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ARTICLE INFO ABSTRACT

Keywords: The VenSpec-U spectrometer onboard EnVision will be dedicated to the study of Venus’ upper atmosphere,
Instrumentation with four main science goals: monitoring the sulfured species SO, and SO, the UV absorber, and performing
Modeling observations of the cloud-top with a high spatial resolution thanks to a pushbroom observation strategy. In
Venus

this article, we study the imaging capabilities of the instrument, as part of the global performance assessments
undertaken to estimate the compliance of the current design with the science requirements. This work involves
a combination of models to simulate the whole acquisition process, from the observed scene at the cloud-top
of Venus, to the consideration of the instrument’s behavior inducing degradation of the images and spectra:
outputs of a Large Eddy Simulation model are used to compute maps of atmospheric parameters related
to VenSpec-U’s science goals; a radiative transfer model (RTM), initially developed for the SPICAV/Venus
Express data analysis and adapted for VenSpec-U, translates these parameters into spectral radiance maps; and
a newly developed instrument forward model simulates the optics and detector effects as well as onboard data
processing steps. By modifying the maps of RTM parameters, we assess contrast limits below which the small-
scale variations of the atmospheric properties can no longer be retrieved accurately. We then evaluate these
thresholds under various conditions, including different latitudes, spacecraft altitudes, and spatial samplings.
These detection limits appear in accordance with the expected performance.

1. Introduction

Various dynamical processes are observable in the UV range at the
cloud-top of Venus, including large planetary-scale contrasts as well
as small-scale features. Such small-scale observations as well as the
monitoring of the atmospheric variability on a planetary scale have
previously been performed by the VMC/Venus Express (Markiewicz
et al., 2007) and UVI/Akatsuki (Yamazaki et al., 2018) imagers. At low
latitudes, mottled patterns with spatial extents down to a few tens of km
have been observed, resulting from the convection caused by solar heat-
ing. Toward higher latitudes, the patterns become streakier, following
the laminar flows of these regions (Titov et al., 2012). These patterns
were identified as gravity waves, with wavelengths ranging from 3 to
21 km (Piccialli et al., 2014). The presence of some of these waves near
high surface elevations indicates a possible orographic origin. However,
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convective instabilities in the lower atmosphere as well as Kelvin—
Helmholtz instabilities are also potential causes of waves (Peralta et al.,
2008; Tellmann et al., 2012; Lefévre et al., 2017). As these small-scale
processes can influence the energy transport mechanisms and distri-
bution of chemical species, studying them across a wide wavelength
range would help identify whether the observed patterns reflect vertical
variations of the cloud-top causing shadows, or variations in the spatial
distribution of the species present in the cloud layer. This would allow a
more comprehensive understanding of the interactions between Venus’
atmospheric dynamics and chemistry.

The investigation of the coupling processes between the atmo-
spheric dynamics and chemistry, enabled by these high spatial reso-
lution observations, are encompassed in the “Climate” science theme
of the future EnVision mission (Widemann et al., 2023). Through this
topic, the mission aims to explain the high variability of the atmosphere
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and to explore its possible causes, whether they arise from external
forcing like volcanism or are internal to the atmosphere. Among En-
Vision’s payload, that will provide a global overview of the planet, the
UV channel of the VenSpec suite (Helbert et al., 2019), VenSpec-U, will
be dedicated to the cloud-top atmosphere and study its composition
and dynamical properties. Its science goals will include in particular
the observation of small-scale features at the cloud-top.

In the context of the instrument’s ongoing development, that in-
volves general performance assessments to estimate the compliance
between the currently planned design and the science requirements, the
imaging capabilities of the instrument should be studied. This article
presents the methodology implemented for this purpose: a combination
of several models is used to simulate the process of images formation
and data acquisition by VenSpec-U, coupled to an inversion algorithm
that allows ultimately the estimation of the quality of the retrieval
of the targeted atmospheric properties. After summarizing the instru-
ment’s concept and science goals in Section 2, Section 3 presents the
method used to simulate the scenes that could be observed, which
consist in spectral maps of Venus’ cloud-top. Section 4 then describes
the instrument model that simulates the various instrumental effects
impacting the acquisitions, and Section 5 presents the inversion process
allowing the retrieval of VenSpec-U’s key scientific products. Finally,
the performance of the instrument in terms of detection of small-scale
atmospheric features is evaluated in Section 6.

2. The VenSpec-U spectral imager

The UV spectral imager VenSpec-U has already been extensively
described in previous Refs. Lustrement et al. (2024), Conan et al. (2024)
and Marcq et al. (2021). For the reader’s convenience, its main goals
and characteristics are briefly summarized hereafter.

2.1. Scientific objectives

VenSpec-U aims to characterize the spatial and temporal variability
of sulfured gases, regarding in particular sulfur dioxide (SO,) and
the product of its photochemical dissociation, sulfur monoxide (SO),
by monitoring their column densities above the clouds. The sulfur
chemistry can be investigated through the simultaneous and collo-
cated assessment of SO, column above the cloud-top and the SO/SO,
columnar abundance ratio. We also aim to monitor the “unknown
UV absorber”, in order to study its chemical nature and relationship
with the sulfur cycle. Lastly, taking advantage of the low polar orbit
of EnVision (with an inclination between 87 and 89°, and altitudes
ranging from 220 to 510 km, resulting in an orbital period of 94 min),
observations at high spatial resolution will be performed in order
to observe the small-scale dynamical features at cloud-top level, in
particular gravity waves and convection cells, so that coupling be-
tween atmospheric chemistry and dynamics can be better modeled and
understood.

2.2. Operations and instrumental design

To perform such measurements, the instrument will operate on
the dayside of Venus using a pushbroom strategy in a nadir or near-
nadir geometry, and will observe the UV solar light backscattered
by the clouds. Radiance factor of Venus’ atmosphere f(1) will then
be estimated using the measured radiance I(A) and the knowledge
of the incoming solar spectral irradiance Fg(4): f(4) = %X(;’;r The
knowledge of the solar irradiance is therefore necessary %o derive
Venus’ radiance factor and should be provided by external estimations,
either measured by a dedicated instrument, or modeled. A reference
spectra derived from SOLAR-SOLSPEC data (Meftah et al., 2018) is here
considered.
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The instrument is composed of two channels, with a similar design
(Fig. 1) but dedicated to different science goals. The LR (Low Resolu-
tion) channel will operate in the 190-380 nm wavelength range with
a spectral resolution of 2-5 nm. It will cover the common absorption
bands of SO and SO, centered on 220 nm as well as the broad absorp-
tion band of the UV absorber expected around 365 nm, and will allow
observations of the cloud-top at a high spatial resolution, namely with
samplings from 3 to 5 km. The HR (High Resolution) channel will oper-
ate on a narrower wavelength range, between 205 and 235 nm with a
targeted spectral resolution of 0.3 nm, which will allow the distinction
of SO and SO, absorption lines and thus the separate determination of
the abundance of these two species. The spatial sampling will however
be coarser, ranging from 12 to 24 km, primarily for keeping a high
enough signal-to-noise ratio. Each channel will consist of an entrance
baffle to limit external straylight, a two-lenses objective including a
stop diaphragm, a slit delimiting the instantaneous 20° wide transverse
field of view, followed by a wavelength short-pass filter and a spherical
holographic grating. Images of both channel will be formed onto a
common CMOS backside-illuminated detector whose temperature will
be controlled by a Peltier cooler.

3. Simulations of the Venusian cloud-top atmosphere at a high
spatial resolution

In order to generate the images that would be provided by VenSpec-
U, scenes observable by the instrument at Venus’ cloud-top must first
be modeled.

3.1. Turbulent modeling of the cloud-top

The Large-Eddy Simulation (LES) mode from the Venus WRF Plan-
etary Climate Model described by Lefevre et al. (2024) is used to
provide mesoscale simulations of the abundance of the main chemical
species present in the cloud convective layer. The simulated areas
extends over 50 km x 50 km with a 400 m sampling (about ten times
more resolved than VenSpec-U’s expected best-case spatial resolution)
and altitudes ranging from the surface to 100 km (extending below
and above the altitude sensitivity range of VenSpec-U centered on
65-75 km). Two typical scenes will be considered, both at noon: one
located at the equator where the atmosphere is convectively unstable
at the cloud-top due to strong local solar heating (Markiewicz et al.,
2007; Titov et al., 2012), and another at a latitude of 75° where it
remains stable due to the weaker insolation (Leféevre et al., 2024).
While the first location represents optimal illumination conditions, the
second scene will allow the estimation of a worst case in terms of
performance, which are only guaranteed for solar zenith angles below
70°. The simulated observations last from 7.1 to 7.5 s considering the
spacecraft respectively at periapsis and apoapsis. Over these durations,
the atmospheric temporal variability is neglected, and these maps are
considered as time-independent.

3.2. Input parameters of the radiative transfer model

The outputs of the mesoscale model shown in Fig. 2 are next
converted into input parameters for a radiative transfer model (RTM),
based on the pseudo-spherical version of the DISORT code and de-
scribed in more detail in Conan et al. (2024). This model is used to
generate radiance factor spectra depending on the composition and
structure of the atmosphere as well as the observation geometry, using
input parameters corresponding to the key parameters targeted by the
science goals of VenSpec-U, namely:

1. the SO, abundance through its mixing ratio at an altitude of
70 km;

2. the UV absorber abundance, parameterized as the imaginary part
of the refractive index at 250 nm of the mode 1 particles of the
distribution described by Luginin et al. (2016);
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Fig. 1. VenSpec-U’s optical design, showing the two-lenses objectives (1), the slits (2), the filters (3), the gratings (4) and the detector (5).

Source: From Lustrement et al. (2024).
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Fig. 2. Sample maps of volume mixing ratios at 70 km altitude simulated by the LES model for the species used to derive the RTM parameters (see Section 3.2):
SO, (left), SO (center) and the condensed phase of H,SO, (right); at the equator (top row) and 75° latitude (bottom row) at noon.

3. the cloud-top altitude, parameterized as a vertical shift of the
vertical profiles for mode 1 and mode 2 particles given by
Luginin et al. (2016);

4. the SO/SO, columnar abundance ratio.

Some of these parameters, such as the SO, abundance and the
S0/SO, abundance ratio, are direct outputs from the LES model. The
cloud-top altitude is computed as described in Lefévre et al. (2024),
using the vertically integrated abundance of the condensed phase of
sulfuric acid provided by the LES model, since it is defined as the
altitude where optical depth due to the aerosols at a wavelength of
250 nm is equal to one. The UV absorber cannot however be modeled
by the LES because of its unknown chemical nature, and the associated

RTM parameter must be assumed. It is therefore derived from the map
of the spatial distribution of SO, as the scales of their spatial variations
are considered similar — this is a reasonable assumption since their
variations are likely caused by the same dynamical processes, i.e. ver-
tical mixing through convection. The 2D spatial Fourier transform
of the SO, map is then used, and a random phase is introduced in
order to tune the correlation between these two compounds. A fully
random phase scramble yields a null correlation, which is a reason-
able, agnostic choice regarding the nature of the UV absorber. This
parameter tending toward +1 would indicate either a total correlation
or anti-correlation, which could be further investigated depending on
the chemical properties of the UV absorber. The simulations described
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Fig. 3. Maps of input angles for the radiative transfer model, at the equator and local noon, considering the spacecraft at periapsis.
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Fig. 4. Maps of input angles for the radiative transfer model, at 75° latitude and local noon, considering the spacecraft at periapsis.

in the following sections were performed with both a null and an exact
anti-correlation between the SO, and UV absorber. However, it did not
seem to impact significantly the results of the simulations, as shown in
the examples given in the supplementary materials (Figs. A.30 to A.33).
Consequently, only the simulations that consider a null correlation will
be shown in the rest of the paper.

The maps are also adjusted to match the spatial extent of the field
of view at the cloud-top, depending in particular on the spacecraft
altitude. They are therefore either cropped or extended periodically so
that no boundary effects appear in the next steps of the simulations. The
observation geometry is described with three angles in the 1D pseudo-
spherical RTM: the solar zenith angle (SZA), the emission angle, and
the phase angle. These parameters are computed for each point of the
maps, assuming a nadir pointing configuration over the center of the
maps and considering that one of the spatial axis is provided by the
orbital scrolling (Figs. 3 and 4).

Multiple scattering in the atmosphere causes the backscattered light
to spread, which introduce an intrinsic blur on the observable features
and consequently limit the achievable spatial resolution. External stud-
ies performed using a 3D Monte Carlo radiative transfer model (He
et al.,, 2026) allowed the determination of the spatial extent of this
blur depending on the type of atmospheric component, whether it
concerns the gaseous species or the clouds and haze droplets. In order
to represent this effect, that VenSpec-U’s DISORT-based 1D RTM cannot
account for, a Gaussian blur is introduced on the maps of parameters,
whose extent depends on the type of atmospheric component, based on
the Jacobians shown in the supplementary materials (Fig. A.22): the
FWHM is set respectively at 5, 10 and 7.5 km for the UV absorber,
gaseous species, and clouds.

Since the output values of the LES model do not necessarily match
previous quantitative measurements, the simulated values were ad-
justed by shifting the medians to correspond to expected values de-
rived from the SPICAV-UV/Venus Express dataset representative of
the low and high latitudes. SPICAV-UV was the UV channel of a
three-spectrometers set, and operated in the 110-320 nm range with
a spectral resolution of 1.5 nm (Bertaux et al., 2007). It performed
observations in both nadir viewing and stellar occultation modes and
allowed the investigation of the atmospheric composition, including

vertical profiles and variability above the cloud-top. At the equator, ex-
pected values correspond to 20 ppbv, 72.95 km, and 0.03 respectively
for the SO, mixing ratio at 70 km, cloud-top altitude and imaginary
refractive index representing the UV absorber. At 75° latitude, they cor-
respond to 6.5 ppbv, 64.95 km and 0.009 respectively. As the spectral
resolution of SPICAV-UV did not allow the separate measurement of
SO and SO, abundances, a median of 10% for the SO/SO, abundance
ratio was considered at both latitudes, in accordance with the interval
estimated by Jessup et al. (2015). The resulting maps of parameters
are presented respectively in Figs. 5 and 6, at the equator and at
75° latitude. The modification of the contrasts of these atmospheric
patterns before the processing by the instrument forward model then
allows a precise assessment of the instrument’ sensitivity, as presented
in Section 6.

Vertical volume mixing ratio profiles f(z) of SO, and SO are param-

eterized as: f5o,(2) = f50,(70 km) - exp <%) capped at 150 ppm,

and fgo(z) = % - fs0,(z) capped at 1 ppm. The particulate

number densities of mod% 1_31915(1k£_az1er0sols droplets are assumed to
%T) and n,(z) = 500 - n,(z) capped
at 2 - 10% particles/m3. The radiative transfer model also includes the
contribution of carbonyl sulfide (OCS), following a fixed vertical profile

from Haus et al. (2015).

follow: n,(z) = 108 - exp

3.3. Data cube generation

Once the maps of the input parameters of the RTM are determined,
a radiance factor spectrum is generated in each point with a spectral
resolution of 0.1 nm, which is higher than the targeted resolutions of
2 nm for the LR channel and 0.3 nm for the HR channel. It therefore
results in a data cube with one spectral dimension and 2 spatial
dimensions, one corresponding to the field of view defined by the long-
axis of the slit (referred to as “along-slit” or “across-track”), and the
other corresponding to the orbital scrolling axis (referred to as “across-
slit” or “along-track”). To reduce the computation time, spectra are
interpolated from a lookup table generated with the actual RTM, where
the solar zenith angle is considered constant over the maps, and the
phase angle is either equal to the emission angle for the equator scene,
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Fig. 5. Maps of input parameters for the radiative transfer model, at the equator and local noon. The typically 10 km across convection cells are clearly visible
with updrafts leading to elevated cloud-top altitudes as well as enhanced SO, mixing ratio values, and conversely reduced SO/SO, ratios.
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Fig. 6. Maps of input parameters for the radiative transfer model, at 75° latitude and local noon. The spatial variability is caused by gravity waves (spatial
wavelength of several tens of km) rather than convection cells as near the equator.

or equal to the SZA for the 75° latitude scene, both being reasonable
approximations considering the angles’ values shown in Figs. 3 and 4.

These radiance factors are then converted into radiance in order
to consider the instrument’s actual measurements, as mentioned in
Section 2.2. A solar irradiance spectrum derived from SOLAR/SOLSPEC
observations and matching this spectral resolution (Meftah et al., 2018)
is here used.

4. Instrument forward model

The instrumental effects impacting the produced images are then
modeled, by representing successively the influence of the main ele-
ments composing the instrument. The model produces independently
the LR and HR images from a same scene, using a similar process but
different parameters, such as the characteristics of the components or
the targeted spectral and spatial samplings from which the acquisition
configurations are derived.

4.1. Optical model

The efficiency of the components of the optical chain, namely the
lenses, filters, gratings, and the window covering the detector, are first
applied to the radiance data cube. The blurring effects in the along-
track direction are then taken into account (Fig. 7). They are due to a
combination of the motion blur caused by the orbital scrolling during
the integration time, as well as the intrinsic blur introduced by the
entrance objectives and width of the slit, modeled as Point Spread
Functions (PSFs) that vary with the wavelengths and position in the
20° field of view delimited by the long-axis of the slit. The integration
time is determined by the desired spatial sampling, and depends on the
speed of the spacecraft relative to the clouds. The orbital speed range
from 6.96 to 7.28 km/s, leading to relative speeds between 0.85 and
2.71°/s in the instrument’s reference frame, considering the spacecraft
at apoapsis and periapsis respectively. This total integration time can
however be divided into multiple shorter time steps according to the
stacking configuration, as detailed in Section 4.3.

These blurred spectral maps are next translated into successive
frames, as seen by the detector. After sampling the maps in the along-
track direction with a step corresponding to the chosen integration
time, radiometric effects are taken into account to determine the

amount of photons arriving on each pixel of the detector, including
for instance the signal density variations due to the dispersion by the
gratings. The quantum efficiency (QE) of the detector is then applied to
generate maps of the electrons distribution in the focal plane. The QE
is considered at this stage instead of in the following detector model,
to allow a precise consideration of its spectral dependency. At this
point, the maps are still defined on a regular wavelength grid, but
the next step of the model places the spectra on the detector plane,
corresponding to the physical pixels. After that, only estimations of the
wavelength associated to a pixel can be made. The QE is therefore
applied before this fine scale spectral information is lost. After the
spectra are positioned on the detector, a second stage of PSFs, modeled
beforehand through dedicated raytracing optical analyses and varying
with the wavelength and the position in the field of view, is applied to
the projections of the images on the focal plane.

Straylight is also considered, including ghost images and internal
scattering (Fig. 8). The first ones are due to multiple reflections between
the surfaces close to the focal plane, namely the front and back surfaces
of the detector’ window as well as the detector’s surface, and appear as
secondary spots with an efficiency loss due to the multiple crossings
of the window. Secondly, the amount of scattered light is taken into
account through the Total Integrated Scatter (TIS), estimated at 10%
with the same extent in the vertical and horizontal directions. No
variations with respect to the wavelength or position in the field of
view are considered at this stage.

Poisson shot noise is finally added, using the mean number of
electrons expected on each pixel of the images as parameters for the
distributions.

4.2. Detector

The effects linked to the detector are next simulated, based on the
detector’s characteristics acquired by the manufacturer Teledyne, at
LATMOS or at The Open University. Photo-response non-uniformity
(PRNU) and dark signal are first added. The latter is composed of
a constant offset (expressed in electrons) and an integration time-
and temperature-dependent component (expressed in electrons/sec-
ond) that doubles every +5.5°C. The various coefficients of the ex-
pression of the dark signal are derived for each pixel from dark maps
acquired at various integration times.

T -T;
DarkSignal = DarkOffset + ThermalDark Signal(T,)) - IntegrationTime - exp ( 7937 IZ )
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where T is the detector’s temperature, here set at —25°C, and Tj, is a
reference temperature.

The response of the pixels is next applied to translate the theoret-
ical amount of incident electrons into the actual number of electrons
collected by each pixel of the detector. It includes non linearity effect
as well as pixels’ saturation. The modulation transfer function of the
detector is then taken into account and random readout noise is added,
before the electrons maps are converted into numerical units. Finally,
the data are clipped to the maximum value representable by the 14-bit
analog to digital converter (ADC).

4.3. Onboard data processing

Lastly, some onboard processing steps are simulated, starting with
the binning of pixels into “macropixels”, whose size is derived from
the targeted spectral and spatial samplings. More advanced process
involving intermediate binning steps and corrections are foreseen in the
actual instrument in order to minimize various types of errors, due for
instance to the quantization or defective pixels, but are however not
included in the model yet, as adjustments on the algorithms are still
being made. The planned process will include dark frame and row offset
subtraction, and 3-by-3 median binning step to remove the influence of
defective pixels, before the binning into macropixels of the targeted size
derived from the spectral and spatial samplings. Variance stabilization
will also be applied before quantization and compression in order to
reduce the noise and fixed patterns.

In order to avoid pixel saturation, the total integration time needed
to reach the correct spatial sampling can be subdivided so that multiple
frames of shorter integration times are stacked together. This effect
mostly occurs with the LR channel for wavelengths between 300 and
350 nm where the albedo of Venus is comparatively high and the Sun
much brighter than at shorter wavelengths.
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5. Inversion model

Maps of the atmospheric RTM parameters must then be retrieved
in order to be compared to the initial values provided to the forward
RTM for the generation of the data cube (Section 3.3). In the scope
of this study, a simple inversion process with minimal corrections of
instrumental effects is implemented, to estimate their impact on the
quality of the images produced by the instrument, and consequently on
the accuracy of the observed atmospheric spatial variations. As it relies
on a direct conversion between the numerical units and the radiance
for each bin, this inverse model is not an exact inversion of each step
of the forward version. Therefore, the retrieved spectra still contains
some perturbations, in addition to the binning step that induces a loss
of spatial and spectral resolution.

5.1. Simulated radiometric calibration

The simulated images must first be converted from numerical units
back to radiance. A conversion factor is estimated by simulating an
in-flight calibration, which will rely on Sun observations with two
different components to reduce the high intensity of the Sun compared
to Venus: a pinhole or a diffuser. As the diffuser configuration is the
closest from Venus’ observations configuration, covering the whole
field of view by spreading the incident light, the same instrumental
model is used. The observed scene is then modeled using a high
resolution solar irradiance spectra (Meftah et al., 2018) and taking into
account the Bidirectional Transmittance Distribution Function (BTDF)
of the diffuser as well as its wavelength and angular dependence in
order to generate a radiance scene. The BTDF of the diffuser is consid-
ered homogeneous over the whole field of view and its transmission
was set around 60%, with a +5% variation between 190 and 380 nm.
These characteristics were determined based on typical UV diffusers
but should however be updated in the future depending on the selected
component.
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Fig. 9. Example of maps obtained at different stages of a simulation for the LR channel with a 3 km sampling: input radiance (left), measured signal (center),
and retrieved radiance (right). The artifacts visible in the measured signal appear to be corrected by the inversion process, resulting in an output radiance map

that resembles the input of the simulation.

As the Sun’s images resulting from the instrument forward model
are associated to a known radiance level, a conversion factor can be
estimated. These simulations are run with a similar binning scheme as
for the Venus observation, in order for them to be comparable with a
minimal algorithm.

Because the dark offset is not negligible and would induce a signif-
icant deformation of the retrieved spectra towards the shorter wave-
lengths, an average dark signal is removed from the simulated images
beforehand. Dark frames are then simulated by excluding the optical
effects from the instrumental model, using the same integration time,
binning and stacking configurations as the Sun or Venus simulations.

The images simulated for the Venus observation case can therefore
be converted back to radiance, and as a second step, to radiance factor
using a solar spectrum. This latter could be different than the one used
for the simulation of the Sun observation case, since the purpose of
the solar calibration is not to accurately measure the solar spectral
irradiance.

Examples of maps recomposed from the simulated images are pre-
sented in Fig. 9. The retrieved radiance is generally higher than the
initial because the inversion process approximates the forward model
with a linear conversion factor between the output signal and the input
radiance, whereas non-linearity occurs mostly toward low signal levels
and saturation. As the conversion factor was here determined using
high signal levels, the retrieved radiance in areas with lower signal
levels tends to be overestimated.

5.2. Fitting strategy

The inverse radiative transfer model is next used to retrieve the
atmospheric parameters corresponding to each spectrum. It merely
consists in a version of the forward RTM (Section 3.2) coupled to
a Levenberg-Marquardt optimization scheme (Newville et al., 2020)
minimizing the residual between the synthetic observations and the for-
ward RTM divided by the estimated error level. This latter is the ratio
between a typical unbiased radiance factor spectrum corresponding to
the considered observation conditions, in this case a SZA of zero, and
the expected signal-to-noise ratio in order to represent the noise profile.

The SO, mixing ratio and UV absorber imaginary refractive index
are left free in the fitting algorithm for both channels, whereas the
cloud-top altitude and the SO/SO, abundance ratio are estimated with
only one channel, respectively LR and HR. The remaining unfitted
parameter, the SZA and phase angles are considered constant over the
maps, and the emission angle depends on the position in the field of
view.

6. Estimation of detection thresholds

After the inversion of each radiance factor spectra by the inverse
RTM, the maps of parameters can be reassembled and compared to

the initial maps, derived from the LES model (Section 3). A schematic
overview of the whole simulation method is presented in Fig. 10.

6.1. Threshold determination and simulation cases

The minimal amplitude of the spatial variations of each targeted
atmospheric parameter allowing them to be retrieved through the
instrumental effects is then assessed. To do so, the input of the in-
strumental model is modified by generating various maps of RTM
parameters whose contrasts have been either stretched or reduced.
The rescaled maps are therefore obtained so that: In(map,escaeq) =
a-In(map;y;,) + b for the SO, mixing ratio, imaginary refractive index of
mode 1 aerosol droplets, and SO/SO, abundance ratio; or map,escated =
a - map;,;; + b for the cloud-top altitude; where a is a coefficient
used to modify the contrasts, and b is a shift applied to maintain the
median value at the value derived from SPICAV-UV observations (see
Section 3.2). For the SO, mixing ratio, imaginary refractive index, and
S0O/S0, abundance ratio, the relative contrasts are expressed relatively

3c|In(mapjp; )]
median|In(map;y, )|
is simply defined as: contrast = 3¢ [mapinit]. Table 1 displays the range
of contrasts explored in the simulations.

Contrasts of the maps are modified for one parameter at a time.
The spectra associated to these new maps are then processed with the
instrumental model before being inverted with the fitting algorithm,
following the method described in the previous sections. The similarity
between the initial and retrieved maps is evaluated for each parameter
in order to estimate the minimal contrast level detectable by the
instrument.

Besides the two scenes shown in Section 3 located at the equator or
at a latitude of 75°, two spacecraft altitudes are considered, either at
the 220 km periapsis or at the 510 km apoapsis (Figs. A.23 to A.28
showing the parameters and results of the apoapsis simulations are
presented in the supplementary materials). With the LR channel, for
which the high resolution observation is one of the science objective,
the spatial sampling will be considered both at the goal and the
requirement, which are respectively 3 and 5 km. For the HR channel,
only the goal spatial sampling of 12 km will be considered, as the
required 24 km would not allow the estimation of a relevant correlation
because too few pixels would be available along the field of view.

as: contrast = . For the cloud-top altitude the contrast

6.2. Similarity assessment

In order to estimate the similarity between the two sets of maps,
the initial ones are averaged so that they match the sampling of the
output of the instrumental model in both the along-track and along-slit
directions. The degree of similarity is estimated through the Pearson
correlation coefficient, and a correlation level under which the maps
cannot be considered similar enough to fulfill VenSpec-U science ob-
jectives is defined. To estimate empirically what a given correlation
value represents in terms of map similarity, degraded maps resulting
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Fig. 10. Overview of the simulation loop. The “Simulation branch” is based on the forward versions of the models (RTM and IFM) and simulates raw images
from the assumed atmospheric parameters and observation geometry. The “Retrieval branch” uses the inverse versions of the models to retrieve successively the

radiance factors and atmospheric parameters.

Table 1

Contrasts ranges considered for each parameter. The amplitude is here the difference between the maximum and minimum values
of the maps. Contrasts variations of the cloud-top altitude and SO/SO, abundance ratio are studied only with the LR and HR

channel respectively.

SO, mixing ratio
index of mode

Imaginary refractive

Cloud-top altitude
1

aerosols particles

SO/SO, abundance ratio

Equator, noon

Median value 20.0 ppbv 0.03

IR Contrast 0.41%-20.29% 0.11%-10.67%
Amplitude 0.512-22.672 ppbv 0.0002-0.0173

HR Contrast 0.41%-6.49% 0.11%-8.54%
Amplitude 0.512-7.787 ppbv 0.0002-0.0138

72.95 km
0.08-3.44 km
0.124-5.393 km

0.1

1.92%-24.96%
0.0072-0.1074

75° latitude, noon

Median value 6.5 ppbv 0.009
IR Contrast 0.41%-9.48% 0.04%-6.15%
Amplitude 0.235-5.822 ppbv 0.0-0.0047
HR Contrast 0.01%-6.77% 0.77%-15.38%
Amplitude 0.003-4.06 ppbv 0.0006-0.0119

64.95 km
0.06-2.52 km
0.087-3.904 km

0.1

0.21%-27.92%
0.0007-0.099

€ Reference map Pearson R = 0.926
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Fig. 11. Comparison between simulated maps with decreasing contrasts and a reference map to determine the targeted correlation levels.
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Fig. 12. Evolution of the correlation between the initial and retrieved maps of the four atmospheric parameters targeted by VenSpec-U, for a scene located at
the equator observed from the periapsis: SO, mixing ratio (top left), UV absorber imaginary refractive index (top right), cloud-top altitude (bottom left), SO/SO,
abundance ratio (bottom right). The plain and dashed black curves show the correlations respectively for LR and HR channels. The orange and green horizontal
dotted lines represent the targeted correlation levels, respectively 0.7 (acceptable) and 0.9 (good). The goals in terms of imaging capabilities are achieved when
the acceptable correlation level (0.7) is exceeded with contrasts lower than the required precision (vertical dotted black line).

from several simulations, in which various contrasts were applied at
the start, have been compared to the reference input map (Fig. 11). A
high level of similarity is considered to be obtained for a correlation
coefficient of 0.9, but a correlation above 0.7 is still considered accept-
able, as the main spatial features remain discernible. Another set of
maps, where random Gaussian noise is added to a binned reference map
instead of running the simulation with modified contrasts, is shown in
supplementary material (Fig. A.29) to help estimate visually the link
between correlation coefficients and map similarity.

6.3. Discussion

The evolution of the correlation between the initial and retrieved
maps is shown in Figs. 12 and 13 respectively for the equator at
periapsis and 75° latitude at apoapsis, using the goal spatial samplings
of 3 km for the LR channel and 12 km for the HR channel. The error
bars are the standard deviation of correlations computed between the
reference input map and random maps of the considered parameter.
The latter are generated by randomly sampling a parameter value for
each pixel, from a Gaussian distribution with a mean equal to the fitted
value and a standard deviation equal to the uncertainty of the fitting.
The resulting thresholds for the other tested configurations are listed
in Table 2, where they are compared to the precision requirements
defined for the SO, and SO/SO, retrievals, set respectively at 20%
and 25% (EnVision Red Book, ESA, 2023). Satisfactory correlations are
achieved for values lower than the requirements for SO, and SO/SO,,
with substantial margins in all tested configurations. This is also the
case at a latitude of 75°, despite the fact that this location lies outside

the instrument’s nominal coverage limit of 70° solar zenith angles,
resulting in lower illumination and signal-to-noise ratios.

The correlation seems to be slightly better for the periapsis simula-
tions than for the apoapsis. This is expected since the spatial features
appear larger when observed from the periapsis, thus covering a larger
number of macropixels and improving the correlation statistics. The in-
crease of the spatial sampling, studied with the LR channel simulations,
also tends to improve the resulting correlation between the initial and
retrieved maps of parameters, as the targeted correlation levels of 0.7
or 0.9 are reached with lower contrasts of the initial maps. The longer
integration time indeed allows to reach higher signal-to-noise ratios.

Example of maps simulated with contrasts yielding a 0.9 correlation
are shown in Figs. 14 and 15 for a scene at the equator observed from
the periapsis using the goal samplings, which are respectively 3 and
12 km for the LR and HR channels. Example of radiance factor spectra
are also presented in Fig. 16 for this scene. The retrieved maps are
very close to the initial ones, as all parameters are set at their detection
thresholds in the same simulation, contrary to the previous tests where
only one parameter was modified at a time. The differences observed
between the initial values and the retrievals were not addressed in
this study, as it was focused on the observability of spatial patterns.
With the LR channel, the retrieved values of all parameters are over-
estimated, which leads to a radiance factor level slightly lower than
the expected spectrum (Fig. 16). With the HR channel, the SO/SO,
abundance ratio is retrieved accurately, but the fitting process seems
to compensate the darkening effects of SO, and the UV absorber by
overestimating the former and underestimating the latter. This should
be further investigated in the future.
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Fig. 13. Evolution of the correlation between the initial and retrieved maps of the four atmospheric parameters targeted by VenSpec-U, for a scene located at
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Fig. 14. Comparison between initial (top) and retrieved maps (bottom) of the three atmospheric parameters targeted by the LR channel, for a scene located at
the equator observed from the periapsis: SO, mixing ratio (left), UV absorber imaginary refractive index (center), cloud-top altitude (right).
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Fig. 15. Comparison between initial (top) and retrieved maps (bottom) of the three atmospheric parameters targeted by the HR channel, for a scene located at
the equator observed from the periapsis: SO, mixing ratio (left), UV absorber imaginary refractive index (center), SO/SO, abundance ratio (right).

Table 2

Contrasts thresholds for the four targeted parameters yielding a 0.7 correlation. Green text indicates that contrasts equivalent to

the precision requirement result in a correlation level of 0.9. Black text corresponds to the absence of a defined requirement, in
articular for the UV absorber and cloud-top altitude retrievals.

LR channel HR channel
RTM parameter Sampling 3 km 5 km 12 km
Scene
Equator PERI 4.8 3.1 3.4
. . Equator APO 10.6 5.2 4.6
0,
S0, mixing ratio [%] 75° latitude PERI 3.0 1.3 1.4
75° latitude APO 3.4 1.1 2.4
Equator PERI 1.6 1.4 2.4
Imaginary refractive index of | Equator APO 1.9 1.6 5.2
mode 1 aerosols particles [%] 75° latitude PERI 1.6 0.7 3.4
75° latitude APO 3.3 0.7 7.2
Equator PERI 0.9 0.5 Not fitted
. Equator APO 2.1 0.7
Cloud-top altitude [km] 75° latitude PERI 0.5 0.2
75° latitude APO 0.9 0.3
Equator PERI Not fitted 11.8
. Equator APO 9.3
0,
S0/S0, abundance ratio [%] 75° latitude PERI 10.4
75° latitude APO 11.7
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Fig. 17. Initial, noised and fitted radiance factor spectra corresponding to the top left pixels of the maps shown in Figs. A.27 and A.28, for a scene at 75° latitude

observed from the apoapsis.

Under degraded observation conditions, namely at 75° latitude (Fig.
17), the signal level is lower due to the high solar zenith angle and
the noise is comparatively high at short wavelengths despite the dark
removal in the inversion. As the signal-to-noise ratio is taken into
account in the fitting algorithm, the retrieved spectra remain close to
the expected ones.

6.4. Systematic errors, dispersion and spatial frequency distributions

Additional statistics were analyzed. Differences between the medi-
ans and standard deviations of the retrieved maps of RTM parameters
and the initial maps averaged at the same sampling, are shown for all
simulations in Figs. 18 and 19 for the LR and HR channels respectively.
The differences observed in the median values are not related to the
contrast of the maps, which suggests that these errors originate from
the current inversion process. The over- and-underestimations of the
retrieved parameters are consistent with the maps shown in Figs. 14,
15, A.27 and A.28. On the other hand, the standard deviations of
the retrieved maps are higher than those of the input maps with low
contrasts, but this trend is reversed toward high contrasts, where the
retrieved maps exhibit lower standard deviations than the input maps.
As small contrasts lead to noisier retrieved maps, higher contrasts
conversely result in a reduced dispersion.

12

Evolution of the spatial frequencies distributions between the initial
and retrieved maps have also been studied. These distributions are
computed as the radial average of the 2D spatial Fourier transform of
each map. Figs. 20 and 21 show the spatial frequencies distributions for
the retrieval of the SO, mixing ratio in two simulation configurations.
For simulations with low contrasts, high frequencies are amplified in
the retrieved maps, which reflects the increased noise. With higher
contrasts, the distributions of the retrieved maps get closer to the
expected ones. Similar behaviors are observed for all parameters and
simulation configurations.

7. Conclusion

One of the science goals of the VenSpec-U instrument onboard
EnVision will be to perform observations of the Venusian cloud-top at
high spatial resolution, in order to observe the small-scale dynamical
processes such as gravity waves and convection cells that extend over
a few kilometers. The method implemented for the assessment of the
instruments’ performance for observing these features was presented.
To that end, maps of parameters of the radiative transfer model used
to generate radiance factor spectra from the atmospheric properties
that VenSpec-U aims to measure were derived from cloud-top maps
of chemical species modeled by a Large Eddy Simulation, in order to
generate a spectral radiance data cube associated to an observed scene.
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Fig. 21. Power spectra of the Fourier transform of the retrieved and initial maps of SO, mixing ratio, for a scene located at 75° latitude and the spacecraft
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An instrument forward model has been developed in order to simulate
how images of these scenes would be impacted by instrumental effects.
A simple inversion process was then used to retrieve the targeted
atmospheric parameters. The modification of the contrasts of the maps
of RTM parameters, before processing them with the instrument and
inversion models, and their comparison with the required precision
allowed the estimation of thresholds enabling these atmospheric fea-
tures to be observed. Simulations were performed with various settings,
including different location of the scene, spacecraft altitude and spatial
samplings, in particular with the LR channel for which these high
resolution observations are more relevant. The instrument is expected
to resolve spatial variations in atmospheric properties with the targeted
samplings of both LR and HR channels under all tested observation
configurations.

This study was performed using the available knowledge about
the current state of the instrument. The models should however be
refined in the future in order to be more representative, including
updated characteristics, additional instrumental effects and more accu-
rate processes. For instance, the 1D radiative transfer model could be
updated to be consistent with other existing RTMs in the IR (VenSpec-
H/EnVision) and UV (UVI/Akatsuki) domains, and include an extension
to the lower cloud, which was found to have a significant impact
on the radiance factor for wavelengths above 320 nm. A 3D Monte-
Carlo model would also allow a better estimation of multiple scattering
effects as well as cast shadows due to the variations in cloud-top
altitude at high solar zenith angles. The instrument forward model
could be completed with additional detector effects, such as the quan-
tum yield, row offsets and lag. More representative data processing
algorithms, including onboard dark subtraction and the intermediate
median binning step, and the planned inversion pipeline should also
be used for future studies. The performance is consequently expected to
improve with these algorithms, which will include various corrections
of instrumental effects. A simulation loop including VenSpec-U’s ra-
diative transfer model, instrument forward model and their respective
inverse versions, will then allow the improvement of the study of the
performance and sensitivity of the instrument, as well as those of the

Planetary and Space Science 283 (2026) 106344

CRediT authorship contribution statement

Lucile Conan: Writing — original draft, Visualization, Validation,
Software, Methodology, Investigation, Formal analysis, Data curation.
Emmanuel Marcq: Writing — review & editing, Supervision, Method-
ology, Funding acquisition, Conceptualization. Benjamin Lustrement:
Writing — review & editing, Supervision. Maxence Lefévre: Software,
Methodology, Conceptualization. Nicolas Rouanet: Validation, Super-
vision, Methodology. Baptiste Leduc: Methodology. Abraham Diaz
Damian: Methodology. Lucio Baggio: Validation, Methodology, Con-
ceptualization. Sandrine Bertran: Project administration. Séverine
Robert: Project administration. Océane Barraud: Project administra-
tion. Giulia Alemanno: Project administration.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

LC acknowledges support by a doctoral grant from Centre National
d’Etudes Spatiales (CNES) and from DIM (Domaine d’Intérét Majeur)
ORIGINES labeled by the fle-de-France region (funding grant IDF-DIM-
ORIGINES-2022-1-03). EM, BL, NR, SB acknowledge CNES and ESA
(European Space Agency) funding for all activities related to VenSpec-U
and EnVision. ML acknowledges receiving funding from the European
Union’s Horizon Europe research and innovation program under the
Marie Sktodowska-Curie grant agreement 101110489/MuSICA-V.

Appendix. Supplementary materials

A.1. 3D radiative transfer model Jacobians

data processing algorithms and quality of the biases corrections. See Fig. A.22.
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Fig. A.22. Spatial spread of the rays due to multiple scattering estimated by the 3D radiative transfer model, depending on the type of atmospheric compound:

gas (left), haze (center), clouds (right). (Credits: Z. He).
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Fig. A.23. Maps of input angles for the radiative transfer model, at the equator and local noon, considering the spacecraft at apoapsis.
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Fig. A.24. Maps of input angles for the radiative transfer model, at 75° latitude and local noon, considering the spacecraft at apoapsis.
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A.2. Parameters and results of apoapsis simulations
See Figs. A.23-A.28.

A.3. Definition of satisfactory Pearson correlation coefficients
See Fig. A.29.

A.4. Effect of the spatial correlation between SO, and the UV absorber
See Figs. A.30-A.33.
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