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We present the spatial distribution of air temperature on Venus’ night side, as observed by the high spec-
tral resolution channel of VIRTIS (Visible and Infrared Thermal Imaging Spectrometer), or VIRTIS-H, on
board the ESA mission Venus Express. The present work extends the investigation of the average thermal
fields in the northern hemisphere of Venus, by including the VIRTIS-H data. We show results in the pres-
sure range of 100–4 mbar, which corresponds to the altitude range of 65–80 km. With these new retri-
evals, we are able to compare the thermal structure of the Venus’ mesosphere in both hemispheres.

The major thermal features reported in previous investigations, i.e. the cold collar at about 65–70�S lat-
itude, 100 mbar pressure level, and the asymmetry between the evening and morning sides, are con-
firmed here. By comparing the temperatures retrieved by the VIRTIS spectrometer in the North and
South we find that similarities exist between the two hemispheres. Solar thermal tides are clearly visible
in the average temperature fields. To interpret the thermal tide signals (otherwise impossible without
day site observations), we apply model simulations using the Venus global circulation model Venus
GCM (Lebonnois, S., Hourdin, F., Forget, F., Eymet, V., Fournier, R. [2010b]. International Venus Confer-
ence, Aussois, 20–26 June 2010) of the Laboratoire de Météorologie Dynamique (LMD). We suggest that
the signal detected at about 60–70� latitude and pressure of 100 mbar is a diurnal component, while
those located at equatorial latitudes are semi-diurnal. Other tide-related features are clearly identified
in the upper levels of the atmosphere.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Venus has been investigated since the early 1960s, by several
US and Russian missions. The extended chronology of these mis-
sions is presented in Moroz et al. (2002) and Titov et al. (2002).

The US Mariner series carried out several planetary flybys, pro-
viding important information about Venus’ atmosphere. In addi-
tion, the Soviet Venera 4–8 and 11–14 missions, which delivered
entry probes, and the Venera 9 and 10, which both combined an or-
biter and a probe, allowed an in depth study of the venusian atmo-
sphere from space and in situ.

In 1983–84 the Venera 15 and 16 orbiters investigated the
atmosphere of the planet in the thermal infrared with the Fourier
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spectrometer aboard (Oertel et al., 1985a,b; Moroz et al., 1986),
retrieving the thermal structure from the 15 lm CO2 band.

In the 1980s and 1990s, investigations of Venus were carried
out by: the Vega 1 and 2 balloons (Linkin et al., 1986, 1987; Crisp
et al., 1990), the flyby performed by the Galileo mission in 1990 on
its route to Jupiter, and the two flybys by the Cassini–Huygens
spacecraft on 1997 and 1999 (Baines et al., 2000).

Several ground-based observations added information about
the atmosphere below the clouds (Bezard et al., 1990; Pollack
et al., 1993; Meadow and Crisp, 1996; Taylor et al., 1997).

Temperatures in the Venus atmosphere have been investigated
in detail by entry probes that returned accurate profiles at very
high vertical resolution and in a wide range of altitudes (cf. Seiff,
1983, for an extensive review). Up to about 40 km, the temperature
profile is considered to be quite similar over the entire planet be-
cause the latitude and day–night variations are less than 5 K. On
the other hand, in the altitude range 60–100 km, inside and above
the cloud layer, variability with latitude and local time was signif-
icant, though deeper studies are required to better understand and
quantify this variability.
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The thermal structure of Venus below 60 km was investigated
using data from Venera 10–12 probes and the Pioneer Venus
probes, which resulted in the creation of the Venus International
Reference Atmosphere (VIRA) models, currently used by the scien-
tific community for Venus atmosphere modelling (Seiff et al.,
1985). VIRA allows modelling the middle atmospheric temperature
profiles in five latitudinal ranges, <30�, 45�, 60�, 75� and 85�. The
accuracy of the profiles is limited because not representative of
the whole atmosphere.

The mesosphere in the altitude range 60–100 km was investi-
gated by the VEGA 2 probe. The thermal structure was probed in
the northern hemisphere, and discussed in Zasova et al. (2007).

The European mission to Venus, Venus Express, was launched in
November 2005 and has been in orbit around the planet since April
2006. This mission extensively explores Venus on a long time scale.
Because of the spacecraft’s eccentric polar orbit (its altitude above
the planet is 250 and 66,000 km at pericentre and apocentre,
respectively), the southern hemisphere is optimally viewed at na-
dir especially by VIRTIS-M, the mapping channel, (for results see
Grassi et al., 2010). In addition, after more than 4 years in orbit,
the high resolution channel of VIRTIS, named VIRTIS-H, has pro-
vided good coverage of both the northern and southern hemi-
spheres. However, the data are limited to the night side due to
the current retrieval method.

In the present paper, we describe the average temperature ret-
rievals obtained by the VIRTIS-H observational data, which cover
the period from the orbit insertion (April 2006) to January 2010.
We briefly review the retrieval technique, already successfully ap-
plied to the data acquired by VIRTIS-M (Grassi et al., 2008, 2010),
and then report the results in Section 3. A discussion about dynam-
ical implications is included in Section 4.
2. Observations with VIRTIS-H on Venus Express

The Visible and Infrared Thermal Imaging Spectrometer (VIR-
TIS) is one of the experiments included in the scientific payload
of ESA’s Venus Express mission (Titov et al., 2006). The instrument
consists of two optical subsystems: VIRTIS-M and VIRTIS-H. VIR-
TIS-M is an imaging spectrometer in the range from 0.3 to
5.1 lm divided in two channels, VIS and IR, covering the range
0.3–1.1 and 1.0–5.1 lm with a spectral sampling of about 2 and
10 nm respectively. VIRTIS-H, a point spectrometer with a rela-
tively higher spectral resolution but no imaging capability, oper-
ates in the range from 2 to 5 lm, with a typical spectral
sampling of 1.5 nm, variable along the range at the selected spec-
tral order. The VIRTIS-M and -H instantaneous field-of-view (IFOV)
is 0.25 � 0.25 mrad (for an individual pixel) and 1.74 � 0.58 mrad,
respectively. These figures, applied to the Venus Express orbital
parameters, lead to projected horizontal resolution for individual
pixels of 16.5 � 16.5 km and 115 � 38 km for -M and -H respec-
tively, in the apocenter case. A complete description of the instru-
ment and its performances is given by Piccioni et al. (in press).

For this study, the zeroth order of VIRTIS-H was used, which
covers the spectral range 4.0–4.97 lm, with a spectral resolution
of 2.5 nm at 4.3 lm. The spectra are then sampled in 432 discrete
wavelengths for each dispersion order, although the first tens of
pixels on the right side (short wavelengths) of the focal plane array
usually yield smaller radiances than expected because of the low
grating efficiency on the edges of the orders, thus reducing their
effective spectral ranges. Another peculiarity of the array reading
system that we had to take into account in our processing methods
is the difference in fluxes between odd and even pixels along a gi-
ven spectrum. Nevertheless, this peculiarity is partially corrected
by the calibration process, yielding a few percent difference in
the absolute intensities between even and odd pixels.
The retrieval method described in the following subsection has
been applied to all the VIRTIS-H data suitable for this study, ac-
quired up to January 2010 (that is, up to Venus Express orbit num-
ber 1379). About 3 � 104 spectra have been collected and averaged,
in order to obtain the mean temperature maps.

2.1. Retrieval method

Infrared observations take advantage of the variability of CO2

opacity with wavelength in order to retrieve, by inversion, the tem-
perature profile from the gas thermal emission. Since the technique
exploits the ubiquitous atmospheric emission, large regions can be
readily mapped. Consequently, infrared spectroscopy, despite a
vertical resolution and a retrieval error worse than other remote
sensing techniques, has a relevant statistical value to build spa-
tially-extensive datasets. Even with a complete knowledge of the
vertical distributions of aerosols and gases, air temperatures and
optical properties of suspended materials, the analytical determi-
nation of the expected radiation field is not usually possible; conse-
quently, it has to be estimated numerically.

The inversion code to retrieve temperature is based on the radi-
ative transfer equation, as described in Grassi et al. (2008). It is
computed for 67 pressure levels, covering the range 1200–
0.005 mbar, which approximately corresponds to the altitude
range from about 50 to about 105 km. Once the pressure level is
fixed, the night side spectrum of Venus is simulated, starting from
an appropriate initial vertical profile selected from those available
in the VIRA, in order to guess the initial temperature. A relaxation
method is used to iteratively compare each simulated spectrum
with the observed one, in order to refine the simulation and find
out the best parameters to fit the observations. A X2 test, obtained
by comparing the spectral region around 4.3 lm on the two spec-
tra, quantifies the goodness of the fit. To increase the signal to
noise ratio (SNR), spectra were averaged in groups of 10, providing
that distance between single spectra does not exceed 2�, sun-ze-
nith angle greater than 95� and emergence angle smaller than
30�. Temperature error bars are within 4 K in the pressure range
100–4 mbar, which covers the altitude range from 65 to 80 km;
hence the investigation is limited to this region.

2.2. Filtering process

Prior to further processing, we removed from our dataset indi-
vidual retrievals derived from observations acquired either at
emission angles greater than 30� or at sun-zenith angles lower
than 95�. The former filter was applied to reduce the weight of
temperature profiles affected by larger modelling uncertainty.
The latter filter allows to remove completely the effects of the scat-
tering of solar photons. This radiation source has a non negligible
effect on radiances measured at the centre of the 4.3 lm band even
when the Sun is few degrees below the horizon and adversely af-
fects temperatures retrieved above 80 km. The two filters allowed
more than 3 � 104 profiles to be available for further analysis. The
coverage of the usable data is shown in Fig. 1.

We classified individual temperature profiles on the basis of lat-
itude and subsolar longitude at the time of acquisition (the latter
quantity being equivalent to local time), and binned in 5� � 5�
(latitude–longitude) wide bins.

For each given pressure level of the reference retrieval grid, the
N individual profiles in the bin provided N independent estimates.
Mean temperature T0 and standard deviation r were then com-
puted for each bin. Data beyond 2r were rejected, and new mean
and standard deviation values were calculated in each bin. Finally,
we obtained three-dimensional matrices of air mean temperatures
and standard deviations as a function of latitude, local time and
pressure. The limit of 2r was required to filter out the retrieval



Fig. 1. Map of the available VIRTIS-H data, distributed in the latitude–local time
plane. In the southern hemisphere, a better coverage is manifest. A total of 3 � 104

spectra were used in this study.
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results mostly affected by the numerical instability in the relaxa-
tion inverse techniques, as described in Grassi et al. (2008). Never-
theless, it was verified that the application of the 2r limit does not
change the general trend of the temperature maps.

Unstable retrievals are not associated with specific conditions
or specific regions of Venus atmosphere. They are mostly related
to residual calibration issues in the input data. These issues can oc-
cur more frequently in specific parts of VIRTIS focal plane (some
clusters of pixels may show systematic shifts in the signal level)
or can be randomly distributed (due to cosmic rays on the detector
or spikes in the electronics) and eventually result in Venus spectra
without a physical meaning.

The proper interpretation of the fields considered here accounts
for the different statistical weights of regions in the latitude–local
time space.

The averaging process is extended over the entire analyzed pop-
ulation acquired at a fixed local time. This implies an assumption
on the minor role played by possible seasonal trends in determin-
ing the atmospheric thermal structure. Even if this behaviour is ex-
pected on the basis of the low values of Venus’ orbital eccentricity
and polar axis inclination, we performed nonetheless a quantita-
tive analysis. This investigation confirmed that – for a given pres-
sure level – data inside each bin do not present any systematic
correlation with the Julian Date of acquisition beyond the confi-
dence levels set by random retrieval error and data dispersion.

It shall be noted that the overall VIRTIS-H data processing con-
tained two consecutive averaging processes. The first one involved
the radiances, binned on the image plane. Resulting average radi-
ances were used as input for temperature retrieval code. The
second one involved the output temperatures, binned in lati-
tude–local time bins from which the temperature is retrieved. This
scheme has a twofold advantage with respect to averaging all radi-
ances in latitude–local time bins and then performs the tempera-
ture retrieval. Firstly, each average radiance derives from the
same number of input spectra, implying the same effective radio-
metric error and the same retrieval error for each derived temper-
ature profile. Secondly, the scheme allowed different sizes of
latitude–local time bins to be tested and allowed possible seasonal
effects to be studied without having to repeat the time-consuming
temperature retrieval.

Tests on different bin sizes for the second average demonstrated
that the results presented in this paper remain quantitatively the
same. Namely, we verified the invariance of the results with the
bin size for different possible sections of the three-dimensional
matrices of air mean temperatures and standard deviations: lati-
tude/local time, latitude/pressure, local time/pressure.
3. Results

The VIRTIS-H channel provided an overall picture of the tem-
perature fields on both the northern and southern hemispheres,
although data are quite sparse in the northern hemisphere (Fig. 1).

In the following, we discuss results of air temperature average
maps at selected pressure levels. Variability with local time and
latitude are taken into account.

At 100 mbar (Fig. 2a), which approximately corresponds to the
cloud top altitude at a height of 65 km, temperatures are higher on
the dusk side with respect to the dawn side, but with a local max-
imum at equatorial latitudes between 22 h and 24 h Local Time
(LT). In this map at about midnight, an increase of about 10 K is ob-
served near the equator compared to the mid-latitudes. This tem-
perature increase at the anti-solar point is observed for the first
time in these data, although it was indicated in the previous study
with VIRTIS-M data in the southern hemisphere (Grassi et al.,
2010). The cold collar structure, observed for the first time by
Taylor et al. (1980) on Pioneer Venus Orbiter data and located at
about 60� latitude in both hemispheres, is colder and more prom-
inent on the dawn side. The temperatures show the coldest region
at about 3 h in both hemispheres, although we cannot rule out a
further decrease toward the terminator, where data are lacking.
In the southern hemisphere, however, the above mentioned cold
temperature region corresponds to the minimum clearly observed
in VIRTIS-M data (see Fig. 3a in Grassi et al. (2010)), where the bet-
ter coverage of the region makes it more certain.

Moving to higher altitudes (about 70 km, or 31.6 mbar, see
Fig. 2b), the cold collar structure disappears while the temperature
increases toward the pole in both hemispheres. A variation of
about 10 K is observed from equatorial to polar latitudes. Addition-
ally, the temperature field is slightly warmer from 20 h to 21 h at
almost all the latitudes. Though this map seems to confirm the
findings previously obtained with the M-channel of VIRTIS, the
air temperature at 31.6 mbar is about 5 K colder on average in
the map shown in Fig. 2b than in the corresponding case in Grassi
et al. (2010). As seen in the map in Fig. 2b, the dawn side is colder
than the dusk side which agrees with the M-channel analysis. This
difference may be caused by a different effective vertical sampling
in the retrieval due to the different spectral resolution of -H and
-M.

At the pressure level of 12.6 mbar (a height of about 75 km,
Fig. 2c), a local minimum in temperature is observed at mid lati-
tudes close to midnight, and local maxima are observed at
20–21 h and 23 h LT in both hemispheres. At low latitudes close
to equator, the minimum appears displaced more toward the
morning side. The temperature is about 5–10 K warmer at polar
than mid latitudes.

At 4 mbar (about 80 km) temperature is on average 10 K lower
than at 12.6 mbar, as shown in Fig. 2d. The dawn side is the warm-
est over the entire considered local time. A local temperature
minimum (T about 200 K) is observed at mid latitudes between
20–22 h LT in the southern hemisphere and perhaps a weaker
one at mid latitudes at 22 h LT in the northern hemisphere. An-
other possible minimum appears located at lower latitudes in the
5 h LT region, in contrast to the surrounding area.

We now consider cross-sections of the thermal fields at selected
latitudes.

At 77.5�S (Fig. 3a), the air temperature is locally colder in the
cold collar region (about 100 mbar) on the morning side, while it
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Fig. 2. Air temperature maps at 100 mbar (a, about 65 km), 31.6 mbar (b, about 70 km), 12.6 mbar (c, about 75 km) and 4 mbar (d, about 80 km).
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is warmer at 3 h LT moving to 10 mbar. On average, the tempera-
ture decreases with decreasing pressure levels. Some wave-like
structures could possibly be present at about 5 mbar, in the dawn
quadrant, based on the temperature fields. A similar trend is re-
corded in the northern hemisphere (Fig. 3b), despite the sparser
sampling in this region. Moreover, the northern hemisphere seems
to be a little bit warmer than the southern, in the pressure range
100–10 mbar, from midnight to 2 h. In general, the high latitude
maps show the highest contrast in temperature, behaviour which
is very likely correlated with the polar vortex dynamics.

At about 57� (Fig. 3c and d), air temperature fields become more
uniform over time. However, a local maximum is possibly detected
at 2 h LT, below the 10 mbar level (upper part of the plot). In the
cold collar region, the local time of early morning presents a local
temperature minimum at the lowest altitudes (about 100 mbar in
pressure). No substantial differences between the two hemi-
spheres are observed (Fig. 3c and d).

At intermediate latitudes (37.5�S and N, Fig. 3e and f), the region
close to the top of the cloud deck (about 100 mbar, which corre-
sponds approximately to 65 km) becomes warmer, with air tem-
perature decreasing with pressure. The region below 10 mbar
(above 75 km) is characterized by a local maximum close to mid-
night, on both hemispheres. In the same region, morning side ap-
pears as the warmest in both hemispheres.

Close to the equator (Fig. 3g), temperature of cloud top slightly
decreases towards both terminators. Local maxima and minima of
temperature are present in the pressure region 10–1 mbar.

The temperature structure does not appear to be symmetric
with respect to local time. As already stated, the cold collar struc-
ture is more pronounced in the morning side, as well as the polar
warming. In addition, above 10 mbar, air temperature in the equa-
torial region is slightly colder during late evening than at morning.

The VIRTIS-H data confirm overall the previous findings for the
southern hemisphere, obtained by using the VIRTIS-M data as dis-
cussed in Grassi et al. (2008, 2010), and further extend the results
to the northern hemisphere.

The great variety of features observed and described above
could be considered as evidence of dynamics in Venus’ atmosphere
at 65–80 km height. Maxima and minima in temperature, observed
in the southern and northern hemispheres at 100 mbar, could be
interpreted as sun-synchronous waves, with a wavelength of about
180� longitude and a phase that shifts moving towards the equator.
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Fig. 3. Temperature maps at selected latitudes: at 77.5�S (a), 77.5�N (b), 57.5�S (c), 57.5�N (d), 37.5�S (e), 37.5�N (f) and 2.5�N (g). Horizontal axis represents local time (in h)
while the vertical one is pressure (in mbar). The northern and the southern hemispheres are compared in this case. There are clear similarities in the thermal fields. Moreover,
no significant variations in the temperature range are observed from one hemisphere to the other.
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4. Discussion

A satisfactory agreement between average temperature re-
trieved from VIRTIS-H and Orbiter Infrared Radiometer (OIR) of
the Pioneer Venus mission (Schofield and Taylor, 1983) was found
at equatorial latitudes (see Fig. 4). In Fig. 4, the thermal isolines de-
rived from the OIR PV data are superimposed to the map at 7.5�S in
the longitude–pressure plane. A better agreement is observed in
the pressure range 100–10 mbar, while a significant overestima-
tion by about 15–20 K is recorded in the case of our retrieval meth-
od with respect to OIR data at pressure levels lower than 10 mbar.
The good agreement, at least for the mid-high pressure part, is ob-
tained despite the differences in the spectral range and in the
width of the weighting functions used for the retrievals. Long-term
variability may be one candidate, since the PV and Venus Express
missions differ by about 30 years in time. OIR data were acquired
during a maximum of the solar cycle, while VIRTIS data refer to a
minimum. EUV (Extreme Ultraviolet) heating varies with the solar



Fig. 4. Comparison between the retrieved temperature with VIRTIS and the OIR PV
instrument. The black curves represent the OIR temperature levels, superimposed
on the thermal field retrieved from VIRTIS data, at 7.5�S.
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cycles, and could have some impact in the circulation pattern that
occurs in the region covered by VIRTIS observations, though it
might not satisfactorily explain the discrepancy between OIR and
VIRTIS data.

The variety of features described in Section 3 confirms the tight
connection between dynamics and thermal fields in Venus’ atmo-
sphere between 65 and 90 km. A Hadley cell that extends through-
out the entire northern (or southern) hemisphere has long been
postulated as the main cause of the temperature increase from
mid-latitudes to the pole (Taylor et al., 1980). This polar warming
would occur by adiabatic compression of air in the descending
branch of the Hadley cell at polar latitudes.

Patterns of temperature versus local time at 100 mbar (Fig. 2a)
are of particular interest. Thermal tides in Venus’ mesosphere have
been recognized in their wavenumber-1 and/or wavenumber-2
components in OIR (Schofield and Taylor, 1983), FTS (Zasova
et al., 2007) and VeRa (Tellmann et al., 2009) data, mainly in the
northern hemisphere. The observations by VIRTIS are consistent
with the effects of sun-synchronous waves, which can be compo-
nents of the thermal tide, particularly strong in the region of the
southern cold collar (100 mbar, 65�) and at equatorial latitudes.
Only night side retrievals by VIRTIS are available at the moment,
therefore a full characterization of such waves in term of wave-
numbers and phases cannot be provided in this paper. Neverthe-
less, we can suggest a possible interpretation, based on results
from a global circulation numerical model.

The relative amplitudes of the different components of the ther-
mal tides and other significant atmospheric waves have been re-
cently investigated by Lebonnois et al. (2010a) using Venus
atmospheric global circulation models (GCMs). The LMD Venus
GCM model (Lebonnois et al., 2010a) was applied to interpret our
observations. Numerical simulations were performed starting from
initial conditions describing an atmosphere already in superrota-
tion (Lebonnois et al., 2010b). The zonal wind field thus obtained
is characterized by zonal winds between surface and clouds consis-
tent with the data, though the maximum zonal wind at the cloud-
top level is too strong compared to observed values. In the simula-
tion presented here , the meridional circulation in the 65–100 km
altitude region is stronger compared to the case presented in
Lebonnois et al. (2010a), but the quasi-bidiurnal wave discussed
in that paper is not present any more. This new simulation repro-
duces neatly the signature of semi-diurnal and diurnal tides above
65 km altitude. An offset in pressure, which corresponds to about
5 km in altitude, is observed in the location of the polar warming
between the model and the retrieved data presented here. The rea-
son for this discrepancy could reflect limitations in the simulation
of the aerosols distribution in the retrieval code, or to an incorrect
balance between dynamics, solar heating and infrared radiative
cooling in the model, possibly related to the fact that the latitudinal
dependence of the cloud layer is not taken into account in the radi-
ative module of the GCM. The uncertainty in the aerosol distribu-
tion in the retrieval code is under investigation in order to refine
the accuracy of the results; however, the same method was applied
to the mid-resolution data acquired by VIRTIS, and the comparison
with the VeRa temperature maps (Tellmann et al., 2009) provided
satisfactory results. Hence, it is unlikely to be the primary cause
of the discrepancy between retrieval results and GCM model. A bet-
ter representation of the cloud latitudinal distribution in the GCM is
needed to improve the modelled temperature distribution.

The full longitude–latitude maps for the model temperatures
(Fig. 5) at the same pressure levels as for the observations, reported
in Fig. 2a–d, clearly illustrate the signatures of the semi-diurnal
tide in low-latitude regions, with an increasing role of the diurnal
tide for mid and high latitudes as the pressure increases.

Although not shown here, the amplitude of the diurnal compo-
nent peaks in the model simulation around 60� latitude at about
5–10 � 103 Pa (around 65 and 70 km altitude), while the semi-
diurnal component has one of its largest amplitude around the
equator at 5–10 � 102 Pa (around 75 and 80 km altitude).

It must be noted, however, that the model provides tempera-
tures up to 20 K higher than the retrieved values, on a global scale.
On the other hand, the qualitative behaviour of the model is con-
sistent with observations, if the shift in pressure, and hence in alti-
tude, is taken into account. The modelled map at 32 mbar (which
corresponds to about 70 km in altitude) compares quite well with
the retrieved map at 100 mbar. Both are located at the level of the
cold polar minimum. The maximum temperature is about 240 K, at
the equator around 22 h. The cold region below 220 K is also pres-
ent, at mid-to-high latitudes, showing a minimum just before 3 h
in the southern hemisphere and slightly later in the northern
hemisphere. The model suggests that these minima at about 60�
latitude in both hemispheres correspond to the signature of the
diurnal component of the thermal tide. Conversely, the maximum
temperature at the equator around 22 h is created in the model by
the semi-diurnal component of the thermal tide.

If only the night side (18–6 h) of the model temperature map at
32 mbar were compared to the VIRTIS-H map at 100 mbar, as well
as to the corresponding southern hemisphere map in VIRTIS-M
observations (Fig. 3a in Grassi et al. (2010)), one would observe a
very close similarity in the locations (in latitude and local time)
of minima and maxima. As already reported in the previous sec-
tion, VIRTIS-H temperatures show minima at high latitudes in both
hemispheres around 3 h (confirming VIRTIS-M results for the
South hemisphere), and a maximum at equatorial latitudes be-
tween 22 h and 24 h. This similarity might be interpreted as the
signature in VIRTIS observations of the diurnal component of the
thermal tide at the latitudes of the cold collar, and of the semi-
diurnal component at equatorial latitudes. If this interpretation
based on the LMD Venus GCM is correct, the maximum/minimum
pattern observed at the location of the cold collar would effectively
correspond to a wavenumber-1 sun-synchronous wave extending
into the day side and phase-shifted to locate a minimum around
3 h. The maximum at low latitudes at about 22 h would be the
manifestation of a slightly phase-shifted wavenumber-2 sun-
synchronous wave, similarly extending into the day side.

This interpretation is distinct from the one suggested in Grassi
et al. (2010), where the maximum/minimum pattern at high lati-
tudes was presented as the possible night side signature of the
wavenumber-2 semi-diurnal component of the thermal tide. This
latter interpretation is especially suggested by the comparison



Fig. 5. Local time–latitude maps from the LMD Venus GCM simulation at (a) 32 mbar, (b) 13 mbar, (c) 4 mbar and (d) 0.5 mbar. Due to the quantitative shift in altitude of the
modelled polar warming compared to observations, these levels are chosen to qualitatively correspond to the observed fields shown in Fig. 2.
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with VeRa observations (Tellmann et al., 2009), where the temper-
ature structure around 100 mbar appears to be dominated by a
wave-2 solar tide with the minimum aligned with the subsolar
and the antisolar points. These observations, however, are aver-
aged between 75� and 85� latitude in both hemispheres, where
the influence of the polar vortex dynamics could be significant.
The minimum of temperatures in VIRTIS observations is centred
more around 65� latitude. Furthermore, Elson (1983) and Zasova
et al. (2002, 2007) point out that, although the wavenumber-2
seems to be dominant in most cases in OIR and FTS observations,
at high latitudes between 65 and 70 km altitude (OIR) and
55–72 km altitude (FTS), the amplitude of the wavenumber-1
sun-synchronous wave exceeds that of the wavenumber-2 wave,
in agreement with the LMD GCM model and the interpretation
we suggest in this paper. We would like to stress that a clear attri-
bution of the observed VIRTIS patterns of maximum/minimum
temperatures at 100 mbar to the presence of diurnal and semi-
diurnal components of the thermal tide can only be achieved when
retrievals are available also for the NLTE-affected day side. It is not
possible to draw conclusions on the longitudinal wavenumber of a
signal that contains only half the longitudes, since the phases
might play an important role, as Fig. 5a shows in the model. Fur-
thermore, it is likely that the interpretation of the temperature
structure at high latitudes in the venusian mesosphere is effec-
tively a combination of diurnal and semidiurnal signals with differ-
ent amplitudes, as suggested for instance by OIR observations
(Schofield and Taylor, 1983).

Good agreement between observed and modelled maps is
found also at other pressure levels (see Fig. 5b, c, and d for mod-
elled maps at 13 mbar, 4 mbar and 0.5 mbar respectively). On aver-
age, the temperature trend with latitude is confirmed by the
model, as well as the local maxima at equatorial regions in the ob-
served map at 13 mbar (see Fig. 2c).

A good correspondence between northern and southern hemi-
spheres is also found, especially at mid-high latitudes. At lower lat-
itudes, though the agreement between model and observations is
less satisfying, temperatures still decrease from evening to morn-
ing, and the morning side tends to present local maxima for higher
levels, as already found in the OIR/PV observations.

VIRTIS observations, therefore, may prove extremely important
to help constrain models of Venus’ atmospheric circulation.

5. Conclusions

In the present paper we extend the air temperature investiga-
tion of the Venus atmosphere, carried out for the southern hemi-
sphere by VIRTIS-M, to the high resolution channel of VIRTIS. A
valuable dataset of air temperature profiles in the altitude range
between 65 and 80 km in the night side of Venus, covering most
of the latitudes, was obtained. Similarities between the two hemi-
spheres have been observed.

We report a good correspondence with the results obtained in
previous investigations with VIRTIS-M and OIR, as well as evi-
dences of wave activity. The operational extension of the Venus Ex-
press mission will allow to directly compare new data with
observations acquired with OIR on Pioneer Venus at similar condi-
tions in term of solar cycle.

Grassi et al. (2010) suggested that the pattern of temperatures
at 100 mbar at around 60–65� latitude in the southern hemisphere
could be the night side signature of a semi-diurnal tide, which
would imply a wavenumber-2 sun-synchronous wave extending
in the day side. In this paper, we showed the possible signature
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of different thermal tides versus latitude in the two hemispheres.
In order to suggest an interpretation for the observed patterns of
average temperatures, we carried out a comparison with a global
circulation model of the venusian atmosphere. Results from the
LMD Venus GCM model present a very good agreement with ob-
served air temperature maps, although the quantitative details
are not fully satisfying (for instance, in the altitude and latitudinal
extent of the polar warming, as well as the absolute temperature
values). The agreement hints that the maximum/minimum pat-
terns seen in the observations at 100 mbar could be signatures of
the effect of diurnal and semi-diurnal tides (in particular, diurnal
component at high latitudes, semi-diurnal at equatorial latitudes).
Therefore, the combination of new model results obtained by
Lebonnois et al. (2010b) with the inclusion of a full radiative
transfer scheme, and the nearly global temperature coverage of
VIRTIS-H observations suggest an interpretation for the pattern
at high latitudes in terms of the diurnal component of the thermal
tide, simply shifted in longitude with a minimum at about 3 h,
which is different from the one included in Grassi et al. (2010).

A conclusive interpretation of these observed temperature
oscillations in term of diurnal and/or semi-diurnal tidal compo-
nents must be, nonetheless, postponed until a full day and night
side temperatures data set will become available from VIRTIS.

The reported temperature maps are invaluable in helping to
constrain the models and their predictions on the dynamics of
the venusian mesosphere, such as the important role played by
the tides in this region of the atmosphere in generating superrota-
tion (see Lebonnois et al., 2010a, for a related discussion).
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