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Abstract

Venus is entirely shrouded by thick clouds composed of micron-sized droplets
of concentrated sulfuric acid (HySOy). In addition to the main cloud, it is
known that the submicron hazes overlay and vary with time scale of several
years. These particles play important roles in the upper atmosphere of Venus
by scattering and absorbing the incident sunlight, thereby affecting the tem-
perature and the chemistry. Therefore, studying generation and sustention
mechanism of the massive cloud system is essential for deep understanding of
the chemical process, radiative balance of the atmosphere, and atmospheric
dynamics. With such background, this thesis focuses on spatial and tempo-
ral variability of clouds and hazes of Venus. Three major achievements of
this thesis are: A) large-scale temporal variations of the haze are detected
and characterized by ground-based observations; B) physical parameters are
derived by comparing the observations with model simulations; and C) a

possible factor for the temporal variations of haze is proposed.

A) Tracking the temporal variations of the haze

To efficiently study variability of submicron hazes, appropriate observ-
ing wavelengths (930 nm for haze abundances and 438 nm for cloud-top
altitudes) and solar phase angles (~80 degrees) are chosen. Then, strategic

imaging-polarimetric observations were carried out from August 2012 to June
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2015 with HOPS (Hida Optical Polarimetry System) instrument attached to
the 65-cm refractor telescope at the Hida Observatory. In addition to the
standard processing of polarimetry data, I have developed a procedure to
reduce the effect of atmospheric seeing: both disk-integrated polarizations
and spatially-resolved polarization maps are produced from raw HOPS data.
I measure the disk-integrated polarizations with a technique of aperture pho-
tometry, which minimizes the blurring effect due to the atmospheric seeing.
Then, I estimate a point-spread function (PSF: a modified-Lorentzian func-
tion is introduced) for each image, by blurring a synthetic image to match
the observed image, which is used in the model comparisons. In the time
series (August 2012, April 2014, and June 2015), a significant change in the
disk-integrated polarizations (from —2.2% to —3.6%) is detected. The po-
larization maps also show large changes in spatial distribution of the haze.
The positive polarizations seen in polar regions in August 2012, turned to
be negative in April 2014 and June 2015. Such a large-scale variability is

reported for the first time since the end of the Pioneer Venus mission.

B) Derivation of physical parameters for the haze variations

To estimate the properties of the haze, I compared observations with
theoretical calculations. For model calculations, I refer to Sato et al. (1996)
as the vertical structure model, which approximate well the structure of
upper cloud of Venus. Optimal parameter space is searched for by comparing
the disk-integrated polarizations and the polarization maps with the model
computations after blurring with the measured PSF. From the comparisons
of 930nm data, I found optical thickness of upper haze 7,=0.15 and fraction
of the haze in cloud layer f;,=0.047 in August 2012, decreasing to 7,=0.02
and f,=0.016 in April 2014, and 7,=0.01 and f,=0.01 in June 2015. On
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the other hand, from 438nm data, the cloud top altitudes are lower in polar
region in August 2012 and June 2015, while these are flat for the entire
planet in April 2014. With these results, I have tested the* Cloud lowering
hypothesis (Braak et al. (2002)); the haze particles are distributed uniformly
in certain altitude over the whole altitude, thus the lowering of the cloud top
leaves relatively more of sub-micron particles above the cloud. My finding
that 7, is small while the cloud top altitude on polar region is lower in
June 2015 obviously conflicts with that hypothesis. For the first time, such

discrepancy is observationally and quantitatively indicated.

C) Possible factor of the temporal variation of haze

In order to explain mechanisms of the variations of haze, I simulated the
behavior of 7, and f, by altering the cloud top and aerosol scale height
profiles by referring to previous studies based on Venus Express [Wilquet et
al. (2012), Lee et al. (2012)]. When aerosol scale height is varied, 7, does
not change over some aerosol scale height and f, increase linearly. From
these 2 examinations, I found that the variations of both cloud top altitude
and aerosol scale height also cannot explain my observations. However, the
simultaneous decrease of f;, and 75, are realized when the amount of the haze
particles is lowered. This shows that the amount of haze itself is the cause of
the variation of 7, and f;,. I propose the relationships to the solar activity
as a possible explanation for such variation of haze. To investigate this, I
developed a conversion equation from derived 7, to SO, abundance fso, of
which time history can be found in literature. Esposito et al. (1988) pointed
out the correlations in temporal variation of 7, and fsp, during PVO mission,
which indicate that the source of the haze is SO,. Using my results and the

relationships between them, I estimated the temporal variations of fso,. The



v

values obtained from the relations are consistent with the temporal variation
of fso, reported by Marcq et al. (2013), if the decrease of fso, from 2007
has been continued. I found that several phenomena, such as increases of
haze and SO,, seem to correspond to the solar maxima. The photochemical
reactions, thus production of SO,, might become active since the UV flux
increase in solar maximum. In order to confirm the relations between solar
activity and SOy or 75, long-term observations over several ten years are

needed for the future.

My observations captured the situation of epic decrease of the haze since
1980 * s Pioneer Venus mission by ground-based observations for the first
time, which provide new information about the temporal variations of upper
haze to the history of Venus. The cause of the temporal variations of the
haze and proposed factor to them in this thesis should contribute to the sci-
ence of Venus in understanding the mechanism of generation and sustention

mechanism of the upper haze.
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Chapter 1

Introduction

Venus is entirely shrouded by thick cloud of concentrated sulfuric acid (HaSOy).
Such particles play important roles in the upper atmosphere of Venus by
scattering and absorbing the incident sunlight, thereby affecting the tem-
perature and the chemistry. Therefore, studying generation and sustention
mechanism of the massive cloud system is essential for deep understanding of
the chemical process, radiative balance of the atmosphere, and atmospheric

dynamics.

1.1 Structure of the Venusian cloud

The aerosol particles in the cloud can be characterized into 3 modes in terms
of the size; Mode 1 particles with radius r ~ 0.2pum, mode 2 particles r ~ 1
pm, and Mode 3 particles r ~ 3um. The cloud is located in altitude from
50 to 70 km. These facts are clarified from several in situ measurements
by entry probes [cf. Knollenberg and Hunten (T980)]. This cloud layer can
be categorized to cloud layers (Upper, Middle, and Lower cloud layer) and 2
haze layers (Upper, and Lower haze layer) as listed in table [T [Esposito et all

1
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(T9R3)]. Since half of the absorption of incident sunlight in the atmosphere
occurs at altitude around 60km [Tomaska ef all (T980)], the existence of the

cloud is important in terms of energy deposition.
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4 CHAPTER 1. INTRODUCTION

The latitudinal dependence of the cloud top have been studied by sev-
eral authors . [Lee_ef all (2012) studied about the latitudinal dependence of
the cloud top altitude in terms of remote sensing by analyzing near-infrared
spectroscopic data by VIRTIS (Visible and Infrared Thermal Imaging Spec-
trometer) and temperature profile by VeRa (Venus Radio Science: Radio
sounding experiment), both onboard Venus Express, and showed the latitu-

dinal profile of the cloud top altitude and aerosol scale height (Figure [I).
The cloud top altitude from equatorial to middle latitude (~50°) is around
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Figure 1.1: a: Cloud top altitude along latitude. b: Aerosol scale height

along latitude.

68km level, but decreases with latitude to 62km level. Although the cloud

top altitudes are different for wavelength, such variations were observed in

(Lee et all (2012))
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other wavelength regions (cf. Zasova ef"all (2007), [gnafiev et all (200Y)).
The similar variation was observed for aerosol scale height, which shows simi-
lar decrease with latitude, from ~4km in equatorial to middle latitude region
to 2km in polar region.

These variations in vertical and horizontal structure of the cloud are im-
portant in terms of energy balance, because these variations can change the
profiles of the atmospheric heating. At the same time, they are also impor-
tant for remote sensing since these variation can affect the morphology, thus

interpretation of the observations.

1.2 Model of chemistry of the cloud and its
advection

The source of the cloud is thought to be SO, in the atmosphere. SO, is

oxidized by photochemically-produced O atoms,
SOs +0 4+ M — SO3 + M, (1.1)
and SOz reacts with H,O, and is transformed to HySOy,
SO3 + HyO — HyS0,. (1.2)

These reactions, thus the production of cloud particles, mainly occur at
~62 km altitude within a thin layer of few kilometers [Yung and Demoré
(1987), Krasnopolskii and Parshev (T983)]. While there is few observational
proof about meridional circulation in Venusian atmosphere, we show here a
model that includes advection of chemical materials proposed by Imamiural
and Hashimofd (I998). Generated cloud particles are transported by pole-

ward advection, which is confirmed by cloud tracking study by Rossow ef all
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(T990) and is regarded as upper part of the meridional circulation, to polar
regions. Around the poles, sedimentation occurs and cloud particles evapo-

rate below the cloud bottom.
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8 CHAPTER 1. INTRODUCTION
1.3 Polarimetry of Venus

Polarimetry is a powerful tool to investigate cloud particle size and refractive

index, and cloud vertical structure. The first systematic polarimetric analy-

sis was carried out by Hansen and Hoveniex (1974), who analyzed 1950’s and
1960’s ground-based data of disk-averaged polarization (Figure I=3). The

]

af ' ' ' ' =90

% Polarization

I T

-6 " 1 -] N S (S [E— L s 1 " |
0] 20 40 60 80 100 120 140 160 180
Phase Angle

Figure 1.3: A comparison between theoretical models (lines) for several ef-
fective radius a of cloud particles and observations (points) at A = 990nm
obtained in 1950’s and 1960’s. Since the curves strongly respond to the vari-
ations of the parameters, parameters of cloud particles can be accurately

estimated.

cloud model used in the radiative transfer calculations was simple semi-
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infinite cloud composed of micron-sized cloud particles. The refractive index
of the cloud particle was n,, = 1.43 at A=990nm, and the effective radius and
variance in a particle size distribution were r.g=1.05um and v.g=0.07, re-
spectively. The wavelength dependence of the refractive index indicated 75%
H,SO, solution as composition of cloud particles. Kawabafa et all (I980) an-
alyzed polarimetric data taken by Orbiter Cloud Photo-polarimeter (OCPP)
onboard Pioneer Venus Orbiter (PVO) in early period of the mission. They
found that there was a large amount of submicron-sized particles, “hazes”,
distributed mixed in and above the cloud layer. The properties of these par-
ticles are reg=0.23pm, v.g=0.18 and n, = 1.45 at A =935nm, which has no
conflicts with sulfuric acid. Additionally, the spatial distribution of the up-
per haze was not uniform. While the optical thickness of upper haze on the
equatorial region was 0.02, that on both polar regions was 0.3 at A=935nm.
Temporal variations of such parameters were also reported by several authors
(e.g. Satoef all (T996), Knibbe ef all (T998), Braak et all (2002)). Sata et al
(I996) reported that the optical thickness of upper hazes on Northern polar
region decreased from 0.3 to 0.05 at A=935nm during the first 2820 days of
PVO mission period, and the properties of hazes (r.g=0.25um, v.g=0.17 and
n, = 1.43 at A =935nm) were quite stable in its mission period. Recently,
European Venus exploration spacecraft, Venus Express (VEx), investigated
physical and chemical properties of aerosols in the upper atmosphere from
various aspects. As a recent polarimetric study, the preliminary results of
Rossief all (2015) with polarimetric observations from SPICAV instrument
showed that though there were time variations in the optical thickness of the
upper hazes, the upper limit of them in 2010 is 0.17 at A = 1.101xm, which
is comparable with the value of Kawabafa ef all (T980).

The temporal variation is pointed out to be related to the amount of
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SO, in the atmosphere since they have positive correlation in long-term
variation (Esposito et all (1988)). However, there is no study about the
correlations after PVO mission while Marcq et al] (P013) reported that the
amount of SOy had decreased in the mission period of Venus Express from

2007.

1.4 The objectives of this study

In order to achieve the knowledge of generation and sustention mechanism
of Venusian upper haze, we set goals of this study as (1) Track the temporal
variations of the haze by carrying out ground-based observations, (2) Inter-
pret the obtained physical parameters by simulations with known physical
properties, and (3) Propose the possible factor for the temporal variations of

haze.



Chapter 2

Methodology

2.1 Observation

2.1.1 Imaging-polarimeter “HOPS” and Hida 65-cm

refractor telescope

Polarimetric observations were performed with an imaging-polarimeter “HOPS”
(an acronym of Hida Optical Polarimetry System) attached to the 65-cm
refracting telescope (figure 1) at the Hida Observatory of the Kyoto Uni-
versity (Takayama, Gifu, Japan). This telescope (the focal length is 10.5
m) is favored for polarimetry of planets for 3 reasons: 1) the atmospheric
condition is relatively stable at the site; 2) the telescope’s long optical tube
is supported by a robust structure; and 3) the optics is perfectly symmetry
with no reflecting mirror or obstacle throughout the ray path.

A set of chromatic-aberration correction lenses is inserted between the
65-cm objective lens and HOPS. There are 3 positions: lens B is for short
wavelengths (400-500 nm); lens R is for 600 nm and longer wavelengths; and

blank for wavelengths between 500 and 600 nm.

11
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H da 65cm Refractor Tele.

Diameter = 650 mm

Focal length = 10500 mm
F-ratio = 16

Limiting visual magnitude = 16.2
Resolution = 0" 18

Tracking accuracy = 0".1/9'
Light-gathering power = 8600

Size of the housing
=930 x 11500 mm
Total weight = 17 ton

Figure 2.1: An illustration of the Hida 65-cm refractor telescope
from Web site of the Hida observatory (https://www.kwasan.kyoto-
u.ac.jp/general /facilities/65cm/).

HOPS is a 2-beam type imaging polarimetry instrument (Safoh ef all
(2001)), which consists of a super-achromatic half-wave retarder plate (on
a rotating mount) and a single Wollaston prism. The optical system of the

instrument is shown in figure 2Z2.
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Table 2.1: Properties of CCD

Pixel format 1024 pixel x 1024 pixel
Length of the side of a pixel 24pm
Length of the side of the CCD detector  24.6 mm x 24.6 mm

Table 2.2: Properties of filters. FWHM is full width at half maximum.

Filter name Central wavelength FWHM Integration time  Plate scale

IR 930nm 10nm 6 s 0.329 " /pixel
Red 650nm 10nm 0.15s 0.323 " /pixel
Green 546nm 10nm 0.12's 0.288 " /pixel
Blue 438nm 10nm 0.12s 0.328 " /pixel

The detector is a Peltier-cooled CCD (SBIG, STL-1001E), of which prop-
erties are listed in table 2Z1. HOPS has a set of 4 narrow-band filters,
A=438nm (Blue), 546nm (Green), 650nm (Red), and 930nm (IR). The prop-

erties are listed in table P2

2.1.2 Description of polarization state

State of polarization of observed light can be described by a set of Stokes
parameters, I, (), and U. Another Stokes parameter, V', which describes cir-
cular polarization, is not considered here as reflected sunlight from Venus is
known to have very little circular polarization (Kawafa (T978)). Two param-
eters, (0, and U, are interchangeable as the coordinate system is rotated, and

U becomes almost zero when the intensity equatorial plane (a plane which
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includes the sun, center of Venus, and the observer) is taken as a reference
plane from which position angle of (Q,U) vector is measured. Therefore,
we hereafter call Q/1 “degree of linear polarization” (DOLP). In this case,
positive () corresponds to the polarization with the vibration perpendicular

to the reference plane.

2.1.3 Phase angle and observing wavelength

To extract physical information of the haze layer from the data most effi-
ciently, we have carried out observations and chosen the data that satisfy
following two conditions: the phase angle a is ~ 80°, and the data were

taken with the IR filter. The reasons are:

1. Contrast of polarizations between haze and cloud is maximum in IR,

2. apparent diameter of Venus is sufficient to overcome the seeing effect,

and

3. elongation to the sun is large, thus stray light from the sun is minimized.

Since observed DOLPs are the results of multiple light scattering in the
atmosphere, they should be smaller than those of single scattering. But the
characteristics, such as the sign of DOLP and the phase angle o making
DOLP 0%, is not significantly different from that of single scattering, so
we can estimate the combinations of av and A most sensitive to the amount
of hazes, based on theoretical calculations of single scattering polarizations.
Figure 223 shows the phase angle and wavelength dependence of p; and p.,
theoretical DOLP of single scattering generated by haze and cloud particles,
and polarization contrast (PC') defined as PC = py, — p.
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P‘- Super A:ﬁl%Tnatlcr\;_ { :\ﬂ\
Telescope = Half-Wave Plate |

CCD
Camera

Zoom Nikkor* oIIaston Nikkor

J ﬂ 80- 200mm . Prlﬁm 71533@@\

HWR
Collimator Collector
Wollaston /-\ ~ CCD
|
e-ray
o-ray
Filter

Figure 2.2: Upper picture is the exterior view, and lower figure is the schemat-
ics of the optical system of HOPS. The collected light from the telescope is
collimated through Zoom Nikkor (Collimator). The collimated light passes
through the half-wave retarder (HWR) and Wollaston prism, and again col-
lected on the surface of the CCD detector by Nikkor (Collector). The symbols
“|” and “e” indicate the direction of the optic axis of the calcite, parallel and
perpendicular to the plane of paper, respectively. At the same time, the
directions of vibration of e-ray and o-ray is perpendicular and parallel to the

plane of paper. The optical system is obscured by blackout curtain to avoid

stray light from outside.
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The sensitivity to the amount of haze is higher for large positive or neg-
ative PC; (1) a ~ 20°, A=438nm and (2) a ~ 80°, A=930nm. Because the
apparent diameter of Venus at o ~ 20° is smaller than 16” as mentioned in
the above, the polarization map at ~ 20° phase angle will not be used while
a ~ 80° may be used if the seeing was good. In addition, the data at small or
large o (near 0° or 180°) may be affected by sunlight as elongation to the sun
is small. We therefore selected the data satisfying the condition (2) as the
most useful combination of phase angle and observing wavelength. Details of
observational condition are listed in the Result section. Additionally, cloud
top altitude can be estimated from Blue data by considering Rayleigh scat-
tering. The polarization degrees of single scattering by Rayleigh scattering
can be described as

sin” o
"1 +cos2a+2p, /(1 — pn)’

p(a) (2.1)

where « is phase angle and p,, is the depolarization factor, which depends on
the kind of molecule (The shape of this function is shown in figure P4). This
function gets maximum at o = 90° and p. is close to 0% in this wavelength at

this phase angle, it is convenient to perform this analysis with this condition.

2.2 Data reduction

2.2.1 Dark current and flat field correction

Although linearity of CCD device is superb, it requires two major corrections.
One is the dark noise, which is caused by thermally-generated electrons in Si
substrate. A Peltier cooler keeps the CCD at a stable low temperature, re-
ducing the noise and maintaining it at a constant level (electrons per pixel per

second). Another is non-uniformity of sensitivity. Since this non-uniformity
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Figure 2.4: Phase angle dependence of single scattering polarization p of
Rayleigh scattering. « is phase angle. p, = 0.079 corresponds to CO,

molecules, and p,, = 0 corresponds to the isotropic molecules.

is permanent feature and is fixed to pixels, this can be removed by dividing
an object image by a flat-field image. A flat-field can be obtained by imaging
a uniformly-illuminated object. In this study, we took clear sky by pointing
the telescope to the zenith.

Because a flat-field image F' also includes dark current D, one raw image

R can be processed to obtain a corrected image C' as follows:

(R - D)

“=wF-pyv

(2.2)

where N is a normalization factor of F' — D image.
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2.2.2 Derivation of Degree of Linear Polarization (DOLP)

A 2-beam type polarimeter measures intensities of light in 2 beams (called
ordinary and extraordinary rays) oscillating in planes perpendicular to each
other. By repeating measurements for 4 position angles (0°,22.5°, 45°, and
67.5°) of a half-wave retarder plate, this type of instrument allows polarime-
try of high accuracy ([[inbergen (I996)). The degrees of linear polarization

are calculated by following equations ([Iinbergen (I996));

Q I—a
L 2.
I 1 + aq ( 3)
, 1(0°) /I(45°)
h =
with aq \/[0(00)/[0(450)
U 1— (05}
- = 2.4
[ 1 + (05} ( )

, 1.(22.5°) /L.(67.5°)
h —
with a2 \/10(22.50) / 1,(67.5°)

where I,(¢) and I.(¢) are intensities of the light separated for ordinary and
extraordinary ray, respectively; ¢ is the position angle of half-wave plate

installed in front of a Wollaston prism.

2.2.3 Calibration of instrumental polarizations

Although the optics of HOPS and the 65-cm telescope is symmetry, there still
remain instrumental polarizations of small amplitudes. We have carefully
examined flat-field images (acquired in the daytime of observing run) and
obtained experimental values of such polarization as a function of position
in the field of view. In the data analysis, the Venus data are corrected for by

subtracting the instrumental polarization.
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2.2.4 Consideration of atmospheric seeing

One major and unavoidable problem of ground-based observation is variable
atmospheric seeing, which blurs the image and alters the intensity distribu-
tion over the planetary disk with different degrees from one image to another.
This obviously could cause errors in polarimetry as the seeing changes while
we acquire a set of images at 4 position angles of the half-wave retarder plate
in HOPS. In order to reduce the effect of atmospheric seeing, we perform
both aperture photometry and analysis of 2-dimensional polarization maps.
The aperture photometry is a way to avoid the effect of atmospheric seeing,
in sacrifice of spatial information, by measuring polarization of integrated
light from the object. On the other hand, to better utilize information of
2-dimensional polarization maps from HOPS, the data are filtered by the
“measured” seeing size. If the seeing size is larger than 14 in v described in
equation (220), corresponding 2-dimensional map is discarded.

Figure I3 illustrates an example of aperture photometry of Venus. An
aperture is a circular region of which radius R, is large enough to integrate
super-majority of light from the object. An annulus, used to determine
the background level, is a region between two circles with radius R,, and
R, + AR, large enough to avoid the tail of blurred light of the object.

Intensities of the object I,;, Venus in this study, are calculated by the
following equation;

Nap

Ipj = Y _Ii— Nuply, (2.5)
=1

Nan

Ibg = le/Nan (26)
j=1

where Ny, and N,, are the number of pixels in the aperture and the annulus,

respectively.
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Annulus

Figure 2.5: An example of aperture photometry. An aperture region sur-
rounded by a red circle with radius R, is for measuring the intensity of
the object including back ground sky counts. The annulus region enclosed
between two green circles with radius R, and R,, + AR,y is for measuring

back ground sky counts.

In order to determine the size of aperture and annulus, we performed test
calculations for several combinations of these parameters. Figure 2@ shows
an example of the aperture and annulus dependence of DOLP for April 2014
set01 data with angular radius of Venus R, = 27.5 pixels. The data points
are DOLP for R,, = 30, 40, and 50 pixels, and R, from corresponding value
of Ryp. AR,y is fixed to 5 pixels. In case of R,, = 30 pixels, the DOLP is
negatively overestimated because the aperture is slightly small to integrate

all the light from the object blurred by the atmospheric seeing. On the



22 CHAPTER 2. METHODOLOGY
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Figure 2.6: Aperture and annulus dependence of the polarization degrees.
Points for R,, = 30 and 50 pixels are shifted by 1 pixels for easiness to

distinguish different aperture each other.

other hand, DOLP with R,,=40, and 50 pixels for over R,, = 55 pixels is
stable, which means that the tail of the blurred light converges around R,
= 40pixels. Since enlarging the value of R,, too much may carry a risk of
involving unexpected errors, we determined the size of aperture and annulus

as R,, = 1.5R,, and R,, = R.p, + 15 pixels, respectively.

2.3 Model calculation

Numerical computation of the polarized light from Venus is done in 3 steps:

1. A single scattering matrix (a transformation matrix between Stokes
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parameters of the incident light and the scattered light) based on Mie
theory is obtained with a published computational code by Mishchenka

et all (2007).

2. Using the resultant single scattering matrix, we carry out radiative
transfer calculations with the effect of multiple light scattering is taken
into account for. Computational code for this has been domestically
developed by referring to de Haan ef all ([987) and Hovenier ef all

(2004).

3. A model polarization map is produced by pixel-by-pixel computations
of I and @ for scattering geometries of individual pixels. Obtained
map is then blurred with an appropriate point-spread function (PSF)

discussed in the followings.

2.3.1 Cloud structure model

We define cloud, haze, and molecular particles as follows;

Cloud r=1.05pm, v.4=0.07, n,, and wy

Haze r.4=0.25pum, v.4=0.17, n,, and @y,

Molecule CO; molecule, with depolarization factor p, = 0.079, and @y,

where n, is real part of the refractive index, and wy is the single scattering
albedo. n, is fixed to n, = 1.43 and 1.45 for IR and Blue, respectively. 7.,
ver, and n,. are taken from previous studies (cf. Safao et all (T996), Knibhe
ef_all (IT99R),Braak ef all (2002)). These values were quite stable through
8 years from the starting date of PVO mission[Sato_efall (1996)]. The

size distribution of the particles is a modified gamma distribution function
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described as

N(r) = O3+ /vet) oxpy (— d ) , (2.7)
Teff Ueft

where C' is a constant for normalization. Single scattering albedos of the
cloud particles are calculated to force spherical albedo to match that of ob-

served with the similarity relation
wo=1—(1—w@:°)(1 - (cosh)), (2.8)

where @ is the single scattering albedo of the isotropic scattering with
T = 00, and (cos ) is the asymmetry parameter of the phase matrix of the as-
sumed particles [Hansen and Hovenier (1974)]. From Chamberlain and Smith
(T970) and Mie scattering calculation, we have w°=0.99741 and 0.97940,
and (cos)=0.702 and 0.75 for A =930nm and 438nm, respectively. Then
single scattering albedo of cloud particles are calculated to be wg . =0.99923
and 0.99485 for A =930nm and 438nm, respectively. Single scattering albedo
of haze and molecules, @), and @y ,,, were fixed to 1 because contributions
of the hazes to the spherical albedo are small compared with that of cloud
particles, and absorption by COs molecule is small in visible to near infrared
(A <1000nm) range [MoroZ (I983)].

Rayleigh scattering from molecules is not included in the analysis at
A =930nm because the contribution from gas molecules is sufficiently small
at this wavelength; The scattering cross section of Rayleigh scattering is pro-
portional to A™* and can produce few contribution to observed polarizations
at longer wavelength (the scattering cross section at 930nm is less than 5%
of that at 438nm). However, the contribution of the Rayleigh scattering at
A =438nm is significant, Rayleigh scattering is considered in model calcula-
tions at this wavelength for estimation of cloud top altitude.

Pr is the depolarization factor, which characterizes the polarization degree

of Rayleigh scattering. Though the polarization degree from an isotropic
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Figure 2.7: Vertical cloud structure model. The vertical cloud structure
model is considered after Kawabata et all (IT980). Molecules are neglected in

the analysis of IR data.

molecule at phase angle of 90° is 100%, that from an unisotropic molecule
is lower than 100%. Therefore, this value depends on the kind of molecule.
For example, p, = 0.020 for Ny, 0.058 for Oy, 0.028 for dry air, and 0.079 for
CO,. Since the atmosphere of Venus is composed of 96.5% CO, [Hovenier
et all (2004)], we used p, = 0.079.

Figure P74 shows the vertical cloud structure model used in radiative
transfer calculations. This model is composed of three layers: main “cloud
layer”, middle “haze layer”, and upper “gas layer”. Since the multiple scat-
tering of the lights in the atmosphere reduce the features of the polarizations
and make them essentially unpolarized, the feature of linear polarizations are
mostly determined by the first several orders of the scattering, down to the
layers of the optical thickness unity. So we don’t have to model the details

of the deep cloud layers which were studied with entry probe measurements.
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Figure 2.8: The model of the relation between atmospheric pressure and the
altitude from the ground. There are 5 models according to the difference of
the latitude. In this study, we used 0° — 30° data for low to middle latitude

region, and 75° data for polar regions.

The gas layer is composed only molecules with optical thickness 7z. Tr
is calculated from the equation

1+0.013\72

= 617 x 10 (2.9)

TR

where A is the wavelength in pm, and p(z) is the pressure in mbar at altitude
z (Hansen and Travid (1974))). The relations between pressure p and altitude
z are taken form Seiff (T983) as shown in figure 8. Calculated optical
thickness of gas layer is shown in figure 29 for both Blue and IR wavelength.
This indicates that the optical thickness of the gas layer for IR wavelength
is 5% of Blue wavelength and small enough to neglect at the IR wavelength.
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Figure 2.9: Calculated optical thickness. The optical thickness of the gas
layer for IR wavelength is about 5% to that for Blue wavelength. Actually
this is small enough to be neglected by the altitude of the cloud top around
68km.

The haze layer is composed of haze particles and molecules with optical
thickness r,and 7, respectively. The main cloud layer is a mixture of cloud,
haze particles, and molecules with optical thickness 7.+ 7/ + 75 = 256 (virtu-
ally semi-infinite). The haze and cloud particles are mixed with the fraction

fn defined by

ksca h
= 2.10
fh ksca,c + ksca,h’ ( )

where kgan and kg are scattering coefficient of haze and cloud particles,
respectively. Here we assumed k,ps. = 0 because this factor is smaller by

107 t0 kgeac. Scattering matrix Z, which represents the properties of single
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scattering in the layer, are calculated as
Z = fnZn+ (1 — fn)Z, (2.11)

where 7, and Z. are scattering matrices of haze and cloud particles, re-
spectively. The optical thickness of haze in the cloud layer 7; also can be

calculated as

hi
=

= (2.12)

71 can be calculated as

" fR

TR = T,
fol—fr "

(2.13)

where fr is the Rayleigh fraction, and 7, = 7.+ 7. The definition of Rayleigh

fraction is

ksca R
S T 2.14
fR ksca,p + ksca,R ( )

where kg r is the scattering coefficient of Rayleigh scattering, and kgeap =
Fscac + kscan. The values of fr were 0.043, 0.025, and 0.033 at A =365nm

in Hansen_and Hovenied ([974), Kawabata et all (I980), and Braak ef al

(2002), respectively. Assuming 7. = 30 at this wavelength, which is consistent
with in situ measurements [Esposito et all (T983), Ragent et all (I985)], 7
calculated from these values lead the altitude of the bottom of the cloud

layer around 50km. Taking this into account, we fixed fr = 0.015 at 438nm,
which corresponds to fr = 0.03 at 365nm.

2.3.2 Latitudinal profile of upper haze and cloud top
altitude
Spatial variations in 930-nm polarization maps primarily come from the lat-

itudinal distribution of haze. We assume a simple latitudinal distribution

model as shown in figure 210. Hereafter we call the region of latitude be-
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Figure 2.10: Latitudinal distribution of upper haze. Latitudinal distribution
of upper haze is linear slope at the boundary latitude ¢,, and ¢,, and constant

between them. A¢, and A¢, are the width of the slope.

tween ¢, and —¢, “Equatorial region”, and other polar side regions “North-
ern polar region” and “Southern polar region”. From latitude of ¢, (—¢s)
to ¢ + Ay (—ds — Agy), we call this “transition region”, optical thickness
of upper haze is assumed to linearly increase to 7, x and 75, 5. Figure 2211
illustrates the differences of patterns for different width (A¢) of transition
region.

Spatial variations in 438-nm polarization maps come from the altitude of
each layer’s top. It is known that the cloud top altitude decreases with lati-
tude from around 50° to the poles. In order to simulate this fact, we assumed
simple model similar to the latitudinal distribution of the optical thickness
of the haze layer as shown in figure ZT2. In this model, the boundary lat-
itude, at which the cloud tops start lowering, ¢, and ¢,, and the width of
the transition A¢, and A¢, are the same with those in figure 2-10.

In the analysis of IR data, as above mentioned, we assumed that the
effect of Rayleigh scattering can be neglected, thus, 7 = 7, = 75 = 0. We

firstly determine f;, and 7, g, on equatorial region by analyzing the regions
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Figure 2.11: Differences of polarization maps by latitudinal distribution of
upper hazes. (A) A¢ = 0°, (B) A¢ = 20°, (C) A¢p = 50°. ¢ = 40° for (A),
(B), (C)

near intensity equator (between —15° and +15°) because such regions appear
to be free from upper haze. Secondly, we adopt deduced f;, to both polar
regions. Although f;, in the polar regions may not be the same as that
of the equator, this treatment may be practical. The reason being that
contributions from haze particles mixed in the cloud may well be masked by
stronger polarizations of the upper haze if it is optically thick. If the upper
hazes on polar regions are thin, hence the polarizations is not dominated by
upper hazes, then we may simply re-adjust the value of f;, after comparing
polarization maps.

The computed points are selected to include the best fit parameters in the

range by considering the previous studies and test calculations. Maximum

frn and 7, g, were 0.065 and 0.02 in PVO observations [Kawabafa ef all
(T980)], and maximum 7, y and 7, ¢ were 0.30 during thick-haze period in
8 years from the beginning of the PVO mission [Safa ef all (1996)]. These
can be thought to be the limitation of the points in theoretical calculations.
Computation points of ¢, ¢,, A¢,, and A¢p, are determined from the test

calculations, and are confirmed to be consistent with the boundary latitude of
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Figure 2.12: Latitudinal distribution of each layer top. z. g, is the cloud top
altitude for equatorial region, z. np 2. gp are the cloud top altitude for North
and South pole, respectively. Between latitude ¢, (¢s) and ¢, + Ad,(ps +

A¢s), the cloud top altitude decreases from z. g, to 2. np(2c,sp) linearly.

Table 2.3: Range of calculated parameters for IR model

fo ThieEq ThN Ths On 0] 0s [°] Adn [°] A [

start  0.000 0.00 0.00 0.00 31 31 10 10
end 0.060 0.03 0.30 0.30 49 49 30 30
step 0.005 0.01 0.01 0.01 3 3 5 5

the bright polar caps seen in UV images and previous polarimetric studies|cf.
Leeefrall (2015), Kawabafa (I981)]. The calculated points are listed in table

233
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2.3.3 Theoretical calculations for polarization map and

disk-averaged DOLP

We generated theoretical polarization maps calculating [ and ) for corre-

sponding pixels in images considering local scattering geometries as

V=)

= cosf = = : (2.15)
u0500500:ucosa+xsgla, (2.16)
[Lftg — COS (v
cos(¢ — do) = : (2.17)
V=) (1= p13)
sin(¢ — ¢o) = = (2.18)

R/ (1 — ) (1 — )

where x and y are the horizontal and vertical coordinate of a point on the
planetary disk, viewed from infinity with apparent radius R in pixel unit; 6,
and ¢q are zenith and azimuth angles for incident light; 6 and ¢ are those for
emergent light, as shown in figure P13 [after Kawabafa (T981)]. The z-axis
is taken to be the intensity equator, and the limb of the planet is assumed to
be located on the positive domain of . Disk-averaged DOLP were calculated

by taking summations of I and @) for the whole planetary disk.

2.3.4 Point-spread functions to fit the “observed” po-

larization maps

Generally, we cannot get infinitely sharp image but get to some extent blurred
image by observing a point source with an optical instrument, because the
light is affected by several factors, such as diffraction in the instrument and
atmospheric seeing. Such effects appear also in imaging of an disk object
like Venus. How does the image spread can be described by functions called

point-spread function (PSF). By convolving ideal images with a PSF, we
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Figure 2.13: A schematic illustration of a planetary disk observed at phase
angle a with apparent radius R. An observer is assumed to be located at long
distance which can be regarded as infinity. The origin is taken at the center
of disk. The point S on the z-axis corresponding to the intensity equator is
sub-solar point. The terminator is located at x = — R cos «a on the intensity

equator.

can reproduce the blurred images. Since patterns of polarization maps are
affected by such effects, so knowing appropriate PSF is important in eval-
uating theoretical and observational polarization maps. In this subsection,
we examine HOPS images and determine PSF. The blurring of images in
ground-based observations is dominated by atmospheric seeing rather than
instrumental factors, so hereafter we assume the source of the blurriness is
due to atmospheric seeing.

Blurring of images is most commonly approximated with a Gaussian func-

tion;

flaso) = J% exp (—2%22) . (2.19)

o in this equation is the index of the size of PSF. While a Gaussian PSF well
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describes “time averaged” seeing effects, the short-integrated Venus images
“without time averaging” likely require a different shape of PSF. Therefore,
we tested a “modified Lorentzian distribution function” in the following form

as well:

f(x;a,v) = ( “ (2.20)

22 4+ 42)a’
where 7 is the size of PSF, a is the index of sharpness, and C' is the constant
of normalization. Figure P14 compares the differences of the shape among
Gaussian function and modified Lorentzian distribution functions with sev-
eral parameters.

First of all, we compared these 2 functions by adopting them to polar-
ization standard stars, which can be regarded as point source. Figure 2213
is an example which compares the best-fit functions to the radial profile of
the standard star HD154445 (R.A.: 17"05™32%.1, Dec.: —00°53'32", Visual
magnitude: 5.62), which shows the modified Lorentzian distribution func-
tion makes a good fit, and actually the sum of the squared residuals is 15%
smaller for modified Lorentzian distribution function. We tested for other
stars and found that the sum of the squared residuals is always smaller in
case of modified Lorentzian distribution function than Gaussian function.
We can say that Lorentzian distribution function works better as the PSF.

We performed the similar process for Venus images to verify the adequacy
of the modified Lorentzian distribution function and obtain appropriate PSFE.
To avoid possible contamination from the polar hazes, we examined limb
profiles only near the intensity equator (£15°) to determine the PSF (either
Gaussian or Lorentzian, and the size of PSF). A synthetic image is generated
with a “cloud only” model (described in the below) which is then blurred by
a PSF with an assumed seeing size. After subtracting observed images, we

evaluated the standard deviations of the residual intensities. Such analysis
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Figure 2.14: A comparison of Gaussian function and modified Lorentzian
distribution functions with several parameters. “G” and “L” in the legend
indicate Gaussian function and modified Lorentzian distribution function,
respectively. Compared with Gaussian function, modified Lorentzian distri-

bution functions are sharper. The sharpness can be varied by a.

is repeated to cover a wide range of o or (7,a). A combination of parame-
ters which minimizes the standard deviation is chosen to best describe the
PSF at the time of observation. Figure T8 compares the minimum stan-
dard deviations obtained from Gaussian and modified Lorentzian distribution

functions.
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Figure 2.15: A comparison of best fit functions. The red points are the in-
tensity of the standard star HD154445, measured from its center of gravity.
The blue and green curves are the best fit for modified Lorentzian distribu-
tion and Gaussian functions, respectively. Modified Lorentzian distribution
function can reproduce well the shape of the peak and tail than Gaussian

function.
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In any case, the standard deviations are smaller for modified Lorentzian
functions. Figure 2717 is the example of a comparison in adopting two func-
tions to images.

The values of the standard deviation themselves are larger than those of
annulus area (~ 20), which may be due to the incompleteness of the assump-
tion of PSF and model settings in making synthetic images. But it is almost
impossible to obtain complete PSF for variable atmospheric seeing because
of its large randomness, so here we use the most reproductive parameters as
appropriate PSF.

Figure 18 is a compilation of the set of v and a in modified Lorentzian
distribution functions, which indicates temporal variations of the PSF. We
use these values to reproduce the blurred images in making synthetic polar-

ization maps.
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Figure 2.17: The difference between Gaussian function and modified
Lorentzian distribution function as PSF. The upper images are the observed
subtracted observed images blurred model images. The left is the result of
modified Lorentzian distribution function with a = 1.5,y = 3, the right is the
result of Gaussian function with ¢ = 4.2. The lower plots are the intensities
at the cross section on the intensity equators indicated with green lines in

upper images.
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2.4 Evaluation of theoretical calculations

We evaluated the theoretical polarization maps by calculating means of

squared residuals (M SR) described as

N ( o __ m>2
MSR=Y" %, (2.21)
=1

where N is the number of pixels, p¢ and p{* are DOLP at i-th pixel in
polarization maps of observations and models, respectively. The best fit

parameters are determined by evaluating following conditions;
e |P,—P,|=AP <P, =Py + Py
e minimize M SR

where P,, and P, are disk-averaged DOLP of models and observations, and
P, is the error range of disk-averaged DOLP. P, can be considered as su-
perposition of theoretical error P, and observational error P,,s. We discuss

these two kinds of errors in the following subsections.

2.4.1 Errors in theoretical calculations

We performed sensitivity tests for the fixed parameters in the cloud model,
in order to estimate the errors in theoretical calculations. Tested parameters
are effective radius r.g, effective variance v.g, and refractive index n, of cloud
and haze particles. The range of test calculations are based on Safo ef~al
(I996). For cloud particles, the error ranges of the parameters are r.z=1.05
+ 0.1pm, ve=0.07+0.02, and n,=1.43+0.01. For haze particles, these are
re=0.25£0.05um, v.=0.17£0.1, and n,=1.43+0.01.

First of all, we show the results for the variations of cloud particle prop-

erties in figure ZT9. The curves in the figure are phase angle dependence
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of disk-integrated polarizations corresponding to each parameter. We used
cloud-only model, f,=0 and 7,=0, in order to consider the variations of cloud
particle parameters themselves. In figure 219 (A), we can find almost no sen-
sitivity around phase angle ~ 80° for r.gof the cloud in a range of nominal
value of 1.05 & 0.05um. There are several reports that there occasionally
appears slightly larger particles called mode 2’ with radius of 1.2um. But
cloud particles with r.g=1.25pum don’t make large differences, which means
that we cannot sense such differences from polarizations at this wavelength
and phase angle. On the other hand, from figure 219 (B) and (C), there
can be seen relatively large differences of polarizations with the variations of
vegand n,. of the cloud particles around phase angle ~ 80°. The differences of
polarizations to the nominal model are around 0.1%, which can be regarded
as the theoretical errors caused by cloud particle properties.

Secondly, we show the results for the variations of haze particle properties
in figure in the same way as figure Z19. For simplicity, we take A¢ = 0°
and ¢ = 50° in the latitudinal profile of upper haze, which is the same model
with Kawabata (T981), and f,=0.040 as a typical value of haze fraction. We
can find differences of DOLP ~ 0.1% for n, (figure (C)) around phase
angle 80°, which can be regarded as the theoretical errors. On the other
hand, there are considerable differences for regand veg (figure 220). This large
differences are due to the single scattering properties of haze particles. Figure
2721 compares the polarizations caused by haze particles with effective radius
of haze particles r.g=0.20, 0.25, and 0.30pum. When the effective radius is
small compared with observing wavelength, the phase angle dependence of
polarizations tends to be closer to that of Rayleigh scattering as show in
figure 4. This is why such large positive polarizations are caused by smaller

particles as reg=0.20pm. This effect appears in the variations of v.g because
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these are the indexes of the width of a particle size distribution. Figure 2222
compares the phase angle dependence of polarizations for optical thickness
of upper haze mwith r.g=0.20, 0.25, and 0.30um. We can not distinguish
the difference of the combination of 7, and 7. just with the value of the
polarization. For example, (e, 7) = ( 0.2um, 0 ), ( 0.25um, 0.1), ( 0.3pm,
0.23 ) indicate similar polarization degrees ~ —2.8% at phase angle 90°. In
order to avoid this problem, we have to continuously perform observations
at several phase angles to pick up feature of the phase angle dependence of
polarizations. But in such case, it takes half of synodic period (~292days) to
obtain data in full range of phase angle, which makes us unable to distinguish
phase angle dependence of polarizations from temporal variations of r.gand
Vefr- Safo ef all (IT996) reported that the properties of haze particles were
stable with r.=0.25um during about 8 years of Pioneer Venus mission,
so we assumed that the radius of haze particle had not changed during our
observation period. From the discussion above, we consider the errors from
the variations of haze particle properties 0.1%.

Another possible source of theoretical error is the variation of the single
scattering albedo of the cloud. In this study, we fixed this value to 0.99923,
which is calculated assuming the effective radius r.g¢ in the particle size dis-
tribution equals to 1.05um. However, if there are differences in it, the single
scattering albedo can be changed. For example, the single scattering albedo
is 0.99917 for reg=1.2um, and is 0.99931 for r.g=0.9um. Such differences can
make differences in theoretical values for cloud only model of about 0.02%
in polarization degrees, which is relatively smaller than those obtained from

sensitivity test above. So, finally, we take Py, = 0.2%.
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2.4.2 Errors in observations

The possible sources of error from observations are

e the uncertainty of instrumental polarizations,
e the effect of atmospheric seeing to aperture photometry, and

e the uncertainty of the sky values.

The uncertainty of the instrumental polarizations can be thought to be
negligible, because the standard deviation within the considered area is on
the order of 107%% to the intensities of the object, which cannot make con-
siderable effects to the polarization degrees.

In order to examine the effect of atmospheric seeing, we measured the
intensities of the light leaking out of aperture and into annulus regions. The
effect of the atmospheric seeing was considered by blurring synthetic im-
ages of Venus disk with radius of 27 pixels and phase angle of 70° (nearly
corresponding to the situation of April 2014 observations). The PSF, the
combinations of @ and 7 in modified Lorentzian distribution function, was
adopted to images corresponding to the position angles of a half wave re-
tarder. The values were taken from the measured values of April 2014 set01
data, because the atmospheric seeing in this period was worse than others,
which can be thought as the worst case. The measured intensity in aper-
ture region and annulus region were 98.9% and 0.04% to the true intensity
in average, respectively (worst case is 98.0% and 0.1%). By using resultant
values, the effect of the atmospheric seeing in the aperture photometry was
found to be on the order of 1075% in polarization degrees, which is negligible
compared to other observational errors.

The most considerable source of observational error is the uncertainty of

the sky values. We measured standard deviation of each annulus region, and
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take this into account in the derivation process of polarization degrees like

1(¢) = Iovj(¢) — dox(0), (2.22)

(192 (1P

where 1 is the kind of rays (replaced with “e” or “0” in equation EZ3), and ¢
is the position angle of half wave retarder plate, o is the standard deviation
of the count in annulus region, and d is the factor to determine whether o is
added or subtracted or done nothing, thus d = 41, 0.

We calculate the differences between nominal polarization (d = 0 for
all) and other polarizations for 3% = 6561 patterns of combinations of ¢ =
0,22.5°,45° and 67.5°, r (e and o), and d = £1 and 0 (3 patterns of d for
8 data obtained at 4 position angle for 2 kinds of rays). Figure 223 shows
histograms of the calculated polarizations. Then we calculate the standard
deviations for all the polarizations and use them as the observational errors
P.s. The values of P, differ for observation set each other, which are listed

in table 4.
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Figure 2.19: Sensitivity tests for cloud parameters for cloud-only model.

Figure (A) is for effective radius reg, (B) is for effective variance veg, and (C)

is for refractive index of the particles.
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Figure 2.20: Sensitivity tests for haze parameters. (A), (B), and (C) are the
same with figure 219, but for haze particles.
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Figure 2.21: Single scattering polarizations for r.g=0.20, 0.25, and 0.30um.

The polarizations for r.g=0.20pum are similar to these of Rayleigh scattering

as shown in figure 24.
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Figure 2.22: r.¢ and 7, dependence of polarizations. Although the polariza-

tions at certain phase angle only cannot make us to distinguish the difference

of m,and r.g, but if we observe polarizations for wide range of phase angles,

we can do it. In that case, the data can include the temporal variations of

them.
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Table 2.4: Observational errors.

Year and Moth set  Pyys [%)]

2012 August 1 0.10
2 0.05
3 0.06
0.16
0.14
0.16

0.25

2014 April

- W NN =

2015 June 1 0.20
2 0.17







Chapter 3

Result

3.1 IR (930nm)

3.1.1 Observed disk-integrated DOLP and polarization
maps

Observed disk-averaged DOLP and polarization maps of IR date are listed
in table BT for selected data set (filtered by the seeing size). Since 4 images
included in each observational set were acquired within a few minutes, we
do not need to consider the effect of cloud motion called “super rotation” of

Venusian atmosphere (~ 4 days of rotation period).
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3.1. IR (930NM) 55

Figure B compares disk-averaged DOLP in our observations with pre-
vious observations taken from Kawabafa et all (I980). Observed DOLP in
August 2012 are higher than 1960’s by about 1.5%, which is likely caused by
abundant sub-micron hazes in polar regions. Note that there are also some
observations of such high polarization in 1960’s data, which could probably

be attributed to temporal increases of upper hazes.

Ce

Ql [

o]
Q
GO0
o° o]

"5 H 1960's ©o
PVO early e

Qur observations 2012- Aug. °
2014- Apr .
‘2015-.‘]une ‘0

-6 I I
0 20 40 60 80 100 120 140 160 180
a [deg.]

Figure 3.1: Comparisons of observed DOLP with previous studies. “1960’s”
and “PVO early” indicated by black circles are taken from Kawahafa et all
(I980), both are disk-averaged DOLP. “PVO early” data are affected by
positive polarizations from hazes, between phase angle of 45° and 160°. Our
data in 202-Aug. also indicate such existence of hazes in the atmosphere.
Note that 1960’s data around a ~ 80° might also indicate the existence of

hazes.

Figure B2 is the summary of the obtained polarization maps of IR data.

A strong enhancement of positive polarization in the polar regions is obvious
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in August 2012 data, while the same regions in other periods are all negative
polarization. Polarization seen in the low to middle latitude regions in August
2012 is slightly higher in positive than those in other periods. Since the
positive polarization is caused by haze particles, such temporal variations in
polarization should indicate an decrease of the optical thickness of the hazes

from 2012 to later years.

-
—
.. Hs%

Figure 3.2: A summary of obtained polarization maps at 930nm wavelength.

2012

Aug.

2014

Apr.

June 2015
I+
o
o°
DOLP

The numbers on the top left corner are the sequential set number of obser-
vations. Cloud particles generate negative polarization at this wavelength,
while haze particles generated negative polarizations. The positive polariza-
tions on the polar regions in August 2012 indicate the existence of upper

hazes.
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3.1.2 Comparisons with models

Figure B33 compares theoretical DOLP with observations. The color contour
is the value of M SR of polarization maps, and squares filled with 4 colors are
the residuals of disk-integrated DOLP between observations and theoretical
calculations (AP). The best-fit parameters are obtained as the points, in the
parameter space, that satistfy AP < P, and minimize the value of M SR at

the same time.
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3.1. IR (930NM) 59

We summarize the best fit parameters in table BZ. The averaged optical
thickness of upper haze for North and South polar regions are about 0.15 in
August 2012, 0.01 in April 2014, 0.01 for both in June 2015. The averaged
value of the fraction of haze in the cloud f; also decreased from 0.047 to
0.01 during this period. “Model No.” in the table indicate the parameter set

used in Blue analysis.
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3.2. BLUE (438NM) 61

3.2 Blue (438nm)

3.2.1 Opbserved disk-integrated DOLP and polarization
maps

Observed disk-averaged DOLP and polarization maps of IR date are listed in
table B33 for selected data set. “Model No.” in the right column correspond
to the Number listed in table B2, which is the set of the model parameters

used for Blue analysis.
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3.2. BLUE (438NM) 63

Figure B4 is the summary of the obtained polarization maps of Blue data.
Strong positive polarization can be seen on the both polar region in August
2012 and June 2015, while such strong contrast cannot be seen over the disk
in April 2014. This indicates that the cloud top altitude of the polar region
in April 2014 is not so lower than those of August 2012 and June 2015.

-
[ -

2012

Aug.

+5%
<
—
o
[aF}
(q\]
. 0% g
H Q
Q
<
-5%

June 2015

Figure 3.4: Same as figure B2, but for Blue data. Positive polarization can

be generated by Rayleigh scattering from molecules in upper atmosphere,

which is the indication of the layer top altitude.






Chapter 4

Discussion

Our observations in the period of 2012 to 2015 indicate significant decrease in
the abundance of sub-micron haze particles in both polar regions. The optical
thickness of the upper haze decreased by a factor of 10, and such a rapid
decrease was also observed by PVO in the first 1000 days of its mission period
(Kawabafa ef"all (T983)). The speed of the decrease is comparable with
their study. Such variation in the upper atmosphere can affect the vertical
profile of the solar heating. Crisp (T988) carried out model calculation which
vary aerosol optical thickness at 71km level. His calculations show that the
near-infrared solar heating increases above this level, and decreases bellow,
when the optical thickness is doubled. On the other hand, when the optical
thickness is halved, the opposite variation on the solar heating rate occurs.
This means that the upper atmosphere can be more heated when the upper
haze is abundant, as early period of PVO mission and August 2012.

The boundary latitude, distinguishing hazier polar region from less hazier
low latitudes, is found around 40° with a transition band of which width is
30°. Kawabata (T981) analyzed phase angle dependence of polarization de-

grees observed with OCPP onboard PVO, and estimated that the boundary

65
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which is equivalent to our transition band was about 50°. Although their
boundary is like a step function (no transition band), our result is consistent
with their result. This is also consistent with the boundary latitude of the
bright-dark contrast seen in UV images (ILeeef all (2013)).

This latitude corresponds to the latitude where the cloud top altitude
begins to lower towards the pole (e.g. Leeefall (2012), [gnatiev et all (2009)).
Braak ef all (2002) pointed out that there were correlations between cloud
top altitude and the number density of upper haze, proportional to optical
thickness, from polarimetric data by OCPP. They proposed 2 hypotheses
about this correlation; (a) haze particles are distributed uniformly in certain
altitude over whole latitude, thus lowering of the cloud top leaves relatively
more of sub-micron particles above the cloud, (b) since the polar region is the
region where the atmosphere converges by meridional circulation (diverges
in the lower latitudes), haze particles or other materials may be accumulated

in this region.
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68 CHAPTER 4. DISCUSSION

Firstly, we note on Braak et al.’s hypothesis (a). From our observations,
it seems that there are not always correlations between the optical thickness
of upper haze and cloud top altitude. By examining the HOPS Blue data
(A =438nm) to which Rayleigh scattering has significant influences, we can
obtain rough estimates of the cloud top altitudes. We have generated “refer-
ence” polarization maps for 2 different cloud top altitudes of polar regions,
68, and 75 km, as shown in figure B. The cloud top altitude of equatorial
regions are fixed to z. p,=75km. The polarization degrees in the equatorial
region of observations are slightly different from those of theoretical maps;
observed polarizations in equatorial regions are negatively strong compared
with theoreticals. These differences may be caused by the differences of single
scattering albedo of the cloud particles at this wavelength. Single scattering
albedo contributes to the strength of polarizations because strong absorp-
tion reduces the effect of the multiple light scattering. The single scattering
albedo in this study is calculated from the typical value of spherical albedo
of Venus. However, absorption in this wavelength region can be variable due
to the spatial variability of absorber in the atmosphere. Therefore, if the sin-
gle scattering albedo at this time is lower than the value used in this study,
hence absorption is stronger, polarizations should be negatively stronger. Al-
though there can be such differences of the single scattering albedo, we can
qualitatively compare patterns in the polarization maps due to cloud top
variations.

In the polarization maps of August 2012 and June 2015, the polar re-
gions exhibit positive polarization despite the fact that polarization at 438
nm generated by cloud particles should be negative. This positive polar-
ization is caused by the Rayleigh scattering, which translates to the column

abundance of molecular gas above the cloud top. Therefore, relatively strong



69

positive polarization, seen in both August 2012 and June 2015, indicates that
the cloud top altitude is relatively lower than low to middle latitude regions.
In contrast, the polarization map of April 2014 looks uniform over the entire
disk. By comparing with theoretical maps, the cloud top altitude near the
polar regions are not so lower than other areas. In order to roughly esti-
mate the cloud top altitude from Blue data, we compare the differences of
the polarizations of polar regions (over 50° in latitude) to equatorial regions
(below 15° in latitude). For example, for April 2014 data, the differences of
the polarization of north polar region to equatorial region in the model of
2. ,=68km and 75km, AFPgs and APr5, are 1.46% and 1.18%), respectively. On
the other hand, such a difference for observations, AP, is 1.2%. By consid-
ering the ratio of increments of altitude and the differences of polarizations,
we obtained 74.5km as the altitude reproducing the value of AP,,,, which is
comparable with the altitude of equatorial region. In the same manner, we
obtain 62km and 64km as the cloud top altitude for August 2012 and June
2015, respectively. The situation in June 2015 is that the optical thickness
of the haze is small while the cloud top altitude is low, which indicates that
there could be time when lower cloud top altitude (positive polarization at
438 nm) and smaller haze optical thickness (as obtained from 930-nm data)
co-exist. Therefore, the hypothesis (a) of Braak ef all (2002) may not always
be true.

Hypothesis (b), adevection and accumulation, is a possible explanation
for our observations. Actually the pole-ward winds are observed by cloud-
tracking technique by Rossow ef all (T990), which is considered as an upper
part of meridional circulation. However, since we don’t have any ways to
examine this hypothesis, we leave this hypothesis as a possible explanation

of the temporal variation of the haze.



70 CHAPTER 4. DISCUSSION

As the “cloud-top lowering” hypothesis does not work on all of our data,
we need alternative ways to explain the variations of the optical thickness
of hazes. Possible ways are to alter the vertical profile of haze or to simply
increase/decrease the haze abundance for all altitudes. We now examine
the former possibility. Optical thickness of the haze above the cloud can,
in general, be estimated by knowing three quantities: (i) cloud top altitude,
(ii) scale height of particles , and (iii) number density of haze particles at a
reference altitude. For (i) and (ii), we refer to Leeef all (2002). For (iii),
we refer to the extinction coefficients for 80-km altitude as inferred from
SPICAV /SOIR data (Wilquet et all (2012)), For (iii), we also refer to Wilquef
ef-all (2012). Although these profiles are not exactly suitable for quantitative
examination for the wavelength of our interest, we can qualitatively examine
the behavior of those parameters. The optical thickness of upper hazes were

calculated by integrating extinction coefficient 3(z) expressed as

) = ey (250 ) (4.1

where H, is aerosol scale height, and [y is the extinction coefficient at 80km
altitude.

The dots in figure B2-(a) are the extinction coefficients, in figure E2-(b)
are the cloud top altitudes, and in figure B=2-(c) are the aerosol scale heights,
respectively. These latitudinal profiles are fitted by quintic functions. Fi-
nally, we obtain figure B2-(d), the latitudinal profile calculated by using
those equations. We call a constant term in the quintic function fitted to the
cloud top altitude “nominal”, whose value was about 68km. We allow this
value to vary from 74km to 76km, somehow simulating the expected cloud
top altitude for visible wavelengths. Computed results, of course, show that
the optical thickness of the haze changes as the cloud top altitude changes in

a similar way as Braak et al.’s hypothesis. However, we have already men-
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tioned that the HOPS/Blue data indicate the period of lower cloud top and
smaller haze optical thickness (June 2015). Therefore, our interest is whether
another physical quantity, the aerosol scale height, could better explain our

observations or not.
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Figure 4.2: The parameters for examinations. Each figure is the latitudinal
profile of (a)the extinction coefficient at 80km altitude (dots are taken from
Wilquet et al] (2012)), (b) the cloud top altitude (dots are taken from [Led
ef—all (2012)), (c) the aerosol scale height (dots are taken from Lee efall
(2002)). (d) and (e) are calculated optical thickness using the latitudinal

profiles of (b) and (c), respectively.

Figure B2-(e) shows the aerosol scale height dependence of the optical

thickness. We changed the constant term in the fitted quintic function from
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1.05 and 1.1 times of “nominal” value 4.2 km (4.4 km and 4.6 km). Corre-
sponding to this small change in the scale height, the optical thickness varies
on the order of magnitude. To examine how the aerosol scale height affects
the haze mixing ratio in the cloud, we perform tests by fixing the aerosol
extinction coefficient at 70 km altitude (cloud top) rather than 80 km of
Wilquet et all (2012). The scale height dependence of 7, and f;, is obtained
by assuming the extinction profile as an exponential function of the altitude.

The definition of 7, and fj here are

Th(Hh) = ” 5]1(27 Hh)dZ, (42)

fh(Hh> = - Bh(z, Hh)dZ, (43)

with B,(z, Hy) = Bpexp <—Z _ ZC) (4.4)
Hy,

where z. is the cloud top altitude (here z. =70km), Hj is the scale height
of haze particle extinciton, By, is the extinction at cloud top altitude. z, is
the altitude where the optical thickness of the cloud becomes unity measured

from z., which satisfies

/ Ca()ds = 1, (4.5)

with f.(z) = B.exp (— © ;] ZC) (4.6)

where H, is the scale height of aerosol (cloud) extinciton, B. is the extinction
of the cloud at cloud top altitude. The vertical profile is taken from Wilquet
ef-all (2012), by fitting 55 (2) to the data acquired in September and October
2009 at 60°S latitude as a typical profile. We multiply Bj, by 100, that is,

By, = 100By,, (4.7)

in order to match the order of optical thickness at visible wavelengths, where

By, , is the original value taken in the fitting. We set the aerosol scale height
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of cloud H.=4km referring Lee_ef all (2012), and the aerosol scale height of

haze Hj as a function of the factor to H, written as
H, =xH.. (4.8)

Figure B23-(a) is the vertical profile of the extinction for cloud and haze used
in this simulation. For haze profile, some examples are displayed for several
value of x. Figure B3-(b) shows the behavior of 7, and fj, with the variation
of Hj, calculated under this condition. According to this figure, f;, does not
change over some range, while 75, increases with Hj. This means that the
simultaneous decrease of 7, and f; deduced from our observations cannot be
explained by the variations of cloud top altitude and/or aerosol scale height.
However, when we use 20 as a factor in equation EZ1 instead of 100, both
optical thickness of upper haze and fraction of haze in the cloud decrease for
any x. This indicates that the simultaneous decrease of these parameters is
caused by the decrease of the amount of the haze itself.

Esposito et all (T98R) showed that there is also a long-term positive corre-
lation between them with correlation coefficient 0.8, which means the global
amount of SOy declines, so should be the production of haze aerosols (figure
A2a-(A)). Using the relation between the optical thickness of the upper haze
and SO, abundance, we estimated the SO, abundance during our observa-
tion period. The linear function between the optical thickness of upper haze
for A = 930nm Ty30nm and SO, abundance at 70km altitude fso, was found

to be

[fs0, = 2427930um + 0.449[ppb], (4.9)

with correlation coefficient 0.82 (figure B4-(B)). We estimated SO, abun-
dance by adopting our results to this function, and plotted in figure B3,

which shows the temporal variation of SO, abundance observed by Pioneer
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Venus and Venus Express. This figure shows that a long-term decreasing
trend in SO, abundance from 2007. Our results are consistent with this
trend if this has been continued after the mission period of Venus Express.
The decrease of optical thickness of upper hazes which our HOPS observa-
tions revealed could possibly be attributed to the consequence of decrease of
SOy abundance.

We can raise the solar activity as the possible external factor of such
variation of SOy abundance in the Venusian atmosphere, because the photo-
dissociation of SOy occurs with short wavelength UV radiation (63-220nm)
[Zhang et all (2012)], which strongly varies with the solar activity. Figure
A0 shows the sunspot relative number observed in National Astronomical
Observatory Japan, Mitaka, which is the index of the strength of the solar
activity. Several phenomenon, which can be related to the solar activity,
are reported or observed. Dollfus ef"all (T979) reported from ground-based
polarimetric observations in 1958 that the polarizations on Venusian polar
regions indicated positive, which should be explained with the existence of
the sub-micron sized particles, hazes. This period corresponds to around
the solar maximum indicated with label “A” in figure E@. The label “B”
corresponds to, of course, the abundant hazes observed by PVO in 1979.
The label “C” also indicates the solar maximum around 1993, when the
SO, abundance was observed to be slightly increased as seen in figure EZ3.
Around 2003 labeled with “D”, although there is no obvious observations
about variation of SO, abundance and optical thickness of haze, the solar
activity may have affected to the Venusian atmosphere. Figure BZ1 shows the
integrated flux of Venus with LASCO C3, which indicates a change of the
brightness of Venus, brighter until 2003, then darker from 2005. It is unclear

why this change happened, this can indicate a variation of the atmospheric
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state of Venus. Finally, label “E”, corresponding to the solar maximum, is
our study, abundant haze on polar regions. Actually solar storms hit the
Venus around this period, and the star tracker of VEx went down in March
2012 (http://sci.esa.int/jump.cfm?0id=50665).

Lee ef-all (2015) showed that the contrast of the bright polar caps to the
darker equatorial region seen in UV images decreased until 2009, and then
gradually increased. This year corresponds to the solar minimum, and they

also pointed out the possibility of the solar activity to such variations.


http://sci.esa.int/jump.cfm?oid=50665
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Figure 4.5: SOy abundance observed in PVO and VEx mission period [Marcq
ef-all (2013)]. Red circles are estimated value from equation B9 with obtained

optical thickness of upper haze in this study.
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to E are described in the text.
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Figure 4.7: Phase angle dependence of the flux of Venus (Satoh et all (2015)),

which reflects the characteristics of the cloud and haze in the atmosphere.






Chapter 5

Conclusion

Through a 3-year ground-based polarimetric observation program, from Au-
gust 2012 to June 2015 at phase angles (~ 80°) best suited for polarimetry,
we have detected a rapid decrease of the upper haze in Venus atmosphere.
To overcome the blurring of images due to atmospheric seeing, the point-
spread function is modeled with a modified Lorentzian function, and both
disk-integrated polarization and two-dimensional polarization map are simul-
taneously analyzed. This analysis technique allows us to obtain the following

results:

1. In 2012, the disk-averaged linear polarization at A =930 nm was ~ —2.2
%, more than 1 % higher than in 2014 (~ —3.3 %) or in 2015 (~ —3.6
%). More neutral polarization in 2012 is interpreted as caused by a
combination of negatively-polarizing clouds in the middle to low lati-

tudes and positively-polarizing sub-micron hazes in the polar regions.

2. The equatorward boundary of polar haze exists around 40° (north or
south). In poleward of this boundary, the optical thickness of upper
haze at A\ =930 nm are 0.15 for both the north and south. These
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decreased to 0.01 for both polar regions by 2015.

In equatorward of the boundary (40° N to 40° S), the optical thickness
of haze above the cloud is much smaller, 0.00, while the fraction of

haze particles mixed in cloud layer is 0.047 in 2012. The fraction also

decreased to 0.016 in 2014 and 0.010 in 2015.

3. The temporal variations of the cloud top altitude estimated from A =438
nm data indicate that while the cloud top altitude in polar regions in
August 2012 and June 2015 were lower than other latitudes, the cloud

top altitude was relatively globally uniform in April 2014.

These findings challenge the “cloud lowering effect” hypothesis proposed
by Braak ef all (2002): when the cloud top lowers, sub-micron particles
shrouded in the cloud get exposed over the cloud, resulting in an increase
of the optical thickness of upper haze. Our 2015 data obviously contradict
this hypothesis: although the cloud tops in polar regions lowered in June
2015, the upper haze did not thicken. We examined the possibility of the
variation of vertical profile of hazes. Although this model is capable of giving
a large variability in the optical thickness of the upper haze, the model fails
to change the fraction of hazes in the main cloud by a desired amplitude.

Therefore, decrease of hazes may be a consequence of lower aerosol pro-
duction rate which may possibly be triggered by the decrease of SO, in
the atmosphere reported with the Venus Express observations for a period
from 2007 to 2012. Cloud and haze particles are thought to be HySOy, pro-
duced from SO, via a chain of chemical reactions. This long-term decreasing
trend, thus the decrease of the source of aerosol particles, can be the cause

of decreasing of the optical thickness of haze.
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We propose the relationships to the solar activity as a possible explanation
for such variation of SO,. Several phenomena, such as increases of haze
and SO,, seem to correspond to the solar maximum. The photochemical
reactions, thus production of SO,, might become active since the UV flux
increase in solar maximum. In order to confirm the relations between solar
activity and SOy or 73, long-term observations over several ten years are
needed for the future.

After the end of Venus Express mission in 2014, Akatsuki, Japan’s Venus
orbiter, arrived at Venus and started observations in December 2015. The
ultraviolet images (UVI) onboard Akatsuki has a SO,-sensitive filter (283
nm) and will monitor the condition of the upper atmosphere of Venus in
coming years. We expect to see what happens after the rapid decrease of the
haze (never seen before) through coordinated observations of Akatsuki and

ground-based polarimetry.
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