N
N

N

HAL

open science

Mapping the thermal structure and minor species of
Venus mesosphere with ALMA submillimeter
observations
A. Piccialli, R. Moreno, T. Encrenaz, T. Fouchet, E. Lellouch, T. Widemann

» To cite this version:

A. Piccialli, R. Moreno, T. Encrenaz, T. Fouchet, E. Lellouch, et al.. Mapping the thermal structure
and minor species of Venus mesosphere with ALMA submillimeter observations.

Astrophysics - A&A, 2017, 10.1051/0004-6361,/201730923 . obspm-02268089

HAL Id: obspm-02268089
https://hal-obspm.ccsd.cnrs.fr /obspm-02268089

Submitted on 2 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Astronomy and


https://hal-obspm.ccsd.cnrs.fr/obspm-02268089
https://hal.archives-ouvertes.fr

A&A 606, A53 (2017)
DOI: 10.1051/0004-6361/201730923
© ESO 2017

tronomy
Astrophysics

Mapping the thermal structure and minor species of Venus
mesosphere with ALMA submillimeter observations*

A. Piccialli**, R. Moreno, T. Encrenaz, T. Fouchet, E. Lellouch, and T. Widemann

LESIA, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ. Paris 06, Univ. Paris Diderot,
Sorbonne Paris Cité, 5 place Jules Janssen, 92195 Meudon, France
e-mail: arianna.piccialli@aeronomie.be

Received 3 April 2017 / Accepted 27 June 2017

ABSTRACT

Context. Water vapor and sulfur compounds are key species in the photochemistry of Venus mesosphere. These species, together
with mesospheric temperatures, exhibit drastic temporal variations, both on short timescales (diurnal and day-to-day) as well on long
timescales, far from being understood.

Aims. We targeted CO, SO, HDO and SO, transitions in the submillimeter range using the Atacama Large Millimeter Array (ALMA)
to study their spatial and temporal variations.

Methods. Four sets of observations were acquired on different dates in November 2011 during the first ALMA Early Science obser-
vation Cycle 0. Venus angular diameter was about 11" with an illumination factor of 92%, so that mostly the day side of the planet
was mapped. Assuming a nominal CO abundance profile, we retrieved vertical temperature profiles over the entire disk as a function
of latitude and local time. Temperature profiles were later used to retrieve SO, SO,, and H,O. We used HDO as a tracer for water
assuming a D/H enrichment of 200 times the terrestrial value.

Results. We derived 3D maps of mesospheric temperatures in the altitude range 70—105 km. SO, SO,, and H,O are characterized by
a negligible abundance below ~85 km followed by an increase with altitude in the upper mesosphere. Disk-averaged SO abundances
present a maximum mixing ratio of 15.0 = 3.1 ppb on November 26 followed the next day by a minimum value of 9.9 + 1.2 ppb. Due
to a very low S/N, SO, could only be derived from the disk-averaged spectrum on the first day of observation revealing an abundance
of 16.5 + 4.6 ppb. We found a SO,/SO ratio of 1.5 + 0.4. Global maps of SO reveal strong variations both with latitude and local
time and from day to day with abundance ranging from <1 to 15 ppb. H,O disk-averages retrievals reveal a steady decrease from
November 14 to 27, with the abundance varying from 3.6 + 0.6 ppm on the first day to 2.9 + 0.7 ppm on the last day. H,O maps reveal
a slightly higher abundance on the evening side compared to the morning side and a strong depletion between the first and the second
day of observation.

Key words. planets and satellites: atmospheres — planets and satellites: individual: Venus — submillimeter: planetary systems —

radiative transfer — instrumentation: interferometers — methods: data analysis

1. Introduction

Venus’ mesosphere (60—120 km altitude) exhibits complex pho-
tochemistry cycles and dynamical processes that are still poorly
understood. Strong variability, on both short (day-to-day) and
long timescales, affects the thermal structure of this atmospheric
region, especially near the morning and evening terminators,
where large density and temperature variations were observed
(Clancy et al. 2012; Mabhieux et al. 2015; Piccialli et al. 2015).
Sulfur dioxide and water vapor are key species in the photo-
chemical cycles taking place in the troposphere and mesosphere
of Venus (Mills et al. 2007; Zhang et al. 2012). Both molecules
are abundant in the lower troposphere (150 ppm and 30 ppm
respectively, Marcq et al. 2008; Bézard et al. 2009). Convective
transport, together with the Hadley circulation, carries them
up to about 60 km where SO, is photodissociated and com-
bines with oxygen atoms to form SO3. SOj3 reacts with H,O to
form H,SO,4 which condenses as clouds enshrouding the planet.

* Reduced datacubes (FITS files) are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/606/A53
** Now at the Planetary Aeronomy, Belgian Institute for Space Aeron-
omy, 3 av. Circulaire, 1180 Brussels, Belgium.

Article published by EDP Sciences

Above the clouds, both SO, and H,O are depleted down to about
0.1-1 ppm and 1-2 ppm respectively.

Observations in the ultraviolet (UV) and in the infrared (IR),
using Venus Express (Marcq et al. 2011; Belyaev et al. 2012), as
well as in the submillimeter and in the IR, during ground-based
campaigns (Sandor et al. 2010; Encrenaz et al. 2012, 2013), de-
tected strong temporal variations of both SO and SO, abun-
dances. SO, was found to change on a timescale as short as a
couple of hours above the cloud top (~64—70 km) (Marcq et al.
2011; Encrenaz et al. 2013, 2016). Sandor et al. (2010, 2012)
observed SO to be much more depleted on the night side, con-
sistent with the hypothesis that SO is a photodissociation prod-
uct of SO, with a short lifetime. Surprisingly, they also found
the abundances of SO and SO, at ~85—100 km to be signifi-
cantly larger than those at 70—85 km, implying the presence of
an extra source of sulfur, possibly in the form of sulfur aerosols
(Sandor et al. 2012).

HDO and H,O have been observed in the upper mesosphere
(~70—100 km) at millimeter and submillimeter wavelengths re-
spectively (Sandor & Clancy 2005; Gurwell et al. 2007). These
studies revealed temporal variability, with a 1-2 months
timescale variations dominating. Gurwell et al. (2007) observed
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Table 1. Observations parameters.

Date (November 2011) Time (UT) Venus angular diameter  Beam size at 345.8 GHz
14 22:15-22:53 10.979” 3.20” x 2.59”
15 20:39-21:11 11.007” 2.74” x 2.46”
26 21:24-22:02 11.363” 2.82" x2.42”
27 21:07-21:58 11.398” 2.69” x 2.42"

a rapid decrease of water vapor over the course of five days,
explained as the consequence of moderate variations in the
temperature.

Ground-based observing campaigns of Venus were orga-
nized in support of space exploration observations since the early
stage of Venus Express operations in 2006 (Lellouch & Witasse
2008; Lellouch et al. 2008; Rengel et al. 2008a; Clancy et al.
2012; Sonnabend et al. 2012). Earth-based observations provide
complementary information to spacecraft data by allowing a
complete view of the planetary disk at a given time and a long-
term coverage, which is of particular interest after the official
end of Venus Express operations in January 2015. The Atacama
Large Millimeter Array (ALMA) offers a unique opportunity of
probing Venus upper mesosphere (60—120 km) and of monitor-
ing minor species, winds and the thermal structure. A first set
of observations was obtained in November 2011 during the first
ALMA Early Science observation cycle (Encrenaz et al. 2015).
These observations targeted SO,, SO, HDO and CO transitions
around 345 GHz during four sequences of 30 minutes each.
Venus angular diameter was about 11" with an illumination fac-
tor of 92%, so that mostly the day side of the planet was mapped.

In a preliminary study, Encrenaz et al. (2015) analyzed the
disk-averaged spectra for the first two runs of ALMA observa-
tions, acquired on November 14 and 15, 2011. In this paper, we
present the study of the thermal structure, water vapor and sul-
fur species for the full ALMA data set. We analyzed all spectra
maps with sufficient signal-to-noise ratio (S/N) in order to build
3D maps of temperature and to study the spatial and temporal
variability of minor species.

ALMA observations are detailed in Sect. 2. In Sect. 3 we
describe our model and the retrieval algorithm. Results are pre-
sented in Sect. 4 and discussed in Sect. 5. Our conclusions are
summarized in Sect. 6.

2. Observations and data reduction

Observations of Venus were obtained using the ALMA inter-
ferometer within the project labeled 2011.0.00136.S. We ob-
served — with a single receiver tuning setup — the CO, SO,
SO, and HDO rotational lines at frequencies of 345.795 GHz,
346.528 GHz, 346.652 GHz and 335.395 GHz, respectively. The
spectral resolution (originally 61 kHz) was binned to 0.35 MHz
in order to optimize the S/N. These observations were ob-
tained on November 14, 2011, between 22:15 and 22:53 UT;
on November 15, 2011, between 20:39 and 21:11 UT; on
November 26, 2011, between 21:24 and 22:02 UT; and on
November 27, 2011, between 21:07 and 21:58 UT. During each
observing run, between 14 and 17 antennas of the main ALMA
interferometer array were available. The planet’s apparent an-
gular diameter varied between 10.97” to 11.39”, which we fi-
nally re-scaled to a common scale of 11" for a better day-to-day
comparison. Table 1 summarizes all observation parameters. The
average illumination factor was of 0.92, therefore we observed
mainly in the day side. A small part of the night side is also
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visible on the left-side of the maps presented in Figs. 1-4 be-
yond the evening terminator in the east limb.

The data reduction was performed with the ALMA Com-
mon Astronomy Software Applications package (CASA!). In
order to calibrate the raw visibilities (i.e., the Fourier transform
of the image that measures an interferometer array), as a first
step we calibrated the spectral response of the heterodyne re-
ceiver bandwidth (bandpass) on the strong quasar J1924-292. To
reduce the effect of atmospheric turbulence in front of the an-
tenna, the amplitude and phase variation versus time were cali-
brated using the quasar NRAO530 (measured every eight min-
utes) which was nearby Venus. The planet topocentric velocity
was corrected directly on the individual visibility using the task
CVEL in order to obtain spectra in the planetocentric velocity
frame. The next steps were performed using the GILDAS soft-
ware”, a radio-astronomical package developed by the Institut de
Radio-Astronomie Millimétrique (IRAM). To improve the phase
calibration and therefore the images quality, a “self-calibration”
task was applied to the phase of all visibilities using the known
continuum disk-like shape of Venus. Moreover, the measured
fluxes were scaled to the continuum of our Venus model. The
relative calibration is mainly measured with the day-to-day con-
tinuum flux variation of the deconvolved images. Such a method
gives a relative flux accuracy of 1-2%, allowing an accurate
comparison for the short/long term variations of the ALMA data
analysis. On the other hand, our ALMA absolute flux accuracy
of Venus depends on the continuum model uncertainty which is
of 5%. This value is driven by the absolute uncertainty of the
Venus atmospheric temperature at an altitude of 57 km.

For clarity, we have oriented the North Pole on the top of all
of our figures, by correcting the planet’s North Pole position an-
gle directly in all visibilities. Since the synthesized beams were
different on each day, due to a different number of antenna and
maximum baseline, we had to perform a baseline tapering to ob-
tain a similar synthesized beam for the four observing runs. The
elliptical tapered synthesized beams at 345.8 GHz are summa-
rized in Table 1. The final step corresponds to the imaging pro-
cess, in which we have obtained the deconvolved images using a
CLEAN task with the Hogbom algorithm.

CO and SO absorption lines were detected and mapped on
each day (peak S/N of the spectral lines maps on CO > 1000,
and on SO > 10), but HDO absorption line was only detected on
November 14, 15, and 27, 2011 and SO, absorption line was
only detected on November 14, 2011. Moreover, HDO had a
high enough S/N to be mapped only on the first two runs (peak
S/N of the spectral lines maps on HDO > 6). The analysis of
the spectral maps in Sect. 3 are therefore focused on the spectral
maps detections with sufficient S/N: CO and SO on all observed
runs, and HDO on November 14 and 15, 2011. Figures 1—-4 show
the final spectral maps of the CO and SO obtained on November
27, 2011 and HDO on November 15, 2011. Most of the other
observations used in the spectral maps analysis in Sect. 3 were

' https://casa.nrao.edu/
2 https://www.iram.fr/IRAMFR/GILDAS/
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presented in the Encrenaz et al. (2015) paper which focused on
the disk-averaged analysis and disk-center spectra.

3. Data analysis
3.1. Radiative transfer model

We built a line-by-line non-scattering radiative transfer model
adapted from Encrenaz et al. (2015) to compute synthetic spec-
tra of Venus in the submillimeter range. Our model atmo-
sphere consists of 141 levels equally spaced ranging from 0
to 140 km. As in Encrenaz et al. (2015), spectroscopic param-
eters were taken from the JPL Molecular Spectroscopy catalog

(Poynter & Pickett 1985). The values used for the computations
are summarized in Table 2. The parameter v, is the central
frequency of the line, Iy is the line intensity at 7 = 300 K,
and Ej is the energy level of the lower state of the transi-
tion (Poynter & Pickett 1985; Pickett et al. 1998). Ay is the
HWHM (Half-width half-maximum) of the pressure broaden-
ing at 1 bar and 7 = 296 K taken from the HITRAN database
(Rothman et al. 2005). A Lorentzian profile is used to calcu-
late the opacity. A discussion about the validity of the broad-
ening factor and its impact on the results can be found in
Encrenaz et al. (2015). Finally, n is the coefficient of tempera-
ture dependence of the broadening factor Ay(7") obtained re-
spectively by Varanasi et al. (1987) for CO, by Varanasi (1971)
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for HDO, and by Bézard et al. (1990) for SO and SO;. At mil-
limeter wavelengths the continuum opacity is mainly defined
by the CO,—CO, collision induced absorption. The CO, ab-
sorption coefficient was then calculated following the method
of Ho et al. (1966). Our radiative transfer algorithm takes into
account the contributions of the individual line-of-sight calcu-
lated as a function of the distance D from Venus’s center (with
D in the range 0—6051.5 km), then convolved with the synthetic
beam of the array and finally co-added. The limb contribution
was not included. Synthetic spectra were computed with a sam-
pling of 0.1 MHz before convolution to the appropriate instru-
mental spectral response function (Av = 0.35 MHz).
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3.2. Temperature retrieval

The CO line contrast and shape depend both on the atmospheric
temperature profile and on the CO mixing ratio profile. Our
dataset contains only one CO transition (vy = 345.7960 GHz),
so it is not possible to retrieve the CO mixing ratio and the
temperature simultaneously. In order to retrieve vertical tem-
perature profiles, we assumed a nominal day side CO abun-
dance profile (Fig. 5) obtained as an average of the 2000—2002
(Fig. 5) and 2007-2009 (Fig. 5) CO mixing ratio profiles from
Clancy et al. (2012) in the altitude range 70—106 km. We fixed
a CO mixing ratio of 27 ppm at 36 km (Marcq et al. 2008) and
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Table 2. Spectroscopic parameters of the observed CO, HDO, SO and SO; lines.

Parameters CO HDO SO SO,

vy (GHz) 345.7960 335.3955 346.5285 346.652

Iy cm™? atm™) 0.8150 x 10722 9.0506 x 1072  5.3368 x 1072 1.1060 x 107!
Ey (cm™) 11.5350 221.8395 43.1928 105.2994
Ay (cm™ atm™) 0.09 0.15 0.09 0.15

n -0.75 -0.35 -0.75 -0.75

Notes. See text for detail.

140

120; :

100;

~ -

80r

60r

Altitude, (km)

40}

Clancy 2000-2002
Clancy 2007-2009 [
Average (nominal)

150 200 250 300 350 400
CO mixing ratio, (ppm)

20¢

50 100
Fig. 5. CO vertical profile used for the temperature retrieval (orange
line). CO mixing ratios profiles in the altitude range 70-106 km
were obtained respectively from 2000-2002 (red dashed line) and

2007-2009 (blue dash-dot line) observations (Clancy etal. 2012).
Above 106 km we assumed a constant value.

30 ppm at 42 km (Bézard & de Bergh 2007). We assumed a con-
stant value above 106 km and below 28 km with a linear in-
crease of CO mixing ratio between 42 and 70 km, as seen in
Bézard & de Bergh (2007).

We tested the sensitivity of the retrieved temperature pro-
files to the initial choice of the CO mixing ratio profile. We
used the day side CO abundance profiles 2007-2009 (Fig. 5)
and 2000-2002 (Fig. 5) to retrieve the temperature profile in
five regions. We note that the CO abundance 2007-2009 pro-
file is about two times higher than the 2000—-2002 profile in the
altitude range 70—90 km. We found a percentage change in the
temperature profiles obtained using the two initial CO abundance
profiles smaller than 5% (10 K) at 85 km and smaller than 2%
(24 K) above 90 km.

Retrieval method

To retrieve the temperature, we adapted for Venus’ atmosphere
a constrained and regularized retrieval algorithm detailed in
Conrath et al. (1998) and more recently applied in Lellouch et al.
(2017) and Fouchet et al. (2016). An a priori temperature pro-
file is required as an initial input, temperature profiles are then
constrained to stay close to this a priori at altitudes where the
measurements contain no information. At altitudes where infor-
mation is available, the departure from the a priori profile was
regularized, or smoothed, to inhibit spurious vertical oscillations.

The radiance can be linearized with the temperature as:

= Ol

AL=) —L
£ 9T,

AT 1

where Al; is the difference between the observed and the syn-
thetic radiance at frequency v;, and AT is the difference between
the actual value of the temperature and its a priori value used to
calculate the synthetic spectrum. This equation can be written in
vectorial form as

Al = KAT. (2)

Here K is the Jacobian matrix (the matrix of the functional
derivatives) defined as: K;; = 0I;/9T, where I; is the radiance
at the wavelength v; and T; is the temperature at the altitude z;.
A formal solution of this equation is

AT = UAI  with U=aSKT(aKSK" + E)"". 3)

In this equation, S is the correlation matrix used to smooth the
output vertical profile; « is a factor that determines the weight
assigned to the data with respect to the a priori profile; E is the
covariance matrix of the measurement. In our cases it reduces
to a diagonal matrix. The values of S and a were determined
through numerical experiment. The retrieval algorithm proceeds
by successive iterations. In practice, the vector AT is the output
of the inversion process that must be added to the a priori tem-
perature profile for the next iteration. At each iteration we esti-
mated the fit quality as: y> = 3 (%—1)2 The iteration process was
1

stopped when the y? changed by less than 1% from one iteration
to another.

In order to fit the wings of the CO line and the center of the
line we needed to separate the iteration process in two steps. In
a first step, we performed the temperature inversion over the en-
tire CO band (Av = 200 MHz). This first retrieval allowed us
to obtain a good fit of the wings of the CO band, but not of the
center of the line. In the second inversion, only the center of the
CO line (Av = 4.5 MHz) was taken in consideration. Figure 6
displays, as an example, on the left panel the CO ALMA spec-
trum for observation #313 at the disk center on November 14,
2011, and on the right panel the retrieved temperature profile.
It is compared to VIRA (Venus International Reference Atmo-
sphere model) temperature profile, used as a priori.

As explained in Guerlet et al. (2009), the information content
of the data (the altitudes sounded and the vertical resolution) is
given by the functional derivatives d1;/0T ;. Figure 7 shows the
vertical profiles of the functional derivative for the observation
at the disk center #313 on November 14, 2011 at the center of
the line v; = 345.796 GHz, and at the frequencies: Av = 1 MHz;
Av = 10 MHz; Av = 500 MHz. The vertical profiles of the tem-
perature functional derivatives show where most of the radiation
at each wavelength originates from. The CO line gives us in-
formation on the temperature at different altitudes in the range
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3 = 90r Fig. 6. Lefr CO ALMA spectrum at
2 1701 13 345.7960 GHz for observation #313 at the disk
E 2 85f center (black solid line) on November 14, 2011.
160¢ 15 We over-plotted a synthetic spectrum (red dot-
/ 80t ted line) obtained using the nominal CO profile
1501 / . of Fig. 5 (orange line) and the retrieved temper-
140! ‘ / | 75} . | ature profile (red solid line) on the right panel.
/ R Right: Retrieved temperature profile (red solid
130 ‘ ‘ ‘ 79 ‘ ‘ MY line) as function of altitude. VIRA day side
—-100 =50 0 50 100 50 170 190 210 230 temperature profile (black dotted line) used as
Frequency, (MHz) Temperature, [K] a priori is also displayed.
Temperature functional derivatives 120 Obs: #313, Coordinates: (0"; 0")
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Fig. 7. Functional derivative as function of altitude for observation #313
on November 14, 2011 at frequencies: v; = 345.796 GHz (red line);
v; = 345.797 GHz (blue line); v; = 345.806 GHz (green line); v; =
347.296 GHz (black line).

60—120 km. The center of the CO line at v; = 345.796 GHz
probes the altitude region around 100 km. As frequency changes
from the line center to the wings, the contribution to temperature
from the lower mesosphere increases and the continuum has a
maximum of sensitivity around 60—70 km. It is however difficult
to estimate accurately the altitude where temperature retrievals
start to be independent from the continuum model. Therefore
we have conservatively estimated the minimum altitude of the
temperature retrievals at 70 km, in agreement with Clancy et al.
(2012).

The choice of the a priori profile plays an important role in
the retrieval process. We assumed as an a priori temperature pro-
file the VIRA day side profile (latitude: 0—30°) from Seiff et al.
(1985) from the surface up to an altitude of 100 km; above this
altitude we assumed a linear profile up to 140 km. We tested the
dependency of temperature retrievals to the choice of the a pri-
ori profile. Therefore, we used a “warm” and a “cold” profile as
a priori to retrieve the temperature for observation #313 in the
center of Venus’ disk. As can be seen in Fig. §, the warm and
cold a priori profiles coincide with VIRA below 60 km of alti-
tude, above this altitude they diverge. The retrieved temperature
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Fig. 8. Retrieved temperature profiles (solid lines), starting from three
different first-guess profiles (dashed lines), for the disk center observa-
tion #313 on November, 14. We used the CO vertical profile (orange
line) corresponding to the nominal case of Fig. 5.

profiles for the three cases converge below ~103 km of altitude
within 3% (+6 K) of percentage change. Above this altitude, re-
trieved temperature profiles depend on the choice of the a priori.

3.3. Retrieval of minor species

The retrieved temperature profiles were later used to model the
spectra of minor species. As for temperature retrievals, we fol-
lowed the same method of Conrath et al. (1998). The radiance
can be linearized as

0l
Al = ,Zl Fincgy 2@ 4)

where ¢ is the abundance profile. In vectorial form this equation
becomes: Al = MAln(q), where M is the functional derivative
matrix with respect to the logarithm of the mixing ratio of each
molecule. To calculate M, we simply calculated two spectra with
mixing ratios g differing by 10%, from which we could derive
d/;/dIn(g). We started from an a priori g profile and each iter-
ation gave as output the vector Aln(q) that needed to be added
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to the a priori profile for the next iteration. The iteration process
continued until the change in y? was less than 1%.

3.3.1. SO

Since 2004, Sandor et al. (2010) have monitored the SO transi-
tion revealing that it strongly varies with time. As an a priori
profile for our retrieval, we therefore chose two extreme cases to
allow all possibilities (See Fig. 9). We performed two inversions,
starting respectively from a depleted and a rich a priori constant
SO profile. As can be seen in Fig. 9 (bottom-left), the two re-
trieved profiles have a similar behavior between about 60 and
92 km of altitude and they both fit the SO spectrum (Fig. 9, top).
By calculating the functional derivatives for molecular abun-
dances, we can understand at which pressure level (altitude)
measurements are sensitive to the molecular abundance. Analyz-
ing the functional derivatives (kernel functions) for SO (Fig. 9,
bottom-right), it is clear that the absorption spectra are sensi-
tive to altitudes 80—100 km and have a peak sensitivity around
92 km. Measurements present a much weaker sensitivity to the
molecular abundance below 80 km. Above 90 km, since a unique
solution cannot be found, we assumed a constant value, which is
given by the intersection of the two curves and that also fits the
observed spectrum. It is then possible to derive a column density
of SO and an approximate constant profile above 90 km, which
can be used for comparison with previous literature observations.

We tested the sensitivity of SO retrievals to different tem-
perature profiles. We used as temperature profiles those derived
by assuming respectively the day side CO abundance profile of
2007-2009 (Fig. 5) and 2000-2002 (Fig. 5). The percentage
change of the retrieved SO column densities varies from one ob-
servation to another and it is in the range 1-6%.

3.3.2. Water

Following the same method described by Encrenaz et al. (2015),
we used HDO as a tracer for water. For consistency with that
study, we assumed a D/H enrichment of 200 times the terrestrial
value, which is also convenient for comparison with previous
studies.

For the retrieval of HyO we proceeded in a similar way
as for SO. We performed two inversions, starting respectively
from a depleted and a rich a priori constant H,O profile. The
two retrieved H,O profiles present a similar behavior between
60-90 km and they both fit the HDO spectrum (Fig. 10, top).
Above 90 km, since a unique solution cannot be found, we as-
sumed a constant value, which is given by the intersection of the
two curves. The kernel functions peak at about 94 km; the max-
imum of information comes from ~80—100 km. Measurements
present a much weaker sensitivity to the molecular abundance
below 80 km.

We also tested the sensitivity of H,O to different tempera-
ture retrievals (and CO input vertical profiles). We proceeded
as in the case of SO: we used as temperature profiles those de-
rived by assuming respectively the day side CO abundance pro-
file of 2007—-2009 (Fig. 5) and 2000—-2002 (Fig. 5). The percent-
age change of the H,O column densities varies between 2.5-5%
depending on the observation.

3.4. Error analysis

Table 3 summarizes the sources of error and the sensitivity of the
retrieved temperature and minor species to them. Errors on the

Table 3. Uncertainties in the retrieval of temperature (7'), SO, HDO and
SO, abundance.

Error source oT 6SO 0H,O 0SS0,
rms/line flux
14 Nowv. +5.6% +14% +24%
15 Now. +6.4% +15% -
26 Nov. +18% - -
27 Nov. +8.9% +22% -
CO input +5% *x1-6% +£2.5-5% +3-5%
A priori T +3% - - -
Total error
14 Nov. +8% +9% +18% +28%
15 Nov. +8% +10% +19% -
26 Nov. +8% +21% - -
27 Nov. +8% +12% +26% -

retrieved temperature and on minor species abundances result
from random noise in the measurements and they are quantified
in the inversion method (see Conrath et al. 1998). These random
errors are for temperature <0.1 K. However, uncertainties are
mainly dominated by a priori errors. Temperatures are particu-
larly stable against a change in the a priori profile between 70
and 103 km which induces a £3% (+6 K) uncertainty (Fig. 8).
Another source of error on the retrieval of temperature profiles
comes from the CO profile. A change in the input CO abundance
profile (we used the 2000—2002 and 2007-2009 CO abundance
profiles as tests) produces a +5% (10 K at 85 km) uncertainty
on temperature. The choice of the CO input profile has an effect
also on the retrieval of minor species. The CO uncertainty in-
duces respectively an error on the column density: of 1-6% on
SO, and of 2.5-5% on H,0O. As detailed in Sect. 2, the relative
calibration uncertainty is about 1-2%. This allows an accurate
analysis of the day-to-day variability. The global uncertainties
(linearly-summed) are listed in Table 3.

4. Results
4.1. Temporal variations of disk averages

As first step, we applied the inversion algorithm to spectra in-
tegrated over the entire disk. Figure 11 displays the results for
temperature profiles. Vertical temperature profiles were retrieved
for the four runs of observations and compared to the a priori
VIRA temperature profile. The uncertainty of the November 14
temperature profile is represented as an example by the colored
area. All profiles are colder than VIRA, they present a similar
behavior with a steady decrease up to about 85 km, followed
by an increase of temperature above 100 km. Day-to-day vari-
ations are observed with a maximum departure of ~10 K from
the VIRA profile observed on November 15. Such variations lay
well within uncertainties on temperature. Moreover, temporal
variations of 10—15 K in the upper mesosphere were also ob-
served previously on both day- and night sides on timescales as
short as 24 h by Clancy et al. (2003). With the exception of the
November 15 profile, all profiles converge above 100 km.

The retrieved temperature profiles were later used to derive
the minor components: SO, H,O and SO,. As explained in more
detail earlier, we used HDO as a tracer for water. Due to a low
S/N, H,0O and SO, could not be retrieved for all four sets of
observation. Table 4 summarizes the results of the retrievals.
SO does not change much from one day to another, with the
exception of November 26: we observe first a maximum mixing
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Kernel Functions

Fig. 9. Top: SO spectrum at 346.528 GHz for
observation #313 at the disk center on Novem-
ber 15, 2011 (black solid line). Bottom, left:
SO profile obtained from the depleted first-
guess profile (red). SO profile obtained from
the rich first-guess profile (blue). Final SO pro-
file obtained from the intersection of the first
two above ~90 km (orange). Dashed lines are
respectively the depleted (red) and the rich
(blue) a priori profiles. Bottom, right: Func-
tional derivatives as function of altitude for ob-
servation #313 on November 15, 2011 at fre-
quencies: v; = 346.528 GHz (red line); v; =
346.529 GHz (blue line); v; = 346.538 GHz
(green line).

Fig. 10. Top: HDO spectrum at 335.3955 GHz
for observation #313 at the disk center on
November 15, 2011 (black solid line). Bottom,
left: H,O profile obtained from the depleted
first-guess profile (red). H,O profile obtained
from the rich first-guess profile (blue). Final
H,O profile obtained from the intersection of
the first two above ~90 km (orange). Dashed
lines are respectively the depleted (red) and the
rich (blue) a priori profiles. Bottom, right: Func-
tional derivatives as function of altitude for ob-
servation #313 on November 15, 2011 at fre-
quencies: v; = 346.528 GHz (red line); v; =
346.529 GHz (blue line); v; = 346.538 GHz
(green line).
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Table 4. Retrieved disk-averaged abundance for SO, H,O and SO,.

Day SO H2O S()2
14th Nov 11.2.+ 1.0 ppb 3.6 + 0.6 ppm 16.5 + 4.6 ppb
©(33+03)x10“molem™  (1.2+0.2)x 107 molem™? (4.9 + 1.4) x 10" mol cm™>
10.5+ 1.0 ppb 3.3+ 0.6 ppm _
ISt Nov- 31 03)x 10¥ mol em™ (1.0 +0.2) x 10'7 mol cm-2 _
15.0 £ 3.1 ppb - _
26th Nov- (5 9.4 12) x 10" mol em2 _ -
27th Nov 9.9+ 1.2 ppb 2.9+ 0.7 ppm _

(4.3 £ 0.5) x 10" mol cm™>

(1.2 £ 0.3) x 10" mol cm™>

Notes. For each specie it is indicated the mixing ratio (ppm/ppb) at an altitude of 90 km and the column density (mol cm™2) integrated above

90 km.
. - 105
— VIRA
—— Day: 14 Nov ||
10_2 i — Day: 15 Nov 100
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Fig. 11. Retrieved temperature profiles derived from the CO spec-
tra integrated over the disk for the four days of observation: (red)
November 14; (blue) November 15; (green) November 26; (orange)
November 27. In black is plotted the VIRA temperature profile as ref-
erence. The colored area marks the uncertainty of the November 14
temperature profile.

ratio of 15.0 + 3.1 ppb and one day later we observe a mini-
mum value of 9.9 + 1.2 ppb. H,O appears to slightly decrease
between November 14 and 27, ranging from 3.6 + 0.6 ppm to
2.9 + 0.7 ppm. SO, could be measured only on the first day of
observation when we found a mixing ratio of 16.5 + 4.6 ppb.

4.2. Mesospheric temperatures

Four ALMA spectral maps provided a 3D picture of mesospheric
temperatures (~70—105 km) on the day side of Venus for both
hemispheres. Figure 12 displays a map of ALMA vertical tem-
perature retrievals for the first set of observation (November 14,
2011) compared to VIRA temperature profile. We present maps
of vertical temperature retrievals for the other three days of ob-
servation in the Appendix A. Temperature profiles show at all
latitudes and local times a similar behavior with a steady de-
crease of temperature up to an altitude of about 80—100 km, fol-
lowed by a regular increase of temperature. The altitude where
the inversion occurs changes with local time: it occurs at ~80 km
in the morning (right side of the figure) and it increases toward
the evening terminator (left side of the figure), where it occurs
around 100 km.

To study the variability of the thermal structure with latitude,
local time and from one day to another, we plotted global tem-
perature maps for the four sets of observation at two pressure
levels: 11 mbar (~74 km) and 0.01 mbar (~100 km) (Fig. 13).
At 11 mbar, temperatures increase by about 20 K from the morn-
ing side toward the evening terminator. A local maximum is ob-
served in the southern hemisphere at high latitudes close to the
evening terminator. Local minima are observed on the morning
side. This trend is inverted at 0.01 mbar. A decrease of about
18 K occurs from the morning side to the evening terminator.
The temperature field for the November 27 presents an excep-
tional behavior with a strong local maximum in the southern
hemisphere near the morning side followed by a strong mini-
mum on the northern hemisphere close to the evening terminator.

We analyzed the day-to-day variability by plotting the per-
centage difference between the thermal structure for the first day
of observation and that of the other two days and the difference
between the third and fourth day (see Fig. 14). As shown in
Table 3 the total relative error on temperature is 8%, therefore
variations above this value represent real geophysical variabili-
ties. The thermal structure does not seem to vary strongly from
one day to another. Temperature on November 15 are colder
compared to November 14. This behavior can already be seen in
Fig. 13; however, as seen in Fig. 14, the percentage change from
the first to the second day is less than +4—-5%, well within uncer-
tainties on temperatures, considering our retrieval error (8%) in
Sect. 3. The difference in temperature between November 14 and
26 is even less pronounced. An exception is the thermal structure
of the November 27. Compared to November 26 we observed
percentage changes up to +£12%, well above the noise level, in
particular above 90 km.

4.3. SO

Figure 15 displays global maps of SO for the four days of ob-
servation. The SO spatial distribution varies strongly from one
day to another. As for the disk-averaged retrievals, the SO abun-
dance does not change much between November 14 and 15.
A maximum is then observed on November 26 followed by a
strong decrease on November 27. The total error for the SO line
changes between 9% and 21%, therefore the variations observed
are well above the noise level. Retrievals close to the limb need
to be interpreted cautiously since our radiative transfer calcula-
tions do not include limb-sounding geometries. Each SO map
displays also strong latitudinal and local time variations. On
November 14, SO is present everywhere over the disk except
on the night side. It seems enhanced in the northern hemisphere
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Fig. 12. Map of temperature retrievals (red lines) as function of pressure for the November 14, 2011. The black line correspond to the VIRA
temperature profile. The right limb corresponds to the morning at local time 9 h, and the left limb corresponds to the evening at local time 19 h.
The altitude scale on the right is approximate. Numbers in parentheses are the angular offsets relative to the planet center (AX, AY in arcsec).

on the morning side and in the south near the evening terminator
where a maximum is observed. A similar behavior is observed
on November 26. On November 15, SO is enhanced uniformly
near the evening terminator. November 27 exhibits a depletion
of SO everywhere over the disk, except in the south near the
evening terminator.

4.4. Water

Figure 16 displays global maps of H,O column density
(10'7 mol cm™2) for the first two sets of observation. The S/N on
November 26, and 27 is not sufficiently high to allow a retrieval
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of the H,O profiles. The HDO line is detected everywhere on the
disk, for both days. Retrievals close to the limb need to be inter-
preted cautiously since our radiative transfer calculations do not
include limb-sounding geometries. On November 14, H,O abun-
dance presents a minimum (~1 x 10'” mol cm~?) on the morning
side, it increases with local time reaching a maximum value of
~1.4 x 10" mol cm~2. H,O exhibits a strong depletion by a
factor of almost two from the first to the second day. This varia-
tion is above the noise level (+19%). Consequently, the observed
abundance variability indicates real variations. On November
15 two local maxima with values of ~0.5—1 x 10'” mol cm™
were observed close the evening terminator in the northern hemi-
sphere and at mid-latitudes in the southern hemisphere.
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Fig. 13. Global maps of retrieved ALMA temperatures at the pressure

levels of: 11 mbar (~74 km) and 0.01 mbar (~100 km). The four days
of observation are displayed.
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Fig. 14. Global maps of ALMA observation at two different pressure
levels: 11 mbar (~74 km) and 0.01 mbar (~100 km). Colorbar shows
the normalized percentage difference between selected pair of days: top:
the first day and the second day of ALMA vertical temperature profiles;
middle: the first and the third day; and bottom: the third and the fourth
day of observation, as indicated in the figure. The absolute temperature
uncertainties is 8%, as indicated in Table 3.

5. Discussion
5.1. Temperature

The majority of data acquired from experiments on board Venus
Express cover the night side and the terminators of the planet.
The radio-occultation experiment VeRa/VEx is the only one
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Fig. 15. Global maps of the retrieved ALMA SO column density
(10'* mol cm™2) for the four days of observation.
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Fig. 16. Global maps of the retriecved ALMA H,O column density
(10'7 mol cm~2) for the first two days of observation.

able to acquire instantaneous vertical temperature profiles on the
day side but their upper limit is 90 km (Tellmann et al. 2009).
Ground-based observations, on the other hand, have a sparse
temporal coverage. ALMA observations therefore allow to better
constrain the day side of Venus upper mesosphere by providing
three-dimensional maps of temperature.

We selected six examples of ALMA vertical temperature re-
trievals for the four sets of observation at different locations and
compared them to previous measurements, both from spacecraft
and ground-based observations (Fig. 17). We note that profiles
obtained with different measurement techniques have different
spatial resolutions, field of views and are obtained at different
times. Here, we prefer to focus on latitudinal and local time vari-
ations, hence, we compare ALMA temperature profiles to the
average profiles of each dataset.

In each panel of Fig. 17 we displayed the observation id
number and within parentheses the angular offsets relative to
the planet center (AX, AY in arcsec). Observations with right
ascension AY = 0" are close to the equator, observations with
AY = +3” correspond to a latitude of +50° (see Fig. 12 for de-
tails). ALMA observations #384, #309, #234 (see Fig. 12 for the
locations of observations) are close to the evening terminator;
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observations #388, #313, #238 have a local time of approxi-
mately 13 h; and observations #392, #317, #242 have local time
of approximately 10 h.

For all latitudes and local times ALMA temperatures at al-
titudes <90 km appear colder compared to the VIRA model
(Seiff et al. 1985), used as a priori profile, and to the radio-
occultation experiment VeRa/VEx profiles (Tellmann et al.
2009). This discrepancy increases toward the morning termi-
nator. The VIRA thermal structure model was compiled based
on the Venera and Pioneer Venus probes measurements and it
is averaged over a latitudinal bin of 0—30° and all local times.
VeRa temperature profiles were averaged over latitude bins
0-30° and 30-50°, assuming the symmetry of the northern and
southern hemispheres, and over the local time bin 07—17 h. Dis-
crepancies may be partially explained by temporal variability.

We then compare ALMA temperatures to those obtained by
the Heinrich Hertz Submillimeter Telescope (HHSMT) ground-
based observations (Rengel et al. 2008a,b). The HHSMT ther-
mal structure is derived from '2CO J = 2-1 at 230.54 GHz
at seven positions on the Venus disc and 3CO J = 2-1 at
220.4 GHz at one position. The FWHM (full width at half max-
imum) beam is detailed in Rengel et al. (2008a) and the angu-
lar diameter of Venus at the time of observations was 23.44".
HHSMT profiles shown in Fig. 17 were derived by averaging all
profiles corresponding to latitude 0° and local time respectively
of 18 h and 12 h. Comparison with the ground-based observa-
tions obtained with HHSMT is good at the disk center for the
local time 13 h below 75 km. Above this altitude both ALMA
and HHSMT reveal a complex thermal structure with alternat-
ing warmer and cooler layers rather than a constant increase
or decrease of temperature. We detected a first inversion of the
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200 250 colored area marks the uncertainty of tempera-
ture profiles.

temperature at ~80 km particularly visible at the disk center. A
similar inversion is observed by HHSMT at a slightly lower alti-
tude, however its temperature peaks at a much higher value than
ALMA retrievals. At ~90 km both ALMA and HHSMT observe
a minimum in the temperature profiles followed by an increase.
A similar behavior is observed also near the evening termina-
tor (AX = 4”). At this local time, both ALMA and HHSTM
temperatures present a steady decrease up to a minimun around
90—-100 km of altitude, followed by an increase.

Comparison with temperature profiles obtained by the James
Clark Maxwell Telescope (JCMT) is possible only close to the
equator on day side (Clancy et al. 2012). The JCMT temperature
profiles are retrieved from the '>CO at 345 GHz and '*CO at
330 GHz line absorptions. Both the 2000—2002 and 2007-2009
profiles decrease with altitude reaching a minimum value around
90 km similar to ALMA temperatures. At the disk center there
is a better agreement, in particular with the 2000—2002 profile,
however JCMT does not observe the vertical inversion detected
by ALMA between 80—90 km. On the morning side (AX = —4"")
ALMA and JCMT profiles are in good agreement above 90 km,
below this altitude ALMA temperature appears colder.

In conclusion, near the evening terminator and at 13 h there
is a general agreement between different measurements. On the
morning side, especially in the northern hemisphere, discrepan-
cies between individual experiments are larger than uncertain-
ties. These differences could be partly explained by a real varia-
tion of the thermal structure. Although limited to the night side,
variations of approximately 10 K on timescales of 24 h up to
50 K on timescales of few (Earth) months were observed by
previous experiments (Clancy et al. 2012; Mahieux et al. 2015;
Piccialli et al. 2015).
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5.2. Sulfur species

Sulfur species (SO, SO,) in Venus mesosphere have been moni-
tored since 2004 using ground-based observations in the submil-
limeter and in the IR (Sandor et al. 2010; Encrenaz et al. 2012,
2013, 2015, 2016). IR observations probe the cloud top at an al-
titude of ~64 km and few kilometers below within the clouds
(Encrenaz et al. 2016). Submillimeter measurements are sensi-
tive to the altitude range of 70—100 km. Between 2006 and 2015,
several instruments on board the European Spacecraft Venus
Express and ground-based campaigns extensively investigated
the dynamics and photochemistry of Venus mesosphere. Sev-
eral studies reported large latitudinal and temporal variations
of SO,, especially on long-term timescales (Marcq et al. 2013;
Encrenaz et al. 2016; Sandor et al. 2010). Submillimeter obser-
vations showed evidence of highly variable SO abundance (0.7
to 31 ppb) from a day-to-day to one to two month timescales
(Sandor et al. 2010). They also observed a strong depletion of
SO and SO, below 84 km.

As seen in Fig. 9, ALMA SO spectra are mainly sensitive
to the altitude region 80—100 km with a peak sensitivity around
92 km. The same is valid for SO,. Both SO and SO, retrievals
exhibit a negligible abundance over 80—85 km followed by an in-
crease with altitude in the mesosphere. This behavior is consis-
tent with previous observations (Sandor et al. 2010). However,
the altitude boundary between negligible SO (below), and sig-
nificant SO (above) cannot be precisely determined due to a low
S/N.

From disk-averaged spectra, we found the SO abundance at
90 km to highly vary from one day to another. We observe in
particular a depletion of SO between November 26 and 27 with
the SO abundance decreasing from 15 + 3.1 ppb t0 9.9 = 1.2 ppb
(Table 4). Since at the time of our observations the illumina-
tion fraction was 92%, these measurements refer to the day side.
They lie well within the values reported by Sandor et al. (2010).
Due to a low S/N, SO, could be retrieved from a disk-averaged
spectrum only on the first day of observation when we found an
abundance of 16.5 + 4.6 ppb. The ratio SO,/SO is 1.5 + 0.4, in
good agreement with the mean daytime ratio of 1.9 + 1.2 derived
by Sandor et al. (2010).

A valuable capability of ALMA is to provide high resolu-
tion maps of the Venus disk at a given time and therefore, to
study latitude/local time variations as well as temporal varia-
tions from one day to another. SO abundance at 90 km varies
between <1 and 15 ppb (<1-5 x 10" mol cm~2) over the four
sets of observation. Global maps of ALMA SO abundances re-
veal strong variations both with latitude and local time on each
day and global variations on a day-to-day timescale. As reported
by Sandor et al. (2010), the physical and chemical mechanisms
that produce variations of SO and SO, are still unknown. Both
altitude and temporal variability of SO imply the existence of an
additional reservoir in the upper mesosphere (Sandor et al. 2010;
Jessup et al. 2015). Sandor et al. (2010) suggests, moreover, a
possible link between temporal variations of SO and those of
water vapor and CO.

5.3. Water

Ground-based observations of HDO at submillimeter wave-
lengths showed a strong variability in the mesosphere:
Sandor & Clancy (2005) studied a set of long-term measure-
ments (1998-2004) of water vapor in Venus’ mesososphere.
They found a strong global variability with H,O ranging from
<0.1 to 3.5 ppmv on a short (one to two month) timescale.

These results were later confirmed by a study from Gurwell et al.
(2007) who detected a decrease in the water abundance by a
factor of nearly 50 in less than 48 hr. SOIR/Venus Express si-
multaneously retrieved vertical profiles of HDO and H,O in
the Venus mesosphere at the terminator and for different lati-
tudes finding temporal variations for the mixing ratios of HDO
and H,O not exceeding two to three times the mean value
(Fedorova et al. 2008). More recently, Fedorova et al. (2016) an-
alyzed SPICAV/VEx measurements of H,O abundance above
Venus’ clouds (60—62 km) acquired during the eight years of
Venus Express operations. They suggest that short timescales
variations of H,O could be explained as a real variation of
the mixing ratio and/or possible variations of the cloud opacity
within the clouds.

While Sandor & Clancy (2005) could not identify any clear
diurnal pattern, probably masked by the one to two month vari-
ability, Gurwell et al. (2007) found some indication of higher
water vapor abundances just before dawn (local time ~5h). A
minimum in the water vapor abundance seemed to occur around
11 h, followed by an increase during the day, however the num-
ber of measurements was not enough to confirm a clear pattern.
Gurwell et al. (2007) also suggested as possible mechanism for
the rapid variability of water vapor a moderate variation of tem-
perature of about 10—15 K. Venus’ mesosphere is dominated
by large density and temperature variations (Clancy et al. 2012;
Mahieux et al. 2015; Piccialli et al. 2015), which could be the
cause of the water vapor variability.

ALMA HDO spectra are sensitive to altitudes 80—100 km
with a peak sensitivity around ~94 km (See Fig. 10). Best-fit
H, 0 profiles, inferred from HDO, are characterized by a negli-
gible abundance (<0.1 ppm) below ~82 km altitudes. However,
the altitude boundary between negligible H,O (below), and sig-
nificant H,O (above) cannot be precisely determined due to a
low S/N. Sandor & Clancy (2005) also measured values of H,O
less than 0.1 ppmv in the altitude range 65—100 km on differ-
ent dates. Moreover, a marked depletion of H,O and HDO is
seen in SOIR/VEX solar occultation observations in the range
80-90 km at the terminator, as reported by Bertaux et al. (2007),
Fedorova et al. (2008). This trend is also confirmed by a detailed
analysis of the whole SOIR dataset (Chamberlain et al. 2015).
Fedorova et al. (2008) explains that the depletion in the mixing
ratio near 85 km could be related to the depletion in the CO, den-
sity near 95 km and to a possible temperature inversion at these
altitudes, however no clear conclusion could be drawn. ALMA
disk-averaged H,O abundances presents limited temporal varia-
tions ranging from 3.6 + 0.6 ppm on the 14th to 2.9 + 0.7 ppm
on the November 27 (see Table 4). These values are within the
range of previous results (Gurwell et al. 2007).

As for SO, we retrieved H,O maps: they show a decrease of
water vapor from November 15 to 15 (Fig. 16). As suggested
by Gurwell et al. (2007), such variation may be correlated to a
decrease of temperatures all over Venus’ disk of about 5-9 K
from the first to the second day of measurements observed at
0.01 mbar (See Fig. 14). However, as remarked previously, these
temperature variations lie within the uncertainty on temperature
(8%), consequently it is hard to draw a definite conclusion.

On both days a diurnal pattern can be identified, with an
increase of water vapor abundance over the day (Fig. 16).
Such variations cannot be correlated to the temperature field at
0.01 mbar (100 km), in fact at this altitude temperatures decrease
from the morning side toward the evening. Sandor et al. (2010)
proposes a possible link between temporal variations of SO and
water vapor. Nevertheless, as for SO, the driving mechanisms for
water vapor variability are still unknown.
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6. Summary and conclusions

The thermal structure and minor species of Venus mesosphere
(70—105 km) were observed with the Atacama Large Millimeter
Array (ALMA) at four different dates in November 2011. At the
time of observations the illumination factor was 92%, so that
most of the measurements were acquired on the day side. The
thermal structure of Venus upper mesosphere on the day side is
poorly known, ALMA observations are thus extremely valuable
to constrain this atmospheric region.

We inverted 3D maps of the mesospheric thermal structure
from the CO line at 345.795 GHz. The main features observed
in the temperature profiles are: (i) a constant decrease of tem-
perature up to 80—100 km, depending on the local time; (ii) a
steady decrease of temperature above 80—100 km; and (iii) the
altitude where this inversion occurs increases from 80 km in the
morning to about 100 km near the evening terminator. Global
maps of temperature at 11 mbar (~74 km) present an increase
from the morning toward the evening terminator. This trend is
inverted at 0.01 mbar (~100 km). Global temperature fields do
not reveal strong day-to-day variability, an exception is the ther-
mal structure of the November 27 at 0.01 mbar with a strong
maximum localized in the southern hemisphere on the morn-
ing followed by a minimum on the north hemisphere toward the
evening terminator.

Temperature profiles were then used to retrieve the SO, SO,
and H,O abundances. We used HDO as a tracer for water as-
suming a D/H enrichment of 200 times the terrestrial value. SO,
SO,, and H,O are characterized by a negligible abundance below
~85 km followed by an increase with altitude in the upper meso-
sphere. Due to a low S/N, however, the altitude boundary be-
tween the depleted (below) and the enriched (above) layer cannot
be determined precisely. Disk-averaged SO abundances do not
show high temporal variability. An exception is November 26
when a maximum mixing ratio of 15.0 + 3.1 ppb is followed
the next day by a minimum value of 9.9 + 1.2 ppb. Due to a
very low S/N, SO, could only be derived from the disk-averaged
spectrum on the first day of observation revealing an abundance
of 16.5 + 4.6 ppb. We found a SO,/SO ratio of 1.5 + 0.4, in
good agreement with the mean daytime ratio of 1.9 + 1.2 derived
by Sandor et al. (2010). H,O disk-averages retrievals reveal a
steady decrease from November 14 to 27, with the abundance
varying from 3.6 + 0.6 ppm on the first day to 2.9 = 0.7 ppm on
the last day.

Thanks to the imaging capabilities of ALMA, it was possible
for the first time to acquire instantaneous maps of SO and water
vapor. Global maps of SO abundance at 90 km reveal a strong
variability both with latitude/local time and on a global scale
from one day to another. The SO abundance varies between <1
and 15 ppb, depending on the location and the day. We were able
to retrieve maps of H,O only for the first two runs of observa-
tion, due to a low S/N. On each day, H,O is almost uniform all
over Venus’ disk. The driving mechanisms for the variability of
both SO and water abundance are still unknown. Sandor et al.
(2010) suggested a possible link between temporal variations of
SO and those of water vapor and CO. Gurwell et al. (2007) pro-
posed that the water vapor variability may be partly correlated
to variations in temperature. In this study we cannot draw any
definite conclusion about these correlations due to a low S/N.

In conclusion, ALMA offers a unique opportunity to monitor
the complex dynamics, temperature structure and chemistry of
Venus upper atmosphere. In the future we plan new simultaneous
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observations with ALMA to characterize the thermal structure
and HDO, H,0 abundances on both the day and night side and
to investigate possible correlations.
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Appendix A: Temperature maps
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Fig. A.1. Map of temperature retrievals (red lines) as function of pressure for November 15, 2011. The black line correspond to the VIRA
temperature profile. The right limb corresponds to the morning at local time 9 h, and the left limb corresponds to the evening at local time 19 h.
The altitude scale on the right is approximate. Numbers in parentheses are the angular offsets relative to the planet center (AX, AY in arcsec).
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Fig. A.2. Map of temperature retrievals (red lines) as function of pressure for November 26, 2011. The black line correspond to the VIRA
temperature profile. The right limb corresponds to the morning at local time 9 h, and the left limb corresponds to the evening at local time 19 h.
The altitude scale on the right is approximate. Numbers in parentheses are the angular offsets relative to the planet center (AX, AY in arcsec).
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Fig. A.3. Map of temperature retrievals (red lines) as function of pressure for November 27, 2011. The black line correspond to the VIRA
temperature profile. The right limb corresponds to the morning at local time 9 h, and the left limb corresponds to the evening at local time 19 h.
The altitude scale on the right is approximate. Numbers in parentheses are the angular offsets relative to the planet center (AX, AY in arcsec).
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