
(Figure 6c¢) the amplitude of the 3-D seasonal varia-
tion is weaker by ~0.05 ppbv than that measured and
that calculated by the run A 0-D model. The mea-
sured ClO evolution compares well with the run A 0-D
model, with an amplitude of ~0.1 ppbv, a minimum
in spring, and a maximum in winter, although the run
B 0-D model variation has a strong annual component,
with a maximum in winter and a minimum in sum-
mer. At 1 hPa (Figure 6b) all data sets show a winter
to summer decrease of ~0.1 ppbv; however, the deep
minimum in summer as deduced from measurements is
not captured by any model. Interestingly, all modeled
variations have similar patterns with a marked semian-
nual oscillation. Finally, at 0.46 hPa (Figure 6a), there
is a strong disagreement between models and observa-
tions both in amplitude and phase. The modeled am-
plitude is very weak (~0.02 ppbv), although it reaches
~0.1 ppbv in MLS data. Also, models tend to show a
winter-to-summer decrease, although MLS data exhibit
a marked semiannual oscillation with a strong maxi-
mum in summer and a deep minimum in fall. Even if
at this pressure layer, errors associated with MLS mea-
surements are ~0.03 ppbv, i.e., bigger than the ones at
higher pressures (~0.01 ppbv), the measurement-model
difference appears to be significant.

If we exclude the 0.46 hPa layer, measured ClO sea-
sonal variations agree systematically much better with
variations calculated with the run A 0-D model than
with the run B 0-D model. Indeed, as mentioned in
section 2, the ClO evolution over a time frame much
greater than a day is dictated in the middle and up-
per stratosphere by the evolution of HCI [Solomon and
Garcia, 1984). The three main reactions producing HCI
above 30 km are (1), (2), and (3). By setting =0.05
for (1), Figure 7 shows the seasonal evolution in re-
action rates of (1) (solid line), (2) (dotted line), and
(3) (dashed line) as calculated by the 0-D model at
10, 4.6, 2.1, 1, and 0.46 hPa. At 10 hPa, (2) is the
main production reaction of HCIl, even assuming that
2% of the reaction ClO + HO, forms HCI + Os. Be-
tween 4.6 and 2.1 hPa both (1) and (2) play a key role
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Figure 8. Seasonal variations of the ratio
ro=[HCI][OH]/[CHy4] as calculated by the 0-D model
(thick line) and by the 3-D SLIMCAT chemical trans-
port model (dotted line) at the pressure levels (a) 0.46,
(b) 1, (c) 2.1, (d) 4.6, and (e) 10 hPa.

)
in producting HCI, while (3) starts being nonnegligi-
ble. At 1 and 0.46 hPa, (2) and (3) are the domi-
nant reactions, while (1) is becoming negligible with
increasing height. Using (5) and (9), ClO evolution
depends on the evolution of the ratios r;=[HCl]ky/k;,
r2=[HCI][OH]/[CH,], and r3=[HCI][OH]/[HO,], which
need to be scaled by [O3]/[O] in the upper stratosphere,
giving r?=ry[0s]/[0], rj=ry[05]/[0], and r§=r3[0s]/
[O] (Table 1). More precisely, ClO evolution in the
middle stratosphere must then follow the evolution of r
and r3, and in the upper stratosphere, C10 depends on
both 73 and r3. Interestingly, the 7, seasonal variation
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Flgure 9. Seasonal variations of the ratio
r9=[HCI][OH]/[CH4]x[03]/[O] as calculated by the 0-
D model (thick line) at the pressure levels (a) 0.46, (b)
1, (¢) 2.1, (d) 4.6, and (e) 10 hPa.

(not shown) plays a negligible role in the CIO seasonal
variation (even taking into account the temperature de-
» pendence in k4/k1) since the reactions (1) and (4) es-
sentially produce an equilibrium process between ClO
and HCI via OH as both source and sink.

Figures 8, 9, and 10 show the seasonal variations of
the quantities ro, 9, and r as calculated by the run
A 0-D model at 10, 4.6, 2.1, 1, and 0.46 hPa, respec-
tively. Note that ro as calculated by the 3-D model is
also shown in Figure 8 and behaves similarly, although
greater, than the one calculated by the 0-D model. This
is due to the fact that CH4 calculated by SLIMCAT is
less than the HALOE measurements used to constrain
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the 0-D model. Below 40 km the modeled quantities
have a strong annual oscillation with maxima in sum-
mer and minima in winter and a more pronounced semi-
annual oscillation above. The shape of the variations of
7o at 10 (Figure 8¢) and 4.6 hPa (Figure 8d) agree with
the ClO variations. At 2.1 hPa (Figure 8c) the varia-
tions of 7y is out of phase compared to those for ClO.
Indeed, at and above this pressure layer, partitioning
within the ClO, is no longer negligible, thus the sea-
sonal evolution of r3 (Figure 9c) compares very well
with the evolution of Cl1O measured by MLS and calcu-
lated by the 3-D and the run A 0-D models. At 1 hPa,
ClO evolution depends on CH4, HO3, and ClO,. The
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Figure 10. Seasonal variations of the ratio

=[HCI][OH]/[HO4] x[03]/[O] as calculated by the 0-
D model (thick line) at the pressure levels (a) 0.46, (b)
1, (¢) 2.1, (d) 4.6, and (e) 10 hPa. '
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9 evolution (Figure 9b) shows the typical semiannual
oscillation seen on the modeled ClO variations, while
the measured ClO variation has a more pronounced an-
nual oscillation that is the signature of the 3 evolution
(Figure 10b). At 0.46 hPa, where the discrepancy be-
tween measured and modeled ClO is the largest, the
measured ClO evolution compares well with the evolu-
tion of r§ (Figure 9a), while the modeled ClO variation
tends to follow the r3 evolution (Figure 10a). Conse-
quently, the differences between modeled and measured
ClO seasonal variations in the upper stratosphere can
be attributed to model errors in the relative strength
between the HCI source reactions (Cl + CH4 and Cl +
HO3).

Finally, we can note from (12) that although CIONO,
is in equilibrium with ClO during the daytime, the
ClO/CIONO;, partitioning dependence on NOg can also
govern the ClO seasonal cycle. Since we used CIONO,
and NO2 measurements from UARS, we verified that
the CIONOQO3 partitioning is a second-order effect com-
pared to the HCI partitioning upon the ClO seasonal
evolution.

5. Conclusions

This analysis has presented the temporal evolution of
middle to upper stratospheric ClO from 10 to 0.46 hPa
(~30-55 km) over 24 hours (diurnal variations) and over
1'year (seasonal variations) at northern midlatitudes as
measured by the UARS/MLS instrument and as calcu-
lated by 0-D and 3-D models. We have used the unique
opportunity of UARS measurements to study the diur-
nal cycle of ClO and to deduce that the yield in the
reaction ClO + OH — HCI 4 O; ranges from 0.05-
0.1040.03, which is consistent with recent laboratory
data suggesting a value of 0.05-0.06+0.02. The diur-
nal variation of CIO is attributed below 50 km to an
evolution in the partitioning with HOCI and CIONOa,
producing a night-to-day increase in ClO, while above
50 km, it is determined by a change in the partitioning
within the ClO,, family: a night-to-day decrease in ClO
is observed and calculated in the upper stratosphere at
0.46 hPa (~53 km). The UARS measurements have
also helped to characterize partitioning issues on a time
frame >1 month. The seasonal evolution of CIO is es-
sentially driven by the evolution of HCI below 40 km,
while above, the evolution of the partitioning within the
ClO, family becomes more and more important with
height. Model errors in the relative strength between
sources of HCI in the upper stratosphere (Cl + CHy
and Cl + HO3) may explain some differences between
measured and modeled ClO seasonal variations above
50 km.
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