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a b s t r a c t
Since the discovery of ultraviolet markings on Venus, their observations have been a powerful tool to
study the morphology, motions and dynamical state at the cloud top level. Here we present the results
of investigation of the cloud top morphology performed by the Venus Monitoring Camera (VMC) during
more than 3 years of the Venus Express mission. The camera acquires images in four narrow-band ﬁlters
centered at 365, 513, 965 and 1010 nm with spatial resolution from 50 km at apocentre to a few hundred
of meters at pericentre. The VMC experiment provides a signiﬁcant improvement in the Venus imaging as
compared to the capabilities of the earlier missions. The camera discovered new cloud features like bright
‘‘lace clouds’’ and cloud columns at the low latitudes, dark polar oval and narrow circular and spiral
‘‘grooves’’ in the polar regions, different types of waves at the high latitudes. The VMC observations
revealed detailed structure of the sub-solar region and the afternoon convective wake, the bow-shape
features and convective cells, the mid-latitude transition region and the ‘‘polar cap’’. The polar orbit of
the satellite enables for the ﬁrst time nadir viewing of the Southern polar regions and an opportunity
to zoom in on the planet. The experiment returned numerous images of the Venus limb and documented
global and local brightening events. VMC provided almost continuous monitoring of the planet with high
temporal resolution that allowed one to follow changes in the cloud morphology at various scales.
We present the in-ﬂight performance of the instrument and focus in particular on the data from the
ultraviolet channel, centered at the characteristic wavelength of the unknown UV absorber that yields
the highest contrasts on the cloud top. Low latitudes are dominated by relatively dark clouds that have
mottled and fragmented appearance clearly indicating convective activity in the sub-solar region. At
50° latitude this pattern gives way to streaky clouds suggesting that horizontal, almost laminar, ﬂow
prevails here. Poleward from about 60°S the planet is covered by almost featureless bright polar hood
sometimes crossed by dark narrow (300 km) spiral or circular structures. This global cloud pattern
can change on time scales of a few days resulting in global and local ‘‘brightening events’’ when the bright
haze can extend far into low latitudes and/or increase its brightness by 30%. Close-up snapshots reveal
plenty of morphological details like convective cells, cloud streaks, cumulus-like columns, wave trains.
Different kinds of small scale waves are frequently observed at the cloud top. The wave activity is mainly
observed in the 65–80° latitude band and is in particular concentrated in the region of Ishtar Terra that
suggests their possible orographic origin. The VMC observations have important implications for the
problems of the unknown UV absorber, microphysical processes, dynamics and radiative energy balance
at the cloud tops. They are only brieﬂy discussed in the paper, but each of them will be the subject of a
dedicated study.
Ó 2011 Elsevier Inc. All rights reserved.
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1. Introduction
Venus is covered by thick clouds with optical depths of 20–40 in
the visible spectral range. At least upper parts of the clouds are
composed of ﬁne sulfuric acid aerosol particles photochemically
produced from sulfur dioxide and water vapour (Esposito et al.,
1997). The clouds conservatively scatter radiation at most visible
and near infrared wavelengths. Thus the planet appears as a bright
and uniform disk. However, at ultraviolet (UV) wavelengths (300–
450 nm), contrast features exist and have been frequently observed ever since their discovery in early 20th century (Wright,
1927; Ross, 1928). These UV markings are thought to originate
from an unknown ultraviolet absorber mixed with an inhomogeneous spatial and vertical distribution in the upper cloud (Esposito,
1980; Pollack et al., 1980). Observations of Venus at UV wavelengths have become a routine technique for studying the morphology of the cloud tops and their dynamics by tracking UV
cloud features (Limaye and Suomi, 1978; Rossow et al., 1980,
1990; Toigo et al., 1994; Moissl, 2008; Moissl et al., 2009).
Early ground-based UV observations showed high variability in
the appearance of Venus disc on time scales from days to at least
one year (Dollfus, 1975), but they lacked spatial resolution. The
most remarkable detail was the so called ‘‘Y’’ feature, which also
showed signiﬁcant variability. The Mariner-10 camera was the ﬁrst
instrument to return high resolution UV images of the Venus disk
(Belton et al., 1976). The ﬂyby revealed features down to 1 km
scale. Although covering only 8 days, these observations gave
important clues to the morphology and dynamics of the Venus
cloud tops.
Prior to the Venus Express mission, the Pioneer Venus Orbiter
Cloud Photopolarimeter (OCPP) experiment provided the most
complete UV imaging data set, which consisted of about 6 months
of imaging distributed over a 5-year period from December 1978
through July 1982 (Rossow et al., 1990). The UV images were taken
in a 365 nm ﬁlter. The spacecraft orbital motion combined with a
spin-scan technique provided two dimensional coverage of the entire disc in about 4–5 h but the dynamical range was somewhat
less then 8 bits. OCPP also obtained low spatial resolution polarimetry maps of Venus (Limaye, 1984).
The OCPP imaging also indicated bright polar regions ﬁrst seen
during the Mariner-10 ﬂyby. The observations persistently showed
the latitudinal trend in planet brightness and cloud morphology
and helped to establish the nomenclature of the cloud features. From
its 105° inclination orbit, Pioneer Venus obtained a preferential view
of the Southern hemisphere and especially low and middle latitudes
for imaging. The dark equatorial band was characterized by cell-like
and bow shape clouds that appeared near and downstream of the
sub-solar point ﬁrst seen from Mariner-10. The bow shapes were
seen to be tilted by about 40° with respect to latitude circles at
mid-latitudes, which led to the suggestion that the spiral markings
were ‘‘streak’’ lines. This notion was exploited by Smith and Gierasch
(1996) to infer the global scale winds and the meridional component
of motion. Close to the equator their tilt varied from 90° to 0° thus
forming either concave or convex features. The classical dark Y feature appeared quasi-periodically every 4–5 days. The polar regions
appeared brighter than the rest of the planet with the brightness
maximum reached in the bright polar band between 45° and 60° latitude. Bright streamers and fan-shaped clouds at the equatorial edge
of the polar band indicated an exchange of material between high
latitudes and the ‘‘tropics’’. Higher latitudes or the polar ‘‘cap’’ were
observed to be slightly darker. Small scale features were generally
absent at high latitudes giving these regions a smooth and uniform
appearance. The global cloud pattern exhibited strong quasi-periodic variations. Most of the observed features could not be recognized after 4–5 days.

The Venus Express spacecraft brought a new generation of
imaging instruments to the planet including the Venus Monitoring
Camera (VMC), a wide angle camera that acquired images of Venus
in four narrow spectral bands including the one at 365 nm similar
to the Pioneer Venus OCPP instrument. Systematic imaging of the
planet for more than 4 years has now delivered the largest and longest imaging dataset so far. The ﬁrst results were published by
Markiewicz et al. (2007b). In this paper we describe in detail the
VMC in-ﬂight behaviour, the data processing pipeline and products
and summarize the main results on the cloud top morphology obtained during more than 3 years of observations. The paper gives
general overview of the VMC observations leaving their detailed
analysis for subsequent works.
2. Venus Monitoring Camera
2.1. Experiment description
VMC is the ﬁrst camera in orbit around Venus which is based on
a CCD detector. A detailed description of the science goals, instrument design and performance characteristics can be found elsewhere (Markiewicz et al., 2007a,c; Titov et al., 2010). Here we
present the main features of the experiment. VMC is a wide angle
instrument that images the planet in four narrow band ﬁlters centered at 365, 513, 965 and 1010 nm. These four channels share a
single 1 Megapixel CCD detector, a design that avoids having a
moving ﬁlter wheel. Each spectral band addresses a speciﬁc science
goal. The UV channel (365 nm) covers the range of wavelengths of
the unknown UV absorber, similar to the UV channel of the Pioneer
Venus OCPP instrument. The visible channel (513 nm) is centred
on one of the lines of the oxygen Herzberg band (Krasnopolsky,
1983). The main goal of the two infrared channels is to map the
surface thermal emission on the night side. On the day side, they
complement the studies of cloud morphology, dynamics and cloud
properties. The ﬁrst near-IR channel (965 nm) sounds the spectral
region of water vapour bands while the second one (1010 nm) is
centered on the continuum. Simultaneous imaging in both ﬁlters
can be used to map water vapour variability at the cloud tops on
the day side and close to the surface on the night side. Each VMC
snapshot consists of four images, one in each of the ﬁlters, occupying separate CCD quadrants. Since the instrument sensitivity and
the brightness of the Venus disk vary strongly between the channels, their optimal exposure times, that provide about 75% of the
detector’s full well, vary from 0.5 ms in the visible channel to
135 ms in the infrared one. Each snapshot is taken with exposure
optimized for a certain channel resulting in that the other three
images are over- or underexposed. The onboard software sends
only the image with the optimal exposure to the spacecraft.
The VMC full ﬁeld of view is 17.5° and has the shape of irregular polygon (Fig. 1). The image scale is 0.7 ± 0.01 mrad/px,
depending on the channel, that yields spatial resolution on the planet from 50 km/px in apocentre to a few hundred meters in pericentre. The readout electronics provide a range of exposures from
0.5 ms to 30 s that allows observation of both the day and night
sides of Venus. The camera is mounted on the +Y wall inside the
spacecraft with its optical axis approximately co-aligned with the
+Z axis of the spacecraft and boresight of the other nadir-looking
experiments (Svedhem et al., 2007, 2009).
2.2. Science operations
Venus Express is in a polar orbit with a period of 24 h and an
apocentre distance of 66,000 km (Fig. 1). Solar gravity perturbs
the orbit, forcing the pericentre altitude to increase during the ﬁrst
part of the mission and after October 2009 to decrease with a rate
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Fig. 1. Sketch of the Venus Express orbit. The numbers along the orbit mark the time since the pericentre passing (orbital time). Three inserts along the ascending arc show
typical VMC images taken at different distances from the planet.

of 1–2 km/day. Speciﬁc manoeuvres are regularly performed to
maintain the pericentre altitude in the 200–350 km range. The
pericenter, originally placed at 78°N during the orbit insertion,
had drifted polewards and passed over the Northern pole in October, 2009 (Svedhem et al., 2007, 2009; Titov et al., 2009). The elliptical polar orbit affects the observational strategy in two ways.
First, it allows observations of atmospheric phenomena at different
local times. Secondly, it combines a global view of the planet in the
Southern hemisphere with high-resolution snapshots in the North,
thus providing signiﬁcant advantages for the imaging instruments.
The Venus Express orbit can be roughly divided in three parts
(Fig. 1): telecommunications on the descending arc of the orbit
(2–12 h since pericenter passing), apocentre and off-pericentre
observations in the ascending arc (12–23 h), and pericentre observations (23–2 h). The phase of the orbit is maintained so that the
ground station in Cebreros (Spain) is visible from the satellite between 2 and 12 h orbital time. The observations usually begin at
the apocentre, continue along the ascending arc and during the
pericentre pass. Thus, in each orbit the observations can cover almost all latitudes.
The Venus Express science cases (typical spacecraft science
operations) were described in detail by Titov et al. (2006). The
observation modes most effectively and frequently used by VMC
are: (1) Observations from the apocenter and in ascending arc that
provide monitoring of the cloud structure and motions in the
Southern hemisphere for up to 10 h with a spatial resolution from
50 km/px to 10 km/px; (2) Close-up mosaics at 22–23 h (10–3 km/
px) that yield good compromise between spatial coverage and res-

olution; (3) Local nadir or close to nadir observations in the pericentre pass that give equator-to-pole swath with resolution of 3–
0.3 km/px along the sub-orbit meridian; (4) Spot pointing that
keeps a selected target or latitude in the ﬁeld of view for about
an hour, thus providing good phase angle coverage in the Venus
tropics; (5) Limb observations.
Local time at ascending node (LTAN) of the orbit, which position
approximately corresponds to 23 h of the orbital time in Fig. 1,
slowly changes from orbit to orbit due to Venus’ motion around
the Sun together with the Venus Express orbit ﬁxed in inertial
space. The resulting drift of the sub-satellite point at ascending
node is about 1.5° longitude or 6.4 min of local time per day.
Fig. 2 shows the evolution of the LTAN parameter over the mission.
The best periods for VMC observations of the cloud morphology
and motions correspond to about noon conditions (LTAN = 10–
14 h) when the spacecraft approaches the planet from the day side.
Similar illumination conditions also occur after pericentre at
LTAN = 22–2 h. However the observations on the descending arc
of the orbit usually have to be stopped at about 1.5 h after pericentre to allow for telecommunications (Fig. 1). Since 2009 the mission has provided an opportunity to observe also on descending
arc till about 3 h after pericentre. This is done at an expense of
delaying telecommunications with Cebreros ground station but
gives another slot for day side observations. The ‘‘terminator’’ orbits (LTAN = 5–7 h and 17–19 h) are favorable for comparative
observations of morning and evening sectors of the planet. Since
the orbit insertion in April 2006, the full diurnal cycle was covered
by VMC observations more than four times.
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Fig. 2. Evolution of the local time at ascending node (LTAN) over the mission. Grey
areas mark night at ascending node. The sketch on the right shows evolution of the
planet appearance from the ascending node with local time. The optimal illumination conditions for VMC observations at ascending branch are between 10 and
14 h local time.

2.3. VMC in-ﬂight characterization and calibration pipeline
2.3.1. Geometric properties
Studies of the VMC geometric properties such as total and
individual pixel ﬁelds of view and geometric distortions were a
part of pre-ﬂight laboratory investigation (Titov et al., 2010).
They were veriﬁed in ﬂight by star observations. Geometric characteristics of the UV, NIR1, and NIR2 channels were found to be
the same as during the laboratory tests. The point spread function for these channels is 0.7 ± 0.01 mrad/px, depending on the
channel, with no distortions over entire ﬁeld of view. The visible
channel shows geometric distortions so that a star image occupies few pixels in the middle of the ﬁeld of view and becomes
an oval of 10 pixels long at its periphery. Misalignment of
the optical channels with respect to the spacecraft coordinate
system was accurately measured and included in the processing
software used in the data analysis.

2.3.2. Standard data processing
The ground-based image processing involves several steps described in detail in the VMC calibration report (Titov et al.,
2010). The ﬁrst step is the hot pixels correction. A pixel is declared ‘‘hot’’ if its value is at least 640 DNs (digital numbers)
higher than that of the surrounding pixels. The value of ‘‘hot’’
pixels is replaced by the mean of the surrounding pixels. Usually
‘‘hot’’ pixels have a ‘‘dark tail’’ (i.e. the values of the next 5 pixels
in the same line are too low). These values are replaced by the
mean of the corresponding pixels of the upper and lower lines.
The second step, the dark current correction, is performed by
subtracting a dark current image, which is calculated by interpolating the database of dark images collected during laboratory
calibration to the current CCD temperature and exposure time.
The masked part of the CCD is used to adjust the mean value
of the dark image thus compensating for any in-ﬂight changes
of the mean value of the dark current. In the third step, the image is divided by the ﬂat ﬁeld image calculated from laboratory
images, taking into account current CCD temperature and exposure. This step provides both ﬂat ﬁelding and radiometric calibration based on the available pre-ﬂight laboratory
investigations of the instrument. The ‘‘radiance scaling factor’’
– a coefﬁcient for conversion of the DNs (digital numbers) into
brightness – is stored in the header of each image.

2.3.3. Detector damage and additional ﬂat ﬁelding
VMC has no shutter that closes the aperture. Pre-launch estimates showed that the narrow bandpasses of the ﬁlters and
small size of the lenses should prevent heating of the detector
by more than few degrees even in case of direct solar illumination. Also, the laboratory tests, in which VMC was exposed to
illumination simulating direct solar light at Venus orbit, showed
no effect either on the optics or on the detector. However the
ﬁrst images taken after the Venus orbit insertion showed many
dark features that indicated severe damage of the CCD
(Fig. 3a). Analysis of the anomaly led to the following conclusions (Titov et al., 2008a). In March–April 2006, when the spacecraft was approaching Venus, the Sun was shining directly into
the VMC aperture for about two weeks. The dark horizontal
band in the middle of the UV image in Fig. 3a is the track of
the Sun’s image on the detector. The feature results from degradation of the detector sensitivity due to yellowing of the material of microlenses on the chip surface. The dark band is
present only in the UV channel. In addition, the images in all
four channels have numerous dark spots and ﬁlaments whose
origin is still not clear. Their appearance could be explained if
some material condensed on the sensitive area of the detector.
However, neither pre-ﬂight thermal modeling and laboratory
tests nor in-ﬂight monitoring showed that the CCD temperature
had exceeded acceptable limits that could lead to evaporation or
thermal damage of the detector or microlenses on its surface. A
possible source of the dark pattern is believed to be silicon oil or
other contaminants that condensed onto the surface of the CCD
or ﬁlters. Another possible explanation is the Marangoni convection in the microlense layer (Moissl, 2008). The pattern evolves
with time and thus requires correction in each orbit.
The detector damage can be however compensated for with
additional ﬂat ﬁelding using Venus as a calibration target. Several images of the Northern polar regions are captured almost
in every orbit. Due to the close distance to the planet near the
pericentre and the uniformity of the Venus clouds at high latitudes, these images can be used for additional ﬂat ﬁelding. If
no pericentre imaging is possible in a particular orbit, the images
from the next or previous orbits are used. The manually selected
images are used to create a mean ﬂat ﬁeld. The ‘‘mean ﬂat ﬁeld’’
image is normalized by its median in order to reduce the inﬂuence of ‘‘hot’’ or anomalous pixels. All images in the current orbit are divided by the normalized ﬂat ﬁeld image. The correction
by additional ﬂat ﬁelding works quite well and allows reconstruction of ﬁne details in most of the cases when ﬂat ﬁeld
images were appropriately taken (Fig. 3b). The ‘‘ﬂat ﬁeld’’ images
were not used for any further science analysis. We also note that
the use of polar images for additional ﬂat ﬁelding could create
artefacts, resulting from inhomogeneities of the polar clouds.
They can become important and would require additional correction in the areas of VMC data analysis which are especially
sensitive to the quality of ﬂat ﬁelding (e.g. phase function and
surface studies).
2.3.4. Radiometric calibration
Although full characterization of the VMC radiometric performance was carried out during laboratory calibration, the unfortunate detector damage forced us to verify consistency of the
earlier results. For this purpose we used comparison with the data
from Visible and InfraRed Thermal Imaging Spectrometer (VIRTIS)
onboard Venus Express (Drossart et al., 2007) and observations of
stars with known radiometric and spectral characteristics. The ﬁrst
method gives an opportunity to directly compare two imaging
instruments onboard Venus Express. Almost simultaneous co-located observations of Venus by VMC and VIRTIS in ﬁve orbits
(30, 267, 456, 614, and 868) were used for the comparison. Due
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Fig. 3. Examples of the VMC data products in the UV channel: raw image (a), calibrated and ﬂat ﬁelded image (b), map projected image (c), normalized image (d), and day
side pericentre mosaic from the equator (bottom) to the North pole (top) (e). See text for details.

to absence of absolute calibration of the VIRTIS-M visible channel
(0.3–1.0 lm) we relied on radiometric calibration of the VIRTISM IR channel (1–5 lm) complemented by an accurate modelling
of the reﬂected solar radiation in order to extend the correction
to shorter wavelengths and to correct UV and visible channels of
VMC. Several observations of the night side were also used for
re-assessment of the VMC radiometric calibration at maximum
exposures. Finally, observations of several bright stars with known
calibrated spectral ﬂux density gave independent estimates of the
calibration factors at exposure times 1–30 s. These results appeared to have a surprisingly high scatter. A poor precision in the
infrared channels can be explained by the low VMC sensitivity,
especially in NIR2 channel, and by that star images usually occupy
several CCD pixels.
The absolute calibration procedure and results are described
in detail by Titov et al. (2010). Table 1 summarizes the radiometric correction factors and their uncertainties. The difference
between day and night factors is due to great difference in exposures: 1–100 ms on the day and 30 s on the night side. Radiance
Table 1
Correction factors for the VMC absolute calibration obtained from comparison with
VIRTIS images and observations of bright stars.
VMC channel

NIR2
NIR1
VIS
UV

Correction factor
Day

Night

Stars

1.97 ± 0.06
1.62 ± 0.06
1.44 ± 0.04
2.32 ± 0.51 (1.3–2.5)

1.73 ± 0.10
2.22 ± 0.21
–
–

3.0 ± 1.5
1.6 ± 0.3
1.45 ± 0.01
2.0 ± 0.8

scaling factors from image headers should be multiplied by these
coefﬁcients to get correct values of brightness in the VMC
images.
2.3.5. Image normalization
Image normalization (i.e. correction for viewing geometry) (Limaye and Suomi, 1977) is performed using the Minnaert law:
Iðl; l0 Þ ¼ I0  lk1 lk0 , where I(l, l0) is the brightness measured by
a VMC pixel, I0 is the Venus brightness at zero phase angle (Sun
in zenith, observations in nadir), l is cosine of spacecraft zenith angle and l0 is cosine of solar zenith angle. Following Limaye (1984)
we determined two parameters of the Minnaert function: slope k
and intercept I0 for the entire image by plotting the dependence
lI vs ll0 in logarithmic coordinates (Fig. 4). We found that the
Minnaert function well represents the brightness distribution over
the Venus disc for solar and observation angles below 85° and is
comparable to the H-function used by Limaye and Suomi (1977).
The images were normalized by correcting brightness in each pixel
using the formula: Inorm ¼ Iðl; l0 Þ=ðlk1 lk0 Þ. An example of a normalized UV image is shown in Fig. 3d. Images normalized in this
way have two advantages. First, morphology and UV markings in
the polar and terminator regions are more pronounced. Second,
these images represent brightness distribution independent of
viewing geometry that can be used to study parameters of the
brightness ﬁeld.
2.3.6. Data products and archiving
The VMC experiment team creates several data products shown
in Fig. 3. (1) Raw images (Fig. 3a). (2) Images created by the
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Fig. 4. Example of the Minnaert function ﬁt (straight line) to the image brightness.
The crosses correspond to individual VMC pixels.

standard data processing pipeline including additional ﬂat ﬁelding
(Fig. 3b). (3) Images in map projection – calibrated and ﬂat ﬁelded
images interpolated to the map grid (Fig. 3c). (4) Mosaics composed of the images taken during pericentre passes: UV on the
day (Fig. 3e) and near-IR on the night side. Seamless map projected
day-side UV mosaics are derived for each pass using weighted
averaging in overlapping areas. Night-side near-IR mosaics of the
surface are composed of the images taken in eclipse seasons. These
mosaics are created for both single orbits and entire eclipse seasons. The mosaics are generated either in 8 bit format with integrated histogram adjustment (e.g. for visual interpretation) or in
original 32 bit real DNs without histogram adjustment for quantitative analyses. Individual VMC images are accompanied by headers that contain all housekeeping information about geometry,
timing, exposure, CCD temperatures, etc. needed for science analysis. Pointing data of each individual pixel is not a part of the products. Coordinates and angles corresponding to individual pixels in
VMC images should be calculated separately using the navigation
routines that can be provided by the VMC team on request. Calibrated and ﬂat ﬁelded VMC images (level 2 product) are available
for the science community through the ESA PSA (Planetary System
Archive) which format is similar to that of the NASA PDS (Planetary
Data System). VMC documentation, reports and images are also
available on request.
3. Morphology of the cloud tops
VMC observations provide the largest and longest data set of
Venus images collected so far. The images reveal a great variety
of features at various spatial and temporal scales and their strong
variability. The ﬁrst results of the VMC UV observations were presented by Markiewicz et al. (2007b). This section describes in detail
the cloud features observed by VMC during more than 3 years of
the nominal and extended missions and provide new insights into
the morphology and dynamics of the Venus cloud tops.
3.1. Global views
Fig. 5 shows examples of the Venus global views seen from the
spacecraft approaching the planet along the ascending arc of its orbit. The images were taken from a distance of about 30,000 km
(around 21 h orbital time in Fig. 1). This distance is optimal for global context imaging, since this is the closest approach from which

VMC still has full Venus disk in the ﬁeld of view. They represent the
best global views of the planet with the Southern hemisphere
dominating the images. The images in Fig. 5 are calibrated, ﬂat
ﬁelded (Section 2.3) and plotted in ‘‘satellite’’ projection.
The brightness contrast in the UV images of 20–30% is produced
by inhomogeneous distribution of an unknown absorber mixed
within sulfuric acid aerosol in the upper cloud layer. Rossow
et al. (1980) described basic types of UV markings seen in the Pioneer Venus OCCP images. Here we will follow the earlier classiﬁcation and will introduce several new classes of features.
Venus low and middle latitudes (<50°S) are generally darker
than the high latitudes (Fig. 5). A dark equatorial band is often
formed in the Venus tropics (orbits 445, 451, 723, 920). Sometimes
the brightness minimum is displaced to the middle latitudes forming dark mid-latitude bands separating slightly brighter equatorial
region (circum-equatorial belt) and very bright high latitudes (orbits 246, 263, 267, 445, 458). Mottled and patchy cloud patterns
ubiquitously present at low latitudes suggest the signiﬁcant role
of convection and turbulence here, as prominently observed by
Mariner-10 (Belton et al., 1976), Pioneer Venus (Rossow et al.,
1980) and Galileo (Peralta et al., 2007a). At 50°S, the mottled
clouds give way to streaky features (bright streamers) (orbits 246,
445, 675, 920), indicating a transition to quasi-laminar ﬂow at high
latitudes (50–70°S). The high latitudes are dominated by the
bright, almost featureless, cloud (bright polar band), implying the
presence of a large amount of conservative scattering aerosol
masking UV absorber hidden in the depths of the cloud (orbits
246, 265, 445, 458, 471, 914, 920). Sometimes the boundary between dark and bright regions shifts to as low as 30°S.
Polar regions (>70°S) are generally slightly darker than the midlatitudes (orbits 246, 265, 660, 914, 920) and form a ‘‘polar cap’’ observed by Pioneer Venus at large slant angle. Very often a narrow
dark circle appears at about 70° latitude (orbits 445, 451, 548,
459, 471, 472 675, 686). Dark circular and spiral features that are
a few hundred kilometres across are present in the polar regions
(orbits 246, 265, 671, 675). The dark polar oval is most frequently
seen poleward from 70° and is imbedded in the ‘‘polar cap’’ (orbits
914, 1093, 1110). Observations of these new features were possible
due to the elliptical polar orbit of the Venus Express spacecraft that
provides good visibility of the Southern polar regions. On the contrary, the orbit of Venus Express is less suited than that of Pioneer
Venus for global imaging of low latitudes and in particular for
observations of the famous ‘‘Y’’ feature (Rossow et al., 1980).
Although the feature is well seen in many images in Fig. 5 (orbits
263, 445, 458, 920) VMC observations cannot provide good statistics on this global UV marking.
VMC monitored systematic differences between morning and
evening sectors of the planet. Comparison of the orbits 723 (evening) and 869 (morning) indicates the presence of strong turbulent
‘‘wake’’ downstream of the sub-solar point, while the morning sector is characterized by streaky clouds indicating quiet laminar ﬂow
(see also Section 3.4 and Fig. 13). The afternoon turbulent wake is
also well seen in the images taken in orbits 246, 263, 471, 723 and
920 in Fig. 5.
All aspects of the planet’s appearance, including its brightness,
spatial contrasts, and equatorward extension of the mid-latitude
band show strong variability on the time scale of few days
(Fig. 5). The global view of Venus changes from a uniformly dark
disc with a small region of bright polar hood (orbit 660) to an almost uniform bright disc with slightly darker polar regions (orbit
914). In January 2007 (orbits 263–267) VMC monitored a global
polar brightening event when the brightness of the Southern polar
region increased by about 30% (Markiewicz et al., 2007b). The polar
haze expanded to 40°S and the dark streaks commonly seen in
this region disappeared (orbit 267). They began re-appearing again
1 day later. Orbits 458–459 show another example of global
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Fig. 5. Global views of Venus taken by VMC in the UV ﬁlter. Southern pole is on the bottom. The atmosphere super-rotates in the counter-clockwise direction (from right to
left). Orbit numbers are given at the bottom left of each image.

brightening. In 1 day most of the Southern hemisphere was covered by a thick bright haze. It took the planet about 12 days to recover its ‘‘classical’’ appearance with a sharp division between dark
low and bright high latitudes (orbit 471). The sequence of images
from orbits 660 to 686 (Fig. 5) shows more regular changes in
the upper haze veil in the middle to low latitudes that occurred

with a time scale of about a week. Uniformly dark cloud observed
in orbit 660 was overlaid by a bright streaky haze (orbit 671) that
dissipated in 4 days (675) and re-appeared again in 10 days (686).
An extreme local brightening event was observed on July 19,
2009 by both ground-based astronomers and VMC in orbit 1186.
A spot 1000 km in size with a mean brightness that exceeded
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Fig. 5 (continued)

usual levels by about 30% developed within several days at 50°S.
In fact, the albedo in this particular case was close to 1 suggesting
very high opacity of conservative scattering haze aerosols. The spot
was ﬁrst smeared along the latitude circle and then slowly faded
out (see also Section 3.8 and Fig. 19). All these changes in the

appearance of the Venus disk indicate vigorous planetary scale
dynamical and microphysical activity that changes the upper cloud
opacity and UV absorber distribution. In spite of these variations
the average appearance of the UV markings is generally consistent
with the earlier observations (Belton et al., 1976; Rossow et al.,
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1980) indicating that Venus atmosphere dynamics has not changed
dramatically over the last few decades.
Fig. 6 shows the Southern hemisphere in a simple cylindrical
projection which emphasizes the relation of the global cloud features to latitude and local solar time. The morning sector is usually
covered with bright haze even in low latitudes. At the equator it
takes zonal winds, that transport clouds from right to left in
Fig. 6, about one Earth day to bring air parcels to the sub-solar
point. In late morning the cloud tops become darker suggesting
that either dark material is brought from the depths of the cloud
layer or, more likely, that the upper haze is destroyed (evaporated)
by the solar heating. Global streaks that extend from the equator in
the south-east direction form a sharp boundary between the bright
high-latitude hood and the dark low latitudes. The boundary
frames the afternoon convective region ﬁlled with patchy clouds.
The global cloud pattern suggests that the sub-solar point plays
the role of some sort of an ‘‘obstacle’’ for the zonal ﬂow deviating
it from purely zonal motion, the analogy also noticed by Belton
et al. (1976). The polar orbit of Venus Express did not enable imaging of the full ‘‘Y’’ feature. Nevertheless Figs. 5 and 6 clearly show
at least the southern branch of this global UV marking.
3.2. Mesoscale imaging
3.2.1. Low latitudes
The highly elliptical orbit of Venus Express allows the imaging
instruments to zoom in on equatorial and Northern latitudes and
to put high resolution images in a global context. Equatorial and
low latitudes are seen by VMC from a distance of 10,000–
15,000 km (1–1.5 h before pericentre) with resolution of 5–
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10 km/px when the spacecraft approaches the planet along ascending arc of its orbit (Fig. 1). These meso-scale images still cover signiﬁcant portion of the planet, but compare in spatial resolution to
the rare best images from the earlier missions. They provide closer
look at the sub-solar region under ideal illumination (i.e. 10–14 h
local solar time) conditions. Fig. 7 shows examples of the VMC
UV images of the Venus Southern ‘‘tropics’’. They cover latitude
range from about the equator to the edge of the mid-latitude bright
band (50°S). A bright ‘‘lace’’ veil on top of a darker cloud that extends to 30°S is a frequently present equatorial feature (orbits
457, 470, 471). The images from orbits 457, 458, 470, 471 show
bow shape waves in much more detail than earlier documented
by Pioneer-Venus (Rossow et al., 1980). The afternoon wake is pronounced in orbit 722 demonstrating well developed turbulence
downstream the sub-solar point. Images from orbits 912, 920,
937 show the sub-solar point in more detail. Dark clouds are dominant in this region (#920). Images from orbits 471, 912, and especially 920 and 937 show small-scale wind streaks suggesting the
ﬂow diverging from the sub-solar point.
3.2.2. Middle latitudes
Another type of meso-scale image focuses on the middle latitudes where the transition to the bright band occurs. Similar to
the images of the tropics they were taken from a distance of
10,000–15,000 km (1–1.5 h before pericentre) with resolution of
5–10 km/px (Fig. 8). The transition between dark tropics and bright
high latitudes usually occurs at 50–60°S (Fig. 5) and occupies a
zone of about 10° latitude (1000 km). Fig. 8 shows several images
of these regions. The drastic change from mottled to streaky cloud
morphology is especially pronounced in orbits 462, 1036 and 1039.

Fig. 6. UV images of the Venus Southern hemisphere in a simple cylindrical projection. Morning is on the right, evening is on the left. The atmosphere rotates from right to
left. The Sun symbol marks the location of the sub-solar point. Orbit numbers are given in the upper left corner of each image. Contours of the Earth’s continents are
overplotted on the image from orbit #451 to illustrate position and scale of the Venus global cloud features.
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Fig. 7. UV images of the Venus ‘‘tropics’’ from a distance of 15,000 km. Image centres are close to the local noon. Orbit numbers are given in the bottom left of each image.

Cloud streaks that are thousands of kilometers long are typical for
this zone, implying that quasi-laminar ﬂow completely dominates
over turbulent mixing. The streaks are tilted with respect to latitude circles (Fig. 6). As pointed out by Schinder et al. (1990) they
could be formed by a dominant zonal motion combined with a
poleward advection and shearing of the clouds by the winds with
possible action of a superimposed wave.
The long and sharp streaks in the transition region in orbits
#445, 462, 768, 1013, 1036, 1039 (Fig. 8) seem to suggest a strong
jet-like stream ﬂowing along the equatorward edge of the bright
mid-latitude band. If present the jet would result in horizontal
and vertical wind sheer causing instabilities. The brightness contrast is also the strongest in this region.

likely hidden deep below the cloud tops, overlaid by a thick deck of
sulfuric acid hood. The polar clouds are often crossed by thin dark
circular or spiral ‘‘grooves’’ a few hundred kilometers wide that are
likely to be created by jets (orbits #675, 1024, 1259). The most frequently observed feature is the dark polar oval located at 70° latitude and well visible in orbits 1015, 1024, 1259, 1263 in Fig. 9.
This axi-symmetric structure is sometimes destroyed and dark features in the ‘‘polar cap’’ are distributed chaotically (orbits 689,
819). Appearance of the bright polar hood strongly varies. For instance, in orbits 764, 807 and 1015 it was very thick and uniform
while in orbit 1259 one sees exposed dark main cloud deck.

3.2.3. Southern polar region
Venus Express is the ﬁrst Venus orbiter to have an elliptical orbit with its pericentre at the North pole, providing ideal conditions
for planetary scale observations of the Southern high latitudes
from apocentre. Fig. 9 shows examples of VMC images of the region. Poleward of 50–60°, the clouds become very bright and uniform, suggesting that the UV absorber is either absent here or more

3.3.1. Convection and turbulence at the cloud tops
From a distance of 3000–5000 km VMC took images of the low
latitudes with a resolution of a few kilometres per pixel. They reveal plenty of features indicating convective activity and turbulence at the cloud tops (Fig. 10). The cloud top has patchy
morphology with dark spots and ‘‘valleys’’ a few tens of kilometers
in size (orbits 256, 494, 590). The dark material appears to be

3.3. Small scale features
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Fig. 8. UV images of the mid-latitude transition region. Southern pole is on the bottom. Orbit numbers are given in the bottom left of each image.

hidden in the depths of the cloud and becomes visible through
openings in the upper clouds. The mottled clouds can form convective cells with size of 100–200 km (orbits 256, 494) and ‘‘wave
trains’’ with wavelength of 200 km (orbit 269). In some cases
they resemble Earth cumulus cloud columns a few tens of kilometers across (orbits 150, 496, 590). These clouds show signs of
strong lateral advection indicating strong wind shear right at the
cloud tops as originally suggested by Crisp and Young (1978).
3.3.2. Waves
The imaging instruments onboard Venus Express observed a
variety of wave-like features in the clouds. Similar features were
seen in the Mariner-10 and Pioneer Venus observations, but it
was impossible to say whether they are associated with vertical
displacements of cloud top causing shadowing, vertical displacements of the layer containing the UV absorber relative to the cloud
tops, or horizontal gradients in the concentration of the UV absorber within the clouds or the haze above it. The VMC data shed

some new light on this mystery due to much higher spatial resolution. Close to the pericentre at high latitudes (>60°N) the camera
observed three types of waves: long straight features, short wave
trains, and irregular wave ﬁelds (Fig. 11). Long waves extend for
a few hundred kilometres and have wavelengths of a few tens of
kilometres. Short waves form compact ‘‘trains’’ several tens of kilometres wide with typical wavelengths of 3–7 km. The trains originate at the fronts of long features and seem to be genetically
related to them. Irregular wave ﬁelds consist of chaotically distributed features with a size of several kilometres. These ﬁelds often
overlap with short regular waves. Interestingly, the waves are seen
in all VMC channels, suggesting that they are not due to inhomogeneities in the UV absorber distribution, but are rather produced by
variations in haze opacity or, more likely, variations in solar illumination angle on the cloud top.
Fig. 12 shows spatial distribution of waves observed by VMC
overplotted on the surface topography. Wave activity is concentrated at 65–80°N and was mainly detected above the western part

Please cite this article in press as: Titov, D.V., et al. Morphology of the cloud tops as observed by the Venus Express Monitoring Camera. Icarus (2011),
doi:10.1016/j.icarus.2011.06.020

12

D.V. Titov et al. / Icarus xxx (2011) xxx–xxx

Fig. 9. UV images of the Southern polar region. The pole is on the bottom. Orbit numbers are given in the bottom left of each image.

of Ishtar Terra (Lakshmi Planum) and eastern ﬂanks of this province. Apparent correlation of the wave activity with the major
highland region on Venus suggests possible orographic origin of
the observed waves. We note however that there could be several
reasons that prevent waves from being detected in the middle and
low latitudes. Firstly, the low latitudes as well as entire Southern
hemisphere are observed with a spatial resolution worse that
1 km/px. Secondly, convective activity at low latitudes is expected
to destroy wave patterns. And ﬁnally, the higher solar illumination
angle at low latitudes reduces apparent brightness contrast in the
wave features.
3.4. Diurnal variability
The morphology of the cloud tops at UV wavelengths in the low
and middle latitudes shows signiﬁcant diurnal variability. First, the
typical latitude of the outer edge of the bright mid-latitude band
steadily increases from about 40°S in the morning to 60°S in the
evening (Figs. 5, 6 and 8). Second, the afternoon imaging shows
patchy cloud tops, suggesting signiﬁcantly stronger turbulence in
the afternoon than in the morning in the equatorial zone. This turbulence could be associated with local instabilities forced by strong
local heating due to the presence of the UV absorbing layer at the
base of the upper cloud (cf. Crisp, 1986; Crisp and Titov, 1997; Titov et al., 2007). This turbulent wake behind the sub-solar point is

clearly visible in both Figs. 6 and 13. Also morning sector of the
planet is often covered by a bright veil that disappears by noon.
This probably indicates evaporation of ﬁne sulfuric acid haze when
superrotation brings air parcels into solar light from the night side
where the haze formed.
3.5. Observations in the visible and near-IR ﬁlters
The UV observations discussed so far give information about the
cloud morphology at 65–70 km altitude – the level of the UV markings formation. There is some evidence that the contrasts observed
in the visible and infrared ﬁlters on the day side are not produced
by the presence of an absorber, but are most likely due to horizontal variations of total cloud opacity or aerosol vertical distribution
within the cloud deck. UV contrasts reach 20–30% while the contrasts in the other ﬁlters do not exceed 2–4%. Fig. 14 shows UV, visible, and near-IR images taken shortly one after another. Although
some features are observed in all ﬁlters, the patterns are not completely correlated.
An interesting feature is frequently observed in the Southern
polar region. Fig. 15 shows nearly simultaneous images captured
by VMC in the UV and visible ﬁlters. All contrast markings present
in the UV image disappear in the visible one except for the dark polar oval, which is clearly seen in both channels. Even in the UV image, the oval seems to be morphologically decoupled from the rest
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Fig. 10. UV images of the low latitudes taken from a distance of 3000–5000 km. The white bar in the lower right of each image shows the scale distance of 200 km. Orbit
numbers are given at the bottom left of each image.

Fig. 11. VMC images of polar waves: left – long waves (NIR1 ﬁlter), middle – long waves producing short wave trains (UV), right – irregular waves (UV).

of the pattern suggesting that this feature is not created by the
‘‘traditional’’ UV absorber, but is either due to another specie that
absorbs equally well at both wavelengths or created by some different mechanism.
3.6. Limb observations
Limb observations bring a wealth of information about the
vertical structure and microphysical properties of the cloud top
and the upper haze. VMC regularly takes limb images in all ﬁl-

ters in the Northern hemisphere when the spacecraft is close
to the planet. The limb images have a spatial resolution from
1 km at pericentre to 5 km at the equator. The spacecraft also
provides an opportunity for limb tracking that allows building
limb mosaics. The observed limbs are usually uniform and sharp
in the images taken from large distances to the planet. At high
latitudes around 60–85°N, where the spacecraft is close to the
planet, detached layers are observed in most of the limb images
in all ﬁlters (Fig. 16). Cross-limb brightness proﬁles are in
general characterized by exponential increase of brightness
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Fig. 12. VMC observations of waves until orbit 1000. Colored symbols mark individual observations of different types of waves: red – long, green – short, yellow – irregular
waves. Black contours show surface topography with names of the major units in white. Black-and-white background of the map shows coverage of the day side by VMC
imaging: black meaning no day images, white corresponding to 213 images per 10  5° bin.

Fig. 13. UV images of the morning (left) and evening (right) sectors of the planet. The Southern pole is in the bottom. The atmosphere rotates from right to left.

downwards with small bumps indicating detached layers on top
of the main haze (Fig. 17). When slant opacity reaches unity
multiple scattering becomes dominant and the brightness proﬁle
approaches a plateau. The upper haze vertical scale height of 4–

5 km estimated from the cross-limb brightness proﬁles is close
to that of the gaseous atmosphere.
Using a single scattering approximation (Jaquin et al., 1986) we
estimated the slant optical depth of detached haze layers to be
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Fig. 14. Images of the same region in three VMC ﬁlters: UV (left), visible (middle) and near-IR (965 nm) (right). Two rows corresponds to different orbits.

Fig. 15. Images of the polar region simultaneously captured in the UV (left) and
visible (right) ﬁlters. The dark polar oval encircles the Southern pole (lower left).

sslant = 0.2–0.9. The corresponding vertical opacity is svert  sslant/
M = 4  103–1.8  102, where M  50 is the air mass factor. Detailed analysis of the VMC limb observations will be the subject of
a dedicated paper.

Fig. 17. Example of the cross-limb brightness proﬁle in the Northern high latitudes in
orbit #1299. The proﬁle is normalized to its value at the visible limb. The x axis shows
relative altitude due to existing uncertainty in the VMC geometry determination.

3.7. Latitudinal distribution of brightness
The brightness increase from the equator to the pole is a characteristic global feature of the Venus UV images (Fig. 5). Corresponding
variations of albedo become even more evident after Minnaert ‘‘normalization’’ (Section 2.3.5, Fig. 3d) that corrects images for illumination geometry. Fig. 18 shows an example of mean brightness proﬁles
for original and ‘‘normalized’’ images. The ‘‘normalized’’ brightness,
that can be considered a proxy of planet’s albedo, abruptly increases
at 50°S reaching about twice the value at low latitudes. VMC provides the longest systematic record of Venus brightness that now
covers more than ﬁve Venus years. Statistical analyses of these time
series that would help to unveil dynamical processes and periodicities at the Venus cloud tops will be presented elsewhere.
3.8. Brightening events

Fig. 16. VMC UV images of the day limb captured at a distance of 19,000 km to the
planet in orbit #1299 (left) and at Northern high latitudes in orbit #303 (right). Bars
with ﬁgures show spatial scale of the images.

VMC detected and monitored several events when the planet
brightness signiﬁcantly increased either globally or regionally. One of
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Fig. 18. Examples of the mean brightness proﬁles in the Southern hemisphere
derived from a VMC UV image (upper right corner) for the original image (solid line)
and for the image after Minnaert correction (dashed line).

the strongest planetary brightening was observed in January 2007 (orbit
267 in Fig. 5) (Markiewicz et al., 2007b). Over several days, the brightness of the Southern polar region increased by about 30% with a bright
haze extending to the low latitudes (35°S). A very peculiar regional
brightening event was observed by VMC on July 19, 2009 (Fig. 19). A
bright feature 1000–2000 km across appeared in the middle latitudes.
The VMC signal almost reached saturation (7500 DNs) which exceeded
usual observed brightness by 30%. Comparison with the images taken
a week before and after July 19 allowed monitoring of the development of the feature. A bright band appeared in orbit #1182 – 4 days
(about one rotation period) before the main brightening. It took also
about 4 days for the bright spot to disappear (Limaye et al., 2010).

4. Discussion and conclusions
The Venus Monitoring Camera onboard the Venus Express orbiter has delivered so far the longest record of observations of the

Venus cloud tops in four narrowband ﬁlters from UV to near-IR.
The highly eccentric polar orbit of the spacecraft allows for VMC
to combine context images of the Venus Southern hemisphere, taken with spatial resolution better than 50 km/px, with close-up
snapshots and mosaics of the low latitudes and the Northern hemisphere with a resolution of up to a few hundred meters per pixel. In
this work we focused on the analysis of the UV images acquired in
1000 Venus Express orbits in the beginning of the mission from
April 2006 till March 2009.
The VMC experiment provided a signiﬁcant improvement in the
Venus imaging as compared to the capabilities of the earlier missions. The Venus Express camera discovered new cloud features
like bright ‘‘lace clouds’’ and cloud columns at the low latitudes,
dark polar oval and narrow circular and spiral ‘‘grooves’’ in the polar regions, different types of waves at the high latitudes. The VMC
observations revealed detailed structure of the sub-solar region
and the afternoon convective wake, the bow-shape features and
convective cells, the mid-latitude transition region and the ‘‘polar
cap’’. Importantly, the elliptical orbit of the satellite allowed for
the camera to zoom in on the planet thus putting small-scale features in a global context. The experiment returned numerous
images of the Venus limb and documented global and local brightening events. VMC provided almost continuous monitoring of the
planet with high temporal resolution that allowed one to follow
changes in the cloud morphology at various scales. Below we discuss implications from the VMC observations for different topics of
the Venus atmospheric physics. We note that each of them requires a detailed and dedicated analysis which is beyond the scope
of this paper and will be the subject of subsequent works.
4.1. Cloud features and morphology
Belton et al. (1976) and Rossow et al. (1980) established classiﬁcation of the Venus cloud features on the basis of Mariner-10 and
Pioneer Venus images. Dark equatorial and mid-latitude bands as
well as bright circum-equatorial and polar bands discovered by the
earlier missions are also clearly identiﬁed in the VMC images as
the main global markings (Figs. 5 and 6). Their combination produces the famous ‘‘Y’’ feature on the planet’s disc which was well

Fig. 19. A sequence of VMC UV images taken before and after the regional brightening event on July 19, 2009 (orbit #1186).
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pronounced in the PV images. The polar orbit of Venus Express is
not well suited for observations of the complete ‘‘Y’’ feature and
enabled observations of its southern branch only. VMC monitored
fast and signiﬁcant changes of the Venus disc appearance. Global
features could appear and vanish on a time scale of a few days.
Venus Express provided pioneering observations of the high latitudes. Polar regions, earlier observed at high slant angles, are now
seen in nadir geometry, that revealed the structure of the ‘‘polar
cap’’ in great detail. Dark circle and spiral grooves only a few hundred km broad cross the bright and uniform polar cloud (Fig. 9).
They often form a dark polar oval at 70° latitude. Simultaneous
imaging in UV range by VMC and at thermal-IR wavelengths by
VIRTIS revealed morphological and dynamical similarities of the
observed patterns, thus implying that the global UV pattern is
likely to be created by the temperature and dynamical conditions
at the cloud tops (Titov et al., 2008b).
VMC imaging of the equatorial and middle latitudes from a distance of 15,000 km provided a deeper examination in the ﬁne
structure of the global UV markings (Fig. 7). ‘‘Lace clouds’’ consisting of bright ﬁne veil on top of a dark background is one of several
new speciﬁc cloud features documented by VMC. Small scale
streaks in the equatorial region indicated an outward ﬂow from
the sub-solar point.
The global morphology pattern characterized by an abrupt transition from dark patchy clouds at the low latitudes to long latitudinally oriented streaks and bright polar hood correlates with
changes in the vertical cloud structure. This transition usually occurs at 50°S. At about the same latitude the cloud top starts
descending from 72 km and reaches a minimum altitude of
64 km at the pole. This global trend was derived by Ignatiev
et al. (2009) from the VIRTIS spectroscopy and conﬁrmed by Lee
et al. (2011) by joint analysis of the VeRa and VIRTIS observations
onboard Venus Express. One of the puzzling results of these studies
was absence of a correlation of the cloud top altitude with UV
markings at regional and local spatial scales.
The hemispheric vortex inferred from Mariner-10 (Suomi and
Limaye, 1978) and seen again in Pioneer-Venus (Limaye, 1987)
and Galileo ﬂy-by images (Peralta et al., 2007b) persists during
the Venus Express epoch (Limaye, 2007). Fig. 20 shows a space–

Fig. 20. A view of the vortex circulation in the Southern hemisphere composed of
VMC UV images acquired in orbits 198–201.
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time composite view generated from VMC images acquired on
three successive orbits.
The UV markings observed by VMC in the Southern polar regions have obvious correlation with those mapped by VIRTIS at
thermal and near IR wavelengths (Piccioni et al., 2007). The dark
UV oval located approximately at 70°S (Fig. 9) encompasses the
eye of the polar vortex (Titov et al., 2008b). Spiral arms in UV
images very often have counterparts in simultaneously captured
infrared mosaics. All this indicates that both UV and IR markings
are manifestations of the same dynamical processes in the Venus
planetary vortex.
4.2. Unknown UV absorber
Although the VMC imaging cannot be used for identiﬁcation of
the mysterious UV absorber, observations of clouds combined with
the other Venus Express measurements shed light on the origin of
the observed UV pattern and its relation to the physical conditions
at the cloud level. Titov et al. (2008b) related the observed transition from convectively dominated clouds in the tropics to streaky
patterns at high latitudes to changes in convective stability at the
cloud tops. VeRa/Venus Express radio-occultation sounding
showed strong temperature inversions at the cloud top in the cold
collar region (50–70°S) (Tellmann et al., 2009). This temperature
structure suppresses convective mixing and cuts the supply of
the UV dark material from depth. Additionally the coldest temperatures of about 220 K reached in the temperature inversion peaks
should favour formation of fresh and dense sulfuric acid haze right
at the cloud tops. This quantitatively explains the fact that the
bright mid-latitude band (Figs. 5, 6, 9 and 18) in general coincides
with the cold collar region. An apparent correlation of the global
UV markings with the patterns observed at thermal IR wavelengths
and in the near-IR transparency windows on the night side suggest
that the cloud top UV structures have morphological and dynamical relation to those in the deep cloud. Simultaneous imaging in UV
and visible ﬁlters suggests that absorption by the unknown specie
likely extends to visible wavelengths (Fig. 15) adding to the puzzle.
4.3. Aerosol microphysics
The brightening events monitored by VMC (Section 3.8) have
important implications for microphysical processes at the cloud
tops. In the case of the global brightening observed in orbit #267
(Fig. 5) the extension of the polar haze to low latitudes is unlikely
to be due to advective transport of aerosols from the polar regions
since this would imply equatorward wind velocities of 20 m/s
contradicting the meridional winds derived from tracking cloud
features at the cloud tops (Moissl et al., 2009). The explanation
based on a sudden enhancement of the upper haze opacity seems
more probable (Markiewicz et al., 2007b). A homogeneous nucleation can lead to a quick formation of large amounts of submicron
sulfuric acid particles providing the system reaches high values of
supersaturation (10–100). Subsequent clearing was explained by a
quick decrease of haze opacity due to coagulation. The observed
clearing on a time scale of 1 day indicates that the aerosol number
density in the upper haze reached 104 cm3. Since total haze
opacity exceeded s  1, its geometrical thickness can be estimated
greater than 2 km. This explanation implies either abrupt cooling
of the mesosphere or injection of large amounts of SO2 molecules
at the cloud top level followed by formation of fresh sulphuric acid
aerosols. Both suggest abrupt changes in the dynamical regime of
the high and middle latitudes.
Discussion of possible causes of the quick and strong regional
brightening observed on July 19, 2009 (Fig. 19) included a volcanic
eruption whose products punched through the thick atmosphere
and reached the cloud tops, a meteorite impact and an intensive
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haze formation triggered by dynamical processes at the cloud tops
(Limaye et al., 2010). The most likely and natural explanation is
that the local brightening was caused by perturbations in the
atmospheric circulation. The lower atmosphere stores a great
amount of sulfur dioxide and water vapour. These gases being
brought to the cloud top by strong occasional overturning of the
atmosphere would give rise to ﬁne and dense sulfuric acid aerosols
which appear bright in UV images. This process can be enhanced
by higher abundances of oxygen and water. In this case evolution
of the bright spot is controlled by advection that spreads bright
material over larger areas and aerosol coagulation that converts
small particles into larger ones. The observed evolution of ultraviolet features in the Venus clouds suggests that there are multiple
processes at work in creating and removing the absorber. They include injection of sulphur bearing material and water vapour, photochemistry, dynamics and convective activity.

VMC imaging has provided an extended observational basis for
detailed characterization of the wind ﬁeld at the cloud tops using
cloud feature tracking techniques (Moissl et al., 2009). The observed global UV pattern is related to the zonal wind ﬁeld at the
cloud top (65–70 km) that remained similar (within about 10% in
velocity magnitudes) for about three decades (Belton et al., 1976;
Rossow et al., 1980, 1990; Peralta et al., 2007b; Limaye, 2007; Sanchez-Lavega et al., 2008). In the broad equatorial–tropical band
(±45°) the zonal winds are nearly constant with latitude with retrograde speeds of about 90 m s1. At about 50° latitude the zonal
winds begin decreasing poleward at a rate du/dy  2.5  105 s1,
where y is the meridional coordinate. The transition occurs roughly
at the boundary between dark low-middle latitudes and bright polar regions (Fig. 6). Detailed analysis of the correlations between
the wind and brightness ﬁelds will be the subject of a separate
paper.
Observations of the cloud morphology also provide insight into
the convection and stability conditions at the cloud tops. The convective cells observed by VMC have a size of 100–200 km and
smaller (Fig. 10). Following Belton et al. (1976) we can use the
size-to-depth ratio of 20 typical for terrestrial convective cells
to estimate the depth of convection in the Venus clouds. This suggests that convection occupies 5–10 km layer below the visible
cloud top that approximately corresponds to the region of maximum solar energy deposition (Titov et al., 2007).
The evolution of the global cloud pattern from dark and patchy
low latitudes to bright and streaky middle and high latitudes implies that the role of turbulence vanishes poleward of 50°S (Figs. 5
and 8). This is consistent with the convectively stable temperature
structure observed in the cold collar (Tellmann et al., 2009). The
convective activity we see widespread in the equatorial region is
the result of penetration of the vertical motions occurring in a
low static stability middle cloud layer located at 50–60 km below
visible cloud tops. The static stability of this layer is close to zero

dT
g
1
ﬃ 1 K km
þ
dz C p

ð1Þ

where dT/dz is the vertical temperature gradient, g the gravitational
acceleration and Cp the speciﬁc heat at constant pressure (g/
Cp = 10.5 K km1). Negative values imply instability to vertical motions since the Brunt–Väisälä frequency

g
N2B ¼ S  3  105 s1
T

Ri ¼

ð2Þ

becomes imaginary (Sánchez-Lavega, 2010). The wind measurements by VIRTIS that cover three altitude levels within the
clouds suggest a maximum vertical wind shear du/dz  6 m s1 km1

N2B
ðdu=dzÞ2

 1

ð3Þ

Piccialli et al. (2011) presented a detailed analysis of the dynamical
stability in the upper troposphere and mesosphere from the radiooccultation VeRa data (Tellmann et al., 2009).
The cloud streaks frequently present in middle latitudes can
indicate a relation between zonal and meridional components of
the global circulation. Schinder et al. (1990) concluded that the
steaks observed in middle latitudes are created by poleward advection of cloud features originated at low latitudes. The streaks conform approximately to the streamlines with a slope

c¼

4.4. Dynamical implications

S¼

altitude (Sanchez-Lavega et al., 2008). These numbers conﬁrm the
unstable nature of the layer below the upper cloud with a Richardson
number of

du
v ðuÞ cosðuÞ
¼
dh uðuÞ  u0 cosðuÞ

ð4Þ

where u and h are latitude and longitude, u and v are zonal and
meridional components and u0 is the zonal wind speed at equator.
At latitudes below 50°, where zonal velocity is almost constant with
latitude (Moissl et al., 2009), i.e. u(u) ﬃ u0, this formula can be reduced to derive the ratio of the mean meridional and zonal wind
speeds from the streaks’ slope c:

v
u

ﬃ c½secðuÞ  1

ð5Þ

The ratio can be directly assessed from the VMC images plotted in a
simple cylindrical projection (Fig. 6). For the orbit 445 we derive a
meridional component v  14 m/s, assuming u0  100 m/s, in good
agreement with the cloud tracking results. This provides additional
argument in support of the hypothesis of the advective origin of the
streaky clouds (Schinder et al., 1990). We note that VMC regional
imaging (Figs. 7–9) opens a new possibility to study meso-scale
dynamics by using cloud streaks. This is especially valuable for
determination of the meridional component which is difﬁcult to
measure by cloud tracking methods. This approach was applied to
the Pioneer-Venus global images by Smith and Gierasch (1996).
A jet-like structure is often apparent in the cloud morphology
pattern (orbits 246, 445, 458 in Fig. 5). It surrounds the bright
mid-latitude band and its position coincides with the mid-latitude
jet derived from the temperature wind ﬁeld in the cyclostrophic
approximation (Piccialli et al., 2008, 2011).
4.5. Waves
Waves are usually detected in the VMC images at 65–80°N
(Fig. 11) when the spacecraft is close to pericentre and spatial resolution reaches few hundred meters. Stability analysis of the temperature and wind ﬁelds indicates that barotropic instability can
develop at the poleward side of the mid-latitude jet (Piccialli
et al., 2011). In addition, Fig. 12 shows that the wave activity is
concentrated to the western part of Ishtar Terra (Lakshmi Planum)
and eastern ﬂanks of this major highland province that could indicate orographic origin of the observed waves. The wave trains in
Fig. 11 have a clear resemblance to gravity waves. From the gravity
wave dispersion relationship, valid under the Boussinesque
approximation (Sánchez-Lavega, 2010),

NB
cx ¼  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
k þ m2

ð6Þ

the small horizontal wavelength of 3 km implies k2 = 4.4  106 m2.
Using N2B = 2.6  104 s2 for the upper cloud layer we ﬁnd that to get
positive values for the vertical wavenumber m > 0, the phase speed
relative to the mean ﬂow should be cx < 7.5 m s1.
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Existence of gravity waves with various spatial scales suggests
various sources and forcing. Short wave trains in Fig. 11 resemble
those associated with wind impinging on a topographic obstacle.
On the other hand they can be also generated by non-penetrative
convection in the unstable layer underneath the upper cloud mentioned in Section 3.2.1. The long features are likely to be generated
by strong jet streams (A. Spiga, private communication). The VIRTIS
instrument also detected this kind of waves in the upper cloud,
mostly at middle and high latitudes, but also prominently in the
lower cloud (Peralta et al., 2008). These authors studied longer
wavelength waves grouped in large packets and from their motions they assigned them as vertically propagating gravity waves.
4.6. Implications for the radiative energy balance
Half of energy that Venus receives from the Sun is deposited in
the clouds due to presence of the unknown UV absorber (Titov
et al., 2007). Thus forcing of the cloud motions mainly occurs at
the cloud level. Variations of the absorber spatial distribution
strongly affects the radiative energy deposition pattern. The observed latitudinal variations of the Venus UV albedo (Fig. 18) result
in an abrupt decrease of the amount of deposited solar energy by a
factor of 3–4 in transition from dark tropics to bright high latitudes
in addition to a gradual decrease due to solar incidence angle. This
can trigger fast dynamical response since the energy is deposited at
the cloud tops and is not buffered by the bulk of the atmosphere.
Meridional wind across the sharp albedo boundary should be affected. This mechanism is similar to that causing mesoscale winds
at sea coasts on Earth or at the edge of the martian polar cap.
High UV albedo of the bright mid-latitude band seems to be the
main reason for deep temperature inversions at the cloud top in
the cold collar (Tellmann et al., 2009; Lee et al., 2011). Radiative,
dynamical and cloud formation processes in the middle latitudes
can have positive feedback that could explain relative stability of
the cold collar region and its bright appearance. Formation of ﬁne
sulfuric acid aerosol results in albedo increase and radiative cooling of the cloud tops that in turn favours haze formation.
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