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ABSTRACT

The SOIR instrument on board Venus Express regularly sounds the Venus mesosphere using the solar
occultation technique. Densities and volume mixing ratios of HCl and HF are measured in the 70-115 km
and 75-110 km altitude region respectively, at the Venus terminator. All latitudes from pole to pole are
covered. In this work, we study the latitude and long-term variations of the volume mixing ratio (VMR)
of HCl, and the long-term time trend of HF, from June 2006 to February 2013. This period of time
corresponds to approximately eleven Venusian years. Large variations in the VMR profiles are observed,
mostly on the short-term. Both hydrogen halides present unforeseen positive exponential gradients of
their VMR with pressure, which shows time and latitude variations. Long-term trends on the whole
period of the HCI VMR are also observed at certain pressure levels in the equatorial and polar regions. HF
also presents a time dependence of its VMR at certain pressure levels. Results are compared to previous
HCl and HF VMR observations. The ability of SOIR to target both H*>Cl and H*Cl isotopologues has also
been investigated. Numerous concomitant density profiles lead to the determination of the 3’Cl/?>Cl
isotopic ratio on Venus, found to be equal to 0.34 + 0.13, which is compatible with the value found

on Earth.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen halides play an important role in the chemistry of
the Venus atmosphere, being active species involved in three of
the main chemical cycles, that is, the CO,, the sulfur oxidation and
the polysulfur cycles. Reviews of these chemical reactions can be
found in Krasnopolsky (2012b), McElroy et al. (1973), Mills and
Allen (2007), Prinn (1971) and Yung and DeMore (1982), for
example. They all identified HCl as being a key constituent for
which further observations are important to better understand the
chemistry of the Venus thermosphere.

HCI has first been observed in the Venus atmosphere by Connes
et al. (1967), who reported volume mixing ratio values at the cloud top
as being 0.6 ppmv. The HCl value was lately corrected by Young (1972)
as being equal to 0.4 + 0.07 ppmv. Since then, Iwagami et al. (2008)
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observed an HCl mixing ratio of 0.76 +0.1 ppmv at 61-67 km.
Krasnopolsky (2010) measured HCl abundance of 0.40 + 0.03 ppmv
at 74 km, using the CSHELL spectrograph at NASA IRTFE. Sandor and
Clancy (2012) reported HCI vertical profiles with a mixing ratio of
0.4 ppmv near 70 km decreasing to 0.2 ppmv and less near 90 km.

HF has also first been observed in the Venus atmosphere by
Connes et al. (1967), with a mixing ratio at the cloud top of 5 ppbv.
Krasnopolsky (2010) reported values of the abundance of 3.5+
0.2 ppbv at 68 km.

The SOIR instrument performs regular observations of the
Venus mesosphere on a 24 Earth hours basis at the Venus
terminator, covering all latitudes, and measures HCl and HF
concentration, among other species, such as CO, (Mahieux et al.,
2014a; Mahieux et al., 2012), CO (Vandaele et al., 2014), H,0 and
HDO (Fedorova et al., 2008), SO, (Belyaev et al., 2012; Mahieux
et al., 2014b) and the aerosol loading in the upper haze (Wilquet
et al.,, 2012; Wilquet et al., 2009).

This paper describes the SOIR hydrogen halides dataset, focusing
on the latitude variations of HCl and the long-term variations of HCl
and HF between June 2006 and February 2013.
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2. Instrument and measurement description

The SOIR (Solar Occultation in the InfraRed) instrument has
been designed to measure infrared (IR) spectra of the Venus
atmosphere using the solar occultation technique (Nevejans
et al, 2006). This method derives unique information on the
vertical composition and structure of the mesosphere and lower
thermosphere at the terminator (Mahieux et al., 2010, 2012, 2014a,
2014b; Vandaele et al., 2008, 2014). SOIR is an extension mounted
on top of the SPICAV instrument (Bertaux et al., 2007). SPICAV/
SOIR is one of the seven instruments on board Venus Express, a
planetary mission of the European Space Agency (ESA) that was
launched in November 2005 and inserted into orbit around Venus
in April 2006 (Titov et al., 2006).

The instrument has already been extensively described in pre-
vious publications (Mahieux et al., 2008, 2009; Nevejans et al., 2006;
Vandaele et al., 2013) and will only be briefly outlined here. SOIR is
an Echelle grating spectrometer operating in the near-IR, combined
with an acousto-optic tunable filter (AOTF) for the selection of the
wavenumber interval to be recorded. The covered spectral domain
ranges from 2257 to 4430 cm ™! (2.29 to 443 um) and is divided into
94 diffraction orders (from 101 to 194). The limits of these diffraction
orders are given in Vandaele et al. (2013). The bandwidth of the AOTF
was originally designed to be 20 cm™!, as measured on ground
before launch, to allow light from only one order to reach the echelle
grating. However, the measured bandwidth of SOIR is approximately
24cm~' (Mahieux et al, 2010) and the transfer function presents
non-negligible side lobes: as a consequence, information from
adjacent orders leaks onto the detector. To account for it, seven
contiguous diffraction orders are usually simulated, that is, the
targeted one and the three directly higher and lower adjacent orders.

The resolution of SOIR varies with the diffraction order, with
values of about 0.11 cm~' and 0.21 cm~! in orders 101 and 194
respectively. The SOIR detector is composed of 320 pixels in its
spectral direction. The spectral width of a pixel varies from 0.06 to
0.12cm~' and the free spectral range has a constant value of
22.4 cm~ . In the spatial direction of the detector, 24 rows are fully
illuminated, and are combined on-board into two groups of 12
rows called hereafter bins. Two simultaneous measurements are
thus obtained at two slightly different altitudes, due to the small
inclination of the instrument slit with respect to the Venus limb.
SOIR can measure up to four diffractions orders each occultation,
with a maximum integration time of 250 ms per diffraction order.

SOIR performs solar occultation observations of the Venus
atmosphere from a polar orbit with its periapsis located above
the North Pole. All latitudes are well covered on both sides of the
terminator, except for the 30°-60° North region, due to the
geometry of the spacecraft orbit. The vertical resolution, that is,
the vertical altitude range sounded by the projected slit at the limb
on the atmosphere at the time of a measurement, varies from a
few hundreds of meters for measurements at the North Pole to
approximately 5 km when reaching the South Pole. The vertical
sampling, that is, the vertical distance between the mean altitude
of two successive soundings, is also latitude-dependent, having
values of approximately 2 km close to the North Pole, ~500 m
between 40° and 70° North, and rising up to 5 km close to the
South Pole. The maximum altitude range probed by SOIR varies
from 65 km up to 170 km. For HCl, the typical altitude of detection
extends from 70 to 115 km and for HF from 75 to 110 km at
maximum. The lower boundaries correspond to the atmospheric
saturation of the lines in the SOIR spectra, while the upper
boundary is linked to the detection of the strongest band in the
selected SOIR wavenumber range. The occultations are grouped in
occultation seasons (OS), which are time periods when solar
occultations occur as seen from the VEX spacecraft. These OS
periods occur roughly every three months for one to two months.

The spectroscopic parameters were obtained from HITRAN
2012 (Rothman et al., 2013). Values of the pressure broadening
coefficients and shifts were corrected to take into account that the
atmosphere of Venus is mainly composed of CO, instead of
nitrogen and oxygen as on Earth (Toth and Darnton, 1974;
Tudorie et al., 2012; Vandaele et al.,, 2008). For HCl, the 1-0
transitions of both isotopologues H*>Cl and H3’Cl absorb in the
2815 to 3043 cm ! region (orders 126 to 135). The 1-0 transition
of the main isotopologue of HF is observed in the 3933 to
4125 cm~ ! region (orders 176 to 183).

3. Retrieval method

The number density profiles are calculated using the ASIMAT
algorithm that has been described in previous publications, see
Mahieux (2010, 2011, 2012, 20144, 2014b), Vandaele et al. (2014). It
will be summarized here.

The method determines the number density, temperature and
aerosol extinction profiles using an iterative procedure. At each
iteration, number density profiles are determined using the
Bayesian Optimal Estimation method (Rodgers, 2000) implemen-
ted in an onion peeling frame. Considering separately all diffrac-
tion orders measured during one occultation, the logarithm of the
number density of the different species and the baseline (modeled
as a 5th-order polynomial) are adjusted as a function of altitude
(Mahieux et al., 2010). The algorithm takes the saturation of
atmospheric lines into account, and only spectra with unsaturated
lines of the weakest simulated vibrational bands are considered
(Mahieux et al., 2014a). The temperature profile is not fitted at this
level. In the retrieval algorithm, the a-priori number densities are
taken from an modified VIRA model (Venus International Refer-
ence Atmosphere model) from Hedin et al. (1983), Zasova et al.
(2007). The a-priori HCl and HF VMRs are taken constant with
altitude and equal to 1 ppmv and 300 ppbv respectively. The
covariance on the density value is taken as 25% of the a-priori
number density logarithm. In the retrieval, the vertical resolution
is accounted for by considering a multiple ray tracing across the
SOIR field of view, typically 24 rays equally widespread are taken
into account (Mahieux et al., 2014a). A known drawback of the
Bayesian algorithm is their dependence to the a-priori profiles. To
limit this dependence, only the number density values that were
actually fitted for each profile are taken into account: this number
is given by the degrees of freedom (DOF) of the retrieval extracted
from the Rodgers averaging kernel matrix. The DOF is equal to the
trace of the averaging kernel matrix, and indicates the total
number of independent variables that can be derived from the
set of spectra. We only consider the layers corresponding to the
DOF largest eigenvalues of the averaging kernel matrix (Mahieux
et al.,, 2014a, 2014b).

This step is part of the global iterative process which deals with
the combination of the number density profiles obtained inde-
pendently from the different orders and with the determination of
the temperature profile. The absorption cross sections are indeed
temperature-dependent in the infrared domain. The temperature
profile is determined using the hydrostatic equilibrium applied on
the CO, density profile, which is being measured during the same
occultation. An assumption has to be made at the top of the profile
and is derived from VAST (Venus Atmosphere from SOIR measure-
ments at the Terminator), described in Mahieux et al. (2012,
2014a). The temperature is derived from CO, only in the hetero-
sphere, and from the total number density in the homosphere,
thus accounting for the CO, volume mixing ratio (VMR), which is
taken from VIRA. The final profile of one particular species is built
by applying a moving average on all individual local number
density values, weighted by their uncertainties (Mahieux et al.,
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2012). During the retrieval process, the vertical box width of the
moving average function is equal to +2 scale heights. Although
profiles with narrower box width are also generated, the box of
+ 2 scale heights width is used for checking the convergence. The
final grid corresponds to a 1 km altitude step scale. This two steps
procedure, that is, the determination of the number density
profiles from the eight spectral orders, and the combination of
the profiles and determination of the hydrostatic temperature
profile, is done in an iterative scheme. Convergence is achieved
when all the density and temperature profiles stabilize, that is,
remain within the uncertainty of the previous iteration. It usually
occurs in three to four steps.

The outputs of this procedure are the number density, tem-
perature, pressure, total number density, total mass density and
volume mixing ratio profiles. The volume mixing ratio profiles are
directly calculated using the CO, number density profile obtained
from the same occultation set of spectra. The only quantity that
needs to be assumed is the CO, VMR profile. For occultations
during which CO, was not observed (no order where CO, absorbs
was measured), the HCl and HF VMRs are calculated using the total
density profile of VAST. In the following, only VMR profiles that
were directly calculated using CO, derived from the SOIR spectra
will be presented.

4. Results and discussion
4.1. Dataset description

In the present work, the dataset covering the June 2006 to
February 2013 period has been investigated, covering approxi-
mately 11 Venusian years. For H**Cl and H?’Cl, 180 orbits are
considered; their localization is presented in panel A of Fig. 1. HF
was measured in 44 orbits, and the maps showing where the
observations occurred are presented in panel B of the same figure.
The 25 first OS are covered in this study. Fourteen orbits, out of all
the orbits during which HCl was observed, were rejected for H>>Cl
because of low signal to noise ratio. For H>’Cl, 19 orbits were
rejected for the same reason. Seven orbits from HF could not be
correctly fitted and are not presented in this work.

4.2. Hydrochloric acid

The ASIMAT algorithm was used to derive the H**Cl and H3’Cl
number density profiles for the entire database described above.
To illustrate the good quality of the H*Cl and H3’Cl results, the
spectral fit of four spectra, recorded in order 130 (2905-
2930 cm~ ") during orbit 341.1 (28/03/2007, 82°N, 6 PM) are
presented in Fig. 2, for different altitude levels (102.1 km,
91.5 km, 82.5 km and 73.4 km). In this order, two lines from the
main isotopologue and one line of the second coming from order
130 are seen (R(0) of H33Cl at 2906.3 cm~!, R(1) of H3>Cl at
29259 cm~! and R(1) of H*'Cl at 2923.7 cm~!). The other lines
that are seen out of the noise are coming from adjacent orders
(R(0) of H*’Cl from order 129, R(2) of H*’Cl and R(2) of H*’Cl from
order 131, R(3) of H3’Cl and R(3) of H3’Cl from order 132).

All number density profiles are presented in panels A (H3>Cl)
and B (H*’Cl) of Fig. 3 as a function of the total pressure; the
approximate altitude is also given in correlation with the pressure
scale. They cover the 70 to 115 km altitude region. The HCI density
vertical profiles that are presented here have been calculated for a
width of the moving average box equal to + 0.4 scale heights (see
the definition in the Retrieval method section). In these plots, the
color is the absolute latitude (blue for equatorial, red for polar
measurements). The SOIR HCl density profiles are compared with
a profile obtained with the photochemical model of Krasnopolsky

(2012b), and shows a good agreement in terms of order of
magnitude. The number density slope is different between the
model and the SOIR measurements. The HCl VMR profiles are
presented in panels C (H*>Cl) and D (H*’Cl) of the same figure. The
VMR is only displayed when CO, and HCl were measured con-
currently at the same altitude, and is obtained by dividing the HCl
number densities by the total number densities, which are
calculated from the concomitant CO, measurements. The uncer-
tainties on both number densities and VMR range between 5% and
100%, with a mean value amongst all orbits and all altitudes of
28%. The relative error does not directly depend on the altitude
level, but on the signal to noise ratio. The number densities and
the VMRs are given as a function of pressure, in order to remove
the total number density variability with altitude. After removing
the global atmosphere time and latitude variations, large HCl VMR
variations are still observed at all altitudes, up to two orders of
magnitude; the average geometric standard deviation, that is, the
standard deviation of an exponential variable, is equal to 32. This
means that values 32 times higher or lower that the average value
are encountered. As a general trend, the VMR profiles are not
constant with altitude below 0.1 mbar (~92 km), a slight decrease
is usually observed with decreasing altitude; above 0.1 mbar, the
VMR is usually either constant or decreasing with increasing
altitude.

Observations of both isotopologues are always performed
simultaneously, since absorption lines of both species are observed
in the same order (see order 130 in Fig. 2, for example). Therefore,
combining the measurement of both isotopologues easily provides
information about the 37Cl/3>Cl isotopic ratio. The only limitation
comes from the altitude range at which both isotopologues are
measured together. Indeed since H3’Cl is less abundant, its
absorption features come out the noise of the spectra at lower
altitudes, and conversely the absorption of the main isotopologue
saturates at higher altitudes than that of its heavier counterpart.
Results are presented in Fig. 4. One mean value of the ratio has
been obtained for each individual occultation during which over-
laps of the profiles of both isotopologues were observed. The
average of all these individual values of the 37Cl/>>Cl isotopic ratio
is found to be equal to 0.34 + 0.13, which, within error bars, is
compatible with the 0.32 value found on Earth (Rothman et al.,
2013).

Profiles have been grouped in latitudinal bins in order to
investigate possible trends. A latitudinal symmetry relative to
the Equator has been considered, together with a longitudinal
symmetry with regard to the terminator side, that is, no difference
between morning and evening sides of the terminator were
considered in this work. These bins extend from 0°-30°, 30°-70°,
70°-80° and 80°-90°, respectively. The number of observations in
the different latitude bins is summarized in Table 1. Both iso-
topologues have been considered together to build these profiles,
since: (i) we showed that the 37Cl/*Cl isotopic ratio can be
considered as equivalent to the one on Earth, (ii) the atmosphere
is well mixed at altitudes below the homopause, located at an
approximate pressure level of 10~¢ mbar (~130 km) on Venus
(Mahieux et al., 2012; von Zahn et al., 1980), (iii) the molecular
mass difference is small between the two isotopologues. The mean
values are calculated using the pressure scale, and not the altitude.
The mean VMR profiles are presented in Fig. 5 for the different
latitude bins; the colored envelopes are the weighted standard
deviations. Corresponding altitude levels are indicated on the plot.
Three regions are clearly observed. The first one, below the 4 mbar
pressure level (~79 km), presents nearly constant VMR profiles in
all bins (expect in the 30°-70° region where no data are available)
with VMRs at 10 mbar (~74 km) varying between 29 ppbv +
91% in the equatorial bin, 31 ppbv +40% in the 70°-80° bin
and 55 ppbv + 134% in the polar region. In the region between
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level are the occultation season numbers. In all panels, circles are for morning measurements, while triangles are for evening ones. The color code is the orbit number.
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Fig. 2. Example of spectral fit for orbit 341.1 (28/03/2007) at four altitude levels (102.1 km in Panel A, 91.5 km in Panel C, 82.5 km in Panel E and 73.4 km in Panel G). In these
panels, the measured spectra (order 130 bin 1) are in blue and the fitted spectra are in green. In Panels B, D, F and H, the residuals of the fits are plotted, corresponding
respectively to Panels A, C, E and G.

the 1 mbar (~84 km) and 0.01 mbar (~ 102 km) pressure levels, (~98 km), the VMRs are nearly constant again; the VMRs at
the exponential increase of the VMR with rising altitude is clearly 0.01 mbar (~102 km) are equal to 0.8 ppmv + 31% in the equator-
seen in the plots for all latitude bins. Above the 0.02 mbar level ial bin, 1 ppmv +49% in the mid-latitude bin, 0.5 ppmv + 44% in



268

Total pressure [mbar]

Total pressure [mbar]

A. Mahieux et al. / Planetary and Space Science 113-114 (2015) 264-274

Panel B

10°

H3Cl density [molec/cm3]
Panel C Panel D
10°
10
10"
10°
10’
107
10" 10° 10" 10°
H35CI VMR [ppm] H3CI VMR [ppm]

Fig. 3H. 3°Cl and H*’Cl number density profiles (panels A and B respectively) and VMR profiles (panels C and D). The density and VMR profiles are given as a function of
pressure level. The VMR profiles are only calculated at altitudes where the total density could be inferred from the CO, density. The altitude is also shown in correlation with
the pressure scale. The color code is the absolute latitude (blue to red for increasing absolute latitude). The error bars are not displayed for sake of clarity. They vary between
5% and 100%, with an average value of 28%. The density profiles are compared with a number density profile derived from the photochemical model of Krasnopolsky (2012b).

3000 s
£ ===Earth 'HcI'HcI
H ~™="Venus SOIR value
N S _ee- i :
2500 !
H &
R
2000 :
]
3 :
£ :
2 1500 :
= —o— :
g ‘ : - : o ‘mev o
1000 i e e :
H : £ _“é._'* k-5 :
4—&7& i H
500 : A e lledregge :
: P i .o ‘
i H ige— o H
L v - ‘»
0 -2 -1 0 1
10 10 10 10

Mean isotopic ratio

Fig. 4. Mean >’Cl/**Cl isotopic ratio for all simultaneous measurements of H*’Cl and H*>Cl, together with its uncertainty. The color code is the absolute latitude, bluish values
for equatorial measurements, reddish for polar. The black vertical line is the Earth mean 37Cl/3>C isotopic ratio of 0.3198, from Rothman et al. (2013), and the red one is the
global mean value calculated from the profiles, found to be equal to 0.34 + 0.13.

Table 1
Sample for each latitude bin of HCL.
Latitude Number of Number of Latitudinal density of observations H3>Cl Latitudinal density of observations H3>Cl
bin measurements H>°Cl measurements H>’Cl [measurements per degree] [measurements per degree]
0-30° 37 37 1.2 1.2
30-70° 32 30 0.8 0.8
70-80° 34 33 34 33
80-90° 63 61 6.3 6.1
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the 70°-80° bin and 0.6 ppmv + 33% in the polar bin. These values
have been compared to data from the literature. Nightside values
reported by Sandor and Clancy (2012) are of the same order of
magnitude, but completely disagree on the shape of the profiles:
they observed constant VMRs below the 10 mbar level (~ 74 km)
and are one order of magnitude larger than all the profiles
reported in this work. Above that pressure level, a negative
gradient with decreasing pressure was reported by Sandor and
Clancy, whereas the SOIR data show a clear positive gradient for all
latitude bins. The agreement with the model of Yung and DeMore
(1982) is not good either, as they reported a constant VMR below
the 1 mbar level (~84 km) which is one order of magnitude larger
than the SOIR VMRs; their VMR profile is slightly decreasing with
decreasing pressure and reaches values in agreement with SOIR
data above the 1 mbar pressure level (~84 km). Literature data
from Iwagami et al. (2008), Young (1972) and Krasnopolsky (2010)
measured above the cloud top at altitudes varying between 70 and
74 km are also one order of magnitude larger than the SOIR mean
values reported in this work. However, in contrast to the SOIR
data, measurements found in the literature were not taken at the
terminator. Also, results from photochemical models, such as
Krasnopolsky (2012b), usually suggest constant HCl VMR profiles
in the altitude region where SOIR is sensitive.

Finally, the long-term variations are addressed for two selected
latitude regions: the 0°-30° and 80°-90° bins, for which a large
enough number of profiles is available, see Table 1. They are
presented in Figs. 6 and 7 respectively. In these figures, the H>>Cl
and H*Cl VMR are given for four pressure levels (0.01 mbar or
~102 km, 0.03 mbar or ~97 km, 0.1 mbar or ~93 km and 0.32 mbar
or 88 km), together with their uncertainty. At the Equator, the short-
term variations, that is, the variations from orbit to orbit, at 0.1 mbar
(102 km) are of a factor 2 during the period between orbits 1 (May
2006) and 1800 (April 2011) and show a large increase up to one
order of magnitude afterwards. The same is observed at 0.03 mbar
and 0.1 mbar (~97 km and ~93 km). At the largest pressure level,
0.32 mbar (~88 km), a constant exponential increase over the whole
period is observed, with exponential trends values varying from
0.193 4+ 0.005 ppmv in August 2006 to 0.56 + 0.02 ppmv in February
2013, or a factor close to 3. It should also be underlined that the
amplitudes of these long-term variations, that is, the general trend
over the whole period, are much smaller than the ones of the short-
term variations (Krasnopolsky, 2012b).

In the polar regions, a slightly different situation is observed. The
variations are presented in Fig. 7 for the same four pressure levels as
in the equatorial region. At all pressure levels, an exponential increase
is observed between orbits 1 and 900 (August 2006 and October
2008). We evaluated the variations for the 4 pressure levels: at
0.01 mbar (~ 102 km), the VMR varies between 0.33 4+ 0.01 ppmv to
1.15 + 0.05 ppmv, or a factor 3.5; at 0.03 mbar (~97 km), it varies
from 0.35+ 0.006 ppmv to 0.72+0.005 ppmv, or a factor 2; at
0.1 mbar (~93 km), it varies from 0.33 +0.01 ppmv to 0.52 +
0.02 ppmv, or a factor 1.6; at 0.32 mbar (~88 km), it varies from
0.09 + 0.004 ppmv to 0.28 +0.02 ppmv, or a factor 3. The density
gradient over time is steeper at the lowest pressure levels, and gets
steeper again at the higher pressure level. After orbit 900 (October
2008) until orbit 2400 (November 2012), large short-term variations
are observed at all pressure levels, higher than one order of
magnitude, and a small decrease with time is observed, with a factor
varying between 0.34 at 0.32 mbar (~88 km) and 1 at 0.1 mbar
(~93 km).

As reported by many authors (Krasnopolsky and Pollack, 1994;
Mills and Allen, 2007; Yung and DeMore, 1982; Yung et al., 2009),
HCI plays a key role in the three principals chemical cycles, thats is,
the sulfur oxidation, the CO, and the polysulfur cycles, and the
above presented results show that further investigation is neces-
sary for understanding reasons of such time and vertical variations
and trends. For example comparing the SOIR results to the JPL/
Caltech KINETICS 1D-photochemical model (see Table 2 of the
companion paper Parkinson et al. (2014)) would help understand-
ing and explaining these observations.

4.3. Fluoric acid

The good quality of the HF spectral fits is illustrated in Fig. 8. In this
figure, four altitude levels are considered (99.3 km, 86.6 km, 79.7 km
and 72.6 km), at which the R(1) HF line of the 1-0 band is clearly seen
(4038.96 cm ™', inside the black box); the other spectral structures are
from the 00°2(1)-01'0(1) hot band of the CO, main isotopologue
(HITRAN notations (Rothman et al,, 2013)). All the number density
profiles from the main isotopologue are presented in panel A of Fig. 9.
The color code is the absolute latitude, such as in Fig. 1. The mean HF
profiles are calculated for a width of the moving average box equal to
+ 0.4 scale heights (see the definition in the Retrieval method section).
The error bars are not given for the sake of clarity: they range between
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Fig. 9. HF number density profiles (panel A) and VMR profiles (panel B). The color code is the absolute latitude (blue to red for increasing absolute latitude). The number
density profiles are given as a function of altitude; the VMR profiles are given as a function of pressure, the altitude is also shown in correlation with the pressure scale. The
error bars are not displayed for sake of clarity. They vary between 10% and 100%, with a mean value of 15%.

10% and 100%, with an average value of 15%. As for HCl, the relative pressure, to remove the variations of the mean atmosphere (Mahieux
error does not directly depend on the altitude level, but on the signal et al., 2014a). The average geometric standard deviation of the CO,
to noise ratio. The number density profiles are given as a function of profiles equals to 2.2. The profiles cover the 75 to 110 km altitude
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region. The geometric standard deviation of the density varies
between 1.4 and 2 with pressure, with an average value of 1.5. The
corresponding VMR profiles are presented in panel B of the same
figure, using the same color code; they are only calculated when a CO,
profile is available at the same pressure level, as for HCl. A positive
gradient with increasing altitude is observed in most of the profiles,
while others show nearly constant or decreasing VMR profiles.

One mean HF profile is calculated for all latitudes and both sides
of the terminator and is presented in Fig. 10. The mean HF VMR
profile is also calculated as a function of the total pressure, to remove

the variations of the mean atmosphere. The profile shows a positive
exponential slope with increasing altitude. The mean VMR is equal to
5ppbv+35% at 3.16 mbar (~80km), 6ppbv+52% at 1 mbar
(~84 km), 14 ppbv + 36% at 0.1 mbar (~94 km), 36 ppbv +33% at
0.01 mbar (~100 km) and 51 ppbv + 37% at 0.005 mbar (~ 105 km).
The SOIR mean VMR profile is compared to literature data. The value
reported by Connes et al. (1967) above the cloud deck is not within
the SOIR altitude sensitivity range: the HF lines are atmospherically
saturated at these pressure levels. However, the value lies within the
extrapolated SOIR standard deviation values at these pressure levels,
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assuming that the slope of the HF VMR profile does not show any
changes at higher pressure levels. Same conclusions can be drawn for
the value measured by Krasnopolsky (2010) 4 decades later in the
same altitude region (Fig. 10).

The time dependence of the HF VMR has also been investigated
here. All latitudes and both sides of the terminator are considered
together for this study, see Fig. 11 where the color code is the
absolute latitude, circles are for morning side and triangles for
evening side measurements, such as in Fig. 1. We observe a large
short-term variability of the VMR at each pressure level as a
function of time, up to one order of magnitude. At the lowest
pressure level, 0.01 mbar (~100 km), a long-term trend is obser-
ved, with a decrease from 48 + 2 ppbv in September 2006 (orbit
100) to 22 + 1 ppbv in May 2013 (orbit 2500), that is, a factor 0.5.
At 0.03 mbar (~97 km), the mean VMR also decreases from
234+ 1 ppbv to 17.3 + 1 ppbyv, or a factor 0.7. Inversly, at higher
pressure, the opposite is observed, with an increase from
12.9 + 0.3 ppbv to 16.3 + 0.4 ppbv the 0.1 mbar level (~94 km),
or a factor 1.3, and even larger at the 0.32 mbar level (~89 km),
with an increase from 5.5 + 0.1 ppbv to 10.6 + 0.2 ppbv or a factor
2 on the same period. This means that the mean vertical HF
gradient varies with time.

HF is usually not considered in chemical models of the Venus
atmosphere because of its low abundance and its low reactivity.
We speculate that since its VMR shows vertical variations, latitu-
dinal trends below 80 km and above 100 km, and long-term
trends, HF might however play a role in the chemistry cycles of
the Venus atmosphere. But, its abundance is much smaller than
the one of HCl (by a factor 100) and chemical reactions involving
HF could be slower than similar reactions involving HCL

5. Conclusions

HCl is one of the important active species that plays a role in
the major Venus chemical cycles (Krasnopolsky, 2012b; McElroy
et al., 1973; Mills and Allen, 2007; Prinn, 1971; Yung and DeMore,
1982). HF is present in much lower concentration in the Venus
atmosphere, with a volume mixing ratio usually a factor 100
smaller compared to HCl. In addition, HF photolysis begins at
180 nm where strong CO, absorption occurs on Venus and as a
consequence would be less efficient than HCl photolysis, starting
at 230 nm (Krasnopolsky et al., 2013). Usually HF is assumed to
play a minor role in the Venus atmosphere chemistry; however
this work indicates that it might play a role. Nevertheless, HCl and
HF chemistries are expected to be broadly similar.

The SOIR instrument regularly sounds the Venus atmosphere
using the solar occultation technique, and retrieves HCl and HF
vertical profiles at both sides of the terminator, in the 70-115 km and
75-110 km regions, respectively. All latitudes from pole to pole are
covered, with a lack of measurements in the 30°-60° North due to
the satellite orbit. From the number density profiles derived using
the ASIMAT algorithm, VMR profiles have been determined, using
only the simultaneous CO, measurements. HCl VMR values between
0.40 ppmv (Krasnopolsky, 2012a; Young, 1972) and 0.76 ppmv
(Iwagami et al., 2008) were reported above the cloud deck (between
~70 and ~74 km). At a pressure of 10 mbar (~74 km), we found
values of 55 ppbv + 134% (1-c standard deviation) in the polar bin,
one order of magnitude lower than the values reported in the
literature. For HF, Krasnopolsky (2010) reported a constant VMR of
3.5 ppbv near the cloud top, for latitudes between + 60°. The mean
value in this study at 3.16 mbar (~80 km) is about 5 ppbv + 35%.
Altogether, VMR values for both halides in this work are smaller than
those in previous studies.

The VMR profiles of both hydrogen halides show a positive
gradient in the 4 mbar (~78 km) to 0.02 mbar (~98 km), which is

not expected from models (Krasnopolsky, 2012b) that predict con-
stant VMR profiles in the SOIR sensitivity altitude range. Sandor and
Clancy (2012) even reported a negative gradient of the HCl VMR with
altitude, in the 65-125 km region, yet at other local solar times.
However, the HCl VMR derived in this study is nearly constant for
pressure ranges larger than 4 mbar (lower than ~78 km) and lower
than 0.02 mbar (larger than ~98 km). It seems difficult to explain
the positive gradient at this stage but it should be noted that a
positive gradient has also been observed for SO, (Belyaev et al., 2012;
Mahieux et al., 2014b; Moullet et al., 2013) and HCI and SO, are
linked by chemistry in the Venus mesosphere.

The long-term variations were investigated for both species,
and the latitude variations were addressed for HCI. The latest does
not present large latitude variations for the latitudes bins con-
sidered in this work. The short-term variations are dominant at all
latitudes. Long-term variations for constant pressure levels in the
equatorial region (0°-30°) show that the HCl VMR at the lowest
pressure level, 0.32 mbar (~88 km), followed a constant expo-
nential increase of a factor nearly equal to 3. In the polar regions,
an important exponential increase was observed between August
2006 and October 2008, varying in strength with the pressure
levels, followed by a weak decrease until November 2012, also
pressure dependent. The chemical, physical or dynamical effects
producing these time dependent vertical gradients are unknown.
The HF long-term variations show same order logarithmic VMR
gradient with time in the 0.01 mbar (~100 km) to 0.32 mbar
(~89 km) region. However latitudinal variations of HCl and
long-term variations of both HCl and HF VMR are about a factor
2 to 3, while differences in VMR related to the pressure are lower
than one order of magnitude and on the short-term the VMR can
vary up to one order of magnitude for a given pressure level.
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