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Abstract

The diurnal variation of HOCI and the related species CIO, HO, and HCI mea-
sured by satellites has been compared with the results of a one-dimensional pho-
tochemical model. The study compares the data from various limb-viewing instru-
ments with model simulations from the middle stratosphere to the lower mesosphere.
Data from three sub-millimeter instruments and two infrared spectrometers are used,
namely from the Sub-Millimeter Radiometer (SMR) on board Odin, the Microwave
Limb Sounder (MLS) on board Aura, the Superconducting Submillimeter-wave Limb-
Emission Sounder (SMILES) on the International Space Station, the Michelson Interfer-
ometer for Passive Atmospheric Sounding (MIPAS) on board ENVISAT, and the Atmo-
spheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) on board
SCISAT. Inter-comparison of the measurements from instruments on sun-synchronous
satellites (SMR, MLS, MIPAS) and measurements from solar occultation instruments
(ACE-FTS) is challenging since the measurements correspond to different solar zenith
angles (or local times). However, using a model which covers all solar zenith angles and
the new SMILES instrument which measures at all local times over a period of several
months provides the possibility to indirectly compare the diurnally variable species. The
satellite data were averaged for latitudes of 20° S to 20° N for the SMILES observation
period from November 2009 to April 2010 and were compared at three altitudes: 35, 45
and 55 km. This study presents the first evaluation of HO, Odin/SMR data and also the
first comparison of the new SMILES data and the latest version of MLS (version 3.3)
with other satellite observations. The MISU-1D model has been run for conditions and
locations of the observations. The diurnal cycle features for the species investigated
here are generally well reproduced by the model. The satellite observations and the
model generally agree well in terms of absolute mixing ratios as well as differences
between the day and night values. This confirms that gas phase chemistry of these
species based on latest recommendations of reaction rate constants is fairly well un-
derstood.
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1 Introduction

Hypochlorous acid, HOCI, is considered to be a reservoir for active chlorine, ClO,, and
odd hydrogen, HO,, in the stratosphere (von Clarmann et al., 2012). It is produced
primarily by the reaction of CIO and HO, (peroxy radical) and is destroyed mainly by
photo-dissociation at the wavelengths shorter than 420 nm which returns OH and ClI
radicals (Hickson et al., 2007).

CIO + HO, — HOCI + O,
HOCI + hv — Cl + OH

(R1)
(R2)

There are other pathways for the destruction of HOCI, through reactions with atomic
chlorine, OH radicals and atomic oxygen, however these reactions are minor mecha-
nisms (Chance et al., 1989). Furthermore, in the polar vortices HOCI is generated by
heterogeneous chemistry and contributes to the polar ozone loss events (Hanson and
Ravishankara, 1992; Abbatt and Molina, 1992). Since Reaction (R1) is the most impor-
tant gas phase reaction leading to the formation of stratospheric HOCI, model calcula-
tions are sensitive to the rate constant, ky, of this reaction. There have been number of
studies attempting to determine k; at room temperature (Reimann and Kaufman, 1978;
Leck et al., 1980; Burrows and Cox, 1981). Additionally, some studies have reported a
temperature dependence of the rate coefficient (Stimpfle et al., 1979; Nickolaisen et al.,
2000; Knight et al., 2000). However, there is a large discrepancy in the laboratory mea-
surements of k;, which can lead to disagreement between modelled and measured
HOCI. Kovalenko et al. (2007) reported that the value of k; published by Stimpfle et al.
(1979) is a factor of two faster than JPL 2006 recommendations (Sander et al., 2006)
and is more consistent with their measurements. The conclusion of Kovalenko et al.
(2007), based on two balloon-borne instruments (FIRS-2, Far-InfraRed emission Spec-
trometer and MKkIV, mid-infrared solar absorption spectrometer), has been confirmed
by von Clarmann et al. (2009). The Stimpfle et al. (1979) formula for calculation of the
rate constant is based on non-Arrhenius behavior of the rate coefficient with strong
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negative temperature dependency, while JPL 2006 (Sander et al., 2006) to JPL 2011
(Sander et al., 2011) use a standard Arrhenius expression.

There have been a variety of stratospheric measurements of HOCI. von Clarmann
et al. (2009) have summarized HOCI measurements made so far from balloon-, space-
and airborne infrared solar absorption observations (Larsen et al., 1985; Toon et al.,
1992; Raper et al., 1987), balloon-borne infrared and far infrared limb-viewing emis-
sion measurements (Chance et al., 1989; Johnson et al., 1995; von Clarmann et al.,
1997) and satellite measurements. Global HOCI observations were first provided by
the Michelson Interferometer for Passive Atmosphere Sounding (MIPAS) (von Clar-
mann et al., 2006) and further by the Microwave Limb Sounder (MLS) on board the
Aura satellite (Waters et al., 2006). More recently, the Superconducting Submillimeter-
wave Limb-Emission Sounder (SMILES) provided observations of the vertical distribu-
tion and diurnal variation of HOCI (Kikuchi et al., 2010). The CIO diurnal and seasonal
variation measured by MLS on board the UARS satellite observations was provided by
Ricaud et al. (2000) from year 1991 to 1997 in the mid-latitude range (40-50° N) and
compared with the results from a zero-dimensional photochemical model as well as
a three-dimensional chemical transport model. Sato et al. (2012) have recently com-
pared these 7 yr average UARS data with the CIO mid-latitude diurnal variation from
SMILES (January to February 2010) in the stratosphere and mesosphere.

In this paper we compare the results of a one-dimensional (1-D) photochemical
model with concentrations of HOCI, CIO, HO, and HCI measured by Odin/SMR,
Aura/MLS, MIPAS, ACE-FTS and SMILES in the tropical middle stratosphere to lower
mesosphere altitude region. We investigate the diurnal variation of the species at low
latitudes and at the altitudes of 35, 45 and 55 km during the period of SMILES observa-
tion from November 2009 to April 2010. Here, otherwise noted, the measured profiles,
between 20° S and 20° N, were interpolated onto a fine altitude grid, binned into about
2.5-3° wide bins of solar zenith angle, and averaged over one month.

Data from new sub-millimeter instruments became available in the last decade with
the launch of Odin in 2001, MLS in 2004 and finally SMILES in 2009. This paper aims
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to compare the results of these fairly new sub-millimeter instruments with each other
and with model simulations. In particular, HO, data from Odin/SMR has not been com-
pared with other observations before and hence this paper represents the first valida-
tion of SMR HO, data. The inter-comparison of sun-synchronous satellite measure-
ments (Aura/MLS and Odin/SMR) is a difficult and rather uncertain task, since such
instruments measure at different solar zenith angles. The modeling of diurnal cycles of
species provides a means of indirectly comparing these observations. The quality of
the model is assessed by comparison with diurnal cycles from SMILES. Moreover, in
the lower stratosphere (below 30 km), HO, reacts with NO and is converted to OH and
NO,, which dominates over Reaction (R1) (Jucks et al., 1998). Therefore, the diurnal
variations of HO, and HOCI are studied only from the middle stratosphere to the lower
mesosphere, where the interference with NO is minimal. The model as a reference
helps to better understand and confirm the kinetics of the reactions involved.

The satellite measurements used in this study are described in Sect. 2. Section 3
provides details on the model and the simulations of HOCI, CIO, HO, and HCI. The
results of the satellite and model comparisons as well as a study of HOCI reaction
rates are presented in Sect. 4. Conclusions are provided in Sect. 5.

2 Measurements

The observations are described in two subsections corresponding to the measurement
method. Odin/SMR, Aura/MLS and SMILES are sub-millimeter limb sounding measure-
ments, whilst MIPAS and ACE-FTS are thermal emission and solar occultation infrared
limb-viewing measurements, respectively.

2.1 Sub-millimeter wave limb-viewing measurements

The Sub-Millimetre Radiometer (SMR) on the Odin satellite, launched in 2001,
measures thermal emission at the atmospheric limb using various bands in the

21070

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
12, 21065-21104, 2012

HOCI, CIO and HO,
diurnal variation in
the tropics

M. Khosrawvi et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/21065/2012/acpd-12-21065-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/21065/2012/acpd-12-21065-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

486-581 GHz spectral region (Murtagh et al., 2002; Frisk et al., 2003). The satellite
was launched in a sun-synchronous orbit crossing the equator at about 06:00 a.m. and
06:00 p.m. Due to the lack of fuel on board the satellite, the SMR equator crossing times
changed slowly from 06:00 a.m. (06:00 p.m.) to almost 07:00a.m. (07:00 p.m.) during
the course of the mission as the orbit altitude decreased from about 620 to 580 km. We
use Odin/SMR CIO and HO, level-2 data of version 2.1 of the operational processor.
ClO was measured using a band centered at 501.8 GHz every second day during the
relevant period November 2009 to April 2010. Vertical profiles are typically available
between 15 to 65km with a vertical resolution of 2.5-3 km up to roughly 45km and
degrading considerably above 45-50 km where the vertical sampling interval changes
in this particular observation mode. A more detailed description of the CIO data set
and an inter-comparison with coincident profile measurements made by Aura/MLS are
provided by Urban et al. (2005, 2006) and Santee et al. (2008). HO, is measured in a
band centered at 576.9 GHz. As the frequency of this radiometer is normally not sta-
ble due to a hardware failure (phase-lock) (Dupuy et al., 2004), only data for a short
period from October 2003 to October 2004 are so far analyzed and used in this study.
HO, measurements were performed on only one observation day per month. Baron
et al. (2009) provides a description of the characteristics of the Odin/SMR HO, data
set. In contrast to Baron et al. (2009), who used an off-line retrieval approach, we use
the operational Odin/SMR single-profile retrieval product providing data between about
30 and 60 km with a vertical resolution varying from 4 to 8 km within this range. The
operational HO, data have so far not been compared to other measurements.

The Microwave Limb Sounder (MLS) on board the Aura satellite has been operat-
ing since 2004. MLS has a sun-synchronous near-polar orbit and measures vertical
profiles of various species from the upper-troposphere to the lower mesosphere in the
millimeter and sub-millimeter spectral regions (Froidevaux et al., 2008; Santee et al.,
2008; Pickett et al., 2008; Barret et al., 2006). We have used the version 3.3 products
for HOCI, HCI, HO, and CIO. MLS measures the same spectral lines of HCI and CIO
as SMILES (around 625 and 649 GHz, respectively). The vertical resolution is 3—6 km
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for HOCI, 3-5km for HCI, 3—4km for CIO and 4-5km for HO,. The MLS data with
negative error and bad quality have been removed according to the MLS user’s guide
documentation (Livesey et al., 2011). The MLS scientific team recommends HOCI data
to be used only up to 2.2 hPa (~ 42 km) and CIO data up to 1 hPa (~ 48 km). We have,
however, used the HOCI data at 45 km after removing the bad quality data. The MLS
profiles in each solar zenith angle bin are averaged on pressure levels over one month.
The averaged profile is interpolated onto a single geopotential altitude grid. The geopo-
tential altitudes grid is calculated by averaging the geopotential altitudes measured by
MLS during the period and the latitude considered in this analysis.

The Superconductive Submillimeter-wave Limb-Emission Sounder (SMILES) instru-
ment was installed on the International Space Station (ISS) and used 4 K cooled su-
perconductor detector technology to measure stratospheric and mesospheric species
including HOCI, CIO, HO, and HCI (Kikuchi et al., 2010). The instrument was devel-
oped by the Japan Aerospace Exploration Agency (JAXA) and the National Institute of
Information and Communications Technology (NICT). SMILES measured the vertical
distribution of various stratospheric and mesospheric species from October 2009 until
April 2010 mostly in the latitude range of 38° S—65° N (Kikuchi et al., 2010). Because of
the 2-month precession of the ISS non-synchronous orbit, SMILES was able to follow
the diurnal cycle of the chemical species. During one scan, two spectral bands are
measured among the three pre-defined ones, named A (624.3—625.5 GHz), B (625.1—
626.3 GHz) and C (649.1-650.3 GHz) (for more details, see the SMILES Mission Plan,
version 2.1, at http://smiles.nict.go.jp/Mission_Plan/). In this paper, we use the data for
the operational processor provided by JAXA version 2.1 (Mitsuda et al., 2011; Taka-
hashi et al., 2010, 2011), here named SMILES-O. We also include the results from the
research processor (version 2.1.5) developed by NICT, named here SMILES-R (Baron
et al., 2011; Sato et al., 2012). Compared to the analyses presented in Baron et al.
(2011), systematic errors in the level-2 data are reduced in these versions by taking
into account the non-linearity of the radiometer gain in the spectral radiance calibra-
tion (level-1b version 7) and improvements of the spectroscopic database. The HOCI
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profiles have a typical vertical resolution of 5, 8 and 14 km at 35, 45 and 55km, re-
spectively. The HO, profiles have an altitude resolution of about 4, 6, and 6 km for the
same levels. The t%/pical vertical resolution of CIO is about 4, 4 and 6 km. The altitude
resolution of the H*' Cl profile is 3, 4 and 6 km and that of H**Cl is 3, 3 and 5 km at 35,
45 and 55 km, respectively (Baron et al., 2011; Sato et al., 2012; Kasai et al., 2012).

2.2 Infrared limb-viewing observations

The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) was a mid-
infrared limb-viewing emission spectrometer installed on the Environmental satel-
lite (ENVISAT). ENVISAT was launched in 2002 into a sun-synchronous polar orbit
(800 km) and stopped operation in April 2012. MIPAS took measurements by looking
backwards and to the side for tangent altitudes from 6 to 68 km for the observation of
stratospheric species. The vertical sampling of MIPAS was 3km from 6 to 42km and
8 km from 42 to 68 km. MIPAS acquired about 75-80 scans per orbit and a typical scan
consisting of 15 to 17 limb-viewing measurements took about 70s. ENVISAT crossed
the equator with the ascending node at 10:00 and the descending node at 22:00 LT.
The HOCI data used here are from the level 2 product processed at the Karlsruhe
Institute of Technology. Due to some instrumental problems, MIPAS was operated at
reduced spectral resolution since 2005 and no more HOCI data are available since
then. Therefore, the HOCI data from MIPAS are taken from the period November 2003
to April 2004. The precision and total error of a single HOCI profile with a vertical resolu-
tion of about 9 km are approximately 0.05-0.08 ppbv and 0.05—-0.09 ppbv, respectively
(von Clarmann et al., 2006).

The Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS)
was launched on board the Canadian SCISAT satellite in 2003. The SCISAT low alti-
tude (650 km), high inclination (74°) circular orbit allows a coverage of polar to tropical
regions. The ACE-FTS instrument has a spectral resolution of 0.02 cm™' from 750-
4400cm™" and a vertical resolution of 3—4 km from the cloud tops to 150 km. The in-
strument collects infrared solar spectra from 15 sunrise and sunset occultations per
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day (Bernath et al., 2005; Mahieu et al., 2008). The HCI data from the level 2 product
of version 2.2 from November 2009 to April 2010 in the tropics are used in this study.
To filter out the outliers present in this version of ACE-FTS data, the monthly median
instead of the mean is used in each solar zenith angle bin.

3 Model and simulations

MISU-1D is a 1-D photochemical box model incorporating detailed radiative transfer
calculations in the UV and visible region and state of the art stratospheric chemistry
(Jonsson, 2006). Multiple scattering and albedo effects are treated according to Meier
et al. (1982). The sphericity of the earth is taken into account which allows for non-
zero transmitted flux at solar zenith angles greater than 90 degrees. The Earth-Sun
distance is corrected for seasonal variations according to Madronich (1993). The vari-
ability in the solar flux over the 11-yr solar cycle is not considered in this study. The
model includes a total of 120 reactions, constituting the most important gas-phase
reactions in the stratosphere and mesosphere. The kinetic parameters for the calcula-
tion of rate constants and photolysis rates are mostly specified according to JPL 2006
recommendations, except for the reactions involving HOCI, HO, and HCI, which have
been updated to JPL 2011 (Sander et al., 2011), and the rate of Reaction (R1), which
is specified according to Stimpfle et al. (1979). The input solar flux for the calculation
of photolysis rates is adopted from the World Meteorological Organization (WMO) ref-
erence spectrum. Ozone absorption cross sections and the oxygen absorption cross
sections in the Schumann-Runge bands are in accordance with World Meteorological
Organization (WMO) recommendations and the Koppers and Murtagh (1996) algo-
rithm, respectively. The Herzberg continuum is taken from Nicolet and Kennes (1986).

Temperature and pressure for the simulated period November 2009 to April 2010 are
taken from European Center for Medium-Range Weather Forecasts (ECMWF) analy-
ses. The concentration of gases in the model is initialized with output from the Canadian
Middle Atmosphere Model (CMAM). Short-lived species (e.g., radicals) are initialized
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with zero concentrations and are generated by the chemical reactions in the model. To-
tal inorganic chlorine, Cly, is constrained according to ACE-FTS observations in 2004
from 30° N to 30° S and altitudes 10 to 60 km (Nassar et al., 2006). Water vapor is ini-
tialized according to MLS observations (version 3.3) from November 2009 to April 2010
and between 20° N to 20° S. Figure 1 shows vertical profiles of chlorine and hydrogen
species in the model at noon and midnight for solar conditions of 1 November at the
equator. HCl is clearly the largest contributor to Cl,, with secondary contributions from
CIO, HOCI and CIONO, in the lower and middle stratosphere and from CIO and HOCI
in the upper stratosphere and lower mesosphere. H,O and H, are the main contributors
to hydrogen family in all altitudes. The secondary contributors are OH and HO, from 35
to 55 km. Between 25 and 35 km, H,O, dominates HO, ([OH]+[HO,]+[H]). The model
is initialized for a specified time and location (latitude-longitude point) after which simu-
lations can be performed either with a fixed or variable solar position. Here we perform
diurnal cycles considering a variable sun position to generate day-night cycles. The
model then runs for at least 40 days and the diurnal cycles of species concentrations
change insignificantly between subsequent days. During the simulations, photolysis
rates are extracted from a look-up table which is recalculated every 24 h using ozone
concentrations calculated by the model. The reaction rate constants are calculated
separately for each reaction depending on the temperature and are saved in a matrix
for further use in differential equations. The chemical module solves a system of stiff
ordinary differential equations with a variable order method according to Shampine and
Reichelt (1997). This algorithm solves the time evolution of each species present in the
reaction scheme (Jonsson, 2006).

The model has been applied for conditions of the times and locations of the SMILES
measurements. This means that the length of the day and sunrise/sunset changes in
the model correspond to the latitudes and seasonal effects in the measurements. We
calculate the temporal development of HOCI, CIO, HO, and HCI at 35, 45 and 55 km
for the latitudes 20°S, 0° and 20°N and for the first day of each month in the time
period from November to April. Figure 2 shows the diurnal variation of the chlorine

21075

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
12, 21065-21104, 2012

HOCI, CIO and HO,
diurnal variation in
the tropics

M. Khosrawvi et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/21065/2012/acpd-12-21065-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/21065/2012/acpd-12-21065-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

and hydrogen species for solar conditions of 1 November at the equator. The diurnal
variations are further discussed in Sect. 4.2.

4 Results and discussion
4.1 Observations

Figures 3 and 4 compare the diurnal variation of HOCI and the related species, CIO,
HO, and HCI in observations from SMILES MLS, SMR, MIPAS and ACE-FTS with the
MISU-1D model simulations. Throughout this study the observation results are, unless
otherwise noted, averaged between 20° S to 20° N and over the full-life time period of
SMILES from November 2009 to April 2010. For ACE-FTS HCI, the median is used in-
stead of the mean in each solar zenith angle bin. The error bars represent the standard
error of the mean observation for each individual data point. SMILES is represented by
two different datasets, namely SMILES-O and SMILES-R. SMR, MIPAS and MLS pro-
vide data in a limited range of solar zenith angles, corresponding to the ascending and
descending nodes at the equator of the respective satellite. ACE-FTS observations are
limited to sunrise and sunset occultations. HO, data from MLS are corrected for bias
by taking into account day-night differences and assuming negligible HO, during night-
time according to MLS user’s guide documentation (Livesey et al., 2011). HO, data
from SMR are averaged over the period October 2003 to October 2004 and HOCI data
from MIPAS are averaged from November 2003 to April 2004, as these data are not
available for the period November 2009 to April 2010. Consequently, some deviations
in HOCI from MIPAS and HO, from SMR may be attributed to the different observation
periods. The variability of each group of measurements is shown as a vertical error
bar representing the respective 1-0 standard deviation. Next, in order to remove the
offset the different datasets and to investigate the amplitude of the diurnal variations,
the mean of the nighttime or morning volume mixing ratios at the respective levels is
subtracted from the observations at other solar zenith angles. For SMILES and the
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model, the nighttime volume mixing ratios for the solar zenith angle range measured
by MLS are subtracted from daytime volume mixing ratios. The data are then shifted to
match the SMILES-R data in the same solar zenith angle range (night). The results are
shown in Figs. 5 and 6. This method decreases the discrepancies between the different
satellite measurements and the simulations arising from biases in the data sets.

For HOCI (first row of Fig. 3), the MLS and MIPAS measurements follow the diur-
nal cycle measured by SMILES quite well, i.e. the difference between ascending and
descending nodes of the MLS and MIPAS data corresponds well with the results from
SMILES observations at the corresponding solar zenith angles. However, there are
some differences. The SMILES HOCI observations are measured in bands A and B.
The SMILES operational product (SMILES-O) is retrieved from band A, while the re-
search product (SMILES-R) is retrieved from both bands A and B (same spectral line
but different radiometer settings). The designed frequency region of band B is 625.12—
626.32 GHz. In fact, the measured frequency region is wider than the nominal one
and HOCI was observed at the edge of band B. Here, we compare the two bands for
SMILES-R, although HOCI band B is on the border and its quality is expected to be
less than band A. Despite some differences between band A and B from SMILES-R at
35km, results from the two bands agree well at higher altitudes. The absolute HOCI
values from MLS and MIPAS reside in the range of SMILES observation in the mid-
dle stratosphere, at 35km. At this altitude, however, MIPAS measures similar HOCI
values as SMILES-R band A (the maximum of the SMILES range) and MLS mea-
sures closer HOCI values to SMILES-R band B and SMILES-O (the minimum of the
SMILES range). In the upper stratosphere at 45km, MLS and all SMILES data sets
agree well in terms of the absolute values, with the mean of MLS being in the range
of the SMILES observations. MIPAS HOCI measurements are about 0.04 ppbv greater
than the other observations at this altitude. The difference between the MIPAS data set
and the other observations at these three altitudes should at least in part be due to
the earlier time period of the MIPAS observations (using data from 2003/2004 as op-
posed to 2009/2010), as total inorganic chlorine (Cl,) has been decreasing from about
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year 2000 ownwards at this altitude (World Meteorological Organization (WMO), 2010).
Additionally, due to the solar maximum activity in 2003/2004 compared to 2009/2010
(solar minimum), more OH production is expected (Wang et al., 2012). The enhanced
OH leads to higher HO, and may have consequently increased the formation of HOCI
by Reaction (R1). The daytime MLS observations at 45km are more variable than
those of MIPAS and SMILES showing a variability of 0.02 ppbv (1-0 standard devia-
tion) at solar zenith angles ranging from 25° to 49°. In the lower mesosphere at 55 km,
the MIPAS and SMILES HOCI mixing ratios show good agreement and the mean of
differences does not exceed 0.007 ppbv. The MLS HOCI is not available at this altitude.
In the first row of Fig. 5, the satellite observations of HOCI have been compared after
offset correction to match the SMILES data. The amplitudes of the HOCI diurnal cycle
deduced from MLS, SMILES, and MIPAS agree reasonably well at 35 and 45 km (the
mean differences do not exceed 0.01 and 0.02 ppbv, respectively), however at 55 km
the MIPAS diurnal cycle amplitude is about 0.02 ppbv smaller than that of SMILES.
ClO measurements by SMILES, MLS and SMR are presented in the second row
of Fig. 3. At 35km, the absolute values of CIO in volume mixing ratio agree quite
well, however there are some minor differences. The mean of nighttime and the mean
of daytime MLS are about 0.01 ppbv lower and 0.01 ppbv higher than corresponding
SMILES observations, respectively. At 45km, the SMR and SMILES (SMILES-R and
SMILES-O) data agree reasonably well within about 0.01 ppbv. At the same altitude,
MLS daytime measurements vary significantly compared with SMILES measurements
within the range of solar zenith angles from 20 to 50°. The daytime CIO from MLS
varies by about 0.05ppbv (1-c standard deviation) from its mean value (0.27 ppbv).
At this altitude, the mean of MLS nighttime and daytime observations are higher than
corresponding SMILES measurements by almost 0.04 and 0.05 ppbv, respectively. In
the lower mesosphere at 55 km, SMILES-R CIO data are about 0.01 ppbv higher than
SMILES-O data at all solar zenith angles. Both SMILES CIO data sets at this level
show more CIO than sunrise and sunset observations by SMR (~ 0.035 ppbv). In the
second row of Fig. 5, the offset corrected observations are shown. The amplitudes of
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the observed diurnal variations agree reasonably at all altitudes (the absolute mean
of differences does not exceed 0.06 ppbv), however there are some dissimilarities. At
35km, the MLS amplitude is slightly larger (~ 0.01 ppbv) than the SMILES amplitude.
The amplitude of SMR data at 45 km is about 0.03 ppbv larger than that of SMILES and
about 0.06 ppbv smaller at 55 km.

The first row of Fig. 4 shows the HO, observed by MLS, SMILES and SMR at three
altitudes. HO, measured by SMILES, SMR and MLS compares relatively well at all
the altitudes of interest, particularly at 35 and 45km, which the mean of differences
is within the range of 0.01-0.025 ppbyv, respectively. At 35km, in spite of the variability
of the SMR HO, measurements around the solar zenith angle of -90°, the mean of
SMR data agrees quite well with both SMILES bands (mean of differences is about
0.01 ppbv). Despite of low quality of the SMILES-R band B compared to band C, we
have chosen both bands for comparison in order to evaluate the measurements against
each other. At this level, the results from SMILES-R and SMILES-O band B have both
negative values at nighttime. As mentioned in the first paragraph of this section, MLS
HO, measurements have been corrected for instrumental bias by taking into account
the night-day differences. Due to the sun’s maximum activity, when SMR data were
collected (year 2003/2004) compared with the solar minimum activity (year 2009/2010)
when other observations were made, SMR observes consistently the highest mixing
ratios. Note also that SMR is not zero corrected for night-time HO, measurements as
MLS, thus a bias cannot be completely excluded. The source of the HO, family, in fact,
is the photo-dissociation reactions generated by solar irradiance. At 45 km, the daytime
HO, products of SMILES are in the range of about 0.28—-0.35ppbv. At this altitude,
the results from MLS measurement of HO, (after bias correction) agree well with the
results from SMILES range of measurements. HO, measured by SMR compares rea-
sonably with SMILES observations of both bands and the mean of residuals are about
0.025 ppbv around the solar zenith angle of 90°. In the lower mesosphere at 55 km,
SMILES-R and SMILES-O data at this level cover the range of about 0.46—0.55 ppbv
at their maximum peak around noon. At this altitude, the mean of nighttime and daytime

21079

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
12, 21065-21104, 2012

HOCI, CIO and HO,
diurnal variation in
the tropics

M. Khosrawvi et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/21065/2012/acpd-12-21065-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/21065/2012/acpd-12-21065-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

MLS (about zero and 0.45 ppbv, respectively) are about 0.1 and 0.06 ppbv lower than
that of the corresponding SMILES range of observations. The mean of sunrise SMR
observations (about 0.16 ppbv) compares well with the SMILES range of observations,
however, the SMR sunset observations (mean of about 0.37 ppbv) are about 0.05 ppbv
larger at 55 km. In the first row of Fig. 6, the HO, amplitude (the difference of day and
night) of the measurements agree well at 35 and 45 km. The amplitide of HO, obser-
vations by SMR and MLS at 55km are about 0.15 and 0.05 ppbv larger than that of
SMILES, respectively.

In the bottom row of Fig. 4, we show the HCI observations made by MLS, SMILES
and ACE-FTS at 35, 45 and 55 km. There are some discrepancies between the differ-
ent satellite observations of HCI in terms of the absolute values at all the altitudes of
interest. As can be inferred from Figure 4, SMILES agrees with the mean of MLS and
ACE-FTS observations within the range of 0.1—0.25 ppbv at 35 km, but it measures the
lowest HCI among the observations at 45 and 55km. The MLS and ACE-FTS data
agree well at 45 km and the differences do not exceed 0.05 ppbv. The offset corrected
measurements respective to SMILES, shown in the last row of Fig. 6, indicate that all
observations show a very small HCI diurnal cycle. There are small differences between
the diurnal cycle amplitude measured by SMILES, MLS and ACE-FTS. ACE-FTS and
MLS data have slightly larger diurnal cycle amplitudes than the SMILES data at 45
and 55 km, however the differences do not exceed 0.1 ppbv. The ACE-FTS number of
measurements at the tropics is small compared to the other instruments. This could
cause more variation in the data due to the lower seasonal effect and statistical error.

4.2 Model comparison

Figures 3 and 4 show the model calculation of HOCI, CIO, HO, and HClI in gray shades.
The observations shown in the Figure have already been discussed in the previous
section. The model simulations have been carried out for the three latitudes (20° S,
0° and 20° N) and six representative months (November to April). To account for the
different vertical resolution of the model and instruments, the model results have been
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smoothed using a 5 km moving average for the 35 km level and a 7 km moving average
for the 45 and 55 km panels. Model calculations have been shifted in Figures 5 and 6
to match SMILES observations at nighttime along with the other satellite data to inves-
tigate the reaction kinetics and the magnitude of the diurnal variation of the species
in the model. The diurnal cycle amplitude depends on the initialization (e.g. Cl, and
H,O) of the model, while the shape of the diurnal variation depends on reaction rate
coefficients and photolysis parameters.

The diurnal variation of HOCI (first row of Fig. 2) exhibits very different patterns de-
pending on the altitude. The peak of HOCI appears around noontime at 35km and
production dominates the loss by photolysis about 3h after sunrise, in contrast to
higher altitudes where the peak occurs at nighttime. At 35 km, HOCI formation by Re-
action (R1) follows the HO, and CIO variations. Photolysis becomes more important at
higher altitudes, resulting in a decrease of daytime HOCI. Moreover, due to the higher
mixing ratio of HO, at higher altitudes, HOCI constantly forms at these altitudes but is
photolysed easily. At 45 and 55 km, HOCI drops rapidly at sunrise, has more stabilized
minimum concentrations during the course of the day and rises slowly after sunset. At
the altitude of 45km, HOCI is mostly governed by the CIO diurnal cycle. That can be
confirmed by the anti-correlation of CIO and HOCI at this altitude. In the mesosphere
(altitudes above 55km), HOCI becomes a nocturnal sink for CIO after sunset due to
the reaction of HO, and CIO.

As can be inferred from the first row of Fig. 3, the model reproduces a very simi-
lar shape of the diurnal variation of HOCI as the measurements at the three altitude
levels. At 35km, the model simulations match night observations by MIPAS and the
SMILES-R range of observations and the differences are less than about 0.02 ppbv.
The MLS observations are about 0.02 ppbv lower than the simulations. At 45km, the
model HOCI calculations match very well with the SMILES range of observations and
MLS at nighttime and daytime, however daytime MLS data are rather scattered but
the mean value agrees well with the model result and the differences do not exceed
0.01 ppbv. At this level, MIPAS measures about 0.05 ppbv more HOCI than the model
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average at the corresponding solar zenith angles, as described earlier. The model and
the observations agree quantitatively well at 55 km with the mean of differences be-
ing about 0.015ppbv. The offset shifted model (respective to SMILES-R band B) is
depicted in the first row of Fig. 5. The amplitude of the HOCI diurnal cycle deduced
from the model and observations agree reasonably well within the range of 0.005—
0.015ppbv at all the altitudes, except for the MIPAS amplitude at 55 km which is about
0.02 ppbv smaller than that of the model and SMILES.

At 35km, CIO rises sharply at sunrise and has a flat, fairly extended peak during
daytime followed by a sharp drop after sunset in the middle stratosphere (see the
first row of Fig. 2). The maximum peak of CIO in daytime at this altitude is mainly
attributed to the photo-dissociation of CIONO,. The dominant sink of nocturnal CIO is
the combination of CIO and NO,, and formation of CIONO, (Ko and Sze, 1984; Ricaud
et al., 2000). At 45 and 55 km, the CIO diurnal variation is not just governed by HOCI
and CIONO, (as CIONO, becomes less important with altitude), but is also influenced
by odd oxygen chemistry (O, = O + O3). CIO at these altitudes and higher can react
with free oxygen atoms and be converted to Cl atoms, leading to a CIO minimum
during daytime.

The modelled diurnal variation of CIO at the three altitudes 35, 45 and 55km is
depicted in the bottom row of Fig. 3. CIO simulations generally reproduce very sim-
ilar shapes as the observations at the altitudes of interest. The absolute values of
simulations agree well with the MLS observations with differences being smaller then
0.01 ppbv at 35 km, and are slightly (~ 0.04 ppbv) higher than the daytime SMILES ob-
servations. The SMR mean of observations is about 0.05 ppbv lower than that of the
simulations. At 45km, the model reproduces a very similar daytime decrease of CIO
consistently with the SMILES observations, as the result of reaction with free oxygen
which converts part of CIO to atomic chlorine. The daytime chlorine increase can be
seen in the second plot of the first row in Fig. 2. The SMILES observations of CIO at this
altitude are about 0.1 ppbv lower than the model result and the mean of the MLS obser-
vations. Although the MLS daytime observation are fairly variable at 45 km (~ 0.05 ppbv
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in terms of 1-¢ standard deviation), the mean MLS values agree reasonably well with
the model. At this altitude, SMR measures after sunset about 0.05 ppbv (~ 18 %) higher
CIO mixing ratios than the simulations. At 55 km, the daytime and nighttime model cal-
culations are about 0.02—0.04 ppbv higher than the SMILES range of observations.
SMR also measures about 0.04—0.06 ppbv lower CIO than the model at 55km. The
comparison of the model diurnal cycle amplitudes of CIO, presented in the second row
of Fig. 5, shows very similar amplitudes of the model and MLS at 35 and 45km. The
model amplitude of the diurnal variation agrees with that of SMR at 35 km, but is about
0.02 ppbv smaller and about 0.05 ppbv larger than that of SMR at 45 and 55km, re-
spectively. The model amplitude agrees with that of the two SMILES datasets at 45 km
and the mean of differences does not exceed 0.01 ppbv, however it is about 0.04 ppbv
and 0.02 ppbv larger than that of SMILES at 35 and 45 km, respectively.

The diurnal variation of HO, exhibits a very similar pattern from the middle strato-
sphere to the lower mesosphere. Very low values at nighttime and a sharp rise after
sunrise which leads to the peak of HO, during the day, indicates the photolysis de-
pendency of HO, formation (second row in Fig. 2). The rise of daytime HO, is mainly
attributed to the reactions of H,O with O(1 D) in the stratosphere and lower mesosphere,
where O(1 D) is a product of ozone photolysis. The daytime mixing ratio increases with
height, due to the more abundant atomic oxygen (O(1D)) at higher altitudes. In Fig. 2,
HO, is the sum of OH, HO, and H. Methane oxidation is the other source of HO, for-
mation. Since OH and HO,, are tightly coupled through fast photochemical reactions,
the source and sink of these molecules are the same. The drop after sunset is mainly
due to the reaction of OH with NO, or HNOj. The self reaction of OH and HO, is the
other sink for both, producing water. The very small transient dip in the model HO, mix-
ing ratios at dawn and dusk at 55 km can be observed in the SMILES measurements
as well. Before sunrise, the small drop of mixing ratio is due to the reaction of HO,
and atomic oxygen (which is generated by ozone photolysis). After sunset, the small
transient decrease of HO, is because of the stop of the reaction of HO, with atomic
oxygen, then HO, is produced by ozone and OH in a much lower rate.
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HO, model simulations generally behave similarly as the observations and repro-
duce a very similar shape at all altitudes of interest, according to Fig. 4. At 35km, the
model result agrees reasonably well with the observations and the differences are be-
low 0.01 ppbv. The nighttime model calculation of HO,, the nighttime observations and
the SMR observations agree well at 45 km and the differences do not exceed 0.01 ppby,
however the modelled daytime HO, is slightly lower than the average of the SMILES
and MLS data by about 0.03 ppbv. At the altitude of 55 km, the daytime model calcula-
tions reside in the range of the SMILES observations, but give about 0.06 ppbv lower
HO, than the daytime MLS observations. Although the SMR observations around sun-
rise are very close to the model, the observations after sunset are about 0.08 ppbv
above the model average. The amplitude of the HO, diurnal variation has been com-
pared with the amplitude from satellite data in the first row of Fig. 6. There is a good
agreement between the observed HO, amplitudes and the model at 35km and the
mean of differences does not exceed 0.025 ppbv, but the model amplitude is about
0.083 ppbv (~ 11 %) smaller than the observations at 45 km. At 55km, the model am-
plitude agrees well with that of SMILES (differences about 0.005 ppbv), however it is
about 0.05 ppbv (~ 12 %) and 0.1 ppbv (~ 18 %) smaller than that of MLS and SMR,
respectively.

HCl is the main chlorine reservoir in the stratosphere and mesosphere (see the plots
in the first row of Fig. 2). HCI has only a weak diurnal variation in the middle and
upper stratosphere, but increases slightly during the course of the day in the lower
mesosphere. This diurnal variation cannot be seen in Fig. 2, but it is slightly better
visualized in Figs. 4 and 6. This can be explained by the increased probability of the
reaction of atomic chlorine with HO, which generates HCI during daytime, owing to the
more abundant chlorine atoms and HO, radicals at this level.

Initializing the model with a realistic HCI profile as the main chlorine reservoir is cru-
cial to get a correct amount of HOCI and CIO in the model. Here, we constrained the
model with the total inorganic chlorine estimated from ACE-FTS observations between
30° S to 30° N and from 10 to 60 km according to Nassar et al. (2006) (Fig. 1). Although
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reproducing a similar shape, the model simulations give higher HCI values compared
with SMILES, MLS and ACE-FTS at all altitudes of interest, as can be inferred from
the last row of Fig. 4. The model agrees better with the MLS and ACE-FTS data than
with the SMILES observations in terms of the absolute HCI at all altitudes and the dif-
ferences increase with height. Past trend studies have shown a decrease in the HCI
concentration in the stratosphere and mesosphere (Froidevaux et al., 2006; World Me-
teorological Organization (WMO), 2010; Jones et al., 2011). Jones et al. (2011) anal-
ysis of HCI time series between 35 and 45km at the tropics shows a linear trend of
-5.8 £ 1.7 percent/decade. If the modelled HCl is corrected using Jones et al’s (2011)
estimation, then the HCI level at 35 and 45 km will be about 2.58 and 3.25 ppbyv, re-
spectively. Taking into account this correction, the model reproduces very close HCI
volume mixing ratio to all observations at 35km and to MLS and ACE-FTS at 45km. If
the model HCl is corrected with the trend rate of —0.78+0.08 percent/year at 55 km es-
timated by Froidevaux et al. (2006), the model HCI would be about 3.5 ppbv and would
match perfectly with MLS. The bottom row in Fig. 6 shows the offset shifted model and
observations. The SMILES amplitude of HCI diurnal cycle, despite the differences in
absolute values with the model at 45 and 55 km, agrees well with that of the model at
these altitudes. MLS amplitude agrees best with that of the model at 55 km (the mean
of differences does not exceed 0.005 ppbv), but there are some differences (about 3.5—
0.6 %) at 35 and 45 km. The ACE-FTS amplitudes of diurnal cycle at 35 and 45 km are
in the range of 0.4-3.5 % larger than the model and the SMILES amplitudes. It should
be noted that some differences in the model and the observations could be due to the
fact that the seasonal variability (e.g., transport) is not taken into account in the model
calculation. Since we average the field observations over several months for a broad
latitude bin, temporal and spatial changes within these bins over time and space can
lead to variability in the measured data. The model cannot take care of such variabilities
and just takes the temporal solar zenith angle variations into account.
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4.3 Kinetics study

In this section, the sensitivity of the modelled HOCI to different reaction rates, k;, for
Reaction (R1) is investigated. k; is calculated according to Stimpfle et al. (1979), Nick-
olaisen et al. (2000), Hickson et al. (2007) as well as JPL 2006 and 2011 recommen-
dations (Sander et al., 2011, 2006). The recommended value for calculation of k; in
JPL 2011 is based on studies by Hickson et al. (2007), Nickolaisen et al. (2000), Knight
et al. (2000) and Stimpfle et al. (1979) that studied Reaction (R1) as a function of
temperature. Due to the clear day-night difference of mesospheric HOCI, observations
above 40 km are well suited for testing the interactions between chlorine and hydrogen
species. For this analysis, we carried out the simulations for 1 November at latitude
0°, which gives almost the average model calculations for the period and location of
our study. The result has been compared with SMILES (SMILES-O and SMILES-R
band A), MLS and MIPAS observations and is presented in the first row of Fig. 7 for
35, 45 and 55 km. In the second row of Fig. 7, the nighttime measurements and model
concentrations are subtracted from the corresponding measurements and model and
shifted respective to SMILES-R band B. The errors of the measurements are not plot-
ted for better visualization of the model simulations in each case. The upper and lower
uncertainty limit of k; according to JPL 2011 recommendations are also shown in the
Figure. As can be inferred from the first row of the Figure, the best agreement between
the model and the observations is achieved when using Nickolaisen et al. (2000) and
Stimpfle et al. (1979) reaction rate equations, whilst using JPL 2006 and the lower and
upper limits of JPL 2011 rate coefficient give the poorest agreement. This result con-
firms the study of rate constant, k;, by Kovalenko et al. (2007) which has been done for
lower altitudes (below 36 km). The reaction rate coefficients suggested by Hickson et al.
(2007) and JPL 2011 also give HOCI in the range of the JPL 2011 uncertainty limits
and the observations. The dissimilarities in HOCI levels between different k; decrease
at higher altitudes and particularly during daytime. These results are confirmed when
comparing the shifted observations and model runs (second row of Fig. 7). JPL 2006
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and the lower limit of JPL 2011 give the lowest day-night amplitude at all altitudes.
JPL 2011 recommendations give smaller day-night amplitude than the observations,
Stimpfle et al. (1979) and Nickolaisen et al. (2000) reaction rate constants. According
to the first row of the figure, the modelled HOCI is mostly sensitive to k; during night-
time at all altitudes of interest. It is also sensitive to k; during daytime at 35 and 45 km.
The effect of various k; is negligible on the modelled CIO and HO,.

5 Summary and conclusions

The diurnal variations of HOCI, CIO, HO, and HClI calculated with a 1-D chemical model
were compared with observations of these species by three sub-millimeter instruments
(Odin/SMR, AURA/MLS and SMILES) and two infrared spectrometers (SCISAT/ACE-
FTS and ENVISAT/MIPAS) for the period of SMILES operations from November 2009
to April 2010, the latitude range of 20°N to 20° S, and three levels from the middle
stratosphere to the lower mesosphere. SMILES data and the model results are avail-
able for the whole range of solar zenith angles and thus allow to compare indirectly the
MLS, SMR, MIPAS and ACE-FTS observations of the short-lived species. This analysis
includes new SMILES data, a new version of HO, measured by SMR and the latest
version of MLS data.

The satellite observations of HOCI, CIO, HO, and HCI diurnal variations generally
agree well both in quantity and in shape, considering the difficulties of comparisons
between sun-synchronous and solar occultation instruments. The modelled species
generally reproduce very similar shapes of the diurnal variation as obtained from the
satellite observations in the tropics at the altitudes 35, 45 and 55 km, where HOCI is
mainly formed by the reaction of CIO and HO,. The differences between the day and
night data from model and satellites indicate almost similar diurnal variation amplitudes
of the modelled and observed species.

The absolute values of HOCI (in volume mixing ratio) from the simulations, MIPAS
and MLS agree with the range of SMILES observations at 35 km. The model and the
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observations agree well at 45 and 55 km, however MIPAS measures about three times
higher HOCI at 45 km. Better agreement cannot be expected as the MIPAS data are
taken from November 2003 to April 2004, when overall chlorine level was higher. The
difference between the day and night data from the model and satellites, showing the
amplitude of the diurnal variation, indicate a very similar amplitude for the MLS, MIPAS
and SMILES data as well as that of the model result at 35 and 45 km, but a slightly
smaller amplitude for the MIPAS data compared with the model and the other instru-
ments at 55 km.

The model CIO agrees well in absolute volume mixing ratio values with the obser-
vations at 35 and 55km, however it calculates slightly higher daytime CIO than the
SMILES measurements. The model is also slightly higher than nighttime SMILES and
SMR observations at their respective solar angles at 55 km. After offset shift, the model
amplitude of CIO between night and day agrees reasonably with that of the MLS and
SMR data at 35 and 45km, but it is larger than that of SMR at 55km. The SMILES
amplitude of the CIO diurnal cycle agree with that of the model at 45 km, but is slightly
smaller at 35 and 45 km.

Odin/SMR HO, data has not been compared previously with other satellite obser-
vations and this study represents the first validation of SMR HO,. Although SMR HO,
have been taken from a different time period than the other satellite observations, and
despite the different solar activity during respective periods of observation, there is
generally a good agreement between the SMR, MLS and SMILES observations and
the simulations. Nevertheless, the SMR data after sunset are slightly higher than the
model and the SMILES data at all altitudes. The absolute values of HO, agree best at
35km, but the differences between the model and the observations are slightly larger
at 45 and 55 km. At 45 km, MLS and all SMILES data sets agree and are slightly higher
than the model simulations. At 55 km, the model daytime calculations and the observa-
tions agree well, but there are some differences in nighttime and sunset observations
by MLS, SMR and SMILES compared to the model. After offset correction, very similar
amplitudes of the observations and the model are obtained for the 35km level. The
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amplitude of all observations are slightly larger than that of the model at 45km. The
SMILES and the model amplitudes agree well at 55 km and are smaller than that of
MLS and SMR.

The model and observations show a very weak diurnal variation of HCI at the three
altitudes of 35, 45 and 55 km. There is a reasonable agreement between the observa-
tions at 35 km, but the MLS and ACE-FTS measurements are higher than the SMILES
data at 45 and 55 km. The model calculates higher HCI than the SMILES data, closer
to the ACE-FTS and MLS data particularly at 45 and 55km. This can be explained
as the model is initialized with the Cl, profile measured by ACE-FTS (Nassar et al.,
2006). The model result is consistent with the MLS and ACE-FTS data when HCI trend
estimations by Froidevaux et al. (2006) and Jones et al. (2011) are considered.

The reaction rate coefficients of HOCI formation (k;) by Stimpfle et al. (1979) and
Nickolaisen et al. (2000), Hickson et al. (2007) and JPL 2011 recommendations
(Sander et al., 2011) provide a reasonably good agreement between the model and
observations. All reaction rates studied here reside in the range of upper and lower
uncertainty limits of JPL 2011. JPL 2006 and the upper and lower uncertainty limits of
the JPL 2011 recommendations for k; give the worst agreement with the model and
the observations. This result confirms the study by Kovalenko et al. (2007) which was
done for lower altitudes (below 36 km). In case of using the JPL 2011, the night-day
differences of HOCI volume mixing ratios underestimate that of the observations. This
analysis confirms that gas phase chemistry of the reaction HO, + CIO based on latest
recommendations of ky is rather well understood.

The general good agreement of the model and observed diurnal cycles can be used
in the future to correct long-term datasets differing in local time using scaling factor
from model simulations to obtain realistic time series for trend analysis (e.g., Brohede
et al., 2007; Jones et al., 2011).
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Fig. 1. Chlorine species profiles (on the left) and hydrogen species profiles (on the right) sim-
ulated for conditions of 1st November in the tropics. The total inorganic chlorine in the model
is constrained according to measurements by ACE-FTS from 30° S to 30° N and altitudes 10 to
60 km (Nassar et al., 2006). Water is initialized according to water profiles measured by MLS
on 1 November 2009. Temperature and pressure profiles are taken from ECMWF analyses for
the same day. Profiles of the model species at noon are shown as solid lines and profiles at
midnight as dashed lines.
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Fig. 2. Modeled diurnal variation of chlorine species (top row) and hydrogen species (bottom
row) in the tropics (latitude 0°) calculated for November 1 and altitudes of 35, 45 and 55km
(left, middle and right). The diurnal variation of species are presented as volume mixing ratio
versus local solar time. HCI and Cl, (in the first row) and H,O and H; (in the second row) have
been scaled down for better visualization of minor species (see legend). HO, is the sum of OH,
HO, and H.
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Fig. 3. Modeled diurnal variation of HOCI and CIO at the altitudes 35, 45 and 55 km (left, mid-
dle, right) in the tropics between 20° S and 20° N compared to observations made by SMILES,
Aura/MLS, Odin/SMR and ENVISAT/MIPAS during the period November 2009 to April 2010.
SMILES data are presented by two products; the research product (here called SMILES-R)
and the official product (here named SMILES-O). Top row: HOCI; Bottom row: CIO. The stan-
dard error of the mean are shown in the same color as the measurements. If not visible, errors
are smaller than the symbol size. Model simulations are given for different months (light gray
shaded lines: November; dark gray: April). Solid gray lines are for the equator, dotted lines are
for 20° S and dashed lines are for 20°N. Satellite data have been averaged in bins of 2.5-3° in
terms of solar zenith angle. HOCI data from MIPAS are averaged from November 2003 to April
2004. The model was run with a vertical resolution of 1 km and the model results have been ver-
tically smoothed using 5 and 7 km wide moving averages. MLS, SMR and MIPAS values have
been averaged at their ascending/descending nodes. The variability of these measurements
in the form of 1-0 standard deviation are shown as vertical error bars in black. The horizontal
error bars show the range of solar zenith angles of the respective measurements.
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Fig. 4. Same as Fig. 3, but modeled and observed diurnal variation of HO, and HCI made
by SMILES, Aura/MLS, Odin/SMR and SCISAT/ACE-FTS at the altitudes 35, 45 and 55km
(left, middle, right) during the period November 2009 to April 2010. Top row: HO,; bottom row:
HCI. HO, from SMR corresponds to the period October 2003 to October 2004. MLS, SMR and
ACE-FTS values have been averaged at their ascending/descending or sunrise/sunset nodes.
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Fig. 5. Same as Fig. 3, but offset shifted for high solar zenith angles at nighttime or sunrise
in order to compare the amplitudes of the SMILES, MLS, SMR and MIPAS diurnal cycles with
the model. The average nighttime or sunrise satellite measurements in the overlapping solar
zenith angles and the model were subtracted from the values at other solar zenith angles and a
correction term respective to SMILES-R for the same solar zenith angle range has been added.
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Fig. 6. Same as Fig. 4 but offset shifted for high solar zenith angles at nighttime or sunrise in
order to compare the amplitudes of the SMILES, MLS, SMR and ACE-FTS diurnal cycles with
the model. The average nighttime or sunrise satellite measurements in the overlapping solar
zenith angles and the model were subtracted from the values at other solar zenith angles and a
correction term respective to SMILES-R for the same solar zenith angle range has been added.
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Fig. 7. Sensitivity of the model to different reaction rate constants (k;) at the altitudes of 35,
45 and 55km (left, middle and right) for 1 November. The black and gray colors represent
the different model simulations using Stimpfle et al. (1979), Nickolaisen et al. (2000), Hickson
et al. (2007) as well as JPL 2006 and 2011 recommendations (Sander et al., 2011) for the
HOCI formation reaction rate. The simulations for the upper and the lower uncertainty limit of k;
according to JPL 2011 recommendations are shown as gray dashed lines. Top: observed and
modelled volume mixing ratios against solar zenith angle. Bottom: offset shifted observations
and mode
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