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Abstract

Retrievals of Venus cloud top altitudes have primarily been performed using measure-
ments of the total flux of sunlight that is reflected by the planet across CO- absorption
bands. Linearly polarized fluxes are known to be more sensitive to the properties of clouds
and overlying hazes than the total flux. Here, we present results of computations of to-
tal and polarized fluxes of reflected sunlight in the wavelength region between 1.4 and
1.5 pm, which covers a strong absorption band of CO5. We perform an analysis of the
sensitivity of the strength and shape of the absorption band in polarization to the ver-
tical distribution of the cloud and hazes particles, i.e. cloud top altitude, and cloud and
haze scale heights, and illumination geometries. We show that the reflected polarization
signal at different locations and thus strengths of the absorption band, can help to re-
trieve more information about the scattering particles in the planetary atmosphere than
the total flux alone can. Spectropolarimetry from a Venus orbiter should provide invalu-
able and independent information into the properties of Venus’s clouds and hazes.

Plain Language Summary

Venus is shrouded by thick clouds with their tops varying slightly depending upon
location on the planet. Measuring the cloud tops and structure is important to under-
stand the physical processes that are at play in Venus’s atmosphere. The cloud tops have
previously been measured through satellite instruments measuring the reflected light from
Venus’s orbit. When light interacts with the atmospheric particles (including cloud par-
ticles), it gets polarized. Here we use computer models to show that the polarization of
reflected light is highly sensitive to the kind of particles it interacts with, in the atmo-
sphere. The dominant carbon-dioxide gas present in Venus’s atmosphere absorbs light
at certain wavelengths. We show that measuring the polarized light at these strong ab-
sorbing wavelengths of light can provide invaluable information about the structure of
the thick cloud layer and the smaller haze particles that are present above the clouds,
but are quite challenging to detect through direct reflection of light.

1 Introduction

Already in the 17th century, Christiaan Huygens suggested that Venus was com-
pletely covered by clouds, because his telescope would not reveal any spatial variabil-
ity across the planet due to surface inhomogeneities. Venus’s extreme pressures and tem-
peratures sustain layers of sulphuric acid clouds (Hansen & Hovenier, 1974) above 50 km
of altitude, spanning a vertical range of 45 to 70 km. The clouds strongly influence Venus’s
radiative balance, and characterizing their structure and micro-physical particle prop-
erties, and the temporal and spatial variations therein is key to understanding the planet’s
evolution and current climate. While the clouds are ubiquitous, observations with ground-
based telescopes, and especially with instruments on dedicated Venus orbiters, such as
NASA’s Pioneer Venus (1978-1992), ESA’s Venus Express or VEx (2006-2014), and JAXA’s
Akatsuki (launched in 2010, in orbit since 2015), have revealed the clouds’ high spatial
and temporal variability (Kawabata et al., 1980; Knollenberg & Hunten, 1980; Ignatiev
et al., 2009; Fedorova et al., 2016).

Our aim in this paper is to investigate the variation of the reflected solar flux F
and in particular the degree of linear polarization P across the COs absorption band around
1.45 pm due to variations in clouds and hazes. Absorption bands of CO5 have been used
for determining Venus’s cloud top altitudes, because CO5 is well-mixed. Ignatiev et al.
(2009) analyzed F' measurements by the VIRTIS-M instrument (Drossart et al., 2007)
on-board ESA’s Venus Express (VEx) orbiter (Svedhem et al., 2009; Titov et al., 2006)
and found that the cloud top altitude is remarkably constant at about 74 4+ 1 km across
most of the planet. Cloud top altitudes (defined at 1.6 pm) decrease poleward of ~50°
latitude, towards 65-68 km in the polar regions (Ignatiev et al., 2009). Fedorova et al.



(2016) derived the cloud top altitudes and the water vapor (H20) column above the clouds
using SPICAV (Bertaux et al., 2007) on the same VEx orbiter, with measurements over

a longer time span. They focused on the 1.346 — 1.5 um wavelength region, that con-

tains both HoO and COs absorption bands. They derived cloud top altitudes at about

70 km for latitudes between 40° S to 40° N, and a sharp decrease down to 62 km with
increasing latitude. Both Ignatiev et al. (2009) and Fedorova et al. (2016) neglected in
their analysis the sub-micron haze particles that are known to be present above the clouds,
up to at least 90 km, since these particles have a negligible effect on the measured re-
flected fluxes at these long wavelengths.

We are especially interested in the degree of polarization P across CO, absorption
bands, because polarimetry is known to be a powerful remote-sensing tool. Hansen and
Hovenier (1974) analyzed disk-integrated polarization measurements of Venus in a num-
ber of spectral bands and over a broad planet phase angle range to derive the compo-
sition (75% H3S0y), effective radius (1.05 pm), and effective variance (0.07) of the droplets
of the upper clouds. The main reason why these cloud parameters could not be derived
from the planet’s phase curve in flux is that the variation of P of the reflected light with
the phase angle is much more sensitive to particle microphysical properties than the flux
is.

The polarization of reflected sunlight across a gaseous absorption band is known
to depend on the composition and vertical structure of a planetary atmosphere. Stam
et al. (1999) computed P of sunlight reflected by or transmitted through the Earth’s at-
mosphere across the Oy A-band (which is centered around 765 nm). For the reflected
light, they found that P in the band not only depends on the fraction of singly scattered
light to multiple scattered light, but also on the vertical distribution of different types
of scatterers. Indeed, with increasing atmospheric absorption optical thickness, the frac-
tion of singly scattered light increases, which usually increases | P|, and the altitude at
which most of the reflected light has been scattered increases, which can either increase
or decrease | P|, depending on the local single scattering matrix.

A high-resolution polarization spectrum of Venus was measured by Forbes and Fy-
mat (1974) using a ground-based Fourier spectropolarimeter. Numerous fine lines in P
across the 1.6 pum COs absorption band are visible in their spectrum. NASA’s Pioneer
Venus mission carried the Orbiter Cloud PhotoPolarimeter (OCPP) (Travis, 1979), with
which the haze above Venus’s main cloud deck was detected, and with which the increase
of the haze optical thickness towards the poles was found. OCPP, however, measured
polarization in a few broad spectral bands. Unfortunately, no space mission targeting
Venus has carried a dedicated spectropolarimeter for measuring P across absorption bands.
While the SPICAV instrument (Korablev et al., 2012) onboard VEx was designed as a
spectrometer, it could (partly) measure polarization because it employed an acousto-optic
tunable filter (AOTF) technique with two channels that were sensitive to perpendicu-
larly polarized fluxes. However, because SPICAV was not explicitly calibrated for such
measurements, the accuracy of its polarization measurements is limited (Korablev et al.,
2012). Rossi et al. (2015) provided a preliminary analysis of SPICAV polarimetric data
and derived cloud particle composition and haze optical thicknesses that agree well with
values derived from other types of data.

The analysis by Rossi et al. (2015) was done at continuum wavelengths. In this pa-
per, we use radiative transfer computations to investigate the behaviour of total and po-
larized fluxes of sunlight reflected by Venus’s atmosphere across near-IR wavelength bands
with strong COs absorption lines, with the focus on the wavelength region from 1.4 to
1.5 pm, where there is a strong variation of absorption line strengths.

The outline of this paper is as follows. In Sect. 2, we provide a description of our
numerical algorithm, including the parameters of the model atmospheres. In Sect. 3, we
show computed reflected fluxes and polarization across the 1.45 ym CO5 absorption band



for different model atmospheres, illumination angles, and spectral resolutions. In Sect. 4,
we discuss the influence of the spectral resolution of an instrument on the information
that spectropolarimetric measurements across this COs absorption band could provide

on the composition and structure of the Venusian atmosphere. And in Sect. 5, we present
our conclusions. To efficiently compute F' and P across the band, we use the correlated
k-distribution method or ck-method (Lacis et al., 1992; Fu & Liou, 1992; Stam et al.,
2000), which is fast but approximating when combined with scattering. In Appendix A,
we present the errors in our computed fluxes and polarization due to using the ck-method.

2 Description of our numerical algorithm
2.1 Definitions of fluxes and polarization

We use Stokes (column) vectors to describe the incident and reflected sunlight (Hansen
& Travis, 1974) as follows

F(A) = [F(A),Q\), UN), VN, (1)

with F' the total flux, @ and U the linearly polarized fluxes, and V the circularly polar-
ized flux, all with dimension W/m? and dependent on the wavelength . We assume the
sunlight that is incident on Venus to be unidirectional and unpolarized (Kemp et al., 1987,
e.g.), such that Fy = Fy[1,0,0,0] = Fyl, with 7Fp the incident flux measured per-
pendicularly to the direction of propagation of the light. Fluxes @ and U of light that

is reflected by a specific location on the planet are defined with respect to the local merid-
ian plane. This plane contains the directions towards the local zenith and the observer.

Because our model atmosphere is horizontally homogeneous (see Sect. 2.3), U will
be zero with respect to the local meridian plane. Furthermore, in our computations, we
ignore V', because it is very small and hardly influences the accuracy of the computa-
tion of the total and linearly polarized fluxes (Stam & Hovenier, 2005; Rossi & Stam,
2018). We thus define the degree of polarization P of the light as

When P > 0 (P < 0), the direction of polarization is perpendicular (parallel) to the
reference plane (i.e. the local meridian plane).

2.2 The radiative transfer algorithm

We compute the sunlight that is reflected by Venus’s atmosphere with an adding-
doubling algorithm (de Haan et al., 1987) that fully includes polarization for all orders
of scattering. The optical properties of the atmospheric layers are described in Sect. 2.3.

Figure 1 shows the illumination and viewing geometries. The local illumination di-
rection is given by 6, the angle between the direction to the sun and the local vertical,
and ¢g, the azimuthal angle of the incident sunlight measured from a given vertical plane.
The local reflection direction, i.e. the light that is received by the observer (e.g. an in-
strument onboard an orbiter), is described by 6, the angle between the direction to the
observer and the local vertical, and ¢, the azimuthal angle of the reflected light. Because
our model atmospheres are rotationally symmetric around the local vertical, only the az-
imuthal angle difference ¢ — ¢¢ is important, and we define it such that ¢ — ¢9 = 0°
(180°) when the propagation directions of the incident sunlight and the reflected light
are in the same (other) half of the local vertical plane. The local phase angle « is the
angle between the directions to the sun and to the observer.
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Figure 1. Geometries of the incident and reflected/observed light: local phase angle «, local

solar zenith angle 0, local reflection angle 6, and local azimuthal difference angle ¢ — ¢o.

2.3 The model atmosphere

The model atmosphere is composed of a stack of horizontally homogeneous layers
that contain CO, gas, and, optionally, cloud or haze particles. It is bounded below by
a black surface (because of the thickness of the atmosphere, the reflected light is virtu-
ally insensitive to the surface reflection properties). Our adding-doubling algorithm (de
Haan et al., 1987) requires for each atmospheric layer: the (average) single scattering ma-
trix, the (average) single scattering albedo, and the total optical thickness. The total op-
tical thickness of an atmospheric layer is the sum of the layer’s scattering and absorp-
tion optical thicknesses bgc, and b,ps as follows

b(A) = bsca(A) + babs(A) = 05ca(A) + blea(A) + Bibs (M) + s (M), (3)

with superscripts 'm’ and ’a’ denoting the gas molecules and the aerosol particles (i.e.
the cloud or haze particles), respectively.

Given a wavelength A, we calculate b3, of atmospheric layer ¢ according to

2473 (n2(A) — 1)2 (6 +3pn(N) Naw [+ p(2)

bealN) = SINZ (2(0) T 22 (6~ Tpu(V) R T(2)

dz, (4)
2z
where Ny, is Loschmidt’s number, n is the refractive index of the gaseous atmosphere,
which we assume to consist entirely of CO3. We assume n = 1.0004 between 1.4 and

1.5 pum (Bideau-Mehu et al., 1973). N,, is Avogadro’s number, and R the universal gas
constant. We use a depolarization factor, p,, of 0.09, which is representative for CO4

(see Hansen & Travis, 1974). Furthermore, p is the ambient pressure, 7' the ambient tem-
perature, and z; and z;41 are the altitudes at the bottom and top of the ith atmospheric
layer, respectively. Figure 2 shows the vertical profiles of p and T for a latitude of 30°,

as taken from the Venus International Reference Atmosphere (VIRA) model (Seiff et al.,
1985). The geometric thickness of the layers is 4 km until an altitude of 40 km, and 1 km
beyond. In total, the model has 71 layers.

m

The gaseous absorption optical thickness, b%} .,

according to

of atmospheric layer i is calculated

Nav Zi+1 p(z) 0_1’[1
R . T(Z) abs
where o is the gaseous absorption cross-section (in cm™2) at the ambient pressure and
temperature and the given wavelength, which we calculate using absorption line strengths
from the HITRAN 2016 database (Gordon et al., 2017). Fig. 3 shows the atmospheric
absorption optical thickness (b}, summed for all layers) across the wavelength region
of our interest. For comparison, the atmosphere’s gaseous scattering optical thickness

has also been included.

abs(A) =

abs

(A, 2)dz, (5)
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Figure 2. The pressure (solid line) and temperature (dashed line) profiles across our Venus
model atmosphere (Seiff et al., 1985), with the horizontal lines showing the geometrical thick-

nesses of the layers, i.e. 4 km below and 1 km above 40 km altitude.

We use the correlated k-distribution method (the ’ck-method’) (Lacis & Oinas, 1991;
Fu & Liou, 1992; Stam et al., 2000), for efficient computations of the flux and polariza-
tion across the COs absorption band for different spectral instrument response functions,
such as that of the SPICAV instrument (Korablev et al., 2012). In the ck-method, strongly
wavelength dependent absorption cross-sections are redistributed according to their strength
over the spectral region under consideration, such that the integrated flux and polariza-
tion signals over that spectral region can be computed with only a few abscissae instead
of with numerous line-by-line computations resolving the line spectrum.

A key assumption in the ck-method is that the absorption line strengths are cor-
related in the spectral domain. In particular in the presence of scattering, this assump-
tion leads to errors in the computed reflected fluxes and polarization. These errors will
depend on the vertical variation of the absorption cross-sections, on the spectral region
under consideration (the central wavelength and the shape of the spectral response func-
tion, e.g. the width of a Gaussian response function), and on the vertical distribution
of the scattering particles (Stam et al., 2000).

In Appendix A, we present and discuss the errors due to the assumptions of the
ck-method for the numerical simulations presented in this paper. For our simulations,
the relative errors in the reflected total and polarized fluxes are smaller than about 12 %,
while the absolute errors in the degree of polarization are typically smaller than 1 %. The
largest errors are found in the spectral region between 1.435 and 1.45 pum, where the strongest
lines are.

The aerosol properties

The aerosol optical thickness b* of atmospheric layer ¢ is computed using

bi(A) = o6 (AN, (6)
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Figure 3. Atmospheric gaseous absorption optical thickness (upper solid line), the gaseous
absorption optical thickness of a 2-km thick atmospheric layer around 65 km altitude (lower solid

line), and the atmospheric gaseous scattering optical thickness (dashed line).

with o the aerosol extinction cross—section (in cm?), and N? the aerosol number den-
sity in the layer (in cm™3). The extinction cross-section o2, the single scattering albedo
a®, and the single scattering matrix P* of the cloud and haze particles are computed us-
ing a Mie-algorithm (De Rooij & Van der Stap, 1984). We thus assume spherical and
homogeneous particles. The refractive index for both the cloud and haze particles is set
equal to 1.40 (wavelength independent), which is representative for 75 % sulfuric acid

(H2SOy4) at 1.45 pm (Palmer & Williams, 1975).

We describe the sizes of the cloud and haze particles by log-normal distributions,
with as parameters the modal radius r, and the variance o (Knollenberg & Hunten, 1980).
For the cloud particles, we use the micron-sized ”mode 2” particles, and for the haze par-
ticles, the sub-micron sized "mode 1”7 particles. The cloud particles thus have r; = 1.05 pm
and o = 1.21, and the haze particles, r; = 0.15 pm and ¢ = 1.91 (Fedorova et al., 2016).
The lower cloud region (i.e. below 60 km) should also have particles that are usually re-
ferred to as "mode 3” (Knollenberg & Hunten, 1980) with sizes of ~ 4 pm, but we ne-
glect these particles in our model, as the traces they leave in the reflected light are neg-
ligible.

Figure 4 shows the phase functions (element Pj; of the single scattering matrix P?)
and the degree of linear polarization for unpolarized incident light (i.e. —Pa1/Py1) of the
cloud and the haze particles at A\ = 1.45 um. Single scattering matrix P™ of the CO,
gas is the anisotropic Rayleigh scattering matrix described by Hansen and Travis (1974),
and Py; and —Py1/Py; of this matrix are also shown in Fig. 4. The curves for the cloud
particles have strong angular features because they are large compared to the wavelength.

The single scattering matrix pertaining to an atmospheric layer that contains both
aerosol particles and gas is given by

_ DeeaMP™(A) + 05, (NP (N)
B bsca()\)

P())
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Figure 4. The phase functions (left) and degree of linear polarization (right) for incident un-
polarized light that is singly scattered by the cloud (solid lines) or haze (dashed lines) particles at
A = 1.45 pm, or the CO2 gas (dotted lines). The phase functions have been normalized such that

their average over all scattering directions equals 1.0 (see Hansen & Travis, 1974).

and the single scattering albedo pertaining to this layer by

_ bieaN) + 55a (M)

ey (8)

a(A)

We employ two vertical distributions to investigate the influence of aerosol on the
flux and polarization signals across the COs absorption bands. In the ’slab model’, clouds
and hazes have a constant particle number density Ny (in cm™3) between altitudes zg
and zc,t. While this model provides easy insight in the influence of the cloud and haze
vertical structure on the reflected fluxes and polarization, the scale-height model is more
representative of in-situ and remote-sensing measurements (Knollenberg & Hunten, 1980;
Fedorova et al., 2016). In the ’scale-height model’, a constant vertical particle distribu-
tion Ny is extended from the bottom of the cloud deck, 20, to a threshold altitude zcyt,
above which we use an exponential profile, such that the aerosol number density N (in
ecm™3) in layer i equals

NP = Npexp <—zi _Hzcut> (9)

with H the aerosol scale height (in km) and z; the altitude of the middle of the layer.
Hence, N{* represents the particle number density at the middle of the layer i. An im-
portant parameter in our simulations is the cloud-top altitude zi0p, defined as the alti-
tude at which the total cloud optical thickness (measured from the top of the atmosphere)
reaches 1 and depends on the wavelength. Details about the profile and the relation be-
tween zhot, zeut and ziop are given in Appendix B.

3 Results

Given the strong spectral variations of the gaseous absorption cross—section (see
Fig. 3), the flux F' and degree of polarization P of the sunlight that is reflected by a planet
across a gaseous absorption band will show strong spectral variations too. Observing these
variations would require a very high spectral resolution. An instrument like SPICAV-
IR, for example, has a spectral resolution of ~0.001 pm in its long-wavelength (1.05 -
1.7 pm) spectral region and a broad instrument response (Korablev et al., 2012), which
is not enough to resolve individual lines. To understand flux and/or polarization mea-
surements across gaseous absorption bands, such as those performed by SPICAV-IR, un-
derstanding the underlying high-spectral resolution variations due to the numerous CO,



absorption lines is, however, important. In the following, we will therefore first present
and discuss fluxes and polarization of reflected sunlight as functions of the atmospheric
absorption optical thickness > b% . (Sect. 3.1) and then as functions of the wavelength
given a spectral resolution of 0.001 um (Sect. 3.2), similar to that of SPICAV-IR.

3.1 F and P as functions of the absorption optical thickness

Figure 5 shows the reflected F' and P as functions of the atmospheric absorption
optical thickness > b% .. The vertical distribution of the gaseous absorption is that at
A = 1.425 pum, where, to cover a > b% _ range from zero to 104, we multiply b2 (at
1.425 pm) of each layer with a constant. At these long wavelengths, the total gas scat-
tering optical thickness is ~ 0.38 (see Fig. 3). The cloud and haze optical thicknesses
are 30 and 0.1, respectively, and are modeled as slabs, (H is thus zero for both). The
viewing direction is nadir (§ = 0°) and the solar zenith angle 6 is 30°, 45°, or 60°. An-
gle ¢ — ¢ is undefined and set to 0°.
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Figure 5. Reflected flux F' (left) and degree of polarization P (right) as functions of the at-

mospheric absorption optical thickness > bii,. The viewing direction is nadir (§ = 0°). The
clouds and hazes are of the ’slab model’. Top: An atmosphere with a cloud with * = 30, with
its top at 65 km (solid lines); an atmosphere with a b* = 30 cloud with its top at 65 km, and an
overlying b* = 0.1 haze (dashed lines). The solar zenith angle 6y is 30°. Middle: An atmosphere
with a b* = 30 cloud and an overlying b* = 0.1 haze. The cloud top is at 65 km (dotted lines),
70 km (dashed lines), or 75 km (solid lines). The haze top extends 2 km above the cloud top in

each case. The solar zenith angle is 30°. Bottom: An atmosphere with a b* = 30 cloud with its
top at 65 km, and an overlying ¥* = 0.1 haze with its top at 67 km. The solar zenith angle 0y is
30° (solid lines), 45° (dashed lines), or 60° (dotted lines). When at the largest values of > bl

P suddenly drops to zero, the signal is below the computational accuracy.



T
0.8 (a) == Cloud H 0.05 (b)
0.7 — Cloud + haze [

. Cloud + haze at 75 km |{
== Cloud + haze at 70 km [{ 0.04
0.6 $i e —  Cloud + haze at 65 km [ 0.02

0.8 ()

00 =
102 10T 10° 10t 10 10° 104 102 10T 100 10t 107 10° 10¢

> b > b,

Figure 6. Similar to Fig. 5, except with the cloud and haze particle vertical distribution de-
scribed by a non-zero scale height H. In rows 1-3, H = 4 km, and in row 4, H of the cloud is
varied, while the effective cloud top altitude is at 65 km. The haze scale height is 4 km in all

TOWS.

As can be seen in Fig. 5, increasing ) b7} . decreases F' for all model atmospheres
and illumination angles 6y. The top row shows that adding the haze ever so slightly de-
creases F' as compared to the cloudy atmosphere, probably because it scatters more light
down, into the cloud. As can be seen in the middle row, at these long wavelengths, there
is little gaseous scattering above the cloud and haze, hence the cloud and haze top al-
titude has virtually no effect on F' at small values of ) 0} .. However, in the presence
of absorption, the higher the cloud and haze, the less CO5 gas above it, and the higher
F at a given value of ) b5} .. The bottom row shows that with increasing 0y, F' decreases
at a given value of > b™ = as the incident flux per m? at the top of the atmosphere de-
creases, and as the path-length through the atmosphere increases. In addition, the flux
of light that is singly scattered by the cloud particles decreases with increasing 6y and
thus decreasing single scattering angle (cf. Fig. 4).

An increase in ) b}, can increase or decrease P, as can be seen in the right col-

umn of Fig. 5. The continuum P depends strongly on the single and multiple scatter-
ing polarization of the particles that scatter most of the light (cf. Fig. 4). This explains
the small difference (~ 0.2 %) in the continuum P for the two atmosphere models (top
row) since scattering is primarily by the clouds, and the lack of a difference in the con-
tinuum P for the three different cloud and haze altitudes (middle row). With increas-
ing > b5 ., the amount of multiple scattering decreases, and the altitude where P of the
reflected light is determined, increases. This means that P of the reflected light is in-
creasingly determined by the single scattering properties of the particles at increasing
altitudes. With the cloudy atmosphere, P of the single scattering by the cloud particles

—10—
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Figure 7. High—spectral resolution F' and P of light reflected by an atmosphere with a cloud
and haze, with the cloud top altitude at 65 km, H= 4 km, and 6y = 30°. This is similar to the

slab model atmosphere case in Fig. 8 (solid lines) computed using ck-distribution method.

dominates, while with the cloudy and hazy atmosphere, multiple scattering by cloud par-
ticles with some haze dominates at small values of ) 0} .. At large values of ) b7} ., the
single scattering by the haze particles dominates. Increasing 6y (bottom row), decreases
the single scattering angle and changes P of the singly scattered light accordingly (cf.
Fig. 4), increasing the difference between P singly scattered by the haze particles and

the cloud particles.

Figure 6 is similar to Fig. 5, except here, the clouds and hazes have a non-zero scale
height H. Apart from the plots in the bottom row, H = 4 km. With a non-zero scale-
height, the curves for F' are very similar to those with the slab model case. For P, how-
ever, the change of the polarization with increasing value of )~ b3} . is smoother due to
the presence of cloud and haze particles high up in the atmosphere. The presence of cloud
and haze particles in the high atmospheric layers also influences P at the largest values
of > b¥., as compared to the slab model where these higher layers only contained gaseous
molecules. The bottom row of Fig. 6 shows the effect of changing H while keeping the
cloud top at the same altitude: with increasing H, the higher layers contain more cloud
particles, and the lower layers less. At intermediate values of ) b7 _, the reflected light
has mostly been scattered in those lower layers, and increasing H thus decreases F' and
|P|. At the highest values of > b7, the reflected light has been scattered in the high-
est layers, and increasing H increases F' (this is very hard to see in Fig. 6), and decreases
|P| (as compared to that of light scattered by gaseous molecules).

3.2 F and P as functions of the wavelength

Figure 7 shows computed high spectral resolution spectra (AX ~ 0.002 nm) of
the reflected F' and P. The atmosphere contains both cloud and haze particles, with op-
tical thicknesses of 30 and 0.1, respectively, the cloud and haze scale height H is 4 km
and the cloud top is at 65 km. Solar zenith angle 6, is 30°. The numerous fine lines fol-
lowing the absorption lines of CO4 (cf. Fig. 3) can clearly be seen, with F' decreasing with
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Figure 8. Reflected flux F (left) and P (right) as functions of A for the same atmosphere

models and solar zenith angles as in Fig. 5.

increasing ) b .. With increasing absorption, P becomes more negative (it thus increases
in absolute value), while for the largest values of > b% ., P changes from negative to pos-

itive, and shows sharp peaks.

While our simulations above show that very high-spectral resolution measurements
of I and especially P could provide valuable information on the vertical distribution of
clouds and hazes, we next integrate reflected fluxes! across a hypothetical instrumen-
tal spectral response function to show what an instrument with a finite spectral reso-
lution would measure, using a box shaped spectral response function (to avoid introduc-
ing too many free parameters) with a width of 0.001 pm.

Figure 8 shows F' and P for the model atmospheres (with clouds and hazes mod-
eled as slabs) and 0y as used in Fig. 5. Like in Fig. 5, the curves of F for the atmosphere
with only clouds and the atmosphere with clouds and hazes (top row) are virtually the
same. The haze does influence P across the band: while with only a cloud, P in the deep-
est part of the band is relatively large and negative due to the scattering by the cloud
particles, the haze particles decrease |P| as they add positively polarized singly scattered
light (cf. Fig. 4).

Increasing the cloud top altitude (middle row) strongly decreases F inside the band
as less COs is located above the cloud. Because with increasing cloud top, there are more
cloud particles in higher atmospheric layers, P becomes slightly more negative, due to
the single scattering polarization signature of the cloud particles. And for the highest
cloud and haze, the band structure seems to disappear because of the strongly decreased

1 We integrate F, @, and U, and compute P from the integrated fluxes.
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amount of CO2 above the scattering particles. Increasing the solar zenith angle 6y (bot-
tom row) decreases F' in the continuum and across the band, but only slightly in the deep-
est part of the band. Increasing 0y changes the continuum P from negative (parallel to
the reference plane) to positive (perpendicular to the plane), and strongly increases P
inside the absorption band, as more light is scattered by the gas above the clouds over

a single scattering angle that decreases from 150° (6y = 30°) to 120° (6y = 60°).

Figure 9 shows F' and P across the same spectral region with the same spectral re-
sponse function, except for the scale-height atmosphere models. While the overall be-
haviour of F' across the band is similar to that with the slab model cloud and haze (Fig. 8),
the more extended vertical distribution of the cloud and haze particles strongly influ-
ences the width of the band in F' (second row). Increasing the scale height H (bottom
row) slight deepens the band in F' due to more absorption by gas above the cloud. The
behaviour of P for the scale-height models is also similar to that for the slab models, ex-
cept that the presence of haze and cloud particle higher up into the atmosphere influ-
ences P across a wider range of absorption optical thicknesses, leaving stronger features
across the band.

——- only cloud
— Cloud + haze

1.40 1.42 1.44 1.46 1.48 1.50 .40 1.42 1.44 1.46 1.48 1.50

Wavelength (um)

~0024{(d)

—=-Cloud + haze at 70 km -0.06
—— Cloud + haze at 65 km

1.40 1.42 1.44 1.46 1.48 1.50

140 1.42 1.44 1.46 1.48 1.50 1.40 1.42 1.44 1.46 1.48 1.50
Wavelength (um) Wavelength (um)

0.0
1.40 142 144 1.46 1.48 1.50 1.40 142 144 1.46 1.48 1.50
Wavelength (um) Wavelength (um)

Figure 9. Similar to Fig. 8, except for the scale height models. All models have ziop = 65 km,

except second row.

Changes in the scale height of the haze layer appear to have negligible effects on
both F' and P. Changing this scale height between 2 and 6 km while keeping the cloud
top altitude and scale height constant, led to changes less than 0.5% in both F' and P
at least for haze optical thicknesses of 0.1 to 0.8. To investigate the effect of bcioug On
F and P, we changed b.jouq from 30 to 40 by adding cloud particles to the lower part
of the cloud. This appeared to have a negligible effect on F' and P inside the absorption
band, as expected, because for F', bcoug is already in the convergence regime, while P
inside the band is primarily determined by the upper cloud and haze particle properties.
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4 The influence of the spectral response function

The determination of the composition, structure, and variability of Venus’s cloud
and haze layers is important for understanding the physical processes that sustain them
and the planet’s current climate. Determining the cloud top altitude using only total flux
measurements across COs absorption bands has limitations such as having to assume
the scale height of the cloud layer. Constraining the properties of the overlaying haze
layer, such as its optical thickness and particle properties, from total flux measurements
is difficult because the haze optical thickness is small.
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Figure 10. Scatter plot of P versus F for all the scale-height model atmospheres in three
spectral intervals covering the absorption band (see the subplot): the continuum in blue, the
deepest part of the band in black, an intermediate part of the band in green. The filled markers
indicate model atmospheres with only clouds and the open markers model atmospheres with

clouds and a haze layer with b* = 0.1.

Figure 10 shows our computed values for F' and P in three different parts of the
absorption band for different model atmospheres. The figure clearly shows that P in the
deepest part of the band is more sensitive to the presence of haze (open symbols) than
F is: adding haze to a cloudy model atmosphere changes P while keeping F' more or less
constant. Polarimetry across an absorption band would thus help to retrieve informa-
tion about the hazes. It helps here that in the wavelength range and scattering angle range
considered, the single scattering polarization of the cloud particles is negative while that
of the haze particles is positive, similar to Rayleigh scatterers.

However, the effect of the haze on P is strongest in the deepest part of the band,
where F' is very small, potentially leading to very small signal to noise ratios. Another
important issue would be the instrumental spectral resolution. In Fig. 10, the box-shaped
response function has a width of 1 nm. The effect of a different width is shown in Fig. 11.
Indeed, increasing the width, decreases the depth of the absorption band both in F' and
in P, severely limiting the possibilities for retrieving haze properties or atmospheric ver-
tical structure. A low-noise, high-spectral resolution instrument would thus be needed
to fully use P across an absorption band.
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Figure 11. Similar to Fig. 10, except for different widths of a box-shaped instrumental re-
sponse function: 1 nm (light grey circle), 5 nm (dark grey triangle), and 20 nm (box). Each given
type of symbol is used for all the model atmospheres detailed in Fig. 10.

5 Conclusions

We have presented numerical simulations of the flux F' and degree of (linear) po-
larization P of light reflected locally by the atmosphere of Venus, in the wavelength range
between 1.4 - 1.5 pm which contains a strong COs absorption band.

The cloud top altitude has a strong influence on both F' and P within the absorp-
tion band. This added information contained in the degree of polarization of the reflected
light can be used to remove the existing degeneracy between the effects of cloud top and
scale heights as our results show that polarization adds to the information provided by
total flux. This could lead to a possible retrieval of both the cloud top and scale height
parameters. Similar case studies for Earth have been performed in the past which use
both flux and degree of polarization to narrow down the degeneracy’s inherent in cer-
tain parameter retrievals (see Mishchenko and Travis (1997) for details).

The haze on top of the clouds has a negligible impact on F', but does influence P.
Our simulations show that haze layers with b* greater than 0.1 causes a change of more
than 2 % for illumination geometries > 30°. This signal in polarization increases with
increasing solar zenith angle (in nadir viewing angle) due to the single scattering prop-
erties of the haze particles. Such variability is well within the detectable range of an in-
strument such as SPICAV (Rossi et al., 2015).

Our simulations show a significant effect of the vertical distribution of cloud and
haze particles on P, and less on F'. This sensitivity of P is due to the underlying differ-
ences in the amount of scattering (single or multiple) in the atmosphere and the depen-
dence of P on the local single scattering properties of the cloud and haze particles. Spec-
tropolarimetry would thus provide additional information on the vertical distribution of
aerosol, as compared to only total flux measurements.
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The spectral resolution of measurements of F' and especially P across a gaseous
absorption band strongly determines the band strength and information content: the higher
the resolution, the stronger the features and the more information.

In our simulations, we have assumed a log-normal particle size distribution, follow-
ing in-situ measurements by the Pioneer Venus LCPS (Kunollenberg & Hunten, 1980).
Variations in particle size and vertical distribution will influence P of the reflected light.
The influence of the spatial variability of sulphuric-acid concentration (Cottini et al., 2012)
and therefore the variability of the refractive index, which is assumed to be constant in
our models, on P across the absorption band, is another parameter that would be in-
teresting to investigate.

We will use the knowledge gained from the study presented here to perform retrievals
using existing data as measured by SPICAV on Venus Express (Fedorova et al., 2016;
Rossi et al., 2015; Korablev et al., 2012) with the aim to improve upon Venus cloud top
altitudes, cloud scale heights, and haze properties as derived from other data sets with
other methods.
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Figure Al. Top: CO; absorption cross-sections at three pressure levels as functions of the

wavelength. Bottom: the corresponding sorted cross-sections on a cumulative distribution scale.

Appendix A The accuracy of the correlated k-distribution method ap-
plied to Venus’s CO, bands

In this paper, we use the correlated k-distribution method (ck-method), for the com-
putations of reflected sunlight across CO2 absorption bands (Lacis & Oinas, 1991; Stam
et al., 2000). In this method, the highly wavelength dependent absorption cross-sections
(0abs) across a given spectral interval (see Fig. Al top) are re-arranged based on their
strength, resulting in a relatively smooth function (see Fig. A1 bottom) that describes
the same variation in absorption cross-sections as the original absorption cross-section
spectrum, but that can be represented with far less radiative transfer computations than
the original spectrum. Because the spectral information about the absorption cross-sections
is lost in this process, the ck-method assumes that these cross-sections are correlated in
wavelength space, which is not necessarily the case due to the dependence of absorption
cross-section spectra on the ambient pressure and temperature (see Fig. Al). We have
analyzed the errors in our computed fluxes and polarization due to using the ck-method
by comparing them with fluxes and polarization computed using line-by-line computa-
tions, following the analysis by Stam et al. (2000) for sunlight reflected by Earth, except
for Venus.

For the comparison of line-by-line results with ck-method results, we use a spec-
tral resolution of 1 nm and a box-shaped response function. We thus convolve the com-
puted high-spectral resolution line-by-line total and polarized fluxes with the response
function, and apply the ck-method to the same, 1 nm wide spectral bins, using Gauss-
Legendre integration for each bin, with 20 Gaussian abscissae. The errors also depend
on the number of Gaussian abscissae and for this ’slab’ model case, we found that there
was not a significant improvement with an increase in abscissae. Fig. A2 shows exam-
ples of computed total fluxes F' and degrees of polarization P. The bottom row of this
figure shows the errors in F' and P defined as by Stam et al. (2000), i.e.

AF = (Fa— Fin)/Fin (A1)

AP = +/(Px— Pmn)?. (A2)
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We find that with the ck-method, F' is higher, and P is larger than with the line-by-line
method. The errors increase with increasing 6y and are observing geometry dependent,

as can be seen in bottom row of Fig. A2 where the errors increase slightly for 60°. For

0o lower than 60°, relative error is lower than 12 % in flux and absolute error smaller than
0.1 % in polarization. The errors also depend on the vertical distribution. For an atmo-
sphere with scale height, the absolute errors in polarization increase to ~ 3 %. This is
because of the higher amount of scattering in the upper atmospheric layers, which leads
to larger errors as compared to the slab model due to the correlation assumption.

To investigate the errors, we plot the o for a few sample atmospheric layers at
A = 1.4453 pm showing significant errors. Fig. A3 shows a 1 nm width bin for three at-
mospheric layers in the regions containing clouds. It is evident that a substantial amount
of absorption lines are uncorrelated in the spectral domain, due to which the scattering
effects in these layers are not well represented by ck-distribution approximation. Finally
we note that despite these errors in the absorption bands due to high scattering by cloud
and haze, our interpretation of the results do not change. To assess whether this method
can be used during retrievals of cloud and haze parameters, we intend to elaborate on
the error sources further in the future.
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Figure A2. The flux F' and degree of polarization P as computed using the line-by-line
method, before and after convolution with the instrument response function, and the ck-method
(top row). For these computations, §p = 30° and & = 0°. Errors due to using the ck-method
(bottom row) for # = 0° and 6y = 30° or 60°. The atmosphere is a ’slab’ model with a cloud top
at 65 km and haze with optical thickness 0.1.

Appendix B Aerosol vertical distribution

Here, we outline our computation method of the number densities of aerosol (cloud
or haze) particles in the atmospheric layers. Figure B1 shows an example of an aerosol
vertical distribution with both a cloud and a haze. In the bottom part of the cloud, start-
ing at altitude zy0¢, the particle number density is constant. Above altitude zcyy, it de-
creases exponentially with scale height H, until 76 km, above which, there are no cloud
particles. The altitude of the cloud top, zip, is defined as the altitude where the cloud
optical thickness equals 1 measured from the top of the atmosphere (see below). The par-
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ticle number density of the haze is chosen to decrease exponentially from the bottom up-
wards.

The aerosol number density, N, in a given atmospheric layer, is equal to kext/0ext,
where keyt is the (wavelength dependent) extinction coefficient in the layer, and oext the
(wavelength dependent) extinction cross-section of the aerosol. According to Fedorova
et al. (2016), kext = 2 km~! in the bottom part of the clouds and across the wavelength
region between 1.4 and 1.5 pm. For a log-normal size distribution for the spherical cloud
particles, with 7, = 1.05 pm and o = 1.21 and a refractive index of 1.400, we then find
Oext = 18.889 - 1078 cm?, and N* = Ny = 108 cm ™2 in the bottom part of the clouds,
thus between 2,0t and zeyt.

Above altitude z.,¢, the particle number density in layer 4, with altitude z; in the
middle of the layer, is then given by

Zi~Zcut

N{ = Noexp™~ H | (B1)

with H the scale height (e.g. in km), the value of which we choose ourselves, based on
the literature. We also choose the cloud top altitude, ziop, based on the literature. In
order to determine N in a layer, we have to determine z.y, for which we can use the
following equation: -

z—z
/ o0Np exp(—th) dz =1, (B2)

Ztop

with "1’ the cloud optical thickness. From this equation, it follows that
Zeut = Ztop — H In(0oNoH) (B3)

In the equation above, we implicitly assume that ziop falls above zcyc. Whether this as-
sumption holds, depends on H. For our cases, it holds for H between 2 and 6 km. The
bottom altitude of the cloud, zpet, is determined from the total optical thickness of the
cloud, which we take as 30. In our case, zp0; = 47 km.

The haze layer (see Fig. B1) is located above the cloud layer and extends up to 96
km. The haze particle number density is computed using Eq. B1, assuming a log-normal
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Figure B1. A sample vertical distribution of cloud and haze particles expressed in their num-
ber density N® (cm™?). Both the cloud and the haze have a scale height H of 4 km. The optical
thicknesses of the cloud and the haze are 30 and 0.1, respectively. The various altitudes zop,

Zeut, and zpot are explained in the text.

size distribution with o9 = 0.161 - 1078 c¢cm? (this is assumed to be wavelength inde-
pendent). For a given value of H, Ny is chosen such that the total haze optical thick-
ness equals 0.1.
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