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ABSTRACT

Context. The mesosphere of Venus is a critical range of altitudes in which complex temperature variability has been extensively
studied by the space mission Venus Express (VEx) during its eight-year mission (2006−2014). In particular, the Solar Occultation in
the InfraRed (SOIR) instrument probed the morning and evening terminator in the 70−170 km altitude region, at latitudes extending
from pole to pole, using spectroscopic multiband observations collected during occultations of the Sun at the limb. Data collected at
different epochs and latitudes show evidence of short and medium timescale variability as well as latitudinal differences. Spatial and
temporal variability is also predicted in mesospheric and thermospheric terminator models with lower boundary conditions at 70 km
near cloud tops.
Aims. The Venus transit on June 5−6, 2012 was the first to occur with a spacecraft in orbit around Venus. It has been shown that
sunlight refraction in the mesosphere of Venus is able to provide useful constraints on mesospheric temperatures at the time of the
transit. The European Space Agency’s Venus Express provided space-based observations of Venus during the transit. Simultaneously,
the Venus aureole photometry was observed using ground-based facilities and solar telescopes orbiting Earth (NASA’s Solar Dynamic
Observatory, JAXA’s HINODE). As the properties of spatial and temporal variability of the mesosphere are still debated, the oppor-
tunity of observing it at all latitudes at the same time, offered by the transit, is rather unique. In this first paper, we establish new
methods for analyzing the photometry of the so-called aureole that is produced by refraction of the solar light, and we investigate the
choice of physical models that best reproduce the observations.
Methods. We compared the refractivity profile obtained by SOIR at the time of the June 2012 transit to the aureole photometry. For
this goal, we explored isothermal and multilayered refraction models of the terminator atmosphere based on the vertical density profile
obtained by VeX/SOIR at a latitude of +49◦ and successfully compared it to the aureole photometry observed from space by the HMI
instrument of the Solar Dynamic Observatory (SDO).
Results. We obtain an independent constraint of 4.8 ± 0.5 km for the aerosol scale height in the upper haze region above 80 km. We
show that a full multiple-layer approach is required to adequately reproduce the aureole photometry, which appears to be sensitive to
several second-order variations in the vertical refractivity.

Key words. planets and satellites: atmospheres – methods: observational – planets and satellites: terrestrial planets –
planets and satellites: individual: Venus

Introduction

A transit of Venus (ToV) in front of the Sun is a rare event,
a unique opportunity to study the sunlight refraction in the at-
mosphere of the planet during ingress and egress, from which
the mesospheric and upper haze structure can be constrained.
The event of June 5−6, 2012 was the first transit in history to
occur while a spacecraft was in orbit around the planet, and
was observable from a large portion of the Earth, stretching
from Central-East Europe to the American continent, across the
Pacific.

Accounts of past historic transits provided detailed descrip-
tions of the planet morphology through telescopic observations
of Venus during ingress and egress phases that were relevant for
contact timings (for a review, see Link 1969). In the past, timings
were the only scientific data collected, in the attempt to use the
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events for the determination of the solar parallax. While today
this interest no longer exists, another category of phenomena,
involving the atmosphere of Venus, appears to be more relevant
and can be linked to a larger domain of investigations, includ-
ing exoplanet transits (Ehrenreich et al. 2012; Widemann et al.
2012).

The portion of the planetary disk that is outside the solar
photosphere has been repeatedly perceived as outlined by a thin
bright arc called the aureole. On June 8, 2004, fast photometry
based on electronic imaging devices allowed the first quantitative
analysis of the phenomenon (Tanga et al. 2012).

The accuracy of the observations in 2004 was limited be-
cause the campaigns were not specifically organized to photo-
metrically observe the aureole, which was only confirmed at
that time. Measurements in 2004 were essentially obtained using
NASA’s then operating Transition Region and Coronal Explorer
solar observatory (TRACE), the Tenerife Themis solar telescope,
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the Pic-du-Midi 50 cm refractor, and the DOT in La Palma
(Spain; Pasachoff et al. 2011; Tanga et al. 2012). Owing to the
difficulty of reaching an acceptable signal-to-noise ratio (S/N)
next to the solar photosphere, a region that is typically contam-
inated by a strong background gradient, only the brightest por-
tions of the aureole were sampled. This left a strong uncertainty
on the faint end of the aureole evolution, when Venus is located
farther away from the solar limb. In these conditions, it was not
possible to probe the deepest refracting layers, which are close
to tangential optical thickness τ = 1 of the Venus atmosphere.
An isothermal model was fitted to the usable data, which yielded
a single value of the physical scale height for each latitude and
an estimate of the vertical extension of the refracting layers that
contribute to the aureole.

On June 5−6, 2012, several observers used a variety of ac-
quisition systems to image the event; these systems ranged from
amateur-sized to professional telescopes and cameras. In this
way, a large amount of quantitative information on this atmo-
spheric phenomenon was collected for the first time. For the
2012 campaign, initial results and observations have been pre-
sented (Wilson et al. 2012; Widemann et al. 2012; Jaeggli et al.
2013). Direct multiwavelength measurements of the apparent
size of the Venus atmosphere were obtained by Reale et al.
(2015). In addition, the Doppler shift of sub-millimeter 12CO
and 13CO absorption lines was mapped by Clancy et al. (2015)
using the James Clerk Maxwell Telescope (JCMT) to measure
the Venus mesospheric winds at the time of the transit.

In this work, the first devoted to aureole photometry obtained
during the June 2012 event, we use simultaneous data from the
Earth-orbiting NASA Solar Dynamics Observatory (SDO) and
Venus-orbiting ESA Venus Express spacecrafts. Optical data re-
trieved from an image sequence of the Helioseismic and Mag-
netic Imager (HMI, Schou et al. 2012) onboard the SDO mis-
sion are compared to atmospheric refraction models based on a
vertical atmospheric density profile obtained by the VEx Solar
Occultation in the Infrared (SOIR, Vandaele et al. 2008) instru-
ment during orbit 2238. The Venus Express operations occurred
while Venus was transiting the Sun, as seen from Earth. In Fig. 1
the positions of the contacts (I to IV) are indicated, as well as the
orbit of European Space Agency’s Venus Express orbiter around
the planet, projected to scale. Venus is shown at its location dur-
ing orbit 2238 when SOIR data were collected at the time of
apparent solar ingress at latitude +49.33◦ on the evening termi-
nator at 6.075 PM local solar time (LST). At the scale used in
Fig. 1, the parallax effect from a site on the Earth surface, or
from the position of SDO, is negligible. For data reduction, ac-
curate positions of Venus relative to the solar limb are derived
directly from SDO/HMI images.

The advantage of SOIR is clearly related to the high ver-
tical resolution obtained from its vantage observation point.
From the Earth’s ground-based and orbit-based telescopes such
as SDO/HMI, the aureole vertical extension (corresponding to
a few atmospheric scale heights) is unresolved. The aureole
brightness is the result of the sum of refracted light at differ-
ent altitudes. Although the evolution of the Earth-Venus-Sun ge-
ometry during the transit allows separating the contribution of
different layers, both photometric and calibration accuracy limit
the vertical resolution. On the other hand, an advantage specific
to transits is the possibility of simultaneously probing the entire
limb of Venus, which allows deriving the atmospheric properties
at all the latitudes where the aureole is observed.

In this paper, we test the applicability of an isothermal ap-
proach to SDO/HMI time-resolved photometry and the possible
improvements provided by using a multilayer approach of the
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Fig. 1. Solar disk with the trajectory of Venus during the transit on
June 5−6, 2012, as seen from the Earth geocenter. See the text for more
details.

Table 1. Summary of the main properties of the transit observations by
SDO (ingress only).

Image sequence start (UT) End (UT) N. images
20:00:02.66 22:50:02.66 776
Center wavelength: 617.3 nm
Image scale: 0.504 arcsec/pixel
Apparent Venus diameter (from geocenter): 57.80 arcsec

Notes. The Venus diameter is derived from computing the planet
ephemerides.

Venus atmosphere based on Venus Express data, in particular
the SOIR vertical density profile obtained during the transit at a
latitude of +49◦ to reproduce the aureole photometry. We also
derive constraints on the upper haze altitude and on the tangen-
tial opacity of the same latitude.

The paper is organized as follows. First, we describe the con-
dition of the 2012 ToV and the method for extracting and analyz-
ing the data (Sect. 1). We then present three numerical models
that we developed to study the aureole (Sect. 2), and we apply
the different models to SOIR solar occultation data obtained at
orbit 2238 (Fig. 1) to test their consistency with aureole data
(Sect. 3).

1. Observations by the Solar Dynamics Observatory

The aureole photometry was derived from data acquired by the
Helioseismic and Magnetic Imager (HMI) instrument onboard
the Solar Dynamics Observatory (SDO, NASA), which oper-
ates from an inclined geosynchronous orbit since 2010. A to-
tal of 776 images were obtained during the ingress of Venus
and 862 during the egress, at a resolution of ∼0.504 arcsec per
pixel, corresponding to 105 km at the distance of Venus at the
transit epoch. HMI was designed to measure Doppler shift and
magnetic field vector at the solar photosphere by exploiting the
617.3 nm Fe I absorption line. We exploited here the continuum
images corresponding to Level-1.5 data products, implying that
they have been normalized by flat-fielding but not rescaled or
modified further. During the transit, the time sampling interval
is 45 s. A 854× 480 pixel subframe of a HMI image of is shown
in Fig. 2.
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Fig. 2. Upper panel: subframe centered on Venus at the epoch of sec-
ond contact, during the transit ingress, from a single SDO/HMI image
obtained at 617.3 nm (Fe I absorption line). Lower panel: SDO image
with extreme contrast stretch, to show the aureole. The radial direction
of the flux measurement is shown, with the area at +49◦ that is consid-
ered for comparison to SOIR. The value of f in the bottom left corner
is the linear fraction of the Venus diameter projected outside the solar
limb.

1.1. Aureole brightness determination

The photometry of the aureole consists of measuring the flux
along a circular annulus containing the limb of Venus. The sector
containing the aureole corresponds to the annulus portion pro-
jected against the background sky, outside the solar photosphere.

To correctly determine the exact position of the aureole, we
proceeded by fitting a circle to the limb of Venus, on two ref-
erence images where the planet is at least partially silhouetted
against the Sun (with f < 0.5). During the short duration of the
ingress and egress, the motion of the planet relative to the Sun is
essentially linear. Starting from the two reference positions, this
allowed us to determine by extrapolation the position of Venus
on all other images, which were previously aligned on the Sun.

The measurement was repeated for each image to study the
variation of the aureole brightness over time. Our procedure
started by extracting the transverse brightness profile of the au-
reole in the planetocentric radial direction. This was obtained
by estimating the contribution of individual pixels in analog-to-
digital units (ADU), using subpixel increments. At each step, a
bilinear interpolation was applied to obtain the flux value at the
corresponding position.

Fig. 3. Radial intensity profile of the aureole (blue crosses) as a function
of the number of HMI pixels along the radial direction from the center
of Venus. The profile has been measured from one SDO/HMI frame,
collected on June 5th, 2012 at 22:21:55, for the latitude +49◦. The blue
dots represent the bilinear interpolation performed on the radial profile
at steps of 1/10 of one pixel. The vertical axis is the signal intensity in
ADU. The green curve is the result of a Gaussian fit with a linear slope.
The width at half-height is 1.875 arcsec and corresponds to 390 km at
Venus.

The procedure, in absence of very steep brightness gradients,
was sufficient to obtain a rather smooth profile. However, to fur-
ther reduce the possibility that small fluctuations introduce noise
on the curves by pixel-to-pixel variations, we averaged ten radial
profiles spaced by 0.1◦ in latitude to obtain a final radial curve
associated to a 1◦ interval.

The typical signal was well approximated by a Gaussian (an
example is shown in Fig. 3), representing the transverse cut of
the line spread function of the imaging system. At this stage, the
position of the peak on the profile was verified to ensure that the
planet position was correctly computed. The atmospheric scale-
height of about 5 km is therefore unresolved by a factor ≈80. As
our measurements are performed very close to the Sun, a back-
ground signal fading away from the limb, mainly due to scat-
tering in the telescope optics, is always present, and it can be
modeled as a linear slope added to the Gaussian.

We thus modeled the radial profile by a function Ft as
Ft(X) = F(X) + Fb(X),

F(X) = g e
−(X−X0)2

σ2 ,
Fb(X) = a ∗ X + b,

(1)

where X is the radial position. The parameters a, b, g, X0 , and σ
were determined by a non-linear least squares fit on each of the
profiles.

The integral of the Gaussian component over the width of a
ring surrounding the aureole

∫
F(X) represents the background–

subtracted aureole flux (Eq. (1)). This approach is different from
the aperture photometry adopted by Tanga et al. (2012) and al-
lowed us to better evaluate both the background and the aureole
signal.

The aureole flux in ADU/pixel was converted into ADU per
arcsec (i.e., the brightness of an aureole arc of 1 arcsec length)
and then normalized to the brightness of a 1 arcsec2 of photo-
sphere, measured at 1 Venus diameter from the solar limb.
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With this method, the flux was measured at steps of 1◦ in
latitude.

Following Link (1969), we define the “phase” of the Venus
egress/ingress (f ) as the linear fraction of the planet diameter
projected outside the solar limb (Eq. (2)), as seen from a given
observer. For instance, the value f = 0 corresponds to the planet
disk entirely projected on the Sun and internally tangent to its
limb; at f = 0.5 the center of the planet falls exactly on the limb
of the Sun.

Of course, f is a function of time, but it can also be derived
directly from the images by measuring the planet position rela-
tive to the solar limb. In practice, we extracted from the images
the epoch of the first contact (when Venus is externally tangent
to the limb, t1st) and the second contact (when Venus is inter-
nally tangent to the limb, t2nd). As the epoch of any image (ti) is
known, assuming a linear motion of the planet (appropriate over
the ∼20 min duration of ingress or egress), the corresponding
value of f can easily be derived:

f = −
ti − t2nd

t2nd − t1st
· (2)

By considering the whole image sequence obtained by SDO, we
can then represent the phenomena observed with the evolving
geometry of Venus with respect to the Sun and the observer by
the parameter f , a proxy of time, which is directly related to the
evolving geometric configuration.

The position angle along the disk of Venus can easily be con-
verted into a latitude by considering the known orientation of
the SDO images (solar north up) and by computing the phys-
ical ephemerides of the Sun and Venus during the transit. At
that epoch, the planetocentric latitude of the sub-Earth point was
just 1◦, implying that the discrepancy between position angle and
latitude was very small and can be neglected in practice (1◦ at
most at the poles).

For a given latitude, that is, for a given point along the planet
limb, our capability of observing the aureole is related to the
interval of f values for which that point is projected on the sky
background, outside the solar photosphere. For this reason, the
measurements of different latitudes span a different range of f .
At the limit of large f (planet largely outside the solar limb), the
signal disappears into noise for any latitude that is considered.
This occurs at levels ∼10−4 of normalized flux.

At small f , the geometric limit is represented by the posi-
tion at which a given point on the planet limb touches the solar
limb. However, since we integrated the flux of the aureole radi-
ally over ten pixels to estimate the background, a practical limit
exists and is reached sooner than the geometric limit. It corre-
sponds to the contamination by the photosphere margin, which
directly enters the measured annulus. For this reason, we con-
servatively removed the extreme of the curve at the limit of the
smallest f (≈0.02) where a discontinuity in the flux indicates that
the photosphere contaminates our measurements.

Given the high rate of sampling, we additionally averaged
the aureole flux over bins of ten single measurements. We then
computed error bars from the standard deviations within each
bin.

Figure 4 shows the light curve extracted at latitude +49◦
during the ingress at the morning terminator. Error bars in-
clude the contribution of photon noise from the background, the
source, and the photospheric comparison. As expected, the curve
presents an exponential decrease in brightness with increasing f ,
that is, at larger distances between the disk of Venus and the so-
lar limb. By considering the light-curve section where a trend

Fig. 4. Aureole flux at a latitude of +49◦ is plotted as a function of
the fraction of the Venus diameter seen outside of the photosphere f .
The flux is normalized to a reference element of the solar photo-
sphere, the brightness of a 1× 1 arcsec2 at one apparent Venus diameter
from the solar limb. The aureole flux is plotted as a function of the linear
fraction of the Venus diameter seen outside of the photosphere f , from
the point of view of the observer.

is clearly visible above the noise level, we are able to trace the
aureole brightness over two orders of magnitude.

The maximum brightness of the aureole (around 10−1, nor-
malized units) occurs at very low f values. At this geometry the
luminosity is dominated by sunlight crossing the atmosphere at
the highest altitude probed by the aureole. The corresponding
sunlight beams are affected by a very small (subarcsec) total de-
viation that is due to refraction. As the aureole image formed
by refraction preserves the surface brightness of the source (in
case of a perfectly transparent atmosphere), our normalization
implies that the thickness of the atmospheric layer contributing
to the aureole is ∼10−1 arcsec = 20 km. If additional opacity
due to light scattering by aerosol particles above the cloud tops
is included, the real altitude range can be higher.

To derive physical parameters of the mesosphere where the
refraction occurs, we try as a first approximation to adopt a
model of transparent, isothermal atmosphere along the line of
the initial model developed by Tanga et al. (2012). As shown
below, the light curve that we observe induced us to refine the
isothermal assumption and adopt a multilayered approach for the
refraction model.

2. Sunlight refraction models

2.1. Isothermal model (model 1)

At first order, the aureole of Venus can be reproduced by a model
taking into account the refraction of a finite array of elementary
light sources originating from the solar photosphere. Our first
approach is the isothermal model used in Tanga et al. (2012) for
the interpretation of the transit data collected in 2004 by ground-
based telescopes. The core of this model, called model 1 in the
following, is based on the hypothesis of a transparent atmosphere
as presented by Baum & Code (1953). We recall its main prop-
erties below.

The refraction angle ω of a light ray that crosses the atmo-
sphere and reaches the observer is given by

ω = −ν(r)

√(
2πr
H

)
, (3)
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where ν is the refractivity, which decreases exponentially with r,
and r is the minimum distance of the considered ray path from
the center of Venus. This quantity is related to the gas number
density n by ν = Kn, where K is the specific refractivity. H is
the scale height of the atmosphere.

The factor by which the image of an element of the photo-
sphere is shrunk by refraction is given by

φ =
1

1 + D
d

(
∂ω
∂r

) , (4)

in which d = 1 + D
D′ , with D′ and D representing the distance of

Venus from the Sun and Earth, respectively. At the transit epoch,
D = 0.288703 AU and D′ = 0.726023 AU.

φ is also the ratio between the flux received by the observer
from that element and its flux before refraction, if the atmosphere
is completely transparent.

By defining the conventional distance r1/2 as the half occul-
tation radius (measured from the planet center) at which φ = 0.5,
the following equation is derived:

1
d

(
1
φ(r)

− 1
)

+ log
(

1
φ(r)

− 1
)

=
r1/2 − r

H
· (5)

We note that Eq. (5) is valid in the range of r (distance from the
center of Venus) spanning from an altitude where the atmosphere
is opaque (optical thickness τ � 1) to the limit at which the
refracted light comes from the solar limb (smaller deviations do
not reach the observer). While we assume that the inferior limit
is constant, the upper one depends on the geometry and, for a
given location at the planet limb, changes for different f values.

The total flux of the aureole will be the integral of the re-
fracted light passing at that distance range from the center of
Venus, that is,

F =

∫ rmax

rmin

S �(r)φ(r)τ(r) l dr, (6)

where S �(r) is the flux emitted by an element of solar photo-
sphere of size l, passing at a minimum distance r from the center
of Venus. The function τ(r) represents an absorption factor that
can be included in the integration to reflect the vertical struc-
ture of aerosols in the upper haze (Wilquet et al. 2009, 2012) as
detailed in Sect. 2.3.

To model the aureole, we describe the brightness of the solar
disk by a simple limb-darkening function, which yields S �(r)
(Hestroffer & Magnan 1998).

In this model, the free parameters are H and ∆r = r1/2 − rτ,
where rτ is the distance from the planet center at which τ(rτ) = 1.

2.2. Multilayer model (model 2)

The isothermal approach, which provides only averaged quanti-
ties on the altitudes that generate the aureole, does not appear to
be well suited for reproducing the observed temporal brightness
variations in the aureole flux at f > 0.5 (Sect. 3). We therefore
implemented a ray-tracing approach considering a multilayered
atmosphere, in which each layer is described by its refractive
properties, called model 2 in this paper. In our case, the vertical
distribution of the refractive index N(r), sampled by a number of
n layers, is the unique physical quantity determining the trajec-
tory of a light beam through the atmosphere.

This model is entirely equivalent to those used for stellar oc-
cultations (Wasserman & Veverka 1973; Elliot & Young 1992;

Fig. 5. Transmission function (Eq. (9)) through the atmosphere of Venus
adopted by our model. The scale height of the aerosol for τ = 1 at
r = 87.4 km, corresponding to kτ = 0.6 km and Hτ = 4.8 km, is based
on Wilquet et al. (2009).

Elliot et al. 2003) and is based on the computation of the total
refraction angle resulting from discretizing the path integral of
the smoothly varying direction of propagation:

θ(r) =

∫ +∞

−∞

r
r′

d
dr′

ln N(r′) dx, (7)

in which θ(r) is the deviation angle of a light beam passing at a
minimal distance r from the planet center. r′ > r represents the
atmospheric altitudes crossed by the light ray above r, N(r′) is
the vertical refractive index profile, and dx is the integration path
along the ray propagation.

It has been shown (Elliot & Young 1992) that the corre-
sponding geometric attenuation of the light beam that is due to
refraction is equivalent to the integral of several isothermal lay-
ers, each one contributing as in Eq. (4), that is,

φ =

∫ +∞

−∞

1

1 + D
d

dθ(r)
dr

dx. (8)

2.3. Upper haze boundary condition

In all the numerical models adopted and compared to SDO/HMI
data in Sects. 3.1−3.3, we took into account the geometry of the
transit, which evolves with time, to compute sunlight refraction
from the source (the solar photosphere) to the observer (placed
on Earth or on a space satellite as in the case of SDO).

The integrals needed to compute the contribution of each at-
mospheric layer to the aureole (either Eq. (6) or (8)) were com-
puted over an appropriate altitude range, from layers for which
the optical thickness is �1 up to ∼140 km, that is, above the
region where the aureole is produced.

To introduce a more realistic transition between the trans-
parent atmosphere and the opaque cloud layers, we introduced a
simple optical thickness variation with the altitude z, represented
by the function

τ(z) = 0.5 + 0.5 tanh [kτ (r − rcloud)], (9)

in which rcloud is the radius of the τ = 1 level (Fig. 5). The pa-
rameter kτ = 0.6 (km) is chosen in such a way that the shape
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Table 2. Result of the model fit for the entire aureole flux variation.

One-layer model

Latitude H (km) r1/2 (km) Altitude (km)

+49◦ 16.3 ± 0.7 96 ± 1 190 ± 1

of the variation fits the profiles for aerosol absorption obtained
by Wilquet et al. (2009). The scale height of the aerosols is
Hτ =

2.88 (km)
kτ

= 4.8 km.

3. Results of aureole photometry vs modeling

3.1. Isothermal mesosphere (model 1a)

In the isothermal approach of model 1, the aureole brightness
for a given latitude is uniquely determined by the value of the
physical scale height (H) and by the layer thickness: ∆r = r1/2 −

rcloud (Tanga et al. 2012).
The best fit to the isothermal model is obtained by

a mixed Genetic (Holland 1975; Goldberg 1989; Davis
1991; Beasley et al. 1993a,b; Michalewicz 1994) and Markov
chain Monte Carlo (MCMC) approach (Metropolis et al. 1953;
Hastings 1970; Press et al. 2007).

The Genetic algorithm is the computation of the best solution
between two vectors of possible H and ∆r values, evaluated on
the base of the least-squares residuals between the computed flux
and the observations. The first generation spans a wide range in
the parameter space, from 0 to 50 km for H and from 0 to 40 km
for ∆r. Each additional generation selects the best solutions and
narrows the search on a more restrictive set of parameters. The
third generation of the Genetic algorithm was used to initiate the
MCMC code, which is iterated a number of times sufficient to
reach a non-linear least-square minimization condition.

The aureole flux values that we need to model span more
than 2 orders of magnitude, but in terms of physical interest,
all brightness levels are equally relevant, including the fainter
aureole associated with refraction by deeper atmospheric levels.
For this reason, all our fits were computed on the logarithm of
the flux, not the flux itself.

The results obtained from our photometry at a latitude +49◦
are illustrated in Table 2 and Fig. 6. Error bars for the parameters
are estimated by searching for the largest parameter variation
that fits the standard deviation of the measurements.

While model 1 appears to reproduce the light curve for
f < 0.4 very closely, the faint aureole appears to be systemati-
cally overestimated up to f ∼ 0.7, where an abrupt cutoff occurs,
resulting in a reduced chi square χ̃2 of 20. As at the cutoff the sig-
nal falls at noise level, the agreement of the model could be con-
sidered qualitatively acceptable, but the physical parameters thus
determined do not appear to be realistic. In particular the high
value of H = 16.3 km disagrees strongly with other determina-
tions. We can compare it to the typical scale height measured
on the SOIR density profile (Fig. 7, top), which is 3−4 times
smaller.

This finding apparently indicates that the isothermal ap-
proach is not entirely appropriate. The behavior of the model
at f > 0.4, corresponding to the sunlight passing at lower alti-
tudes, also suggests a change in the trend of the refractive prop-
erties with altitude. As refraction is related to density, the layered
scale height distribution obtained by SOIR could play a signif-
icant role in the formation of the aureole. For this reason, we

Fig. 6. Best fit of the aureole light curve from SDO/HMI at +49◦ (morn-
ing terminator) obtained with the single-layer, isothermal model. The
flux is the same than in Fig. 4, binned over ten consecutive points. Pa-
rameters are H = 16.3 km, rcloud = 94 km and r1/2 = 96 km. We obtain
a significant flux excess in the model at f > 0.5 when the Venus limb
is more distant from the solar limb, i.e., when higher altitude refractive
layers are probed. See Table 2 for the model parameters.

decided to adopt this three-layer structure as an intermediate step
toward a more complex modeling.

3.2. Three isothermal layers (model 1b)

A variant of model 1 consists of a sliced analysis of the light
curve. In fact, the geometry of the refraction is such that for in-
creasing f , only light rays passing deeper in the atmosphere can
reach the observer. By considering the faint end of each light
curve portion, only the atmosphere closer to the opaque cloud
top, where deviation by refraction is maximum, contributes to
the aureole.

We assumed the SOIR measurement as an input to model 1b.
As shown by the piecewise linear fit in the top panel of Fig. 7,
we considered that a first layer exists at low altitudes and cor-
responds to H = 4.8 km, mostly contributing at the faint end
of the light curve 0.4 < f < 0.6. The highest level (with the
same scale height) should contribute only to the brightest peak
( f < 0.1), while the intermediate level (H = 3 km) should be rel-
evant in the intermediate portion of the light curve. Each of the
three layers should then replicate the behavior of the isothermal
model, within the corresponding altitude range given by the ver-
tical profile of SOIR. As the altitude ranges and the scale heights
are provided by SOIR, the only free parameters in this model are
the three values of ∆r.

The results of the fit, computed by the same method as in-
troduced above, are presented in the bottom panel of Fig. 7 and
Table 3, as a result of the application of the direct flux modeling
(Eq. (6)). In the isothermal inverse model and the triple-layer
model, the scale height of the aerosols was Hτ = 5.8 km, the
constant was kτ = 0.5 (km), and the altitude of the τ = 1 was
rτ = 80.0 km. This altitude was chosen following Wilquet et al.
(2012).

It is interesting to note that, as expected, all the three layers
contribute to the aureole for f < 0.3, while the deepest layer
dominates for f > 0.4. However, the final result is not yet fully
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Table 3. Results of the three-layer model at the latitude +49◦ (morning terminator).

Parameters and results of the three–layer model

Layer (km) µSOIR(r) TSOIR (K) g(r) (m s−2) H (km) ∆r (km) T (K)

94–116 43.22 243 ± 12 8.56 4.8 ± 0.5 38.0 ± 2.5 214 ± 10

116–135 42.12 141 ± 12 8.51 3.0 ± 0.5 47.1 ± 2.5 129 ± 10

135–160 35.55 209 ± 24 8.45 4.8 ± 0.5 73.0 ± 2.5 173 ± 10

Notes. The molecular weight and the TSOIR temperature at the average altitude of each layer obtained from the data processing of orbit 2238 are
reported together with the value of the gravity acceleration g(r).

Fig. 7. Top: molecular density measured by SOIR. We consider three
main layers above the cloud top (rcloud ∼ 94 km). The slope of a linear
fit over three segments provides three scale heights, H1 = 4.8 km for al-
titudes below 116 km, H2 = 3.0 km (116 to 135 km), and H3 = 4.8 km
(135 to 160 km). Bottom: results of the three-layer modeling (best fit).
See Table 3 for the model parameters. The purple (upper) curve repre-
sents the summation of the fluxes from each of the three layers, here
represented in cyan, green, and red. The blue data points are the mea-
surements, as reported in Fig. 6.

satisfactory as the flux is in general underestimated (by a factor
up to ∼2) except for f > 0.5, yielding χ̃2 ≈ 100.

These results seem suggest that a more complex model that
is capable of reproducing more details of the vertical density pro-
file might fit the observations better.

We can also compare the temperatures that are represented
by the fully resolved vertical profile to our three-layer model.
We use the equation

T =
µ(z)g(z)H(z)

R
, (10)

where R is the ideal gas constant and µ the mean molecular
weight measured by SOIR. Gravity g(z) depends on altitude. For
all the three layers we computed the corresponding quantities at
their average altitude. The temperature values in the three-layer
models do not exactly correspond to those obtained when the
full profile of variations is taken into account, which additionally
underlines the evidence that local fluctuations in the atmospheric
scale height can be relevant.

3.3. Multilayer model (model 2)

By representing the atmosphere over several layers, whose verti-
cal extent is much smaller than the typical scale height, we wish
to test whether a better modeling of the photometry, relative to
the three-layers approach, can be obtained. In turn, we will be
able to investigate the sensitivity of the aureole photometry to
small details of the vertical temperature profile.

To integrate Eq. (8) we discretized it on a set of m atmo-
spheric layers of equal thickness. In our case m = 400 and the
thickness δr = 400 m. Each layer was associated with a dif-
ferent refractivity ν(r). By considering a pure CO2 atmosphere,
we computed the refractivity as ν(r) = K n(r), where the spe-
cific refractivity of CO2 is K = 1.67 × 10−29 m3 molecule−1

(Bideau-Mehu et al. 1973). n(r) is the number density provided
by SOIR following the approach in Mahieux et al. (2015a).

The core of the computation is the application of Eq. (8) at
all layers; this provides the total refraction angle and the associ-
ated attenuation. From the refraction angle, a light ray is traced
back from the observer toward the source on a plane containing
the observer, the center of Venus, and the point of the termi-
nator where refraction must be analyzed (at +49◦ in our case).
When the ray falls on the solar photosphere, the corresponding
flux contribution (weighted by φ) is considered. The aerosol ab-
sorption factor 9 is also used to model the transition between the
transparent and the opaque atmosphere.

By adding the contribution of each layer, we obtained the au-
reole theoretical brightness. The computation was then repeated
for each f to reconstruct the full light curve, to be compared with
SDO/HMI observations.

The result of this procedure is shown in Fig. 8, where the
green curve shows the predicted flux obtained by the direct
model, and the blue curve represents the SDO/HMI data. The
fit agrees remarkably well for f > 0.08, where the general slope
is perfectly reproduced.
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Fig. 8. Top panel: best fit obtained with the vertical density profile of
SOIR for the latitude +49◦ and an aerosol scale height H = 4.8 km us-
ing the multilayer refractive model. Bottom panel: altitude of the highest
layer probed by the aureole as a function of f (blue solid line). The max-
imum altitude corresponds to the tangent limb geometry at which the
source of the light ray reaching the observer is the solar limb. Above this
altitude, the deviation by refraction is too small to deflect sunlight to-
ward the observer at +49◦. The gray gradient represents the scale height
of the aerosols (H = 4.8 km) used in model 2. The dark line represents
τ = 1.

The cloud altitude and the scale height of the aerosols are ob-
tained iteratively by a least-squares minimization. The resulting
values are rτ = 89.0 km and rτ = 4.8 km, respectively.

We obtain here the best fit from all the models with χ̃2 ≈ 9,
a value affected by the largely over-estimated aureole brightness
for f < 0.08. Although the measured flux at this portion of the
light curve might be marginally contaminated by the proximity
of the solar limb, which makes the measurement rather delicate,
our impression is that the difference is real and can probably be
ascribed to the assumption of a pure CO2 atmosphere. Figure 8
shows the altitude of the highest layer contributing to the aureole
for each f value. For very low f , the quasi–alignment of the solar
limb with the refraction point on the Venus terminator, and with
the observer, corresponds to very low refraction angles, that is,
to high atmospheric levels.

As the aureole, for f < 0.1, reaches an altitude z >
150 km from the planet surface, we can assume that fractiona-
tion starts to play a role, and other species different from CO2

(Bertaux et al. 2007) need to be taken into account in the
computation. These species, like H2O HDO (Fedorova et al.
2008), SO (Bertaux et al. 2007), SO2 (Bertaux et al. 2007;
Belyaev et al. 2012; Mahieux et al. 2015a), CO, O, He, N,
and N2 (Vandaele et al. 2016) or HCl/HF (Mahieux et al. 2015b)
are present in the atmosphere and have a lower refractivity than
CO2. These could decrease the contribution of the highest atmo-
spheric levels to the aureole brightness.

4. Conclusion and perspectives

A new procedure for the photometry of the aureole was im-
plemented that provides accurate measurements of the elusive
brightness of the aureole all along the Venus terminator. The time
resolution of the SDO images analyzed in this paper is much
higher than the one available in 2004, and the photometry is of
much better quality, mainly because these observations were ob-
tained from space.

For the first time we were able to compare the vertical den-
sity profile obtained by SOIR to remote observations of the au-
reole, showing that the SOIR profile is capable of reproducing
the general features. In the process we showed that the measured
aureole flux is sensitive to details in the vertical profile.

We compared three different approaches that can be used to
model the aureole brightness. The first is based on a transparent
isothermal atmosphere as described by Baum & Code (1953).
This approach was adopted to analyze the much less accurate
data of the transit in 2004 (Tanga et al. 2012).

The second approach consists of an extension of this model
to three isothermal layers by using the information provided by
the SOIR experiment at +49◦, from observations secured by the
Venus Express during the solar transit event itself. The SOIR
vertical density profile clearly exhibits three ranges in which, at
first order, the temperature can be considered as constant.

The final attempt adopted a multilayer model with a layer
thickness much smaller than any physical scale height. The full
resolution of the vertical density profile by SOIR was adopted in
this model.

A comparison of the three methods showed that only the last
model reproduces the trend of the aureole light curve with rea-
sonable accuracy. This finding further indicates the sensitivity of
the aureole to subtle details in the vertical density profile. As the
model is based on the direct application of the SOIR-derived pro-
file, our result is also an independent confirmation, from remote
observations, of the results obtained by SOIR.

The only free parameter of the multilayer approach, the alti-
tude of the τ = 1 level, has a value compatible with other deter-
minations of the upper cloud deck limit altitude.

Our model adopts a simplified vertical distribution of
aerosols that can be further improved or tested against more re-
cent SOIR data. However, we find no clear discrepancy that can
be attributed to a lack of detail in the aerosol distribution.

After assessing the reliability of our photometry and model-
ing against the SOIR data, we will explore in following publica-
tions the vertical density and temperature profiles at other lati-
tudes. Additional developments are due, by the implementation
of an inverse model of Eq. (8), to be illustrated in a forthcoming
publication.
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