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profiles of carbon monoxide (CO) densities and volume mixing ratios (vmr), spanning the 65-150 km
altitude range. We discuss the methodology used to derive the profiles and the validation process
implemented to ensure the quality and reproducibility of the results. Influence of ancillary data, such as
temperature, is discussed. High variability of CO densities and vmr is observed in relatively short term
periods. Correlation between CO and CO, densities, as well as between CO and temperature above
110 km, corroborates that the major process at those altitudes is the photodissociation of CO, into CO.
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1. Introduction

Carbon monoxide (CO) is produced by photodissociation of CO,
on the day side in the upper atmosphere of Venus by solar UV
radiation. Products of the dissociation, CO and O, are transported
to the night side by the subsolar-to-antisolar (SS-AS) circulation,
most active at high altitudes (above 120 km). The 3-body CO+0
recombination reaction into CO, is very slow and, alone, cannot
explain the low O, abundances observed in the Venus atmosphere.
Faster recombination processes through catalytic cycles involving
chlorine (CIO4) or hydrogen (HO,) oxides have been proposed
(Krasnopolsky and Parshev, 1983; Krasnopolsky, 2012; Yung and
DeMore, 1982) as well as catalytic CO oxidization reactions within
the clouds (Mills and Allen, 2007; Mills et al., 2007).

CO abundance above the clouds was first measured by Connes
et al. (1968) who deduced a disk-average mixing ratio of
45 + 10 ppm at 64 km. Krasnopolsky (2008) investigated the
latitudinal distribution of CO using the ground-based CSHELL
instrument at NASA's Infrared Telescope Facility (IRTF), reporting
an average value of 70 + 10 ppm at 60° latitude and 8 am local
solar time for altitudes between 68 and 71 km. Krasnopolsky also
indicated a 10% variability of the CO measurement, which he
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associated to atmospheric dynamics. Observations at millimeter
and sub-millimeter wavelengths have shown that the CO abun-
dance is very variable at high altitudes (around 100 km) (Clancy
and Muhleman, 1985, 1991; Clancy et al., 2008, 2012b; Gurwell et
al.,, 1995). Irwin et al. (2008) reported latitudinal distribution of CO
above the cloud level using VIRTIS-M/VEX observations. They
found an average value of 40 + 10 ppm (at 65-70 km) with little
variation in the middle latitudes. CO densities at higher altitudes
(100-150 km) were obtained by Gilli (2012); Gilli et al. (2015)
using the 4.7 pm non-LTE emission band of CO observed by
VIRTIS-H. Iwagami et al. (2010) observed nearly uniform distribu-
tion of CO above the clouds consistent with the findings of
Krasnopolsky (2008). CO has also been observed below the clouds
by ground-based instruments (Bézard et al., 1990; Crovisier et al.,
2006; Lellouch et al., 1994; Marcq et al., 2014, 2005, 2006; Pollack
et al., 1993) and VIRTIS on board Venus (Marcq et al., 2014, 2006;
Sung and Varanasi, 2005).

The Solar Occultation in the IR (SOIR) instrument has been
designed to measure spectra of the Venus atmosphere in the IR
region (2.2-4.3 pm) 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 (Fedorova et al., 2008; Mahieux et al., 2010,
2012; Vandaele et al., 2008). SOIR is an extension mounted on top
of the SPICAV instrument (Bertaux et al., 2007a). SPICAV/SOIR is
one of the seven instruments on board Venus Express, a planetary
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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 SOIR instrument is unique in terms of
spectral coverage and spectral resolution (0.15cm~!), and is
ideally designed to probe the Venus atmosphere, above the cloud
deck, for CO, as well as trace gases. CO is particularly well covered
since the (2-0) band strongly absorbs in the 3900-4400 cm !
range, which is well inside the sensitivity range of the SOIR
instrument.

The instrument will be described briefly in the following
section. The CO spectroscopy is presented next, followed by a
detailed description of the method used to derive the vertical
profiles of CO densities directly from the SOIR spectra. Since CO»,
the major component of the atmosphere, is also measured with
the same instrument, sometimes even simultaneously during the
same occultation, CO volume mixing ratios (vmr) can be obtained.
We will also present the method developed to derive CO vmr
when no concomitant CO, is measured. Detailed analysis of
several selected periods of observation will then be performed.
These observations were selected in order to derive information
on the short term variability of CO.

2. Instrument description

The instrument has already been extensively described else-
where (Bertaux et al., 2007b; Mahieux et al., 2008; Nevejans et al.,
2006) and will only be briefly outlined here. SOIR is an Echelle
grating spectrometer operating in the IR, combined with an
acousto-optic tunable filter (AOTF) for the selection of the
recorded wavenumber interval. The wavenumber range covered
by the instrument extends from 2200 to 4370 cm ™! (2.2-4.3 pum)
and is divided into 94 diffraction orders (from 101 to 194). The
definition and limits of these diffraction orders are presented in
Vandaele et al. (2013). The bandwidth of the AOTF was originally
designed to be 20 cm™, as measured on ground before launch
(Nevejans et al., 2006), to allow light from only one order into the
spectrometer. However, the measured bandwidth of the AOTF
filter is ~24 cm™ (Mahieux et al, 2008), creating some order

leakage on the detector, since it is wider than one diffraction order.
Information from adjacent orders leaks onto the detector. This
effect is called superposition of orders hereafter.

The detector is made up of 320 pixels along the spectral axis
and 256 rows. The instrument entrance slit is projected on 32
rows. Due to telemetry limitations, only the equivalent of 8 rows
per second can be downlinked to Earth. In most of the observa-
tions 4 different values of the AOTF frequency are chosen to record
spectra in 4 different spectral intervals per second, hence increas-
ing the number of species potentially detectable simultaneously. In
that case, only 2 spectra per AOTF frequency can be downlinked,
corresponding to 2 ‘bins’ of rows on the detector. It was noticed
early on that the outermost rows of the slit projection on the
detector were not fully illuminated, so only the 24 central rows
were considered after orbit 332 (March 19, 2007), leading to the
definition of 2 bins of 12 rows each (compared to the 2 bins of 16
rows that were considered before orbit 332).

The resolution of the SOIR instrument varies slightly from the
first to the last order, from 0.12 to 0.20 cm ™!, as does the spectral
sampling interval which varies from 0.030 cm~! in diffraction
order 101-0.055cm™"! in order 194, increasing with the pixel
number and the diffraction order. Signal to noise ratio on the SOIR
transmittances varies between 250 and 5000 but is typically of the
order of 2000. These SNR values are deduced from the recorded
spectra as explained in Vandaele et al. (2013). The spectra used in
this work are PSA Level 3 calibrated data, which have been
intensively described in Vandaele et al. (2013).

3. CO spectroscopy

The CO molecule presents two absorption bands in the spectral
interval covered by the SOIR instrument. The most intense one (1-
0) is active in the 2000-2250 cm~! region, which lies at the limit
of the SOIR sensitive range. However, intense CO, absorption
overlaps the CO signature in that region, and those CO features
cannot be used. The (2-0) band covers the 3900-4400 cm’
spectral interval, as can be seen in Fig. 1, where the positions
and line intensities are from HITRAN 2008 (Rothman et al., 2009).
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Fig. 1. CO and CO, absorption features in the 3900-4400 cm ! spectral interval. Line intensities from HITRAN 2008 (Rothman et al., 2009) have been multiplied by typical
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In fact, another band, the (3-1) is also located in that spectral
range, but with smaller intensities. All isotopologues of CO are
shown, the notation being the one defined in HITRAN (the main
isotopologue '?C'®0 being designated by CO 26). Isotopic ratios
were considered to be the same on Venus as on Earth (Bézard et
al.,, 1987; Clancy and Muhleman, 1991). Typical intensities of
observed lines are presented in Fig. 1 for both CO and CO,, where
line intensities from HITRAN have been multiplied by typical
values of volume mixing ratio: 96.5% for CO, and 30 ppm for CO.
This figure, which was obtained for an altitude of 100 km
(temperature=171 K and pressure=2.4 x 102 mbar) shows that
the CO (2-0) band is the main absorber in this region and its
detection should not be impacted by the presence of CO, absorp-
tion structures. In particular, CO density profiles have been
retrieved from spectra recorded in orders 185-194 (4130-
4380 cm™ ). The altitude range probed depends on the strength
of the absorption lines considered. By combining different orders,
i.e. different line intensities, CO profiles can be provided from 65
up to 150 km altitude.

Broadening coefficients have been modified from the HITRAN
reported Earth-like air conditions to take into account the pre-
sence of CO, as the main buffer gas. Sung and Varanasi (2005)
reported CO,-broadened half-widths and CO,-induced line shifts
for the fundamental (1-0) of 2C'®0 at 201, 244, and 300 K, as well
as for the first (2-0) overtone and the second (3-1) overtone bands
at 298 K. We have considered their values for the lines in common
with the HITRAN database, corrected for the temperature,
HITRAN's reference temperature being 298 K. The lines which
are not reported in Sung and Varanasi have been corrected by a
conversion factor air-width to CO,-width derived from the com-
parison of available common values. The temperature coefficient
has been held constant for all lines (n=0.73), as suggested in Sung
and Varanasi (2005). The correction applied to the broadening
coefficients is illustrated in Fig. 2. Laboratory observations (Sung
and Varanasi, 2005), uncorrected air broadening coefficients from
HITRAN, as well as HITRAN values corrected for the presence of
CO, are all plotted together and compared. The correction has
been applied by considering all lines from the (1-0) and (2-0)

bands common to HITRAN and Sung and Varanasi (2005),
weighted by the measurement uncertainty. Whilst willing to use
the best available and more correct values of the broadening
coefficients, the SOIR resolution (0.15-0.2cm™!) precludes any
sensitivity to the pressure broadening of the lines (Vandaele et al.,
2013). As an example, the FWMH value at infinite resolution of the
R7 line of the (2-0) band of CO at 4288.29 cm™!, corresponding to a
temperature of 200 K and a pressure of 10 mbar is 0.00935 cm™',
almost 20 times narrower than the SOIR resolution in that order
(0.2 cm~1). The broadening effect becomes more pronounced with
increasing pressure however.

4. CO densities and mixing ratios retrieval
4.1. Description of the method

4.1.1. Simulation of SOIR spectra

The retrieval method has been fully described in Mahieux et al.
(2010, 2012) in the case of CO, density retrievals. It will be
summarized here and adapted when necessary to the detection
of trace gases, such as CO.

The solar occultation technique used by SOIR allows the
derivation of unique information about the vertical structure and
composition of the Venus mesosphere (Vandaele et al., 2008).
SOIR is looking towards the Sun and records spectra on a one
second cycle basis. Solar occultations occur when the line of sight
(LOS) of the instrument crosses the atmosphere of Venus. The
projection of the center of the slit on the limb during each single
measurement defines the tangent altitude. Because the spacecraft
is moving along its orbit, the instrument sounds the atmosphere of
the planet at different tangent altitudes. The attitude of VEX is
calculated using the Spice routines developed by NAIF (NASA
Ancillary Information Facility, Acton (1996)), and used by ESA for
the Venus Express mission.

The transmittance T; porecular due to all molecular species
present along the LOS path corresponding to the tangent height
L is obtained by multiplying the absorbance of all molecules in all
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Fig. 2. Correction applied on the HITRAN data to obtain CO broadening coefficients under a CO,-rich atmosphere. Blue stars are the measurements performed by Sung and
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the layers crossed

L Nmolecules
TL,Molecular = Ti,i (1)
j=1 i=1
where the transmittance T;; due to molecule i in layer j is
calculated using

T;j=exp [—n,-J-sjACS(tj,pj)} (2)

where n;; is the density of the molecule i in layer j, s; is the path
length within layer j, and ¢; and p; are the temperature and the
pressure in layer j. The molecular absorption cross sections (ACS)
in each layer are calculated by a line by line procedure, extensively
described in IASB-BIRA (2013); Vandaele et al. (2008). They
depend on the partial and total pressures, as well as on the
temperature in each layer.

The baseline of each transmittance is simulated as a polyno-
mial. In general a polynomial of order 2 is enough to reproduce the
shape of the observed baseline

TL,Baseline =ar+ (wn - wno)bL + (wn - wno)ZCL 3)

where a;, b, and ¢; are the polynomial coefficients, @, is the
wavenumber, wy, is the central wavenumber of the scanned order.
This baseline is linked to the extinction due to the aerosols present
along the line of sight. The treatment of the baseline in terms of
aerosol content has been described in detail by Wilquet et al.
(2012, 2009).

The synthetic spectrum I;, which will be compared to the one
recorded by the instrument, is the solar spectrum attenuated by
the effect of the atmospheric molecular species and aerosols,
convolved by the instrumental function

IL = ISun : TL,Baseline : TL,Molecular ® ILS(ReSOlSOIR) (4)
N e

instrument function

synthetic spectrum

with I, the Sun radiance (Hase et al., 2010) and ILS(Resolso;z) the
instrument function with the spectral resolution function of SOIR
(Vandaele et al., 2013).

As previously explained in the instrument description, the
bandwidth of SOIR's AOTF, used for the diffraction order selection,
is larger than the free spectral range of the echelle grating. To
correctly simulate the spectra measured by the spectrometer, the
contribution of adjacent orders also has to be taken into account.
Usually, the three first adjacent orders and the central order are
considered to form most of the observed transmittance. Finally
transmittances are calculated by dividing the simulated spectrum
by the equivalent full Sun spectrum (convolved by the instru-
mental function, I§,)

Siodes  AOTFil;

T= = — Norders

T Ylews — AOTFIS,

= —Norders

(3)

where T is the final transmittance, nqe;s is the number of adjacent
orders considered on each side of the central order, AOTF; is the
values of the AOTF transfer function in the order i.

To account for the physical size of the slit and the correspond-
ing effect on the vertical resolution of the instrument, an improve-
ment has been implemented into the retrieval algorithm (Mahieux
et al,, 2015). In the previous version, the ray tracing was calculated
by considering only one light path corresponding to line of sight
(LOS) defined between the tangent height and the center of the
selected bin on the slit. Since the vertical resolution of the
instrument varies a lot with the latitude of the measurement, this
introduced a bias in the retrieval. This would be seen in the results
as an altitude shift with latitude. In the improved algorithm, 24
light paths spread across the slit in both directions are now

considered, and the measurement at one altitude level is calcu-
lated as the algebraic average of the contributions of all paths.

4.1.2. The retrieval method

The retrieval algorithm is based on the Optimal Estimation (OE)
method developed by Rodgers (1990, 2000), considering all
spectra of one single solar occultation together. The different
tangent heights define the layering of the atmosphere, in which
the densities n;; are retrieved. Details of the implementation of the
method can be found in Mahieux et al. (2010). Different isotopo-
logues of one species can be retrieved separately, however in this
study, the retrieval of the CO density made no distinction between
the different isotopologues observed. We have indeed considered
that the isotopic ratios on Venus were the same as on Earth for C
and O atoms (Bézard et al., 1987; Clancy and Muhleman, 1991).

One crucial parameter in the Rodgers OE method is the a priori
knowledge that we have of the variables to retrieve. This covers the a
priori profile and the covariance matrix which represents the varia-
bility of the variable considered. These two quantities should be the
best knowledge we have of the problem to solve before starting the
analysis of the spectra: the a priori profile is taken from the VIRA
model (Hedin et al., 1983; Seiff et al., 1985) for trace gases and from the
VAST (Venus Atmosphere from SOIR measurements at the Terminator)
model for the CO, density. In this study we have considered diagonal
elements of the covariance matrix S, to represent a possible variation
of 25% around the a priori density (in logarithm) and non-diagonal
elements given by

N2
Sali.f) = /Sl i>sau',j>exp<— (%) ) ®)

to account for correlation between the densities at different altitudes.
The choice of the 25% variability was the result of a thorough
sensitivity study that was performed on different parameters appear-
ing in the retrieval method (Mahieux, 2011). In Eq. (6), z; and z; are the
heights between which the correlation is calculated and . is the
correlation length, which corresponds to 2 scale heights.

The retrieval is thus applied on all spectra acquired during one
occultation, i.e. on spectra recorded in each bin of the detector and
in all 4 spectral intervals, selected by the 4 possible settings of the
AOTF (8 spectra per second). By retrieving information simulta-
neously in all 4 spectral ranges, the method ensures the coherence
of the results. Indeed suppose that one order gives access to CO,
(and indirectly to temperature, see Mahieux et al. (2012)), these
CO, density and temperature values will be used to define the total
density and volume mixing ratio of the different trace gases that
might be detected using the other spectral ranges recorded at the
same time. This method also guarantees the coherence of the
results for one given species, when several intervals contain
information on this particular species.

The method is illustrated with the analysis of the spectra
recorded during orbit 706 (27/03/2008). The 4 different orders
recorded during this specific orbit are orders 149, 166, 190, and
191, corresponding to the 3329-3359cm~', 3709-3742 cm™ !,
4246-4283 cm~ !, and 4268-4305 cm~! spectral intervals respec-
tively. CO absorption features are present in the 190 and 191
intervals, while CO, lines are present in orders 149 and 166. Fig. 3
illustrates the quality of the fit of some individual spectra. In this
example, spectra obtained in the 4280-4300 cm~! region (order
191) are shown for six altitudes out of 40 available for this
occultation. For each altitude the observed SOIR spectrum (in
blue) and the fitted one (in green) are presented along with the
differences between them. Fig. 4 illustrates the method and
convergence and Fig. 5 presents the final results. All individual
CO and CO, densities retrieved from different spectra belonging to
one of the 4 spectral ranges (all bins considered) are shown as dots
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observed and fitted spectra.

in the figures. The different colors in Fig. 4 indicate the iteration
number: at the first iteration, all 4 spectral intervals are analysed
in parallel and independently; then the individual density values
leading to the detection of CO, (from orders 149 and 166) are
combined to provide one single profile of CO,. Similarly a single CO
profile is obtained by considering all points from orders 190 and
191. The density vertical profiles (plain lines in Fig. 4) are obtained
by applying a weighted linear moving average: at a given altitude
the final density will be the average value of all individual values
lying within two scale heights, weighted by their individual errors.
These density profiles will then be the starting point for the next
iteration. In this way, the new ‘a priori’ density profile takes into
account information from all available spectral intervals, and
covers an extended altitude range. Moreover, temperature, derived
from the CO, density by applying the hydrostatic relation, will also
change from one iteration to the next. In that case, since tem-
perature is deduced at each step from the CO, density (Mahieux et
al., 2012), the method ensures that temperature is also ‘fitted’ in
this iterative way and is used for the determination of all possible
targeted species. Convergence is achieved when two successive
density profiles agree within their respective error bars at all
altitudessq and for all species included in the retrieval. In this
particular case, convergence was achieved after 3 iterations. How-
ever it should be noted that doing this, the method we have
developed is not exactly the one proposed by Rodgers (2000),
since the new ‘a priori’ knowledge also contains information from
the data themselves. Rodgers (2000) has shown that using the
results from the previous iteration as ‘a priori’ reduces the speed of
convergence.

At the start of the procedure, all spectra satisfying the criteria
on the altitude range selection are considered. These criteria,

defined in Mahieux et al. (2012) concern the determination of
the first and last spectra corresponding respectively to (1) the
highest altitude when the absorption due to the targeted species
starts to rise above the noise level and (2) the lower altitude
when the observed absorption lines of the targeted species are
saturated. As the fitting procedure evolves, these limits are
adapted. This can be seen in Fig. 4 (iteration 2 on CO, Panel A),
where the retrieved CO density values implied that the lines in the
observed spectra were saturated below 85 km. Finally one supple-
mentary test is applied to keep or not the values of the retrieved
local density based on the use of the Degree Of Freedom (DOF)
returned by the OE procedure. The DOF represents the number
of independent values (ndof) that can be retrieved from the
data set. Only the first ndof highest eigen values of the OE retrieval
will be kept. This reduces in general the number of actual
values but ensures that only values which contain real information
coming from the observations are considered. In general,
the values that are rejected correspond to the highest altitudes
where the signature of the targeted species is too close to the
noise level.

The final results are illustrated for CO in Fig. 5. When consider-
ing each spectral interval separately, four density profiles are
obtained, shown in blue (order 190, bin 1), cyan (order 191, bin
1), orange (order 190, bin 2) and red (order 191, bin 2). They start
and end at different altitudes depending on the strength of the
lines present in each of the orders: intense lines provide informa-
tion on the highest layers where CO concentration is lower,
whereas weaker lines deliver information on the lowest layers.
The final CO density profile is again the results of a running
average of all individual density values, weighted by their uncer-
tainties. For this last step, it is possible to perform the running
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average by considering multiples or fractions of the scale height. In
this particular example, the final profile has been obtained with an
averaging over one scale height.

The primary results deduced from the analysis of SOIR spectra
are thus densities. Conversion to volume mixing ratio (vmr)
requires the knowledge of the total density, or that of CO,, if a

CO, vmr is assumed

n vmr

VMrco = o x YW co, (7)
Nco,

Two cases are encountered: either the CO, density is retrieved

simultaneously from one of the 4 orders dedicated to its detection
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and is directly used to obtain the CO vmr using Eq. (6), or no
information on CO, is available from the observation itself. In that
case, the CO, density will be derived from the VAST model, which
has been described in detail in Mahieux et al. (2012) and updated
in Mahieux et al. (2015). In both cases, an assumption is made on
the CO, mixing ratio (vmrcoz), whose values are taken from the
VIRA model - data from Seiff et al. (1985) for altitudes up to
100 km and from Hedin et al. (1983) above that altitude - have
been used. In the following, CO vmr will be shown only at altitudes
where CO, densites retrieved from the same occultation were
available.

4.2. Sensitivity study

From the description of the method and of the instrument, it
appears that several parameters may have an influence on the
retrieved densities of CO. The full description of the sensitivity
study performed on SOIR retrievals in the case of CO, can be found
in Mahieux (2011). In the present work we have adapted this study
to the retrieval of CO retaining only two major parameters, i.e. the
temperature and the number of orders included in the order
superposition. In the following the influence of both parameters
will be examined in detail.

Considering first the impact of the choice of the temperature
profile on the retrieval of the CO density, different temperature
profiles were used for the sensitivity study: 2 isothermal profiles
corresponding to 150 K and 200 K; the VIRA model (data from Seiff
et al. (1985) for altitudes up to 100 km and from Hedin et al. (1983)
above that altitude), and the VAST model (Mahieux et al., 2012).
Moreover, profiles + 20 K relative to VAST and VIRA were also
considered. In total 8 temperature profiles were used, shown in
Fig. 6. The complete test was performed for one orbit where all
four orders were dedicated to CO. Results of the sensitivity analysis
are shown in Fig. 7 for the order 191, similar results were obtained
for the other orders used to derive CO. First, both VIRA and VAST,
although different in shape, produce very similar CO densities at
all altitudes, including those corresponding to the warm layer
situated at 105 km and the cold layer above that present in the
VAST temperature profile. The same can be said for the
VAST +20K and VIRA + 20K profiles. The differences start to
appear below 95 km. The error on the CO density (Fig. 7, Panel
B) remains of the same order of magnitude for the 6 profiles built

on VAST and VIRA. The root mean square (rms) of the (fitted -
observed) transmittance does not change either (Fig. 7, Panel C).
The largest discrepancies (in density, but also in error and rms) are
obtained when using the two isothermal profiles. Errors for the
isothermal profiles start to increase at lower altitudes. This is the
consequence of the build-up of the discrepancies between simu-
lated and observed absorption features as absorption accumulates
in the lower layers. These results are encouraging, indicating that
the determination of the CO density is not influenced by the a
priori temperature profiles, provided that the profile is realistic.

The second parameter which has been investigated is the
number of adjacent orders taken into account when simulating
the order superposition effect (Eq. (5)). Several cases are consid-
ered: only the central order is simulated without any adjacent
order (n=0), then increasing the number from 1 to 4 on each side
of the central order. Note that the default value used in almost all
retrievals corresponds to n=3. Results of the sensitivity study are
shown in Fig. 8 for order 189, similar results were obtained for the
other orders. Clearly, only considering the central order is not
sufficient to reproduce the observed spectra. However conver-
gence is achieved very fast when the first two adjacent orders
(n=1) are at least included. No gain is added by considering n=4
compared to n=3, which confirms that this value is a good
compromise between computation speed (the larger the number,
the more time consuming is the simulation) and accuracy, not only
for CO,, but also for trace gases.

5. Short term variability of CO

In this paper, we want to address the short term variability of
CO in the Venus mesosphere and thermosphere. We have selected
four particular sets of observations. Each selected set corresponds
to a series of occultations which were performed on a short time
period. Fig. 9 shows all observations performed by SOIR during the
first 14 Occultation Seasons (OS). The boxes indicate the 4 periods
selected for this study. For each of these groups of observations,
several occultations were carried out regularly over a short period
of time. These were also selected on the criteria that latitude
should not vary too much, in order to differentiate between
vertical resolution effect, latitudinal variation and short time
variation. Three groups of occultations have been obtained at
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latitudes between 60° and 90°N, and one at latitude 45-90°S.
Moreover, at such high latitudes, solar local time has no real
meaning, and can be thus considered not to influence the inter-
pretation of the results (valid for OS 8 and 12 in the following).
Details on the selected orbits are presented in Table 1,where orbit
number, date, solar local time, and latitude are given for each
observation. Orders recorded during each occultation are also
given with an indication of which species were targeted. In all

the selected observations, CO and CO, densities were obtained
simultaneously, so that CO vmr are defined using Eq. (6) in which
the local CO, concomitant densities are considered along with CO,
vmr from the VIRA model.

Results of the analysis of these four selected time periods are
shown in Figs. 10-13, where CO densities and vmr are plotted for
all orbits, as well as concomitant CO, densities. Temperatures
obtained for the orbits of OS 8 are also shown. CO decays rapidly
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within the mesosphere via photochemical recombination to CO,
through catalytic radical chemistry (Yung and DeMore, 1982), as
illustrated by the evolution of the CO density and vmr in all
figures. Two different regimes are observed for the CO evolution
with altitude. The altitude of 95 km seems to be the transition,
delimiting two regions where the slope of the CO density changes
with altitude. Considering all observations, we have indeed
obtained CO scale heights between 4 and 5 km below 95 km,
and between 8 and 12 km above that altitude. The lower scale
height obtained at lower altitudes is in very good agreement with
the scale height obtained by Marcq et al. (2014) who found values
of 3.5-4 km at an altitude of 70 km. The altitude of 95 km clearly
delimits two regions where CO is behaving differently. This
altitude also corresponds to the accepted transition between the

strong zonal winds which dominate in the mesosphere of Venus
and the SS-AS circulation driven by day-to-night temperature
gradients.

The first striking feature seen is the high variability of the
measured CO densities and vmrs, both within one group of
observations, but also from OS to OS. For example higher day-to-
day variability above 100 km is observed for the CO densities of OS
10 and OS 13 than those of OS 8. For some episodes, the CO
densities vary considerably over relatively short periods of time:
for example in OS 13, CO densities vary by more than a factor 10 at
an altitude of 120 km, but since the same level of variability is also
found, in this case, in the CO, density, the variability observed on
the CO vmr is small. To illustrate the reality of the observed
variability, spectra recorded during two nearly consecutive orbits
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Characteristics of the selected orbits: orbit number, date, ingress (IN) or egress (E), distances to Venus and to the limb, vertical resolution, latitude, local solar time (LST),
orders recorded and indication of which species were targeted (a=CO,, b=CO, c=HCl, d=HDO, e=H,0, f=HF).

Orbit  Date Type Distance to  Distance to  Vertical Longitude (deg) Latitude (deg) LST(h) Order1 Order2 Order3 Order 4
Venus (km) limb (km) resolution (km)
0S8
801 30/06/2008 E 632 2566 2 82 87.5 6 149a 130c 190b,f 114a
803 02/07/2008 E 636 2577 2 105 86.6 6 149a 130c 190b,f 115
805 04/07/2008 E 644 2597 2 120 85.4 6 149a 130c 190b,f 138
807 06/07/2008 E 656 2628 2 132 84.2 6 149a 130c 190b,f 139
809 08/07/2008 E 673 2671 2 143 82.8 6 149a 130c 190b,f 150
812 11/07/2008 E 712 2766 2 156 80.4 6 149a 130c 190b,f 177
815 14/07/2008 E 775 2919 2 169 773 6 149a 130c 190b,f 187b,f
0S10
1012 27/01/2009 IN 9147 13889 8 245 —41.7 18 121d 149a 171e 190b,f
1016  31/01/2009 IN 10098 14924 9 256 -59.5 18 121d 149a 171e 190b,f
1018  02/02/2009 IN 10405 15256 9 261 —68.1 18 121d 149a 171e 190b,f
1026  10/02/2009 IN 10561 15424 9 121 —781 6 121d 149a 171e 190b,f
1027  11/02/2009 IN 10461 15316 9 122 -73.9 6 121d 149a 171e 190b,f
1029  13/02/2009 IN 10183 15016 9 125 —65.6 6 121d 149a 171e 190b,f
1030  14/02/2009 IN 10006 14824 9 127 -61.3 6 121d 149a 171e 190b,f
1032 16/02/2009 IN 9576 14357 8 132 -52.8 6 121d 149a 171e 190b,f
1035  19/02/2009 IN 8744 13447 8 140 -395 6 121d 149a 171e 190b,f
0S12
1236 08/09/2009 E 248 1264 1 235 86.2 18 149a 130c 190b,f 152
1240  12/09/2009 E 237 1206 1 263 874 18 149a 130c 190b,f 152
1251 23/09/2009 E 220 1117 1 15 87.8 18 149a 109 110 111a
1255  27/09/2009 E 217 1101 1 44 87.2 6 149a 121d 171e 190b,f
1257  29/09/2009 E 216 1093 1 56 86.9 6 149a 121d 171e 190b,f
1259 01/10/2009 E 215 1087 1 67 86.5 6 149a 121d 171e 190b,f
1261  03/10/2009 E 214 1083 1 77 86.1 6 149a 121d 171e 190b,f
1263  05/10/2009 E 214 1081 1 87 85.7 6 149a 121d 171e 190b,f
1265 07/10/2009 E 214 1083 1 96 85.3 6 149a 121d 171e 190b,f
0S13
1336 17/12/2009 IN 733 2817 2 165 68.9 18 148a 189b,f 190b,f 191b,f
1337  18/12/2009 IN 678 2682 2 168 70.9 18 148a 189b,f 190b,f 191b,f
1339  20/12/2009 IN 576 2415 2 173 74.6 18 148a 189b,f 190b,f 191b,f
1340  21/12/2009 IN 543 2325 2 175 76.0 18 148a 149a 150a 190b,f
1342 23/12/2009 IN 498 2193 2 180 78.3 18 148a 149a 150a 190b,f
1343 24/12/2009 IN 481 2143 1 182 79.3 18 148a 189b,f 190b,f 191b,f
1347  28/12/2009 IN 438 2006 1 189 824 18 148a 149a 150a 190b,f

(807 and 809) are shown in Fig. 14 for two altitudes. As can be
seen, the absorption of CO is very different in these two orbits at
similar altitudes. To better show the high variability of the
observations, the standard deviations of the density and of the
vmr of CO are plotted in Fig. 15. Plots were obtained for each OS
separately (color curves) and for all data presented in this study
(dark curve). As it can be seen the variability within one OS (short
term variability) varies between 1.10 and 1.60 on the CO density
and vmr for altitudes ranging from 100 to 115 km. The variability is
expressed through the use of the geometric standard deviation,
which has been chosen to describe how spread out are the values
(density or vmr) for which the preferred average is obtained by
calculating the geometric mean. In this case the geometric
standard deviation is a dimensionless multiplicative number. The
geometric standard deviation on the complete data set for those
altitudes has a mean value of 1.5: observed density or vmr lie
between the mean profile/1.5 and the mean profile x 1.5. Generally
the variability of the CO density is higher and that of the CO vmr
lower at higher altitudes. This is clearly seen for OS 12 (see Fig. 15).
The variability of CO is not always reflected in that of CO,.

In OS 12 and OS 13, the variation in time of the CO density is
clearly visible (see Figs. 12 and 13, Panel A): in OS 12, the density
increased from orbit 1240 to 1261 and started to decrease after-
wards while in OS 13, the decrease of the density is taking place in
a progressive way from orbit 1336 to 1347. However, the CO,
density behaves quite significantly in different ways in these two
0S: in OS 12 there is no clear evolution with time, whereas in 0OS

13, the CO, density follows the same trend as the CO density,
decreasing smoothly with time. In that case, the resulting CO vmr
varies much less.

As we showed in the previous section, the CO retrieval itself is
not influenced by the temperature profile used during the analysis
of the occultation spectra. The correlation observed between
higher variability of CO abundance and of temperature is thus
independent of the retrieval and appears to be real. For OS 8 there
is a clear correlation between CO and CO, densities, as well as
between CO and temperature, as shown in Fig. 16. The correlation
between CO and CO, is clearly observed above 110 km (see Panel
A), less below that altitude, whereas correlation between CO and
temperature is present at all altitudes (see Panel B). The highest CO
densities are associated to the highest temperatures at a given
altitude. This would indicate that above 110 km the major process
influencing CO is the photodissociation of CO,, and that only
below 110 km do other processes come into play. The correlation
between CO, and temperature (see Panel C) is expected since the
temperature has been retrieved from the CO, densities. The
observed slopes is positive below 110 km and negative above that
level, which can be explained by the temperature vertical profile
(see Fig. 10, Panel D) showing a maximum at about 110 km
altitude.

Clancy et al. (2012b) also reported high variability of tempera-
ture and CO mixing ratio, both spatially and temporally. They
showed periods where up to 24 K and 133% spatial variations of
the temperature and the CO vmr respectively were observed
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between 95 and 100 km. They also mentioned several cases of
high temporal variability, with variations up to 100-200% (see for
example Fig. 9D in Clancy et al. (2012b)). They definitively saw a
correlation between a temperature increase above 95 km and a CO
abundance increase. They associated this correlation to the strong

downward vertical advection, drawing larger CO vmr at higher
altitudes downward leading to a strong compressional adiabatic
heating. In Tsang et al. (2009), CO abundances obtained from
VIRTIS observations are reported at an altitude of ~35km and
show unexpected high variability in space and time. The accepted
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scenario was that a Hadley-type cell would bring enriched CO air
from higher altitudes towards the lower layers of the atmosphere.
However the variability seen at 35 km led the authors speculate
that such a simple view was not consistent with the observations.

They concluded that the meridional circulation could be more
asymmetric than one single Hadley cell. This might imply that the
strength of the downwelling might be variable. Such a complex
circulation would also explain the high spatial and temporal
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variability seen in the SOIR data. Another explanation could densities obtained by Gilli et al. (2015) from the analysis of the
however lie in the existence of planetary waves. 4.7 pm non-LTE emission band of CO observed by VIRTIS-H are

The CO vmr and density profiles have also been compared with reproduced for the different local solar times (8 and 12 am, and
literature data. Results of this comparison are shown in Fig. 17. CO 4 pm) and for the different latitude bins considered in Gilli et al.
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(2014). The best agreement with the SOIR data is found for the two
curves corresponding to 8 am and 70-80N and 50-70N bins,
which is comforting. The largest difference is observed with data
corresponding to equatorial regions at 12 am, which would con-
firm the diurnal and latitudinal dependences previously observed
by others. Krasnopolsky (2012)'s profile is in very good agreement
from 65 km up to 110 km. Comparison with literature data con-
cerning the CO vmr is also very conclusive. Irwin et al. (2008)'s
value of 40 + 10 ppm at 65-70 km and that of Krasnopolsky at
70 km (70 ppm) are compatible with the values observed by SOIR.

A series of recent CO profiles obtained by the JCMT spectrometer
have been provided (Clancy, private communication). These spec-
tra have been obtained with the same instrument and in similar
conditions, whilst not in the same year, as the data described and
discussed in Clancy et al. (2012b). They all correspond to dayside
observations with local time varying between 8 and 11.30 am. The
vertical profile obtained by Marcq et al. (2005) from observations
performed at the NASA Infrared Telescope Facility (IRTF) in Hawaii
with the SpeX imaging spectrometer is also plotted in the figure.
All these profiles confirm the high variability observed in the SOIR



252 A.C. Vandaele et al. / Planetary and Space Science 113-114 (2015) 237-255

110 —

Altitude [km]

100 —

95 | | \ I
1 1.1 1.2 13 1.4

1.5 16 17 1.8 1.9 2

Geometric standard deviation factor on CO density

120

=

4

110 —

Altitude [km]

105 —

95 | i | \

1 11 1.2 13 14

1.5 16 17 1.8 1.9 2

Geometric standard deviation factor on VMR CO

Fig. 15. Geometric standard deviation of the density (A) and of the vmr (B) of CO are shown as a function of altitude. Plots are shown for each OS (color curves: red - OS 08,
blue - OS 10, cyan - OS 12, and green - OS 13) and for the complete data set (dark curve).

profiles and the occurrence of profiles of decreasing CO vmr down
to lower altitudes.

6. Conclusions

CO densities and vmr have been measured by the SOIR
instrument on board Venus Express on a regular basis since the
beginning of the mission. Observations cover both hemispheres
from 90S to 90N latitudes, but are all obtained at the terminator
(LST 6 am and 6 pm). In this study we investigated the short term
variability of CO by focussing on four periods of time where CO
measurements were obtained close together. They correspond to
high latitude observations. CO retrieval was described in detail and
was shown to be independent of the temperature profiles used for
the analysis of the spectra.

High variability from day to day but also from one occultation
season to the other was demonstrated. Timescales involved are
small, defined on a day-to-day basis. The region sounded by SOIR
(65-150 km) corresponds to a region where different circulation
patterns coexist: the SS-AS driven by strong diurnal temperature
gradients, which is active essentially above 120 km, and the
retrograde zonal circulation. The latter is active in the lower
atmosphere (below 70 km). However it has been suggested that
gravity waves, generated in the unstable cloud region, could force

the retrograde zonal flow well above 70 km extending up to
higher altitudes (Bougher et al., 2006). Lellouch et al. (1994) also
suggested that a meridional component to the circulation might be
present in the lower thermosphere. The circulation modeling of
the Venus meso- and thermosphere is thus far from being fully
understood. Clancy et al. (2012a, 2012b) performed CO, tempera-
ture and wind measurements in the lower thermosphere of Venus
and reported that although the circulation in that region exhibits
large-scale instability, there was no clear association between the
amplitudes of the SS-AS and zonal winds and the observed
temperature and CO spatial and temporal variability. They postu-
late the existence of a distinctive circulation pattern that would
force large-scale air masses downward, creating dynamic increases
in temperature and CO mixing ratio. This additional circulation
would correlate with the timescale variations they observed on
the nightside. Interestingly Hueso et al. (2008) showed that within
0O, airglow small-scale features (~100 km) were embedded in
larger scale structures (~1000-3000km) and seemed to be
correlated to regions of strong subsidence associated with down-
ward flows increasing the volume concentration of O atoms and
inducing adiabatic warming, while the larger structures had their
own motion characterized by timescale of a few hours with day-
to-day changes. The transition region between the SS-AS and the
retrograde zonal flow is thus far from being understood and will
require additional efforts from modelers.
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Fig. 16. Correlation between CO and CO, densities and temperature. The correlation between CO and CO, densities, temperature and CO densities, and temperature and CO,

densities are plotted in Panels A, B, and C respectively, for different altitudes.

A clear correlation was found between CO abundance, CO, and
temperature for altitudes above 110 km. The correlation is less
pronounced for lower altitudes. This confirms that above 110 km
the main process is the photodissociation of CO, to CO. This is also
a confirmation that other processes in which CO is involved, such

as cloud formation or participation in the catalytic cycles to
recombine into CO,, occur at lower altitudes. As an example
Krasnopolsky (2012) indicates (Fig. 2 in Krasnopolsky (2012)) that
CO, dissociation occurs at altitudes higher than 70 km and is the
dominant process above 100km, whereas the catalytic
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recombination through CICO is mostly active between 70 and
90 km, and the loss of CO in the cloud formation cycle has to be
considered for even lower altitudes.

Observations performed by SOIR will hopefully help under-
stand the processes and possible flow patterns, as they cover a
very interesting region, i.e. the terminator separating the day and
night sides on the planet. In near future this analysis will be
extended to the complete CO data set obtained with SOIR. We will
then be able to investigate the long term evolution of CO and the
correlation existing between this species and others that have
been measured either by SOIR or other instruments on board
Venus Express.
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