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a b s t r a c t

The upper cloud layer of Venus is a key factor affecting radiative energy balance of the mesosphere.
Observations of the temperature and the cloud top structure by Venus Express revealed their strong
variability with latitude. We used the 1-D radiative transfer model to study the dependence of the
radiative forcing on the cloud top structure. The cloud top altitude effectively controls outgoing thermal
fluxes. Sharp cloud top boundary can produce a pronounced peak of both solar heating and thermal
cooling that suggests a radiative origin of temperature inversions in the cold collar. Strong diurnal
variation of net forcing at low latitudes can be responsible for the origin of convective cells observed in
UV images. Latitudinal contrasts in the radiative forcing in the mesosphere can drive meridional Hadley-
type circulation with meridional winds of few m/s and vertical motions with speed of few cm/s.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Venus receives twice the solar flux (2622 W/m2) of the Earth
(Moroz et al., 1985). However, the thick cloud deck that completely
shrouds the planet reflects most of the solar radiation back to
space, allowing only 2.5–3.4% of total solar flux to reach the
surface (Tomasko et al., 1980b; Moroz et al., 1983). Almost half of
the incoming flux is absorbed by the unknown UV absorber in the
upper cloud layer above �60 km (Crisp, 1986). Also the clouds
produce high opacity in the long wavelength range. Hot Venus
surface (735 K) has strong emission in thermal infrared range
absorbed by the clouds and atmospheric gases. The clouds are the
second strongest greenhouse agent in the Venus atmosphere after
CO2 (Bullock, 1997; Titov et al., 2007). As a result, the clouds are
very important factor in the radiative energy balance of the Venus
atmosphere.

The vertical structure of the clouds was investigated in situ by
Venera 8–14 landers and four Pioneer Venus descent probes
(Ragent et al., 1985). These data sets suggested that the main cloud
deck (�48–70 km) is divided into lower, middle, and upper cloud
layers (Knollenberg and Hunten, 1980; Ragent et al., 1985). The

tropopause is located at around 60 km altitude at the base of the
upper cloud layer (Tellmann et al., 2009). There is a clear trend for
the cloud top altitude to decrease from equator toward the poles
(Zasova et al., 2007; Ignatiev et al., 2009; Lee et al., 2012; Haus et al.,
2014). The cloud top is defined as the level of the unity optical
thickness at 4–5 μm, is located at 67 km in low latitude region and
descends to 63 km at the poles (Lee et al., 2012). The aerosol scale
height also decreases with latitude from 4 km at low latitudes to
1.7 km in the polar regions (Zasova et al., 2007; Lee et al., 2012).

The previous radiative energy balance calculations could suc-
cessfully reproduce the observed flux profiles (Tomasko et al.,
1980a,b; Crisp, 1986). These models calculated globally averaged
solar heating and thermal cooling rates, showing peaks of radiative
forcing near the cloud tops of 6–10 K/Earth-day for the solar
heating, and of 6–7 K/Earth-day for the thermal cooling
(Tomasko et al., 1985; Crisp, 1986, 1989; Crisp and Titov, 1997).
They also demonstrated dependence of the radiative forcing on the
cloud top structure and vertical distribution of the UV absorbers.

Since the upper cloud plays an important role in the solar
heating and thermal cooling, variations of the cloud top structure
strongly affect radiative forcing of the Venus mesosphere. This may
be related to several unsolved questions in dynamic and physical
phenomena in the Venus mesosphere. Firstly, the strong retrograde
zonal wind (‘super-rotation’) has the maximum speed near the
cloud top (Gierasch et al., 1997) exceeding by more than a factor of
50 that of the solid body rotation. Thus, air parcels can travel around
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the globe in about four Earth-days (Taylor, 2006). Thermal tides
forced by the solar heating at the cloud top are one of the possible
mechanisms maintaining the super-rotation (Gierasch et al., 1997;
Takagi and Matsuda, 2007; Lebonnois et al., 2010), but the exact
mechanism is not fully understood yet. Secondly, polar vortices
show significant morphological changes with time. The energy
sources of the polar vortices are thought to be solar energy
deposition at the cloud top on the day side and the absorption of
thermal energy at the cloud base (Limaye, 2007). Thirdly, some
features of the temperature structure at the cloud top have not yet
been fully explained. One of them is strong temperature inversions
at the cloud top at high latitudes with temperatures about 30 K
colder than the same altitude at the equator. Another feature is the
warm polar mesosphere at 75–90 km that is probably related to
adiabatic warming due to downwelling branch of the Hadley
circulation (Taylor, 2006; Migliorini et al., 2012).

We calculated vertical distribution of thermal and solar flux
using recent results on the cloud top and temperature structure
from Venus Express (Tellmann et al., 2009; Lee et al., 2012). One-
dimensional radiative transfer model was used for a set of
latitudinal and local time bins. We also studied sensitivity of the
radiative modelling to the cloud top structure to understand its
role in the radiative forcing (Tomasko et al., 1985; Crisp, 1986,
1989). In Section 2 we describe the input data and computing
methods. In Section 3 we derive variations of the cooling and
heating rates caused by the cloud top structure variations. Mer-
idional trends in the net radiative energy balance are revealed,
providing insights in the mechanisms of mesospheric circulation
(Taylor et al., 1983; Crisp, 1989; Crisp and Titov, 1997; Titov et al.,
2007). The last section concludes on results and plans for future
studies.

2. Data and methods

Radiative forcing strongly depends on the temperature and
cloud structures. Here we describe the data used in this study to
update the atmospheric model. Radiative flux calculations used to
derive thermal cooling and solar heating rates are described in the
later subsections.

2.1. Atmospheric model

The entire lower atmosphere (0–100 km) is considered in this
study. The atmospheric model is based on the temperature, pressure,
and cloud top structure derived from results of the previous space
missions and updated by the Venus Express observations. The
gaseous absorption of CO2 requires careful consideration due to very
high pressure in the deep atmosphere. Clouds are represented by a
four mode aerosol size distribution. The upper cloud vertical structure
derived by Lee et al. (2012) is incorporated in our cloud model.

2.1.1. Temperature and pressure profiles
Temperature sounding by the radio-occultation experiment

(VeRa) on board Venus Express was used to derive temperature
and pressure fields in the upper troposphere and mesosphere (50–
95 km) (Häusler et al., 2006; Pätzold et al., 2007; Tellmann et al.,
2009). The VeRa experiment provided atmospheric temperature
structure with high vertical resolution and good spatial coverage.
We distributed 133 VeRa profiles obtained from 2006 to 2010, in
18 latitudinal bins from equator to the south pole as shown in
Table 1. We neglected the local time variability of the temperature
structure compared to the meridional variation and averaged the
profiles in each bin (see Lee et al., 2012, Fig. 2). This allowed us to
focus on the effects of the latitudinal cloud top structure varia-
bility. Below 50 km we used the Venus International Reference

Atmosphere (VIRA) model based on several in situ measurements
onboard the Venera landers and Pioneer Venus probes (Seiff et al.,
1985). Five latitudinal bins of the VIRA data were linearly inter-
polated into the 18 latitudinal bins selected in this study. A
discontinuity, between the two data sets at 50 km, was smooth-
ened by a running average (Chapman, 2007) in the 48–52 km
altitude range. Also VIRA profiles were used above 95 km.

Fig. 1 shows examples of temperature and pressure profiles for
three latitudinal bins. The atmospheric structure does not depend
on latitude below 33 km. Above this altitude the temperature
profiles show clear latitudinal dependence. At low latitudes atmo-
spheric temperature decreases monotonically with altitude
(Fig. 1a). Poleward from �451S a strong temperature inversion
layer exists near the cloud top (Pätzold et al., 2007) forming the
so-called “cold collar” region. In the polar region the mesosphere
is warmer than at low latitudes resulting in inverse meridional
temperature gradient.

2.1.2. Atmospheric gaseous absorption
The atmospheric model considers opacities of CO2, H2O, and SO2.

CO2 is well-mixed in the atmosphere with abundance of 96.5%. The
vertical distributions of H2O and SO2 were taken from Titov et al.
(2007). We used line parameters from the HITRAN2008 database
(Rothman et al., 2009). High atmospheric pressure and large amount
of CO2 result in that the CO2 bands play a very important role in the
radiative energy balance. In addition, strong pressure broadening of
CO2 requires correction of Lorentz line shape factors. We used five
empirical correction methods (Winters et al., 1964; Burch et al., 1969;
Moskalenko and Parzhin, 1981; Tanaka and Yamanouchi, 1977;
Pollack et al., 1993; Meadows and Crisp, 1996; Tonkov et al., 1996;
Ignatiev et al., 1999). Each line shape factor was developed and used
for particular CO2 bands that was taken into account in this study. At
wavenumbers below 2000 cm�1, the line shape factor was taken
from Ignatiev et al. (1999) (based on Moskalenko and Parzhin, 1981),
which had been used for 250–1650 cm�1 range. Between
2000 cm�1 and 2600 cm�1, we used the line shape factor from
Winters et al. (1964). In the range from 2600 cm�1 to 3800 cm�1,
the formula was taken from Pollack et al. (1993), that followed the
study of the collision-broadened CO2 line shapes by Burch et al.
(1969). In the range of 3800–4700 cm�1, we used the formula from
Tonkov et al. (1996), derived for the 2:3 μm spectral region at 296 K.
At wavenumbers larger than 4700 cm�1, we adopted the formula
from Meadows and Crisp (1996) which fits the 2:3 μm and 1:74 μm

Table 1
Parameters of the upper cloud as a function of latitude used in the cloud model (Lee
et al., 2012).

Latitude range (1S) Z (km) H (km)

0–5 68.1 4.0
5–10 67.6 5.0
10–15 68.2 3.9
15–20 67.8 4.3
20–25 68.3 3.5
25–30 68.4 4.0
30–35 67.4 3.7
35–40 67.6 3.7
40–46 67.0 4.1
46–50 64.0 3.4
50–56 67.3 3.3
56–60 66.0 3.1
60–65 64.5 2.6
65–70 65.1 1.7
70–75 63.5 1.5
75–80 64.6 2.1
80–85 63.1 1.6
85–90 62.3 1.8
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spectral regions. The CO2 absorption was calculated with the Voigt
line profile using the cutoff value of 200 cm�1 and a self-broadening
coefficient. For H2O lines we used scaling factor of 1.7 to adjust the
line half-width to the CO2 dominated Venus atmosphere (Fedorova
et al., 2008). For SO2 we assumed the air-broadening half-width
without any scaling factor due to lack of data. For gaseous absorp-
tions of H2O and SO2 we used the cutoff value of 100 cm�1. Rayleigh
scattering in the Venus atmosphere was taken into account (Pollack,
1967; Hansen and Travis, 1974) as well as SO2 absorption at UV
wavelengths (Wu et al., 2000).

2.1.3. Cloud model
The main cloud deck consists of the upper ð460 kmÞ, middle

(50–60 km), and lower (48–50 km) cloud layers. We assumed sulfuric
acid (75%) composition and four-mode aerosol size distribution for
the cloud layers: mode 1 - the small size particles with ro0:2 μm,
mode 2 – the middle size particles with r� 1:0 μm, and mode 3 – the
large size particles with r� 3:8 μm, as well as mode 20 – r� 1:4 μm,
based on the Pioneer Venus measurements (Knollenberg and Hunten,
1980; Pollack et al., 1980; Zasova et al., 2007). Optical properties of the
aerosols were obtained by Mie code calculation (Palmer and
Williams, 1975; Wiscombe, 1980). Since the number density of mode
2 is dominant in the upper cloud layer, we assumed that it contains
only mode 2 particles, while the middle and lower clouds are
combinations of mode 1, mode 20 and mode 3 particles. For the
upper cloud we used exponential vertical distribution following Lee
et al. (2012),

EðzÞ ¼ E0 exp½�ðz�z0Þ=H� ð1Þ

where E(z) is the vertical profile of the volume extinction coefficient,
H is the aerosol scale height, and E0 is the extinction at z0 (65 km)
altitude. The cloud top altitude (Z) is defined as the height of the unit
optical thickness ðzτ ¼ 1Þ at 2000 cm�1 to keep consistency with
analysis by Lee et al. (2012). Therefore, H and Z are the parameters
that define the vertical structure of the upper cloud in this study. The
structure of the middle and lower cloud layers is taken from Zasova
et al. (2007) and assumed latitude independent. Fig. 2 shows the
number density profiles.

Table 2 shows cloud parameters for the standard model in
three latitude regions. We used this set of aerosol models to study
dependence of radiative fluxes on the cloud structure. A range of H
and Z was used in the sensitivity study. Table 1 shows the
parameters of the cloud top structure for 18 latitude bins. The
meridional trends of radiative forcing are calculated based on
Table 1. The upper haze was not considered in this study.

2.1.4. Unknown UV absorber
The chemical composition and vertical distribution of the

unknown UV absorber are not well understood. However, as it
absorbs about half of the incoming solar flux (Crisp, 1986), it
strongly affects solar heating. Therefore, this study employs
several assumptions to take the unknown UV absorber into
account. Firstly, the absorber is present in the upper cloud only.
The unknown UV absorber is modelled by the reduction of single
scattering albedo of mode 2 particles following the model of
Tomasko et al. (1985). Thus, the vertical distribution of the
unknown UV absorber follows that of the upper cloud structure.
Secondly, we limited the presence of the unknown UV absorber to
the layer between 58 km and the cloud top (Z km). A similar
assumption was used in the previous studies (Pollack et al., 1979;
Esposito, 1980; Tomasko et al., 1985; Crisp, 1986), resulting in a
distinct solar heating at the cloud top.

Fig. 3 shows good agreement between calculated and measured
flux profiles in the 0:4–1:0 μm range. Discrepancies can be exp-
lained by that the tropospheric gaseous absorption requires more

Fig. 1. (a) Model temperature profiles based on VeRa measurements above 50 km
and VIRA models below. Three lines represent different latitudinal regions: low
latitude (151–201S), the cold collar (601–651S), and the pole (851–901S). (b) Model
pressure profiles for the same latitudinal regions. Inserts show details of tempera-
ture and pressure profiles in the 55–80 km altitude range.

Fig. 2. Cloud model. Vertical profiles of aerosol number density for modes 1, 2, 20 ,
and 3. Number density for modes 1, 20 , and 3 below 60 km are taken from Zasova
et al. (2007). The mode 2 profile is latitude dependent and is shown by three solid
lines indicate for the low-to-middle latitudes, the cold collar, and the polar region
(Table 2).

Table 2
Averaged parameters of the upper cloud in the model (Lee et al., 2012).

Latitude range Low-to-mid Cold collar Polar region
(01–561S) (561S–801S) (801S–901S)

Aerosol scale height (H, km) 3.871.6 2.172.0 1.772.4
Cloud top altitude (Z, km) 67.271.9 64.773.2 62.874.1
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careful consideration, such as adding weak CO2 lines not included
in HITRAN2008, a greater cutoff values than what we used, and
adjusting of H2O abundance. The structure of the middle and
lower cloud layers can be another source of the disagreement.

2.2. Radiative energy balance calculations

Calculations of the radiative energy balance include broad
spectral range encompassing both thermal emission and solar
radiation. This spectral range is divided into narrow spectral
intervals for convenience. In these spectral intervals, monochro-
matic upward and downward flux profiles are calculated by a
radiative transfer model and then integrated over wavelength
followed by calculation of heating and cooling rates.

2.2.1. Spectral intervals
Solar spectrum has a maximum in the visible range and

decreases quickly at λ44 μm ðo2000 cm�1Þ. In the UV range,
SO2 and the unknown UV absorber are mainly responsible for
absorption of the solar radiation. Fig. 4 compares Venus spherical
albedo calculated in this study to the observations and previous
modelling (Barker et al., 1975; Pollack et al., 1979; Tomasko et al.,
1985). This demonstrates good agreement in the UV and visible
spectral ranges including the SO2 absorption feature. In the near
infrared range, the absorptions by CO2, H2SO4 aerosols, H2O, and
SO2 become significant.

Beyond 4–5 μm the radiative balance is dominated by thermal
emission. The cloud opacity is high enough to trap the emission
from the surface and deep atmosphere maintaining powerful
greenhouse effect. Maximum of thermal emission is located at
around 10 μm (1000 cm�1) for the cloud top temperatures shift-
ing to shorter wavelengths in the hot deep atmosphere. Infrared
gaseous absorption by CO2 is significant due to presence of strong
absorption bands in this range and its high abundance. These
features are demonstrated in Fig. 5, comparing synthetic thermal
spectra of this study and observed spectra. The three latitudinal
thermal structure shown in Fig. 1 and the cloud top structures at
each latitudinal bin in Table 1 are used to calculate these spectra.
This comparison shows that the conditions used in our study
qualitatively well produce latitudinal characteristics.

This study considers two broad spectral ranges: 0:2–5:0 μm
(2000–50000 cm�1) for solar radiation and 3:9–200 μm (50–
2590 cm�1) for thermal radiation. Thermal emission leaking from
the lower atmosphere in the near infrared transparency windows
is not taken into account, since its contribution to the mesospheric
radiative energy balance is negligible (Crisp and Titov, 1997). The
broad ranges are divided into 6 and 7 spectral intervals for thermal
and solar radiation respectively.

2.2.2. Flux calculations
The fast line-by-line calculation routine (Titov and Haus, 1997)

was merged with the Spherical Harmonics Discrete Ordinate
Method (SHDOM) (Evans, 1998) for this study. For each gas and
spectral interval we calculated a matrix of gaseous absorption
coefficients as a function of wavenumber, pressure, and tempera-
ture. The asymmetry factor for the Henyey–Greenstein phase func-
tion and single scattering albedo was calculated as weighted
averages in the heterogeneous atmosphere with four-mode cloud
model (Levoni et al., 1997). The solar spectral irradiance model1 was
scaled to the distance of 0.723 AU from the Sun. Surface albedo of
0.2 was assumed over the entire wavelength range. Downward and
upward fluxes were calculated with 1 km step to get vertical profiles
of the net flux. The monochromatic flux profiles were then spec-
trally integrated. And finally the radiative energy sources and sinks
were derived as the divergence of the net flux (Goody and Yung,
1989). Fig. 6 demonstrates general agreement between the net flux
divergence profiles obtained in our calculations and results in the
earlier study (Lee and Richardson, 2011). Minor differences can be
explained by differences in the atmospheric models.

Fig. 3. Integrated flux profiles calculated in this study. Black solid and dashed lines
are downward and upward fluxes, respectively. Grey line shows in situ total
measurements onboard the Pioneer Venus descent probe (Tomasko et al., 1980b).
The profiles correspond to 65.61 solar zenith angle.

Fig. 4. Venus spherical albedo derived in this study and previous studies. Black
solid and dashed lines show the albedo in the low-to-middle latitudes and the
polar models. Grey dashed line shows the spectrum from Pollack et al. (1979)
reconstructed from the ground-based (Barker et al., 1975) and satellite observa-
tions. The model by Tomasko et al. (1985) is also shown as light grey line.

Fig. 5. Brightness temperature comparison of this study and previous observation
analysis. Zenith direction thermal radiance at the top of our model are converted
into brightness temperature. Gray lines are taken from Zasova et al. (2007) for the
corresponding latitudes to the three regions.

1 http://rredc.nrel.gov/solar/spectra/am0/modtran.html
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The heating rate in [K/day] is expressed as follows:

dT
dt

¼ 1
ρcp

ð�∇ � FnetÞ ð2Þ

where ρ is the density and cp is the gas heat capacity at constant
pressure. The divergence of the net flux ð∇ � FnetÞ can be replaced
by dFnet=dz, since we assume one-dimensional atmosphere. There
is a notice that the thermal “cooling” in this study includes the
negative sign.

For pure CO2 atmosphere the specific heat at constant pressure
(cp, [J/(kg K)]) as a function of temperature is taken from Crisp
(1986):

cpðTÞ ¼ 443:15þ1:688T�1:269� 10�3T2þ3:47� 10�7T3: ð3Þ
Density in [kg/m3] is derived from the ideal gas law,

ρðzÞ ¼ pðzÞ
RTðzÞ ð4Þ

where p is pressure in bar, T is the temperature in K, and
R¼191.4 J/(kg K) is the universal gas constant in the Venus atmo-
sphere with the mean molecular weight of 43.44 that corresponds
to the composition of 96.5% CO2, 3.5% N2, 180 ppm SO2, 60 ppm Ar
and 30 ppm CO (Seiff et al., 1985).

3. Results

We performed modelling of the radiative energy balance in the
Venus mesosphere. The following two sections show the thermal

and solar range results separately. First, we explore the sensitivity
of radiative fluxes on the cloud top structure. Second, we present
meridional trends in thermal cooling and solar heating rates that
define net meridional radiative forcing. The latitude dependent
cloud top structure (Table 1) was used for the calculation of the
second part.

3.1. Thermal emission

The sensitivity study is performed for three regions: the low-
to-middle latitudes, the cold collar, and the polar regions. The
temperature and pressure profiles for three latitudinal bins are
shown in Fig. 1. The cloud top structure parameters were varied.
The aerosol scale height changed between 1 and 6 km while the
cloud top altitude ranged between 61 and 70 km (Lee et al., 2012)
with one parameter varied at a time and the second one fixed to
its mean value shown in Table 2.

Fig. 7a shows the dependence of the thermal fluxes on the
cloud top altitude. As the cloud top altitude increases by 9 km, the
outgoing thermal flux decreases by about 50 W/m2, i.e. by one-
third of the averaged total thermal emission from Venus to space
(Moroz et al., 1985). This is due to monotonically decreasing
temperature with altitude at low latitudes resulting in lower
temperature of higher cloud tops. Fig. 7b shows the effect of the
aerosol scale height on the flux profiles. Sensitivity of the outgoing
thermal fluxes to the aerosol scale height is weaker for the low-to-
middle latitude temperature structure. The outgoing emission
ranges between 25 W/m2 and 10 W/m2 in the cold collar and the

Fig. 6. Globally averaged net flux divergence comparisons of this study and previous calculation work. (a) Thermal flux and (b) solar flux are shown separately, and minus
means cooling effect. The black lines are net flux divergence profile calculated in this work, and gray lines are taken from Lee and Richardson (2011).

Fig. 7. Sensitivity of the upward and downward thermal flux profiles to the cloud top structures for the low-to-middle latitude region. (a) The cloud top altitude varies as
shown in the legend, while the aerosol scale height is fixed to 4 km. (b) The aerosol scale height varies, during the cloud top altitude is fixed to 67 km.
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polar regions, respectively, for the same range of the aerosol scale
height (not shown in a figure). This results from non-monotonic
temperature profiles, i.e. presence of temperature inversions and
isothermal regions near the cloud tops.

The small aerosol scale height is responsible for a pronounced
cooling rate peak at the cloud top (Fig. 8b, d, and f). This feature
corresponds to sharp upper boundary of the cloud, making the
cloud top an effective emitter of thermal radiation. The peak value
increases from 5 K/day to 28 K/day as the aerosol scale height
decreases from 6 km to 1 km (Fig. 8b). The cold collar and the
polar region show similar trends in cooling rates with increasing
peaks at the cloud tops as the aerosol scale height decreases
(Fig. 8d and f).

Fig. 8a, c, and e shows that the cooling effects of the cloud top
increase with its altitude. This is the most pronounced feature in

the polar region because of small aerosol scale height, as discussed
above. Decreasing with altitude heat capacity in the upper atmo-
sphere is also related. For example, the net flux divergences near
the cloud tops are about the same, between Z¼61 km and
Z¼70 km in the polar region, but the peak of cooling rate increases
from 9 K/day to 50 K/day. In addition, the cooling rate profiles
(Fig. 8) demonstrate several local maxima and minima. These are
caused by fluctuations in the observed temperature profiles, from
small features to the temperature inversion layer, and strong CO2

absorption bands. In the low-to-middle latitudes, cooling rate
profile does not have distinct peak at the cloud top in Fig. 8a. This
is caused by the large aerosol scale height, resulting in smooth
change in the net flux near the cloud top as shown in Fig. 7a.

The results of sensitivity study convey interesting messages. The
first one is that the cloud top altitude, more precisely the cloud top

Fig. 8. Sensitivity of the thermal cooling rates to the cloud top structures for three latitudinal regions (Fig. 1). (a) and (b) are for the low-to-middle latitude region, (c) and
(d) the cold collar region, and (e) and (f) the polar region. While one of cloud top structure parameters varies, another parameter is fixed to the value in Table 2. The cloud top
altitude is a free parameter in (a) with a fixed aerosol scale height, and vice versa in (b). This setting is the same for other two regions; (c) and (d), and (e) and (f).
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temperature, defines the outgoing emission. Secondly, there is
strong latitudinal dependence due to the temperature structure
variation. Thirdly, the aerosol scale height effectively controls
sharpness of the cooling rate peak at the cloud top. The small
aerosol scale height ðHr2 kmÞ can generate a sharp cooling rate
peak at the cloud top regardless of the temperature structure
(Fig. 8b, d, and f). The sensitivity study also implies inter-relations
and feedbacks between the cloud top structure and the tempera-
ture structure. For instance, sharp cloud top results in strong cooling
rate peaks that can maintain temperature inversions (H¼1 km case
in Fig. 8d). This will be discussed in more detail in Section 4.

Fig. 9 presents the latitude–altitude field of thermal cooling
rate derived from calculations in 18 latitudinal bins as described in
Sections 2.1.1–2.1.3. This shows that strong thermal cooling dom-
inates in the mesosphere while thermal emission contributes to
heating below the clouds. Cooling rates at the cloud top increase
from equator to pole following changes in the temperature and
aerosol structure. In the polar region the cooling rate at the cloud
top is about 10 K/day that is related to the small aerosol scale
height in high latitudes and warm polar mesosphere. The meso-
sphere above the cloud top also experiences stronger cooling
poleward of 501S (410 K=day at 68–80 km). This is caused by a
combination of higher temperature at this altitudes and strong
CO2 absorptions. The local maximum of thermal heating at 57–
60 km (also seen in Figs. 6 and 8) is likely due to discontinuity in
the cloud extinction between the variable upper and fixed middle
cloud layers in our cloud model (Fig. 2).

3.2. Solar heating

Solar radiation is the second component in the radiative energy
balance of the mesosphere. At the cloud top the direct solar flux
quickly decreases, while diffused downward flux grows with
decreasing altitude. Most of the solar flux is scattered back to
space or absorbed by the clouds and gases. Only about 3% of the
solar radiation that Venus received from the Sun reaches the
surface. The upward solar flux is created by scattering in the
atmosphere. The contribution of the clouds to heating is about 74%
at the cloud top level at 0 1 solar zenith angle for the low-to-
middle latitude cloud model (Table 2). The rest of the heating is
due to gaseous species. Cloud's contribution is the strongest in the
UV–visible range (�65%). It decreases quickly at longer wave-
length contributing �20% in the near-infrared range and �15% in
the infrared range. The strong UV–visible absorption is caused by
the unknown UV absorber producing about 30–60% of the total
solar heating effect, depending on the cloud top structure.

We performed sensitivity study for the solar spectral range for
the same three latitude bins in which we studied the thermal
range in Section 3.1. Solar local time was fixed at noon, while the
solar zenith angles were 17.51 for the low-to-middle latitudes,
62.51 for the cold collar, and 87.51 for the polar region. Fig. 10
shows upward and downward fluxes in the low-to-middle lati-
tudes as a function of the cloud top altitude (Fig. 10a) and the
aerosol scale height (Fig. 10b). The sharp cloud top (H¼1 km in
Fig. 10b) produces a clear peak of diffused downward flux at the
cloud top level. The upward fluxes increase with altitude within
the cloud layer and remain constant above the cloud top. The
comparison between Fig. 10a and b suggests that small aerosol
scale height strongly affects solar flux profiles, resulting in max-
imum of both downward and upward fluxes at the cloud top.

Fig. 11 compares the solar heating rates at noon for the three
latitudinal bins. Each panel demonstrates dependence of the heating
rates on the cloud parameters. The higher cloud top results in stronger
heating peak (Fig. 11a and c) for two reasons. The first one is that
higher cloud has higher abundance of the UV absorber due to the
assumption that it is located in the upper cloud layer (Section 2.1.4).
The second reason is smaller heat capacity at higher altitude. Fig. 11b
shows that small aerosol scale height (H¼1 km) results in a strong
heating peak of 94 K/day at the cloud top level, similar to the behavior
of thermal cooling. We note that the solar heating at the cloud top
(Fig. 11a and b) is more than twice as strong as thermal cooling,
meaning that at noon the solar heating at the cloud top dominates. In
the cold collar region (Fig. 11c and d), the solar heating rate at the
cloud top are comparable to the thermal cooling rates. In the polar

Fig. 9. Latitude–altitude field of thermal cooling in the Venus mesosphere. The
cloud top altitudes are marked with black filled diamonds. Vertical arrows show
the aerosol scale height (Table 1). The temperature field is shown in black contours.

Fig. 10. Sensitivity of the solar flux to the cloud top structure in the low-to-middle latitude region. (a) The cloud top altitude varies from 61 km to 70 km, while the aerosol
scale height is fixed to 4 km. (b) The aerosol scale height varies from 1 km to 6 km, while the cloud top altitude is fixed to 67 km. Direct downward (Dir. downward), diffused
downward (Dif. downward), and upward flux profiles are shown separately.
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region (Fig. 11e and f), the solar heating becomes two orders of
magnitude weaker than the thermal cooling.

The sensitivity studies for the cold collar region show two local
peaks of the heating rate (Fig. 11c). One of them is located at the cloud
top and is caused by the unknown UV absorber. Another peak above
the cloud top is due to exponential vertical distribution of aerosol in
the upper cloud, that contributes to scattering and absorption
becoming significant at slant solar illumination. The secondary peak
is present in the modelling with the scale height H¼2 km (Fig. 11d).
The sharp cloud top boundary (H¼1 km) “removes” the secondary
peak by clearing aerosol above the cloud altitude. The cases with
H42 km show that the heating rate gradually increases above the
cloud top rather than creating a peak. The polar region receives very
little solar energy, only 5% of that at low latitudes. Therefore, the solar
heating is very weak. The heating at the cloud tops caused by the
unknown UV absorber is less than 0.5 K/day. The secondary heating
rate peak above the cloud top is �2–8 K/day (Fig. 11e and f).

Local time dependence of the solar heating rate is shown in
Fig. 12 for the 0–51S latitudinal bin, cloud top altitude of 68 km
and aerosol scale height of 4 km. As local time progresses from
early morning to noon, the solar heating increases up to about
30 K/day at the cloud top (Fig. 12a). This peak is comparable to the
values in Tomasko et al. (1985) at the sub-solar point. Fig. 12b
suggests that from around 10 a.m. the solar heating exceeds the
thermal cooling by �20 K/day at the cloud top, thus indicating
strong diurnal changes in radiative forcing at the cloud top at
equator. This diurnal variability embeds interesting perspective on
the cloud top morphology, which will be discussed in Section 4.

Diurnal average of the heating rate is calculated as follows:

Diurnal averaged heating rate ðlatÞ ¼ 2
R 12 h
6 h heating rateðlat; tÞ dt

24 h
ð5Þ

Fig. 11. Sensitivity of the solar heating profiles to the cloud top structure. The cloud top conditions in each panels are the same as in Fig. 8.
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where t is the local time. A thick solid line in Fig. 12a shows this
diurnal mean heating rate in this latitudinal bin.

Fig. 13 shows the meridional trend of the diurnally averaged
solar heating rates. Solar heating near the cloud top is strong at
low latitudes, and weaken towards high latitudes following
decrease of the solar zenith angle. This figure shows strong solar
heating peak at the cloud top, and solar heating in the mesosphere
caused by the CO2 absorption.

3.3. Net radiative forcing

Fig. 14 shows the net radiative energy budget which is the
difference between solar heating (Fig. 13) and thermal cooling
(Fig. 9). The net cooling is present at the cloud top at all latitudes,
and increasing towards the south pole. We note however that the
balance changes following diurnal variations of the solar heating.
Net cooling prevails in the mesosphere at high latitudes, due to
weakening of solar heating and enhancing of thermal cooling due
to warmer atmosphere and sharp cloud tops. Right below the
cloud top the radiative energy balance is close to zero. Fig. 14 also
shows some weak net heating spots at 57–60 km in the cold collar
region. These are due to peculiarities of the cloud model as
discussed in Section 3.1. The net radiative forcing in the meso-
sphere gradually changes from heating to cooling from equator to
pole, passing zero at 40–451S. Therefore, the net radiative forcing
alone would act to cool down the polar mesosphere and warming
up the mesosphere at low latitudes. This suggests other mechan-
isms to maintain the observed mesospheric temperature contrasts,
such as air rising at low latitudes and descending at high latitudes

forming a global Hadley cell as proposed in the previous studies
(Crisp, 1989; Crisp and Titov, 1997; Titov et al., 2007).

We estimate zonally averaged vertical and meridional winds,
which can compensate the net radiative energy imbalance in
Fig. 14, assuming adiabatic air motions. Transformed Eulerian
mean in a spherical coordinate is

∂T
∂t

þvn

a
∂T
∂ϕ

þwn N2H
R

� �
¼ J
cp

ð6Þ

1
a cos ϕ

∂ðvn cos ϕÞ
∂ϕ

þ∂ðρow
nÞ

∂z
¼ 0 ð7Þ

where N2 is the buoyancy frequency, H is the atmospheric scale
height (different from the aerosol scale height), R is the gas
constant, ϕ is latitude, and wn and vn are the vertical and
meridional wind speeds in the residual mean circulation (follow-
ing Holton, 1992, and Santee and Crisp, 1995), ignoring wave
heatings. z is in the log–pressure coordinate, defined as
z� �H lnðp=psÞ, where ps is the surface pressure. The density
profile is ρoðzÞ ¼ ρs expð�z=HÞ, where ρs is the surface density. We
assume steady zonal mean temperature ∂T=∂t ¼ 0. Assessment of
the terms in Eq. (6) showed that the second term describes
meridional heat advection is one order of magnitude smaller than
the third term describing adiabatic heating except the cold collar.
The system of Eqs. (6) and (7) was solved numerically by finite
difference method on the grid with latitudinal step of 51 and for
the atmosphere divided into 81 equal log–pressure steps from
89,275 mbar to 0.002 mbar.

Fig. 12. (a) Heating rate profiles for different local times in the 0–51S latitude bin (Table 1). Solar zenith angle changes from early morning (06:15) to noon (12:00). Solid line
shows diurnally averaged solar heating rate (LT avg). (b) Net forcing field of local time and altitudes. Solar heating is the same as shown in (a), and is compared with thermal
cooling calculated for the same cloud top structure.

Fig. 13. Latitude–altitude field of diurnally averaged solar heating of the Venus
mesosphere. The temperature and cloud top structures are the same as in Fig. 9.

Fig. 14. Latitude–altitude field of the net radiative forcing in the Venus meso-
sphere. The temperature and cloud top structure are the same as in Figs. 9 and 13.
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Fig. 15 shows smoothed fields of vertical and meridional winds
derived from Eqs. (6) and (7). At high latitudes, the downward
wind velocity is about 3 cm/s at the cloud top increasing with
altitude. In equatorial region, weak upward motions exist below
the cloud top significantly increasing above 70 km. Fig. 15b shows
that poleward wind prevails in the mesosphere. This wind speed is
consistent with Crisp (1989). Below and near the cloud top,
equator ward winds with the speed of up to �1 m/s is present.
This result qualitatively supports the presence of the Hadley
circulation in the mesosphere (Crisp, 1989; Crisp and Titov,
1997). We note, however, that the 2-D model can provide only
crude assessment of the atmospheric dynamics and results in
lower meridional wind than the observed at the cloud top level
(�10 m/s) (Sánchez-Lavega et al., 2008; Khatuntsev et al., 2013;
Kouyama et al., 2013).

4. Conclusion

We calculated the thermal cooling and solar heating rates for a
set of atmospheric models based on the Venus Express observa-
tions. The results show that variations of the cloud top structure
cause significant changes in the radiative forcing. Extending the
cloud layer upward decreases the outgoing thermal flux and
enhances mesospheric cooling (Figs. 7 and 8). Small aerosol scale
height results in strong peak of cooling at the cloud top (Fig. 8).
This behavior can have a remarkable radiative effect in the cold
collar and at high latitudes where small aerosol scale height is
often observed (Lee et al., 2012), so that the atmosphere at the
cloud top level can experience enhanced thermal cooling at night.
Grassi et al. (2010) retrieved the temperature field as a function of
latitude and local solar time based on observations by VIRTIS
spectrometer on board Venus Express. Their result showed a clear
cooling trend at high latitudes near the cloud top (�65 km) during
night, that can be caused by thermal cooling. Moreover, the cloud
top with small aerosol scale height coincides with the minimum of
temperature inversion in the cold collar region (Lee et al., 2012).
This suggests a likely radiative origin of the temperature inversion
layer. The dynamic phenomena, like the downwelling branch of
Hadley circulation (Tellmann et al., 2009), might also play a role in
the formation of the sharp cloud top.

The analysis also revealed distinct solar heating at the sub-solar
point that dominates the radiative net forcing at noon (Fig. 12).
The sensitivity study shows that variation of the cloud top altitude
would alter the solar heating rate. For instance, the raising of the
cloud top altitude from 67 km to 70 km increases the heating rate
at the cloud top level about 50% (Fig. 11a). In addition, horizontally

uneven distribution of the unknown UV absorbers would cause
spatially inhomogeneous solar heating of the cloud top since the
UV absorber is responsible for about half of the total solar heating
at the cloud top. The UV images taken by camera onboard Venus
Express and Pioneer Venus showed convective-like small cells at
low latitudes in the afternoon. These features are probably caused
by strong heating at the cloud tops, as the convective motion at
the lower and middle cloud layers is suppressed at the sub-solar
point (Imamura et al., 2014). Toigo et al. (1994) suggested a thin
layer of solar absorption may trigger convective motions at the
cloud top. Our results also indicate that the strong solar heating at
noon time combined with zonal and horizontal variations of the
UV absorber distribution can be responsible for the observed
features. In our future study we will use a fluid dynamic model
calculation to verify this effect.

Our modelling suggests strong meridional contrasts of net
radiative budget in the mesosphere with excessive net heating at
low latitudes and net cooling in the cold collar and polar regions
(Fig. 14). This net forcing is strong enough to support the Hadley-
type meridional circulation in the mesosphere with upwelling at
the equator and downwelling at the pole with vertical wind speed
of few cm/s. Global circulation modeling would be helpful to
understand the link between dynamics and radiative forcing in the
Venus mesosphere.
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