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ABSTRACT

Context. Sulphur dioxide (SO,) is highly variable above the clouds of Venus, yet no spatial or temporal variability below the clouds
had been known until now.

Aims. In order to constrain Venus’s atmospheric circulation and chemistry (including possible volcanic outgassing), more accurate
SO, measurements below the clouds are therefore needed.

Methods. We used the high-resolution iSHELL spectrometer located at the NASA IRTF to record thermal night-side spectra, which
we fitted using an updated forward radiative transfer model that was previously employed to process SpeX/IRTF and VIRTIS-H/Venus
Express spectra.

Results. We report, for the first time, an increase in SO, with increasing latitude (+30% between the minimum near 15°S and >35°N).
This is consistent with the interaction between the Hadley-cell circulation and a postulated vertical profile in SO, estimated to increase
between 30 and 40 km in altitude, as previously suggested by in situ ISAV measurements.

Conclusions. This SO, variability challenges our current understanding of Venus’s tropospheric thermochemistry and underlines the

high scientific return from high-resolution spectroscopy from, for example, future orbiters.

Key words. planets and satellites: atmospheres — techniques: spectroscopic

1. Introduction

Although sulphur dioxide (SO,) is known to vary by several
orders of magnitude at the cloud top of Venus (Esposito 1984;
Esposito et al. 1988; Marcq et al. 2013, 2020; Vandaele et al.
2017a,b), such a variability could never be evidenced in the
troposphere below the clouds, mostly since remote measure-
ments rely on the sole spectroscopic analysis of a narrow spec-
tral feature in the night-side thermal emission of Venus near
2.46 um (Bézard et al. 1993). Various spectroscopic analyses of
this night-side emission have led to the commonly accepted
range for the SO, mixing ratio of 130 + 50 ppmv (Marcq et al.
2008; Arney et al. 2014; Vandaele et al. 2017b). Yet, in order to
understand SO, variability above the clouds, and possibly relate
it to volcanic outgassing (Esposito 1984), its behaviour in the
troposphere (which acts as a proximal reservoir for cloud-top
SO,) must be better characterised. Investigations using high-
spectral-resolution observations provide a means to achieve
this goal since they allow for a better separation between the
various minor gaseous species absorbing in the 2.3-2.5 um
near-infrared window, namely: CO, OCS, H,0, HDO, and HF
(Taylor et al. 1997). To address this, we performed new high-
spectral-resolution observations, which are described in Sect. 2.
We compare them to our radiative transfer calculations in Sect. 3.
We present our co-located SO, and CO measurements and dis-
cuss their implications in Sect. 4, before summarising our find-
ings in the last section, Sect. 5.

* Visiting Astronomer at the Infrared Telescope Facility, which is op-
erated by the University of Hawaii under contract 80HQTR19D0030
with the National Aeronautics and Space Administration.

2. Observations
2.1. Acquisition

We performed our observations in January 2019 and August
2020, during western elongations of Venus (another observation
campaign was scheduled in late April 2020 during an eastern
elongation but could not be performed since the Mauna Kea
observatory was closed due to the COVID-19 pandemic). We
used the infrared high-resolution iSHELL echelle spectrograph
(Rayner et al. 2016) mounted at the NASA Infrared Telescope
Facility (IRTF) in Hawaii. We chose to use the 5" x 1.5” slit as
a compromise between minimising acquisition time on the night
side of Venus and limiting stray-light contamination from the
day side of Venus. In the K3 grating mode of iSHELL, the spec-
tral interval ranges from 2.26 pm to 2.55 pm, covering the longer
wavelength portion of the 2.2—2.5 um thermal infrared window
of Venus, and extending beyond at longer wavelengths.

Since the angular diameter of Venus during maximal elonga-
tions far exceeds 5, we also recorded images from the guider
at 3.46 um to avoid saturation and properly locate the day side
of Venus, including the terminator. These guider images were
then compared to ephemeris computations from the Institut de
mécanique céleste et de calcul des éphémérides (IMCCE) in
order to properly locate the slit geometry projected on the Venu-
sian disk (latitude, local time, emission angle). The slit was
always kept parallel to the terminator.

During each session, we recorded (1) spectra from standard
A stars used for intensity calibration by the SpeXTool suite, (2)
spectra recorded on the night side of Venus, (3) spectra recorded
on the day side of Venus, and (4) sky images for background
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Table 1. Observation summary.

Date Cal. star Seeing (/) # Day obs. # Night obs. Lat. range (°) L. time range (h)
2019-01-03 HR4567 0.7 3 8 -47:52 2.3:4.5
2020-08-09 HR1570 0.6 3 2 -2:33 1.7:2.7
2020-08-10 HR1570 0.9 4 3 —24:34 3.4:4.0
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Fig. 1. Raw night-side spectrum (blue), interpolated day-side spectrum (X0.05, green), and resulting cleaned night-side spectrum (red) acquired

on January 3, 2019.

subtraction. Stellar spectra were recorded early during each ses-
sion, when the sky was dark enough and Venus was too low on
the horizon to observe, and at a similar airmass to later Venus
observations. The typical required integration time is close to
30 min for a slit position on the night side, 2 min on the day side,
and 10 min for calibration stars (see Table 1).

2.2. Processing

As previously mentioned, we performed the first stages of our
data processing using the SpeXTool data reduction package
(Cushing et al. 2004; Vacca et al. 2003). In order to increase the
signal-to-noise ratio (S/N) and considering the typical seeing
extent (~1"), we divided each slit position on the night side into
two separate 2" X 1.5” locations. The SpeXTool package pro-
vides calibrated spectra, in both wavelength and spectral radi-
ance, as well as error intervals for each of the 27 dispersion
orders of the echelle grating.

Following our past IRTF observations of Venus using SpeX
(Marcq et al. 2005, 2006), we cleaned the night-side thermal
emission spectra from the day-side solar stray light by sub-
tracting a day-side spectrum acquired near the terminator. The
day-side spectrum was interpolated using several day-side obser-
vations in order to match the same terrestrial airmass as the
night-side observation. The amount of stray light to subtract
was determined by taking advantage of the saturation of spec-
trally resolved CO lines in the 2.32—-2.35 um interval (Fig. 1)
since telluric absorption is too strong to make use of wavelengths
longer than 2.5 pm. Data were then filtered by removing outliers
(resulting from the faulty correction of some telluric absorption
lines by SpeXTool) and then spectrally smoothed in order to
increase the S/N while keeping our effective spectral resolution
close to A/AA =~ 20000.

3. Fitting
3.1. Forward radiative transfer model

We employed an updated version of the radiative transfer model
previously used by Marcq et al. (2005, 2006, 2008). The two
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Table 2. Nominal vertical profiles for CO and SO,.

CcO SO,
g(ppm)  P(mbar) Z(km) g(ppm)  P(mbar)  Z(km)
2 13 75
50 110 64
30 2730 42 0.05 35 70
20 19 x 10° 22 130 1340 48
20 92 x 10° 0 130 92 x 10° 0

main updates are the following: (1) An eight-stream radiative
transfer solver based on DISORT (Stamnes et al. 1988) was
used, which allowed us to take the effect of a variation in emis-
sion angle into account; and (2) the CO, line database was
updated using the ab initio list from Huang et al. (2014).

3.1.1. Limb darkening

We found that our model yields a remarkably simple wavelength-
independent limb darkening parametrisation: I(u) = I(u = 1) X
(0.74u+0.26), where u stands for the cosine of the emission angle.
This is easily understood considering the strong multiple scatter-
ing in the optically thick clouds above the emission region and the
very small opacity of the atmosphere above the clouds.

3.1.2. Vertical profiles of gaseous species

Our updated model uses the same method of specifying the ver-
tical profiles of minor species as in Marcq et al. (2008): Volume
mixing ratios (g;) are specified for a limited number of pres-
sure levels (P;), and the mixing ratios are linearly interpolated
(in log g vs. log P coordinates) in between. The nominal g;(P;)
values are given in Table 2 for CO and SO;.

3.2. Fitting algorithm

The fitting algorithm proceeds in two stages; a Levenberg-
Marquardt loop (Newvilleetal. 2014) interpolating from
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Fig. 2. Spectrum observed on January 3, 2019 (colour coding for the different, partially overlapping grating orders) and its best fit (in black). The
grey shaded area near 2.46 pm shows the sensitivity to the SO, mixing ratio (shaded between x2 and x0.5 the best fit value).
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Fig. 3. CO and SO, volume mixing ratio measurements. Error bars

stand for +3 - o standard deviations. Systematic uncertainties of the
absolute SO, mixing ratio are not displayed.

look-up tables computed by the forward radiative transfer model
described in Sect. 3.1 is used in both. In the first stage, lower
cloud opacity and a carbon monoxide scaling factor are retrieved
using grating orders 13 to 19 (2.325 to 2.402 pm) and assum-
ing the same CO vertical profile shape as Marcq et al. (2008).
In the second stage, assuming the previously retrieved CO and
lower cloud opacity values and using grating orders 7 to 10
(2.422 to 2.470 um), OCS mixing ratios at 30 and 37 km are
retrieved, as is an SO, scaling factor. A typical fit is shown in
Fig. 2.

4. Results
4.1. Carbon monoxide (CO)

Our retrievals for CO are shown in Fig. 3. These results are
in agreement with previous measurements (Marcq et al. 2018):
Carbon monoxide increases with increasing latitude, although
the latitude of minimum CO is shifted to circa 15°S. Such a
shift was also seen by previous observers (Marcq et al. 2008;
Arney et al. 2014) and interpreted as the influence of topogra-
phy (especially in Aphrodite Terra) on the large-scale circula-
tion, which is responsible for creating this latitudinal gradient
— CO being produced photochemically at higher altitudes and
carried below the cloud through the downwelling branch of the
Hadley cell (Tsang et al. 2008).

Additionally, this shift makes our observed CO distribution
less correlated with the emission angle than for a hemispheri-
cally symmetric CO distribution. It is therefore less likely that it
originates from a faulty limb darkening correction, which further
increases our confidence in these results.

4.2. Sulphur dioxide (SO,)

Our co-located retrievals for SO, are also shown in Fig. 3. Previ-
ous measurements suffered very large error bars due to the nar-
rowness of SO, spectral features near 2.46 pm, and they agreed
on a latitudinally constant value of 130 + 50 ppmv below the
clouds (Vandaele et al. 2017a; Marcq et al. 2018). Very inter-
estingly, Arney et al. (2014, their Fig. 26) observed a quantita-
tively similar pattern in their SO, maps but dismissed it on the
basis of the large error bars and other ‘ghosting effects’ inherent
to their low-to-medium spectral resolution. However, our high-
resolution iSHELL observations circumvent this issue, such that
an increase in SO, with increasing latitude is unambiguous in
our data. Interestingly, the latitudinal offset is the same as for
CO, hinting at a common mechanism behind these variations,
which is further discussed in Sect. 4.3.

We also note that our latitudinally averaged value is closer to
180 ppmv, 40% higher than the commonly accepted value. How-
ever, we found that this average value depends on several factors,
such as the assumed CO,-CO, continuum value, the parametri-
sation of cloud opacity, and the exact amount of stray light that is
subtracted. On the other hand, relative variations are much better
constrained, and so we focus on this new result hereafter.

4.3. Discussion

The aforementioned correlation (R? =~ 0.694) between SO, and
CO can be seen in Fig. 4 and hints at a common origin for
their horizontal variability. For CO, this tropospheric variability
comes from the competition between the positive vertical gradi-
ent (itself originating from the relative altitude of its photochem-
ical source, which is located above the sounded altitude, and a
lower atmospheric sink, which is located below) and the general
Hadley-cell circulation (Tsang et al. 2008). We therefore infer
that SO, should also exhibit a positive vertical gradient below
the clouds in order to account for its observed latitudinal vari-
ability. We can even estimate the typical value of the required
vertical gradient based on the already known CO gradient value,
assuming there are no sources or sinks for either species and that
the probed altitudes are similar: Since the typical gradient for
CO is close to +1 ppmkm~! (Marcq et al. 2018), we estimate a
SO, vertical gradient of the order of +10 ppm km™! in the probed
altitude range.
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Fig. 4. Correlation plot between CO and SO, measurements. Error bars
stand for +3 - o~ standard deviations, and colour is coded for the mea-
surement latitudes. Systematic uncertainties of the absolute SO, mixing
ratio are not displayed.

Coincidentally, this gradient value is close to the value
found by in situ ISAV measurements on board VEGA descent
probes (Bertaux et al. 1996), though ISAV measured substan-
tially lower mixing ratios for SO, than what we found. How-
ever, currently available thermochemical models of the lower
atmosphere (Krasnopolsky 2007) do not predict such a vertical
gradient (even suggesting a moderate decrease in the 30—40km
altitude range). Further modelling work is definitely required in
order to account for this newly discovered SO, variability.

5. Conclusion

Our iSHELL observations of the night-side thermal spectra
of Venus showed, for the first time, an increase in SO, with
increasing latitude below the clouds of Venus, which we tenta-
tively ascribe to the general circulation acting on an increasing-
with-height SO, mixing ratio. This study also highlights the
interest of high-spectral-resolution infrared spectra for accurate

L8, page 4 of 4

measurements of trace gases in Venus’s atmosphere, either
from long-term-monitoring ground-based instruments, such as
iSHELL, or dedicated space-borne instruments, such as the
VenSpec-H channel (Robert et al., in prep.) on board ESA M5
candidate EnVision.
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