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a b s t r a c t
We investigate the Venus cloud top structure by joint analysis of the data from Visual and Thermal Infrared Imaging Spectrometer (VIRTIS) and the atmospheric temperature sounding by the Radio Science
experiment (VeRa) onboard Venus Express. The cloud top altitude and aerosol scale height are derived
by ﬁtting VIRTIS spectra at 4–5 lm with temperature proﬁles taken from the VeRa radio occultation.
Our study shows gradual descent of the cloud top from 67.2 ± 1.9 km in low latitudes to 62.8 ± 4.1 km
at the pole and decrease of the aerosol scale height from 3.8 ± 1.6 km to 1.7 ± 2.4 km. These changes correlate with the mesospheric temperature ﬁeld. In the cold collar and high latitudes the cloud top position
remarkably coincides with the sharp minima in temperature inversions suggesting importance of radiative cooling in their maintenance. This behaviour is consistent with the earlier observations. Spectral
trend of the cloud top altitude derived from a comparison with the earlier observations in 1.6–27 lm
wavelength range is qualitatively consistent with sulphuric acid composition of the upper cloud and suggests that particle size increases from equator to pole.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Venus is completely shrouded by a thick cloud deck. Imaging of
the planet at different wavelengths from ultraviolet to thermal
infrared shows plenty of morphological features originated from
inhomogeneous distribution of absorbers and/or temperature at
the cloud top. The cloud features show signiﬁcant temporal and
spatial variations suggesting changes in the cloud top structure.
Tracking of the cloud markings is used to derive wind speed at
the cloud level. Also the cloud tops are in direct radiative energy
exchange with the Sun and space. Thus altitude, vertical structure
and properties of the Venus cloud tops signiﬁcantly affect chemistry, radiation and dynamics (Esposito et al., 2007). On the other
hand this knowledge is crucially important for understanding of
the cloud morphology, dynamics and radiative balance at these
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altitudes as well as for interpretation of remote sensing
observations.
The cloud structure below 60 km was investigated only in few
locations by the Venera and Pioneer-Venus descent probes (Seiff,
1983; Esposito et al., 1983, 1997). Recent stellar and solar occultations onboard Venus Express sounded in detail the upper haze
from 120 km to 70 km (Wilquet et al., 2009). The cloud top region
(70–60 km) falls in the gap between descent probe and occultation
observations and was only remotely studied.
Nadir remote sensing observations provide indirect information
about the cloud top altitude, its variations over the planet and aerosol vertical structure. Thermal IR spectroscopy at 6.25–40 lm and
3–5 lm suggested vertical cloud scale heights from 3–4 km to
5.2 km in the equatorial region respectively (Zasova et al., 1993;
Roos et al., 1993). Zasova et al. (1993) analyzed Venera-15 thermal
emission spectra and found that the scale height varied from 61 km
to 5 km in the cold collar region. Limb observations by the PioneerVenus orbiter indicated decrease of the cloud top altitude with
latitude (Lane and Opstbaum, 1983). Schoﬁeld and Taylor (1983)
derived mean cloud top altitude at 66.5 km for k  10 lm with a
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trend to decrease with latitude. Zasova et al. (1993, 2007) conﬁrmed the latitudinal decreasing trend of cloud top altitude from
equator (70 km) towards the pole (60 km).
The Venus Express mission opened a new era in the Venus studies. Since the orbit insertion in April 2006 the spacecraft has been
performing a remote sensing survey of Venus (Svedhem et al.,
2009) delivering a wealth of new data about the cloud structure
(Wilquet et al., 2009), morphology (Markiewicz et al., 2007; Titov
et al., 2008, 2012; Piccioni et al., 2007), atmospheric temperatures
(Grassi et al., 2008, 2010; Tellmann et al., 2008). Recently Ignatiev
et al. (2009) used the near IR imaging spectroscopy by VIRTIS/Venus Express to map the cloud top altitude over the planet. He also
found that the cloud top altitude decreased from 74 km in the
middle and low latitudes to 63 km in pole regions.
In this paper we develop and carry out the joint analysis of the
spectroscopic observations by VIRTIS and temperature structure
measurements by VeRa to investigate the cloud top structure. This
approach is applied for the ﬁrst time and became possible due to
the presence of both experiments onboard Venus Express.

2. Motivation and idea of the method
Two experiments onboard Venus Express sound remotely the
Venus mesosphere and upper troposphere. Thermal emission spectroscopy in the region of 4.3 lm CO2 band by VIRTIS allows one to
retrieve vertical proﬁles of atmospheric temperature in the altitude
range from 90 km to the cloud top (70–65 km) (Grassi et al., 2008,
2010). Radio-occultation sounding by the VeRa experiment penetrates deeper through the clouds and reaches the altitude of
40 km (Tellmann et al., 2008). Comparison of the results of the
two remote sensing techniques reveals systematic differences in
derived temperature structure below 70 km (Fig. 1). Fig. 1 compares selected temperature proﬁles from two experiments for four
local times and latitudinal zones. Below 70 km the VIRTIS temperatures are systematically lower than those derived by VeRa.
Explanation of this fact could be twofold. Firstly, the observations by two experiments are not simultaneous and co-located,
so the difference can be due to temporal and spatial variations of
the mesospheric temperature ﬁeld. Secondly, the disagreement
can be explained by that radio-occultation technique is not sensitive to the presence of clouds while thermal emission spectroscopy
is. The retrieval of temperature proﬁles from VIRTIS spectra is
based on an a priori assumption about aerosol structure and properties at the cloud tops (Grassi et al., 2008). Any uncertainties in
the cloud model would affect the retrieved temperature proﬁle.
We note that, in general, thermal emission spectroscopy allows
one to retrieve both temperature and aerosol structure in a selfconsistent way. However this requires broad spectral range in
which aerosol extinction varies signiﬁcantly like was in the case
of infrared Fourier spectrometer onboard Venera-15 (Zasova
et al., 1993). VIRTIS covers only short part of the Venus thermal
emission spectrum (3–5 lm) that does not enable distinguishing
between temperature and aerosol effects on the emission spectra.
Since the disagreement in the temperature structure derived from
two experiments is systematic and correlates with the cloud, we
conclude that the discrepancy is due to inaccuracy of the aerosol
model assumed in the VIRTIS temperature retrievals.
The above discussed discrepancy motivated a development of a
method of joint analysis to study the cloud top structure. The approach is based on that radio-occultation technique provides
atmospheric temperature proﬁles independent of aerosol properties, while thermal emission spectra depend on both temperature
and cloud structure. We use the radio-science temperature proﬁles
and ﬁt the VIRTIS spectra by tuning parameters of the cloud top
model. Since VeRa and VIRTIS cannot perform simultaneous

observations, special attention was paid to selection of sub-sets
of both observations in order to make them as close as possible
in space and time.
3. Data set
3.1. Radio-occultation experiment by VeRa
VeRa sounds the Venus atmosphere by transmitting radio signals at 3.6 and 13 cm wavelengths in the Earth occultation seasons
(Häusler et al., 2006; Pätzold et al., 2007). After propagating
through the Venus atmosphere, the radio signal is recorded by
the ground stations with the closed loop receiving technique. Measurements of the signal properties and their changes as a function
of time together with accurate knowledge of the spacecraft orbit
during occultation enable retrievals of vertical proﬁles of the atmospheric density, pressure, and temperature from 40 to 90 km
altitude with vertical resolution of few hundred metres and accuracy better than fractions of a Kelvin in the very deep atmosphere
(Tellmann et al., 2008). Bending of the radio beam in the Venus
atmosphere and spacecraft motion during occultation result in
50 km spatial averaging at the cloud top. Since the beginning of
the orbital mission in April 2006 VeRa performed more than 175
Earth occultation experiments resulting in a data set of more than
350 atmospheric proﬁles. They provided good latitudinal coverage
in the Southern hemisphere. In the Northern hemisphere occultations are mainly clustered at high latitudes. The data set covers
roughly all local times.
For this study we selected a sub-set of 113 VeRa temperature
proﬁles taken in orbits #254 (2006-12-31) through #986 (200901-01), and distributed them into 5° latitude bins (except 40S–
46S, 46S–50S, 50S–56S, and 56S–60S bins, according to shapes of
temperature proﬁles). Since mesospheric temperatures depend
mainly on latitude (Seiff et al., 1983), we neglect local time dependence of the temperature ﬁeld. This gives 3–8 VeRa observations in
each bin. Our analysis is limited to the Southern hemisphere for
two reasons: (1) VeRa coverage of Northern hemisphere, especially
middle latitudes, is poor and (2) VIRTIS observations cover mainly
Southern hemisphere. Fig. 2 shows individual and mean temperature proﬁles for each latitude bin indicating strong variations with
latitude. Atmospheric temperature monotonically increases with
depth in low latitudes (<45S). Middle and high latitudes up to
80S are characterized by temperature proﬁles with strong and
sharp inversions at 60–65 km. Poleward from 80S the temperature
proﬁles are almost isothermal for 10–15 km above the tropopause
that approximately coincides with the cloud tops.
3.2. Thermal emission spectroscopy by VIRTIS
VIRTIS is an imaging and high-resolution spectrometer with
three channels VIRTIS-M-vis, VIRTIS-M-IR and VIRTIS-H (Drossart
et al., 2007; Piccioni et al., 2008). The VIRTIS-M infrared channel
covers spectral range from 1.84 lm to 5 lm. Thermal emission at
3–5 lm bears information about the cloud top structure. We used
only night side observations with less than 0.36 s exposures to
avoid contamination by reﬂected solar light and detector saturation. We sorted the selected spectra from the whole VIRTIS-M-IR
data set, collected till 27 October, 2008 (orbit #921), in the same
latitude bins as VeRa temperature proﬁles (Fig. 2). Within each latitude bin the spectra were also grouped according to the value of
emission angle. The range of emission angle variations within each
group was limited to ±0.1° around the mean value. In this study we
assumed that VIRTIS spectra are independent of local solar time.
Thus latitude and emission angle were two parameters used to
group the spectra. The number of spectra within each latitude
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Fig. 1. Comparisons of temperature proﬁles derived from VIRTIS (solid line) and observed by VeRa (dashed line) experiments in same latitudinal bin and local time (shown in
right upper corner of each ﬁgure). (a) Low latitude case with VIRTIS orbit #824_07 and VeRa orbit #927, (b) middle latitude case with VIRTIS #634_03 and VeRa #641, (c) cold
collar case with VIRTIS #664_04 and VeRa #665 and (d) polar region with VIRTIS #664_04 and VeRa #662 data.

bin varies depending on the instrument footprint and ranges from
30 to 300. Each latitude bin contains from 13 to 31 groups of spectra with similar emission angle. Total number of VIRTIS spectra included in the analysis is 252.
Fig. 3 shows examples of the VIRTIS-M-IR spectra within selected latitude bins with pronounced features typical for Venus
emission spectra. In Fig. 3a and b the CO2 bands at 4.2–4.4 lm
and 4.8–4.9 lm are clearly seen as absorption features indicating
monotonic temperature proﬁle. In the continuum outside of CO2
bands (i.e. at 4 lm, 4.6–4.7 lm, and 5 lm) the spectrum is
formed by emission from warm cloud tops, while inside the bands
the spectrometer sees colder atmosphere above the clouds. Cold
collar spectra show inversions in the ‘‘shoulders’’ of the 4.3 lm
band at 4.15 lm and 4.5 lm, while the weaker 4.8 lm band appears ‘‘in emission’’ indicating temperature inversions right above
the cloud tops (Fig. 3c). Almost constant brightness temperature in
the spectral range from 4.5 lm to 5 lm in Fig. 3d suggests quasiisothermal layer above the cloud tops. We note that the features
in the VIRTIS spectra and their latitudinal changes (Fig. 3) are in
qualitative agreement with temperature structure measured by
VeRa (Fig. 2).

VIRTIS spectra show oscillations (for instance, at 4.5–4.6 lm in
Fig. 3) caused by slightly different sensitivity of odd and even lines
of the detector that remain even after radiometric calibration (Gilli
et al., 2009). In this work we used only odd lines which show a
more pronounced shape of the weak 4.8 lm CO2 absorption band.
4. Method of the cloud top structure retrieval
In this work we retrieve the cloud top structure with ad-joint
data sets from the VIRTIS and VeRa observation. We use the temperature proﬁles measured by the radio-science experiment VeRa
which are not affected by aerosols and compare VIRTIS spectra
with synthetic spectra for an exponential aerosol model. Then we
derive parameters of the model by ﬁtting VIRTIS thermal emission
spectra using their sensitivity to the cloud top structure.
4.1. Model of the upper cloud
Venus cloud deck has complex vertical structure consisting of
three layers each having different microphysical and optical

602

Y.J. Lee et al. / Icarus 217 (2012) 599–609

a

10S_05S

b

100

20S_15S
100

Average

90

Lat
LT
7.5o S 7.3
5.9o S 21.7
5.8o S 8.1
5.1o S 22.5

Height [km]

Height [km]

80

Average

90

Orb info
827/ingress
927/egress
276/egress
376/ingress

70

60

Lat
LT
18.8o S 11.1
17.6o S 14.4
o
16.2 S 7.2

80
70
60

50

50

40
150

200

250

300

350

40
150

400

200

Temperature [K]

250

300

100
Average

Average

80

90

Orb info
678/egress
639/egress
933/egress
270/egress
638/egress

Height [km]

Height [km]

Lat
LT
28.5o S 3.7
28.5o S 14.6
o
28.5 S 21.7
27.1o S 8.0
25.4o S 14.5

70

50

50

250

300

350

40
150

400

200

Temperature [K]

e

250

300

50S_46S

f

60S_56S
Average

Height [km]

Height [km]

90

70

50

50

250

300

350

400

Orb info
260/egress
390/ingress
963/egress

70
60

200

Lat
LT
59.3o S 7.9
57.5o S 23.0
56.4o S 11.1

80

60

40
150

400

100

Average
Lat
LT
Orb info
48.8o S 3.6 672/egress
48.6o S 21.7 939/egress
46.8o S 7.0 817/ingress

80

350

Temperature [K]

100
90

Orb info
642/egress
969/egress
935/egress
820/ingress
384/ingress

70
60

200

Lat
LT
37.6o S 14.6
37.4o S 11.1
o
35.4 S 21.7
35.2o S 7.1
35.1o S 22.7

80

60

40
150

400

40S_35S

d

100
90

350

Temperature [K]

30S_25S

c

Orb info
975/egress
636/egress
825/ingress

40
150

200

250

300

350

400

Temperature [K]

Temperature [K]

Fig. 2. VeRa temperature proﬁles for every second latitude bin (ﬁgures on the top of each sub-plot). Individual observations are shown with their legends in the upper right
corner. Thick black line and horizontal bars show mean proﬁle and standard deviation.

properties (Ragent et al., 1985; Esposito et al., 1997). The cloud also
shows strong temporal and spatial variations. Since the outgoing
thermal emission is formed mainly in the upper part of the cloud
above 60 km, we used a simpliﬁed cloud model. We assumed
exponential volume extinction proﬁle of aerosol above 60 km
and constant extinction below this altitude:

(
EðzÞ ¼

z65
E0 eð H Þ ;

Eð60Þ;

z > 60 km
z < 60 km

)
ð1Þ

where E(z) is vertical proﬁle of the volume extinction coefﬁcient, H
is aerosol scale height, E0 is extinction at 65 km. We assume constant aerosol volume extinction in the 4.4–5.0 lm range and deﬁne
the ‘‘cloud top altitude’’ as the height of the unit optical depth (zs=1)
level. Thus our cloud model has two parameters: cloud top altitude
zs=1 and aerosol scale height H. Fig. 4 shows examples of the vertical proﬁles of aerosol volume extinction coefﬁcient.
The upper cloud is dominated by ‘‘mode 2’’ (r  1 lm)
particles (Pollack et al., 1980; Ragent et al., 1985). We used optical
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Fig. 2 (continued)

properties of the ‘‘mode 2’’ to calculate thermal emission spectra.
Fig. 5 shows single scattering albedo and asymmetry factor for
the Henyey–Greenstein phase function calculated for this model.
4.2. Radiative transfer model
Both thermal emission from the planet and scattered solar light
contribute to the outgoing radiation in the 4.4–5.0 lm range. The
latter is ignored since we use night side data only. The main
sources of opacity are clouds, and CO2 and CO gases. In this study
we took into account the fundamental CO2 absorption band at
4.3 lm, the weak CO2 band at 4.8 lm and the CO band at 4.6 lm.
In order to take into account both ﬁne structure of the gaseous
absorption bands and multiple scattering in the cloud we merged
the fast and accurate method of line-by-line calculations (Titov
and Haus, 1997) with radiative transfer routine SHDOM (Spherical
Harmonic Discrete Ordinate Method) (Evans, 1998). For each
wavelength the combined algorithm had the following steps. First,
vertical proﬁle of gaseous absorption coefﬁcient was calculated for
the atmospheric model based on the VeRa temperature proﬁle
(Fig. 2). The spectral parameters were taken from the HITRAN
2008 database (Rothman et al., 2009). Temperature and pressure
corrections were applied for both line intensity and self-broadened
half-width. Sub-Lorentz line correction was taken from Winters
et al. (1964). The line cut-off value was set to 200 cm1, and the
wavenumber step was 0.1 cm1. Second, vertical proﬁle of aerosol
volume absorption coefﬁcient was calculated for the selected cloud

model (Fig. 4). Then the sum of vertical proﬁles of monochromatic
aerosol and gaseous extinction coefﬁcients was used as input for
SHDOM that returned intensity of the outgoing radiation at the selected wavelength. The above described procedure, repeated for all
wavelengths in 4.3–5.0 lm range, yielded monochromatic spectrum of the Venus thermal emission. It was convolved with Gaussian function with full-width-half-maximum (FWHM) of 15 nm to
get VIRTIS synthetic spectrum Isyn(k) (Ignatiev et al., 2009).
4.3. Sensitivity to the model parameters
A VIRTIS synthetic spectrum depends on the cloud top model. In
this work we determine two model parameters – cloud top altitude
Z = Zs=1 and aerosol scale height H – by ﬁtting the VIRTIS measurements in each latitude bin. Sensitivity of the synthetic spectra and,
hence, accuracy of the parameter retrievals strongly depend on the
temperature structure. Fig. 6 shows several typical situations
encountered in our retrievals. At low latitudes characterized by
monotonic temperature proﬁle (Fig. 2a–e) the synthetic spectra
signiﬁcantly depend on the cloud top model (Fig. 6a and b). On
the contrary, in the polar regions with almost isothermal atmosphere above the clouds (Fig. 2i and j) sensitivity to the aerosol
structure is rather weak (Fig. 6c and d).
The strong dependence of synthetic spectra on the cloud model
parameters (Fig. 6e and f) is also typical for the ‘‘cold collar’’ region
with strong temperature inversions (Fig. 2f–h). However retrievals
of the aerosol parameters are more complex here. Fitting of a
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Fig. 3. Examples of the VIRTIS-M-IR brightness temperature spectra in the region of 4.3 lm CO2 band. VIRTIS data ﬁles, latitude bin (Lat), and emission angle (EA) are given in
the legends in the upper right corner of each sub-plot. Solid lines and bars represent mean spectra and standard deviations within the selected group. Positions of gaseous
absorption bands and spectral inversions are shown in panels (a) and (c) correspondingly.
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VIRTIS spectrum is often ambiguous resulting in two almost
equally good formal solutions: the ﬁrst one having small aerosol
scale height and low clouds and the second solution with large aerosol scale height and high clouds. Fig. 7 compares synthetic spectra
for small and large values of the aerosol scale height. For H = 1 km
the model with Z = 63 km ﬁts well the observed VIRTIS spectrum
(Fig. 7a). For H = 6 km synthetic spectra approach quite close to
the VIRTIS measured spectrum, but still fail to reproduce its main
feature – inversion in the shoulders of the 4.3 lm CO2 band.
This behaviour can be qualitatively explained by the following

605

Y.J. Lee et al. / Icarus 217 (2012) 599–609

a

15S~10S, 80o(EA)
VIR0028_08, H = 5.0 km

b

260

15S~10S, 80o(EA)
VIR0028_08, Z = 68.0 km
260
VIRTIS

220
Temperature

200

180
4.6

4.7

4.8

4.9

5.0

4.4

4.5

4.6

4.7

4.8

Wavelength [µm]

85S~80S, 25o(EA)
VIR0437_00, H = 6.0 km

85S~80S, 25o(EA)
VIR0437_00, Z = 68.0 km

Z = 60.0 km
Z = 62.0 km
Z = 64.0 km
Z = 66.0 km
Z = 67.0 km
Z = 68.0 km
Z = 69.0 km

240

220
Temperature

200

4.5

4.6

4.7

4.8

4.9

5.0

100
90
80
70
60
50

d

5.0

100 200 300 400
[K]

VIRTIS
H = 0.2 km
H = 1.0 km
H = 2.0 km
H = 3.0 km
H = 4.0 km
H = 5.0 km
H = 6.0 km

240

220
Temperature

200

4.4

4.5

4.6

4.7

4.8

Wavelength [ µm]

Wavelength [µm]

80S~75S, 15o(EA)
VIR0668_01, H = 0.2 km

80S~75S, 15o(EA)
VIR0668_01, Z = 62.0 km

f

100
90
80
70
60
50

260

180

100 200 300 400
[K]

260

4.9

[km]

VIRTIS

180

e

Temperature

200

180

100 200 300 400
[K]

260

4.4

220

Wavelength [µm]

[km]

Brightness Temperatrue [K]

c

4.5

Brightness Temperatrue [K]

4.4

100
90
80
70
60
50

H = 0.5 km
H = 1.0 km
H = 2.0 km
H = 3.0 km
H = 4.0 km
H = 5.0 km
H = 6.0 km

240

[km]

240

Brightness Temperatrue [K]

Z = 60.0 km
Z = 62.0 km
Z = 64.0 km
Z = 66.0 km
Z = 67.0 km
Z = 68.0 km
Z = 69.0 km
Z = 70.0 km

[km]

Brightness Temperatrue [K]

VIRTIS

4.9

5.0

100
90
80
70
60
50
100 200 300 400
[K]

260
VIRTIS

220
Temperature

200

180
4.4

4.5

4.6

4.7

4.8

4.9

5.0

100
90
80
70
60
50
100 200 300 400
[K]

H = 0.2 km
H = 1.0 km
H = 2.0 km
H = 3.0 km
H = 4.0 km
H = 5.0 km
H = 6.0 km

240

220
Temperature

200
[km]

240

Brightness Temperatrue [K]

Z = 60.0 km
Z = 61.0 km
Z = 62.0 km
Z = 63.0 km
Z = 64.0 km
Z = 66.0 km

[km]

Brightness Temperatrue [K]

VIRTIS

180
4.4

4.5

4.6

4.7

4.8

4.9

5.0

100
90
80
70
60
50
100 200 300 400
[K]

Wavelength [µm]

Wavelength [µm]

Fig. 6. Synthetic spectra and VIRTIS measurements: (a and b) low latitudes; (c and d) polar region; (e and f) ‘‘cold collar’’. In the left column (sub-panels a, c, e) the aerosol
scale height H is ﬁxed and the cloud top altitude Z is varied. In the right column (sub-panels b, d, f) H is varied and Z is ﬁxed. The legends on the top of each sub-panel show
latitude bin, emission angle (EA), VIRTIS data ﬁle, and values of constant H or Z. Solid line is VIRTIS spectrum and other lines correspond to different values of variable
parameters (see legends in the upper right of each sub-panel). Temperature structure is shown in the lower right of each sub-panel.

consideration. The sharp cloud top placed right at the temperature
minimum of inversion allows thermal emission to form in the pure
gaseous atmosphere in the inversion region above the cloud top
thus resulting in spectral inversion. When aerosol is distributed
with large scale height it dominates opacity in the temperature
inversion region and simply masks the temperature inversion.
The ambiguity is discussed in more detail below.

4.4. Retrieval of the cloud structure
The discrepancy between a synthetic spectrum ISyn(Z, H) and an
observed one IObs is deﬁned as follows:

P
N

DðZ; HÞ ¼

i

jIObs;i  ISyn;i ðZ; HÞj2
N



ð2Þ
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Fig. 7. Comparisons of synthetic spectra with VIRTIS observation in the ‘‘cold collar’’ region for small (a) and large (b) aerosol scale height. Left panels show brightness
temperature spectra. Thick solid lines are VIRTIS spectra from the ﬁle VIR0609_00. Different grey lines are synthetic spectra for several cloud top altitudes shown on the right
panels together with VeRa temperature proﬁles.

where N is the number of spectral points. Only the points in the
continuum (4.4–4.8 lm and 4.9–5.0 lm) are included in the sum.
The procedure of cloud model determination consisted of minimization of the discrepancy function D(Z, H) in two-parameter
space. D(Z, H) was ﬁrst calculated on a coarse grid with DZ = 2 km
and DH = 1 km to ﬁnd an approximate minimum of the discrepancy function. Then a ﬁne grid with steps 61 km was made by
inverse parabolic interpolation around the approximate minimum
to ﬁnd its position more accurately (Press et al., 1992). We continued the process until grid size becomes less than 0.05 km.
Fig. 8 shows typical examples of the two-dimensional discrepancy
function D(Z, H). In low latitudes, where air temperature monotonically increases with depth, the minimum of discrepancy function is well deﬁned (Fig. 8a). The fact that isolines of D function
are almost horizontal indicates that the cloud top altitude is better constrained than the scale height. Fig. 8b shows more difﬁcult
case of strong temperature inversion in the ‘‘cold collar’’ region.
The discrepancy function can have two local minima: one for
small (black dot) and one for large (grey dot) values of H.
This illustrates the qualitative discussion in the previous subsection. In many cases we resolve this ambiguity by using qualitative arguments and giving priority to the pair of model
parameters, small aerosol scale height and low cloud top altitude,
that succeed to reproduce inversion in the wings of the 4.3 lm
CO2 band.

5. Results and discussion
We derived the parameters of the cloud top structure from the
joint analysis of the selected VIRTIS spectra (see examples in Fig. 3)
and corresponding VeRa temperature proﬁles for each latitude bin
(Fig. 2) that provided complete coverage of the Southern hemisphere. Fig. 9 shows latitude dependence of the cloud parameters.
In the low and middle latitudes the cloud top altitude is
67.2 ± 1.9 km. The aerosol scale height is 3.8 ± 1.6 km which is
close to that of the gas. Poleward of 50S the cloud structure
changes signiﬁcantly. The cloud top height decreases with latitude
and reaches minimum of 63 km in the polar region. Aerosol scale
height also decreases to 1–2 km. Table 1 summarizes results of our
analysis for three major latitudinal zones.
Table 1
Derived values of the cloud top structure for three latitudinal zones.
Latitude range
Mid-low lat.
(0S–56S)
Aerosol scale
height (km)
Cloud top altitude
(km)

Cold collar
(56S–80S)

Polar region
(80S–90S)

3.8 ± 1.6

2.1 ± 2.0

1.7 ± 2.4

67.2 ± 1.9

64.7 ± 3.2

62.8 ± 4.1

607

Y.J. Lee et al. / Icarus 217 (2012) 599–609

VIR0327_01, 20S ~ 15S

a

-3.0

Cloud top altitude, Z [km]

72

-3.2
-3.4

70

-3.6
-3.8
-4.0

-3

.6
.4
-3-3
.2

68

-3.0
-2.8

66

-2.4

64

-2.6

-2.2

62
1

2

3

4

5

6

Aerosol scale height, H [km]

VIR0609_00, 70S ~ 65S
-3.0

-3

.2

-3

.8

70
-3.6

Cloud top altitude, Z [km]

72

-3.4

b

68
66
64
.6
-3
8 .4
-3..2
.0 2.6
-3 -3
-3
-2.8
-2.4

62

-2.2

-2.0

60
1

2

3

4

5

6

Aerosol scale height, H [km]

75
70

65

-40

-20

220

0

Altitude [km]

Latitude [ ]
8
6

70

65

240

230

-60

o

Aerosol scale height [km]

23

0

-80

b

210

220

75

60

230

a

Cloud top altitude [km]
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We note again that the cold collar region is characterized by
temperature inversions (Fig. 2f–h) that in some cases make the retrieval of the cloud structure ambiguous. However typical cold collar spectrum and especially spectral inversions in the wings of
4.3 lm CO2 band can be only simulated with small aerosol scale
height and low cloud top altitude (Figs. 6e, f and 7).
Fig. 10 compares latitude behaviour of the cloud top altitude derived in this work with results of the earlier observations. Our retrievals are consistent with the general trend for cloud top altitude
to decrease with latitude, obtained earlier from the VIRTIS spectroscopy in the near-IR CO2 bands (Ignatiev et al., 2009) and
mid-IR spectroscopy by the Venera-15 Fourier spectrometer
(Zasova et al., 2007). The cloud top altitude at 5 lm (diamonds)
is around 3–6 km below the result at 1.6 lm (crosses) in all latitude. The tendency of the cloud top altitude to decrease with
wavelength, shown in Fig. 10, is in quantitative agreement with
that expected for sulphuric acid composition of the upper cloud
at all latitudes (see Fig. 9 in Ignatiev et al., 2009). Our analysis also
conﬁrms the conclusions derived from the Venera-15 data that the
aerosol scale height decreases towards the pole (Zasova et al.,
1993, 2007), although 1.6 lm cloud top assumed the aerosol scale
height of 4 km (Ignatiev et al., 2009).
Fig. 10 also shows two peculiarities. Firstly, the cloud top
strongly descends from equator to pole in the wavelengths range
1–8 lm that sounds the upper cloud (Zs=1 > 57 km), while there
is almost no decrease in cloud top altitude at 27.4 lm (open circles) that probes the middle cloud. This suggests that the upper
cloud shrinks in vertical direction towards the pole while the middle cloud does not change its altitude.
The second peculiarity seen in Fig. 10 is that poleward from the
cold collar the 8 lm cloud top (ﬁlled circles) is located deeper than
that at 5 lm while the trend is opposite in low latitudes. This tentatively indicates differences in particle sizes at low and high latitudes. Spectral behaviour of aerosol extinction efﬁciency depends
on particle size. For standard microphysical model of the Venus
clouds the extinction efﬁciency for modes 2 and 20 (r0 =
1–1.4 lm) at 8.2 lm exceeds that at 5 lm (see Fig. 15 in Zasova
et al., 2007), meaning that in such a cloud the s = 1 level at
8.2 lm will be higher than that at 5 lm. This is what we see in
Fig. 10 at latitudes below 50–60°. For larger particles with
r0 = 3.85 lm (mode 3, curve 4 in Fig. 15 from Zasova et al., 2007)
the ratio of extinction efﬁciencies is reversed resulting in that the
cloud top at 8 lm is deeper that at 5 lm. This is exactly what
Fig. 10 shows in the polar regions. Thus, this comparison suggests
an increase of particle size in the upper cloud from equator to pole.
This conclusion is consistent with the analysis of night side
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Fig. 9. Latitudinal distributions of the cloud top altitude (a) and cloud scale height
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Fig. 10. Latitude dependence of the cloud top altitude overplotted on the VeRa
latitude–altitude temperature ﬁeld: diamonds – this study (4–5 lm); crosses –
VIRTIS spectroscopy in the 1.6 lm CO2 band (Ignatiev et al., 2009); ﬁlled and open
circles – approximate Venera-15 Fourier spectroscopy in the 8.2 and 27.4 lm,
respectively (Zasova et al., 2007).
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SPICAV/SOIR also provide excellent opportunity to study the upper
haze structure. Although these observations sound a bit higher altitudes (80 km), they can complement to the retrievals of the cloud
top structure presented here. Finally limb imaging by VMC (Titov
et al., 2012) and VIRTIS–vis can provide an important insight in
the upper cloud structure and its latitudinal variability.
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emissions observed by VIRTIS/Venus Express (Wilson et al., 2008),
although they are believed to sound deeper into the cloud (50–
55 km). We note however that the above derived conclusions from
comparison of observations by different missions are based on the
assumption that the Venus cloud structure mainly depends on
latitude.
The changes in the cloud top structure are correlated with the
mesospheric temperature ﬁeld (Fig. 10). The cloud top starts
descending at the outer edge of the ‘‘cold collar’’ (50S) and
approximately follows 230 K isoline. It is accompanied by decrease
of the aerosol scale height. Drastic changes in the morphology of
UV clouds, i.e. transition from the patchy and mottled clouds in
low latitudes to bright uniform polar hood also occurs at this latitude (Markiewicz et al., 2007; Titov et al., 2008, 2012). This behaviour is likely of dynamical origin and is related to the Hadley
circulation that has upwelling branch at equator and downwelling
motions at 60°S (Svedhem et al., 2007).
The upper cloud has a very particular structure in the cold collar
region. The very sharp cloud top with small aerosol scale height
(H 6 1 km) coincides with the temperature minima in the inversions (Fig. 11). This feature is likely of radiative origin. The sharp
cloud top boundary provides effective cooling to space that maintains low temperatures. This mechanism is similar to that of formation of the temperature inversions at the Martian surface at
night (Zurek et al., 1992). The inversions in turn create convectively stable conditions above the cloud top that prevents vertical mixing of aerosols and maintains sharp cloud boundary. This negative
feedback between dynamical conditions and radiative effects
makes the cold collar stable. The middle latitudes are also characterized by vanishing vertical wind sheer (Sánchez-Lavega et al.,
2008) that suppresses wind sheer instabilities. Titov et al. (2008)
used the peculiarities of stability distribution at the cloud top to
qualitatively explain the global pattern of the UV markings.
The Venus Express payload has a great potential for the study of
the structure and morphology of the Venus upper cloud and haze.
Several directions of the work can be recommended for the future.
The approach developed and proved in this work can be further applied to the VeRa data in combination with the VIRTIS-H spectroscopy. Although VIRTIS-H provides only ‘‘spot’’ measurements, it
has regular coverage of both hemispheres, so that the method
can be extended to the entire planet. Also VIRTIS-H measurements
have a better chance to resolve retrieval ambiguities due to the
higher spectral resolution. Solar and stellar occultations by
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