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We present unique polarization data from the SPICAV-IR spectrometer onboard ESA's Venus Express
(VEx) spacecraft and a ﬁrst retrieval of cloud parameters. The polarization data have been collected from
2006 to 2010, and cover mostly the northern hemisphere, in the 0.65 to 1:7 μm spectral range. They
contain information about latitudinal and longitudinal variations in the properties of Venus clouds and
hazes, and about temporal variations in these properties. The degree of polarization measured on a few
test orbits is in agreement with previous observations from the ground and from Pioneer Venus. Using
numerical modeling to interpret the nadir observations, we retrieve mean values of r eff  1 μm and
νeff  0:07 for, respectively, the effective radius and variance of the cloud particle size distribution and a
refractive index nr ¼ 1:42 7 0:02 at λ ¼ 1:101 μm. We also derive an upper limit τ h ¼ 0:17 at
λ ¼ 1:101 μm for the haze optical thickness at high latitudes. All these values are in good agreement
with previous determinations.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Venus has a dense atmosphere with cloud layers between 50 and
70 km of altitude which are optically thick at most wavelengths. The
study of these cloud layers is of a great importance as they are related
to the dynamics and the chemistry of the atmosphere. They are also
crucial in the understanding of the planet's radiative balance, and thus
its climate. Historically, polarimetry has given a signiﬁcant contribution to our current knowledge of the clouds. First studies date back to
the 1920s with Bernard Lyot's PhD thesis (Lyot, 1929) on the polarization of planets. Other ground based observations followed, conducted
during the years 1950s to 1970s (Coffeen, 1969; Dollfus and Coffeen,
1970; Forbes, 1971). Those observations were analyzed by Hansen and
Hovenier (1974) with a polarized multiple scattering radiative transfer
code combined with Mie theory. Their analysis yielded values for the
main parameters to describe the clouds: the effective radius of the
cloud particle size distribution, r eff , the variance of this distribution,
νeff , and the real refractive index of the particles, nr. Assuming the
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standard size distribution described by Hansen and Travis (1974),
Hansen and Hovenier (1974) found r eff ¼ 1:05 7 0:10 μm with a quite
small effective variance (νeff ¼ 0:07 7 0:02). But their main result was
that the computed refractive index at 990 nm was 1.43, which is
compatible with a solution of sulfuric acid at 75% concentration. Later
measurements from the Pioneer Venus Orbiter Cloud Photopolarimeter
(OCPP) (Travis, 1979) were analyzed by several authors (Kawabata et
al., 1980; Sato et al., 1996; Knibbe et al., 1997; Braak et al., 2002). They
showed the presence of a submicron haze layer above the main cloud
layer with a similar refractive index but with much smaller particles, i.e. r eff ¼ 0:23 7 0:04 μm and a broader size distribution,
νeff ¼ 0:18 7 0:10. A spatial variation in the haze optical thickness τh
was observed with τh ðλ ¼ 365 nm) varying from 0.06 near the equator
to 0.8 at higher latitudes (Kawabata et al., 1980; Knibbe et al., 1997,
1998; Braak et al., 2002), following the variation in cloud top altitude.
Long-term temporal variability of the haze layer has also been
observed during Pioneer Venus operations, with a decrease of the
optical thickness at 365 nm from τh ¼ 0:25 in 1978 to τh ¼ 0:1 in 1990
(Knibbe et al., 1998).
The polarimetric data of SPICAV-IR onboard ESA's Venus
Express mission offer the ﬁrst polarimetric measurements of
Venus from orbit since the end of Pioneer Venus (PVO) in 1992.
These data allow us to constrain the cloud particle properties and
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their local and temporal variations, and, by comparing them
against previous observations, such as those of Pioneer Venus, to
investigate long term changes in the clouds and hazes of Venus.
We introduce in Section 2 the polarimetric capabilities of
SPICAV-IR, then we present the global data-set up to May 2010.
In Section 3, we describe the analysis of our observations, and in
Section 4 the results obtained with a few particular orbits, with a
distinction between lower and upper latitudes. Section 5 contains
our conclusions.

2. SPICAV-IR polarimetric observations
2.1. Principle of measurement
SPICAV-IR is a spectrometer onboard Venus Express (Bertaux et al.,
2007; Korablev et al., 2012), measuring intensity and polarization of
light scattered by the atmosphere of Venus in the 0:65  1:7 μm
range. The instrument is based on an Acousto-Optic Tunable Filter
(AOTF) whose crystal birefringence properties produce two beams
linearly polarized in perpendicular directions. Two identical bicolor
sandwich detectors then measure the intensity of the ordinary and
extraordinary beams in short-wavelength (SW) 0:65 1:05 μm and
long-wavelength (LW) 1:0  1:7 μm channels.
One beam is polarized parallel to the instrument's reference
plane (containing the X and Z axis of VEx), the other is polarized
perpendicularly to it. The observation is conducted so that the
plane of scattering of light (which contains the Sun, the observed
point and the instrument) corresponds to the reference plane.
Therefore we can determine the degree of linear polarization
deﬁned as
Pℓ ¼

P ?  P == d1  d0
¼
P ? þ P == d1 þ d0

ð1Þ

where P ? and P // are the perpendicular and parallel components of
polarization, d0 and d1 are the values of radiance measured by detectors
0 and 1 respectively. In terms of Stokes parameters, this is equivalent to
Q =I. Thus, if the polarization is perpendicular to the plane of
reference, P ℓ ¼ þ100%; and if the polarization is parallel to it,
P ℓ ¼ 100%. Note that SPICAV-IR cannot measure Stokes parameter
U nor V, and thus not the total degree of polarization.
SPICAV-IR works on the principle of sequential spectral record.
The main nadir observing mode records a spectrum with one
spectral window in 1:246 1:477 μm including the CO2 and H2O
absorption bands and 14 fast-recorded spectral points outside the
gaseous absorption bands in the range from 0.65 to 1:7 μm
(hereafter called DOTS) (see Fig. 1). The total ﬂuxes measured at
this set of spectral points are used for the cloud and haze
characterization in nadir and solar occultation mode (Korablev
et al., 2012). In our polarization study, we take those sets of points
and average them, which provides us with 14 wavelengths in the
0:65  1:7 μm range (see Table 1), each DOT having a spectral
width of  1 nm. The information contained in the absorption
bands will be subject to a later study.
The cross calibration of the two detectors is provided by
measurements at phase angle of zero degrees, knowing that the
degree of linear polarization of this backscattered light should
then be equal to zero. Calibration observations have been conducted in orbits 464-011 and 1472-08 (calibrations with these
orbits were described in Korablev et al., 2012, Section 3.3) and
later in orbits 2135-01, 2253-08, 2700-04, 2702-05, 2706-04, 273304 and 2735-04. Orbits 464 and 1472 were performed with phase
angle equals 01 and solar zenith angle (SZA) o101 with more than
1

We designate observation X in orbit N as “N-X”.

Fig. 1. Illustration of SPICAV-IR acquisition from orbit 801-6. The two detectors are
shown, with spectral windows and continuum spectral points. The differences in
the radiances measured by the two detectors are due to the state of polarization of
the observed light.

Table 1
Available wavelengths from SPICAV-IR dots in the SW and LW channels. Due to
calibration issues (see text), we do not use DOTS at 650 nm, and exclude situations
where saturation occurs at 855 nm and 980 nm.
Channel

Dots wavelengths (nm)

SW
LW

650 760 855 980
1101 1160 1198 1242 1274 1305 1324 1515 1553 1625

100 spectra recorded. The observations from orbit 2135 have been
performed for phase angle 4 0:71 or SZA 4201 which leaves some
systematic uncertainties in the calibrations. The calibration of
polarization was sensitive to the several parameters applied to
the spectrometer like cooling of detectors with help of Peltier
elements, the gain of the integrating preampliﬁer, etc. Orbits
before 1500 were without Peltier activated and have the lowest
uncertainties due to the best calibration orbits they have. The
systematic error we applied on P ℓ is o0:1% for orbits before 1500
(Peltier off) and up to 0.2% for orbits after 1500 (Peltier on). The
calibration for λ ¼ 980 nm of the SW channel has a large uncertainty on polarization (  0:3%) from the temperature of detectors
compared to the other wavelengths. Moreover, the calibration
orbits were performed in the SW range of 690–1050 nm so
λ ¼ 650 nm was not calibrated and we discard it from our analysis.
At 855 nm and 980 nm, detector saturation occurs in some orbits
for SZA o 201 (low phase angles). As a consequence, we decided
not to use those saturated orbits.
The uncertainty on the measure of polarization with individual
DOTS points is calculated using the noise equivalent brightness of
both detectors. We average several points and decrease the error
due to the noise. The typical random error on P ℓ is about 0.1%, with
variations depending on wavelength and channel.

2.2. Observations
We present here the polarization observations from SPICAV-IR up
to orbit 1500. At the beginning of the mission and for all used orbits,
Venus Express evolves on a 24 h polar orbit with its pericenter at
250 km at 80 1N, and with the apocenter at 66,000 km (Svedhem
et al., 2007). Our polarization data covers mostly the northern
hemisphere, with a consistent coverage in local time as shown in
Fig. 2. The Instantaneous Field of View (IFOV) of SPICAV-IR is circular
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with diameter of 21 which gives a spatial resolution of 9 km at
pericenter (see Fig. 2).
The illumination and viewing geometries for the SPICAV-IR
observations are described by three angles: the local solar zenith
angle θ0, which is the angle between the direction to the Sun and
the local normal, the local emission angle θ, which is the angle
between the local normal and the direction to the spacecraft, and
the azimuthal angle φ between the vertical planes containing the
direction of the incident sunlight and the direction to the spacecraft, respectively. The phase angle α is the angle between the
directions to the Sun and the spacecraft, and its supplement
(1801  α), is the scattering angle of singly scattered light.
SPICAV-IR has various observational modes: (1) Nadir observations, where the local emission angle θ  01 and thus α  θ0; and
(2) Spot-tracking, where the local emission angle varies. Most of
SPICAV-IR observations are latitudinal scans, which are nadir observations (θ  01) along meridians (see Fig. 2). For these observations,
phase angle α is usually close to the solar zenith angle.
Fig. 3 shows maps of polarization from SPICAV-IR nadir
(θ o 151) observations for orbits up to 1500. Each cell value is
the median of all observation points within 0.25 h in local time
and 51 in latitude. Cells with less than ﬁve data points are not
considered and left blank. These maps provide a global view of the
degree of linear polarization as described in Eq. (1) and allow
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comparison with previous observations, in particular those of
OCCP, which produced full maps of Venus.
From the maps, we can make ﬁrst remarks about the polarization measured by SPICAV-IR. The polarization changes with the
observation wavelength, but some patterns are similar from one
wavelength to another:
(a) the polarization is quite uniform across the planet with the
exception of the high latitudes;
(b) at low latitudes, the polarization is mostly negative;
(c) at higher latitudes it becomes positive, reaching values up to
þ 10%;
(d) an average glory-related feature (see hereafter) is visible
around the subsolar point, showing that the glory is visible
nearly every time SPICAV-IR observes at low latitudes.
The glory is a well-known optical phenomenon in liquid water
clouds and fogs on Earth caused by near-backscattering of light in
spherical diffusers with a size similar to the wavelength. Despite
being mathematically understood, the physical origin of the glory
is not clear. The backscattering component is thought to be due to
edge rays experiencing one internal reﬂection and surface waves
(Hulst, 1981). The near-backscattering components could be generated by interferences between edge rays entering a droplet from
different sides and experiencing internal reﬂection and surface
waves (Laven, 2005; Adam, 2002), allowing observation at phase
angles greater than 01. The glory has its counterpart in polarization
and the degree of polarization with respect to phase angle is
determined by r eff , νeff & nr and it can therefore put constraints on
the cloud composition and particle size distribution. For the rest of
this study, the term “glory” will refer to the glory visible in
polarization unless speciﬁed otherwise. The glory shown here on
the maps is just the average of several glory observations. Giving a
different view on the observations, Fig. 4 shows the degree of
linear polarization as a function of phase angle from SPICAV-IR
nadir observations from orbit 400–1500, at six wavelengths. On
this ﬁgure the glory is visible at low phase angles (α  151). The
strong increase in polarization is also visible at phase angles near
901. The color indicates the latitude of observation, showing the
close relationship between the phase angle and the latitude in
nadir observations. Fig. 4 also conﬁrms that the high positive
polarization degree is observed at high latitudes.
Nonetheless, it shows that the glory is visible in several SPICAVIR observations. The photometric glory also appears to have been
observed by the Venus Monitoring Camera (VMC), also onboard
Venus Express (Markiewicz et al., 2007, 2014), and recently from
ground- and space-based observations (García Muñoz et al., 2014).

3. Analysis
3.1. Lorenz-mie theory

Fig. 2. Above: Projected beam diameter of SPICAV-IR FOV on the planet for orbits
up to 1500. Below: Values of local emission angle of observations for orbits up
to 1500.

The degree of polarization of sunlight that is reﬂected by a cloudy
planet, like Venus, depends on the microphysical parameters of the
scattering cloud and haze particles, and on the distribution of the
cloud and haze particles in the planetary atmosphere. While the
reﬂected sunlight is composed of singly and multiple scattered light,
the angular pattern of the degree of linear polarization is mostly
determined by the angular pattern of the singly scattered light. The
multiple scattered light adds mostly unpolarized light, and thus
lowers the degree of polarization, while leaving the shape of the
polarization curve mostly unchanged (Hansen and Travis, 1974).
Because the polarization signal comes mostly from the ﬁrst few
orders of scattering, the altitude probed is the top of the cloud layers,
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Fig. 3. Averaged polarization maps from SPICAV-IR nadir observations at wavelengths 760 nm, 1:101 μm, 1:198 μm, 1:274 μm, 1324 μm and 1553 μm. The scale for
polarization has an upper limit of 10% to enhance the contrast, but values higher than 10% are observed at very high latitudes. An average glory can be seen around the
subsolar point (01 at noon).

with photons from deeper in the cloud contributing weakly to the
polarization.
Fig. 5 shows the degree of linear polarization of unpolarized
incident light that is singly scattered by spherical particles as
function of the phase angle α for four values of the refractive index
nr, and for a range of particle size parameters x ¼ 2π r eff =λ, with λ
the wavelength and r eff the effective radius of the particles. These
ﬁgures have been calculated using the Mie-algorithm as described
by de Rooij and van der Stap (1984).
Fig. 5 clearly shows that for each of these refractive indices, for
x≲1, thus for λ much larger than the particle size, the scattering

process exhibits Rayleigh-like properties, with a very strong
positive polarization around phase angles of 901. With increasing
values of x, more complex polarization patterns appear, mostly
with a negative polarization. The glory appears as a strong,
negatively polarized feature at phase angles smaller than 401.
From the single scattering results in Fig. 5, we can infer that the
main contribution to the observed polarization would be the micrometer sized cloud particles as described by Hansen and Hovenier
(1971), because they yield negative polarization for λ 4 1 μm. The
positive polarization observed at higher latitudes appears to be related
to submicron particles that scatter like Rayleigh scatterers, and that
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Fig. 4. Polarization degree with respect to phase angle from SPICAV-IR nadir observations from orbit 400 to 1500 at wavelengths 760 nm, 1:101 μm, 1:198 μm, 1:274 μm,
1324 μm and 1553 μm. The color indicates the latitude of observation showing that the highest values of polarization are reached at high latitudes. The glory appears as a
negative pit at phase angles  151. (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this article.)

have been identiﬁed as haze particles observed by PVO (Travis, 1979),
from ground-based observations (Santer and Dollfus, 1980) and
conﬁrmed by Kawabata et al. (1980) and Sato et al. (1996).
To simulate the observed degrees of polarization, and to put more
precise constraints on the cloud and haze properties, we use a
radiative transfer code that fully takes into account single and multiple
scattering and polarization. We use a code that is based on the addingdoubling method (Stam et al., 1999; de Haan et al., 1987). For this code,
a planetary atmosphere is described as a stack of plane–parallel layers

that contain gas molecules, and optionally, cloud and haze particles.
The single scattering properties of the cloud and haze particles are
calculated using Mie-theory (de Rooij and van der Stap, 1984).
The phase angle dependence of the glory's degree of polarization
appears to be quite sensitive to the cloud parameters, and we decided
to use the observed glories to put constraints on the cloud particles. At
small phase angles, the inﬂuence of the haze is small but not
completely negligible so we have to take both into account in our
modeling.
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Fig. 5. Single scattering patterns for four values of refractive index (nr ¼ 1:35, 1.45, 1.60, 1.75). The x-axis is phase angle, y-axis is the size parameter in log-scale and the
degree of linear polarization is indicated in color. The black line represents the zero level for polarization. For all indices, the particle size distribution considered is the
standard distribution from Hansen and Travis (1974) with νeff ¼ 0:07 (see Section 3.2). (For interpretation of the references to color in this ﬁgure caption, the reader is
referred to the web version of this article.)

3.2. Nominal cloud model
We model the Venus atmosphere under the assumption that
the hazes and the clouds are two distinct layers. This is motivated
by previous models using this structure (Knibbe et al., 1998; Sato
et al., 1996; Braak et al., 2002). Nevertheless, the case where haze
particles are mixed within the cloud layer has been investigated by
Kawabata et al. (1980) and Knibbe et al. (1997) who found that
models with hazes mixed within the cloud layer could also
reproduce OCPP observations. The inﬂuence of different models
is beyond the scope of this preliminary study. For both cloud and
haze layers, we use the standard size distribution derived from the
gamma distribution (Hansen and Travis, 1974):


r
NðrÞ ¼ C  r  3 þ ð1=νeff Þ exp
r eff νeff
where C is a normalization constant. The normalization is chosen
R1
so that 0 NðrÞdr ¼ 1. The main cloud layer is represented by an
optically thick layer with τc ¼ 30 (Ragent et al., 1985), for all
wavelengths and a narrow distribution with νeff ¼ 0:07. r eff and
nr are the ﬁt parameters. The haze layer lies above the cloud layer
with r eff ¼ 0:25 μm and νeff ¼ 0:25, with both layers considered to
be homogeneously mixed. Our approach is to use our model on
the observed glories as a way to characterize the main cloud, and
on the positive polarization at higher latitudes, as a way to
determine the properties of submicron hazes.

Fig. 6a–c shows the inﬂuence of nr, r eff and νeff on the degree of
polarization of reﬂected sunlight according to our model, without the
haze layer (τh ¼0.0). In the range of refractive indices that can be
expected from previous studies (Hansen and Hovenier, 1974;
Kawabata et al., 1980), the glory does not change much in its position
or shape, but rather in the degree of polarization that can be expected
(Fig. 6a). One should note that this makes the retrieval of nr sensitive
to systematic errors in the value of P ℓ , but the use of different
wavelengths and of the photometric phase function could help
circumvent this issue, by putting different constrains on the value of
nr that would be independent of systematic errors on polarization.
The effective radius of the cloud particles determines the angular
position of the glory (Fig. 6b) and could therefore be used to retrieve
the value of r eff . The inﬂuence of the variance on the particle
distribution is visible in Fig. 6c: a wide particle distribution reduces
the strength of the glory in polarization by mixing the polarization
patterns from several particle sizes. Although the degree of polarization is reduced when increasing νeff , the phase angle dependence of
polarization is unchanged. Fig. 6d, ﬁnally, conﬁrms what the single
scattering approximation suggested: strong positive polarization at
phase angles near 901 can only be explained by the presence of
submicrometric particles, acting as Rayleigh-like scatterers. Note that
at the relatively long wavelengths of SPICAV-IR, the contribution of
gas molecules is negligible. The ﬁgure also shows that an increase in
the haze optical depth has to be considered in order to generate
polarizations up to 10%.
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Fig. 6. (a) Illustration of the inﬂuence of nr on the model, with r eff ¼ 1:05 μm, νeff ¼ 0:07, and τc ¼ 30, τh ¼ 0:0 at λ ¼ 1:101 μm. (b) Illustration of the inﬂuence of r eff on the
model, with nr ¼1.42, νeff ¼ 0:07, and τc ¼ 30, τh ¼ 0:0 at λ ¼ 1:101 μm. (c) Illustration of the inﬂuence of νeff on the model, with nr ¼ 1.42, r eff ¼ 1:05 μm, and τc ¼ 30, τh ¼ 0:0 at
λ ¼ 1:101 μm. (d) Illustration of the inﬂuence of τh on the model, with nr ¼ 1.42, r eff ¼ 1:05 μm, νeff ¼ 0:07 and τc ¼ 30 at λ ¼ 1:101 μm.

4. Results
We now apply the model to some of the glories observed by
SPICAV-IR (see Table 2). We have chosen orbits which have glories
as complete as possible (i.e. with the largest phase angle coverage)
to improve the retrieval of the cloud parameters. We also selected
orbits with high phase angle coverage to investigate the higher
latitudes and the presence of hazes. These orbits are more
common, as observations near 01 of phase angle require illumination conditions that present a thermal risk to the spacecraft. Even
during calibration observations, the phase angle rarely goes below
a few degrees and if so, only for a few minutes.
4.1. Low latitudes
The most interesting polarized feature at low latitudes is the
glory, because of its sensitivity to the cloud parameters. The
degree of polarization can be used to estimate the real part of
refractive index nr (see Fig. 6a), the effective radius r eff of the cloud
particles (Fig. 6b) and optical depth of the hazes (Fig. 6d).
Figs. 7 and 8 show the observations of SPICAV-IR in orbit 1463-7
with the degree of polarization as a function of the phase angle, at
λ ¼ 1:101 μm and λ ¼ 1:274 μm. The solid curves represent the

Table 2
Orbits with glories selected for this study.
Orbit number

1463-7

1478-8

Phase angle (1)
SZA (1)
Emission (1)
Latitude
Date

8.47–35.18
21.9–43.4
8.7–14.3
 4.61N–391N
2010-04-23

9.3–68.2
20.5–75.3
7.2–11.34
141N–731N
2010-05-08

model results for different values of nr. The value of r eff has been
chosen to match the angular position of the glory. A good agreement
is found for nr ¼ 1.422, with r eff ¼ 1:05 μm, for a distribution with
νeff ¼ 0:12. The same method is applied to the orbit 1478-8
(Figs. 9 and 10), with a best match for nr ¼1.418 at λ ¼ 1:101 μm
and nr ¼1.415 at λ ¼ 1:274 μm with r eff ¼ 1:2 μm, and νeff ¼ 0:07.
These models show an excellent agreement with the previous
measurements using polarization but also with in situ measurements
(Knollenberg and Hunten, 1980) by conﬁrming that (i) cloud particles
are spherical; (ii) their radius is r  1:1 μm; (iii) their refractive index
nr  1:42 at λ ¼ 1:101 μm, which is compatible with a 75% concentrated H2SO4 solution (Palmer and Williams, 1975).
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Fig. 7. Polarization glory from orbit 1463-7 at 1:101 μm with models with
nr ¼ 1:420, 1.422, 1.424, r eff ¼ 1:05 μm, νeff ¼ 0:12, τh ¼ 0:03. Latitude of observation
is indicated on upper x-axis.

Fig. 8. Polarization glory from orbit 1463-7 at 1:274 μm with models with
nr ¼ 1:418, 1.420, 1.422, r eff ¼ 1:05 μm, νeff ¼ 0:12, τh ¼ 0:03. Latitude of observation
is indicated on upper x-axis.

Fig. 10. Polarization glory from orbit 1478-8 at 1:274 μm with models with
nr ¼ 1:412, 1.415, 1.418, r eff ¼ 1:2 μm, νeff ¼ 0:07, τh ¼ 0:05. Latitude of observation
is indicated on upper x-axis.

Fig. 11. Polarimetric observations from orbit 1478-8 at 1:101 μm with model
nr ¼1.418, r eff ¼ 1:2 μm, νeff ¼ 0:07, for τh ¼ 0:05, 0.07, 0.1. Latitude of observation
is indicated on upper x-axis.

4.2. High latitudes

Fig. 9. Polarization glory from orbit 1478-8 at 1:101 μm with models with
nr ¼ 1:416, 1.418, 1.420, r eff ¼ 1:2 μm, νeff ¼ 0:07, τh ¼ 0:05. Latitude of observation
is indicated on upper x-axis.

At higher latitudes, the polarization degree increases rapidly,
becoming positive, sometimes higher than 10%. At these phase
angles, the polarization degree gives information about the
amount of submicron particles, responsible for the positive polarization. We take the same values of nr, r eff and νeff as computed at
low latitudes, for clouds and hazes, as we only desire to investigate
the latitudinal variation of the haze optical thickness.
Fig. 11 shows the polarization measurement from orbit 1478-8
at λ ¼ 1:101 μm with the model output with increasing values of
τh. This ﬁgure indicates that at lower phase angle, the degree of
polarization is matched by a model with small haze optical
thickness. On the other hand, after 501 of phase angle, a model
with higher haze optical depth is required to match the observed polarization. For this orbit, the emission angle remains small
( o111) so that the increase in τh at higher phase angles corresponds to an increase with increasing latitude. Again, this is in
agreement with previous studies which found a thicker submicron
haze close to the poles (Kawabata et al., 1980; Knibbe et al., 1997).
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the ranges of parameters and their variation in time across the
planet, with the possibility of constructing maps of refractive
index, radius and variance, we need a more systematic approach
than presented in this paper. This, and the connection between
these parameters and the dynamical and chemical processes
within Venus' atmosphere, is the subject of ongoing work.
Polarization observations by SPICAV-IR have been performed
since the beginning of the Venus Express mission (2006). This
provides us with several years worth of data, the analysis of which
allows us to make a long-term survey to study the temporal
variation of the cloud and haze parameters, especially when
comparing our results with those obtained until 1990 by Pioneer
Venus OCPP.
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Fig. 12. Polarization degree of nadir observations (emission o 151) in northern
hemisphere from orbit 400 to 1500 at 1:101 μm with model nr ¼ 1.418,
r eff ¼ 1:05 μm, νeff ¼ 0:07, and with varying haze optical depth τh (0.01, 0.07, 0.17).
The latitude of observation is indicated in color. (For interpretation of the
references to color in this ﬁgure caption, the reader is referred to the web version
of this article.)

Using all nadir observations, we can put limits on the mean
values of τh. Fig. 12 shows SPICAV-IR nadir observations in northern hemisphere at λ ¼ 1:101 μm, with the latitude of observations
indicated in color. The model output for three values of τh is
indicated with nr ¼1.418, r eff ¼ 1:05 μm and νeff ¼ 0:07. One can
see that the polarization degree observed at higher latitudes
require higher haze optical depth, while the polarization at lower
latitudes does not require important amount of haze and is well
reproduced by the micrometric spherical particles.
We can therefore put an upper limit to the haze optical thickness at
1101 nm at τh  0:17 at high latitudes, which is in agreement with the
retrieval of Kawabata et al. (1980) with τh ð1:101 μmÞ ¼ 0:17 and the
high-latitude estimation of τh ð1:101 μmÞ ¼ 0:13 from Knibbe et al.
(1997) but it is signiﬁcantly larger than the average value of
τh ð1:101 μmÞ ¼ 0:07 obtained by Sato et al. (1996) in the northern
hemisphere.

5. Conclusion
The polarization data from SPICAV-IR provide new measurements
of the degree of linear polarization at the cloud top of Venus across a
broad range of solar zenith and emission angles that are not
accessible with ground-based observations. The global observations
up to orbit 1500 already show signiﬁcant polarization patterns, with
a mostly negative polarization degree at low latitudes attributed to
spherical micrometric sulfuric acid cloud particles and a sharp
increase towards positive polarization with increasing latitude,
attributed to submicrometer sized haze particles.
The observation of the glory in all observations with the
appropriate phase angle coverage shows that the spherical micrometric particles constitute most of the cloud layer on the planet.
The increased positive polarization degree at higher latitudes is a
signiﬁcant evidence of an increase of the submicrometric haze's
optical depth, on the order of 100%.
Numerical simulations show the high sensitivity of the degree
of polarization of the reﬂected sunlight to the cloud and haze
parameters, including particle effective radius and size distribution variance, refractive index, and optical thickness. To uncover
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