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Venus Express SOIR terminator proﬁles of CO2 densities and corresponding temperatures have been
determined for 132 selected orbits obtained between 2006 and 2013. These recently recalibrated
measurements provide temperature proﬁles at the Venusian terminator over approximately 70–160 km,
revealing a striking permanent temperature minimum (at about 125 km) and a weaker temperature
maximum (over 100–110 km). In addition, topside temperatures (above 140 km) reveal a warming trend
consistent with a typical thermospheric structure. These features are reﬂected in the corresponding CO2
density proﬁles, and provide detailed constraints for global circulation models of the upper atmosphere.
New Venus Thermospheric General Circulation Model (VTGCM) simulations are presented for
conditions appropriate to these SOIR measurements. In particular, solar minimum to moderate ﬂuxes
are speciﬁed and mean values of eddy diffusion and wave drag parameters are utilized. Recent upgrades
to the VTGCM code now include more realistic lower boundary conditions at  70 km near cloud tops.
Model temperature proﬁles are extracted from the terminators that correspond to ﬁve latitude bins
presently used in the SOIR data analysis. Averaging of VTGCM temperature proﬁles in each of these bins
(at each terminator) is conducted to match SOIR sampling. Comparisons of these SOIR and VTGCM
temperature proﬁles are shown. Most notably, the observed temperature minimum near 125 km and the
weaker temperature maximum over 100–110 km are generally reproduced by the VTGCM at the correct
pressure/altitude levels. However, magnitudes of simulated and measured temperatures are somewhat
different as a function of latitude. In addition, VTGCM evening terminator (ET) temperatures are
simulated to be modestly warmer than corresponding morning terminator (MT) values, a result of
stronger ET than MT zonal winds at/above about 130 km. The SOIR terminator temperatures thus far do
not reveal this consistent trend, suggesting the VTGCM climate based winds may not precisely represent
the averaged conditions during SOIR sampling. Overall, these data-model comparisons reveal that both
radiative and dynamical processes are responsible for maintaining averaged temperatures and driving
signiﬁcant variations in terminator temperature proﬁles.
& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction and motivation
From past observations it has been noted that Venus's upper
atmosphere has two dominating circulation patterns (Bougher et al.,
1997, 2006; Schubert et al., 2007). One pattern occurs in the region
between the surface and the top of the cloud deck ð  70 kmÞ. This
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region is dominated by a stable wind pattern ﬂowing in the direction
of the planet spin and is faster than the Venus rotation. This ﬂow is
known as a retrograde superrotating zonal ﬂow (RSZ). The second
pattern occurs above  120 km and has been inferred (from various
observations) to be a relatively stable mean subsolar-to-antisolar ﬂow
(SS–AS). Venus has spatially variable heating in the upper atmosphere
by solar radiation (EUV, UV, IR), thus providing huge day–night
temperature and corresponding pressure gradients which generate
the dominant SS–AS ﬂow pattern. In the altitude range of 70–120 km
(i.e. the transition region), the two major ﬂow patterns are
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superimposed, often with large variations on short timescales.
Ground-based measurements have been largely used to monitor these
time variable winds above the cloud tops (Clancy and Muhleman,
1991; Lellouch et al., 1997; Schubert et al., 2007; Clancy et al., 2008).
This interaction typically produces at least three modiﬁcations to the
general ﬂow: (a) a shift in the divergence of the ﬂow from the subsolar
point toward the evening terminator, (b) stronger evening terminator
winds than those along the morning terminator, and (c) a shift in the
convergence of the ﬂow away from midnight and toward the morning
terminator. These wind variations also have implications for the
underlying temperature structure about the planet.
The investigation of these ﬂow patterns has been achieved (thus
far) in concert with the examination of temperature, density and
nightglow distributions (horizontal) that have provided proxy estimates of the corresponding wind components, and their variations, as
a function of altitude and time. Ongoing measurements, both spacecraft and ground-based, are being made in the effort to construct a
realistic climatology of the atmospheric temperature structure. However, departures from this 2-component wind model (residuals) are
becoming more apparent, as these ground-based and recent spacecraft
measurements conﬁrm signiﬁcant atmospheric variability (both temporal and spatial) that cannot be easily explained. This new paradigm
suggests new sources of dynamical variability, including gravity wave
and planetary wave forcing mechanisms. For this paper, we focus
upon the upper atmosphere temperature structure (and its spatial and
temporal variations) that must be closely connected to these winds
ﬁelds.
Detailed observations of the Venus atmospheric temperature
structure began with the Pioneer Venus (PV) mission in 1978.
The Pioneer Venus Orbiter (PVO) provided information about the
region from  70 km in altitude (cloud tops) to  100 km using
both infrared radiometry (Taylor et al., 1980) and radio occultations (Kliore and Patel, 1980). Extensive temperature data was also
collected above 140 km, using the PV Orbiter Neutral Mass
Spectrometer (Niemann et al., 1979, 1980) as well as by monitoring
the decay of the orbiter's orbit due to atmospheric drag (Keating
et al., 1980). The PV mission also consisted of four small probes
which collected in situ measurements of temperature at selected
latitudes and local times (LT) as the probes descended through the
atmosphere (Seiff and Kirk, 1982).
These PV measurements, along with previous measurements
from the Venera and Mariner missions, were used to construct
two empirical models of the upper atmosphere above 100 km,
VTS3 (Hedin et al., 1983) and the Venus International Reference
Atmosphere, or VIRA (Keating et al., 1985). These models give
global temperature proﬁles of the atmosphere and are used
widely by the Venus science community. However, they have their
limitations (Soret et al., 2012; Brecht and Bougher, 2012). As mentioned above, the most comprehensive PV measurements occurred
below 100 km and above 140 km, leaving a gap where the empirical
models perform poorly.
New measurements of the thermal structure of the Venusian
atmosphere offer the opportunity to improve these empirical models.
Among these are measurements being made by various instruments
on the Venus Express (VEx) spacecraft, which was launched in 2005
and entered orbit in 2006. The Venus Express Radio Science experiment (VeRa) uses radio occultation measurements to provide temperature data stretching roughly from 40 to near 90 km in altitude
(Tellmann et al., 2009, 2012). The VIRTIS (Visible and Infrared Thermal Imaging Spectrometer) instrument provides coverage on the
nightside of Venus up to about the same altitude (Grassi et al., 2010;
Lee et al., 2012; Migliorini et al., 2012), and the dayside over 100–
150 km. The SPICAV (Spectroscopy for Investigation of Characteristics
of the Atmosphere of Venus) instrument also focuses on the nightside and provides data from  90 km to  140 km (Bertaux et al.,
2007; Piccialli et al., 2013).
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Finally, SOIR (Solar Occultation at Infrared) offers an innovative
way to study the temperature structure of the atmosphere and is
the focus of this study. SOIR makes observations solely at the morning
and evening terminators (LT¼6:00 and LT¼ 18:00, respectively); these
are local times (LT) of great interest because of the dramatic changes
that occur across them. Spanning  70 km to  160 km, the SOIR
measurements are also valuable because they cover the gap from
100 km to 140 km where prior observations were sparse. In addition,
SOIR temperature measurements span the transition region (deﬁned
above), which is characterized by highly variable wind ﬂow patterns.
Corresponding variations in the temperature structure are expected as
well. In the sections that follow, SOIR mean temperature proﬁles for
ﬁve separate latitude bins are presented and compared to modeled
proﬁles simulated by the Venus Thermosphere General Circulation
Model (VTGCM). These SOIR proﬁles are described in detail in a
companion paper of this special issue (Mahieux et al., 2015).

2. The SOIR dataset
The SOIR Instrument has been thoroughly described in the
literature (Nevejans et al., 2006; Mahieux et al., 2008, 2009, 2010;
Vandaele et al., 2013), for brevity this section is only a summary of
the instrument and the technique used to obtain information
about the temperature of the Venusian atmosphere at the terminators. SOIR is one of the three channels on the SPICAV instrument
and is used to observe the Sun through the atmosphere of Venus.
That is, the line of sight of the channel is towards the sun and as
Venus Express moves along its orbit, the line of sight passes
through the Venusian atmosphere at successive tangent altitudes.
The SOIR measurements are scientiﬁcally meaningful as they
range from about 70 km to around 160 km. The lower boundary
is marked by the total absorption by clouds and the upper limit is
the point where the strongest CO2 band in the SOIR wave number
range can be detected (Mahieux et al., 2012).
The SOIR instrument operates in the infrared at wavelengths
between 2.2 and 4.3 μm and has a spectral resolution varying
between 0.11 and 0.21 cm  1. The system consists of an Echelle
grating spectrometer working in the infrared, combined with a
TeO2 Acousto-Optic Tunable Filter (AOTF) for the selection of the
diffraction grating orders, of which there are 94. During a typical
occultation, four different diffraction orders are scanned quasisimultaneously (Mahieux et al., 2012). Different orders are able to
probe different target molecules during an occultation. For the
purposes of constructing temperature proﬁles, carbon dioxide is
the target molecule.
The retrieval of temperature proﬁles is accomplished using the
ASIMAT algorithm, described in Mahieux et al. (2010, 2012, 2015).
The atmosphere of Venus is divided into layers which are considered
to be spherically homogeneous (the “onion-peeling approximation”).
The Optimal Estimation procedure developed by Rodgers (2000) is
used to create a CO2 vertical density proﬁle by inverting the observed
SOIR atmospheric transmittance spectra data from a given occultation. A temperature proﬁle is then calculated in an iterative process
using the hydrostatic law and the CO2 volume mixing ratios (VMR). It
is assumed that the CO2 VMR is equal to 96.5% from the surface to
88 km, decreasing to 96% at 100 km, and then connecting to the
Keating model CO2 VMR at 104 km (Keating et al., 1985).
SOIR dataset calibration issues have been addressed in detail in
Vandaele et al. (2013). These include changes in the wavenumber
calibration procedure of the spectra, the instrument resolution calculation, and the signal-to-noise ratio. This reference also gives a short
description of the available European Space Agency (ESA) Planetary
Science Archive (PSA) online database. More recently, a slit discretization improvement has been incorporated and is discussed in detail in
Mahieux et al. (2015). Brieﬂy, this slit correction is applied as a
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function of latitude. Since the vertical resolution of the instrument is
varying greatly with the latitude of the measurement, a bias was
previously introduced into the retrieval. This was manifested in the
results as an altitude shift with latitude. To solve this issue, a multi-ray
tracing calculation has been introduced in the inversion procedure. In
the improved algorithm, 24 light paths spread on the slit in both
directions are now considered, and the measurement at one altitude
level is calculated as the algebraic average of the contributions of each
path. This improvement slightly modiﬁes the density proﬁles, and the
shape of the proﬁles (succession of minima and maxima of temperature) is not changed. However, the altitudes at which those minima
and maxima occur are shifted to lower altitudes. This effect is more
pronounced for Southern observations; i.e. the measurements taken at
latitudes lower than 601N are the most affected, because the vertical
resolution step becomes larger than the vertical sampling. As a result,
the Northern–Southern asymmetry that was observed in the Mahieux
et al. (2012) version has now disappeared. This main algorithm
improvement is outlined in detail in Mahieux et al. (2015).
The SOIR dataset utilized in this study consists of temperature
proﬁles from 132 separate solar occultation events between 2006
and 2013 (Mahieux et al., 2015). There are 64 morning terminator
(MT) observations and 68 evening terminator (ET) observations.
Note that many of the individual proﬁles span only a part of the
altitude range being considered in this study. The observations at
each terminator have been grouped into ﬁve separate latitude bins
(see Table 1). Symmetry about the equator has been assumed in
part because of the limited sampling in any given latitude bin
regardless of the hemisphere. The dataset is most heavily concentrated in the polar region because of the nature of the Venus
Express spacecraft's orbit (Mahieux et al., 2012). Due to the lack of
data at lower latitudes, those bins span a larger latitude range.
Within each latitude bin, the proﬁles from each individual orbit
have been averaged together to give a mean temperature proﬁle
for both the morning and evening terminators. The proﬁles do not
include data points that result from“averaging” temperature data
from only a single solar occultation. The mean temperature
proﬁles extend from an altitude of approximately 70–90 km to
about 160 km, depending on the latitude bin and terminator being
considered, and the orders scanned during the occultations.
Finally, vertical smoothing has been performed on the initial
SOIR CO2 proﬁles, resulting in smoothed temperature proﬁles.
These 132 improved VAST (Venus Atmosphere from SOIR measurements at the Terminator) temperature proﬁles are composed
of the corresponding 122 proﬁles described in detail in Mahieux
et al. (2015), plus 10 additional proﬁles that we have included, for
which the instrument slit was almost vertical in the atmosphere.
The CO2 density proﬁles from each spectral set are combined into
one single proﬁle deﬁned on a 1 km scale using a moving average
algorithm. This moving average performs a weighted linear ﬁt of
all available individual density values corresponding to altitudes
located within a plus or minus two scale height region. Thereafter,
a smoothed temperature proﬁle is derived from this CO2 density
proﬁle using the hydrostatic equilibrium equation.

3. Introduction to the VTGCM
The Venus Thermosphere General Circulation Model (VTGCM)
is a 3-D ﬁnite difference hydrodynamic model of Venus' upper
atmosphere (e.g. Bougher et al., 1988) which is based on the
National Center for Atmospheric Research terrestrial Thermospheric General Circulation Model (TGCM). The VTGCM has been
thoroughly documented as it has been revised and improved over
the last two decades; presented in this section is an overview of
the model as implemented recently in the revised version of
Brecht (2011), Brecht et al. (2011), and Brecht and Bougher (2012).

Table 1
Shows the number of orbits used to construct the temperature proﬁles for each
latitude bin at both the morning (LT ¼ 06) and evening (LT ¼ 18) terminators.
Latitude
(min)

Latitude
(max)

Number of orbits
(LT ¼ 06)

Number of orbits
(LT ¼ 18)

0
30
60
70
80

30
60
70
80
90

16
7
6
9
26

11
12
5
7
33

The VTGCM solves the time-dependent primitive equations for the
neutral upper atmosphere. The diagnostic equations (hydrostatic and
continuity) provide geopotential and vertical motion ﬁelds. Additionally, the prognostic equations (thermodynamic, eastward and northward momentum, composition) are typically solved for steady-state
solutions for the temperature, zonal and meridional velocity, and the
mass mixing ratios of speciﬁc species. The VTGCM model domain
covers a 51 by 51 latitude–longitude grid, with 69 evenly spaced logpressure levels in the vertical, extending from  70 to 300 km (  70
to 200 km) at local noon (midnight). This altitude range ensures that
all dynamical inﬂuences contributing to the nightglow layers (i.e. NO,
O2, OH) can be captured, and wave propagation above the cloud tops
can be addressed. The lower boundary of the VTGCM has recently
been improved to include the self-consistent latitude and local time
variation of temperatures, zonal and meridional winds, and heights
near  69 km, in accord with current Venus lower atmosphere
General Circulation Models and available VIRA datasets (Kliore et al.,
1985).
The VTGCM includes parameterizations for CO2 15-μm cooling,
infrared (IR) heating, and extreme ultraviolet (EUV) heating.
Reference CO2 15-μm cooling rates for a given temperature and
composition proﬁle are taken from Roldán et al. (2000); cooling
rates for the simulated VTGCM temperatures and species abundances are calculated (from these reference rates) based upon a
slight modiﬁcation of the parameterization scheme described
previously (e.g. Bougher et al., 1986). The near-IR heating term is
incorporated in the VTGCM using an ofﬂine simulated look-up
table (organized as a function of pressure and SZA), and updated
recently using Roldán et al. (2000) rates. The VTGCM can capture
the full range of EUV–UV ﬂux conditions. The latest ion-neutral
reactions and rates being used in the VTGCM are largely taken
from Fox and Sung (2001).
Sub-grid scale wave effects cannot be captured by the VTGCM
directly. Instead, wave drag is presently prescribed as Rayleigh
friction within the VTGCM in order to mimic the ﬁrst order wavedrag effects on the mean ﬂow (Bougher et al., 1999; Brecht, 2011).
Detailed gravity wave momentum deposition schemes are being
tested for replacement of Rayleigh friction within the VTGCM code
(Zalucha et al., 2013). However, such schemes are not presently
validated for dedicated usage in VTGCM simulations. The eddy
pﬃﬃﬃ
diffusion coefﬁcient is prescribed in the form K ¼ A= n with units
2 1
of cm s
where n is the total number density and A is a constant
(see von Zahn et al., 1979). Nightside eddy diffusion has a prescribed
maximum value of 1.0  107 cm2 s  1 (see Brecht, 2011).
Several VTGCM model runs were made in order to provide
temperature proﬁles for comparison with the SOIR proﬁles. Model
temperature proﬁles were extracted at each terminator and
proﬁles from the same latitude bin (0–301N, 30–601N, 60–701N,
70–801N, 80–901N) were averaged together to create mean temperature proﬁles corresponding to the ﬁve latitude bins currently
used in the SOIR analysis. In the base case, minimum solar ﬂuxes
(F10.7 ¼70) were speciﬁed as many of the early SOIR measurements were obtained during a period when solar ﬂuxes were
small. Mean values of the eddy diffusion and wave drag
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variations of these densities, temperatures, and nightglow distributions over time. In particular, the variability of the transition
region ð  70–120 kmÞ is signiﬁcant, and will indeed impact
measured SOIR temperature proﬁles. Further modiﬁcations to
the VTGCM to address this upper atmosphere variability will be
discussed in Section 6.

parameters were used. Runs were also made with moderate solar
ﬂuxes (F10.7 ¼130) (corresponding to the weak solar maximum
conditions appropriate for the later SOIR observations in 2013) and
with minimum and maximum drag parameters in order to explore
what effects these parameters would have on the temperature
proﬁles. A summary of the different runs is provided in Table 2.
It is noteworthy that the VTGCM has largely been run as a
climate model thus far. This means that model adjustable parameters have been speciﬁed to enable time and spatially averaged
VEx nightglow distributions (Brecht, 2011), VEx atomic O density
distributions (Brecht et al., 2012), and VEx plus ground-based
dayside temperatures (for mean conditions) (Brecht and Bougher,
2012) to be reproduced. Nevertheless, the changing SS–AS and RSZ
wind components of the real atmosphere provide signiﬁcant

4. Results: datasets and simulations
4.1. SOIR temperature proﬁles
Fig. 1 shows the SOIR temperature proﬁles for each latitude bin
at the morning and evening terminators. Regardless of latitude bin
or local solar time, several features are observed across all of the
temperature proﬁles (Mahieux et al., 2015). First, all proﬁles show
a profound minimum in temperature near a pressure level of 2.5
 10  5 mbar (centered at about 123 km), approaching values as
low as 90–100 K. In addition, the proﬁles reveal a less pronounced
local maximum in temperature (up to about 225 K) at pressure
levels between 10  3 and 10  2 mbar, and many show another local
minimum near 0.1 mbar. These pressure levels correspond to
altitudes of about 100–110 and 95 km, respectively. A general
warming trend is evident at both the upper and lower limits of
both terminators. The topside warming is consistent with what is
expected from a dayside thermospheric structure.

Table 2
Summary of the solar ﬂux and wave drag parameters used for each of the 4 VTGCM
runs used in this comparison. (Solar Min : F10.7 ¼70, Solar Mod : F10.7 ¼ 130, wave
drag mean¼ 1  10  4 s  1, wave drag min¼7  10  5 s  1, Wave Drag max ¼2
 10  4 s  1).
Model run

Solar ﬂux

Wave drag

‘Solar Min’ (base case)
‘Solar Mod’
‘Max drag’
‘Min drag’

Minimum
Moderate
Minimum
Minimum

Mean
Mean
Maximum
Minimum

10

-8

-8

-6

-6

-4

10

-2

10

0

-4

10

-2

10

0

MT

10

50

0-30 Lat
30-60 Lat
60-70 Lat
70-80 Lat
80-90 Lat

10
Pressure[mbar]

Pressure[mbar]

10

0-30 Lat
30-60 Lat
60-70 Lat
70-80 Lat
80-90 Lat

10

10
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100
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200

250

300

Temperature[K]

Fig. 1. SOIR mean temperature proﬁles for each latitude bin at the morning (left) and evening (right) terminators. The vertical axis is given in mbar.

-8

-8

300

10

300

10

MT

ET
-6

-6

10

250

-4

10

200
-2

10

Pressure [mbar]

Pressure [mbar]

10

250

-4

10

200
-2

10

150

150
0

0

10

10

10

20

30

40

50

60

Latitude [Degrees]

70

80

100

10

20

30

40

50

60

70

80

100

Latitude [Degrees]

Fig. 2. Two dimensional mean temperature contour plots obtained from 132 individual SOIR orbits, averaged into 5-standard latitude bins. Areas for which no data is
available appear white. The vertical axis is given in mbar.
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Fig. 3. Plots showing a comparison of the SOIR temperature proﬁles versus proﬁles obtained from various model runs of the VTGCM. Morning terminator (left column) and
evening terminator (right column) plots are provided for each of the 5-latitude bins (detailed in Table 1). The vertical axis throughout is given in mbar.
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However, there are clear discrepancies between the proﬁles for
the different latitude bins. This is shown more clearly in Fig. 2,
which shows the mean temperature structure across all latitudes
at both terminators. To create these contour maps, the SOIR
observations continue to be sorted into the same 5-latitude bins
as before. The MT map shows the coldest temperature minima
(approaching 90–100 K) at high latitudes (60–901) and nearest the
equator (0–301), with warmer temperatures at mid-latitudes
ð  140 KÞ. Conversely, the ET maps illustrate temperatures that
cool from the equator ð  130–140 KÞ toward the pole ð  120 KÞ.
Both maps reveal a warm layer ð  100–110 kmÞ that is relatively
uniform in temperature ( 210–220 K) from the equator to nearly
the pole. However, the ET map shows a cold polar region at these
altitudes that does not appear at the MT. Finally, topside temperatures in both maps (above  150 km) show temperatures that
vary (720–30 K) with latitude with a mean value of about 200 K.
According to Mahieux et al. (2015), there is good conﬁdence in
VAST temperature proﬁles in the 80–150 km region. However,
with only a limited number of orbits available for study thus far,
especially in certain latitude bins (over 60–701), it is difﬁcult to
quantify the true extent to which the climate averaged temperature
of the Venusian upper atmosphere is truly latitude-dependent. It is
noteworthy that the smoothed VAST temperature proﬁles used in
this analysis (instead of averaged raw proﬁles) provide a latitude
map that reduces the latitude variations, more in agreement with
VTGCM predictions.
4.2. Comparisons with VTGCM temperature proﬁles
As mentioned above, the VTGCM uses a log-pressure scale. To
facilitate a direct comparison between the VTGCM and SOIR temperature proﬁles, an interpolation scheme was applied to the SOIR proﬁles
to give temperatures at the exact pressure levels speciﬁed by the
VTGCM. Fig. 3 shows how the VTGCM proﬁles are compared to
the SOIR proﬁles for each latitude bin on a millibar pressure scale.
The VTGCM simulates the relative shape of the retrieved upperatmospheric temperature proﬁles at the Venusian terminators very
well. Like the SOIR proﬁles, the VTGCM proﬁles all show a consistent
temperature minimum near  125 km and a local temperature
maximum near 100–105 km. VTGCM temperatures also show another
minimum near 85–90 km, consistent with most of the SOIR proﬁles
poleward of 301 latitude.
However, there are also signiﬁcant differences between the
SOIR and VTGCM temperature proﬁles. The VTGCM in general shows
smaller temperature differences from one altitude to another. For
example, at the minimum temperature point around 125 km altitude,
matching SOIR and VTGCM temperatures (about 125–130 K) occur at
the ET (0–301) and at both MT and ET (30–601). However, VTGCM

temperatures are as much as 40 K warmer than SOIR values at high
latitudes (60–901) along the MT. In addition, at the local maximum
point (100–110 km), the VTGCM predicts temperatures up to 40 K
colder than the SOIR proﬁles (at low latitudes); this discrepancy
decreases to 0–20 K at higher latitudes (80–901). Missing aerosol
heating in the VTGCM may be responsible for this temperature
difference that varies as a function of latitude (see Section 5). Topside
temperatures computed by the VTGCM for solar moderate conditions
(220 K) seem to approach some SOIR values; however, solar minimum
VTGCM temperatures are at least 20 K colder. It is noteworthy that
SOIR temperature retrievals may not be available up to 160 km in all
latitude bins for this topside (thermosphere) comparison. When wave
drag parameters in the VTGCM were modiﬁed (i.e. changing the zonal
wind magnitudes), the only signiﬁcant temperature changes were
seen above 140 km. Finally, the VTGCM proﬁles show almost no
latitudinal variation (see Fig. 4), which is consistent with the weak
variation of VTGCM temperatures within a given latitude bin. This is in
contrast to the latitude variations illustrated (see Fig. 2) and described
above based upon the ET and MT maps of VAST temperatures.
4.3. Temporal variation in the VTGCM
The VTGCM proﬁles exhibit clear and consistent differences
between the morning and evening terminators. Most notably, for
all latitude bins, the temperatures at high altitudes are warmer at
the evening terminator (ET) than they are at the morning terminator (MT). This is a result of stronger net zonal winds at the ET
carrying heat from the dayside to the nightside of the planet; i.e.
recall that RSZ winds add to the SS–AS ﬂow across the ET while
subtracting from the SS–AS ﬂow across the MT, resulting in an
asymmetry in the net zonal winds between the terminators. Fig. 5
offers a comparison between the VTGCM mean temperature proﬁles
for the 0–301 latitude bin (the graph is representative of the trend
seen in every latitude bin) as well as corresponding heat balance
plots. While many of terms do not change very much from the
morning to the evening terminator, at high altitudes the advection
term is clearly larger in the evening than in the morning, consistent
with stronger ET zonal winds and horizontal temperature gradients.
Currently, there is little evidence of a similar (consistent) trend
in the SOIR proﬁles (see Fig. 5). However, there are a couple of
complicating factors that might explain why clear differences
between the terminators are not evident in the SOIR data. First,
only a limited number of individual orbits were able to obtain data
for the high altitude range in which the differences are most
pronounced in the VTGCM. Second, small “kinks” are evident at
the top of many of the SOIR proﬁles which are unlikely to be
physical. Instead, they are probably a result of the fact that in
creating the proﬁles an initial temperature must be assumed for
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Fig. 4. Two dimensional VTGCM mean temperature contour plots for the morning (left) and evening (right) terminators. The vertical axis is given in mbar.
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heterodyne spectroscopy of CO2, due to the speciﬁc LT and vertical
coverage. The heterodyne spectroscopy of CO2 at mid-infrared
wavelengths is a measurement of the non-local thermodynamic
equilibrium emission of CO2 near 10 μm, which occurs at 0.15 Pa
(approximately 110 km) (Sonnabend et al., 2010; Lopez-Valverde
et al., 2011). Sonnabend et al. (2008) explain the technique and
instrument, Cologne Tuneable Heterodyne Infrared Spectrometer
(THIS), in more detail. Table 1 from Sonnabend et al. (2010) lists all
the data collected during their three observational periods: March
20–22, 2009; April 2–6, 2009; and June 2–6, 2009. Venus was at
inferior conjunction (March 27, 2009) after the March observations
and before the April observations. The June observation was at
maximum western elongation. Included in the table is the time
and location of these measurements. THIS observations at the
morning or evening terminators are represented in Fig. 6(a, b) and
compared to the SOIR and VTGCM averaged values. The SOIR and
VTGCM values are the averaged values within a speciﬁc latitude
bin at 0.15 Pa (1.5 μbar), as discussed in the previous sections. The
bars on the SOIR data represent the range of temperatures for that
speciﬁc bin, while the bars around the Sonnabend et al. (2010)
data correspond to either (1) the range for multiple observations
at the speciﬁc latitude or (2) the retrieval error if there was only
one measurement.
The VTGCM results agree favorably with the SOIR averaged data
at this pressure, while both seem to fall on the cooler side compared
to Sonnabend et al. (2010) data. Speciﬁcally, the three datasets are in
better agreement for the ET than the MT. The MT variability could
be due to other dynamical processes competing with horizontal
convection. However, the VTGCM does not accurately produce the
latitude variation as shown and discussed previously, while the SOIR
temperatures and Sonnabend et al. (2010) data suggest latitude
variation at 0.15 Pa. As explained in Sonnabend et al. (2010), these
differences could be due to ﬁeld of view (FOV) and data dependencies (such as altitude information for both datasets).
Alternatively, Fig. 6(c,d) compares SOIR and VTGCM temperatures at 1.0 Pa (10.0 μbar), corresponding to the maximum value of
the temperatures observed by SOIR near  100–105 km. Both ET
and MT comparisons are illustrated; latitude symmetry about the
equator is again assumed. The latitude variations displayed conﬁrm that VTGCM temperatures are much colder at low-to-mid
latitudes, and appear to approach SOIR values near the poles. Once
again, some heating mechanism is missing in the VTGCM at/below
 105 km, especially at low-to-mid latitudes. Section 5 discusses
potential sources for this heating.

2000

[K/Day]

Fig. 5. Top: Morning (blue solid) and evening (red solid) mean VTGCM temperature proﬁles for the 0–30 latitude bin with dashed lines for SOIR; Middle: Morning
terminator VTGCM heat balance outputs at 17.51N; Bottom: Evening terminator
heat balance plot for the same latitude (notice the purple curve is shifted to the
right at high altitudes). The vertical axis throughout is given in mbars.

the top of the proﬁle (Mahieux et al., 2015). It takes about one
scale height for the proﬁle to become completely independent of
the initial condition. Finally, relatively large standard deviations
exist among the individual proﬁles that comprise the bin averaged
VAST temperature proﬁles. This means that atmospheric variability is large, and the SOIR sampling obtained thus far for the VAST
dataset may not be adequate (i.e. more measurements are needed,
especially at mid-latitudes) to capture climate average conditions
for comparison to the VTGCM.
4.4. Comparison to ground based observations
Observations of the Venusian thermosphere from the Earth's
surface have been done. This paper focuses only on one technique,

5. Discussion
The VTGCM and SOIR proﬁles exhibit the same basic structure,
all showing distinct temperature minima and maxima near the
same pressure and altitude levels in the atmosphere. However, the
magnitudes of the modeled and observed temperatures differ in
certain areas. VTGCM heat balance terms help us to understand
the underlying physical processes responsible for the matching
proﬁles, and what physics may be missing in the VTGCM in areas
where simulated and SOIR temperature proﬁles do not match.
SOIR datasets show a warm layer at/above  140–150 km for all
latitudes, with signiﬁcant variations with latitude. Overall, temperatures in this layer vary between 170 and 230 K (Mahieux et al., 2015).
According to the VTGCM (see Fig. 5), especially at low latitudes,
warm temperatures above  140 km are due to a combination of
extreme ultraviolet (EUV) heating and cross terminator heat transport (advection) from the warm dayside thermosphere. There is good
correspondence between the VTGCM and SOIR temperatures in this
region (see several panels in Fig. 3). Variations about these mean
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Fig. 6. SOIR (red squares) and VTGCM (blue triangles) values are the averaged values within a speciﬁc latitude bin [0–301, 30–601, 60–701, 70–801, 80–901] at the (a) morning
terminator (0.15 Pa), (b) evening terminator (0.15 Pa), (c) morning terminator (1.0 Pa), and (d) evening terminator (1.0 Pa). The former (a, b) correspond to roughly 110 km;
the latter (c, d) correspond to roughly 102 km. The bars on the SOIR data represent the range of temperatures for that speciﬁc bin, while the bars around the Sonnabend data
(black) correspond to either (1) the range for multiple observations at the speciﬁc latitude or (2) the retrieval error if there was only one measurement. Finally, it is assumed
that both VTGCM and SOIR displayed temperatures are symmetric about the equator. For Fig. 6a, both Southern and Northern hemisphere VTGCM and SOIR datapoints are
displayed (i.e. mirrored about the equator). However, only Southern hemisphere values are displayed for (b)–(d). (For interpretation of the references to color in this ﬁgure
caption, the reader is referred to the web version of this paper.)

values, observed on both sides of the terminator, are likely due to the
large variability of the actual SS-AS and RSZ winds at these altitudes.
Conversely, the cold layer at  125–130 km is observed at all
latitudes, with differences between the morning and evening sides
of the terminator (Mahieux et al., 2015). The VTGCM suggests that
cold temperatures in this layer are due to weak near-IR heating
at these levels (no EUV heating), and relatively weak transport
(advection) at all latitudes along the terminators. A reasonable
match of VTGCM and SOIR temperatures in this layer is found at
0–601 latitude, where these heat balance terms are most likely to
be appropriate to the SOIR mean proﬁles. At higher latitudes (60–
901), the very cold temperature minima observed may suggest
dynamical processes not captured thus far by the VTGCM (Brecht
and Bougher, 2012).
At lower altitudes, a warm layer is observed by SOIR at about
100–110 km, with temperatures around 220 K at low latitudes.
Temperatures for this layer are relatively uniform at lower latitudes
(less than 801) but reach colder values when approaching the poles
(180–200 K) (Mahieux et al., 2015). These terminator tempera-

ture maxima, at lower latitudes in the VTGCM simulations, are
largely driven by strong near-IR (4.3 μm) heating advected from the
dayside (e.g. Roldán et al., 2000; Brecht et al., 2011, 2012; Brecht
and Bougher, 2012). This terminator warm layer is connected to the
warm dayside region at  115 km (at noon) from which day-tonight winds advect heat toward the terminators along constant
pressure surfaces. These constant pressure surfaces drop in altitude
across the terminators, so that these evening and morning terminator layers are about  5–10 km lower than that at noon. The top
half of this terminator layer shows a reasonable match of SOIR and
VTGCM temperatures. However, below  105 km, this warm layer
is missing in the VTGCM (i.e. yielding much colder temperatures
than SOIR), suggesting that an additional heating mechanism is
needed. This discrepancy between SOIR and VTGCM temperatures
(below  105 km) could be the result of static near-IR heating rates
(currently taken from Roldán et al., 2000) which do not accurately
reﬂect the real atmosphere at these altitudes, especially at low
latitudes. An interactive calculation of near-IR heating rates within
the VTGCM may be needed instead.
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Alternatively, this discrepancy in temperatures below  105 km
could be an indication of the presence of aerosols near/below 100 km
to which SOIR is not sensitive (Mahieux et al., 2015; Wilquet et al.,
2012). Observations and radiative transfer models suggest potential
heat sources at/above cloud tops, including aerosol heating in the
upper haze layer and the unknown UV absorber (e.g. Crisp, 1986;
Bullock and Grinspoon, 2001). Currently, aerosol distributions and
associated heating are being investigated using the 1-D CARMA
(Community Aerosol and Radiation Model for Atmospheres) model
to quantify the magnitude of the potential heating as a function of
latitude (Turco et al., 1979; Toon et al., 1988, 1989; Parkinson et al.,
2015). Sulfuric acid aerosols make up most of the global cloud deck
and accompanying hazes that shroud the surface of Venus (Esposito
et al., 1983). As a result, the radiation environment and energy
budget at the surface and throughout the atmosphere is strongly
affected by the vertical extent, size distribution, and mean optical
properties of these particles. These aerosols also serve as a reservoir
for sulfur and oxygen, and thus play a major part of the global sulfur
oxidation cycle (Mills et al., 2007). Furthermore, recent studies
(Zhang et al., 2012) have hypothesized that the upper haze layer
could provide the source of sulfur oxides above 90 km. Therefore,
studying aerosols is a crucial step toward understanding the radiation environment and chemistry on Venus. The ultimate goal here is
to incorporate and test a simpliﬁed aerosol heating parameterization
into the 70–110 km region of the VTGCM.
In addition to aerosol heating, tides and planetary waves could
modify the thermal structure in this region. Hoshino et al. (2012),
using a general circulation model similar to the VTGCM, demonstrated that the Kelvin wave propagates up to about 130 km and can
have a signiﬁcant impact on the strength of the zonal winds in the
upper atmosphere. It is possible that the incorporation of simulated
Kelvin waves into the VTGCM will bring the magnitude of the
modeled temperatures more in line with the SOIR measurements.
Finally, consistent differences between the morning and evening
temperature proﬁles are obtained in the VTGCM (above 140 km), but
are not manifest in the SOIR proﬁles. Continuing observations of the
Venusian atmosphere by SOIR, as well as improvements to the SOIR
temperature retrieval algorithm which are currently underway, offer
the possibility of a closer agreement between the climate averaged
SOIR and VTGCM mean temperature proﬁles.

6. Conclusions
A total of 132 individual SOIR temperature proﬁles covering a
wide range of latitudes have been binned together and averaged to
give mean upper atmosphere temperature proﬁles for ﬁve latitude
bins at both the morning and evening terminators. These proﬁles
were compared to corresponding (bin averaged) proﬁles generated
by the Venus Thermosphere General Circulation Model (VTGCM).
The VTGCM-SOIR comparisons conducted here assume that the
climate averaged nature of the current VTGCM simulations is an
appropriate match to the time averaged SOIR proﬁles. With this
limited SOIR sample of 132 proﬁles, this may not be the case.
Furthermore, the SOIR proﬁles implicitly include atmospheric
variability that the current VTGCM code cannot presently accommodate; future implementation of variable lower boundary wave
forcing for the VTGCM is planned.
The VTGCM climate simulations successfully reproduce some of
the characteristics of the SOIR terminator temperature structure
over 80–160 km. For instance, the altitude and pressure levels of
the SOIR and VTGCM temperature maxima and minima match
reasonably well. However, the magnitudes of the primary temperature minima sometimes match quite well (e.g.  110–130 km
over 0–601 latitude), while the temperature differences are large
(up to 40 K) at higher latitudes. SOIR temperatures for the bottom

half of the warm layer near 100–110 km are poorly reproduced by
the VTGCM at low latitudes, while SOIR and VTGCM temperatures
in this region match much better at polar latitudes. The latitudinal
variability of the VTGCM simulated temperatures is presently quite
weak, while that of the SOIR dataset shows modest variability that
requires further conﬁrmation (i.e. with additional measurements
especially at mid-latitudes). Overall, current simulations suggest
that the VTGCM can be a valuable tool to investigate the thermal
balances (both dynamical and radiative) that give rise to the
observed thermal structure. However, additional sources for dynamical variability need to be incorporated in the VTGCM, taking the
code beyond its climate model capabilities.
Ongoing research utilizing the VTGCM and SOIR temperature
proﬁles ﬁrst requires that 3-D model improvements be made to
better address upper atmosphere variability. New sources of dynamical variability must be included. These sources include gravity
wave momentum deposition (Zalucha et al., 2013), which can be
important in regulating the magnitude of the SS-AS and RSZ wind
components, which in turn impact the global thermal structure
above the cloud tops. Validation of existing momentum deposition
formulations needs to be completed before their full scale usage
within the VTGCM is warranted. In addition, upward propagating
thermal tides and planetary waves (presumably launched from the
cloud tops) must also be incorporated into the VTGCM structure
utilizing its recently upgraded lower boundary condition routines.
Recent GCM simulations (Hoshino et al., 2012) suggest that diurnal
Kelvin waves may successfully propagate upward to thermospheric
altitudes and subsequently drive variability of nightglow emissions
and underlying temperature, wind, and density structures. Such
variability may be able to explain the changes in the SOIR terminator
temperatures proﬁles (especially as a function of latitude). Each of
these improvements will transition the VTGCM code beyond its
present climate model capabilities to better address time and spatial
variations that the Venus upper atmosphere exhibits. It is noteworthy
that trace speciﬁes (e.g. SOx) are currently being incorporated into
the VTGCM to help constrain the global wind components in the
region above the clouds tops to 110 km. This capability is required for
the incorporation of a simpliﬁed aerosol heating parameterization
into the 70–110 km region of the VTGCM. This additional heating
may be sufﬁcient to match SOIR and VTGCM terminator temperatures below  105 km.
Secondly, SOIR terminator sampling could be expanded to better
characterize the climatology of the temperatures over 80–160 km.
Presently, the SOIR sampling at mid-latitudes (60–801 latitude) is
rather poor. A proper climatology would require much better sampling
in order to (a) conﬁrm the latitudinal variations of the upper atmosphere terminator temperatures (80–160 km), (b) expand the number
of proﬁles that extend up to 160 km, so that topside thermospheric
temperatures can be better characterized, and (c) conﬁrm the variation
of the secondary maximum region (100–110 km) as a function of
latitude. If possible, new SOIR sampling will be performed until the
end of the VEx mission to increase the number of CO2 measurements
in these latitude regions of the Venus upper atmosphere.
Finally, it would be instructive to combine SOIR, VIRTIS and VeRA
temperature proﬁle analysis at the terminators, along with groundbased datasets, in order to understand the temperature variability
and the characteristics of its climatology. Studies along these lines,
assimilating datasets from various sources, have already begun with
the work of the International Space Studies Institute (ISSI) Thermal
Structure Working Group in 2013 and 2014.
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