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Abstract 

Since insertion into orbit on December 7, 2015, the Akatsuki orbiter has returned global images of Venus from its four 

imaging cameras at eleven discrete wavelengths from ultraviolet (283 and 365 nm) and near infrared (0.9–2.3 µm), to 

the thermal infrared (8–12 µm) from a near-equatorial orbit. The Venus Express and Pioneer Venus Orbiter missions 

have also monitored the planet for long periods but from polar or near-polar orbits. The wavelength coverage and 

views of the planet also differ for all three missions. In reflected light, the images reveal features seen near the cloud 

tops (~ 70 km altitude), whereas in the near-infrared images of the nightside, features seen are at mid- to lower cloud 

levels (~ 48–60 km altitude). The dayside cloud cover imaged at the ultraviolet wavelengths shows morphologies 

similar to what was observed from Mariner 10, Pioneer Venus, Galileo, Venus Express and MESSENGER. The daytime 

images at 0.9 and 2.02 µm also reveal some interesting features which bear similarity to the ultraviolet images. The 

nighttime images at 1.74, 2.26 and 2.32 µm and at 8–12 µm reveal features not seen before and show new details of 

the nightside including narrow wavy ribbons, curved string-like features, long-scale waves, long dark streaks, isolated 

bright spots, sharp boundaries and even mesoscale vortices. Some features previously seen such as circum-equatorial 

belts (CEBs) and occasional areal brightenings at ultraviolet (seen in Venus Express observations) of the cloud cover 

at ultraviolet wavelengths have not been observed thus far. Evidence for the hemispheric vortex organization of 

the global circulation can be seen at all wavelengths on the day- and nightsides. Akatsuki images reveal new and 

puzzling morphology of the complex nightside cloud cover. The cloud morphologies provide some clues to the 

processes occurring in the atmosphere and are thus, a key diagnostic tool when quantitative dynamical analysis is not 

feasible due to insufficient information.
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Akatsuki observations
�e Akatsuki orbiter was originally planned to be inserted 

into Venus orbit on December 7, 2010, after a successful 

launch on May 21, 2010, and after a short cruise to Venus, 

into a near-equatorial 30-h elliptic orbit moving in the 

same direction as the planet to study the superrotation 

(Nakamura et  al. 2011). However, a malfunction during 

the procedure led to the spacecraft missing orbital inser-

tion and ending up in an ~ 205-day orbit around the Sun 

(Nakamura et al. 2016). �e orbit was altered to a 199-day 

period by November 2011, while the spacecraft naviga-

tion team found a solution to encounter Venus again and 
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to attempt orbit insertion. Orbit insertion was achieved 

on December 7, 2015, thanks to the careful work of the 

navigation team by using only the attitude control thrust-

ers, achieving a rare reprieve for a planetary mission. �e 

operational orbit achieved has a similar near-equatorial 

inclination and eccentricity, but a much longer period 

(10.5 days). Despite the unplanned extended exposure to 

much harsher solar thermal conditions during the eleven 

perihelion passages, the cameras are performing well, 

while some effects on the readout electronics of the four 

quadrants of the IR1 camera (Iwagami et  al. 2018) and 

the IR2 camera (Satoh et  al. 2017) were discovered. �e 

impact was that the quadrant boundaries were visible and 

in IR1, the pixels along the column direction above and 

below the planet’s image on the CCD were filled occasion-

ally with constant values. Both IR1 and IR2 images also 

showed lines at the internal boundaries of the quadrants 

(due to slightly different gains of the separate readout 

electronics for the four quadrants). �ese anomalies were 

not present in the laboratory images and in the images 

acquired during the first orbit insertion attempt in 2010. 

Image data processing and calibration procedures have 

been developed and adapted to remove these effects. �e 

Akatsuki orbiter is providing equatorial, global images of 

Venus from its four cameras with spatial resolution com-

parable to or better than those obtained from the Venus 

Monitoring Camera (Markiewicz 2007) on Venus Express. 

�e VIRTIS instrument on Venus Express imaged Venus 

in both reflected and emitted radiation between 0.28 and 

5  µm (Drossart 2007; Piccioni et  al. 2007b) and mostly 

covered portions of the southern hemisphere. �e Akat-

suki images provide excellent symmetric views of Venus 

about its equator on day- and nightsides with good image 

quality spatial resolution from the 1024  ×  1024 pixel 

detectors of the UVI, IR1 and IR2 cameras. �e thermal 

infrared camera (LIR) uses a smaller detector and yields 

smaller sized images of Venus (~  18 pixel diameter at 

apoapsis). Imaging in reflected light is performed in por-

tions of the orbit when the phase angle is appropriate with 

imaging at roughly 2-h intervals. Imaging of the nightside 

of Venus is limited to portions of the orbit when the angu-

lar separation between the Sun and Venus is larger than 

26.5° to avoid stray light. Also, pointing is adjusted to keep 

as much of the saturated dayside portion of the planet out 

of the field of view of the IR2 and IR1 cameras as possi-

ble to minimize data contamination by the bright dayside 

portion of the planet. Additionally, data communica-

tion to the 64 m Usuda Deep Space Station near Nagano, 

Japan, occurs daily for about 8 h (except during the solar 

conjunction period lasting about a month) with data rates 

varying from 8 kbps to 32 kbps as the Earth–Venus range 

varies.

�ree filters of the IR1 camera (Iwagami et  al. 2011) 

with band passes centered at 0.9, 0.97 and 1.07  µm are 

used for surface imaging on the nightside in the  CO2 

windows where the atmosphere and the clouds are 

more transparent. �e filters allow for estimating the 

near-surface abundance of water vapor using differen-

tial absorption at 0.97 and 1.01  µm (and limited by the 

large atmospheric opacity) as well as the spatial variation 

of surface emissivity using all three channels. Of the four 

filters of the IR2 cameras centered at 1.735, 2.02, 2.26 and 

2.32  µm, the 1.735- and 2.26-µm filters together enable 

investigation of aerosol properties and the 2.26- and 2.32-

µm filters are useful for CO abundance on the nightside. 

�e 2.02-µm filter allows studying cloud-top elevation 

due to  CO2 absorption on the dayside. �e two filters of 

UVI allow a study of  SO2 abundance above the clouds 

due to its absorption at 283 nm but not at 365 nm. How-

ever, there may be other absorbers which may also absorb 

differentially at these two wavelengths. All of these filters 

are useful to compare global contrast patterns or cloud 

morphology and measure cloud motions for improved 

understanding of the global atmospheric circulation at 

slightly different altitudes.

Introduction
�e cloud cover on Venus is ubiquitous, unlike that found 

on Earth and Mars. �at Venus shows little contrast at 

most reflected wavelengths except ultraviolet (UV) has 

been known for a long time (Coffeen et  al. 1971). �e 

dayside contrast patterns observed are known to vary on 

short timescales. �e dayside contrasts are wavelength 

dependent (200–600 nm, peaking at 365 nm and vanish-

ing at the extremes of this range). Further, the contrasts 

vary with phase angle and are found to also be scale 

dependent. At shorter wavelengths (< 600 nm), contrast 

in global images peaks between 40° and 60° phase angles 

and at around 140° at longer wavelengths (> 550 nm) as 

measured from the unpolarized light images (Limaye 

1984) from the Pioneer Venus Orbiter (PVO) Cloud Pho-

topolarimeter (OCPP, Travis et  al. 1979). �e contrasts 

on Venus were noticed more than a century ago and 

recorded as drawings as early as 1881 (Niesten and Stuy-

vaert 1904). Venus was photographed by several observ-

ers in blue–violet as early as the 1920s (Ross 1927, 1928; 

Slipher 1931). Subsequently, when more frequent ultra-

violet images were obtained, it was realized that Venus 

showed a lot of variability, and hence, the images revealed 

clouds rather than features on the surface (Claydes 1909). 

A brief review of cloud patterns in telescopic images of 

Venus has been presented by Dollfus (1975).

We present here the first views of Venus from the 

Akatsuki data that reveal this variability not only on the 
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dayside, but also on the nightside from imaging at differ-

ent wavelengths. �e day- and nightside pattern differ-

ences stem from how they are observed. On the dayside 

clouds are imaged in reflected light and thus reveal pat-

terns near the cloud tops, while the nightside clouds 

are observed in radiation emitted by the atmosphere 

below the clouds toward the surface. �us, the nightside 

images reveal features caused by differences in opacity 

of the upper portions of the cloud layer and refer to the 

mid- and lower levels illuminated by radiation from the 

lower levels of the atmosphere at 1.74, 2.26 and 2.32 µm. 

�us, nightside features may have different origins and 

are likely related to differences in cloud properties aris-

ing from trace species, cloud chemistry and microphys-

ics and dynamics, somewhat different from cloud particle 

property variations in Earth clouds, which are primarily 

due to phase change related to vertical motions. At 0.9, 

0.97 and 1.01 µm, the Venus atmosphere and clouds are 

somewhat transparent, and thus, radiation from the sur-

face is detected in the nightside images.

Dayside images of Venus

By now, global views of Venus have been obtained by 

many spacecraft missions at a limited number of wave-

lengths. Images at 365 nm were obtained from Mariner 

10, the Pioneer Venus Orbiter, and Venus Express prior 

to Akatsuki. �e first spacecraft images were obtained 

over an eight-day period during the Mariner 10 flyby of 

Venus in February 1974 (Murray et  al. 1974). �e mor-

phology of the cloud cover from these images and their 

relationship to the Y features seen prominently in Earth-

based images has been presented by Dollfus (1975). Most 

of the features identified in the Mariner 10 images dur-

ing its short coverage were also seen in the longer dura-

tion of the Pioneer Venus Orbiter, and the morphology 

was presented by Rossow et al. (1980). PVO also obtained 

25–40 km per pixel images (365-nm global images with 

a few limb images at 365 and 690 nm) and polarization 

data (~  100  km per pixel) in reflected sunlight at four 

wavelengths (270, 365, 550 and 935 nm) from a spinning 

spacecraft and using the orbital motion of the spacecraft 

(Travis et  al. 1979). �e Venera 9 and 10 orbiters also 

obtained 17 images covering a limited portion of the Sun-

lit planet during October 26, 1975–December 25, 1975, 

using the motion of the orbiters with a 512 element linear 

photometer array with 30° wide field of view at the violet 

and ultraviolet wavelengths (Keldysh 1977). �e polariza-

tion mode intensity images showed morphology of the 

cloud cover to be similar at 270 and 365 nm in unpolar-

ized light, but also showed features in polarization data 

at the two longer wavelengths (Limaye 1984) which were 

similar to those seen in the intensity images.

�e orbiter infrared radiometer (OIR), a six-filter 

instrument on PVO, also yielded thermal infrared views 

of the northern hemisphere cloud tops at 10.6–12.6 µm 

for about 2 months (Taylor et al. 1980; Apt et al. 1980), 

but little small-scale detail was seen in the images con-

structed from these data. Later the Galileo orbiter took 

77 images of Venus in reflected light from the solid-

state imaging (SSI) camera (Belton et  al. 1991) during 

its Venus gravity-assisted flyby over a very short period 

(2.5 days) in February 1990 at two different wavelengths 

in reflected light (418 and 986 nm effective wavelengths). 

�e SSI images at 418  nm showed morphologies to be 

similar to the Mariner 10 (Murray et al. 1974) and Pio-

neer Venus observations (Rossow et al. 1980); however, 

at 986  nm some differences in morphology were seen 

(north–south linear patterns straddling the equator). 

�e Venus Monitoring Camera (VMC, Markiewicz 

2007) on the Venus Express Orbiter (Svedhem et  al. 

2007) imaged Venus at 365, 513, 950 and 1010 nm, and 

the cloud morphology has been presented by Titov 

et  al. (2008, 2012). Dayside images of limited portions 

of Venus were also obtained by the VIRTIS instrument 

between 280 and 1000  nm with 6  nm spacing, but the 

internal scattering within the instrument impacted the 

data by reducing contrasts. Prior to Akatsuki’s arrival at 

Venus, the MESSENGER spacecraft also imaged Venus 

from its wide- and narrow-angle cameras in June 2007, 

providing more than two hundred images of Venus from 

the wide-angle camera at twelve wavelengths over about 

2  days. Unfortunately the VMC instrument could not 

acquire good “in-orbit” additional flat fields to remove 

the image defects (Titov et al. 2012) during this period, 

so a comparison of VMC and MESSENGER concurrent 

images is not useful.

Nightside images of Venus in near infrared

First nightside images at near-infrared wavelengths of 

Venus showed surprising structures in Earth-based tel-

escope observations (Allen and Crawford 1984). Galileo 

was the first spacecraft to map Venus between 0.7 and 

5.2  µm from the near-infrared mapping spectrometer 

(NIMS) using the spacecraft spin and motion (Carlson 

et al. 1991). �e mapping channel of the visible infrared 

thermal imaging spectrometer (VIRTIS) also on Venus 

Express imaged the planet between 0.28 and 5.0 µm dur-

ing April 15, 2006–November 27, 2014 (Piccioni et  al. 

2007a), and provided the widest spectral coverage of 

the southern polar hemisphere of Venus at low spatial 

resolution and limited coverage of the low southern and 

equatorial northern latitudes at higher spatial resolution 

(as high as a few hundred meters at periapsis). Both VMC 

and VIRTIS predominantly provided a polar view of the 
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Venus cloud cover at ~ 25–45 km per pixel size and more 

detailed views of the equatorial and northern latitudes at 

a spatial scale of as high as 1–2 km per pixel. �e near-

infrared data from VIRTIS showed details of the polar 

regions of Venus not readily accessible to Akatsuki. On 

the nightside of Venus, VIRTIS data revealed cloud con-

trasts in thermal emission from the cloud layer (Peralta 

et  al. 2017) and also revealed cloud layer opacity varia-

tions above the lower clouds which are back-illuminated 

by emitted radiation from the warmer atmosphere below 

the cloud layer and the surface (Hueso et al. 2012). VIR-

TIS also revealed the intricacies of the inner region of 

the (southern) hemispheric vortex circulation (Garate-

Lopez et al. 2015; Luz et al. 2011) which supplement the 

reflected light views that revealed the vortex from space–

time composites of Mariner 10  dayside images (Suomi 

and Limaye 1978) and Galileo (Peralta et  al. 2007). It is 

useful to note that on Earth, cloud morphologies look 

very similar from the blue to thermal infrared wave-

lengths (Fig.  1), unlike on Venus (Fig.  2). Images taken 

from the Himawari satellite at sixteen different wave-

lengths between 410 nm and 15 µm are shown in Fig. 1, 

while similar wavelength coverage for Venus is shown 

in Fig.  2 from recent missions. Unlike the Earth images 

which are concurrent, we have only limited concurrent 

coverage over the same spectral range from the MES-

SENGER flyby data which are supplemented by Galileo 

and Akatsuki for illustrative purposes. �e MESSEN-

GER images are taken from the MDIS wide-angle camera 

(Hawkins et al. 2009; Robinson et al. 2007) with narrow-

band filters (10 nm), comparable to the band pass of the 

Akatsuki images at 283 and 365 nm (Table 1).

�e difference between the wavelength similarity in the 

appearance of Earth and for Venus is striking. �e dif-

ferences are not due to the vertical extent of the clouds 

but due to different origins and chemical composition of 

the clouds on Earth and Venus. Venus clouds are com-

plex as we have discovered. �e ultraviolet contrasts were 

first discovered more than a century ago (Ross 1928), 

and the suggestion that the clouds were made of drop-

lets containing sulfuric acid solutions (Young 1973) was 

confirmed more than 4  decades ago (Hansen and Hov-

enier 1974). But, we still do not know the species which 

are responsible for the dayside contrasts seen in the day-

side cloud cover, except that sulfur dioxide gas is one of 

them and there is at least one other absorber which is as 

yet unknown (Travis 1975). Morphologies provide a good 

diagnostic tool for relating the atmospheric processes 

involved with the sources and sinks of the aerosols, con-

densates and trace gases. Chemical models developed for 

the Venus atmosphere include more than forty species 

and involve more than a hundred reactions (Krasnopol-

sky 2007; Mills and Allen 2007; Mills et al. 2007) which 

are dependent on ambient conditions, further complicat-

ing analysis and interpretation in light of incomplete data 

and information. Venera and VeGa landers, four Pioneer 

Venus probes and two VeGa balloons have sampled the 

clouds below 62 km and obtained useful measurements, 

but these are proving to be insufficient for understanding 

the Venus clouds.

�e Akatsuki camera observations are providing high-

quality global images of Venus at multiple wavelengths 

from an equatorial perspective of both north and south 

hemispheres, enabling a study of the global morphologies 

and shedding new light on the clouds of Venus. �e Akat-

suki orbiter’s cameras are now imaging Venus at thirteen 

wavelengths from 283  nm to 10  µm. �ese images pro-

vide global views of the day- and nightside of Venus at 

spatial scales from ~ 70 km to as high as 0.2 km per pixel. 

Concerning global cloud morphology, Akatsuki provides 

the best global views of Venus from a near-equatorial 

perspective at several wavelengths to date—283, 365, 

900, 2020 nm on the dayside and at 0.97, 1.01, 1.74, 2.26 

and 2.32 µm on the nightside, while the LIR camera pro-

vides day- and nightside views of Venus at the thermal 

wavelengths.

�e altitudes of the features seen in day- and nightside 

images are not known with certainty. From analysis of 

PVO polarization data, the aerosol unit optical depth is at 

about 28 mb or at about 71 km in equatorial regions and 

at about 40 mb (~ 68 km) in polar regions (Kawabata et al. 

1980). From the analysis of 1.6-µm VIRTIS data, Ignatiev 

et al. (2009) found the cloud tops located at 74 ± 1 km in 

low and midlatitudes and at 63–69 km poleward of ± 50° 

latitude. Tracking clouds and matching their zonal speeds 

to entry probe zonal wind from Pioneer Venus probes 

or cyclostrophic wind from thermal structure data have 

often been invoked to estimate the vertical level of the fea-

tures (Belton et al. 1991; Hueso et al. 2015; Limaye 1985). 

Using a cloud model, Takagi and Iwagami (2011) have 

explored the causes for contrasts in the images acquired 

by IR1 and IR2 Akatsuki cameras in near infrared at 0.9 

and 2.02 µm on the dayside and at 2.26 µm on the night-

side. �ey concluded that the dayside 0.9  µm contrasts 

are due to variations of the cloud optical thickness as is 

also the case for the nightside 2.26  µm contrasts. �ey 

suggest that 2.02  µm contrasts depend on not only the 

cloud altitude, but also the cloud optical thickness. �ey 

also suggest that although Belton et  al. (1991) inferred 

that dayside 0.986  µm contrasts correspond to about 

55 km using the vertical wind shear, the contrasts could 

be located anywhere in the cloud from 48 to 70 km. Simi-

larly, although Carlson et  al. (1991) attribute the 2.3  µm 

contrasts to 50  km, Takagi and Iwagami (2011) suggest 

that the contrasts may be located anywhere in the mid- or 

upper cloud region. Hueso et al. (2015) attribute the cloud 
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patterns between 0.3 and 1  µm to altitudes between 60 

and 72  km and their near-infrared cloud motion meas-

urements match those from the Pioneer Venus probe 

and VeGa balloon derived winds at altitudes between 56 

and 62 km, differing from the 58–64 km level derived by 

(Sánchez-Lavega et  al. 2008) from radiative calculations. 

It is quite possible that these discrepancies are due to tem-

poral and local time variations or from the global varia-

tions in the cloud structure (as indicated by the Akatsuki 

nightside images) that can be at odds with cloud models 

deployed to infer the altitudes.

�e morphological information at multiple wavelengths 

enabled by the Akatsuki cameras presented here provides 

new constraints on the evolution and origins of the con-

trasts—both absorbers of incident solar radiation respon-

sible for dayside patterns and local variations in cloud 

opacity and thermal contrasts responsible for the night-

side patterns. We describe below the global morphology 

of the dayside cloud cover of the cloud-top region and 

present the nighttime morphology of the cloud features in 

the mid- and lower levels of the cloud cover.

Akatsuki multispectral images of Venus: cameras 
onboard
�ere are five cameras on Akatsuki to image Venus at 

the ultraviolet to thermal infrared wavelengths—UVI 

Fig. 1 An example of Earth clouds imaged by the Himawari weather satellite (December 27, 2016, 04:00 UT) in geosynchronous orbit at sixteen 

different wavelengths. The cloud features show a high degree of similarity from 410 nm to 13.3 µm
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Fig. 2 Venus at different wavelengths imaged by Akatsuki and MESSENGER cameras. Top row—(left to right) 283 nm (20160425_171339), 365 nm 

(20160425_171716) from the UVI camera on Akatsuki, and 430 nm and 480 nm (MESSENGER–MDIS/WA). Second row—560, 630, 700 and 750 nm 

(MDIS-WA). Third row—830, 900, 950 and 1000 nm (MDIS-WA). Bottom row—900 nm from Akatsuki (ir1_20160506_180208_09d), 1020 nm (MDIS-

WA), 2020 nm from Akatsuki (ir2_20160506_180824_202) and 10–14 µm from Akatsuki (lir_201506_182053_pic). All MESSENGER images have been 

high-pass filtered to bring out the very low-contrast features. The MESSENGER images have been normalized using the Minnaert scattering function 

to bring out global-scale contrasts



Page 7 of 38Limaye et al. Earth, Planets and Space  (2018) 70:24 

[Yamazaki et  al., submitted to EPS, Akatsuki special 

issue], IR1 (Iwagami et al. 2018, submitted to EPS Akat-

suki special issue), IR2 (Satoh et al. 2016), LIR (Fukuhara 

et al. 2011, 2017b) and the Lightning and Airglow Cam-

era (LAC) which does not produce an image (Takahashi 

et  al. 2008), and is used when the nightside of Venus is 

visible to Akatsuki to detect lightening and airglow. 

Table  1 provides the characteristics of the four imag-

ing cameras. �e 1.65-µm filter in the IR2 camera was 

used for zodiacal imaging during cruise and is not used 

to image Venus and hence is listed in this table for com-

pleteness only. �e focal lengths are nominal values for 

IR1, UVI and LIR cameras and have been updated from 

star fields during the mission for the IR2 camera. Updates 

are expected for the other cameras. During the long 

interval between the first attempt in December 2010 and 

the successful orbital insertion in December 2015, Akat-

suki came much closer to the Sun than anticipated with 

11 perihelion passages. �us, the camera performance 

was somewhat affected, particularly for the IR1 camera, 

requiring new procedures for data calibration.

Generally, when the Akatsuki orbiter predominantly 

views the night hemisphere of Venus from its posi-

tion in its orbit, the UVI camera is not used, and only 

the IR1 and IR2 cameras image the nightside of Venus. 

�e two 0.9-µm filters (09d and 09n) on the IR1 cam-

era have different band passes (Table 1) to enable imag-

ing of the day- and nightsides due to the differences in 

the reflected and emitted radiation. �e LIR camera 

images Venus throughout the orbit—day and night—as 

it senses radiation emitted to space by the planet from 

the cloud tops. Dayside images are taken at 283 and 

365 nm (UVI) wavelengths as well as at 0.9 µm (IR1) and 

2.02 µm (IR2). Instrumental constraints prevent concur-

rent images from different filters from the same camera, 

but the time interval is relatively short (about 214  s for 

UVI) which provides near simultaneous imaging at dif-

ferent wavelengths except at close approach to Venus. 

�e performance of the four cameras during the first 

year of operations in orbit is presented in this special 

issue by Iwagami et  al. (IR1), Satoh et  al. (2017) for the 

IR2, Yamazaki et  al. (UVI) and Fukuhara et  al. (2017b) 

for the LIR camera. An electronics problem with a unit 

in late 2016 has affected the operation of the IR1 and IR2 

cameras, and while efforts continue to address this prob-

lem, the cameras have not sent back any data since the 

anomaly.

Temporal coverage
Four hours after the Venus orbit insertion (VOI), the 

IR1, UVI and LIR cameras took Venus images. Only IR2 

needed to be cooled down for 10 days and took the “first 

light” images after a long hibernation period in Janu-

ary 2016. Systematic data collection began on April 1, 

2016, from its near-equatorial orbit with a periapsis alti-

tude of ~ 1000 km and a 10.5-day period and an eccen-

tricity of about 0.92 (Fig.  3a). A schematic diagram of 

the Akatsuki orbit around Venus is shown in Fig. 3b for 

three of its orbits to illustrate when Akatsuki observes 

the day or the nightside of the planet. Routine imaging 

from all four cameras has been performed on every orbit 

except during solar conjunctions when communications 

are interrupted between Akatsuki and the Usuda DSN. 

One advantage of the longer orbit is that it is possible to 

monitor the cloud patterns with fewer gaps as Akatsuki 

observes Venus’ day and night hemispheres continuously 

from similar vantage points for longer duration as com-

pared to the 24-h eccentric polar orbit of Venus Express.

In November 2016, a technical problem prevented 

imaging from the IR1 and IR2 cameras which share 

some electronics, and currently, those two cameras 

are not returning any data. �e cadence of most of the 

Table 1 Characteristics of cameras on Akatsuki orbiter

Camera Channel 
name

Band center 
(μm)

Bandwidth 
(micron)

Transmit-
tance

Pixel size 
(mm)

# Lines # Samples Focal length 
(mm)

Day/night

IR1 090d 0.900 0.00910 0.0027 0.017 1024 1024 84.2 Day

090n 0.898 0.02890 0.74 0.017 1024 1024 84.2 Night

097 0.969 0.03860 0.78 0.017 1024 1024 84.2 Night

101 1.009 0.03910 0.75 0.017 1024 1024 84.2 Night

IR2 174 1.735 0.041 0.85 0.017 1024 1024 85.41 Night

226 2.26 0.052 0.67 0.017 1024 1024 85.44 Night

232 2.32 0.036 0.67 0.017 1024 1024 85.41 Night

202 2.02 0.039 0.06 0.017 1024 1024 85.50 Day

165 1.65 0.283 0.93 0.034 520 520 85.35 –

UVI 283 0.283 0.014 0.280 0.013 1024 1024 63.3 Day

365 0.365 0.014 0.509 0.013 1024 1024 63.3 Day

LIR 10.00 4.00 – 0.037 328 248 42.2 Day and night
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Fig. 3 a Schematic view of orbital path of the Akatsuki orbiter around Venus and general observing plan during the ~ 10.5-day orbit. b A plan view 

of the orbits of Earth (outer ellipse), Venus (inner ellipse) and Akatsuki for orbit numbers 15, 16 and 17. An expanded view of three consecutive Akat-

suki orbits around Venus is shown with the arrow pointing in the direction of the spacecraft in orbit. The dates and times indicate periapsis times. 

The dark shading in the circle represents the Venus nightside. Note that the size of Venus is exaggerated as compared to the size of the Akatsuki 

orbit for clarity. Similarly, in the upper panel the size of the Akatsuki orbit is also not to scale compared to the Earth and Venus orbits. The darker 

portion of the orbit indicates times when the orbiter is above the Venus equatorial plane. Sun avoidance zone for the high-gain antenna and the 

radiative cooler for the IR2 camera pose constraints on the pointing of the spacecraft when viewing Venus
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images from the UVI, IR1 and IR2 cameras is 2  h, but 

some images have been acquired 1  h apart. Gener-

ally, the UVI camera makes three exposures for one 

“image” which takes 210 s and a median filter is applied 

onboard to reduce the dark noise. At close approach to 

Venus, the median filter step is skipped and images can 

be acquired more quickly (150 s apart). �e LIR camera 

can image Venus far more rapidly than other cameras—

every 5 s. Onboard storage constraints, data communica-

tion rates and instrument operations limit the sampling 

interval and total number of images from the UVI, IR1 

and IR2 cameras. Different data acquisition modes have 

been developed to account for the data communication 

rates due to Earth–Venus range. �e LIR camera takes 

more frequent images, but the data volume is smaller 

due to the smaller size of its detector. �e total num-

ber of images returned from Akatsuki is thus somewhat 

less than the number of images returned from VMC 

and provides global views of the planet as compared to 

the mostly near-polar perspective views imaged near the 

apoapsis portion of the Venus Express orbit when the day 

and night hemispheres were contained in a single VMC 

frame.

Table 2 provides a list of the images used in this paper 

along with some geometry information—range of the 

Akatsuki orbiter from Venus, the spacecraft sub-point 

latitude and longitude, the sub-solar latitude and longi-

tude, the azimuth angle of the Venus north pole and the 

pixel size at the sub-spacecraft location (km).

Dayside morphology
Unlike on Earth where the clouds seen in reflected light 

are visible because of light scattering, the contrast fea-

tures on Venus are seen due to absorption and scatter-

ing. By cloud morphology, we refer here to the patterns 

of these contrast features. Below we present the global 

cloud-top morphology from dayside equatorial views 

at 283 and 365  nm (UVI) and at 0.9 (IR1) and 2.02  µm 

(IR2). Most of the global images were obtained at about 

15–20  km/pixel scale (Table  2) at the sub-spacecraft 

point, while two are at much lower resolution (~ 75 km/

pixel). As the contrast on finer spatial scales (~ 5–10 km) 

is markedly different, we also present some samples of 

higher-resolution images at all wavelengths to compare 

with some earlier observations. Venus was previously 

imaged at high spatial resolution from Mariner 10 and 

Venus Express VMC and VIRTIS, and now, Akatsuki 

also provides views at 0.9 and 2.02 µm with spatial scale 

of ~ 2 km per pixel.

Images at 283, 365 nm (UVI)

A representative sampling of 283- and 365-nm image 

pairs obtained at almost the same time is shown in 

Figs. 4, 5 and 6. Most of the images shown in Figs. 4, 5 

and 6 were taken at low phase angles to show as much 

of the dayside hemisphere as possible and thus are not 

the highest resolution images from Akatsuki. Because 

of the circulation period of the atmosphere at the cloud-

top level (~  4  days) and the orbital period of Akatsuki 

(~  10.5  days), full-frame global views of the dayside of 

Venus are intermittent and smaller images of Venus are 

obtained in between these occasions. For clarity, all of 

the global images are scaled to have the same size, but 

they differ in spatial resolution (see Table  2). �e 365-

nm images show the familiar contrast features, but con-

tinuous monitoring of Venus at 283  nm is new from 

Akatsuki. In the 283 images, Venus looks not too differ-

ent from its appearance at 365 nm. Previously only low-

resolution (~ 100–160 km per pixel) coverage at 270 nm 

was obtained in the polarimetry mode from Pioneer 

Venus (Kawabata et al. 1980) and a similar resemblance 

was also noted (Limaye 1984) between 270 and 365 nm 

maps. Generally, the images shown in Figs.  4, 5 and 

6 show the “Y Feature” in its many incarnations over a 

period of about 9  months covered at both wavelengths. 

�e Y feature is marked by bright arms inclined at a vari-

able angle about the equator and often enclosing a region 

of a bright patch (e.g., images c, d, c, d, a, b) which may 

include bow-shaped features (e.g., a, b). �e angle of the 

bright arms can be very high (e.g., c, d) and sometimes 

very low (e.g., e, f ). �e region between the two arms of 

the Y can be relatively narrow (a, b) or quite wide (c, d) 

and can have few contrast features (c, d) or many (a, b). 

�e relative magnitude of the contrasts can also be dif-

ferent at the two wavelengths. Preliminary cloud motion 

measurements from the images at 283 and 365 nm reveal 

some differences, which may be due to altitude but could 

also be due to differences and changes in morphology 

(sources or processes producing the contrasts).  

At the first impression, the cloud forms or contrasts 

seen at 283 and 365 nm are very similar; however, some 

differences in the relative brightness and contrasts are 

apparent (e.g., pairs a–d, k, l). Preliminary quantitative 

comparisons of colocated intensities at the two wave-

lengths reveal both positive and negative correlations 

that appear to vary with latitude. Such a study is cur-

rently underway. What is not yet known with confidence 

is the origins of the contrasts, i.e., what are the absorbers 

that cause these contrasts by selectively absorbing certain 

wavelengths in the incident solar radiation. It has been 

known that  SO2 is expected to absorb some of the radia-

tion below 330 nm, along with another absorber (Espos-

ito 1980; Esposito et  al. 1983; Travis 1975). Cloud-top 

level is believed to be similar at these wavelengths (esti-

mated from images, but cannot be precisely determined 

due to the diffuse nature of the cloud-top region and the 
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a 20160425_171339_283 b 20160425_171716_365

c 20160506_181341_283 d 20160506_181716_365

e 20161120_132347_283 f  20161120_132721_365

Fig. 4 Selected images from the UVI camera taken from the 283 nm (left column) and 365 nm (right column). Latitude and longitude lines are shown 

with 45° spacing. (North pole is at the bottom.) Generally images taken through the 283- and 365-nm filters are very close together in time. Simul-

taneous imaging is not possible from the camera in the two filters which occupy different locations on the filter wheel in the camera and the time 

difference between them is about 150 s. At very close approach to Venus, complete overlap between 283- and 365-nm images is not possible due to 

the fast movement of Akatsuki it its orbit. All of the images are shown in calibrated versions with latitude–longitude overlays (north hemisphere is at 

the bottom in most images) and they have been scaled to the fit the frames. Geometry information is given in Table 2 for the displayed images



Page 14 of 38Limaye et al. Earth, Planets and Space  (2018) 70:24 

a       20161223_101110_283 b 20161223_101445_365

c 20170104_060111_283 d   20170104_060444_365

e f20170114_170111_283 20170114_170446_365

Fig. 5 Selected images from the UVI camera taken from the 283 nm (left column) and 365 nm (right column). Latitude and longitude lines are shown 

with 45° spacing. (North pole is at the bottom.) Generally images taken through the 283- and 365-nm filters are very close together in time. Simul-

taneous imaging is not possible from the camera in the two filters which occupy different locations on the filter wheel in the camera and the time 

difference between them is about 150 s. At very close approach to Venus, complete overlap between 283- and 365-nm images is not possible due to 

the fast movement of Akatsuki it its orbit. All of the images are shown in calibrated versions with latitude–longitude overlays (north hemisphere is at 

the bottom in most images) and they have been scaled to the fit the frames. Geometry information is given in Table 2 for the displayed images
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a 20170115_083111_28O3 b 20170115_083445_365

c 20170121 103110 283 d 20170121 103443 365

e 20161223_141058_283 f 20161223_141334_365

Fig. 6 Selected images from the UVI camera taken from the 283 nm (left column) and 365 nm (right column). Latitude and longitude lines are shown 

with 45° spacing. (North pole is at the bottom.) Generally images taken through the 283- and 365-nm filters are very close together in time. Simul-

taneous imaging is not possible from the camera in the two filters which occupy different locations on the filter wheel in the camera and the time 

difference between them is about 150 s. At very close approach to Venus, complete overlap between 283- and 365-nm images is not possible due to 

the fast movement of Akatsuki it its orbit. All of the images are shown in calibrated versions with latitude–longitude overlays (north hemisphere is at 

the bottom in most images) and they have been scaled to the fit the frames. Geometry information is given in Table 2 for the displayed images
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presence of haze), so the differences in morphology at 

the two wavelengths generally imply differences in dis-

tributions of opacity sources horizontally and vertically 

above the visible cloud tops. Variations in the abundance 

of  SO2 above the cloud tops (90–110 km altitude) should 

affect the contrasts at 283 nm compared to 365 nm.  SO2 

abundance has been observed to vary rapidly above the 

cloud tops on a timescale of  ~  an hour (Encrenaz et  al. 

2013, 2016; Marcq et al. 2011), so variation in contrasts 

at 283  nm on similar timescales can be expected. �at 

we see comparable changes at 365 nm also indicates that 

other unknown absorbers besides  SO2 are present and 

also contribute to the contrasts. Zhang et al. (2010) pro-

pose that sulfuric acid in the cloud droplets can undergo 

photolysis to produce sulfur oxides and loft them above 

the clouds tops. �is can be another cause of rapid 

changes in the clouds.

More than a dozen absorbers have been suggested so 

far as candidates for the other unknown absorber(s) 

besides  SO2 (Esposito et  al. 1983), and while sulfur 

(Carlson 2016) and  FeCl3 (Krasnopolsky 2016, 2017) 

have been favored as leading candidates for the ultra-

violet absorption, there is no confirmation of their pres-

ence. �ere are other absorbers of incident sunlight 

at λ < 600 nm and some of these have been detected in 

the atmosphere of Venus (e.g.,  CS2). It is worth point-

ing out that although the literature refers to “ultraviolet” 

absorber(s), the absorption of incident solar radiation 

in the Venus atmosphere becomes noticeable at wave-

lengths shorter than 500 nm (Perez-Hoyos et al. 2013) or 

even 600  nm (Carlson 2016). Further, the nature of the 

other absorbers (besides  SO2)—particulate, vapor or even 

microorganisms—is not known. Recently, a possibility 

of microorganisms contributing to absorption of sun-

light in the clouds and also to contrasts has been raised 

by Limaye et al. (2017), based on the consideration that 

the known physical, chemical and spectral properties of 

the Venus cloud particles can be matched by terrestrial 

microorganisms that may have evolved on Venus when 

it had liquid water on its surface and migrated to the 

clouds. Earth clouds harbor many microorganisms and 

have been detected at altitudes as high as 41 km (Wain-

wright et al. 2003), so a similar existence in the clouds of 

Venus cannot be excluded.

In general, the contrast of the images is somewhat 

lower at 283 nm than at 365 nm. �is is somewhat sur-

prising considering that the intensity data acquired from 

the Pioneer Venus Orbiter Cloud Photopolarimeter 

showed somewhat larger contrasts at 270 nm compared 

to 365  nm, at least when contrast was defined in terms 

of absolute deviation from the intensity expected from a 

Minnaert law behavior (Limaye 1984). Despite the some-

what lower contrast, 283-nm images show generally the 

same morphology as 365-nm images, but the smaller-

scale details are muted or absent. Visual examination of 

the images at these two wavelengths shows that a fea-

ture seen at one wavelength is absent in the other wave-

length in certain regions at certain times. At other times 

or locations, the features appear to match well at the two 

wavelengths. Quantitative analysis of colocated 283- and 

365-nm (near) simultaneous images shows the correla-

tion of brightness values at the two wavelengths to be 

variable and part of the variation appears to be latitude 

dependent. A similar situation was found with Galileo 

and MESSENGER data at other wavelengths. �e cor-

relation between the wavelengths covered by Galileo 

and MESSENGER images was also found to vary. Dur-

ing the Galileo flyby there seemed to be an anticorrela-

tion in brightness between the violet and near-infrared 

images (Belton et  al. 1991), but this anticorrelation was 

not apparent during the MESSENGER flyby Peralta et al. 

(2017).

�e Akatsuki images at 283 and 365  nm show many 

features previously observed—discrete smaller-scale fea-

tures at low latitudes, bright spiraling streaks and bands 

at midlatitude, bow-like features near the sub-solar point 

and the Y-like feature in different shapes. As before, the 

contrasts are lower near the terminators. Lee et al. (2017) 

have conducted an analysis of the absorption and scatter-

ing properties of the clouds from Akatsuki images at 283 

and 365 nm and further studies are being conducted.

Dayside images at near-infrared wavelengths

�e two near-infrared wavelengths, 0.9 and 2.02  µm 

wavelengths are somewhat less susceptible to scattering 

from the submicron haze that is found above the cloud 

tops and mixed in with the ~ 1.1-µm-radius particles of 

the cloud-top layer on Venus. �us, any discrete features 

seen at these two wavelengths can be taken as an indica-

tion of the presence of somewhat larger particles which 

are also known to exist (Knollenberg et  al. 1980) and 

inferred from VMC data (Petrova et al. 2015). Further, at 

2.02 µm there is some absorption by  CO2, so any darker 

patches seen in the images at these wavelengths may be 

indicative of some vertical relief in the cloud particle 

distribution.

0.9 µm images (IR1)

�ree representative global images taken through the 09d 

filter on the dayside of Venus are shown in Fig. 7. Origi-

nal (calibrated) images are shown in the left column and 

show almost no detail, but contrast features can be seen 

in the brightness normalized versions which are shown 

in the middle column using the Minnaert law (Minnaert 

1941). High-pass filtered versions are shown in the right 

column and show more local detail. Both the normalized 
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a
b 20160425_170207_09d

c

d e 20160506_180208_09d f

g h 20160517_200207_09d i

Fig. 7 Selected global images taken at 0.97 µm on the dayside from the IR1 camera through the 09d filter. Calibrated images are shown in the left 

column and brightness normalized versions are shown in the middle column and high-pass filtered versions in the right column. Latitude and lon-

gitude lines are shown with 45° spacing. (North pole is at the bottom.) In the brightness normalized versions, the shading due to illumination and 

viewing angles has been removed using a Minnaert function. Local details become more visible in the high-pass filtered versions. In general, con-

trasts are much lower at 900 nm than at 365 nm as expected and the spatial scales and morphology are similar. However, the global organization is 

not as apparent as at 365 nm. In images taken closer to the planet which show Venus at ~ 2–6 km/pixel scale, very muted contrasts are seen. This is 

different from that observed at the ultraviolet wavelengths where the contrasts are much weaker on the very small spatial scales of ~ 5–10 km, and 

are seen only over scales that are about 10 times larger. Because Akatsuki spends only a short time at close proximity to Venus in its highly elliptic 

orbit, global coverage at high spatial resolution is not feasible as the camera’s field of view is too small as compared to the angular size of the planet 

as Akatsuki moves very quickly relative to the planet
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and high-pass filtered versions reveal the linear bounda-

ries of the four quadrants of the IR1 CCD due to the slight 

mismatch in the gains of the separate readout electronics 

for each quadrant. �is mismatch was not revealed in the 

pre-launch ground calibration and appears to have devel-

oped during the long cruise and higher than planned 

solar exposure experienced by the Akatsuki orbiter dur-

ing the first missed opportunity and the orbit insertion in 

December 2015 (Nakamura et al. 2016).

As expected from previous observations (Coffeen et al. 

1971), the full-disk image of Venus shows little detail as 

the contrast is very low. Low to medium spatial resolu-

tion full-disk images show somewhat less bright polar 

regions as compared to the ultraviolet. Digital filtering 

or removal of scattering geometry effect (normalization) 

using a scattering law brings out subtle contrasts on very 

small scales (~ 10–20 km) at 0.9 and 2.02 µm.

Given the prevalence of submicron (Kawabata et  al. 

1980; Luginin et  al. 2016) haze above the clouds in the 

70–90  km region and  ~  1.1  µm effective radius of the 

cloud particles, the lack of detail in the images is consist-

ent with the large degree of homogeneity of these parti-

cles on the dayside. However, there are known to be some 

larger particles in the deeper layers, so any features that 

can be seen may be indicative of the presence of larger 

particles at higher altitudes. �e brightness normalized 

versions do show some contrast features whose appear-

ance is quite different from that seen at 283 and 365 nm. 

�e two processed versions (b and c) of image a show 

patterns that are not readily identifiable in the calibrated 

version—an elongated “S” shape in the top center of the 

image. Toward the bright limb on the right, a curved 

bright feature is seen in the filtered version, but its shape 

is somewhat different in the normalized version. An 

almost straight, dark and narrow line is seen in the lower 

right quadrant of the image, inclined at almost 45° with 

the equator. In versions e and f of the calibrated image 

shown in d, the appearance of the features is markedly 

different. A long, linear feature is seen just north of the 

equator at a small angle, while a bow-like feature is seen 

in mid-northern latitudes whose orientation is almost 

orthogonal to the bow-shaped features seen in the ultra-

violet images. Patterns such as these are not generally 

visible in the ultraviolet images. �e normalized version 

of image g shows a large dark patch north of the equa-

tor which is trailed by curved features in the northern 

hemisphere (bottom half of the image), while a linear 

feature is seen in the south. �e patch is located between 

about 10°N and about 43° latitude (lower right portion of 

the image) with a trailing narrow dark band toward the 

bright limb (left) beginning at the eastern edge of the 

patch at about 25°N latitude. �e appearance is some-

what like a contrast reversed version of the Y, but is quite 

different from the near simultaneous 365-nm image (see 

Fig. 11). Quantitative comparison of the 09d image inten-

sities with other wavelengths is pending as the calibration 

of the data is improved.

Images at 2.02 µm

Full-disk dayside 2.02-µm images from the IR2 cam-

era are shown in Fig. 8. Again, both the calibrated (a, c 

and e, left column) and filtered versions (b, d and f, right 

column) are shown, but the filter is different from that 

used for the IR1 images shown in Fig. 1. Here, a custom 

“contrast” filter is applied which uses a scaled ratio of the 

standard deviation to the average brightness of all of the 

pixels in a moving box (11 ×  11 pixels) and is centered 

at each pixel within the region of the image away from 

the outer boundaries by half the dimension of the box. 

For cosmetic reasons, a fraction of the original image is 

also added back. �e polar regions (> 60° latitude) appear 

noticeably darker at this wavelength close to the equa-

torial boundary of the “cold collar” seen in the thermal 

data (images a, c and e). At this wavelength, some of the 

radiation reflected from the clouds is absorbed by  CO2, 

the dominant constituent of the Venus atmosphere. �e 

darker regions thus suggest lower cloud tops, which 

would be consistent with the lower cloud tops inferred 

from VIRTIS data at 1.6  µm using the same approach 

by Ignatiev et al. (2009). �e equatorial and midlatitude 

regions show long, relatively thin string-like features, 

somewhat similar to those seen at the ultraviolet wave-

lengths, suggesting some altitude relief. �ese features 

are more visible in the contrast filtered versions (b, d and 

f ). �e classic Y-shaped feature has often been discerned 

at 2.02  µm in the global views, suggesting some corre-

spondence between the mechanisms or processes creat-

ing or contributing to the contrasts seen at the ultraviolet 

and at 2.02 µm (image b). �ere also appears to be some 

phase angle dependence in the contrasts as very few 

details are visible at phase angles > 120°. Image d reveals 

a “belt”-like bright band about the equator, which is unu-

sual and is better seen in the contrast filtered version. 

Smaller-scale curved features suggestive of local circula-

tion are seen in image d in the bright region toward the 

left of center of the frame, which have not been discerned 

at the shorter wavelengths on the dayside. Since the con-

trast filter adds back a fraction of the original image, the 

increased brightness of this portion is due to the scatter-

ing geometry.

Morphology at smaller scales (~ 2 to ~ 5 km/pixel)

�e small-scale contrast features have a different mor-

phology from the large-scale features seen in global 

images. VMC images taken at all four wavelengths 

(365, 550, 950 and 1050 nm) showed fine-scale (1–5 km 
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a ir2_20160506_180824_202 b Contrast filtered version

c ir2_20160517_200822_202 d Contrast filtered version

e ir2_20160621_220821_202 f Contrast filtered version

Fig. 8 A sample of full-disk dayside 2.02-µm images from the IR2 camera. The calibrated versions are shown in the left column and contrast filtered 

versions are shown in the right column to bring out the very low-contrast details present in the data. At this wavelength, the absorption due to 

 CO2 is noticeable at polar latitudes where the cloud tops are lower, resulting in lower brightness values. Although the observed cloud features are 

believed to be at the same altitude range as those seen at 283, 365 and 900 nm, different morphologies are seen. For example, the image shown 

in c shows a bright band, which is more noticeable in the filtered version (d), much like the “belt” seen on Jupiter, but is not visible at the shorter 

wavelengths. The contrast filtered versions and normalized version of the images also show features not seen in the shorter wavelengths. The cause 

of these differences has not yet been explored
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spacing) gravity waves of four distinct morphologies 

(long, medium, short and irregular) in the high northern 

latitudes (Piccialli et al. 2014) which were not previously 

detected and have not yet been seen in Akatsuki images 

at any wavelength. Images at  ~  2 to  ~  5  km/pixel scale 

are generally acquired by the Akatsuki cameras only at 

low latitudes, and thus, the high-latitude fine-scale grav-

ity waves cannot be seen; however, the images do show 

some surprising structures. Figure 9 shows a selection of 

views from the UVI and IR1 cameras. Only contrast fil-

tered versions are shown as the calibrated images show 

barely discernable details. Images c and d are mapped at 

0.025° per pixel in latitude and longitude to present the 

same scale since the two images were taken only about 

12  min apart and thus show that the features change 

rapidly at the small scales over a few minutes. Both the 

images shown in c and d show the equatorial region and 

span an area approximately 400 × 400 km. On this small 

scale, the orientation of the bright streaks at 365  nm is 

almost orthogonal to the latitude circles, unlike the gen-

eral pattern of streaks (a fixed source region, e.g., the lin-

ear features seen in d) observed over larger scales which 

are inclined at a smaller angle, giving the impression that 

they are streak lines (Smith and Gierasch 1996; Suomi 

1975). Whether these streak-like features seen in c and d 

are streak lines is not yet known.

Figure  10 shows higher-resolution 2.02-µm images in 

both calibrated and contrast filtered versions. In general, 

the contrasts are even lower on such small spatial scales 

and are brought out only after some filtering. Images a 

and b show thin, string-like features of variable lengths, 

curvature and inclinations to latitude circles. Image 

e (and a filtered version in f ), however, is surprisingly 

devoid of such features but shows a bright region core 

surrounded by a dark ring, like the classic signature of the 

glory feature which has been seen in the Venus Monitor-

ing Camera at 365, 550, 950 and 1050  nm (Markiewicz 

et al. 2014). However, the geometry of this image is not 

consistent with the backscatter angle and the feature is 

believed to be due to low-frequency noise and cross talk 

between the four quadrants of the IR2 readout electron-

ics (Satoh et al. 2017). For lower-resolution images which 

contain a lot more detail, this low-frequency noise is 

not a significant hindrance in the interpretation of the 

images, but its removal certainly improves the image 

appearance somewhat as shown by Satoh et  al. and is 

necessary for quantitative comparative studies.

Contemporaneous views at 283, 365 nm, 1.02 and 2.02 µm: 

spatial variations in cloud properties

Near simultaneous global images of Venus at 283, 

365  nm as well as 0. 9 and 2.02  µm on three separate 

days (almost one orbit apart) are shown in Fig.  11. �e 

0.9-µm images are shown in filtered versions to bring out 

the contrasts. �e transition between lower and higher 

brightness matches well at 283 and 2.02  µm, while the 

transition occurs at a slightly lower latitude at 365  nm. 

A bright streak or band usually marks this transition in 

the 283-nm images. Poleward of this, quasi-linear streaks 

can be seen at all four wavelengths which are equivalent 

to the spiral arms of the vortex over the pole which can 

be better seen in polar projections presented later. �e 

two longer wavelengths should probe the deeper cloud 

levels as compared to the ultraviolet wavelengths as they 

are less affected by scattering due to the smaller particles, 

but at 2.02  µm,  CO2 absorption also contributes to the 

depths probed. �us, when similar features or structures 

are seen at all four wavelengths, the features extend from 

near the top to at least a scale height deeper and should 

indicate the presence of larger particles. When the fea-

tures are not similar, the cloud cover may be due to verti-

cal variation of the cloud particle properties in the upper 

cloud.

Figure  12 shows images obtained close together in 

time and at a spatial scale of about 6 km per pixel at 283, 

365 nm and 2.02 µm in the top row mapped in latitude 

and longitude. �e lower column shows a color compos-

ite with 283  nm shown in blue, 2.02  µm in red and the 

365-nm image in green. Subtle color variations over the 

overlapping area from yellow to purple or brown are sug-

gestive of differences in the distribution of submicron 

haze (~  0.2  µm radius), the cloud particles (~  1.2  µm 

radius), larger particles and possible differential  CO2 

amounts over the “cloud tops.” More bluish and/or green-

ish portions indicate smaller abundances of absorbers, 

while reddish shades indicate a higher cloud-top level 

over other regions due to less  CO2 absorption above the 

cloud top in the  CO2 band (2.02 um). Figure  12 shows 

yellowish areas in the 10°S–10°N latitude, implying the 

area has less unknown absorber(s) and the cloud-top 

level is higher than the surrounding region. �is may be 

related to local circulations caused by differential heat-

ing from variations in the abundances of the absorbers on 

the dayside.

Nightside morphology
On the nightside, the IR2 and LIR cameras of Akatsuki 

probe different depths of the Venus cloud layer as com-

pared to the dayside images. �e LIR camera (8–12 µm) 

probes the 65  km level and provides cloud-top tem-

perature variations over the planet on day and night 

hemispheres.

At 1.74, 2.26 and 2.32  µm wavelengths, the features 

seen in the images can be understood as being back-lit 

silhouettes illuminated by the radiation emitted from 

the increasingly warmer atmosphere below the clouds. 
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a ir1_20160916_012708_09d b ir1_20161019_054807_09d

c uvi_20160927_044558_365 d uvi_20160927_045753_365

e ir1_20160506_220208_09d f ir1_20160303_212359_09d

Fig. 9 High-resolution images from the IR1 camera (top and bottom rows) in the 09d filter and two UVI images taken through the 365-nm filter (c 

and d, middle row). Only contrast filtered images are shown to emphasize the details. The UVI images are taken about 12 min apart and are shown 

as rectilinear maps to show the rapid changes that can take place in the appearance of the wavy features. In the 0.9-µm images a, e wavy and 

curved patterns are also seen; however, the slightly higher-resolution images b, f do not show such details. It is not known whether this is due to 

the transient nature of the patterns or due to spatial-scale dependence of contrasts
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a ir2_20160506_220823_202 b Contrast filtered version

c ir2_20160824_203242_202 d Contrast filtered version

e ir2_20161008_062241_202 f Contrast filtered version

Fig. 10 A sample of high spatial resolution dayside 2.02-µm images from the IR2 camera, each at a pixel scale of approximately 5 km in the cali-

brated (left column, a, c, e) and contrast filtered versions (right column, b, d, f). The quadrant boundaries of the CCD can be faintly seen in the cali-

brated version due to slightly different gains of the readout electronics. Very bright pixels in the contrast filtered versions represent noise pixels. Very 

subtle sinuous or string-like structures are seen with widths of about 20–40 km and with variable lengths and inclinations to latitude circles as seen 

in a and b. Image b shows bow-like waves also seen at ultraviolet wavelengths. Image e is devoid of such patterns, but instead shows a bright area 

surrounded by a poorly defined dark ring, which results from low-frequency electronic noise due to the cross talk between the readout electronics 

of the four quadrants of the image. This pattern disappears in the contrast filtered version (f). It is interesting that the thin wavy streaks seen in b and 

d are absent in f which has almost twice the spatial resolution, similar to the difference at the shorter wavelengths (images b and f in Fig. 9)
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�e dayside features are due to differences in either the 

amount of absorbers and/or cloud altitudes and inform 

us about the cloud-top region, while on the nightside, 

the features are due to the spatial variations in the emit-

ted radiation from the atmosphere below the clouds as it 

gets attenuated by the cloud opacity in the atmospheric 

windows at 1.74, 2.26 and 2.32 µm (Wilson et al. 2009). 

�us, the features do not necessarily reflect a fixed level 

in the cloud layer. �is is analogous to the appearances 

of Jupiter (Orton et al. 1991) and Saturn at 5 µm (Orton 

and Yanamandra-Fisher 2005). It can be expected that 

the morphologies seen in the IR2 and LIR images will be 

somewhat different. We describe the nightside morphol-

ogy from IR2 images first and then the LIR images next.

1.74-, 2.26- and 2.32-µm images from IR2 camera

Figures 13, 14 show a selection of nighttime images taken 

from the IR2 camera at 1.74, 2.26 and 2.32  µm which 

reveal a very different morphology than that seen on the 

dayside. All IR2 nightside images have been processed 

with a combination of unsharp mask and adaptive histo-

gram equalization in order to emphasize the local details 

of the cloud opacity structure. Also included are two 

sample images (14i, l) from the NASA Infrared Telescope 

Facility (IRTF) located at Mauna Kea, Hawaii, through 

the 2.26-µm filter (K-continuum). �ese two images are 

part of a ground-based campaign to collect supplemental 

images in support of the Akatsuki mission. Although the 

NIMS (Galileo) and VIRTIS (Venus Express) instruments 

uvi_20160425_171339_283 uvi_20160425_171716_365 ir1_20160425_170207 ir2_20160425_170821_202

uvi_20160506_181341_283 uvi_20160506_181716_365 ir1_20160506_xxyyzz_09d ir2_20160506_180824_202

uvi_20160517_201339_283 uvi_20160517_201715_365 ir1_20160517_200207_09d ir2_20160517_200822_202

Fig. 11 Concurrent views of the dayside hemisphere of Venus at 283, 365, 900 and 2020 nm. The 900-nm images are shown after applying a 

high-pass filter to bring out subtle detail. The high-latitude regions appear darker at 2020 nm due to the increased absorption by  CO2, indicating 

somewhat lower cloud tops. The black square in the May 17 IR2 image is due to data dropouts during telemetry
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Fig. 12 High-resolution views of Venus at 283, 365 and 2.02 µm (~ 6 km per pixel) from the Akatsuki UVI and IR2 cameras on May 6, 2016, are 

shown in the upper row. A color composite view of these images is shown in the lower row and is created from 2.02-µm (red), 365-nm (green) and 

283-nm (blue) filter images. The oval-shaped bright spot seen in the 283-nm image is an artifact of the 283-nm filter. The quadrant boundaries of 

the CCD detector of the 2.02-µm camera can be seen in the image shown (top row, right column) due to unmatched gains of the readout ampli-

fiers. Contrasts are seen on scales of about 100 km at 283 and 365 nm, and perhaps on a slightly larger scale at 2.02 µm; however, this may be due 

to the lower level of contrasts and the dynamic range of the data
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g h 

a 20160325_073211_174 b 20160325_073333_226 c 20160325_074039_232

d 20160507_040211_174 e 20160507_040333_226 f 20160507_041037_232

20160712_020212_174 20160712_020333_226 i 20160712_021127_232

j 20160904_170212_174 k 20160904_180128_226 l 20160904_171123_232

Fig. 13 Selected images at 1.74, 2.26 and 2.32 µm taken from the IR2 camera on the nightside of Venus. To bring out the intricate details, the 

images have been filtered using a combination of unsharp mask and adaptive histogram equalization
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a 20160905_033211_174 b  20160905_033333_226 c 20160905_034120_232

d  20160927_090209_174 e  20160927_090331_226 f 20160927_091120_232

g 20161008_090056_174 h  20161008_090127_226 i Cont_K 27 April 2017 

j  20161030_080211_174 k 20161030_080333_226 l Cont_K 28 April 2017

Fig. 14 Selected images at 1.74, 2.26 and 2.32 µm taken from the IR2 camera on the nightside of Venus (except i and l). To bring out the intricate 

details, the images have been filtered using a combination of unsharp mask and adaptive histogram equalization. Images i and l were taken from 

the NASA Infrared Telescope Facility (IRTF) on Mauna Kea, Hawaii, as part of the ground-based imaging campaign in support of the Akatsuki mis-

sion. Compared to the dayside, features seen in these nightside near-infrared images are very different and show a large variation in patterns
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also provided images at these wavelengths (Carlson et al. 

1991), the coverage was limited due to the flyby nature 

of Galileo observations for studying global morphology. 

VIRTIS obtained only limited coverage of the low lati-

tudes and could not provide global views of the planet 

from an equatorial perspective due to the long integra-

tion time required for the spectral cubes and the elon-

gated, polar orbit of Venus Express. 

�e features seen in the IR2 images suggest that dynam-

ics plays a significant role in the nightside morphology. 

Some latitudinal differences are apparent. At higher lati-

tudes, the features are more subdued, while the low lati-

tudes are full of small- and large-scale features. Images 

13a, b, c show a myriad of wavy, linear, patchy and 

chevron-shaped features. Images 13d, e, f show mush-

room-shaped mesoscale vortices and few features in low 

latitudes. In contrast, 13g, h, i, j, k, l show an abundance 

of detailed structure on difference scales and in formation. 

For example, the lower left portion of the images g, h and 

i of Fig. 13 shows a long linear dark streak (low intensity) 

at some angle to the latitude circles as well as a very rare 

bright small region at 1.74, 2.26 and 2.32 µm (high inten-

sity) near the center of the images. An almost parallel 

bright streak is seen to the upper right of the dark streak 

in all three filters in images g, h and i. Some of the paral-

lel, evenly spaced circular arcs seen in many of the images 

shown in Figs. 13 and 14 are likely artifacts of digital filter 

processing. �e differences in morphology seen in images 

13j, k, l, and 14a, b, c are striking as they depict the evening 

and morning portions of the nightside hemisphere as the 

spacecraft moved past periapsis. Whether this is a purely 

local time effect or a transient phase is not yet known for 

lack of sufficient coverage of the morning and evening 

regions over a short period which occurs only when peri-

apsis passage takes place on the nightside of Venus. Image 

triplets 14a, b, c, d, e, f taken about 3  weeks apart show 

features, which have similar appearance. Eleven days after 

the d, e and f triplet, the appearance of Venus is markedly 

different (images 14g, h). �e two IRTF images have lower 

spatial resolution but show features which differ from 

those in some IR2 images, such as a large feature oriented 

northwest–southeast in 13i and 14l. Image 14i resembles 

the 14a, b, c triplet with features showing sharp angles and 

intensity boundaries, while features in image 14l resemble 

those in the 13g, h pair.

At high spatial resolution all three wavelengths show 

bright, thin, sinuous wispy streak-like features against a 

darker (lower-intensity) background (images 14d, e f ). 

Such features have not been detected on the dayside at 

any wavelength in the images obtained thus far. Often 

these features are seen to crisscross, perhaps suggesting 

some altitude difference analogous to terrestrial cirrus, 

but we have little additional data or information at this 

time. Regardless, their presence is probably due to some 

cloud particle formation process in the lower or mid-

cloud layer which is affected by trace species, condensa-

tion nuclei and temperature. Volcanic or intense surface 

outgassing plumes can provide cloud condensation nuclei 

and trace species that lead to cloud formation as well.

Different processes may be producing a very high lin-

ear opacity feature in the case of the dark streak and a 

much more localized “hole” in the overlying cloud to let 

the near-infrared radiation leak through from the lower 

atmosphere to space. �e localized increase in radiance 

can also be due to somewhat elevated temperatures in 

the lower atmosphere, but a better understanding can 

come only from modeling the cloud structure.

Sharp boundaries: Different air masses?

Some nightside IR2 images show a sharp linear boundary 

running roughly north–south across which the intensity 

varies noticeably (e.g., images 13j, k, l as well as 14a, b, 

c). What is remarkable is the sharpness of the boundary 

with changing orientation. Origins of such sharp opac-

ity regions are not easy to explain dynamically with-

out invoking “different air masses” as was suggested to 

explain the VeGa balloon dynamical results (Blamont 

et al. 1986), but then the challenge is explaining the ori-

gins of different air masses.

Figure 15 shows an example with a very striking inten-

sity boundary which is seen at 1.74, 2.26 and 2.32  µm, 

at the same location and cutting across latitude circles 

from north to south around −  60° longitude. �e right 

panel shows the radiances at 1.74 (red), 2.26 (blue) and 

2.32 (green) µm across this boundary. �e change in the 

radiances across the boundary is also shown as a percent 

contrast (difference of neighboring pixels divided by the 

average brightness of the neighbors at each pixel along 

the scan) and is a few percent across the boundary at all 

three wavelengths. �e boundary appears analogous to a 

frontal zone separating a moist air mass from a dry air 

mass on Earth and also shows some fine structure pre-

sented by Satoh et  al. (2017). �is boundary remains 

more or less intact for some time—between 2 and 

10 days before dissipating, much as the expanding plume 

from a volcanic eruption or a dust storm front evolves 

on Earth. �e duration of the sharp boundary seen in 

the IR2 images is uncertain due to lack of images as the 

sharp boundary region rotates out of the field of view in 

the intervening days. On Earth, sharp boundaries are also 

seen in water vapor channel images (Fig.  16), revealing 

different mid-low tropospheric water vapor abundances. 

�e right angle between dry (dark) and moist (gray) 

shown in Fig. 16 southeast of Japan is similar to the fea-

ture in images a, b and c in Fig. 14. Although trace species 

such as water vapor, HF and CO are optically active in 
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the 2.3 µm region and can be responsible for such discon-

tinuities, the causes for such horizontal demarkation in 

the species abundances are unclear. Since such bounda-

ries are not apparent in the dayside, the differences in the 

abundances may be restricted or relevant in the middle 

and lower part of the cloud, perhaps due to the increas-

ing stability of the atmosphere with altitude. Magurno 

et  al. (2017) have examined VIRTIS data between 25° 

and 55° latitude to explore cloud particle properties and 

trace species and find that sulfuric acid concentration 

making up the cloud particles may be varying vertically 

and that near 2.3  µm, water vapor, CO and COS affect 

the observed intensities  (CS2 was not included). Regional 

dynamics must therefore be responsible to create the 

observed sharp boundaries. If water vapor is responsible 

for the sharp boundary, then the question is how differ-

ent air masses come about on Venus, which is not a prob-

lem on Earth. Volcanic eruptions can be speculated as a 

cause, but as yet we have no corroborating evidence.

Images g and h in Fig.  14 also show a similarly sharp 

boundary, but in this case, the low-intensity region is 

shaped like a dark streak. Ground-based IRTF images (i 

Fig. 15 A latitude–longitude color composite map of 1.74-, 2.26- and 2.32-µm nightside images obtained from the IR2 camera on April 25 showing 

an unusual sharp boundary in the intensity (left). A latitude–longitude grid (30° spacing) is overlaid with the equator along the middle of the image. 

On the right are plots of radiance and the local contrast at three wavelengths along 24°N latitude, from − 75° to − 50° longitude (marked on the 

color composite) that cuts across the “mushroom” feature and the sharp boundary that occurs at about − 56° longitude. The contrast is defined 

here as the difference in radiance at the two neighboring pixels of a given pixel divided by the average of their two pixels. Such sharp boundaries 

are seen on Earth only in water vapor channels, thereby showing the dry and moist air masses (Fig. 16)
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Fig. 16 Sharp boundaries are also seen in images of Earth taken from weather satellites in the water vapor channel (6.9 µm channel top) and a 

color composite of three visible channels from Himawari on August 1, 2017, at 23:50 UT. Several sharp boundaries in the water vapor channel can 

be seen in both hemispheres in the vicinity of Typhoon Noru and the cyclonic circulation further east, and in the southern hemisphere due to differ-

ent air masses with different lower tropospheric water vapor amounts. The bottom image is a red, green and blue composite view of three images 

taken simultaneously through different visible filters where the boundaries between the dry and moist air masses are not so easily discerned but 

can be inferred from the destruction of the clouds due to entrainment of the dry air in the western half of the cyclonic region (central part of the 

color image). Note also a boundary just west of the brighter Sun glint in the color composite to the right of the frame center which is not seen in 

the water vapor channel due to variable sea roughness across the boundary. By analogy, the sharp boundaries seen on Venus in the IR2 nighttime 

images may suggest different “air masses” due to differing trace gas abundance(s) within the Venus cloud layers
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and l) also show large contrasts in the intensities in the 

K-continuum filter.

Interestingly, the normalized and high-pass filtered 

versions of one image taken on the dayside (Fig. 7, image 

a) also show a boundary. No such boundaries have yet 

been detected at the ultraviolet wavelengths. We suspect 

that the local dynamics must play a role in affecting the 

distribution of aerosols at the levels on both day- and 

nightsides involved for lack of any other evidence. �ese 

features serve as a caution against basing interpreta-

tions of the cloud patterns using the VIRA model (Kliore 

et al. 1985) since local deviations from local circulations 

are clearly significant. At this point, it is premature to 

assess the impact of these local opacity variations on the 

heat deposition in the atmosphere which is believed to 

be driving the superrotation of the deep atmosphere of 

Venus.

Mesoscale vortices

Mesoscale, local circulations including vortices with 

spatial extent of  ~  1000  km are also seen in a few of 

the images for the first time on Venus (d, e, f in Fig. 13) 

which resemble “mushroom”-like features seen in water 

vapor images of Earth from synchronous weather satel-

lites (Houghton and Suomi 1978). �ese features are 

further discussed by Limaye et  al. (2017). �e origin of 

such smaller-than-planetary-scale circulations was not 

expected due to the low rotation rate which places Venus 

in a “symmetric” circulation regime rather than a plan-

etary wave regime as was discovered by Hide (1953) and 

Fultz from dish pan or rotating annulus experiments to 

simulate atmospheric circulations many decades ago, and 

analyzed extensively since (Read 2011; Sugata and Yoden 

1993). �eir appearance suggests a vorticity generation 

process perhaps due to the vertical shear of the zonal 

winds and vertical motion. �eir lifetimes are uncertain, 

but could be as long as a month based on two sightings 

and without the confidence that it is the same feature. 

More observations and detection of such vortices would 

be very useful, but orographic origins are suggested. A 

search in the VIRTIS data shows some similar features.

Ribbons or narrow width waves

A sinuous dark ribbon has been seen along a latitude 

circle with a width of  ~  500  km and with wavelength 

varying from  ~  800 to 1200  km in one 2.32-µm image 

(Fig. 17) that separates a darker region toward the equa-

tor and brighter region south of it toward the pole. Such 

a sharp transition is generally seen at the short wave-

lengths on the dayside but between 45° and 50° latitude 

in both hemispheres, and generally without a sinuous 

nature (Rossow et al. 1980; Suomi and Limaye 1978; Titov 

et al. 2012). Figure 12 shows a color composite of a 1.74-, 

2.26- and 2.32-µm image triplet in a rectilinear format 

(to enable registration of the three frames) from the IR2 

camera (left) and in a latitude–longitude view (right). �e 

wavelike boundary is at about − 17.3° latitude. �e larger 

intensities at higher latitudes suggest thinner (lower 

opacity) overlying clouds. Less prominent waves have 

also been noticed at other latitudes but without opacity 

transitions, both with IR2 and Venus Express/VIRTIS 

(Peralta et al. 2008). It is not yet known what the differ-

ent patterns imply regarding the dynamical processes and 

opacity differences.

High-resolution detail on the nightside

Figure  18 shows a color composite of colocated 1.74-

µm (red), 2.26-µm (green) and 2.32-µm (blue) images 

obtained from the IR2 camera at a spatial scale 

of ~ 11 km/pixel. All three images are shown as latitude–

longitude maps with a 0.1°/pixel scale. Color differences 

reveal subtle differences in opacity of the Venus clouds 

at the three wavelengths in this color composite. �us, 

white features having similar opacity values and different 

colors indicate higher or lower values of emitted radiance 

and are attenuated by overlying atmospheric and cloud 

opacity. Assuming no emission differences, areas that 

appear yellowish in the overlap region should indicate 

somewhat higher opacity at 2.32 µm as compared to the 

Fig. 17 Images taken on 19 October from the IR2 camera show a 

dark wavy feature at 1.74, 2.26 and 2.32 µm and mark a boundary 

between cloud masses to the north and south at some unknown 

altitude. A color composite of these images in rectilinear projection is 

shown here. The three filters do not completely overlap due to small 

differences in the times when they were acquired and the orbital 

motion of Akatsuki
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Fig. 18 Subtle variations in the opacities are revealed in this color 

composite generated from mapped 1.74-µm (red), 2.26-µm (green) 

and 2.32-µm (blue) images taken on September 27, 2016, at 11:02:09, 

11:03:31 and 11:11:19 UT, respectively. The image scale is 0.1°/pixel in 

latitude and longitude. The images have not been corrected for any 

limb darkening but are calibrated. The color variations illustrate the 

variation of opacities at the wavelengths arising from trace species 

and aerosol abundances

other two wavelengths, and the reverse in areas where 

the features appear somewhat bluish. �ese differences 

appear consistent with influences of CO contribution at 

2.32  µm (Tsang et  al. 2009),  H2SO4 absorption (1.74 vs. 

2.2 µm (Barstow et al. 2012) and cloud particle size (1.74 

vs. 2.3  µm, Wilson et  al. (2008)) and have been identi-

fied from Venus Express data. It seems that the compo-

sitional differences do not appear to be due to local time 

differences.

Thermal infrared: cloud-top brightness temperature 

morphology from LIR

�e Pioneer Venus OIR experiment provided the first 

spacecraft observations of Venus at thermal wavelengths 

where the emission from its cloud tops can be sensed 

(Taylor et al. 1980); however, these were limited to north-

ern polar regions. �e Akatsuki LIR camera provides the 

first continuous global views of the brightness tempera-

ture distribution over the cloud cover. �e camera sam-

ples radiation between 8–12  µm (Taguchi et  al. 2007) 

and the weighting function peaks at 65  km (Taguchi 

et al. 2007) with a half width of ~ 10 km for the nominal 

Venus cloud structure (Knollenberg and Hunten 1979). 

�e LIR band pass includes the  SO2 absorption band at 

8–9 µm and also the  CO2 absorption band between 9.5 

and 10.4  µm. �us, it may be important to account for 

the potential contributions by these two gases due to the 

abundance variation of  SO2 or cloud-top altitude vari-

ations, which can impact the  CO2 contribution to the 

brightness temperature sensed by LIR.

North–south stationary wave

Figure 19 shows two sample images taken from the LIR 

camera. One of the first major discoveries from Akatsuki 

from the very first image obtained by LIR was a bright 

band (image a in Fig.  19) aligned almost north–south 

with a slight curvature which has been interpreted as a 

standing gravity wave triggered by surface topography 

(Fukuhara et  al. 2017a). Such waves have often been 

seen in Akatsuki LIR data and it has been observed that 

the north–south linear or bow features are seen as sta-

tionary at certain local times (3:00–7:00 PM) in the LIR 

data (Fukuhara et al. 2017a). Further analysis of LIR data 

shows that these waves last as long as 2–3 weeks. �ese 

waves have a brightness temperature contrast of about 

5–6 K with the bright and dark portions corresponding 

to about 230 and 225  K, respectively. Surprisingly, the 

signature of these standing waves can also be detected at 

283 nm (Fukuhara et al. 2017a) and at 365 nm (less fre-

quently compared to 283 nm) and in 2.02-µm IR2 dayside 

images, also after filtering (Satoh et al. 2017). �e detec-

tion at 2.02 µm suggests that cloud-top variations likely 

occur due to the wave. Surprisingly, no stationary waves 

have yet been detected in 0.9-µm daytime images from 

the IR1 camera and they also have not been detected in 

MESSENGER MDIS images or VIRTIS data at this wave-

length. A north–south pattern resembling the stationary 

wave (a bow shape with little curvature) was also seen in 

the 986-nm images of Venus from the Galileo SSI (120°–

180°E), but was not identified as caused by topography 

and was described only as a north–south brightness dis-

continuity moving with the ambient wind by Belton et al. 

(1991).

Except for the presence of such standing waves, the 

cloud cover shows very small brightness temperatures 

over most of the planet (image b in Fig. 19) of less than 

2 K. Only at polar latitudes are larger brightness temper-

ature variations seen. �e “cold collar” often can be iden-

tified as a darker ring surrounding the warm core region 

of the vortex over the pole, which appears bright due to 

emissions from the deeper atmosphere.
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Global organization of the cloud cover: vortex situated 

over the poles

One morphological feature that spans both the day and 

night cloud cover of Venus is the hemispheric global vor-

tices in each hemisphere, rotating asymmetrically about 

each pole. First discovered from Mariner 10 images taken 

in February 1974 (Suomi and Limaye 1978), the vortex 

organization of the cloud level circulation has been seen 

in Pioneer Venus (Limaye 1985), Galileo (Peralta et  al. 

2007) and Venus Express (Limaye et  al. 2009) data and 

hence, now can be assumed to be a quasi-permanent 

state of the global circulation. �e VIRTIS experiment 

(Piccioni et  al. 2007b) with its wide spectral coverage 

from ultraviolet to NIR was able to capture the complete 

day and night portions of the southern vortex and also 

reveal the intricacies of the core region on the nightside 

(Luz et  al. 2011). Recently Muto and Imamura (2017) 

have further explored the oval shape of the vortex core 

region from VMC images. Akatsuki’s near-equatorial 

orbit does not provide an over the pole view of Venus, 

and thus, the complete vortex side cannot be seen in any 

day or night images and can be seen only in a space–time 

composite. Figure 20 presents a view of the vortex organ-

ization as obtained from Akatsuki observations at three 

wavelengths. An example is shown in Fig.  20a by using 

only two 365-nm images separated by ~ 2 days with one 

image rotated by 180° to show the correspondence of 

the spiral features. �e central oval-shaped core region 

which is somewhat depressed in altitude can be seen. Fig-

ure 20b shows the finer structure in the north and south 

hemisphere vortices from 2.02-µm observations. �e 

fine-scale structure could be due to variations in cloud 

altitudes if the absorption from  CO2 is considered. �is 

is consistent with the warmer brightness temperatures 

from the LIR data shown in Fig. 20c. �e thermal infrared 

also shows the core region is warmer and also exhibits 

the vortex morphology (Fig. 20b). Images taken through 

2-µm filters from IR2 suggest that the vortex structure 

persists in the middle cloud layer seen on the nightside, 

consistent with the VIRTIS observations. Generally the 

equatorward edge of the vortex over the poles is seen in 

all of the LIR images, depicting its temporal evolution 

due to the vortex dynamics (Garate-Lopez et  al. 2013, 

2015; Limaye et al. 2009; Piccioni et al. 2007a).

The Y feature

�e Y feature and its numerous shape variations 

observed in the ultraviolet images of Venus are seen in 

the Akatsuki images on the dayside quasi-periodically, 

but are conspicuously absent in the nighttime images 

taken at 1.74, 2.26 and 2.32 µm. It is also not seen at all 

in the thermal infrared wavelength images obtained from 

the LIR camera on the Akatsuki orbiter (discussed later). 

�is suggests some limits on the vertical extent of the Y 

feature. �is recurring feature was first noticed in Earth-

based images and has been interpreted to appear as a 

result of the distortion of an equatorial wave as it propa-

gates within a latitudinal varying zonal wind differing 

from a solid body rotation (Peralta et al. 2015). To some 

extent, the appearance or perception of the Y-shaped fea-

ture appears to be related to the relative spatial resolu-

tion of the images—it is far easier to observe this feature 

a  20160723_073128_pic b  20160506_182053_pic 

Fig. 19 Representative images of Venus taken by the LIR camera at 8–12 µm. a Standing gravity waves discovered by Akatsuki from such observa-

tions (Fukuhara et al. 2017a, b), b Venus when the standing wave is not present. Generally, the equatorward edge of the vortex over the poles is 

seen in all of the LIR images
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ir2_20160506_150822_202 

b

a b

c

Fig. 20 a Cloud cover at the ultraviolet shows the same vortex morphology over both hemispheres. These polar stereographic views of northern 

(top) and southern hemisphere (bottom) on dayside are from a 365-nm images taken on May 17, 2016, on orbit 15 of Akatsuki. Brightness normali-

zation has been applied using Minnaert law. b North (bottom) and south (top) hemispheres in polar stereographic projection of a 2.02-µm contrast 

filtered image with overlaid latitude and longitude grid. The calibrated image was first subjected to a contrast filter to bring out the local struc-

tures and then projected. The pattern at higher latitudes resembles the spiral arms of the vortex seen at ultraviolet, but the inclination to latitude 

circles appears slightly different. Also, a lot more structure is seen in the contrast filtered versions closer to the poles. c Polar stereographic view of 

the southern hemisphere (top) from the LIR camera on September 16, 2016 (06:47:47 UT), and of the northern hemisphere (bottom) imaged on 

November 11, 2016 (16:08:12 UT). The respective pole is in the center and the periphery marks the equator in both of the images. Higher brightness 

temperatures near both poles are consistent with lower cloud tops as also seen in the 2.02-µm data. Faint arcs in both images are believed to be 

signatures of the spiral bands seen in the ultraviolet images as a result of the vortex organization of the circulation. The cold collar is clearly visible as 

a region of lower brightness temperatures in the northern hemisphere, but its appearance is not so distinct in the southern hemisphere indicating 

that the circulation plays a significant part in the cloud cover structure
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in lower spatial resolution images than in high-resolution 

images. �is is due to the scale dependence of the con-

trasts seen in the Venus cloud cover. �e contrasts on 

small spatial scales (≪ 100 km) are very low when com-

pared to the contrasts seen at larger scales (≫ 100 km), 

as can be seen from images shown in Figs. 4, 5, 6 and 7. 

�e lack of detection of the Y feature in the LIR data sug-

gests little brightness temperature difference between the 

bright arms and the stem of the feature and the neigh-

boring region seen at short wavelengths, which is a puz-

zle. It is worth noting that narrow band 11.34-µm images 

from the Subaru telescope (Sato et al. 2013, 2014, 2017) 

do occasionally show bow-like features that suggest the 

presence of the Y feature seen on the dayside. One expla-

nation may be that the contrast producing absorber(s) are 

deeper than the emitting layer of the clouds and masked 

by the broad weighting function of the LIR camera. It is 

possible that additional analysis after removal of limb 

darkening may reveal a signature of the Y feature.

Summary
�e four imaging cameras on Akatsuki are revealing the 

dynamic evolution of the cloud features at the upper-

most level of the clouds on the dayside and at deeper 

levels on the nightside. �e appearance of Venus in the 

near-infrared wavelengths is very different from its day-

side appearance, suggesting some vertical differences in 

the cloud properties. On the nightside, the morpholo-

gies of the deeper features appear disconnected from 

those seen on the dayside at the cloud tops. Whether 

these differences are related to local time variations or 

due to the layered nature of the clouds (Knollenberg and 

Hunten 1980) is not known. �e nightside images show 

new features on the nightside, including curved features, 

suggesting generation of local vorticity which is very puz-

zling. �e diversity of features seen in the mid- to lower 

clouds suggests a mixture of unknown dynamics as well 

as compositional differences that must be responsible for 

the differences in the appearance of the features. �ere 

also appears to be a subtle wavelength dependence of 

contrasts on spatial scale. �e impression is that while on 

the dayside, the features seen from 283 nm to 2.02 µm are 

somewhat similar, the contrast magnitudes and spatial 

scales are different.

�e cloud patterns at 365  nm seen in the Akatsuki 

images are similar to those seen from previous mis-

sions. �e 283-nm images show features similar to those 

at 365  nm much of the time with lower contrasts, but 

occasionally show some different patterns. �e longer 

wavelength images taken on the dayside show patterns 

resembling those observed at shorter wavelengths, but 

the details are very much muted. On the nightside, Akat-

suki observations from the IR2 camera reveal new aspects 

of the cloud structure not seen in VIRTIS images—mes-

oscale vortices, long ribbons or waves of widths from 200 

to 500  km with varying wavelengths of 800 to 1200  km 

or longer. Surprisingly, many wispy or string-like features 

similar to cirrus clouds on Earth are also seen on the 

nightside at low and midlatitudes which correspond to 

low opacity regions, indicating higher radiances from the 

atmosphere due to warmer temperatures. It is a mystery 

as to how such features develop.

�ere is considerable uncertainty in the level at which 

the features seen in the IR2 nightside images can be 

attributed from different studies (Barstow et  al. 2012; 

Hueso et  al. 2015), but generally it is believed that the 

level is somewhere between the base of the clouds and at 

least a scale height below the cloud tops and perhaps at 

54 km, close to the level at which the VeGa 1 and VeGa 

2 balloons traveled from midnight to somewhat beyond 

the morning terminator (Sagdeev et  al. 1990) near the 

equator. Intermittent, periodic tracking by the very long 

baseline interferometry (VLBI) of the two balloons show 

a very zonal trajectory, devoid of significant meridi-

onal motions. �e puzzle is to reconcile their relatively 

smooth zonal motion with the dynamics, as suggested 

by the morphologies seen in nighttime IR2 images—the 

VeGa balloons moved fairly smoothly and zonally at 

about 6.5° away from the equator in the north and south 

hemispheres over most of their 48-h trajectory, yet the 

IR2 nightside images show a rather chaotic, dynami-

cal situation. �e VeGa balloons did at times experience 

some large vertical accelerations (Blamont et  al. 1986), 

and some were later found to be correlated with topog-

raphy (Young et  al. 1987), while convective overturning 

is also a possible cause. �e standing gravity waves seen 

in LIR and UVI (283-nm) images are absent on the night-

side. At the thermal wavelengths, standing waves and the 

core region of the vortices situated over the northern and 

southern poles are the most prominent features. Global 

brightness temperature contrasts are low (< ~ 5 K). Anal-

ysis of the Akatsuki data from all cameras is continuing, 

and these and future investigations should give us a bet-

ter idea of the variety of different processes occurring in 

the atmosphere of Venus on both the day and night sides.

Our main conclusions are:

�e vertical structure of the deep Venus clouds is com-

plex and we do not know the precise altitude of the con-

trasts on the day- or nightsides. From remote sensing, 

we are limited to sampling the cloud-top region on the 

dayside and the deeper levels below the cloud tops on the 

nightside. Differences between the short and long wave-

lengths on the dayside attest to the presence of some 

larger particles near the cloud tops where discrete fea-

tures can be seen in the longer wavelengths. �e mor-

phologies seen on day and night hemispheres are very 



Page 35 of 38Limaye et al. Earth, Planets and Space  (2018) 70:24 

different. It is not possible to know whether these verti-

cal structure differences are due to local time effects or 

a global pattern, unlike the terrestrial occurrence. On 

Earth, clouds form due to phase change effects, whereas 

on Venus the clouds exist due to complex chemistry 

involving trace species. �ese differences are rooted in 

the differing makeup of the clouds on the two planets.

It is not well understood why the contrasts peak at 

365  nm on the dayside and near 2.3  µm on the night-

side. �is spectral range is within the gap between the 

 CO2, water vapor and other gaseous absorption peaks. 

Composition of the cloud particles, however, is not 

very well known, including their nature other than con-

taining varying concentrations of sulfuric acid—par-

ticulate, microorganisms and shape. Photochemistry, 

ambient temperatures and/or dynamics may all be 

responsible for the appearance of Venus at these wave-

lengths in particular.

�e boundaries between bright and dark regions from 

pole to pole as seen at different wavelengths do not 

appear to be at the same latitudes. For example, there 

is a clear boundary in the morphology patterns at mid-

latitudes at all wavelengths except at the thermal infrared 

(8–12  µm) where the boundary is between 60° and 70° 

latitude. �e LIR data indicate brightness temperature 

changes across latitudes of no more than 10–15  K, and 

the 2.02-µm images do reveal some altitude differences 

due to different  CO2 absorption at polar latitudes.

Regional dynamics must be involved in creating vari-

ations in trace gas abundances, which must control the 

cloud opacity and reflectivity variations. How these vari-

ations come about cannot be determined due to little 

information about their sources as most trace species 

are affected by cloud composition. �e differences in the 

day- and nightside reaction rates of the numerous pos-

sible chemical reactions in the cloud layer may be some-

how responsible.

In order to understand the wavelength differences 

in the appearance of Venus, we need more informa-

tion and a better understanding of the role of trace spe-

cies, condensation nuclei and cloud chemistry under 

the environmental conditions in the cloud layers as 

well as knowing the nature of the aerosols—organic 

or inorganic. To obtain these measurements, instru-

mented mobile platforms capable of sampling differ-

ent regions of the Venus cloud layer over day and night 

are needed. Longer period coverage of the night hemi-

sphere of Venus between 1.74 and 2.3 µm is essential in 

this respect. While most of the global cloud cover mod-

eling studies based on the reference model (Kliore et al. 

1985) appear to explain many of the previously observed 

features (Barstow et al. 2012; Haus et al. 2017; Lee et al. 

2016), the nightside images suggest noticeable horizontal 

differences in the cloud structure. Insufficient data for 

many of the observed new features are a serious problem 

for understanding their origins, and new observations 

are very much needed. Indeed, it would be very welcome 

to have near continuous coverage of the day and night 

hemispheres of Venus in selected wavelengths from new 

missions.

�e Akatsuki orbiter continues to function normally, 

and along with the UVI, LIR, LAC and radio occultations 

are collecting data. �e IR1 and IR2 team are continuing 

efforts to restore data collection. �e nominal mission 

will last until December 2018, and a proposal to extend 

the funding to continue mission operations for an addi-

tional 3 years is pending with JAXA.

Abbreviations

CEB: circum equatorial belt; IR1: infrared (1 µm) camera on Akatsuki; IR2: 

infrared (2 µm) camera on Akatsuki; IRTF: Infrared Telescope Facility on Mauna 

Kea, Hawaii; LAC: Lightning and Airglow Camera on Akatsuki spacecraft; LIR: 

long-wave infrared imager on Akatsuki spacecraft; MDIS: mercury dual imag-

ing system on MESSENGER spacecraft; NASA: National Aeronautics and Space 

Administration; nm: nano meter; OIR: Orbiter Infrared Radiometer on Pioneer 

Venus Orbiter; PVO: Pioneer Venus Orbiter; SSI: solid-state imaging camera on 

Galileo spacecraft; UVI: ultraviolet imager; VIRTIS: visible infrared thermal imag-

ing spectrometer on Venus Express; VMC: Venus Monitoring Camera on Venus 

Express; VOI: Venus orbit insertion.

Authors’ contributions

Drs. SW, AY, TS, NI, MT and TF have been responsible for camera development, 

calibration and observations, while Prof. Nakamura has been shepherding 

the Akatsuki mission and operations. Dr. TMS, MY, MS, NH, KS and HA have 

been involved in instrument calibration and spacecraft operations. Dr. TA 

has guided the technical aspects of Akatsuki Project. Prof. MY contributed 

to Venus atmospheric dynamics. Dr. YY, SO, KS, MS, NH and ST have been 

involved in instrument calibration and operations. Drs. YJL and JP contributed 

to the interpretation of the data and further image processing for some of the 

figures. Dr. SM has been responsible for pipeline data processing operations. 

Drs. Nishii and CH have been leading spacecraft operations and trajectory. 

Dr. GLH and SM are overseeing systematic data processing. Dr. EFY has been 

collecting Venus nightside imaging data from IRTF in support of Akatsuki 

mission. Dr. ACO has played a key role in the NASA-ISAS/JAXA collaboration 

for Akatsuki mission and overseeing the Participating Scientist Program. All 

authors read and approved the final manuscript.

Authors’ information

Prior to the Akatsuki mission, SSL has been studying Venus with data from 

Mariner 10, Pioneer Venus and Venus Express missions. Drs. Satoh and 

Iwagami have been studying Venus with ground-based observations as well 

as spacecraft for a long time. Drs. Lee and Peralta have experience with Venus 

Express as well as  ground-based Venus observations. Other co-authors have 

been responsible for instrument calibration, observation planning, ground 

processing and spacecraft operations.

Author details
1 Space Science and Engineering Center, University of Wisconsin, Madison, 

WI 53706, USA. 2 Space Information Center, Hokkaido Information University, 

Ebetsu, Hokkaido 069-8585, Japan. 3 Institute of Space and Astronautical 

Science, Japan Aerospace Exploration Agency, 3-1-1, Yoshinodai, Chuo-ku, 

Sagamihara 252-5210, Japan. 4 Planetary Exploration Research Center, Chiba 

Institute of Technology, 2-17-1, Tsudanuma, Narashino, Chiba 275-0016, 

Japan. 5 College of Science, Rikkyo University, 3-34-1 Nishi-Ikebukuro, 

Toshima-ku, Tokyo 171-8501, Japan. 6 Department of Complexity Science 

and Engineering, Graduate School of Frontier Sciences, The University 

of Tokyo, Kiban-tou 4H7, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8561, 

Japan. 7 Artificial Intelligence Research Center, National Institute of Advanced 



Page 36 of 38Limaye et al. Earth, Planets and Space  (2018) 70:24 

Industrial Science and Technology, Tokyo, Japan. 8 Present Address: Depart-

ment of Complexity Science and Engineering, Graduate School of Frontier 

Sciences, The University of Tokyo, Kiban-tou 4E5, 5-1-5 Kashiwanoha, Kashiwa, 

Chiba 277-8561, Japan. 9 Faculty of Environmental Earth Science, Hokkaido 

University, N10W5, Sapporo, Hokkaido 060-0810, Japan. 10 School of Com-

merce, Senshu University, 2-1-1 Higashimita, Tama-ku, Kawasaki, Kanagawa 

214-8580, Japan. 11 Department of Earth Sciences, Okayama University, 3-1-1 

Tsushimanaka, Kita-ku, Okayama 700-8530, Japan. 12 Tokai University, Research 

and Information Center, 4-1-1 Kitakaname, Hiratsuka-shi, Kanagawa 259-1292, 

Japan. 13 School of Engineering, University of Shiga Prefecture, Hikone, Japan. 
14 Faculty of Science, Kyoto Sangyo University, Motoyama, Kamigamo, Kita-ku, 

Kyoto-City 603-8555, Japan. 15 Department of Information Engineering, 

National Institute of Technology, Matsue College, 14-4 Nishi-Ikuma, Matsue, 

Shimane 690-8518, Japan. 16 ARC-Space, CAIST, The University of Aizu, 90 

Kami-Iawase, Tsuruga, Ikki-machi, Aizu-Wakamatsu, Fukushima 965-8580, 

Japan. 17 Southwest Research Institute, 1050 Walnut St., Suite 300, Boulder, CO 

80302, USA. 18 NASA Headquarters, 300 E Street SW, Washington, DC 20546, 

USA. 

Acknowledgements

We thank Mr. Patrick Fry (processing the MESSENGER images), Ms. Rosalyn 

Pertzborn (editing) and Mr. Robert J. Krauss (software support), all of whom 

are at Space Science and Engineering Center, UW-Madison. Critical comments 

from Drs. Colin Wilson and Dmitry Titov were valuable in improving this paper.

Competing interests

There are no financial and non-financial competing interests.

Availability of data and materials

Akatsuki data are being posted at http://darts.isas.jaxa.jp/planet/project/akat-

suki/. They are also being submitted to the NASA Planetary Data System.

Ethics approval and consent to participate

Not applicable.

Funding

SS. Limaye is funded by NASA Grant NNX16AC79G (Participating Scientist in 

Residence) for Akatsuki mission. Drs. Nakamura, Imamura and Horinouchi are 

funded by JSPS KAKENHI Grant Number JP16H02231. T. Satoh was supported 

by JSPS KAKENHI Grant Number 16H05738. J. Peralta acknowledges support 

from JAXA’s International Top Young Fellowship.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations.

Received: 9 August 2017   Accepted: 24 January 2018

References

Allen D, Crawford J (1984) Cloud structure on the dark side of Venus. Nature. 

https://doi.org/10.1038/307222a0

Apt J, Brown RA, Goody RM (1980) The character of the thermal emission from 

Venus. J Geophys Res 85(A13):7934–7940. https://doi.org/10.1029/

JA085iA13p07934

Barstow JK, Tsang CCC, Wilson CF, Irwin PGJ, Taylor FW, McGouldrick K et al 

(2012) Models of the global cloud structure on Venus derived from 

Venus Express observations. Icarus 217:542–560

Belton MJS, Gierasch PJ, Smith MD, Helfenstein P, Schinder PJ, Pollack JB 

et al (1991) Images from Galileo of the Venus cloud deck. Science 

253:1531–1536

Blamont JE, Young RE, Seiff A, Ragent B, Sagdeev R, Linkin VM et al (1986) 

Implications of the VEGA balloon results for Venus atmospheric dynam-

ics. Science 231:1422–1425

Carlson RW, Baines KH, Encrenaz T, Taylor FW, Drossart P, Kamp LW et al (1991) 

Galileo infrared imaging spectroscopy measurements at venus. Science 

253(5027):1541–1548. https://doi.org/10.1126/science.253.5027.1541

Carlson RW, Piccioni G, Filacchione G, Yung Y, Gao P (2016) Venus’s ultraviolet 

absorber—cyclo-octal (S8) and polyumeric sulfur (Sx) and their latitu-

dinal behavior. Paper presented at the Venus international conference, 

Oxford, UK

Claydes AW (1909) The clouds of Venus and their SIGNIFICANCE.1. Mon 

Weather Rev 37:127

Coffeen DL, Owen TC, Smith HJ (1971) Venus cloud contrasts. Paper pre-

sented at the planetary atmospheres. http://adsabs.harvard.edu/

abs/1971IAUS…40…84C

Dollfus A (1975) Venus—evolution of the upper atmospheric clouds. J Atmos 

Sci 32:1060–1070

Drossart P (2007) Scientific goals for the observations of Venus by VIRTIS on 

ESA/Venus Express mission. Planet Space Sci 55:1653–1672

Encrenaz T, Greathouse TK, Richter MJ, Lacy J, Widemann T, Bézard B, Fouchet 

T, deWitt C, Atreya SK (2013) HDO and  SO2 thermal mapping on Venus 

- II. The  SO2 spatial distribution above and within the clouds. Astron 

Astrophys 559:A65. https://doi.org/10.1051/0004-6361/201322264

Encrenaz T, Greathouse TK, Richter MJ, DeWitt C, Widemann T, Bézard 

B, Fouchet T, Atreya SK, Sagawa H (2016) HDO and  SO2 ther-

mal mapping on Venus. III. Short-term and long-term variations 

between 2012 and 2016. Astron Astrophys 595:A74. https://doi.

org/10.1051/0004-6361/201628999

Esposito LW (1980) Ultraviolet contrasts and the absorbers near the Venus 

cloud tops. J Geophys Res 85:8151–8157

Esposito LW, Knollenberg RG, Marov MI, Toon OB, Turco RP, Colin L et al (1983) 

The clouds are hazes of Venus. In: Hunten DM (ed) Venus. University of 

Arizona Press, Tucson, pp 484–564

Fukuhara T, Taguchi M, Imamura T, Nakamura M, Ueno M, Suzuki M et al 

(2011) LIR: Longwave Infrared Camera onboard the Venus orbiter 

Akatsuki. Earth Planets Space 63(9):1009–1018. https://doi.org/10.5047/

eps.2011.06.019

Fukuhara T, Futaguchi M, Hashimoto GL, Horinouchi T, Imamura T, Iwagaimi N 

et al (2017a) Large stationary gravity wave in the atmosphere of Venus. 

Nat Geosci 10(2):85–88. https://doi.org/10.1038/ngeo2873

Fukuhara T, Taguchi M, Imamura T, Hayashitani A, Yamada T, Futaguchi M 

et al (2017b) Absolute calibration of brightness temperature of the 

Venus disk observed by the Longwave Infrared Camera onboard 

Akatsuki. Earth Planets Space 69(1):141. https://doi.org/10.1186/

s40623-017-0727-y

Garate-Lopez I, Hueso R, Sánchez-Lavega A, Peralta J, Piccioni G, Drossart P 

(2013) A chaotic long-lived vortex at the southern pole of Venus. Nat 

Geosci 6:254–257

Garate-Lopez I, García Muñoz A, Hueso R, Sánchez-Lavega A (2015) Instantane-

ous three-dimensional thermal structure of the South Polar Vortex of 

Venus. Icarus 245:16–31

Hansen JE, Hovenier JW (1974) Interpretation of the polarization of Venus. J 

Atmos Sci 31:1137–1160

Haus R, Kappel D, Arnold G (2017) Radiative energy balance of Venus: an 

approach to parameterize thermal cooling and solar heating rates. 

Icarus 284:216–232

Hawkins SE III, Murchie SL, Becker KJ, Selby CM, Turner FS, Noble MW et al 

(2009) In-flight performance of MESSENGER’s mercury dual imag-

ing system. Paper presented at the instruments and methods for 

astrobiology and planetary missions XII. http://adsabs.harvard.edu/

abs/2009SPIE.7441E..0ZH

Hide R (1953) Some experiments on thermal convection in a rotating liquid. Q 

J R Meteorol Soc 79(339):161. https://doi.org/10.1002/qj.49707933916

Houghton DD, Suomi VE (1978) Information content of satellite images. Bull 

Am Meteor Soc 59(12):1614–1617

Hueso R, Peralta J, Sánchez-Lavega A (2012) Assessing the long-term vari-

ability of Venus winds at cloud level from VIRTIS-Venus Express. Icarus 

217:585–598

Hueso R, Peralta J, Garate-Lopez I, Bandos TV, Sánchez-Lavega A (2015) Six 

years of Venus winds at the upper cloud level from UV, visible and near 

infrared observations from VIRTIS on Venus Express. Planet Space Sci 

113:78–99

Ignatiev NI, Titov DV, Piccioni G, Drossart P, Markiewicz WJ, Cottini V et al (2009) 

Altimetry of the Venus cloud tops from the Venus Express observations. 

J Geophys Res Planets. https://doi.org/10.1029/2008je003320

Iwagami N, Takagi S, Ohtsuki S, Ueno M, Uemizu K, Satoh T et al (2011) Sci-

ence requirements and description of the 1 μm camera onboard the 

http://darts.isas.jaxa.jp/planet/project/akatsuki/
http://darts.isas.jaxa.jp/planet/project/akatsuki/
https://doi.org/10.1038/307222a0
https://doi.org/10.1029/JA085iA13p07934
https://doi.org/10.1029/JA085iA13p07934
https://doi.org/10.1126/science.253.5027.1541
http://adsabs.harvard.edu/abs/1971IAUS%e2%80%a640%e2%80%a684C
http://adsabs.harvard.edu/abs/1971IAUS%e2%80%a640%e2%80%a684C
https://doi.org/10.1051/0004-6361/201322264
https://doi.org/10.1051/0004-6361/201628999
https://doi.org/10.1051/0004-6361/201628999
https://doi.org/10.5047/eps.2011.06.019
https://doi.org/10.5047/eps.2011.06.019
https://doi.org/10.1038/ngeo2873
https://doi.org/10.1186/s40623-017-0727-y
https://doi.org/10.1186/s40623-017-0727-y
http://adsabs.harvard.edu/abs/2009SPIE.7441E..0ZH
http://adsabs.harvard.edu/abs/2009SPIE.7441E..0ZH
https://doi.org/10.1002/qj.49707933916
https://doi.org/10.1029/2008je003320


Page 37 of 38Limaye et al. Earth, Planets and Space  (2018) 70:24 

Akatsuki Venus Orbiter. Earth Planets Space 63(6):487–492. https://doi.

org/10.5047/eps.2011.03.007

Iwagami N, Sakanoi T, Hashimoto GL et al (2018) Initial products of Akatsuki 

1-μm camera. Earth Planets Space 70:6. https://doi.org/10.1186/

s40623-017-0773-5

Kawabata K, Coffeen DL, Hansen JE, Lane WA, Sato M, Travis LD (1980) Cloud 

and haze properties from Pioneer Venus polarimetry. J Geophys Res 

85:8129–8140

Keldysh MV (1977) Venus exploration with the Venera 9 and 

Venera 10 spacecraft. Icarus 30(4):605–625. https://doi.

org/10.1016/0019-1035(77)90085-9

Kliore AJ, Moroz VI, Keating GM (1985) The venus international reference 

atmosphere. Adv Space Res 5(11):8+305

Knollenberg RG, Hunten DM (1979) Clouds of Venus—a preliminary assess-

ment of microstructure. Science 205:70–74

Knollenberg RG, Hunten DM (1980) Microphysics of the clouds of Venus: 

results of the Pioneer Venus particle size spectrometer experiment. J 

Geophys Res. https://doi.org/10.1029/JA085iA13p08039

Knollenberg R, Travis L, Tomasko M, Smith P, Ragent B, Esposito L et al (1980) 

The clouds of Venus—a synthesis report. J Geophys Res 85:8059–8081

Krasnopolsky VA (2007) Chemical kinetic model for the lower atmosphere of 

Venus. Icarus 191:25–37

Krasnopolsky VA (2016) Sulfur aerosol in the clouds of Venus. Icarus 274:33–36

Krasnopolsky VA (2017) On the iron chloride aerosol in the clouds of Venus. 

Icarus 286:134–137

Lee YJ, Sagawa H, Haus R, Stefani S, Imamura T, Titov DV et al (2016) Sensitivity 

of net thermal flux to the abundance of trace gases in the lower atmos-

phere of Venus. J Geophys Res (Planets) 121:1737–1752

Lee YJ, Yamazaki A, Imamura T, Yamada M, Watanabe S, Sato TM et al (2017) 

Scattering properties of the Venusian clouds observed by the UV 

imager on board Akatsuki. Astron J 154:44

Limaye SS (1984) Morphology and movements of polarization features on 

Venus as seen in the Pioneer Orbiter Cloud Photopolarimeter data. 

Icarus 57:362–385

Limaye SS (1985) Venus atmospheric circulation—observations and implica-

tions of the thermal structure. Adv Space Res 5:51–62

Limaye SS, Kossin JP, Rozoff C, Piccioni G, Titov DV, Markiewicz WJ (2009) Vortex 

circulation on Venus: dynamical similarities with terrestrial hurricanes. 

Geophys Res Lett 36:L04204. https://doi.org/10.1029/2008gl036093

Limaye S, Słowik G, Ansari A, Smith D, Mogul R, Vaishampayan P (2017) Short 

wavelength abedo, contrasts and micro-organisms on Venus. Paper 

presented at the EGU general assembly conference abstracts. http://

adsabs.harvard.edu/abs/2017EGUGA..19.5913L

Luginin M, Fedorova A, Belyaev D, Montmessin F, Wilquet V, Korablev O et al 

(2016) Aerosol properties in the upper haze of Venus from SPICAV IR 

data. Icarus 277(Supplement C):154–170. https://doi.org/10.1016/j.

icarus.2016.05.008

Luz D, Berry DL, Piccioni G, Drossart P, Politi R, Wilson CF et al (2011) Venus’s 

southern polar vortex reveals precessing circulation. Science 

332(6029):577–580. https://doi.org/10.1126/science.1201629

Magurno D, Maestri T, Grassi D, Piccioni G, Sindoni G (2017) Retrieval of 

Venus’ cloud parameters from VIRTIS nightside spectra in the latitude 

band 25°–55°N. Planet Space Sci 144:16–31. https://doi.org/10.1016/j.

pss.2017.06.004

Marcq E, Belyaev D, Montmessin F, Fedorova A, Bertaux J-L, Vandaele AC et al 

(2011) An investigation of the  SO2 content of the venusian mesosphere 

using SPICAV-UV in nadir mode. Icarus 211:58–69

Markiewicz WJ (2007) Venus monitoring camera for Venus Express. Planet 

Space Sci 55:1701–1711

Markiewicz WJ, Petrova E, Shalygina O, Almeida M, Titov DV, Limaye SS et al 

(2014) Glory on Venus cloud tops and the unknown UV absorber. Icarus 

234:200–203

Mills FP, Allen M (2007) A review of selected issues concerning the chemistry 

in Venus’ middle atmosphere. Planet Space Sci 55:1729–1740

Mills FP, Esposito LW, Yung YL (2007) Atmospheric composition, chemistry, and 

clouds. Explor Venus Terr Planet 176:73–100

Minnaert M (1941) The reciprocity principle in lunar photometry. Astrophys J 

93:403–410

Murray BC, Belton MJS, Danielson GE, Davies ME, Gault D, Hapke B et al (1974) 

Venus: atmospheric motion and structure from mariner 10 pictures. 

Science 183:1307–1315

Muto K, Imamura T (2017) Morphology and temporal variation of the polar 

oval of Venus revealed by VMC/Venus express visible and UV images. 

Icarus 295:110–118

Nakamura M, Imamura T, Ishii N, Abe T, Satoh T, Suzuki M et al (2011) Overview 

of Venus orbiter, Akatsuki. Earth Planets Space 63:443–457. https://doi.

org/10.5047/eps.2011.02.009

Nakamura M, Imamura T, Ishii N, Abe T, Kawakatsu Y, Hirose C et al (2016) 

AKATSUKI returns to Venus. Earth Planets Space 68:75. https://doi.

org/10.1186/s40623-016-0457-6

Niesten L, Stuyvaert E (1904) Observations sur l’aspect physique de Vénus de 

1881à 1895. Annales de l’Observatoire Royal de Belgique Nouvelle serie, 

8, 3:1–3:30.32

Orton GS, Yanamandra-Fisher PA (2005) Saturn’s temperature field from 

high-resolution middle-infrared imaging. Science 307(5710):696–698. 

https://doi.org/10.1126/science.1105730

Orton GS, Friedson AJ, Caldwell J, Hammel HB, Baines KH, Bergstralh JT 

et al (1991) Thermal maps of Jupiter—spatial organization and time 

dependence of stratospheric temperatures, 1980 to 1990. Science 

252:537–542

Peralta J, Hueso R, Sánchez-Lavega A (2007) A reanalysis of Venus winds at two 

cloud levels from Galileo SSI images. Icarus 190(2):469–477. https://doi.

org/10.1016/j.icarus.2007.03.028

Peralta J, Sánchez-Lavega A, López-Valverde MA, Luz D, Machado P (2015) 

Venus’s major cloud feature as an equatorially trapped wave 

distorted by the wind. Geophys Res Lett 42(3):705–711. https://doi.

org/10.1002/2014GL062280

Peralta J, Lee YJ, Hueso R, Clancy RT, Sandor BJ, Sánchez-Lavega A et al (2017) 

Venus’s winds and temperatures during the MESSENGER’s flyby: an 

approximation to a three-dimensional instantaneous state of the 

atmosphere. Geophys Res Lett 44:3907–3915

Perez-Hoyos S, Garcia-Muñoz A, Sánchez-Lavega A, McClintock WM (2013) 

Analysis of MESSENGER/MASCS data during second Venus flyby. 

European Planetary Science Congress 2013, held 8–13 September in 

London, UK. <A href = ”http://meetings.copernicus.org/epsc2013“> 

http://meetings.copernicus.org/epsc2013</A>, id.EPSC2013-156, 8

Petrova EV, Shalygina OS, Markiewicz WJ (2015) The VMC/VEx photometry at 

small phase angles: glory and the physical properties of particles in the 

upper cloud layer of Venus. Planet Space Sci 113:120–134

Peralta JR, Hueso A, Sánchez-Lavega A, Piccioni G, Lanciano O, Drossart P 

(2008) Characterization of mesoscale gravity waves in the upper 

and lower clouds of Venus from VEX-VIRTIS images. J Geophys Res. 

113:E00B18. https://doi.org/10.1029/2008JE003185

Piccioni G, Drossart P, Sanchez-Lavega A, Hueso R, Taylor FW, Wilson CF et al 

(2007a) South-polar features on Venus similar to those near the north 

pole. Nature 450(7170):637–640. https://doi.org/10.1038/nature06209

Piccioni G, Drossart P, Suetta E, Cosi M, Amannito E, Barbis A et al (2007b) 

VIRTIS: the visible and infrared thermal imaging spectrometer. Paper 

presented at the ESA special publication

Piccialli A, Titov DV, Sanchez-Lavega A, Peralta J, Shalygina O, Markiewicz WJ 

et al. (2014) High latitude gravity waves at the Venus cloud tops as 

observed by the Venus Monitoring Camera on board Venus Express. 

Icarus 227:94–111

Read PL (2011) Dynamics and circulation regimes of terrestrial planets. Planet 

Space Sci 59(10):900–914. https://doi.org/10.1016/j.pss.2010.04.024

Robinson MS, Harch AP, Hawkins SE, Head JW, Kang H, Laslo NR et al (2007) 

MDIS observations from the second MESSENGER Venus flyby. In: AGU 

fall meeting abstracts, vol 33

Ross FE (1927) Photographs of Venus. Pop Astron 35:492

Ross FE (1928) Photographs of Venus. Astrophys J 68:57

Rossow WB, del Genio AD, Limaye SS, Travis LD (1980) Cloud morphology and 

motions from Pioneer Venus images. J Geophys Res 85:8107–8128

Sagdeev RZ, Kerzhanovich VV, Kogan LR, Kostenko VI, Linkin VM, Matveenko LI 

et al (1990) Measurements of the dynamics of air mass motion in the 

Venus atmosphere with balloon probes—VEGA project. Sov Astron Lett 

16:357

Sánchez-Lavega A, Hueso R, Piccioni G, Drossart P, Peralta J, Pérez-Hoyos S et al 

(2008) Variable winds on Venus mapped in three dimensions. Geophys 

Res Lett 35:L13204. https://doi.org/10.1029/2008GL033817

Sato TM, Sagawa H, Kouyama T, Imamura T, Satoh T (2013) Spatiotemporal 

variations of Venus middle atmosphere revealed by Subaru/COMICS. 

European planetary science congress 2013, held 8–13 September in 

https://doi.org/10.5047/eps.2011.03.007
https://doi.org/10.5047/eps.2011.03.007
https://doi.org/10.1186/s40623-017-0773-5
https://doi.org/10.1186/s40623-017-0773-5
https://doi.org/10.1016/0019-1035(77)90085-9
https://doi.org/10.1016/0019-1035(77)90085-9
https://doi.org/10.1029/JA085iA13p08039
https://doi.org/10.1029/2008gl036093
http://adsabs.harvard.edu/abs/2017EGUGA..19.5913L
http://adsabs.harvard.edu/abs/2017EGUGA..19.5913L
https://doi.org/10.1016/j.icarus.2016.05.008
https://doi.org/10.1016/j.icarus.2016.05.008
https://doi.org/10.1126/science.1201629
https://doi.org/10.1016/j.pss.2017.06.004
https://doi.org/10.1016/j.pss.2017.06.004
https://doi.org/10.5047/eps.2011.02.009
https://doi.org/10.5047/eps.2011.02.009
https://doi.org/10.1186/s40623-016-0457-6
https://doi.org/10.1186/s40623-016-0457-6
https://doi.org/10.1126/science.1105730
https://doi.org/10.1016/j.icarus.2007.03.028
https://doi.org/10.1016/j.icarus.2007.03.028
https://doi.org/10.1002/2014GL062280
https://doi.org/10.1002/2014GL062280
http://meetings.copernicus.org/epsc2013
http://meetings.copernicus.org/epsc2013%3c/A%3e
https://doi.org/10.1029/2008JE003185
https://doi.org/10.1038/nature06209
https://doi.org/10.1016/j.pss.2010.04.024
https://doi.org/10.1029/2008GL033817


Page 38 of 38Limaye et al. Earth, Planets and Space  (2018) 70:24 

London, UK. <A href = ”http://meetings.copernicus.org/epsc2013“> 

http://meetings.copernicus.org/epsc2013</A>, id.EPSC2013-403, 8

Sato TM, Sagawa H, Kouyama T, Mitsuyama K, Satoh T, Ohtsuki S et al (2014) 

Cloud top structure of Venus revealed by Subaru/COMICS mid-infrared 

images. Icarus 243(Supplement C):386–399. https://doi.org/10.1016/j.

icarus.2014.09.004

Sato TM, Sagawa H, Kouyama T, Taguchi M, Lee YJ, Peralta J et al (2017) Venus 

cloud top structure seen by the coordinated Subaru and Akatsuki 

observations. Eur Planet Sci Congr 11

Satoh T, Nakamura M, Ueno M, Uemizu K, Suzuki M, Imamura T et al (2016) 

Development and in-flight calibration of IR2: 2-μm camera onboard 

Japan’s Venus orbiter, Akatsuki. Earth Planets Space 68(1):74. https://doi.

org/10.1186/s40623-016-0451-z

Satoh T, Sato TM, Nakamura M, Kasaba Y, Ueno M, Suzuki M et al (2017) Perfor-

mance of Akatsuki/IR2 in Venus orbit: the first year. Earth Planets Space 

69(1):154. https://doi.org/10.1186/s40623-017-0736-x

Slipher EC (1931) Recent photographic observations of Mars, Venus, Mercury, 

Jupiter and Saturn (abstract). Paper presented at the publications 

of the American astronomical society. http://adsabs.harvard.edu/

abs/1931PAAS….6..239S

Smith MD, Gierasch PJ (1996) Global-scale winds at the Venus cloud-top 

inferred from cloud streak orientations. Icarus 123:313–323

Sugata S, Yoden S (1993) A numerical study on regime transitions of the rotat-

ing annulus flow with a semi-spectral model. J Meteorol Soc Jpn Ser II 

71(4):491–501. https://doi.org/10.2151/jmsj1965.71.4_491

Suomi V (1975) Cloud motions on Venus. NASA Spec Publ 382:42

Suomi VE, Limaye SS (1978) Venus—further evidence of vortex circulation. 

Science 201:1009–1011

Svedhem H, Titov DV, McCoy D, Lebreton J-P, Barabash S, Bertaux J-L et al 

(2007) Venus Express—The first European mission to Venus. Planetary 

and Space Science 55:1636–1652

Taguchi M, Fukuhara T, Imamura T, Nakamura M, Iwagami N, Ueno M et al 

(2007) Longwave infrared camera onboard the Venus climate orbiter. 

Adv Space Res 40(6):861–868. https://doi.org/10.1016/j.asr.2007.05.085

Takagi S, Iwagami N (2011) Contrast sources for the infrared images taken 

by the Venus mission AKATSUKI. Earth Planets Space 63(5):435–442. 

https://doi.org/10.5047/eps.2011.01.007

Takahashi Y, Yoshida J, Yair Y, Imamura T, Nakamura M (2008) Lightning 

detection by LAC onboard the Japanese Venus climate orbiter, 

Planet-C. Space Sci Rev 137(1):317–334. https://doi.org/10.1007/

s11214-008-9400-x

Taylor FW, Beer R, Chahine MT, Diner DJ, Elson LS, Haskins RD et al (1980) 

Structure and meteorology of the middle atmosphere of Venus Infrared 

remote sensing from the Pioneer orbiter. J Geophys Res 85:7963–8006

Titov DV, Taylor FW, Svedhem H, Ignatiev NI, Markiewicz WJ, Piccioni G, Dros-

sart P (2008) Atmospheric structure and dynamics as the cause of ultra-

violet markings in the clouds of Venus. Nature 456:620–623. https://doi.

org/10.1038/nature07466

Titov DV, Markiewicz WJ, Ignatiev NI, Song L, Limaye SS, Sanchez-Lavega A et al 

(2012) Morphology of the cloud tops as observed by the Venus Express 

Monitoring Camera. Icarus 217:682–701

Travis LD (1975) On the origin of ultraviolet contrasts on Venus. J Atmos Sci 

32:1190–1200

Travis LD, Coffeen DL, Hansen JE, Kawabata K, Lacis AA, Lane WA et al (1979) 

Orbiter cloud photopolarimeter investigation. Science 203:781–785

Tsang CCC, Taylor FW, Wilson CF, Liddell SJ, Irwin PGJ, Piccioni G et al (2009) 

Variability of CO concentrations in the Venus troposphere from Venus 

Express/VIRTIS using a band ratio technique. Icarus 201:432–443

Wainwright M, Wickramasinghe NC, Narlikar JV, Rajaratnam P (2003) 

Microorganisms cultured from stratospheric air samples obtained 

at 41 km. FEMS Microbiol Lett 218(1):161–165. https://doi.

org/10.1111/j.1574-6968.2003.tb11513.x

Wilson CF, Guerlet S, Irwin PGJ, Tsang CCC, Taylor FW, Carlson RW et al (2008) 

Evidence for anomalous cloud particles at the poles of Venus. J Geo-

phys Res Planets. https://doi.org/10.1029/2008je003108

Wilson CF, Tsang CCC, Irwin PGJ, Taylor FW, Bézard B, Erard S et al (2009) Analy-

sis of thermal emission from the nightside of Venus at 1.51 and 1.55 

μm. Icarus 201:814–817

Young AT (1973) Are the clouds of Venus sulfuric acid? Icarus 18:564–582

Young RE, Walterscheid RL, Schubert G, Seiff A, Linkin VM, Lipatov AN (1987) 

Characteristics of gravity waves generated by surface topography 

on Venus—comparison with the VEGA balloon results. J Atmos Sci 

44:2628–2639

Zhang X, Liang M-C, Montmessin F, Bertaux J-L, Parkinson C, Yung YL (2010) 

Photolysis of sulphuric acid as the source of sulphur oxides in the 

mesosphere of Venus. Nat Geosci 3:834–837

http://meetings.copernicus.org/epsc2013
http://meetings.copernicus.org/epsc2013
https://doi.org/10.1016/j.icarus.2014.09.004
https://doi.org/10.1016/j.icarus.2014.09.004
https://doi.org/10.1186/s40623-016-0451-z
https://doi.org/10.1186/s40623-016-0451-z
https://doi.org/10.1186/s40623-017-0736-x
http://adsabs.harvard.edu/abs/1931PAAS%e2%80%a6.6..239S
http://adsabs.harvard.edu/abs/1931PAAS%e2%80%a6.6..239S
https://doi.org/10.2151/jmsj1965.71.4_491
https://doi.org/10.1016/j.asr.2007.05.085
https://doi.org/10.5047/eps.2011.01.007
https://doi.org/10.1007/s11214-008-9400-x
https://doi.org/10.1007/s11214-008-9400-x
https://doi.org/10.1038/nature07466
https://doi.org/10.1038/nature07466
https://doi.org/10.1111/j.1574-6968.2003.tb11513.x
https://doi.org/10.1111/j.1574-6968.2003.tb11513.x
https://doi.org/10.1029/2008je003108

	Venus looks different from day to night across wavelengths: morphology from Akatsuki multispectral images
	Abstract 
	Akatsuki observations
	Introduction
	Dayside images of Venus
	Nightside images of Venus in near infrared

	Akatsuki multispectral images of Venus: cameras onboard
	Temporal coverage
	Dayside morphology
	Images at 283, 365 nm (UVI)
	Dayside images at near-infrared wavelengths
	0.9 µm images (IR1)
	Images at 2.02 µm

	Morphology at smaller scales (~ 2 to ~ 5 kmpixel)
	Contemporaneous views at 283, 365 nm, 1.02 and 2.02 µm: spatial variations in cloud properties

	Nightside morphology
	1.74-, 2.26- and 2.32-µm images from IR2 camera
	Sharp boundaries: Different air masses?
	Mesoscale vortices
	Ribbons or narrow width waves
	High-resolution detail on the nightside
	Thermal infrared: cloud-top brightness temperature morphology from LIR
	North–south stationary wave
	Global organization of the cloud cover: vortex situated over the poles
	The Y feature

	Summary
	Authors’ contributions
	References


