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Abstract

altitudes.

The Solar Occultation in the InfraRed (SOIR) instrument onboard Venus Express was designed to measure the Venu-
sian atmospheric transmission at high altitudes (65-220 km) in the infrared range (2.2-4.3 um) with a high spectral
resolution. In this work, we investigate the optical properties of Venus's haze layer above 90 km using SOIR solar
occultation observations. Vertical and latitudinal profiles of the extinction coefficient, optical thickness, and mixing
ratio of aerosols are retrieved. One of the most remarkable results is that the aerosol mixing ratio tends to increase
with altitude above 90 km at both high and low latitudes. We speculate how aerosols could be produced at such high

Keywords: Venus, Cloud, Haze, Atmosphere, Spectroscopy

Introduction

The clouds above Venus consist of a main cloud deck
located between approx. 47 and 70 km surrounded by
thinner hazes above and below. The upper haze layer was
observed at altitudes as high as 90 km (Esposito et al.
1983). The presence of high-altitude hazes/aerosols was
also inferred from the analysis of limb profiles observed
by the Venus Monitoring Camera (VMC) onboard ESA’s
Venus Express (Vex) (Limaye et al. 2015) and from SPI-
CAV-IR and UV solar occultations (Luginin et al. 2016).
The mean particle radius (~1 pm) within the cloud layer
was previously determined from polarimetry observa-
tions in the early 1970s (Hansen and Hovenier 1974).
These particles are most likely composed of concentrated
sulfuric acid (Esposito 1984), as deduced from refractive
index measurements. The existence of smaller particles
within and above the clouds with an effective radius of
0.23+£0.04 um and a refractive index of 1.45+0.04 was
suggested from Pioneer Venus Orbiter (PVO) Cloud
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Photopolarimeter measurements at 550 nm (Kawabata
et al. 1980). From PVO Cloud Photopolarimeter obser-
vations, Sato et al. (1996) reported that these haze par-
ticles have an effective radius of 0.25+0.05 um and a
refractive index of 1.435 £ 0.02 in the North Pole region;
in the South Pole region, these haze particles have an
effective radius of 0.2940.02 um and a refractive index
of 1.45+0.02. The haze optical thickness above the
clouds in the polar regions was found to be equal to 0.8
at 365 nm but only 0.06 at low latitudes (Kawabata et al.
1980). In Takagi and Iwagami (2011), the cloud optical
thickness, which includes the optical thickness of the
haze layer, was estimated from data collected by the pre-
vious entry probes, such as the Soviet Venera series; the
haze optical thickness from 70 to 90 km at 920 nm was
found to be 1.0. Vertical extinction profiles were obtained
from data acquired over several wavelengths in the UV
and IR domains with SPICAV/SOIR instruments (Wil-
quet et al. 2009). The extinction values differ according
to different wavelengths. The optical properties of aero-
sols have been inferred from their wavelength depend-
ence. Long-term temporal variations in the haze layer
were investigated using PVO cloud photopolarimeter
observation data (Braak et al. 2002); a gradual decrease
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in the haze particle column density was observed dur-
ing the Pioneer Venus mission. The haze optical thick-
ness was found to be 0.25 in 1978 and 0.1 or less in 1990.
From PVO Cloud Photopolarimeter observation data,
Sato et al. (1996) also showed short-term temporal vari-
ations in the haze optical thickness in the polar regions.
As shown in Belyaev et al. (2008), after a sharp increase
in the SO, abundance between 1967 and 1979, a gradual
decrease in the SO, abundance beginning in 1995 was
observed. Several possible explanations of such varia-
tions were later considered by Mills and Allen (2007).
More recently, another global increase in the SO, abun-
dance between 2004 and 2007 was observed (Belyaev
et al. 2008). Esposito et al. (1988) reported a correlation
coefficient of 0.8 between the SO, abundance and polar
haze optical thickness from PVO Cloud Photopolarim-
eter observations. However, it is still unclear how hazes
are produced and what their composition is.

The haze optical properties up to 90 km were pre-
sented in Wilquet et al. (2009, 2012), who also described
an analysis of spectra from the SOIR instrument, a high-
resolution infrared echelle spectrometer onboard Venus
Express. Wilquet et al. (2012) reported that the aero-
sol extinction coefficient is significantly smaller at high
latitudes (at least by a factor 10) than in the equatorial
region. Wilquet et al. (2009) also showed the existence of
at least two types of particles with radii of ~0.1-0.3 pm
and~0.4-1.0 pm depending on the altitude. On the
other hand, the SO and SO, mixing ratios were shown
to increase with the altitude from 85 to 105 km (Bely-
aev et al. 2012; Mahieux et al. 2015b). These observa-
tions were tentatively explained by the existence of a
still unknown source of SO and SO, at high altitudes.
One possible source could be the photodissociation of
SO;, which results from the evaporation of H,SO, drop-
lets. For example, Zhang et al. (2012) showed important
chemical pathways for sulfur species related to aerosols.
Additionally, it has been speculated that aerosols and
sulfur compounds are connected by condensation and
evaporation (Zhang et al. 2012). However, upper limit
measurements of H,SO, using submillimeter ground-
based observations make this suggestion unlikely (Sandor
et al. 2012). Clearly, what occurs above 90 km is not yet
understood.

Venus Express, the first European mission to Venus,
was intended to provide a global investigation of the
atmosphere and plasma environment above Venus (Sved-
hem et al. 2007). The spacecraft was launched on Novem-
ber 2005 from Baikonur, Kazakhstan, arrived at Venus
on April 2006, and continued operating for more than
8 years. It was inserted in an elliptical orbit; its perigee
was above the North Pole (~ 250 km), and its perigee
was above the South Pole (~ 66,000km). The satellite’s
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orbital period was 24 Earth hours. Several instruments
on the Venus Express spacecraft were able to observe the
Venus atmosphere over a broad range of wavelengths.
VMC images have also been used to infer some results on
hazes via estimates of the slant unit optical depth from
limb determinations at four visible/near-infrared wave-
lengths (Limaye et al. 2015). The Visible and Infrared
Thermal Imaging Spectrometer (VIRTIS-M IR) (de Kok
et al. 2011) and Spectroscopy for the Investigation of the
Characteristics of the Atmosphere of Venus/Solar Occul-
tation at InfraRed (SPICAV/SOIR) (Wilquet et al. 2009)
instruments were able to investigate the upper haze layer
above the clouds on the night side. The aim of this study
is to examine the haze optical properties above that alti-
tude by analyzing SOIR data to understand the processes
at play at such high altitudes.

Description of the observations
The SOIR instrument
SOIR, one of the three channels of the SPICAV/SOIR
instrument (Bertaux et al. 2007) onboard Venus Express,
is a compact and high-resolution IR echelle grating
spectrometer working at high diffraction orders (simply
called orders hereafter) between 101 and 194 (Nevejans
et al. 2006). More details on the instrument can be found
in Nevejans et al. (2006), Mahieux et al. (2008, 2009) and
Vandaele et al. (2013); only a summary is given here. The
SOIR instrument operates in the IR domain [2.2-4.3 pm
(2200 cm 14400 cm™1)], and its spectral resolution var-
ies between 0.1 and 0.19cm ™. The free spectral range
is equal to 24cm™!. An acousto-optical tunable filter
(AOTF) was placed beyond the optical entrance of the
instrument to select the echelle diffraction orders to be
measured during an occultation, and it was designed to
have a full width at half maximum (EWHM) of 24 cm™L.
Four orders are recorded simultaneously during an
occultation. The detector pixels are summed on board
in the spatial direction to form two bins; this means that
the spectral resolution is lowered by a factor of two by
binning. The vertical resolution varies between 200
and 700 m when measuring at high northern latitudes
and between 2 and 5 km in the Southern Hemisphere
(Mahieux et al. 2010). The observed spectra at north-
ern latitudes have a high vertical resolution compared to
those observed at southern latitudes due to the elliptical
orbit of the satellite with its perigee above the North Pole.
SOIR always operated in solar occultation mode, i.e.,
the instrument’s line of sight (LOS) was pointed towards
the Sun. Figure 1 shows the geometry of a solar occul-
tation observation. Solar occultation is a technique in
which the spectra are obtained by dividing the spectra
measured while looking at the Sun through the Venus
atmosphere by an exoatmospheric reference spectrum
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Fig. 1 Geometry of solar occultation measurements and the analysis method in this study (modified from Fig. 4 of Vandaele et al. 2008). In the
ingress case depicted here, the instrument is taking a measurement every second. The tangent altitude hy,; defines the layers in the atmosphere. In
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Fig. 2 Example of observed transmittances (Dec. 03, 2007, order 147,
orbit 591, latitude 9°S, longitude 209°) above an altitude of 95 km.
These wavelengths are selected to visualize the observed spectra.
The observed transmittances above 122 km are almost unity, because
the solar light is not yet being absorbed by the atmosphere. At
altitudes lower than 122 km, the standard deviation on the observed
transmittance is small enough to isolate an individual observed
transmittance

(Vandaele et al. 2008, 2013) (ex. Fig. 2). The tangent alti-
tude of each measurement is defined as the minimum
distance between the surface of Venus and the instru-
ment line of sight. As Vex/SOIR moved along its orbit,

successive tangent altitudes were defined. SOIR acquired
observations either at sunset or at sunrise on a 1-s time
cycle. The instrument probed the Venus atmosphere at
the terminator, which is a unique region, since it repre-
sents the boundary between the dark and illuminated
sides of the planet. The local solar time of each obser-
vation was always 6 AM or 6 PM, because the evening
occultation occurred when the Sun was setting (as seen
from SOIR) and the morning occultation occurred when
the Sun was rising.

SOIR transmittance

At the beginning of an occultation, the solar light path
does not traverse the Venus atmosphere. SOIR starts
recording solar spectra at the outer region of the atmos-
phere to obtain at least 40 spectra and to define the ref-
erence Sun spectra. For tangent altitudes lower than
220 km, the observed transmittances are calculated by
dividing the spectrum recorded at the current time by the
reference Sun spectrum. At lower altitudes, the instru-
ment line of sight penetrates deeper into the atmosphere,
and continuum absorption—over an order width—
occurs due to haze and atmospheric molecules such as
CO,. At the end of an occultation, the signal becomes
zero, because the solar light is completely absorbed by
the clouds and atmospheric species.
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Figure 2 gives an example of the observed transmit-
tances during one occultation (orbit 591.1, Dec. 3, 2007,
order 147, latitude 9°S, longitude 209°). As shown in
Fig. 2, the observed transmittances above 122 km are
almost unity within the noise, because the solar light is
not yet absorbed by the atmosphere. On the other hand,
the difference between the spectra recorded at 121.02 km
and 115.54 km is 0.33%, while the standard deviation
at such altitudes is on the order of 0.04%. The standard
deviation of an observed transmittance is calculated as:

(1)

where 7 is the number of spectra at a particular altitude,
x; represents the observed values, and x is the mean
value of the observations at that altitude. Additionally,
systematic errors, such as those due to pointing errors,
may be canceled out when the spectral ratio is calculated,
because an occultation is basically a relative measure-
ment. The methods used to estimate the pointing drift
and detector sensitivity drift are described in “Appendix”

It is found that the standard deviation of the observed
transmittance is small enough to isolate an individual
observed transmittance regardless of the high altitudes
(above 90 km) of the observations. In this work, we will
work with spectra obtained at altitudes between 70 and
120 km; the effect of molecular spectral absorption has
been removed from these spectra (see “Removal of the
molecular absorption effect” section for details on this
procedure).

Figure 3 and Table 1 show the latitudinal distribution
of all the observations considered in this work. These
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Fig. 3 The latitudes of selected SOIR occultations are plotted as a
function of the VEX orbit number. The corresponding first days of
each Earth year are given at the top of the figure. The dots (@) are
for morning solar occultations, while the crosses (x) are for evening
solar occultations. There is one orbit per Earth day. There are 128
occultations considered in this work. The data cover the period from
2006 to 2010

2000
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Table 1 Latitudinal distribution of the occultations

assuming hemispheric symmetry

Latitude bin Morning Evening
occultations occultations

High lat. 56 32

(60°-90°, Eq. symmetry)

Low lat. 21 15

(0°-60°, Eq. symmetry)

observations are also listed in Table 2 (morning occul-
tations) and Table 3 (evening occultations). The orders
that have no strong CO, absorption bands are consid-
ered, whereas the orders covering the CO, band at 3 um
(orders 152 to 169) and 3.7 um (orders 101 to 110) are
not considered.

Method of analysis

Removal of the molecular absorption effect

The gas transmittance Tg,s due to atmospheric molecules
such as CO,, H,O, HCl, and HF, which have absorption
lines in the orders considered in this work, is removed
from the observed transmittance Tops. Tgas is calculated as:

Tgas = e e, 2)

where g is the total optical thickness due to all species
obtained as:

Tgas = ZI: Ti» (3)

where t; is the optical thickness of species i (i=CO,,
H,0, HCl, and HF), integrated along the full line of sight
(LOS):

T = 0;

n; dS, (4)
LOS

where o; and #; are the absorption cross section and the
number density of species i, respectively. The absorption
cross sections are calculated using a line-by-line method
taking the CO, parameters from the HITEMP database
(Wattson and Rothman 1992) and the other parameters
from the HITRAN 2012 databases (Rothman et al. 2013).
The initial number densities and temperature and pres-
sure profiles are taken from the Venus International
Reference Atmosphere (VIRA) model (Seiff et al. 1985).
Only the absorption lines present in the central order are
considered in the calculation of the synthetic spectra.
As an approximation, we do not consider the diffraction
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Table 2 Morning occultations employed in this study

Central Orbit Day Lat. [deg] Lon. [deg] Central Orbit Day Lat. [deg] Lon. [deg]
wavenumber [dd/mm/yyyy] wavenumber [dd/mm/yyyy]

(em™) (em™)

2738.18 133 1/9/2006 83 218 3344.18 366 22/4/2007 71 228
2738.18 145 13/9/2006 25 273 3344.18 465 30/7/2007 87 231
2738.18 145.2 13/9/2006 59 270 3344.18 467 1/8/2007 86 224
2760.63 133 1/9/2006 83 218 3344.18 479 13/8/2007 77 235
2760.63 145 13/9/2006 25 273 3344.18 484 18/8/2007 70 246
2760.63 1452 13/9/2006 59 270 3344.18 485 19/8/2007 68 249
2917.74 143 11/9/2006 68 262 3344.18 486 20/8/2007 65 251
2917.74 242 19/12/2006 —71 207 3344.18 487 21/8/2007 61 253
2917.74 356 12/4/2007 84 183 3344.18 487.2 21/8/2007 27 250
2917.74 357 13/4/2007 83 189 3344.18 583 25/11/2007 84 163
2917.74 693 14/3/2008 85 194 3344.18 586 28/11/2007 82 177
2917.74 801 30/6/2008 87 86 3344.18 591 3/12/2007 -9 209
2917.74 803 2/7/2008 86 108 3344.18 593 5/12/2007 3 215
2917.74 807 6/7/2008 84 135 3344.18 595 7/12/2007 17 220
2917.74 812 11/7/2008 79 158 3344.18 687 8/3/2008 88 223
2917.74 813 12/7/2008 —24 175 3344.18 688 9/3/2008 87 213
2917.74 815 14/7/2008 76 170 3344.18 689 10/3/2008 87 205
3276.85 137 5/9/2006 79 237 3344.18 690 11/3/2008 87 200
3276.85 141 9/9/2006 —7 262 3344.18 691 12/3/2008 86 197
3299.29 136 4/9/2006 80 233 3344.18 693 14/3/2008 85 194
3299.29 137 5/9/2006 79 237 3344.18 695 16/3/2008 84 194
3299.29 141 9/9/2006 —7 262 3344.18 697 18/3/2008 82 196
3299.29 361 17/4/2007 79 208 3344.18 699 20/3/2008 81 198
3299.29 591 3/12/2007 -9 209 3344.18 703 24/3/2008 77 206
3299.29 593 5/12/2007 3 215 3344.18 705 26/3/2008 74 210
3321.73 137 5/9/2006 79 237 3344.18 706 27/3/2008 73 212
3321.73 255 1/1/2007 78 267 3344.18 709 30/3/2008 67 219
3344.18 137 5/9/2006 79 237 3344.18 710.1 31/3/2008 63 221
3344.18 141 9/9/2006 -7 262 3344.18 710.2 31/3/2008 21 217
3344.18 247 24/12/2006 84 255 3344.18 1139 3/6/2009 -75 91
3344.18 356 12/4/2007 84 183 3344.18 1141 5/6/2009 —67 100
3344.18 357 13/4/2007 83 189 3344.18 1154 18/6/2009 -7 144
3344.18 358 14/4/2007 82 194 3344.18 1252 24/9/2009 -73 95
3344.18 359 15/4/2007 —45 216 3344.18 1254 26/9/2009 —65 98
3344.18 462 27/7/2007 88 255 3344.18 1256 28/9/2009 —57 103
3344.18 361 17/4/2007 79 208 3344.18 1381 31/1/2010 66 131
3344.18 362 18/4/2007 -29 224 397261 812 11/7/2008 79 158
3344.18 363 19/4/2007 76 216 3995.06 699 20/3/2008 81 198
3344.18 365 21/4/2007 -12 233

order addition procedure, because the AOTF bandpass
function is wider than the spectral width of the detector,
implying that more than one diffraction order is meas-
ured by the detector (Mahieux et al. 2012). This approxi-
mation is valid here, since the value of the AOTF transfer
function is negligible in the adjacent orders when com-
pared to the central order since we considered only the

main orders, for which the absorption structures in the
adjacent orders are weak [see Mahieux et al. 2015a (the
paper about the rotational temperature)]. T, is fitted
by adjusting the number density of the gas species and
convolving the absorption cross section by a triangular
filter (0.14cm~! FWHM). An example of Tgas and Tops is
given in Fig. 4 for a typical observation (Sep. 05, 2006,
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Table 3 Evening occultations employed in this study
Central Orbit  Day Lat.[deg] Lon.[deg] Central Orbit  Day Lat.[deg] Lon.[deg]
wavenumber [dd/mm/yyyy] wavenumber [dd/mm/yyyy]
(em™) (em™)
273818 110 9/8/2006 -8 344 334418 442 7/7/2007 78 285
2738.18 m 10/8/2006 72 351 3344.18 445 10/7/2007 81 292
273818 217 24/11/2006 —13 317 334418 458 11/7/2007 87 293
2738.18 219 26/11/2006 79 317 3344.18 667 15/7/2007 78 259
2760.63 110 9/8/2006 -8 344 334418 669 19/2/2008 79 263
2760.63 11 10/8/2006 72 351 334418 671 21/2/2008 81 268
2760.63 217 24/11/2006 —-13 317 3344.18 674 24/2/2008 83 273
2760.63 219 26/11/2006 79 317 334418 675 25/2/2008 83 275
2917.74 124 23/8/2006 88 88 3344.18 677 27/2/2008 84 277
2917.74 211 18/11/2006 70 296 334418 679 29/2/2008 85 277
2917.74 341 28/3/2007 82 348 3344.18 681 2/3/2008 86 274
2917.74 433 28/6/2007 66 262 3344.18 684 5/3/2008 88 257
2917.74 445 10/7/2007 81 292 334418 685 6/3/2008 88 247
3299.29 335 22/3/2007 —16 319 3344.18 686 7/3/2008 88 235
334418 332 19/3/2007 4 310 3344.18 7111 1/4/2008 58 223
3344.18 334 21/3/2007 —10 316 3344.18 1124 19/5/2009 —44 234
3344.18 335 22/3/2007 —16 319 3344.18 1126 21/5/2009 —52 240
334418 341 28/3/2007 82 348 334418 1128 23/5/2009 —60 247
3344.18 345 1/4/2007 86 13 3344.18 1130 25/5/2009 —69 255
334418 347 3/4/2007 87 36 334418 1132 27/5/2009 —77 264
3344.18 349 5/4/2007 88 80 3344.18 1465 25/4/2010 —60 200
3344.18 436.1 1/7/2007 72 270 3344.18 1467 27/4/2010 87 242
334418 436.2 1/7/2007 17 272 334418 1567 5/8/2010 —10 159
3344.18 438 3/7/2007 75 275
Tobs
Wavelength [z m] Thaze = T (5)
2989 2988 2987 2986 2.985 gas
T T T
Toas Retrieval of the haze optical properties
g ! Each solar occultation measurement can be assigned to a
8 specific altitude at the limb. As shown in Fig. 1, the tan-
E gent altitude /1, decreases with time during the occulta-
g 0.99 tion in the case of an ingress. The tangent altitude /g ;
= corresponding to the jth measurement defines an atmos-
pheric shell. The region between two successive meas-

098 1 1 1 1
3345 3346 3347 3348 3349 3350
Wavenumber [cm'1]

Fig. 4 Example of a calculated transmittance (Tqas, black spectrum),
an observed transmittance (Tops, red spectrum), and a residual
transmittance (Th,ze, dotted blue spectrum) measured at an altitude
of 110.3 km corresponding to the observation obtained on Sep. 05,
2006 (order 149, orbit 137.1, latitude 79 N°, longitude 237°). These
wavelengths are selected to visualize the analysis method

order 149, orbit 137, latitude 79 N°, longitude 237°, alti-
tude 110.3 km). Thaze is obtained by dividing Tops by Tgas
at each observed altitude as:

urement altitudes /4 ;1 and /4 ; defines the jth layer (L)).
7j, the horizontal optical thickness corresponding to
layer Lj and all the above-located layers, is defined as:

7 = —In (Thage,) (6)

where Thgye is defined in Eq. (5) for the jth observation path.

Tjin, the horizontal optical thickness of layer L;, is
obtained considering the so-called onion peeling method
and can be written as:

j—1

Tin = Tj — Zdei x ki, (7)
i=1
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where k; is the aerosol extinction coefficient of layer L;
and d; is the horizontal path length in layer L;, which is
outside relative to layer L;.

We define the local extinction coefficient k;, calculated
by dividing 7;,;, by the local length 2 dx;, as:

_ Tin

where the factor 2 comes from the symmetry on both
sides of the tangent point.

The vertical distribution of extinction coefficients is
obtained by repeating the process described above. Figure 5
(top) is an example of the vertical distribution of the extinc-
tion coefficient. The extinction error Ak is estimated as:

AThaze,j
AG = —— ©)
haze,j
j-1 >
Atin= | (A7) + [ Y @dx x Ak) (10)
i=1
Aty

where AThyye) is the standard deviation of Ty, calcu-
lated using Eq. (1), and AT is estimated to be 0.1%,
whereas the average Ak; for all observations is estimated
to be almost 30% at all observation paths. Ak; becomes
much larger than ATp,,e; because of the errors accumu-
lated layer by layer through the sum in Eq. (10).

The vertical optical thickness Tyt is calculated by inte-
grating the extinction vertically as:

Tvert = J kjdz. (12)

The normalized extinction s (in dimensions of the
mixing ratio) is defined as:
ki
i; nco, - S’ (13)
where 1, is the total CO, number density in layer L; and
S is the extinction coefficient cross section. The normal-
ized extinction coefficient is a nondimensional quantity.
The total CO, number density is obtained from previ-
ous studies (Mahieux et al. 2010, 2012, 2015a). S is the
CO, Rayleigh scattering cross section at 3.0 pm, which is
expected to be equal to 1.1 x 107%° [cmz}, extrapolated
from the values in the visible region (in Table 8-2 of Toh-
matsu and Ogawa 1990). Figure 5 (bottom) is an example
of the vertical distribution of the normalized extinction
coefficient. The errors of Tye and m; are estimated as:
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Fig. 5 Example of a vertical profile of extinction coefficients (top
panel) and the corresponding normalized extinction coefficients
(bottom panel) for orbit 137, order 149 (Sep. 05, 2006, latitude 79 N°,
longitude 237°). The average errors are almost 26% for the extinction
coefficient and 42% for the normalized extinction coefficient

j
Atyert = Z(Aki x dz)
i=1

2 2
A — \/( Ak ) .\ (kj.AZCOZ) ,
Hco, * S (Vlcoz) .S
where Anco, is the error on the CO, number density,
which was obtained from previous studies (Mahieux

et al. 2010, 2012, 2015a). The average Am for all observa-
tions is estimated to be 40% for all observations.

(15)

Results

Extinction profiles

The average extinction coefficient profiles are plotted
in Fig. 6 (for the morning and evening sides of the ter-
minator and for high and low latitudes). As shown in
these profiles, we observe that hazes also appear to be
present at altitudes above 90 km. Moreover, the extinc-
tion coefficient profiles show an obvious change in the
slope at ~ 95km. Finally, the extinction coefficients at
low latitudes are larger than those at high latitudes,
and this ratio is smaller than that already reported by
Wilquet et al. (2012). In the 70-90 km altitude region,
the average vertical optical thickness is equal to 0.19
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Fig. 6 Average extinction coefficient profiles for morning
high-latitude (latitude > 60°, black line), evening high-latitude
(latitude > 60°, red line), morning low-latitude (latitude < 60°,
blue line), and evening low-latitude (latitude < 60°, green line)
observations. The average of the variability is 21.5% for the morning
high-latitude observations

and 0.24 for the high- and low-latitude regions, respec-
tively. In the 90-110 km altitude region, the average
vertical optical thickness is equal to 0.005 and 0.015
for the high- and low-latitude regions, respectively.
The mean variability for all the observations is 12%
for the 70-90 km region and 14% for the 90-110 km
region. The optical thickness at low latitudes is larger
than that at high latitudes. However, Kawabata et al.
(1980) showed that the haze optical thickness is larger
at high latitudes than at low latitudes. Braak et al.
(2002) reported a long-term temporal variation in the
haze optical thickness, which decreased by a factor of
0.3 between 1980 and 1992. The high-latitude optical
thickness was relatively large in the recent past.

Normalized extinction coefficients

The average normalized extinction coefficient profiles
are plotted in Fig. 7 (for the morning and evening sides
and for high and low latitudes). A significant increase in
the normalized extinction coefficient with the altitude
is observed above 90 km for both the high- and the low-
latitude regions. The normalized extinction coefficients
for both the morning and the evening occultations at
low latitudes are almost one order of magnitude larger
than those at high latitudes at altitudes above 90 km.

Discussion

In Esposito et al. (1983), the upper haze layer was
observed at altitudes as high as 90 km. Additionally,
the presence of high-altitude haze was inferred from
VMC images and from SPICAV-IR and UV occulta-
tions onboard Venus Express (Limaye et al. 2015; Lug-
inin et al. 2016). We derived the haze optical properties
at altitudes above 90 km with SOIR data. We showed

10 10*  10°  10° 10" 108
Normalized Extinction

Fig. 7 Average of all normalized extinction coefficients for morning
high-latitude (latitude > 60°, black line), evening high-latitude
(latitude > 60°, red line), morning low-latitude (latitude < 60°,

blue line), and evening low-latitude (latitude < 60°, green line)
observations. The average of the variability is 34.3% for the morning
high-latitude observations

that haze is present at such high altitudes and that the
normalized extinction coefficient increases above 90
km at both high and low latitudes. The relationship
between sulfur compounds and haze has already been
discussed by several previous studies (Mills et al. 2007;
Zhang et al. 2012). Recently, observations of SO and
SO, at high altitudes have been reported; for exam-
ple, SOIR detected an increase in the SO, VMR above
85 km at the terminator (Mahieux et al. 2015b). Belyaev
et al. (2012) reported the presence of two layers of SO
and SO,: a lower layer between 65 and 80 km observed
by SOIR and an upper layer between 85 and 105 km
observed by the UV channel of the SPICAV/SOIR
instrument. The mixing ratios of SO and SO, decrease
from 0.2 to 0.02 ppmv between 65 and 80 km and
increase from 0.05 to 2 ppmv between 85 and 105 km.
We postulate that the increases in the SO and SO, mix-
ing ratios between 85 and 105 km and the increase in
the haze extinction coefficient between these altitudes
may be either coincidental or connected. Such a con-
nection does not seem likely between 65 and 80 km.
However, it is still unclear how haze is produced and
of what its composition consists. We speculate that
sources of SO and SO,, such as H,SO, or Sx, are trans-
ported upwards and are then photodissociated.

The following process is proposed to explain the
observed increase in the haze normalized extinction
coefficient at high altitudes (above 90 km):

(1) Sources of haze particles (such as H,SO, or Sy) are
transported upward at a velocity larger than the
sedimentation velocity from the cloud deck.

(2) These transported aerosols either evaporate (in the
case of H,SO,, see Zhang et al. (2012), for example)
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or react with other compounds (sulfur and oxygen
atoms), and SO and SO, will be produced at high
altitudes. For example, Mills and Allen (2007) and
Zhang et al. (2012) proposed detailed formation
schemes starting either from H,SO, or Sy to form
SO and SO,.

(3) Haze can be produced by chemical processes at
such high altitudes through a series of chemical
reactions initiated in particular by the photodissoci-
ation of SO and SO,, as discussed in Mills and Allen
(2007) and Zhang et al. (2012).

(4) The size of the produced haze particles should be
smaller than those of particles transported from
their sources for the following reason.

The extinction coeflicient is defined as:

where o is the extinction cross section and N is the num-
ber density of the scattering material. When the haze
particles become smaller, keeping the haze mass con-
stant, the extinction cross sections decrease, and the
number density becomes larger. For example, when the
particle size is divided by two, the extinction cross sec-
tion becomes four times smaller; on the other hand, the
number density becomes eight times larger. Under these
circumstances, the extinction coefficient becomes larger
when the particles are produced by chemical reactions
than when the sources of haze are transported from
below.

The normalized extinction coefficients can increase
at high altitudes because of the processes proposed
above. Figure 7 shows that the normalized extinc-
tion coefficients at low latitudes are almost one order
of magnitude larger than those at high latitudes. This
can be explained by the fact that haze is produced in
a larger amount at low latitudes than at high latitudes.
From the previous discussion, larger aerosols are likely
transported to these higher altitudes, while smaller
particles are produced there. This explanation could
be verified by numerical models. This hypothesis is
compatible with the measurements of Wilquet et al.
(2009), who demonstrated the existence of at least two
types of particles at high altitudes: mode 1 of mean
radius 0.1=r<0.3 pm and mode 2 of 0.4<r=<1.0 pm.

Conclusions

The optical properties of the upper haze layer at alti-
tudes above 90 km were studied in this work. A signifi-
cant increase in the normalized extinction coefficient
was also observed above 90 km at both high and low
latitudes, which could be linked to the vertical profiles
of SO and SO,. The processes by which the normalized
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extinction coefficient increases were discussed, and
we proposed the following mechanisms to explain our
observations. Aerosols, including sulfur-based com-
pounds, are transported upwards at a velocity larger
than the sedimentation velocity from the cloud deck.
The transported aerosols then evaporate or react to
produce SO and SO, at such high altitudes. At high
altitudes, haze particles are produced by chemical
processes involving SO and SO,. Since the normal-
ized extinction coefficient increases at high altitudes,
we propose that the size of the haze particles that are
produced is smaller than those of transported aerosol
particles. Haze seems to be produced in a larger extent
at low latitudes than at high latitudes, as deduced from
the normalized extinction coefficients that are several
times larger at low latitudes than at high latitudes.
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Appendix

Figure 8 (Vandaele et al. 2013) and Fig. 9 (Trompet
et al. 2016) show examples of the signal obtained during
one solar occultation. These examples correspond to an
egress (Fig. 8) when the tangent altitude increases with
time (sunrise), and an ingress (Fig. 9) when the tangent
altitude decreases with time (sunset). The top panels
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Panel 1: Orbit 0341.1 - Order 130 - Bin 1 - Pixel 160
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(taken from A.C.Vandaele et al. 2013)
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Panel 2: Magnified view of the exoatmospheric signal of the pixel 160

Excatmospheric meas. (S)

Penumbra meas. (F)

Umbra meas. (U)

Raw spectrum (S= § + &5)

Mean raw spectrum (S)

+ Noise (85)
180 200 220 240 260 280 300
Time [s]
Panel 3: Magnified view of the umbra signal of the pixel 160
04
8'005 o — . e s e mrs s g :‘::\__AN--_ s
<

Raw spectrum (U= U + 50)

Mean raw spectrum (U)

+ Noise (5U/)

Fig. 8 Panel 1: Typical evolution through time of the signal (in ADU) on one pixel of the detector during a solar occultation. This example
corresponds to an egress: at the beginning, no light reaches the detector when VEX is in the umbra region (black line); then, the occultation occurs
when VEX is in the penumbra region (red line); finally, the instrument looks directly at the Sun and measures exoatmospheric raw spectra (blue
line). The exoatmosphere and umbra zones used to derive the noise are indicated by the boxes. Panels 2 and 3: Variation of the noise signal around
the mean value of the two zones (exoatmosphere in Panel 2 and umbra region in Panel 3). The standard deviations are shown by the lines in green

of Figs. 8 and 9 show the signal in analog digital units
(ADU) measured on one detector pixel during a solar
occultation. In the case of Fig. 8, the signal can be sepa-
rated into three parts: at the beginning, no light reaches
the SOIR when Venus Express is in the umbra region
(black line); then, the occultation occurs when Venus
Express is in the penumbra region (red line); finally,
the instrument looks directly at the Sun and meas-
ures exoatmospheric raw spectra without atmospheric
absorption (blue line). The middle panel of Fig. 8 and
the bottom panel of Fig. 9 show the process of deter-
mining the signal level in the exoatmosphere. There are
significant changes at 30-50 s (Fig. 8) and at 260-280 s
(Fig. 9). In these cases, the whole exoatmospheric level
is determined with the regression lines for tangent alti-
tudes of 220 km or above (after 130 s in Fig. 8, before
180 s in Fig. 9).

Fluctuations in the level due to pointing drift are shown
in the middle panel of Fig. 8 and in the enlarged figure
in the bottom panel of Fig. 9; in these cases, the raw
spectrum are£+0.1 ADU/108 ADU=20.09% and +0.05
ADU/20 ADU=20.25%, respectively. These values are

on the same level or less than the difference between the
spectra recorded at 121.02 km and 115.54 km (0.33%,
Fig. 2 in this work). That is, observed transmittances
up to 120 km are significant even if pointing drift is
considered.

Fluctuations in the level due to detector sensitivity drift
are not found in Fig. 8 (less than 0.1% per 100 s), but are
found in Fig. 9 as an inclination of the regression line.
The inclination is estimated to be approximately 1% per
100 s in the exoatmosphere and 0.2% per 20 s mainly dur-
ing observations (260-280 s). These values are on the
same level or less than the difference between the spec-
tra recorded at 121.02 km and 115.54 km (0.33%, Fig. 2
in this work). That is, observed transmittances up to
120 km are significant even if detector sensitivity drift is
considered. However, other potential sources (e.g., point-
ing drift) may be included in this study. The above expla-
nation does not evaluate the measurement errors due to
pointing drift and detector sensitivity drift directly. How-
ever, this estimation of measurement errors should be
effective.
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Fig. 9 (A) Separation of the Sun region into different zones for

one detector pixel as a function of the index, i.e, the time after the
beginning of the measurement. Lines corresponding to specific
tangent altitudes are plotted. (B) Plot of the fit over the S region and
extrapolation in the T region. The graph inside shows the residuals of
the fit (taken from Trompet et al. 2016)
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