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a b s t r a c t

The dynamical regime of the Venus upper atmosphere is mainly decomposed into three regions. The first
one, located below 65 km of altitude is governed by the retrograde superrotational zonal (RSZ) circula-
tion. The second region above 130 km is dominated by the subsolar to antisolar (SS–AS) circulation.
The dynamics of the transition region in between are still not fully understood. However, the O2(a1D)
nightglow emission at 1.27 lm, whose emitting layer is located at �96 km, can be used as a tracer of
the dynamics in this transition region and the imaging spectrometer VIRTIS-M on board Venus Express,
orbiting Venus since April 2006, acquired a large amount of nadir observations at this wavelength.

Several previous studies showed that the O2(a1D) nightglow emission is statistically located near the
antisolar point. In this study, individual VIRTIS-M nadir observations have been analyzed to investigate
the variability of the phenomenon. Bright patches of 1.27 lm airglow have been extracted from every
observation. It appears that the location of the bright patch is highly variable, even though the brightest
patches occur near the antisolar point.

Nadir observations have also been divided into time series, allowing generating animations to follow
the intensity and the displacement of bright patches over time. Apparent wind velocities and character-
istic decay/rise times and have been deduced from these time series. The speed of the displacements var-
ies from �0 up to 213 m s�1, with a mean value of 54 m s�1. Owing to the high variability of the direction
of the displacements both in the short and the long terms, no clear trend of a global motion at �96 km
can be deduced from these observations. The mean decay time is �750 min while the mean rise time is
�1550 min. The decay time can be explained as a combination of radiative decay and atomic oxygen
transport.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Our understanding of the Venus atmosphere dynamics has
increased only recently, mostly through measurements from the
Venera 9 and 10, the Pioneer Venus orbiter, the Galileo flyby and
the Venus Express missions. Among others, Bougher et al. (1997,
2006) and Lellouch et al. (1997) reviewed these data sets. A picture
of the Venus atmosphere dynamics has emerged. It can mainly be
decomposed into three dynamical regions. The first one is charac-
terized by the retrograde superrotational zonal (RSZ) circulation,
whose origin is still poorly understood. It starts at �10 km of alti-
tude (Schubert et al., 1980) and continuously grows up to 65 km
where the wind speed can reach �100 m s�1 (Counselman et al.,
1979, 1980). This circulation weakens above the cloud top. The sec-
ond clearly identified region is located above 120 km where the
strong temperature gradient between the dayside and the night-
side of the Venus upper atmosphere causes a stable subsolar to
antisolar (SS–AS) circulation (Schubert et al., 2007). Finally, the
region in between (from 70 to 120 km) can be seen as a transition
region which is still not fully understood nor quantified. On the
Venus nightside, a high degree of variability of the wind velocities
has been observed in this transition region. Widemann et al. (2007)
performed high-resolution Doppler spectroscopy in 12C16O2 visible
band (at 74 km) and in solar Fraunhofer lines (at 67 km) on the
Venus nightside. They deduced a mean equatorial velocity of
�75 m s�1. No sign of a SS–AS circulation has been observed in this
region, confirming that this pattern only occurs at higher altitudes.
Clancy et al. (2008, 2012) made Doppler wind profile measure-
ments at 95–115 km on the Venus nightside using sub-millimeter
12CO and 13CO line absorptions. They found out an average
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retrograde zonal wind of 85 m s�1 and a SS–AS circulation of
65 m s�1 at �110 km. The variability of these velocity measure-
ments was quite large though. Moullet et al. (2012) made interfer-
ometric observations of the CO(1-0) line at the morning
terminator. Their model results show that the observed winds on
the nightside at 91–108 km are best reproduced when considering
a SS–AS flow of 200 m s�1 at the terminator and a RSZ wind of 70–
100 m s�1. These results were confirmed by Sornig et al. (2013),
who made infrared Doppler wind measurements of the CO2 emis-
sion line at 10.5 lm. They observed wind velocities between 41
and 189 m s�1 at 110 ± 10 km. However, they attributed these
winds to the SS–AS circulation and showed no evidence for a RSZ
pattern at these altitudes.

The Venus upper atmosphere dynamics have also been studied
by analyzing nightglow emissions. Such emissions occur when
atoms carried from the dayside to the nightside by the SS–AS cir-
culation recombine during the gas descent (due to the increasing
atmospheric density) to produce a molecule in an excited state that
finally emits a radiation when relaxing to its ground state.

Ground-based observations have been performed (Bailey et al.,
2008; Ohtsuki et al., 2008) but the Venus Express spacecraft, and
especially the VIRTIS (Visible and Infrared Thermal Imaging Spec-
trometer) and SPICAV (Spectroscopy for Investigation of Character-
istics of the Atmosphere of Venus) instruments on its board, highly
increased the possibilities to study these emissions. The Venus
upper atmospheric dynamics thus appear to be highly complex
when considering the averaged morphology of emissions such as
the NO and O2 nightglow. The statistical maximum brightness of
the NO nightglow was found to be located at 115 ± 2 km and
occurs at 02:00 LT (Stewart et al., 1980; Gérard et al., 2008a;
Stiepen et al., 2012, 2013). By contrast, the O2(a1D) nightglow,
located at 96 ± 2.7 km, occurs near the antisolar point (Gérard
et al., 2008b, 2009b; Migliorini et al., 2011; Piccioni et al., 2009;
Soret et al., 2012b). The fact that the SS–AS circulation could be
prominent at 96 km (the O2 nightglow being centered at the anti-
solar point) but not at 115 km (the NO nightglow being shifted
toward dawn) is highly unexpected and in contradiction with the
global SS–AS circulation previously described (Brecht et al., 2010;
Gérard et al., 2009a). Brecht et al. (2011) managed to reproduce
this situation with the three-dimensional Venus Thermospheric
General Circulation Model (VTGCM). To fit the Venus Express
observations, they concluded that between 80 and 110 km, only
a weak RSZ flow was needed in addition to a SS–AS circulation of
�40 m s�1. However, at �95 km, simulated total zonal winds are
weak and do not exceed 20 m s�1. Hueso et al. (2008) also tried
to better understand this transition region by analyzing individual
VIRTIS–Venus Express airglow images acquired at 1.27 lm, mainly
during July 2006. They retrieved maps of apparent motions of the
O2(a1D) nightglow at 95–107 km, which show an extreme variabil-
ity. This variability was already observed by Crisp et al. (1996) who
analyzed the O2(a1D) nightglow with ground-based imaging and
spectroscopic observations. They showed both extreme spatial
and temporal variations of the emission: the brightest regions
can vary by more than 20% on time scales of 1 h and disappear
in less than a day. Hueso et al. (2008) found zonal velocities rang-
ing from +60 (prograde) to �50 (retrograde) m s�1 and meridional
velocities ranging from �20 (poleward) to +100 (equatorward)
m s�1. The variations of the emission brightness were not studied
by Hueso et al. (2008).

In the present study, the entire VIRTIS–Venus Express database
has been analyzed. The location and the brightness of the O2(a1D)
airglow emission on the Venus nightside have been extracted from
nadir observations at 1.27 lm. Important results such as apparent
wind velocities and characteristic e-folding times have then been
deduced from these observations. Section 2 focuses on presenting
the VIRTIS nadir observations and the method used to extract
information from these measurements. Section 3 describes appar-
ent wind measurements, while Section 4 provides results about the
intensity variations of the O2(a1D) nightglow emission. Conclu-
sions are discussed in Section 5.
2. Nadir observations and data extraction

2.1. VIRTIS-M statistical results

The European Space Agency (ESA) Venus Express mission was
launched on November 9, 2005 and has been orbiting around
Venus since April 2006 on a 24-h polar elliptical orbit. The VIRTIS
instrument onboard Venus Express is composed of two spectrom-
eters: the VIRTIS-H high-spectral resolution spectrometer and the
VIRTIS-M medium-spectral resolution imaging spectrometer
(Drossart et al., 2007; Piccioni et al., 2009). VIRTIS-M can be used
in the visible/NIR channel from 0.3 to 1 lm by steps of �2 nm or
in the IR channel from 1 to 5 lm by steps of �10 nm. The VIR-
TIS-M-IR instrument is well adapted to the observation of the
O2(a1D) nightglow at 1.27 lm either in nadir or limb modes. A VIR-
TIS-M-IR observation typically lasts 20 min. Due to the quasi-polar
elliptical orbit of Venus Express, whose apocenter is located
66,000 km away from Venus South pole, the nadir mode is used
when observing the southern hemisphere of the planet, while limb
observations are preferentially made when looking at the northern
hemisphere. With its 64 mrad field of view, a VIRTIS-M-IR nadir
observation cannot reveal more than 25% of the Venus nightside
when the spacecraft is near apocenter. Based on VIRTIS-M nadir
observations corrected from geometrical effects and thermal emis-
sion, Gérard et al. (2008b) and Piccioni et al. (2009) found that the
emission peak is statistically located around the antisolar point,
with an averaged maximum value of respectively 3 MR and 1.2
MR (1 Rayleigh, R, corresponds to the brightness of an extended
source emitting 106 photons cm�2 s�1 in 4p sr) and a mean inten-
sity for the Venus nightside of 1.3 MR and 0.52 MR, respectively.
Averaging nadir and limb data from the entire VIRTIS-M-IR data-
base (April 2006–October 2008), Soret et al. (2012a) produced a
detailed statistical map of the O2(a1D) nightglow emission. They
corrected the nadir observations for the thermal contribution orig-
inating from hot regions of the surface and lower atmosphere. To
do so, they removed 30% of the thermal emission observed in the
bands 1.14–1.21 lm from the raw O2(a1D) emission, which spread
from 1.23 to 1.30 lm (Cardesin-Moinelo, 2009; Piccioni et al.,
2009). Data were also corrected for emission angle and backscat-
tering following the method developed by Crisp et al. (1996). Then,
they added all the individual VIRTIS-M-IR data projected on a grid
and divided this global map by a map of the number of contribu-
tions per bin. Fig. 1a shows a similar binned map (bins of
15 min � 1�) of the averaged O2(a1D) nightglow emission in a
cylindrical projection based on 3174 nadir observations. The num-
ber of image contributions per map bin can be seen in Fig. 1b. Near
the South pole, up to 360 observations/bin contribute to the esti-
mation of the mean 1.27 lm brightness. Fig. 1a shows an enhanced
emission around the antisolar point, with a maximum brightness
of 2.1 MR. The hemispheric mean vertical brightness on the Venus
nightside is 0.50 MR. Fig. 1c represents a binned map of the bright-
ness standard deviation. It shows the same morphology as Fig. 1a.
The variability is very weak in the Southern hemisphere. The high-
est values of the brightness standard deviation occur near the anti-
solar point, where it reaches 1.3 MR. This already suggests a high
variability of the emission in this area. The global mean standard
deviation is 0.29 MR.

All the statistical observations from Gérard et al. (2008b),
Piccioni et al. (2009) and Soret et al. (2012a) tend to confirm the
dynamical–chemical scheme initially proposed by Connes et al.
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Fig. 1. (a) Statistical map of the O2(a1D) nightglow generated with nadir VIRTIS-M
observations. (b) Number of contributions per map bin used to generate (a). (c)
Brightness standard deviation associated to (a).
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(1979). They suggested that the observed emission at the antisolar
point corresponds to radiative relaxation of metastable O2(a1D)
molecules following three-body recombination of oxygen atoms
descending in the atmosphere. These atoms are produced on the
Venus dayside by photodissociation and electron impact dissocia-
tion of CO2 and CO and transported to the nightside by the subsolar
to antisolar (SS–AS) circulation. The reaction scheme may be
written:

2Oþ CO2 ! O2ða1DÞ þ CO2 ð1Þ

O2ða1DÞ ! O2 þ hv ð1:27 lmÞ ð2Þ

O2ða1DÞ þ CO2 ! O2 þ CO2 ð3Þ

However, it is important to point out that the O2(a1D) emission
is located only statistically at the antisolar point following accumu-
lation of all the 3174 nadir data collected by VIRTIS-M-IR. This is
best demonstrated by considering sets of 500 observations at a
time. Binned maps of Fig. 2 show that the mean bright emission
patch is not always located at the antisolar point and that the max-
imum nadir intensity can vary from 2.3 to 3.3 MR. The coverage for
the generation of each map is yet quite similar, with a coverage
morphology identical to Fig. 1b and up to 231 nadir observation
contributions per map bin (with a mean of 65 contributions per
bin). Fig. 2a shows indeed that the average of the 500 first
VIRTIS-M nadir observations reveal a bright emission spot located
around the antisolar point, from 23:00 to 01:00 LT and 25�S to
10�N, with a maximum brightness of 2.7 MR. Fig. 2b shows that
the assembly of the next 500 VIRTIS-M nadir observations also cre-
ates an extended patch around the antisolar point, but its morphol-
ogy is quite different and less intense (�1.4 MR). Fig. 2c suggests
that the bright patch is once again located where it is expected
to occur if it is controlled by the SS–AS circulation. Fig. 2d is how-
ever more complex. Three patches can be observed: one at �23:00
LT – 10�N, a second one at �01:30 LT – 5�N and, finally, the last one
is centered at �03:00 LT – 10�S, which is quite distant from the
antisolar point. Fig. 2e shows a main bright patch of �1.6 MR at
�01:00 LT – 5�S. Even though Fig. 2f shows an enhanced region
of 1.3 MR from 21:00 to 02:00 LT and from 15�S to 15�N, two even
brighter spots appear at �22:00 LT – 0�. This partial statistical map
is thus highly asymmetrical. Finally, the bright spot observed in
Fig. 2g (generated with the remaining 174 VIRTIS-M-IR nadir
observations) is also shifted toward dusk, at �22:30 LT – 0�. All
these asymmetries associated to a limited sample of nadir observa-
tions cause what could be seen as several red and yellow patches in
Fig. 1a but is, in reality, no more than a statistical artifact of the
high variability of the circulation in the transition region over time.
The situation becomes even more complex when looking at indi-
vidual VIRTIS-M nadir observations rather than statistical maps.
This point is examined in further details in the following section.

2.2. Individual VIRTIS nadir observations

In this study, all the 2465 O2(a1D) VIRTIS-M nadir observations
have been processed the way described by Soret et al. (2012a).
However, data have not been added together to generate a global
map, but individually projected on a Venus nightside grid and
checked to remove those showing a poor resolution and/or a poor
coverage of the Venus nightside. Some examples of usable individ-
ual nadir observations are illustrated in Fig. 3 (bins are
15 min � 1�). They show that, owing to the small angular aperture
of VIRTIS, it is never possible to observe the full Venus nightside
with a single observation. They also clearly demonstrate that the
bright O2(a1D) emission patches are not always located at the anti-
solar point. These patches occasionally appear at very high lati-
tudes, near the southern pole (no nadir data are available for the
northern hemisphere, as previously mentioned).

Fig. 3a–c were acquired at very different times (9 July 2006, 22
February 2007 and 26 April 2007, respectively). However, nadir
observations can also be grouped in order to generate series of con-
secutive images pointing at the same Venus nightside region over a
limited period of time. The area covered by each frame varies with
time as a result of the spacecraft motion toward the planet during
each observation sequence. A total of 214 time series have been
generated, allowing to follow the evolution of bright emission
patches. Fig. 4a–d illustrate one of them. It was acquired on 9 July
2006, from 16:10 to 19:30 UT during orbit 80. The change in the
intensity of the emission is obvious but the displacement of the
patch is not. These variations can however easily be observed
when looking at Animation 1. In Animation 1, the four images of
Fig. 4a–d have been put in sequence and a fixed white star symbol
marks the location of the brightest patch bin in the first image of
the sequence. The patch displacement toward dusk is obvious
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Fig. 2. Fragmentation of the data represented in Fig. 1a in nadir observations acquired between May 14, 2006 and August 9, 2006 (a), August 9, 2006 and September 16, 2006
(b), September 16, 2006 and February 13, 2007 (c), February 13, 2007 and April 26, 2007 (d), April 26, 2007 and November 6, 2007 (e), November 6, 2007 and July 1st, 2008 (f)
and between July 5, 2008 and October 15, 2008 (g). Regions of bright emission are enhanced with white boxes.
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and so is its brightness increase during the first three observations,
then followed by a decrease from �2.3 MR to 1.7 MR in the last
image (3 h after the first one). Animations 2–5 have also been gen-
erated in order to show other examples of time series. Animation 2
refers to orbit VI0308 (already shown in Fig. 3b). In this case, three
main patches can be observed. The brightness of one of them
(marked with a white star symbol) keeps increasing while the
other two decrease. This result shows a great variability of the
emission within a single sequence in a 4-h period of time. The main
displacement is directed toward North. In Animation 3 (orbit
VI0371, already shown in Fig. 3c), no significant displacement
can be observed. The bright patch intensity increases in 5 h from
�1.8 MR to 4.5 MR. In Animation 4 (orbit VI0324), four patches
can be observed at the beginning of the series, all moving north-
ward. The brightness of only one of them clearly increases from
�1.1 to 2.2 MR in 5 h. Finally, three main patches can also be
observed during 5 h in Animation 5 (orbit VI0367). Two of them
move southward while the southernmost (�35�S) one heads
toward dusk and South. Note that, in some images, nadir observa-
tions appear rougher as a consequence of shorter exposure times
and lower signal to noise ratios.

In order to properly analyze the database, only series showing
patches far enough from the edges of the field of view have been
selected. A total of 127 images, distributed among 47 time series
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Fig. 3. Examples of individual nadir observations of the O2(a1D) airglow structure.
A VIRTIS-M-IR nadir observation cannot cover more than 25% of the Venus
nightside. The bright emission patch can be located away from the antisolar point.
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of observations were finally used for this study. These time series,
from the first to the last nadir observation of the series, can last
from 45 to 3200 min. Note that, occasionally, several patches can
be observed in a given time sequence (see Animations 2, 4 and
5). These images have then been processed with a blob-coloring
technique in order to automatically extract the brightest patch
from the image. The blob-coloring technique consists in applying
a threshold to an individual image so it becomes a binary image.
An 8-connexity filter is then applied to check whether a given
bin belongs to one group of bins or another. The brightest group
of bins finally corresponds to the emission patch. Fig. 4a–d patches
extraction can be seen in Fig. 4e–h, respectively. The coordinates
(latitude and local time) of the patch barycenter have been esti-
mated and associated to the averaged intensity of the patch. Along
with the UT acquisition time of the barycenter, these parameters
have then been used to follow the time evolution of the emission
patches, both in terms of displacements and intensity. Results are
independently presented in Sections 3 and 4, respectively.
3. Apparent wind velocity measurements

The location of the patch barycenter can be followed over time,
leading to feature tracking. The red curve in Fig. 5a shows the
example of the displacement through the Venus nightside of
the bright patch shown in Fig. 4 and Animation 1. In this case,
the motion is quite linear, with the spot moving from 71�S to
68�S and between 20:40 and 20:13 LT. For a series of N consecutive
images, N � 1 apparent wind vectors can be retrieved. From the
four consecutive images of Fig. 4a–d, three wind vectors have been
deduced. The retrieved displacements correspond to apparent
motions of 22.7, 42.0 and 45.8 m s�1. In other cases, the motion
can however be highly random as for example in Fig. 5a in black
(VI0364). The associated apparent wind velocities are 44, 25, 119,
177 and 48 m s�1. Considering the 47 generated nadir time series,
a histogram of the norms of the wind vector has been plotted
(Fig. 6). It shows that the velocity associated with the displace-
ments vary between �0 up to 213 m s�1, with a mean value of
54 m s�1 and a median value of 44 m s�1. Data indicate that most
of the velocities range between 5 and 65 m s�1, with only few mea-
surements showing a velocity greater than 120 m s�1. Considering
the brightest bin of the emission patch instead of its barycenter
leads to an averaged apparent wind velocity of 104 m s�1. Taking
into account the apparent wind direction, it appears that the
meridional component can reach extreme values of �191 (pole-
ward) to +168 (equatorward) m s�1. The mean poleward value is
�37 m s�1 and the mean equatorward value is +37 m s�1. Zonal
wind velocities range between �177 (retrograde, from dusk to
dawn) and +156 (prograde) m s�1, with mean values of �32.3
and +32.8 m s�1, respectively. There is thus no prevailing wind.
However, there are as many positive as negative components in
the morning and in the evening side, which does not allow con-
cluding for a pure SS–AS circulation. These results are in agreement
with those from Clancy et al. (2012) and Sornig et al. (2013) who
both observed a very large variability in their measurements.
Clancy et al. (2012) found average wind speeds of 65 m s�1 and
an extremely variable additional zonal component of �85 m s�1.
With their method, Sornig et al. (2013) measured speed values
between 41 and 189 m s�1, but did not find any evidence for a glo-
bal RSZ component. Brecht et al. (2011) modeled wind speeds of
the same order with the VTGCM. They showed that zonal winds
are less than 20 m s�1 at 95 km. They stressed the fact that their
three-dimensional model gives averaged steady state values that
cannot reproduce the variability of the observations.

Apparent wind vectors are shown in Fig. 7: the displacements
appear to be highly random both in norm and direction. For
example, the region at �03:00 LT and 10�S shows that some
vectors (belonging to the same series) point toward the northern
direction, but others (belonging to another series) point toward
dawn, implying that the wind direction in a given region may
significantly vary over time. Thus, as mentioned before, the
VIRTIS-M observations provide a totally new view of the circula-
tion variability. As a matter of fact, all previous studies were
based on relatively short acquisition times (�10 min for Sornig
et al. (2013) and 2–15 min for Clancy et al. (2012)) but consecu-
tive observations were separated from several days or months.
Also, the number of observations was highly limited. By contrast,
in this study, even though acquisition times are longer (�20 min
are necessary to obtain a VIRTIS observation, which could some-
what smooth the very short-term variability of the phenomenon),
consecutive observations are separated by less than an hour and
the VIRTIS database covers more than two years of observations.
It is thus possible to observe the variability of the O2(a1D) emis-
sion on both the short term (every 20 min) and the long-term
(from April 2006 to October 2008). Animation 2 goes even further



Fig. 4. Example of a time series (a–d) where a bright O2(a1D) patch can be observed. It has been extracted (e–h) from the VIRTIS-M nadir observations (a–d, respectively)
using a blob-coloring algorithm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a

b

Fig. 5. The displacement the bright patch emission shown in Fig. 4 (orbit 80) is
represented (a in red) and its intensity is plotted against time (b in red). Another
example of a series acquired on April 19, 2007 (orbit 364) is represented in black.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Histogram of the apparent wind speed deduced from 127 nadir VIRTIS-M
observations. The velocity of the displacements varies between �0 up to 213 m s�1,
with a mean value of 54 m s�1.

Fig. 7. Map of the apparent wind vectors measured on the Venus nightside (dashed
area). The plot shows that winds are highly variable in space and time and may
reach up to 213 m s�1.
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in the variability of the emission by showing several patches
evolving differently in orbit 308: some patches increase while
other decrease and the bright patch located at �20:50 LT –
25�S moves northward while the area at �20:30 LT – 37�S moves
southward.

Hueso et al. (2008) previously generated maps of apparent wind
velocities but they used a restricted sample of VIRTIS-M nadir
observations. They determined a global circulation on the Venus
nightside (Fig. 5 from Hueso et al., 2008). From 0 to �30�S, the glo-
bal trend is directed from dawn to dusk (prograde). A rotating
motion can be observed near 22:00 LT – 50�S. They found apparent
zonal velocities ranging between +60 (prograde) and �50 (retro-
grade) m s�1 and apparent meridional velocities from �20 (pole-
ward) to +100 m s�1 (equatorward) with an average meridional
circulation of +20 m s�1 toward low latitudes. Based on the highly
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inhomogeneous apparent wind vectors shown in Fig. 7 and con-
trary to Hueso et al. (2008), no significant global motion pattern
at 96 km can been deduced from this study. In particular, these
vectors do not appear to reproduce either a RSZ or a SS–AS circula-
tion. This result is reminiscent of the study by Bougher et al. (2006)
who observed a large spatial and temporal variability in the distri-
bution of the individual bright airglow patches of nitric oxide air-
glow over 24-h periods with the UVS instrument on board
Pioneer Venus. They concluded to a highly variable day-to-day
thermospheric circulation.

Both our wind study and that from Hueso et al. (2008) have
been made without considering the brightness evolution of the
O2(a1D) patch. This is quite important though, as the apparent dis-
placement might not always represent an actual wind speed but
can also stem from a change in the global circulation or variations
in the local vertical transport efficiency on the nightside. Intensity
variations, independently from dynamical motions, will be dis-
cussed in the following section. Either way, this study of apparent
displacements characterizes the dynamical behavior in the Venus
upper mesosphere at �96 km and confirms its high variability both
a short- and long-terms.

4. Intensity variations

This section will focus on analyzing the intensity variations of
the emission, independently from the patch displacement. Con-
trary to Section 3, where the patch barycenter was used to deduce
the global motion of the O2(a1D) emission, this section uses the
brightest bin of the extracted patch. Using the barycenter and an
averaged brightness smoothes the data and no proper analysis
would have been possible.

4.1. Spatial intensity variations

First, the coordinates of the emission maximum for each of the
127 selected nadir observations have been plotted similarly to the
example in Fig. 8. An important result readily appears: the location
of the emission patch is highly variable. Bright emission patches
have been observed in almost any region of the Venus nightside
covered by nadir observations (Southern hemisphere, from 19:00
to 05:00 LT). A color code has also been assigned to each point of
Fig. 8, depending on the intensity of the observed patch. The color
bar shows that the intensity maximum is also highly variable,
ranging from very low to more than 3 MR, with a mean value of
1.75 MR. The concentration of red dots around the antisolar point
is consistent with the results showed in Fig. 1: bright O2(a1D)
0
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Fig. 8. Dots represent the position of the emission maximum on the Venus
nightside extracted from 127 nadir VIRTIS-M images. The dot color corresponds to
the intensity of the emission. It shows that the O2(a1D) emission is highly variable
both in location and intensity.
emissions can occur everywhere, but the brightest ones statisti-
cally occur in the vicinity of the antisolar point. The addition of a
large number of individual observations makes the global pattern
emerge. As mentioned before, it is important to note that a VIR-
TIS-M nadir observation never covers the entire Venus nightside.
Thus, a bright patch detected near the South pole does not prevent
an even brighter emission from occurring at the antisolar point at
the exact same time. This can easily be observed when examining
Fig. 5d of Piccioni et al. (2009). This VIRTIS-M limb observation
shows that a bright spot can occur at 30�N while another one is
seen near the equator. Gérard et al. (2014) also present several VIR-
TIS-M-IR limb images of the O2(a1D) emission. In most examples,
several patches can be observed along latitudinal cuts.

4.2. Temporal intensity variations

The variations of the bright patch intensity of each series of
nadir observations have also been followed over time. Both inten-
sity increases and decays have been observed during the time ser-
ies. Fig. 5b is an example of a bright patch weakening. Altogether,
out of the 47 generated series, 20 of them show a decrease of the
intensity, 16 present an increase (Animation 3) and the other 11
exhibit both increases and decreases over time (Animation 1 and
Fig. 5b in black). They are randomly distributed over space and
time. The intensity drops are expected as a direct consequence of
the long radiative lifetime of �75 min of the O2(a1D) metastable
state and the recombination of the O atoms producing this excited
state though process (1). As for the increasing phases, they can
probably be explained by a continuous supply of fresh oxygen
atoms provided by the SS–AS circulation which recombine while
producing O2(a1D) molecules. These assumptions need to be veri-
fied in the next section by considering the characteristic times of
the intensity variations.

4.3. E-folding times

In this work, for simplicity, we assume that the intensity
decreases (increases) follow an exponential law:

IðtÞ ¼ I0 � eð�Dt=sÞ ð4Þ

where I is the intensity, I0 is the intensity at the beginning of the
series, t is the time, and s is the effective decay (rise) time. These
e-folding times have been estimated for every series of nadir obser-
vations. Decay times range from 72 to 2715 min, with a mean value
of �750 min. The mean rise time is �1550 min. The mean decay
time is thus ten times longer than the oxygen atoms radiative life-
time of 75 min. Therefore, in most cases, radiative processes alone
cannot explain the intensity decay observed in the Venus atmo-
sphere. This apparent inconsistency can however be solved when
considering the chemical lifetime of the atomic oxygen atoms
which continuously produce O2(a1D) molecules together with the
vertical transport time scales. The rate of the O2 airglow decay actu-
ally depends on the atomic oxygen density in the upper meso-
sphere, as the effective chemical lifetime of O atoms in the upper
mesosphere, equal to sO = 1/k[O][CO2], controls the production of
the O2(a1D) through reaction (1). We use the one-dimensional
chemical-diffusive atmospheric model developed by Gérard et al.
(2008a), together with the hemispheric mean O and CO2 density
profiles determined by Soret et al. (2012b) based on VIRTIS and SPI-
CAV data, to quantify the chemical lifetimes sO and sO2ða1DÞ, the
molecular diffusion time scale sD and the eddy diffusion time scale
sK. Their vertical distribution can be seen in Fig. 9. The effective life-
time of O2(a1D) molecules remains equal to its radiative value down
to about 90 km, where quenching by CO2 starts decreasing its value.
The calculated chemical lifetime of atomic oxygen is on the order of



Fig. 9. Time scales calculated with the one-dimensional chemical-diffusive atmo-
spheric model by Gérard et al. (2008a), using the hemispheric mean O and CO2

density profiles based on VIRTIS and SPICAV data determined by Soret et al. (2012a).
The chemical lifetimes of O and O2(a1D) are represented in solid and long-dashed
lines, respectively. The molecular diffusion time scale sD is plotted in short-dashed
line and the eddy diffusion time scale sK is represented with a dotted line.
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115 h at 96 km, considerably longer than the 75 min of the O2(a1D)
radiative lifetime. Thus, even though the local supply of O atoms
from above is suddenly turned off, local oxygen atoms will continue
to recombine with an e-folding value equal to sO. Fig. 9 also shows
that eddy diffusion plays an important role in the production of the
O2(a1D) through the control of the O atom vertical distribution. At
96 km, sK = sO, which means that the corresponding vertical wind
is on the order of w = H/sK = 1.25 cm s�1 (with H � 5 km the scale
height of O2(a1D)). The effective decay time of the 1.27 lm airglow
is thus a combination of the radiative lifetime of O2(a1D) molecules
with the O chemical lifetime sO and its vertical transport efficiency.

Rise times can easily be explained by an additional downward
flux of oxygen atoms, leading to the formation of excited oxygen
molecules by three-recombination and an enhanced emission at
1.27 lm during their deactivation.

Changes in intensity could also be caused by a change of alti-
tude of the emission layer. Emissions are indeed expected to be
brighter at �96 km, but weaker above (three-body recombination
less efficient) or below (quenching by CO2) this altitude.

5. Conclusions

This study confirms results obtained in previous works showing
that the O2(a1D) nightglow emission is highly variable. However,
this study brings new insights in that the available VIRTIS-M data-
set enabled us to study the O2(a1D) emission variations both at the
long (years) and short (minutes) terms.

The long term was studied with the statistical results of Sec-
tion 2. We showed that bright O2(a1D) patches can occur in any
region of the Venus nightside. However, the bright patch observed
in a single observation is not necessarily the brightest patch of the
Venus nightside. Indeed, a VIRTIS-M observation cannot cover the
entire Venus nightside at once, most of the time avoiding the anti-
solar region: the brightest emission patch can thus actually be
located outside the VIRTIS-M field of view. Despite this bias, the
brightest patches tend to statistically occur around the antisolar
point. This probably explains why the brightest area of previous
airglow statistical maps is located at the antisolar point (Gérard
et al., 2008b; Piccioni et al., 2009; Soret et al., 2012a).

Short-term analysis, based on the study of consecutive nadir
images, lead to the retrieval of apparent wind velocities and inten-
sity variations. Horizontal winds time scales can also be estimated.
Assuming a mean horizontal velocity of 54 m s�1 at 96 km (Fig. 6)
and the full displacement of a typical size of the bright patch of
1000 km, the calculated horizontal wind time scale is about
2 � 104 s. According to Fig. 9, this time scale is shorter than
sO2ða1DÞ; sO2ða1DÞ, sK and sD. Therefore, even though the O2(a1D) emis-
sion is subject to radiative decay and vertical transport, the domi-
nant cause of all the O2(a1D) patch changes is horizontal transport.

Wind speeds at �96 km have been estimated by following
motion of the bright patches over time. The apparent speed was
found to vary from �0 to 213 m s�1, with a mean value of
54 m s�1. A map of the deduced wind vectors has been generated.
It shows a high variability for both the short and the long terms:
wind vectors deduced from a given time series can change direc-
tions and so can the wind vectors of a given region retrieved sev-
eral orbits later. Apparent zonal and meridional components vary
from �177 (retrograde) to +156 (prograde) m s�1 and �191 (pole-
ward) to +168 (equatorward) m s�1, respectively, but globally can-
cel out. These wind velocities are in good agreement with previous
studies based on measurements of Doppler shift which also
observed a high variability and motions much more complex than
a simple SS–AS circulation. It is however challenging to exactly
quantify the Venus winds at these altitudes as long as snapshot
global views of the airglow distribution are not available.

Intensity variations over time periods of tens of minutes to
hours have also been studied. Both increases and decays of the
O2(a1D) intensity have been observed. Increasing phases can be
explained by a local additional supply of oxygen atoms from the
dayside. Collet et al. (2010) developed a two-dimensional chemi-
cal-transport time dependent model of four minor species in the
Venus upper atmosphere. They modeled the spatio-temporal dis-
tribution of both the NO and O2(a1D) nightglows. They showed
that locally enhanced downward fluxes of oxygen and nitrogen
increase the brightness of both emissions several hours after the
injections and that both the retrieved intensities and e-folding
times are highly dependent on the flux values and the duration
of the injections. On the other hand, the long decay time (exceed-
ing the 75 min O2(a1D) radiative lifetime) can be interpreted as a
combination of the radiative decay of the O2(a1D) metastable state
and the lifetime of the O atoms. Bougher et al. (2006) and Hueso
et al. (2008) suggested that the changing intensity distribution
on the nightside can also be due to local variations in the atmo-
spheric global circulation (gravity waves or eddy-diffusion coeffi-
cient modifications). Allen et al. (1992), Crisp et al. (1996) and
Gérard et al. (2014) suggested that these local variations of the
nightglow emission could be a consequence of spatial inhomoge-
neity of the efficiency of vertical transport.

The bright patches followed in this study sometimes change
both in intensity and shape. In these cases, (i) oxygen atoms within
a given patch may not subject to a uniform motion or (ii) it is also
possible that the O2(a1D) intensity variations results from a combi-
nation of changes in the downward fluxes of oxygen atoms or
atmospheric density, or (iii) the presence of gravity waves can
modifying the strength of the local vertical transport.
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