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Abstract

Temporal variations in the cloud-top temperature of Venus are essential observable for understanding its atmospheric
dynamics and related phenomena, such as thermal tides and planetary-scale waves. While multiband monitoring

of both phenomena over years could hint at ongoing dynamics, spaceborne observations of Venus over the last
decade are limited to single-band imagery or short timeframe. As a complementary data for the lack of decadal
multiband infrared measurements of Venus, the Japanese meteorological satellites Himawari-8/9 may be utilized
because they have been coincidentally imaging Venus in space adjacent to the Earth’s rim. These images can serve

as a new dataset for both Venus science and instrument calibrations in planetary missions, though they have never
been utilized for such purposes. This study first archived all the Venus images taken by Himawari-8/9 from July 2015
to February 2025 and succeeded in retrieving disk-normalized brightness temperatures and their temporal variation
on day to year scales. The archived data were compared with other observations from the Akatsuki and BepiColombo
missions. Our comparison shows that the long-wave infrared camera (LIR) on Akatsuki has underestimated the infra-
red radiance by 15-17%, which needs to be considered in future LIR data analyses. From comparisons of the observed
temperatures at each local time on Venus, we also found that the retrieved temporal variations contain changes

in the patterns of thermal tides. Particularly at sunrise, the observed brightness temperatures were not constant
between 2015 and 2024, implying variations in the amplitude of diurnal thermal tides. Furthermore, the amplitude

of the 5-day Rossby waves decreased at altitudes of 68 km or higher, as suggested by previous numerical circulation
models. Although retrieval of the Rossby-wave amplitude was successful only in two observation periods, a varia-
tion in altitude dependence was confirmed between 2015 and 2024. These observed temporal variations may be
caused by several factors, including a change in static stability observed in the Himawari-8/9 measurements. These
results demonstrate that meteorological satellites can serve as additional eyes to access the Venusian atmosphere
from space and complement future observations from planetary missions and ground-based telescopes.
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1 Introduction

Venus is an important target among our solar system
bodies to monitor constantly at mid-infrared wave-
lengths because of the temporal variability of its ther-
mal structure. The cloud-top temperature of Venus
exhibits several distinctive structures associated with
its atmospheric dynamics. For instance, the tempera-
ture field displays a solar-fixed pattern known as ther-
mal tides, which are global-scale waves excited by solar
heating. The thermal tides are thought to play a key role
in driving the superrotation of the Venus atmosphere
because their vertical propagation contributes to the
transport of angular momentum (e.g., Fels and Lindzen
1974; Plumb 1975; Hou et al. 1990; Newman and Leovy
1992; Takagi and Matsuda 2007). Numerical studies
show that the structure of thermal tides is highly sen-
sitive to factors such as zonal wind speed and static
stability (e.g., Takagi and Matsuda 2005; Suzuki et al.
2022). Therefore, monitoring the temporal evolution of
thermal tides is essential for understanding the varia-
tions within the Venusian atmosphere. Furthermore,
the Venus atmosphere is known to host planetary-scale
Kelvin and Rossby waves, whose circulation periods are
around 4 days for Kelvin and 5-6 days for Rossby waves
(Rossow et al. 1990; Imai et al. 2019; Nara et al. 2019;
Kajiwara et al. 2021; Lai and Li 2023). These waves have
been the target of previous Venus observations as they
are also expected to contribute to momentum transport
(Del Genio and Rossow 1990; Yamamoto and Tanaka
1997; Imamura et al. 2004; Imamura 2006). The verti-
cal structure of these planetary-scale waves may also be
influenced by factors like the zonal wind speed (Kouy-
ama et al. 2015). Retrieval of altitudinal information
and its temporal variation is crucial for a comprehen-
sive understanding of Venusian atmospheric dynamics.

Despite the importance, the temporal coverage of
Venus’s temperature measurements remains limited
to specific timeframes. While multiple space explora-
tion missions have conducted Venus observations, no
orbiter has continuously monitored Venus for more than
a decade. Spaceborne mid-infrared observations have
been restricted to the durations of several space mis-
sions: the Venera-15 and 16 missions in 1983 (e.g., Oer-
tel et al. 1985), the Pioneer Venus Orbiter from 1978 to
1979 (e.g., Taylor et al. 1980), and the Planet-C/Akatsuki
mission from 2015 (e.g., Nakamura et al. 2016). Only the
Akatsuki mission has been able to achieve a sufficient
long-term observation of the Venus temperature for a
decade, although the communication to the spacecraft is
not established at present due to its attitude issue. Addi-
tionally, ground-based telescopes cannot always moni-
tor Venus temperatures. Because Venus is apparently too
close to the sun at low or high phase angles, observations
from the Earth generally have difficulty in covering all
phase angles (i.e., local time). While the Texas Echelon
Cross Echelle Spectrograph operated by the NASA Infra-
Red telescope Facility (Lacy et al. 2002) has provided data
covering various local times, there exist temporal gaps up
to 2 years in their observations due to limited occasions
(Encrenaz et al. 2012, 2016, 2020, 2023).

An alternative approach to address the gaps in moni-
toring datasets could be the utilization of meteorological
satellites. Recently, meteorological satellites started to be
recognized as space telescopes that can provide infrared
observations of solar system bodies and stars. Although
meteorological satellites are primarily designed for the
Earth’s weather observation, their imaging range simul-
taneously includes space adjacent to the Earth, occa-
sionally capturing the Moon, planets, and stars. Such
images of celestial bodies have been utilized in various
ways in planetary science and astronomy. For instance,
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Miiller et al. (2021) benchmarked their thermal model
in comparison with lunar images taken by the NOAA
and MetOp satellites. Nishiyama et al. (2022) succeeded
in retrieving lunar geologic information, such as rough-
ness and rock abundance distribution, by analyzing lunar
infrared images taken by the Advanced Himawari Imager
(AHI) onboard the Japanese meteorological satellite
Himawari-8. This satellite has also been used to monitor
the great dimming of the red supergiant star Betelgeuse,
providing insights into the mechanisms responsible
for the phenomenon (Taniguchi et al. 2022). In addi-
tion, other planetary bodies, including Mercury, Venus,
Mars, and Jupiter, have been captured by various mete-
orological satellites (Nishiyama et al. 2022; Fulbright et al.
2023; Burgdorf and Taniguchi 2024). As shown in Fig. 1,
Venus has been taken by Himawari-8 at various phase
angles until the present. Although the image resolution
differs among wavelengths due to detector character-
istics (Okuyama et al. 2018), these images demonstrate
the potential of this satellite to contribute to Venus
monitoring.

Fig. 1 Examples of the Venus observations by AHI at various phase
angles. a Venus captured in space adjacent to the Earth. The lower
left portion of the image shows the Earth. The red square highlights
the area zoomed in b. b, ¢, d Venus images taken at band 3 (0.64
um). e, f, g Venus images at band 10 (7.3 um). b, e, ¢, f,and d, g
show observations on 2023/07/23 at 16:40, 2023/10/24 at 11:00,
and 2024/03/30 at 13:00, with phase angles of 139.1, 89.6, and 24.0
degrees, respectively. The yellow arrows indicate a scale of 1
arcminute
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Frequent calibration of imagers onboard meteoro-
logical satellites is a major advantage for their applica-
tion to planet observations. Among the most frequently
calibrated infrared imagers is the Advanced Himawari
Imager (AHI) onboard both the Himawari-8 and Hima-
wari-9 satellites. Himawari-8 had been operated by the
Japan Meteorological Agency (JMA) for 7 years until it
turned into a stand-by status in December 2022. As its
successor, Himawari-9 is currently conducting meteoro-
logical observations with an observation overlap with
Himawari-8 approximately for a month. Both satellites
are equipped with nearly identical AHIs and acquire full-
disk imagery of the Earth at 10-min intervals (Okuyama
et al. 2018). During every imaging operation, the AHI is
calibrated with cold space and an internal temperature-
controlled heater (Griffith 2015). Due to the low noise
levels of the AHI detectors, the noise-equivalent differ-
ential temperature is expected to be less than 0.22 K at
300 K at all the infrared bands (Takahashi and Okuyama
2017; Okuyama et al. 2018). Okuyama et al. (2018) also
report brightness temperature bias of 0.2 K or less; there-
fore, this high level of precision offers potential opportu-
nities to detect even subtle temperature variations in the
Venusian atmosphere, possibly down to a scale of 1 K.

Another significant feature of the AHIs for planetary
science is multiband coverage at mid-infrared wave-
lengths. AHIs are equipped with 16 spectral bands in
total: three visible (0.4—0.7 um), four near-infrared (0.8—4
pum), and nine mid-infrared (6—14 um) bands (Okuyama
et al. 2018; Fig. 2). Particularly at mid-infrared bands,
spectrally resolved observations of Venus by planetary
missions have been limited to specific timeframes. Since
the Venera-15 observation in 1983 (Oertel et al. 1985),
only the Mercury Radiometer and Thermal Infrared
Spectrometer (MERTIS) onboard BepiColombo (Hies-
inger and Helbert 2010; Hiesinger et al. 2020) had a meas-
urement occasion during its Venus flyby in 2021 (Helbert
et al. 2023). While the Akatsuki mission observed Venus
at the mid-infrared wavelengths between 2015 and 2023,
its long-wave infrared camera (LIR) has a single band and
lacks spectral resolution (Fukuhara et al. 2011). Spectral
resolution in the mid-infrared is essential for retrieving
temperature information from different altitudes due to
the strong dependence of Venusian cloud aerosol extinc-
tion coefficients at mid-infrared wavelengths (Pollack
et al. 1993), as well as the overlapping absorption bands
of atmospheric molecules like CO, (Fig. 2). The multi-
band capability of the AHIs could therefore offer valuable
opportunities to fill gaps in altitude information that have
been almost missing over the past decade.

These well-calibrated datasets are also beneficial for
calibration of infrared cameras used in the Venus obser-
vations. Both Mercury and Venus have been considered
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Fig. 2 Overview of the AHI observation. a Response functions of AHIs and LIR. The nine color shades represent responses of band 8 to 16

of AHI. The solid and dashed lines show the AHI response functions for Himawari-8 and 9, respectively. Note that the band numbers are sorted

by their central wavelengths in ascending order. The LIR response function is shown as the dotted black line. b Spectral features of typical
molecules and aerosol in the Venus atmosphere. The black line shows the extinction coefficient of the H,S0O, aerosol (Palmer and Williams 1975).
The red and blue shades show the line intensities of CO, and SO,, respectively, from the HITRAN2020 database (Gordon et al. 2022). ¢ Example

of a measured spectrum. Disk-integrated radiance and brightness temperature are shown in the black and red lines, respectively. The black and red
error bars show the noise level in radiance and brightness temperature, respectively

potential calibration targets for meteorological satellites
(Fulbright et al. 2023; Burgdorf and Taniguchi 2024).
This calibration approach could be extended to plan-
etary mission instruments, as Nishiyama et al. (2022)

demonstrated a comparison between AHI and the
Diviner Radiometer onboard the Lunar Reconnaissance
Orbiter (LRO). Given that the noise-equivalent tempera-
ture of AHI is 150 K or less at all the infrared bands, the
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Venus images taken by AHI are precise enough to verify
functionalities of other instruments at the typical Venus
temperature of approximately 230 K. For instance, the
Venus flyby of BepiColombo is a rare chance to validate
the MERTIS calibration (D’Amore et al. 2018; Hiesinger
et al. 2020). In addition, LIR has experienced calibra-
tion problems in orbit, such as unexpected bright signal
due to thermal emission from its baffle heated by sun-
light (corrected by Fukuhara et al. 2017) and long-term
background temperature increase likely due to sensitivity
degradation of its bolometer array (corrected by Taguchi
et al. 2023). Although these effects have been corrected
in the latest LIR dataset, a discrepancy in brightness
temperature at 10 pm appears to remain between MER-
TIS and LIR data during the BepiColombo Venus flyby.
The temperature detected by LIR in Taguchi et al. (2023)
is lower than that by MERTIS in Helbert et al. (2023)
approximately by 5 K. These discrepancies could be more
thoroughly investigated and resolved by integrating AHI
data.

Aiming to investigate the temporal variation of the
Venus atmospheric dynamic and to provide a compara-
tive analysis with previous Venusian datasets, this study
presents a new decadal-monitoring dataset of the Venus
brightness temperature at infrared wavelengths. We first
establish a data archive by extracting all the Venus images
from the entire AHI datasets. The archived radiance data
are then compared with the LIR and MERTIS observa-
tions, considering differences in observation geometries
and response functions among the three instruments.
Retrieved temporal variations in brightness temperatures
are next analyzed on both year- and day-scales and com-
pared among all the infrared bands to investigate vari-
ability of thermal tides and planetary-scale waves. Finally,
we discuss possible factors of the observed variations and
future potential of AHIs for Venus science. Note that this
study focuses on Himawari-8 and —9 satellites since their
imagers have the highest temporal and spatial resolutions
among existing meteorological satellites that observe the
full-disk Earth frequently.

2 Venus radiance archived from the AHI data

Using Himawari Standard Data (HSD) that the Japan
Meteorological Agency (JMA) has published (Japan
Meteorological Agency 2017), we archived all the Venus
images captured by AHI at each infrared band and
derived disk-integrated radiance. Particularly, data at
band 8-16, covering 6—14 um, are featured in this study
because reflection of sunlight is the major contribu-
tor to the measured radiance at the other bands. After
identification of the Venus position in each HSD, the
aperture-photometry technique was applied to calcu-
late disk-integrated radiance, following Nishiyama et al.
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(2022) and Taniguchi et al. (2022). As background level in
space is dependent on apparent distance from the Earth
likely due to stray light (Nishiyama et al. 2022; Taniguchi
et al. 2022), the background radiance was estimated from
the surrounding pixels and subtracted from the radiance
inside the aperture before deriving the disk-integrated
radiance. Figure 2 shows an example of disk-integrated
radiance and the corresponding brightness tempera-
ture derived from this photometric procedure. Figure 2¢
clearly depicts the brightness temperature dependency
on the H,SO, aerosol and CO, spectral features because
of their effect on sensing altitudes (described in detail
in Sect. 4). Details of the retrieval methodology can be
found in Appendix.

After surveying all the HSD taken until February 2025,
we identified 437 occurrences of Venus in AHI images. It
should be noted that the Venus images are occasionally
missing at some bands when Venus is near the scanning
boundaries because the published scanning areas differ
slightly among the bands. In addition, the Venus radi-
ance may be contaminated by the terrestrial atmosphere
and stray light when it is close to the Earth in the image.
Although these effects were corrected through the back-
ground subtraction, the latter analyses are conservatively
limited to cases where the background radiance is less
than 10% of the Venus signal. It is noteworthy that the
coverage of phase angles is extensive, ranging from 3 to
174 degrees. AHI is capable of observing Venus as long as
the Sun is hidden by the Earth, enabling measurements
even when Venus appears close to the Sun. Consequently,
the AHI observations span almost all the local times
(Fig. 3a). The local time of the AHI observation is defined
at the disk center of Venus (i.e., the sub-Himawari points
on Venus).

The derived radiance may contain errors due to the
background noise and effects of Venus’s apparent size.
While the noise level is expected to be as low as 0.22 K
based on prelaunch ground testing (Takahashi and Okuy-
ama 2017; Okuyama et al. 2018), the impact of Venus’s
apparent size may be more significant. During the data
reduction, as the original image is converted into HSD by
JMA, detector samples are weighted and resampled onto
a fixed coordinate grid (Kalluri et al. 2018). This reduc-
tion process may cause additional errors, particularly
when Venus is at its furthest point from the Earth. In
such cases, sensitivity variations within individual detec-
tor elements might affect the radiance measurement
because its apparent diameter becomes identical to the
instantaneous field of view of the AHI detector (Griffith
2015).

To estimate the actual observation error, we com-
pared two Venus images that were coincidentally taken
on the same day. Because it takes 1 h at maximum for
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Venus to pass from the left to right edge in the AHI
scanning area, the AHI observation at every 10 min
is frequent enough to occasionally capture Venus on
both the left and right of the Earth within the same day.
Note that the apparent diameter of Venus is identical
between these two observations because the distance
between Venus and AHI does not change in the short
time interval. From the archived dataset, we identified
63 events where Venus was imaged twice in a day, with
time intervals ranging from 20 to 60 min. Given that
the radiance of Venus does not change over such short
timescales, the differences in radiance between two

consecutive observations can be treated as observation
errors.

Figure 3b shows these differences as ratios to the aver-
age of the two observations. The error decreases with
the captured Venus size in the AHI images due to the
apparent size effect. The root-mean-square (RMS) of the
radiance error is converted to brightness temperature
at different reference temperatures (Fig. 3c). At a refer-
ence temperature of 230 K, the average error in bright-
ness temperature is less than 1 K. Although the error
level depends on the reference temperatures due to the
non-linearity of thermal emission, the change is minimal
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when typical temperatures of 220-240 K are consid-
ered as the reference (color shades in Fig. 3c). When the
apparent size exceeds 3 pixels, the error consistently falls
below 0.85 K, ensuring that even 1 K variation is detect-
able in the latter analyses.

The error analysis confirms that AHI is capable of
tracking temporal variation in the Venus temperature.
Figure 4 provides an overview of all the Venus observa-
tions made by AHI. Because the geostationary orbits of
Himawari-8 and 9 are not parallel with the Venus revo-
lution orbit around the sun, AHIs could not always cap-
ture Venus until the present. Consequently, the archived
data consist of 23 distinct periods, each lasting up to two
months. Despite gaps in certain timeframes, year-scale
temperature variations are resolved and exceed the esti-
mated error levels at all the bands. Moreover, day-scale
variations are trackable within two periods whose obser-
vation intervals can be down to a day (see Sect. 4.2).

3 Comparison among AH]I, LIR, and MERTIS

To validate infrared remote-sensing data of Venus from
planetary missions, comparisons among AHI, LIR, and
MERTIS were conducted. Due to differences in obser-
vation geometry, comparisons among AHI, LIR, and
MERTIS cannot be performed directly. The spatial and
temporal coverage of the observations must be care-
fully considered, as Venus’s atmospheric temperature is
highly dependent on time, latitude, and local time (e.g.,
Seiff et al. 1985; Zasova et al. 2006; Kouyama et al. 2019;
Kajiwara et al. 2021). In addition, the spatial resolution

250
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of Venus is significantly different among the three: AHI
obtains only disk-integrated radiances, whereas LIR and
MERTIS obtained spatially resolved radiances (Fig. 5a).
Furthermore, the emission angle is another important
factor because the cloud layer may cause almost a 5-km
difference in sensing altitude among emission angles
(Akiba et al. 2021). According to the Venus Interna-
tional Reference Atmosphere (VIRA) model (Seiff et al.
1985), this altitude variation can result in temperature
differences of 10 K. Therefore, to ensure valid compari-
sons under identical conditions, the focus is on two spe-
cific sets of data: disk-integrated radiance comparisons
between AHI and LIR, and local radiance comparisons
between LIR and MERTIS.

Another factor that complicates direct comparison
is a difference in spectral coverage among the three
instruments. Although AHI, LIR, and MERTIS observe
similar wavelength ranges, their spectral resolutions are
significantly different. AHI and LIR have nine and single
response functions, respectively, with bandwidths larger
than 0.2 um (Fig. 2a; Fukuhara et al. 2011; Okuyama et al.
2018). In contrast, MERTIS offers higher spectral reso-
lution, covering 7-14 pm with 78 spectral channels and
achieving a spectral resolution of 0.090 pm (Hiesinger
et al. 2020). When we compare two of the three instru-
ments, the dataset from the instrument with higher spec-
tral resolution is convolved with the response functions
of the other. Namely, the MERTIS dataset is weighted and
summed using the response functions of LIR for compar-
ison. When AHI was compared with LIR, the product of
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angles match in both data. The red dashed line indicates the case
where the radiance values from both MERTIS and LIR are identical.
The blue dashed line indicates the case where the radiance
measurements of MERTIS are higher than those of LIR by 15%. Note
that all the observations of MERTIS and AHI on b and c are convolved
with the LIR response function
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the AHI and LIR response functions was used as weight-
ing coefficients for the convolution. This approach might
introduce a systematic error because the AHI bands do
not fully cover wavelengths of the LIR response function.
However, testing with the MERTIS hyperspectral data
confirmed that this method introduces only a minor arti-
fact, with an error of 2% or less. The details of our spec-
tral convolution method for AHI-LIR and MERTIS-LIR
comparisons are summarized in Appendix.

The comparison between AHI and LIR reveals a dis-
crepancy in the radiance measurements with LIR yield-
ing lower values than AHI. The LIR data used for the
comparison were taken from the L3d products of the
PDS4 Akatsuki LIR Bundle, which were the latest data
after correction of the sensitivity degradation correction
(Taguchi et al. 2023). For comparison with AHI, disk-
integrated radiance was calculated by summing all pixel
values of LIR images where the entirety of Venus was
captured. In Fig. 4, while temporal variations detected
by AHI and LIR are similar with a correlation coefficient
of 0.55, there is a non-negligible offset in the observed
temperatures between AHI and LIR. For example, band
13 of AHI, whose response function covers 10 pm as well
as LIR, shows brightness temperature constantly higher
than LIR by 5 K.

Figure 5b illustrates this offset in radiance ratio by
normalizing the AHI radiance with the LIR one on the
same date. In total, we found 72 AHI observations whose
observation time matches at least one LIR observation
within a day. 23 of those have less than a 30-degree lon-
gitudinal difference in location. Because the LIR data
have a variation in radiance even within a day, the AHI
measurement is compared with the average of the LIR
measurements conducted on the same day. When com-
paring observations with nearly identical geometries,
AHI consistently yields radiances that are on average
17% higher than LIR (Fig. 5b). Although both instru-
ments are operated at different distances from Venus,
the observed radiance discrepancy cannot be attributed
to geometric effects. The difference in distance of instru-
ments to Venus accounts for less than a 1% variation in
radiance. In addition, the effect of the pixel field of view
cannot account for the difference because this compari-
son includes data when Venus is at the maximum size of
5 pixels in the AHI images. Instead, it likely stems from
intrinsic differences in functionalities and calibrations of
the instruments.

A similar offset is also obtained in the comparison
between LIR and MERTIS, even after careful selection
of data points under identical observation conditions.
The MERTIS observations on 10 August 2021 were lim-
ited to a region at latitudes of 8-19° N and local times of
6-18 h due to the close distance to Venus (Helbert et al.
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2023). Coincidentally, LIR took 15 Venus images on the
same day, one of which was taken within the duration of
the MERTIS observations and partly covered footprint
locations of the MERTIS measurements (Fig. 5a). This
spatial and temporal overlap between LIR and MERTIS
footprints, with identical emission angles, allowed for a
direct comparison between the two datasets. As shown
in Fig. 5c, the comparison indicates a consistent trend:
radiance values measured by MERTIS are, on average,
15% higher than those measured by LIR. Particularly, the
blue scatters in Fig. 5¢ correspond to data points whose
emission angle, latitude, and longitude overlap within 5
degrees. Other LIR observations on 10 August 2021 also
show a similar difference between the two (cyan scatters
in Fig. 5¢). This trend persists even when only emission
angle and latitude are comparable, without strict longi-
tude matching (gray scatters in Fig. 5c). This consistency
across various comparison criteria implies that the radi-
ance discrepancies are not due to observational geometry
but likely arise from calibration differences between LIR
and MERTIS.

These two comparison results suggest that LIR has
likely underestimated the Venus radiance by 15-17%.
This discrepancy is unlikely to originate from AHI, as its
data show less than a 0.2 K bias compared to other Earth-
observing instruments (Okuyama et al. 2018), and resa-
mpling errors during data processing are insufficient to
explain the difference. The fact that MERTIS also shows
a similar offset in comparison with LIR further points to
the likelihood that the issue lies with LIR’s calibration.
LIR has experienced multiple calibration problems since
its orbit insertion, such as unexpected dependencies on
the LIR baffle temperature (Fukuhara et al. 2017) and
temporal variations in background deep-space tempera-
ture (Taguchi et al. 2023). However, the 15-17% under-
estimation identified in this study implies an additional
unresolved calibration issue within the LIR dataset.
Although the root cause of these discrepancies is not
clear at present, future analyses of LIR data need to take
this underestimation into account until further recalibra-
tion for LIR is made.

In contrast, these comparison results suggest robust-
ness of the laboratory-based calibration of MERTIS.
Hyperspectral observation of the Venus temperature is
known to be a challenging operation for MERTIS (Hel-
bert et al. 2023). Since MERTIS was designed primar-
ily for Mercury, where surface temperature can reach
up to 700 K (Hiesinger et al. 2020), the Venus cloud-top
temperature of around 230 K is near the lower detec-
tion limit of the infrared grating spectrometer (TIS) of
MERTIS. However, the observed radiance discrepancy
of only a few percent, when indirectly compared with
AHI via LIR data (Fig. 5b), supports the reliability of
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the MERTIS calibration. MERTIS is calibrated with two
internal blackbodies and cold deep space, based on spec-
tral sensitivity characterized through laboratory experi-
ments conducted under thermal-vacuum conditions like
space (D’Amore et al. 2018). While one of the blackbod-
ies exhibited temperatures higher than Venus during
the Venus flyby (Helbert et al. 2023), the small discrep-
ancy implies that temperatures as low as 230 K can still
be detected accurately at mid-infrared wavelengths after
stacking noisy spectra. Thus, despite Venus being outside
the primary design focus of MERTIS, these results con-
firm the instrument functionality even for the terminator
region on Mercury, where surface temperatures can be
similarly low (e.g., Bauch et al. 2021).

4 Temporal variation of Venus temperature
structure

As shown in Fig. 4, the Himawari data can observe the
temporal variation of the Venus temperature at vari-
ous time scales. In this section, we analyze the archived
data from two perspectives: thermal tide stability over
years and altitude dependency of planetary-scale waves.
Since LIR perhaps has a calibration problem (Sect. 3), the
AHI data offer an independent opportunity to investigate
these phenomena. The multiband measurement by AHI
might additionally provide valuable insights into the ver-
tical structure of Venus’s atmospheric dynamics.

Prior to retrieval of altitude information from the AHI
multiband measurements, it is essential to calculate the
weighting function at each AHI band. The weighting
functions represent the altitude-dependent contribu-
tions to the observed radiance at different wavelengths,
showing which atmospheric layers are being sensed by
various AHI bands. To compute the weighting functions,
the Planetary Spectral Generator (PSG) was employed
to model the radiative transfer within the Venus atmos-
phere (Villanueva et al. 2018), incorporating the cloud
aerosol distribution and temperature profile. Based on
the cloud model developed by Haus et al. (2013), four
modal distributions of H,SO, aerosols are considered
in our calculations. Log-normal size distributions are
assumed with modal radii of 0.3, 1.0, 1.4, and 3.65 pm
(Pollack et al. 1993; Helbert et al. 2023). For the refractive
index of particles, the PSG model considers data from
Palmer and Williams (1975). The effect of emission angle
is incorporated in these PSG calculations by considering
distribution of emission angles inside a full disk of Venus.
The temperature profile was based on the VIRA model
for latitude of 30 degrees (Seiff et al. 1985). Note that the
altitude order of the bands does not change even if the
temperature profile of the VIRA model for other latitudes
is used in the calculation.
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Figure 6 shows the weighting functions of all the
infrared bands of Himawari 8 and 9. The mean values
of weighting functions, including LIR, are summarized
in Table 1. The weighting functions of bands 8 to 15
are influenced primarily by the wavelength-dependent
refractive index of the H,SO, aerosol, mainly sensing
altitudes below 70 km. On the other hand, because of
strong absorptions by CO, above the cloud, the weight-
ing function of band 16 ranges widely from 60 to 83 km
in altitude. Therefore, observations at band 16 provide
the highest-altitude information among the AHI bands.
These results demonstrate that the AHI multiband
observation is capable of sensing temperature struc-
ture at altitudes from 60 to 70 km. Note that differences
in weighting functions between Himawari 8 and 9 are
minimal due to their nearly identical response functions,
although the difference at band 16 appears larger than
those at other bands due to drastic variation in sensing
altitude at band 16 due to the CO, absorption.

= Band 8 (6.2 pm)
Band 9 (6.9 pm)
=== Band 10 (7.3 ym)
= Band 11 (8.6 pm)
== Band 12 (9.6 pm)
Band 13 (10.4 pm)
=== Band 14 (11.2 pm)
= Band 15 (12.4 pm)
== Band 16 (13.3 ym)

Altitude (km)
.
o

[o2)
[3)]
1

0.00 0.05 0.10 0.15
Weighting function ( /km)
Fig. 6 Weighting functions at all the AHI infrared bands. The black
dashed lines show the weighting function of LIR. The other colored
dashed and solid lines show the weighting functions at each AHI
band of Himawari-8 and 9, respectively
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4.1 Year scale: thermal tide structure

The temporal variability of the thermal tide pattern is not
fully understood; however, it is important for deciphering
long-term atmospheric dynamics. Previous observations
have shown that the global structure of the thermal tides
is composed of diurnal and semi-diurnal tides with two
local maxima of temperature around 9 and 19 h in local
time (e.g., Kouyama et al. 2019). According to numerical
simulations of the temperature field (Takagi and Matsuda
2005; Suzuki et al. 2022), the diurnal tides are highly sen-
sitive to various factors, including the midlatitudinal jets,
Newtonian cooling rates, and static stability. In addition,
variations in albedo may contribute to the thermal tides
through their excitation. A decadal-scale variation of the
global albedo has been revealed by combining previous
measurements (Lee et al. 2019), though initial analyses of
the LIR data for the first three years show little variations
in the thermal tide structure (Kouyama et al. 2019). Based
on consistency with previous observations, they suggest a
steadiness of the structure over the years. However, this
structure steadiness over a longer time scale remains an
open question as analysis of the LIR data by Lai and Li
(2023) indicates an unstable structure of thermal tides.

Although AHI provides only the disk-integrated radi-
ance of Venus, the thermal tide structure is captured well
at all the bands. Figure 7 depicts the brightness tempera-
tures at various local times at each band. The brightness
temperature variation has a similar pattern dependent on
local times at all the bands. The brightness temperature
around midnight decreases with local time (the black
arrows in Fig. 7). The local minimum and maximum exist
at local times of approximately 16 h and 20 h, respec-
tively. These features are qualitatively consistent with the
thermal tide patterns observed by LIR (Kouyama et al.
2019; Akiba et al. 2021). Note that the semi-diurnal tide
is observable in the AHI measurements while this struc-
ture can be averaged to some extent due to the hemi-
spheric coverage. The disk-integrated radiance is more
sensitive to emission from the disk center due to the
emission angle effect, which prevents smoothing out the
semi-diurnal component.

In contrast, the AHI observations reveal a signifi-
cant temporal variation in brightness temperature from
2015 to the present, particularly on the morning side of
Venus (Fig. 7). For example, the measurements in 2015

Table 1 Mean altitudes of the weighting function at each band. The unit is km

Band8 Band9 Band10 Band11 Band12 Band13 Band14 Band15 Band16
Himawari 8 64.7 65.0 67.1 689 68.1 66.3 66.1 64.9 70.8
Himawari 9 64.7 65.1 67.1 689 68.2 66.3 66.2 64.9 712
LIR 66.6
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Fig. 7 Brightness temperatures measured at each band and local time. The colors of dots correspond to observation years. The color transparency
of observations between 2015-2016 and 2023-2025 is decreased to emphasize temporal variation observed in this study. The arrows show

variations at the midnight and morning sides

show a temperature decrease with local time from 21 to
2 h, followed by an increase from 5 to 7 h in local time,
respectively. This trend indicates the temperature mini-
mum around the local time of 3—4 h, consistent with the
semi-diurnal component of the thermal tides. On the
other hand, the temperature minimum on the morning
side shifts to around the local time of 6 h in 2023, con-
sistent with the diurnal component of the thermal tides.
Such large temporal variations in brightness temperature
are mainly observed around sunrise. Figure 8 shows the
temporal temperature variation at local times of 0, 6, 10,
and 17 h, where brightness temperatures are measured in
multiple periods within a 1-h local-time window at every
band. The mean temperature at the same local time was
subtracted to emphasize temporal variation. At all the
bands, the most pronounced year-scale variation over the
past decade is observed at a local time of 6 h.

Figure 8 also reveals an altitude dependence of the year-
scale variation in brightness temperature within the same
local time. At bands 8 to 15, the temporal variation dis-
plays a similar pattern at each local time; however, band
16 shows distinct temporal variations compared with
the other bands. For instance, the midnight temperature
measured in 2015, 2017, and 2023 constantly decreases
with year at band 8 to 15, while an increase with time is
observed at band 16. At a local time of 10 h, only band 16

has the temperature minimum in 2023, while the other
bands rather exhibit the highest temperature values. As
demonstrated by the weighting functions in Fig. 6, band
16 captures altitude information substantially different
from the other bands. Therefore, the multiband meas-
urement by AHI indicates that the year-scale variation in
temperature at altitudes above 70 km may occasionally
contrast with those at lower altitudes.

These temporal variations may be interpreted as a
change in diurnal tides. The higher brightness tempera-
ture of the morning side in 2015-2016 compared to later
time is consistent with enhancement of diurnal tides in
2023-2025. Because the diurnal tide has the minimum
temperature deviation at sunrise, enhanced diurnal tides
can decrease the temperature in the morning, indicated
by the red arrows in Fig. 7. In contrast, observations in
2015-2016 have semi-diurnal patterns rather than diur-
nal ones as the highest temperature is observed in the
morning (the blue arrows in Fig. 7). The difference in
temporal change patterns between band 16 and the other
bands (Fig. 8) might also be correlated with diurnal tides.
A previous numerical simulation suggests a change in
phase of diurnal temperature deviations at 73 km (e.g.,
Suzuki et al. 2022), which is located inside the range of
sensing altitudes of band 16. While the AHI observations
are too sparse in time to infer duration of enhancement
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of diurnal components, future analysis of thermal tide
patterns with the LIR data may be correlated with the
observed results.

4.2 Day scale: Rossby wave structure

The altitudinal structure of planetary-scale waves can
also be investigated by frequent observations over time.
As observed in the UV reflectance and temperature
field, the planetary-scale waves are composed of Rossby
and Kelvin waves with circulation periods ranging from
3 to 6 days (Del Genio and Rossow 1990; Kouyama et al.
2013, 2015; Imai et al. 2019; Nara et al. 2019; Kajiwara
et al. 2021; Lai and Li 2023; Horinouchi et al. 2024). AHI
can capture Venus as often as once a day, depending on
observation conditions, and hence, can resolve these day-
scale variations particularly when the noise levels are
low. Moreover, the multiband measurements of AHI may
allow for the detection of differences in the amplitude of
planetary-scale waves at various altitudes. Although mul-
tiple numerical simulations have predicted an altitude
dependency of amplitude in temperature (e.g., Kouyama

et al. 2015; Takagi et al. 2022), such altitude dependency
has not been observed directly in the temperature field
yet.

Such an altitudinal dependence was observed in two
AHI measurement periods: 2015/07/21-08/29 and
2023/07/23-08/22 (Fig. 9a and c). During these two
observation periods, AHI was able to continuously cap-
ture Venus with apparent sizes of up to 5 pixels, which
reduces the noise level to less than 1 K (Fig. 3c). Unfor-
tunately, observations during the other periods were
either too scarce or too noisy to support a meaningful
analysis of day-scale periodic behaviors. In Fig. 9a and
¢, the brightness temperature variations appear simi-
lar between low-altitude bands, such as bands 8 and
9. However, this similarity diminishes with increasing
sensing altitude. After detrending the long-term tem-
perature variation in 2015/07/21-08/29, the correlation
coefficients with band 8 were found to be 0.80, 0.37, and
0.06, for band 9, 11, and 16, respectively. A similar trend
is observed in 2023/07/23—-08/22 with correlation coeffi-
cients of 0.82, 0.50, and 0.33.
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To unravel the altitude dependency in terms of perio-
dicity, we applied the Lomb—-Scargle periodogram to the
two measurement periods. While the sampling interval
during the observations is almost a day, it is not entirely
uniform due to several missing data points. Thus, the
periodicity of the brightness temperature variation is
analyzed with the Lomb-Scargle periodogram (Scargle
1982), which is commonly applied to data with uneven
sampling. Temperature decreases on time scales longer
than the observation periods are attributable to ther-
mal tides as this decreasing trend with increasing local
time around midnight is known as the thermal tide pat-
tern from previous studies (Kouyama et al. 2019). These
decreasing trends were removed by fitting a linear

function before the periodicity analysis. Although the
data gap could affect the analysis result, the Lomb—Scar-
gle periodogram was also applied to artificial sinusoidal
variation sampled at the actual observation time to vali-
date our analysis method in the latter analyses.

The application of the Lomb-Scargle periodogram
revealed a notable decrease in the amplitude of the
5-day period wave with increasing altitude, particularly
above 68 km. Figure 9b and d show the Lomb-Scargle
periodogram for both observation periods. Except for
bands 11, 12, and 16, the largest amplitude occurs at the
5-day period, which corresponds to the Rossby wave.
This feature is consistent with analysis of the LIR data
by Kajiwara et al. (2021), who reported the maximum
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amplitude in temperature at the 5-day period. As the
second largest component, they also identified the 5.4-
day Rossby wave, which may be unresolved from the
5-day wave because the minimum observation interval
is one day in the AHI data. Furthermore, the AHI data
indicate that the amplitude of the 5-day wave decreases
with increasing altitude in both the observation peri-
ods. Figure 10 shows the amplitude in temperature at
the 5-day period extracted from Fig. 9b and d. Note that
the maximum amplitude between 4.5 and 5.5 day peri-
ods is used as the amplitude of the 5-day wave because
it does not exist exactly at the 5-day period (Fig. 9b and
d). The lowest amplitudes are observed at bands 11, 12,
and 16, corresponding to altitudes above 68 km (Fig. 6;
Table 1).

These altitude dependencies observed in both the
observation periods are statistically validated through a
Bayesian approach. Due to the influence of the obser-
vation error, the estimated amplitude might not nec-
essarily reflect the true signal amplitude. To assess the
actual amplitude in a statistical manner, we applied the
Lomb-Scargle periodogram to artificial sinusoids syn-
thesized with the measurement errors from Fig. 3b. In
this Bayesian analysis, we maintained a constant period
of 5 days for the sinusoid, while the sinusoidal ampli-
tude is varied. To mimic the observations, the sampling
times were also set to match those of the actual meas-
urements. Based on these simulations, we estimated
the probability of the true amplitude as illustrated in
Fig. 10. While the probability distributions for the true
values are broad for each observation, the amplitudes
recorded in bands 11, 12, and 16 are consistently lower

Mean sensing altitude (km)
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Fig. 10 Amplitude in temperature detected at the period of 5 days.
The blue and orange stars show analysis results from Fig. 9b and d,
respectively. The blue and orange violin plots show the probability
density of the true value of the temperature amplitude. The black line
shows amplitudes at each band predicted with the GCM simulation
data (Takagi et al. 2022). The corresponding mean sensing altitudes
of Himawari-8 and —9 are labeled in the upper x-axis
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than those in the other bands, indicating that this dis-
crepancy cannot be attributed to observational bias.

Figure 10 also suggests a temporal variation of the
Rossby wave structure between the two observation peri-
ods. While the probabilities of true amplitudes at bands
11, 12, and 16 remain nearly identical for the two periods,
the probabilities for lower-altitude bands are distributed
around larger amplitudes during 2023/07/23-08/22 than
during 2015/07/21-08/29. This difference in amplitude
between the two periods is statistically significant. Com-
paring the distribution of the true amplitude estimated in
our Bayesian analyses between two observation periods,
the amplitude in 2023/07/23-08/22 is higher than that in
2015/07/21-08/29 with probabilities of 99.7%, 95.2%, and
92.8% at bands 13, 15, and 8, respectively.

5 Discussion
5.1 Implications for temporal variations in the Venus
atmosphere
The observed variation in the thermal tide structure may
be linked to variations in albedo and zonal wind speed.
Lee et al. (2019) showed that the Venus albedo at 365 nm
varied by a factor of two between 2006 and 2017. Using
the Venus Planetary Climate Model (PCM), they also
indicated that causal variation in solar heating rate can
account for zonal wind speed variation observed by Kha-
tuntsev et al. (2013), Kouyama et al. (2013), Hueso et al.
(2015), and Horinouchi et al. (2018). Since the thermal
tide is excited by solar heating, these variations might be
correlated with the thermal tide structure. While defini-
tive conclusions are challenging due to the limited tem-
poral resolution of the AHI data, comparison with the
latest wind speed analysis (Horinouchi et al. 2024) sug-
gests a potential negative correlation between the wind
speed and diurnal tide amplitude. For instance, at the
local time of 6 h, the brightness temperature decreases
with time in the four observation periods of AHI between
2015 and 2023 (Fig. 8), meaning an increase in the diur-
nal tide amplitude. On the other hand, the wind speed
observations around the same timeframe as AHI show a
decrease with time (Fig. 7a in Horinouchi et al. 2024).
The multiband measurement by AHI also suggests
the possibility that a change in static stability structure
may also be associated with the observed variations in
the thermal tide patterns. A sensitivity study by Suzuki
et al. (2022) shows that an increase in static stability at
altitudes between 60 and 80 km can weaken the diurnal
thermal tide structure. As shown in Fig. 8, the amplitude
of the diurnal tide in 2015 was larger than that in 2023.
Notably, this change in amplitude coincides with a shift
in the vertical temperature profile. Figure 11 depicts the
temperature difference around midnight between 2015
and 2023. While the temperatures below 70 km were
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and squares are shifted by +0.1 and —0.1 km, respectively

lower in 2023 than in 2015, band 16 indicates higher tem-
peratures above 70 km in 2023. This altitude-dependent
variation suggests an increase in stability in 2023 com-
pared to 2015, implying a qualitatively consistent rela-
tionship in diurnal tide amplitude between the AHI
observation and numerical model predictions. Note
that these observation periods were covered by different
AHIs onboard Himawari-8 and —9; however, these tem-
perature differences are larger than sensitivity difference
between the two AHIs (Zhu et al. 2024) and, therefore,
cannot be attributed to the instrument functionality.

The variation in the planetary-wave structure is con-
sistent with that in thermal tides as shown by previous
works. According to the LIR data analysis by Lai and Li
(2023), the 5-day Rossby-wave amplitude in tempera-
ture exhibits variations with a period of approximately
220 days. They also show a correlation with the vertical
shear of the zonal wind modulated by the thermal tides.
While the periods during which AHI was able to extract
periodicity information cannot be compared with their
analysis because of time gaps, the AHI observation of
thermal tides and Rossby waves is consistent with the
correlation shown by Lai and Li (2023). Both the diurnal
thermal tide and Rossby-wave amplitudes are smaller in
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2015 than in 2023. As discussed for the thermal tides,
the observed variation in planetary-scale waves may
be caused by factors like the super-rotation speed and
could have a periodic pattern (e.g., Kouyama et al. 2013,
2015). While periodicity cannot be inferred solely from
the scarce observations at the same local time by AHI,
these data can be used as complementary data to fill gaps
until cloud-tracking observations become available in the
future.

It is noteworthy that the observed dependency of 5-day
Rossby-wave amplitude on altitude is qualitatively con-
sistent with previous numerical simulations but might
not completely match these predictions. Previous stud-
ies of 5-day Rossby waves with Venus Global Climate
Model (GCM) by Takagi et al. (2022) and Lai et al. (2024)
show that the amplitude of temperature deviation peaks
around 65 km. Due to the steep phase tilt above 70 km,
the temperature deviation begins to decrease with alti-
tude and gets reversed. It is predicted that the tempera-
ture deviation approaches zero at altitudes between 70
and 75 km, varying with latitude. The black line in Fig. 10
shows the prediction by Takagi et al. (2022) after convo-
luting the distribution of local time, latitude, and emis-
sion angles to compare with the AHI observations. This
overall trend of decreasing with increasing altitude quali-
tatively agrees with the AHI observation (Fig. 10). For
example, the weighting function shows that the tempera-
ture observed at band 16 incorporates contributions from
both above and below 70 km (Fig. 6), leading to a cancel-
lation of temperature deviations in Fig. 10. At the other
bands, the observed radiance mostly originates from alti-
tudes below 70 km (Fig. 6) and is expected to have larger
amplitudes than at band 16. However, the amplitudes
observed at bands 11 and 12 shows amplitudes as low as
band 16. These measurements do not completely match
the numerical simulations, particularly in the period in
2023 (black dashed line in Fig. 10). Future GCM simula-
tions with a variety of physical parameters might resolve
this discrepancy and could provide insight into the ther-
mal dynamics of the planetary-scale waves on Venus.

5.2 Further utility as a Venus-monitoring satellite

The findings discussed above demonstrate that AHI is
capable of acquiring Venus temperatures at various time
intervals. These data sets are useful not only for calibra-
tion, but also for tracking the temporal variation and alti-
tude structure of thermal tide and planetary-scale waves.
Particularly in the upcoming years, these meteorological
data might be the only available spaceborne monitoring
data of Venus in the infrared wavelengths. If the commu-
nication with the Akatsuki spacecraft is not established
again, no additional data will be obtained by LIR. Further-
more, the future spectral measurements planned in the
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NASA Discovery VERITAS and ESA EnVision missions
do not cover wavelengths exceeding 2.5 pm (Helbert
et al. 2016, 2019). The Himawari-8 and 9 are supposed
to end their operation in 2029 and will be replaced by a
new meteorological satellite. Because the successors of
Himawari-9 are expected to have similar infrared cover-
ages, they can continue to serve as unique and precious
eyes for Venus science to complement the lack of space-
borne data. Such successive measurements of Venus are
also expected to be conducted by other meteorological
satellites like the GOES satellites (Fulbright et al. 2023),
which have almost the same wavelength coverage as the
Himawari series.

The utility of these meteorological satellites may extend
further in the Venus community. For example, simultane-
ous measurement with ground-based telescopes might
provide more insights into episodic SO, plumes in the
Venus atmosphere. Encrenaz et al. (2023) report anom-
alous increases in temperature and SO, in September
and November 2021, possibly linked to mountain waves.
They report that these temperature plumes started at the
lower altitude and became visible at high-altitude bands
with a time lag of a couple of days. Unfortunately, these
observation timeframes were not covered by the AHI
observation periods; however, simultaneous multiband
measurement of AHI would help to understand these
events if data are obtained at the same time in the future.
In addition, variations in SO, abundance may influence
the observed radiance at band 10. As shown in Fig. 2,
the response function of band 10 overlaps with the SO,
v3 band (7.35 pm). Mid-infrared spectra obtained by
the Venera-15 mission occasionally exhibit a decrease
in brightness temperature that is large enough to be
detected by AHI (e.g., Oertel et al. 1985; Zasova et al.
2004). The SO, variation can change the sensing alti-
tude of band 10 (Fig. 6) and might explain relatively large
amplitudes of the 5-day wave at band 10. However, such
analysis is out of scope of this paper because of difficulty
to disentangle various factors like cloud thickness solely
with the AHI data. Moreover, the AHI data at visible to
near-infrared bands could be beneficial as well. Since the
albedo of Venus varies in time by 20% (Lee et al. 2019),
such albedo variations may be monitored with multiband
observations continuously. While these measurements
cannot provide spatially resolved images, the spectral
resolution of AHI will provide useful data for under-
standing the atmospheric dynamics and its variation in
Venus over decades.

6 Conclusion

This study highlights the potential of Japanese meteoro-
logical satellites, Himawari-8 and -9, as valuable space
telescopes for Venus science. At the infrared bands, the
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apparent Venus size is limited to only 5 pixels or less;
however, their frequent calibration and multiband oper-
ation occasionally provide spaceborne and spectrally
resolved measurements of disk-integrated radiance.
These datasets can be used for calibrations of infrared
radiometers onboard planetary missions, such as Akat-
suki and BepiColombo. Our comparison among AHI,
LIR, and MERTIS suggests that LIR might have underes-
timated the Venus radiance by 15-17%, which should be
considered for future analysis of the LIR data.

AHI is capable of detecting temporal variation of the
Venus temperature structure. The multiband measure-
ment at the mid-infrared wavelengths allows for the
sensing of temperature across different altitudes, ranging
from 64 to 71 km. Although Venus cannot be resolved
spatially, the dependence of the brightness temperature
on local time clearly illustrates the thermal tide structure.
During the observation from 2015 to 2024, AHI suc-
ceeded in capturing variations in the diurnal thermal tide
amplitude, perhaps related to decadal variation in the
Venus atmosphere structure. When the apparent size of
Venus is at maximum, AHI can also monitor the behav-
ior of planetary-scale waves and altitudinal dependency.
The brightness temperatures observed in periods of
2015/07/21-08/29 and 2023/07/23-08/22 show the 5-day
Rossby waves, whose amplitudes are revealed to decrease
with altitude. Furthermore, our Bayesian analysis con-
firms that the amplitudes of the 5-day Rossby waves vary
in time. These temporal variations may be attributed to
multiple processes, one of which is a change in stability
structure detected by the AHI multiband measurements.

Infrared cameras onboard meteorological satellites like
AHI will continue to provide occasional access to the
Venus temperature in the coming years. Even after the
retirement of the current meteorological satellites, new-
generation satellites will be launched continuously due to
the importance of weather observations. Particularly at
mid-infrared wavelengths, future spaceborne observation
by the planned Venus missions will not be conducted for
a while. Because AHI covers not only infrared spectral
features of CO,, SO,, and H,SO, aerosols, but also vis-
ible to near-infrared wavelengths, the utility may extend
further in Venus science. Although AHI cannot resolve
Venus spatially, integration of these datasets will enhance
our ability to monitor changes over time and contribute
to our understanding of the complex processes occurring
within the Venus atmosphere in the future.

Appendix

Method of Venus radiance retrieval

To retrieve the Venus radiance from HSD, we first esti-
mated the position of Venus in the AHI images with the
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Spacecraft, Planet, Instrument, Camera- matrix, Events
(SPICE) Toolkit (Acton et al. 2018; Annex et al. 2020).
Predicting the Venus position in each AHI image taken
every 10 min, we collected all the HSD in which Venus
could be captured. We next examined all the collected
HSD to see whether Venus is successfully captured or
not. Since the scanned timing of Venus and scanned
area in space are not exactly the same for all the bands,
this investigation was done separately for each band
in the same way as Nishiyama et al. (2022). If Venus
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is overlapped by the terrestrial atmosphere, scanning
swaths, or edges of scanned area, the data were removed
from the latter analysis to avoid possible artifacts in the
archived datasets.

The aperture-photometry technique was then used to
calculate the disk-integrated radiance after correcting for
the background radiance based on the radiance at pixels
surrounding Venus. Outside the Earth, there is non-zero
radiance as a function of distance from the Earth (Fig.
12a). This background radiance is likely due to stray
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Fig. 12 Demonstration of the background correction. a Radiance data around Venus taken at 18:00 on 2018/08/11. The white dashed line
corresponds to the rim of the Earth. The white area on the right side is outside the scanned swath. The white square highlights the area zoomed
in b and c. b Pre-correction data around Venus. ¢ Post-correction data around Venus. The white dashed and solid lines show areas used for radiance

summation and background estimation.
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light (Nishiyama et al. 2022; Taniguchi et al. 2022)

and needs to be corrected to estimate the radiance

of celestial bodies. Following Taniguchi et al. (2022),
the background level is estimated by fitting a two-
dimensional polynomial to the radiance values which
are located outside the aperture square and inside twice
the aperture square (namely, area between white solid
and dashed squares in Fig. 12b and c). The polynomial
order was chosen from 0 to 4 by minimizing the Akaike
information criterion. After subtracting the estimated
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background within the aperture square (Fig. 12c), we
summed the radiance within the aperture to derive

the disk-integrated radiance. Since the apparent Venus
diameter varies from 0.84 to 5.1 pixels, depending on its
distance from the Earth, the aperture size was deter-
mined by summing twice the apparent diameter with a
point-spread-function scale of 2 pixels. If this value is
less than 7 pixels, the aperture size is fixed to 7 pixels,
following Taniguchi et al. (2022).

Method of spectral comparison among AHlI, LIR,

and MERTIS

To compare radiance data from the three instruments
with different response functions, radiance data with
higher spectral resolution needs to be convolved with the
response function of the other instrument. In the case of
the MERTIS-LIR comparison, the MERTIS hyperspectral
data are convolved with the LIR response function. How-
ever, the AHI-LIR comparison is not as straightforward
as the MERTIS-LIR comparison because the wavelength
coverages of the AHI bands are wide and distributed
sparsely. To sum up the AHI data to compare to the LIR
data, we first derived weighting coefficients for each AHI
band, ¢;:

cx = Jfurfani—«xd4, 1)
G= X
£ Srck @

where fir is the response function of LIR, fayi_x is the
response function of AHI at band k, 1 is wavelength.
Then, the AHI data convolved with the LIR response
function, Rayj—LIr, is calculated as:

RpHI-LIR = Y, CkRAHI- & 3)
k

where Rapr— is the radiance measured by AHI at band
k. Therefore, the Venus radiance outside the LIR spectral
coverage is filtered out in the comparison process, and
the variation in response within the LIR coverage is also
taken into account as shown in Fig.

13a.

The comparison method is validated using the Venus
hyperspectral data from MERTIS. The approach in
this study might contain a systematic bias because
the AHI bands do not fully cover the wavelengths of
the LIR response function. For example, the emis-
sion peak of Venus lies in the gap between the cover-
ages of band 14 and 15. Such features are covered by the
LIR response function but missed by the AHI response
functions, potentially leading to an underestimation in
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the comparison based on our convolution method. To
quantify the bias, we used hyperspectral data acquired
by MERTIS during the BepiColombo flyby as a refer-
ence (Helbert et al. 2023). Although each MERTIS data
is noisy due to the low cloud-top temperature of Venus
(gray line in Fig. 13b), a number of the obtained spectral
profiles allows us to test our method over a wide range of
longitude, latitude, and emission angles. We first simulate
the LIR and AHI observations by convolving the MER-
TIS spectrum with the response functions (the black
dashed line and colored points in Fig. 13b). Then, the
simulated AHI measurements are summed up based on
Egs. (1), (2) and (3) (the red dashed line in Fig. 13b) and
compared with the simulated LIR one. Figure 13c shows
all the application results as a histogram of the ratios of
the AHI-convolved LIR to the simulated LIR. While the
result is widely scattered due to the noise in the MERTIS
data, this simulation ensures that our method of compar-
ing AHI and LIR introduces only a minor artifact, with an
average of 2% or less.

Abbreviations

AHI Advanced Himawari Imager
GCM Global Climate Model

HSD Himawari Standard Data

JMA Japan Meteorological Agency

LIR Longwave infrared camera
MERTIS ~ Mercury Radiometer and Thermal Infrared Spectrometer
RMS Root-mean-square

PCM Planetary Climate Model
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