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Abstract

:

Firstly identified in images from JAXA’s orbiter Akatsuki, the cloud discontinuity of Venus is a planetary-scale phenomenon known to be recurrent since, at least, the 1980s. Interpreted as a new type of Kelvin wave, this disruption is associated to dramatic changes in the clouds’ opacity and distribution of aerosols, and it may constitute a critical piece for our understanding of the thermal balance and atmospheric circulation of Venus. Here, we report its reappearance on the dayside middle clouds four years after its last detection with Akatsuki/IR1, and for the first time, we characterize its main properties using exclusively near-infrared images from amateur observations. In agreement with previous reports, the discontinuity exhibited temporal variations in its zonal speed, orientation, length, and its effect over the clouds’ albedo during the 2019/2020 eastern elongation. Finally, a comparison with simultaneous observations by Akatsuki UVI and LIR confirmed that the discontinuity is not visible on the upper clouds’ albedo or thermal emission, while zonal speeds are slower than winds at the clouds’ top and faster than at the middle clouds, evidencing that this Kelvin wave might be transporting momentum up to upper clouds.
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1. Introduction


Venus is permanently covered by a thick stratified atmosphere. Within altitudes ∼48–70 km above the surface, we find clouds of sulfuric acid [1]. These are divided into upper, middle, and lower clouds. At the top (56.5–70 km above the surface), the clouds are dominated by a retrograde superrotation that reaches speeds of ∼100   m ·   s   − 1      at the clouds’ top of lower latitudes, which is 60 times faster than the planetary rotation [2]. This is the layer that has been observed continuously for almost a century with violet and ultraviolet (UV) filters [3,4], whose dark/bright features are caused by known (SO   2  ) and unknown absorbers [1,5]. Under this layer, the middle clouds (50.5–56.5 km above the surface) are observed on the dayside at visible and near-infrared (NIR) wavelengths up to 1  μ m [1,6]. The lower clouds (47.5–50.5 km) can be observed as silhouettes partially blocking the deeper thermal emission on the nightside mainly at the spectral windows 1.74  μ m and 2.32  μ m [1,7,8]. The middle and lower clouds contribute to the greenhouse effect and the radiative energy balance [9]. The morphology and motions of the clouds differ at each of the three layers [1,2,6,7,10].



Multiple observations have provided evidence of planetary-scale waves in this stratified atmosphere, and these waves are suspected to play a critical role in powering of the superrotation [2]. These have been mainly observed at the upper clouds, such as the Y feature [11], the stationary bow-shaped wave generated at the surface [12], or the solar tides, which has been shown to maintain the superrotation near the equator [13]. Recently, Peralta et al. [9] reported the discovery of a giant discontinuity/disruption at the deeper clouds of Venus, which was shown to be a cyclical phenomenon limited between 30   ∘   N and 40   ∘   S, which importantly alters clouds’ properties and aerosols [9,14], propagates faster than the superrotating winds, and is able to keep a coherent shape after several revolutions. Based on numerical simulations, Peralta et al. [9] interpreted this phenomenon as a new type of planetary-scale wave that may be feeding the superrotation at the upper clouds by bringing momentum from the deeper atmosphere, which is precisely where the Venus atmosphere accumulates most of its angular momentum [15]. Its absence at the top of the clouds and range of phase speeds also support that this wave should dissipate within the upper clouds [9]. Peralta et al. [9] also showed that the cloud discontinuity (CD henceforth) has been a recurrent feature for decades at the nightside lower clouds, although it is less frequent at the dayside middle clouds where it was observed for the last time on 27 November 2016 by the camera Akatsuki/IR1, before this instrument and IR2 stopped working indefinitely [16].



Here, we report the reappearance of the CD on the dayside middle clouds during the 2019/2020 eastern elongation of Venus, using observations from small private telescopes around the world coordinated with JAXA’s orbiter Akatsuki [17]. In Section 2, the outline of the observations and the data reduction method are presented. The results of our analysis are provided and discussed in Section 3. Finally, Section 4, summarizes our work.




2. Observations and Methods


2.1. Venus Images Taken with Ground-Based Telescopes


To study the CD events, we inspected the amateur observations of Venus hosted in the database of ALPO-Japan http://alpo-j.sakura.ne.jp/indexE.htm (accessed on 5 February 2021) [18]. We selected and examined 458 NIR and 552 UV observations of the eastern elongation 2019/2020. The NIR observations were obtained with filters in the range 685–1050 nm and the UV observations with filters in the ∼320–410 nm range. Table 1 provides details about these NIR and UV observations as well as the Venus phase angle and the nominal best resolution. The resolution of the amateur images ranged from 187 to 663 km depending on the apparent angular size of Venus and the best resolution allowed by the diameter of the telescope [19]. One of us (EK), on 11 March 2020 (with Venus having a solar elongation of 45.6   ∘   East,    20.6  ″     in diameter, and 58% of illuminated disk), identified a strong manifestation of a CD and alerted Venus observers and researchers. That event stimulated intense monitoring and led to the current work. We inspected a period covering from 13 October 2019 to 25 April 2020 (Solar Elongation 16.2   ∘  –40.8   ∘   East, angular size 10.3    ″   –35.8    ″   , illuminated fraction 0.962–0.295).



The images from amateur observations were obtained thanks to the technique of lucky imaging, where thousands of images are captured in a few minutes with fast planetary cameras and then stacked to obtain a single one more nitid and with better resolution (by up to a factor of four in poor seeing conditions) [20,21]. Software such as Autostakkert (http://www.autostakkert.com, accessed on 10 February 2021) or Registax (http://astronomie.be/registax, accessed on 10 February 2021) [22] were used following this strategy: (a) selection of the highest quality images, (b) alignment, (c) stacking, and (d) processing of the final image to get a sharper version [23]. To obtain these observations, sensitive CMOS cameras (e.g., ZWO290 mm) were equipped on ∼0.2–0.5 m aperture telescopes. In the case of NIR images, Venus’s clouds exhibit lower contrast than in UV images, and a different image processing is required [6].



The first step in the analysis was to properly define the navigation of each image, i.e., the correct orientation (north–south), fitting of the limb, and the phase of the planet to a synthetic outline (calculated by software’s ephemeris). For this, and further processing of the images, we used the free software WinJupos (http://www.grischa-hahn.homepage.t-online.de, accessed on 10 February 2021) [24]. We also used this software to measure the motions of clouds patterns (latitude–longitude position, size, and wind speed). The phase and the ephemeris of the planet are automatically calculated by the software. Two rotation periods are implemented in WinJupos for the determination of the planet longitudes: System 1 (S1) accounting for the surface rotation with a period of ∼243 days, and System 2 (S2) with a period of 4.2 days, corresponding to the superrotating upper clouds in UV images [2]. For creating maps of the dayside middle clouds with NIR images, we used a slower rotation rate with a period of almost 5 days (calculated from the average equatorial speed of CD events, see Table 2). CD speeds were measured using feature tracking of the following wave-front edge (FWFE henceforth) in pairs of images (with time separation ranging from a few hours to some days).



Most of the cloud motions were measured near the equator, where the CD is customarily found and also because the spatial resolution approaches the best that can be attained with ground-based telescopes (see Table 1). Using the standard deviations of the measurements as a metric, we compared those derived from the optimal fitting of the images with those obtained by slightly changing the parameters that affect the navigation (orientation and limb fitting), by adjusting to the largest and lowest acceptable values (by visual inspection). We found that limb fitting (with an error of 2–3 pixels) was the one resulting in systematically larger standard deviations than the orientation. However, even in those cases, the standard deviations were always smaller than those produced by the image resolution.



We obtained an estimate of the speed error by two methods. In the first approach, we used the theoretical resolution of each telescope to calculate the possible error (  δ υ = δ x / Δ t  , where   δ x   corresponds to the theoretical expected image resolution according to the telescope’s aperture expressed in meters, and   Δ t   is the time separation between image pairs). Image pairs separated by a temporal interval of ∼2–8 h allow us to measure wind speeds with errors in the range ∼10–40   m ·   s   − 1     . Image pairs separated by   Δ t ∼   5–10 days provide smaller errors in the range of ∼1    m ·   s   − 1     , because of the large time difference. We note here that these error estimates are lower limits, as they consider optimal seeing conditions. However, given the lucky imaging approach and deconvolution techniques, this can be lowered ever more. A second approach was to measure wind speed from various latitude bins of 5–12.5   ∘  . The standard deviation of these measurements within each bin results in errors of ∼1    m ·   s   − 1      for   Δ t ∼   5–10 days and ∼5–25    m ·   s   − 1      for   Δ t ∼   2–8 h, respectively. Given the similarity between the two approaches, we opted to quote the error estimates as derived from the second method (i.e., the statistical approach). Although this approach depends on the determination of the CD by “visual inspection”, it takes into account the high quality of the selected images.



The position and the inclination of the CD were also measured using the FWFE. Inclinations were measured with respect to the equator (0–180   ∘  ). Maps were created with equirectangular projection that simply displays the relative position of large formations. The gaps correspond to areas where no observations were performed or where the spatial resolution was very poor. Latitudes higher then 60   ∘   were also excluded because of the low resolution and severe distortion near the polar region expected in equirectangular projections.




2.2. Venus Images Taken with JAXA’s Akatsuki


Amateur observations during March 2020 were compared with nearly simultaneous observations from Akatsuki [17,25]. This gave us the chance to test whether the CD events can be visualized at other vertical levels and if there is any interaction with other planetary scale waves at the upper clouds. Such phenomena include the Y-feature, a dark cloud structure observed for decades in UV images that looks like a horizontally oriented Y letter visible every ∼4 days [11,26], and the stationary bow-shape gravity waves [27,28]. These phenomena at the upper clouds can be observed in images taken by the Longwave Infrared Camera (LIR) [29] and the Ultraviolet Imager (UVI) [30]) onboard Akatsuki. The bolometer LIR maps the brightness temperature of the upper clouds within ∼60–75 km [31] in the spectral band 8–12  μ m, both on the dayside and nightside, while the camera UVI senses the albedo of the cloud tops at ∼70 km [10,30] using filters centered at 283 and 365 nm. Five events of the CD during March (11 March 2020, 16 March 2020, 21 March 2020, 26 March 2020, and 31 March 2020) were studied in combination with Akatsuki images, which covered orbits 142–144 of the mission [32,33,34,35]. During March 2020, the phase angle of Venus as observed from Akatsuki varied between 30   ∘   and 160   ∘  , while the spatial resolution of UVI and LIR images at lower latitudes ranged 12–90 and 40–360 km/pixel, respectively. The UVI images were photometrically corrected, i.e., correcting for the limb-darkening effect [36]. Both UVI and LIR images were processed and projected as described by Gonçalves et al. [37]. A devoted software written in IDL was used to process and perform measurements in the Akatsuki images [38].





3. Results and Discussion


Three years after its last detection on the dayside middle clouds in December 2016 [9], the CD was captured again in November–December of 2019 (see Figure 1 and Figure 2). Unfortunately, from mid-December 2019 until early March 2020, we have gaps in the observations that prevented a continuous monitoring of these new events of the CD. From March 2020, the presence of a CD became more evident, manifesting as a long dark feature sometimes followed by a brighter streak (see Figure 1). The larger number of observations enabled us to monitor with more detail this phenomenon until the middle of April, when the CD seemed to vanish.



3.1. CD during November–December 2019


The first clear manifestation of CD occurred in late November 2019 (Figure 1 and Figure 2). On 18 November 2019, Venus displayed no features on the area where we would expect to observe the CD. There are three dark stripes or bands (Northern, Equatorial, Southern) in the proceeding area. On 23 November 2019, the CD seems apparent as an extension of the Northern Dark Stripe, which was previously reported as a cloud pattern frequently preceding the arrival of the discontinuity on the dayside middle clouds during the year 2016 [9] (see Figure 1b). On 3 December 2019, the CD is observed between 26   ∘   N and 28   ∘   S, bending at its northern end and eastward extending ∼5700 km as an horizontal sharp dark stripe similar to those reported by Peralta et al. [39] on the nightside lower clouds. On the west of CD, an equatorial stripe was formed also. In the central image of Figure 2D, a bright equatorial area is observed, surrounded north and south with wavy borders.



Taking advantage of the smaller phase angle for these earlier observations, we studied the morphology and development of CD along several rotations through maps of time composites (see Figure 2) similar to the ones created by Peralta et al. [9] for the nightside lower clouds. Due to the difficulty in accurately measuring the middle clouds’ mean flow with amateur images, the equirectangular projections of the NIR images were combined after shifting them according to the average CD speed (∼5 day period, see Peralta et al. [9]) at the equator rather the mean wind speed from passive tracers. During the last rotation (Figure 2E), the CD changed its inclination (starting with a tilt of 124   ∘   relative to the parallels, then 97   ∘   and finally 39   ∘  ) and a bright area follows the CD in the southward of the equator. The CD drifted to the west with an average equatorial zonal speed of   − 94.7 ± 6     m ·   s   − 1     , with a derived period of   4.6 ± 0.3   days.




3.2. CD during January–April 2020


From November–December 2019 to March 2020, the increasing phase angle and more sparse data coverage hindered the monitoring of the CD, though some of the images show its presence (see Figure 1). During this period, the CD suffered noticeable morphological changes after each full revolution, which is consistent with the observations by Akatsuki/IR1 during the year 2016 [9]. Between January 2020 and April 2020, the CD was always observed between 31   ∘   N and 36   ∘   S, with a length within 3300–6500 km and tilt relative to the parallels ranging 39–137   ∘  . Its average speed was   − 91 ± 4     m ·   s   − 1      with a period of   4.8 ± 0.2   days.



On 11 March 2020, our observations exhibited an intensification of the CD, being apparent as a long dark sharp discontinuity followed by a brighter cloudy area, and barely suffering distortions on its shape and size along 11, 16, and 21 March 2020. A similar event was also reported in August 2016 [9]. Combining images from several ground-based observers, we were able to track the CD until 25 April 2020, and we estimated for the CD a rotation period of about 5 days. From 26 March 2020 onwards, it appears to have shrunk, partly dissipated, and displayed much lower contrast during the next weeks. In general, it spanned between 31   ∘   N and 36   ∘   S, ranging 3300–6500 km in length. The dark streak was sometimes followed by a bright one. The CD average width at the equator was ∼600 km, with a lower value of ∼300 km (similar to the spatial resolution of the images) and up to ∼1100 km. The March–April event presented some constant properties such as inclination (almost vertical relative to the equator, 80–100   ∘  ) and speed (−83.6 to −87.8   m ·   s   − 1     , with an average of   84.9 ± 0.4     m ·   s   − 1     , and a period   5.08 ± 0.03   days.).



Figure 3 exhibits the zonal speeds of the discontinuity during the CD events of 11, 16, 21, 26, and 31 March 2020 apparent in images of Venus taken by ground-based observers (see Figure 1). These zonal speeds are compared with the zonal winds measured with 365 nm images taken by Akatsuki/UVI during the same dates as the CD events occurring during 11, 16, 21, and 26 March 2020. In the case of the winds at the middle clouds, it was not possible to identify reliable passive tracers in the NIR ground-based images due to their low contrast, and the profile of winds obtained by Akatsuki/IR1 in 2016 [6] is shown instead. The CD speeds are consistent with the manifestation of a Kelvin wave [9], with phase speeds faster than the background winds at the middle clouds observed in the 900 nm images from Akatsuki/IR1. On the other hand, the phase speeds of the CD are slower than the winds measured in the UVI 365 nm images sensing the top of the upper clouds, supporting the argument that the CD cannot be observed at the clouds’ top because it becomes dissipated during its vertical propagation [9].




3.3. Long-Term Evolution


Figure 4 exhibits the rotation period, orientation, and latitude coverage of the discontinuity during the years 2016–2020 from Venus images taken by the orbiter Akatsuki [9] and ground-based observations by NASA’s Infrared Telescope Facility [9] and small telescopes (this work). Concerning the rotation period of the CD, we obtain a period of   4.8 ± 0.2   days considering the averaged zonal speed (  92.1 ± 4.6     m ·   s   − 1     ) from the 17 CD events documented in this work (see Table 2), while the mean rotation period considering the full data from 2016 to 2020 can be updated to   4.9 ± 0.5   days, the same as estimated by Peralta et al. [9]. The discontinuity exhibited noticeable variations in its orientation between November 2019 and February 2020, with a clear tendency to keep an orientation perpendicular to the equator from March until April 2020. Given that gravity waves are subject to refraction as they propagate, due to the varying background atmospheric temperature structure and winds [40], these changes in the orientation of the discontinuity might be tentatively attributed to a slight atmospheric refraction whose evidence should be investigated in future works. Finally, the CD events reported in this work confirm the hemispherical asymmetry for the discontinuity previously reported by Peralta et al. [9].




3.4. The Cloud Tops during the CD Events of March 2020


The Y-feature is the most noticeable planetary-scale pattern that can be identified in the ultraviolet images that sense the top of the upper clouds at the dayside of Venus [41,42,43,44]. The Y-feature shares some of the characteristics of the lower clouds’ discontinuity: the Y-feature is a recurrent phenomenon subject to cycles of generation and destruction [43], it manifests about the equator, it propagates faster than the mean zonal flow [44], and it has been long interpreted as the manifestation of a kelvin-type wave [11]. On the other hand, the Y-feature exhibits tends to have a rotation period of about 4 days [26] (generally faster than the discontinuity, see Figure 4), it can extend to higher latitudes [11,43], and it has never been reported on observations of altitudes below the top of the clouds [6,45], which is in agreement with the idea that the Y-feature may be vertically trapped [11].



Figure 5 and Figure 6 display a comparison between the morphology of the cloud tops (UV images) and the middle clouds (NIR images) during some of the CD events occurring in March 2020. The cycle of the discontinuity at the dayside middle clouds is confronted by that of the Y-feature at the cloud tops in Figure 5, using NIR and UV images obtained by ground-based observers and time composites similar to those published by Sánchez-Lavega et al. [19]. When comparing the cycles of 7–11 March and 12–16 March 2020, we observe that the position of the sharp vertical streak-form of the CD (evident in NIR images) does not seem linked to the propagation of the Y-feature in UV images or to any specific cloud pattern in its cycle. The time composites also display an evident phase-lag between both phenomena, supporting that we may be observing independent waves that propagate at different vertical levels.



Akatsuki/UVI imaging of the top of the clouds provide higher resolution to study the details of individual cloud features and patterns that cannot be resolved by ground-based telescopes. In fact, UVI allows observing Venus with two filters: 283 nm to sense the absorption of the SO   2   and 365 nm to observe the absorption due to the unknown absorber [30]. Figure 6 displays a representative sampling of upper clouds in images obtained very close to the time of the NIR amateur data and covers the exact area of CD observations on March 2020. The sharp vertical form of CD (Figure 6A) due to variations of the middle-cloud optical thickness is also absent in high-quality UV data (Figure 6B,C), confirming previous findings by Peralta et al. [9] and supporting the idea that the critical level where the CD dissipates should be located between the middle clouds and upper clouds’ top (see Figure 3).




3.5. Thermal Emission from the Upper Clouds during the CD Events of March 2020


Large stationary gravity waves appear mostly above four specific highland regions in the low latitudes, specially when these regions are in the local afternoon [27]. The exact mechanism for generating these stationary waves at the cloud top is as yet unclear, although there is a general agreement that we must be visualizing Lee waves triggered at the surface of Venus (stationary waves in the atmosphere, happening where winds encounter obstacles such as high mountains; [12,28,46,47,48]). These planetary scale waves tend to be aligned almost north–south with a slight curvature, and they present silhouette similarities with the cloud discontinuity.



During March 2020, Akatsuki/LIR exhibits clear stationary waves in the brightness temperature images taken during 11–16 and 21 of March 2020. The wavefronts were located above Alta Regio and almost aligned in a north–south direction spanning several thousand kilometers. They were not visible during 26 and 31 March 2020. In Figure 6D, the discontinuity is not apparent in LIR images acquired in almost the same time as the CD events, while the LIR image taken on 26 March 2020 does not cover the region where the CD was observed at the middle clouds with ground-based observations (Figure 6A). Since the weighting function of LIR extends within about 50–60 km above the surface [31], LIR might be (partially) sensitive to the thermal emission from middle clouds (50.5–56.5 km) as well. In this sense, the absence of the CD in the LIR images may provide new hints to better constrain the altitude range for the critical level of the Kelvin wave interpreted to be responsible for the CD.





4. Summary


In this work, we report the reappearance of the equatorial discontinuity at the dayside middle clouds of Venus [9], which is a global-scale atmospheric wave comparable with other planetary phenomena such as the Y-feature [11] and the giant stationary bow-shape wave [12]. We studied its morphology, the evolution, and the properties of the most prominent events in 2019/2020 eastern elongation of Venus, combining both NIR and UV data from ground-based amateur observations and Akatsuki imaging.



The most intense event occurred in March 2020, which was visible in NIR images as a dark vertical streak followed by a bright streak. In general, the CD events extended approximately 20   ∘   above and below the equator, displaying a variable length (3300–6500 km) with widths in the range of ∼300–1100 km (with an average of 600 km). Although the orientation displayed noticeable variations, it is generally perpendicular to the equatorial plane. In total, we have measured the mean rotational period from all CD events to be ∼4.9 days with a mean wind speed of ∼92.1    m ·   s   − 1     , which is consistent with Peralta et al. [9]. We also confirm that the morphology of the CD is often hemispherically asymmetric [9].



In general, the speeds we obtained are higher/lower when compared with the average zonal speeds of the middle/upper clouds found by Akatsuki in 2016/2020. In combination with imaging, we conclude that the CD is a phenomenon limited to the middle clouds of the atmosphere of Venus. When combining ground-based amateur images with Akatsuki UV and LIR imaging, we find no direct relation between the CD in the middle and the phenomena in upper clouds (such as Y-feature or the bow-shape waves). Moreover, the evident phase lags between these phenomena point to a scenario with independent waves, which propagate at different vertical levels. Our results further support that the CD dissipates during its vertical propagation, with the critical level located between the middle and upper clouds.



With the current work, we aim to both contribute to the additional characterization of this phenomenon and to highlight the importance of the amateur contributions. Amateur observations can play an important role especially when used complementary to professional ones. Moreover, systematic monitoring by amateurs can trigger, and of course, support coordinated observing campaigns, such as the next campaigns of observations coordinated with Akatsuki (http://pvol2.ehu.eus/bc/Venus/, accessed on 15 February 2021) of Venus flybys of NASA’s PARKER [49] on 21 August 2023 and 6 November 2024. The professional–amateur collaboration offers an invaluable resource in the advance of our understanding of the atmosphere of Venus.







Author Contributions


Conceptualization and methodology, E.K., J.P. and G.M.; software, J.P.; writing—original draft preparation, E.K., J.P. and G.M.; access and selection of Akatsuki data, M.I., A.W., T.O., Y.N., L.M., A.G., G.C., J.C., P.C., D.K., N.M., C.V. and A.T. contributed with the acquisition of images of Venus. All authors have read and agreed to the published version of the manuscript.




Funding


J.P. thanks EMERGIA funding from Junta de Andalucía Spain (code: EMERGIA20_00414). G.M. acknowledges funding support from the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme (Grant agreement No. 772086). M.I. is supported by the Japan Society for the Promotion of Science (JSPS) (Grant-in-Aid for JSPS Research Fellow: JP21J00351).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


This study was based on ground-based images of Venus provided by worldwide amateur observers and Akatsuki observational data provided by ISAS. Ground-based observations are publicly available in the Venus section of ALPO-Japan at http://alpo-j.sakura.ne.jp/Latest/Venus.htm (accessed on 10 February 2021). All original Akatsuki/UVI and LIR data are available via Data ARchives and Transmission System (DARTS), provided by the Center for Science-satellite Operation and Data Archive (C-SODA) at ISAS/JAXA, and NASA PDS Atmospheres Node. The analyzed data are the L2b and L3bx products, and these data are provided in the UVI datasets (accessed on 10 February 2020) https://data.darts.isas.jaxa.jp/pub/pds3/vco-v-uvi-3-cdr-v1.0/ (accessed on 15 February 2021) and at https://data.darts.isas.jaxa.jp/pub/pds3/extras/vco_uvi_l3_v1.0/ (accessed on 15 February 2021), and LIR datasets at https://data.darts.isas.jaxa.jp/pub/pds3/vco-v-lir-3-cdr-v1.0/ (accessed on 15 February 2021) and https://data.darts.isas.jaxa.jp/pub/pds3/extras/vco_lir_l3_v1.0/ (accessed on 15 February 2021).




Acknowledgments


We are grateful for support from all the members of the Akatsuki mission. We are also grateful to many amateur observers that observed Venus intensively during the investigated period providing data for this research. Special thanks to the observer Raimondo Sedrani for using some of his observations. E.K. would like to offer his special thanks to Grischa Hahn developer of WinJupos software for providing help and advice for the proper use. Moreover, E.K. would like to acknowledge the continuous support of his wife Dimitra.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	CD
	Cloud Discontinuity



	CMOS
	Complementary Metal–Oxide Semiconductor



	FWFE
	Following Wave-Front Edge



	NIR
	Near-Infrared



	UV
	Ultraviolet









References


	



Titov, D.V.; Ignatiev, N.I.; McGouldrick, K.; Wilquet, V.; Wilson, C.F. Clouds and Hazes of Venus. Space Sci. Rev. 2018, 214, 126. [Google Scholar] [CrossRef]

	



Sánchez-Lavega, A.; Lebonnois, S.; Imamura, T.; Read, P.; Luz, D. The Atmospheric Dynamics of Venus. Space Sci. Rev. 2017, 212, 1541–1616. [Google Scholar] [CrossRef]

	



Wright, W.H. Photographs of Venus made by Infra-red and by Violet Light. Publ. Astron. Soc. Pac. 1927, 39, 220. [Google Scholar] [CrossRef]

	



Ross, F.E. Photographs of Venus. Astrophys. J. 1928, 68, 57. [Google Scholar] [CrossRef]

	



Pérez-Hoyos, S.; Sánchez-Lavega, A.; García-Muñoz, A.; Irwin, P.G.J.; Peralta, J.; Holsclaw, G.; McClintock, W.M.; Sanz-Requena, J.F. Venus Upper Clouds and the UV Absorber From MESSENGER/MASCS Observations. J. Geophys. Res. (Planets) 2018, 123, 145–162. [Google Scholar] [CrossRef]

	



Peralta, J.; Iwagami, N.; Sánchez-Lavega, A.; Lee, Y.J.; Hueso, R.; Narita, M.; Imamura, T.; Miles, P.; Wesley, A.; Kardasis, E.; et al. Morphology and Dynamics of Venus’s Middle Clouds With Akatsuki/IR1. Geophys. Res. Lett. 2019, 46, 2399–2407. [Google Scholar] [CrossRef]

	



Limaye, S.S.; Watanabe, S.; Yamazaki, A.; Yamada, M.; Satoh, T.; Sato, T.M.; Nakamura, M.; Taguchi, M.; Fukuhara, T.; Imamura, T.; et al. Venus looks different at different wavelengths: Morphology from Akatsuki multispectral images. Earth Planets Space 2018, 70, 38. [Google Scholar] [CrossRef]

	



McGouldrick, K.; Momary, T.W.; Baines, K.H.; Grinspoon, D.H. Quantification of middle and lower cloud variability and mesoscale dynamics from Venus Express/VIRTIS observations at 1.74 μm. Icarus 2012, 217, 615–628. [Google Scholar] [CrossRef]

	



Peralta, J.; Navarro, T.; Vun, C.W.; Sánchez-Lavega, A.; McGouldrick, K.; Horinouchi, T.; Imamura, T.; Hueso, R.; Boyd, J.P.; Schubert, G.; et al. A Long-Lived Sharp Disruption on the Lower Clouds of Venus. Geophys. Res. Lett. 2020, 47, e87221. [Google Scholar] [CrossRef]

	



Horinouchi, T.; Kouyama, T.; Lee, Y.J.; Murakami, S.Y.; Ogohara, K.; Takagi, M.; Imamura, T.; Nakajima, K.; Peralta, J.; Yamazaki, A.; et al. Mean winds at the cloud top of Venus obtained from two-wavelength UV imaging by Akatsuki. Earth Planets Space 2018, 70, 10. [Google Scholar] [CrossRef]

	



Peralta, J.; Sánchez-Lavega, A.; López-Valverde, M.A.; Luz, D.; Machado, P. Venus’s major cloud feature as an equatorially trapped wave distorted by the wind. Geophys. Res. Lett. 2015, 42, 705–711. [Google Scholar] [CrossRef]

	



Fukuhara, T.; Futaguchi, M.; Hashimoto, G.L.; Horinouchi, T.; Imamura, T.; Iwagaimi, N.; Kouyama, T.; Murakami, S.Y.; Nakamura, M.; Ogohara, K.; et al. Large stationary gravity wave in the atmosphere of Venus. Nat. Geosci. 2017, 10, 85–88. [Google Scholar] [CrossRef]

	



Horinouchi, T.; Hayashi, Y.Y.; Watanabe, S.; Yamada, M.; Yamazaki, A.; Kouyama, T.; Taguchi, M.; Fukuhara, T.; Takagi, M.; Ogohara, K.; et al. How waves and turbulence maintain the super-rotation of Venus’ atmosphere. Science 2020, 368, 405–409. [Google Scholar] [CrossRef] [PubMed]

	



McGouldrick, K.; Peralta, J.; Barstow, J.K.; Tsang, C.C.C. Using VIRTIS on Venus Express to Constrain the Properties of the Giant Dark Cloud Observed in Images of Venus by IR2 on Akatsuki. Planet. Sci. J. 2021, 2, 153. [Google Scholar] [CrossRef]

	



Schubert, G. General circulation and the dynamical state of the Venus atmosphere. In Venus; Hunten, D.M., Colin, L., Donahue, T.M., Moroz, V.I., Eds.; University of Arizona Press: Tucson, AZ, USA, 1983; pp. 681–765. [Google Scholar]

	



Iwagami, N.; Sakanoi, T.; Hashimoto, G.L.; Sawai, K.; Ohtsuki, S.; Takagi, S.; Uemizu, K.; Ueno, M.; Kameda, S.; Murakami, S.Y.; et al. Initial products of Akatsuki 1-μm camera. Earth Planets Space 2018, 70, 6. [Google Scholar] [CrossRef]

	



Nakamura, M.; Imamura, T.; Ishii, N.; Abe, T.; Kawakatsu, Y.; Hirose, C.; Satoh, T.; Suzuki, M.; Ueno, M.; Yamazaki, A.; et al. AKATSUKI returns to Venus. Earth Planets Space 2016, 68, 1–10. [Google Scholar] [CrossRef]

	



Sato, T. A Brief History of ALPO-Japan. J. Assoc. Lunar Planet. Obs. Stroll. Astron. 2018, 60, 20–21. [Google Scholar]

	



Sánchez-Lavega, A.; Peralta, J.; Gomez-Forrellad, J.M.; Hueso, R.; Pérez-Hoyos, S.; Mendikoa, I.; Rojas, J.F.; Horinouchi, T.; Lee, Y.J.; Watanabe, S. Venus Cloud Morphology and Motions from Ground-based Images at the Time of the Akatsuki Orbit Insertion. Astrophys. J. Lett. 2016, 833, L7. [Google Scholar] [CrossRef]

	



Farsiu, S.; Robinson, M.D.; Elad, M.; Milanfar, P. Fast and Robust Multiframe Super Resolution. IEEE Trans. Image Process. 2004, 13, 1327–1344. [Google Scholar] [CrossRef]

	



Law, N.M.; Mackay, C.D.; Baldwin, J.E. Lucky imaging: High angular resolution imaging in the visible from the ground. Astron. Astrophys. 2006, 446, 739–745. [Google Scholar] [CrossRef]

	



Berrevoets, C.; DeClerq, B.; George, T.; Makolkin, D.; Maxson, P.; Pilz, B.; Presnyakov, P.; Roel, E.; Weiller, S. RegiStax: Alignment, stacking and processing of images. arXiv 2012, arXiv:1206.001. [Google Scholar]

	



Kardasis, E.; Rogers, J.H.; Orton, G.; Delcroix, M.; Christou, A.; Foulkes, M.; Yanamandra-Fisher, P.; Jacquesson, M.; Maravelias, G. The need for professional-amateur collaboration in studies of Jupiter and Saturn. J. Br. Astron. Assoc. 2016, 126, 29–39. [Google Scholar]

	



Hahn, G.; Jacquesson, M. WinJUPOS-Database for Object Positions on Planets and the Sun. Available online: http://jupos.privat.t-online.de (accessed on 15 February 2021).

	



Murakami, S.; Yamamoto, Y.; McGouldrick, K.; Hashimoto, G.L.; Yamada, M.; Yamazaki, A.; Sato, T.M.; Hirata, N.; Ohtsuki, S.; Kameda, S.; et al. Venus Climate Orbiter Akatsuki Dataset Collection. In JAXA Data Archives and Transmission System; Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency: Tokyo, Japan, 2019. [Google Scholar] [CrossRef]

	



Imai, M.; Kouyama, T.; Takahashi, Y.; Yamazaki, A.; Watanabe, S.; Yamada, M.; Imamura, T.; Satoh, T.; Nakamura, M.; Murakami, S.Y.; et al. Planetary-Scale Variations in Winds and UV Brightness at the Venusian Cloud Top: Periodicity and Temporal Evolution. J. Geophys. Res. Planets 2019, 124, 2635–2659. Available online: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019JE006065 (accessed on 15 February 2021).

	



Kouyama, T.; Imamura, T.; Taguchi, M.; Fukuhara, T.; Sato, T.M.; Yamazaki, A.; Futaguchi, M.; Murakami, S.; Hashimoto, G.L.; Ueno, M.; et al. Topographical and Local Time Dependence of Large Stationary Gravity Waves Observed at the Cloud Top of Venus. Geophys. Res. Lett. 2017, 44, 12098–12105. [Google Scholar] [CrossRef]

	



Peralta, J.; Hueso, R.; Sánchez-Lavega, A.; Lee, Y.J.; Muñoz, A.G.; Kouyama, T.; Sagawa, H.; Sato, T.M.; Piccioni, G.; Tellmann, S.; et al. Stationary waves and slowly moving features in the night upper clouds of Venus. Nat. Astron. 2017, 1, 0187. [Google Scholar] [CrossRef]

	



Fukuhara, T.; Taguchi, M.; Imamura, T.; Nakamura, M.; Ueno, M.; Suzuki, M.; Iwagami, N.; Sato, M.; Mitsuyama, K.; Hashimoto, G.L.; et al. LIR: Longwave Infrared Camera onboard the Venus orbiter Akatsuki. Earth Planets Space 2011, 63, 1009–1018. [Google Scholar] [CrossRef]

	



Yamazaki, A.; Yamada, M.; Lee, Y.J.; Watanabe, S.; Horinouchi, T.; Murakami, S.; Kouyama, T.; Ogohara, K.; Imamura, T.; Sato, T.M.; et al. Ultraviolet imager on Venus orbiter Akatsuki and its initial results. Earth Planets Space 2018, 70, 23. [Google Scholar] [CrossRef]

	



Taguchi, M.; Fukuhara, T.; Imamura, T.; Nakamura, M.; Iwagami, N.; Ueno, M.; Suzuki, M.; Hashimoto, G.L.; Mitsuyama, K. Longwave Infrared Camera onboard the Venus Climate Orbiter. Adv. Space Res. 2007, 40, 861–868. [Google Scholar] [CrossRef]

	



Murakami, S.; Yamada, M.; Yamazaki, A.; McGouldrick, K.; Yamamoto, Y. Venus Climate Orbiter Akatsuki UVI Calibrated Data v1.0; VCO-V-UVI-3-CDR-V1.0, NASA Planetary Data System. 2017. Available online: https://darts.isas.jaxa.jp/doi/vco/vco-00003.html (accessed on 15 February 2021).

	



Murakami, S.; Ogohara, K.; Takagi, M.; Kashimura, H.; Yamada, M.; Kouyama, T.; Horinouchi, T.; Imamura, T. Venus Climate Orbiter Akatsuki UVI Longitude-Latitude Map Data v1.0; JAXA Data Archives and Transmission System. 2018. Available online: https://darts.isas.jaxa.jp/doi/vco/vco-00016.html (accessed on 15 February 2021). [CrossRef]

	



Murakami, S.; Yamada, M.; Yamazaki, A.; McGouldrick, K.; Yamamoto, Y. Venus Climate Orbiter Akatsuki LIR Calibrated Data v1.0; VCO-V-LIR-3-CDR-V1.0, NASA Planetary Data System. 2017. Available online: https://darts.isas.jaxa.jp/doi/vco/vco-00012.html (accessed on 15 February 2021). [CrossRef]

	



Murakami, S.; Ogohara, K.; Takagi, M.; Kashimura, H.; Yamada, M.; Kouyama, T.; Horinouchi, T.; Imamura, T. Venus Climate Orbiter Akatsuki LIR Longitude-Latitude Map Data v1.0; JAXA Data Archives and Transmission System. 2018. Available online: https://darts.isas.jaxa.jp/doi/vco/vco-00019.html (accessed on 15 February 2021). [CrossRef]

	



Lee, Y.J.; Yamazaki, A.; Imamura, T.; Yamada, M.; Watanabe, S.; Sato, T.M.; Ogohara, K.; Hashimoto, G.L.; Murakami, S. Scattering Properties of the Venusian Clouds Observed by the UV Imager on board Akatsuki. Astron. J. 2017, 154, 44. [Google Scholar] [CrossRef]

	



Gonçalves, R.; Machado, P.; Widemann, T.; Peralta, J.; Watanabe, S.; Yamazaki, A.; Satoh, T.; Takagi, M.; Ogohara, K.; Lee, Y.J.; et al. Venus’ cloud top wind study: Coordinated Akatsuki/UVI with cloud tracking and TNG/HARPS-N with Doppler velocimetry observations. Icarus 2020, 335, 113418. [Google Scholar] [CrossRef]

	



Peralta, J.; Muto, K.; Hueso, R.; Horinouchi, T.; Sánchez-Lavega, A.; Murakami, S.Y.; Machado, P.; Young, E.F.; Lee, Y.J.; Kouyama, T.; et al. Nightside Winds at the Lower Clouds of Venus with Akatsuki/IR2: Longitudinal, local time and decadal variations from comparison with previous measurements. Astrophys. J. Suppl. Ser. 2018, 239, 17. [Google Scholar] [CrossRef]

	



Peralta, J.; Sánchez-Lavega, A.; Horinouchi, T.; McGouldrick, K.; Garate-Lopez, I.; Young, E.F.; Bullock, M.A.; Lee, Y.J.; Imamura, T.; Satoh, T.; et al. New cloud morphologies discovered on the Venus’s night during Akatsuki. Icarus 2019, 333, 177–182. [Google Scholar] [CrossRef]

	



Heale, C.J.; Snively, J.B. Gravity wave propagation through a vertically and horizontally inhomogeneous background wind. J. Geophys. Res. 2015, 120, 5931–5950. [Google Scholar] [CrossRef]

	



Boyer, C.; Camichel, H. Observations photographiques de la planète Vénus. Ann. D’Astrophysique 1961, 24, 531. [Google Scholar]

	



Belton, M.J.S.; Smith, G.R.; Schubert, G.; del Genio, A.D. Cloud patterns, waves and convection in the Venus atmosphere. J. Atmos. Sci. 1976, 33, 1394–1417. [Google Scholar] [CrossRef]

	



Rossow, W.B.; del Genio, A.D.; Limaye, S.S.; Travis, L.D. Cloud morphology and motions from Pioneer Venus images. J. Geophys. Res. 1980, 85, 8107–8128. [Google Scholar] [CrossRef]

	



Kouyama, T.; Imamura, T.; Nakamura, M.; Satoh, T.; Futaana, Y. Horizontal structure of planetary-scale waves at the cloud top of Venus deduced from Galileo SSI images with an improved cloud-tracking technique. Planet. Space Sci. 2012, 60, 207–216. [Google Scholar] [CrossRef]

	



Belton, M.J.S.; Gierasch, P.J.; Smith, M.D.; Helfenstein, P.; Schinder, P.J.; Pollack, J.B.; Rages, K.A.; Morrison, D.; Klaasen, K.P.; Pilcher, C.B. Images from Galileo of the Venus cloud deck. Science 1991, 253, 1531–1536. [Google Scholar] [CrossRef]

	



Navarro, T.; Schubert, G.; Lebonnois, S. Atmospheric mountain wave generation on Venus and its influence on the solid planet’s rotation rate. Nat. Geosci. 2018, 11, 487–491. [Google Scholar] [CrossRef]

	



Kitahara, T.; Imamura, T.; Sato, T.M.; Yamazaki, A.; Lee, Y.J.; Yamada, M.; Watanabe, S.; Taguchi, M.; Fukuhara, T.; Kouyama, T.; et al. Stationary Features at the Cloud Top of Venus Observed by Ultraviolet Imager Onboard Akatsuki. J. Geophys. Res. (Planets) 2019, 124, 1266–1281. [Google Scholar] [CrossRef]

	



Lefèvre, M.; Spiga, A.; Lebonnois, S. Mesoscale modeling of Venus’ bow-shape waves. Icarus 2020, 335, 113376. [Google Scholar] [CrossRef]

	



Wood, B.E.; Hess, P.; Lustig-Yaeger, J.; Gallagher, B.; Korwan, D.; Rich, N.; Stenborg, G.; Thernisien, A.; Qadri, S.N.; Santiago, F.; et al. Parker Solar Probe Imaging of the Night Side of Venus. Geophys. Res. Lett. 2022, 49, e96302. [Google Scholar] [CrossRef]








[image: Atmosphere 13 00348 g001 550] 





Figure 1. Observations of cloud discontinuities, observed in the 2019/2020 eastern elongation of Venus, showing different morphologies. Details of the observations are presented in Table 1. 
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Figure 2. Time composites of the of the middle clouds (NIR ∼900–1000 nm) of Venus showing large atmospheric features when the cloud discontinuity is observed. These large-scale features are marked with red ovals. Equirectangular projections (60   ∘   N to 60   ∘   S) placed from left to right with increasing dates: (A) 14–18 November 2019 (A. Wesley, E. Kardasis), (B) 19–23 November 2019 (A. Wesley, E. Kardasis), (C) 24–28 November 2019 (A. Wesley, E. Kardasis), (D) 29 November–3 December 2019 (A. Wesley, E. Kardasis, N. MacNeill), (E) 4–8 December 2019 (A. Wesley, E. Kardasis). Details of the observations are presented in Table 1. 
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Figure 3. Zonal speeds of the clouds’ discontinuity (CD) during March 2020 (dots) compared with the zonally-averaged profiles of the zonal wind for the top of the upper clouds at ∼70 km (violet line) and the middle clouds within 50–55 km [6] (red line). The speeds of the discontinuity and the winds at the cloud tops were obtained from ground-based near-infrared images and Akatsuki/UVI 365 nm images respectively, considering observations matching the CD events: 11, 16, 21, 26, and 31 March 2020. For the winds at the middle clouds, we considered the profile obtained by Peralta et al. [6] during 2016. As a result of the worse spatial resolution at higher latitudes, speed vectors had larger error bars (errors of about   ± 15     m ·   s   − 1      for  Δ t∼6 h and   ± 5     m ·   s   − 1      for  Δ t∼5 terrestrial days). 
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Figure 4. Long-term evolution of CD properties. Combination of past (2016–2018) with current (2019–2020) measurements (marked with the purple outline). The rotation period, orientation, and latitude coverage of the disruption along 2016–2020 are exhibited. The periods were measured from the position of the disruption at the equator in images separated by hours and several days. When the CD did not intersect the equator, we considered its longitude closest to the equator. The mean period is shown with a blue dotted line. Day and night-side data are shown in green and red, respectively. 
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Figure 5. Comparison among simultaneous NIR amateur maps showing the CD position in the days observed in relation to Y-feature. NIR map between 7–11 March 2020 (A) and 12–16 March 2020 (C) from amateur observations compared with UV amateur maps presenting the Y-feature on 8 March 2020 to 11 March 2020 (B) and 13 March 2020 to 16 March 2020 (D). NIR and UV maps were constructed by taking as reference images the simultaneous observations in both wavelengths when the CD was observed. 
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Figure 6. Contemporaneous views of NIR amateur set (∼700–1000 nm) where the cloud discontinuity is observed (A), along with Akatsuki/UVI at 365 nm (B), UVI at 285 nm (C), and LIR at 10  μ m (D) where the cloud discontinuity seems absent. 
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Table 1. Summary of NIR and UV images of Venus used in this work. We present the date and time of each observation (column 1), the Venus phase angle (column 2), the telescope diameter and type (column 3), the best spatial resolution (column 4), which was calculated theoretically from telescope’s properties and apparent disk diameter, the effective transmission of the equipment used (column 5), the integration time (column 6), which corresponds to the total exposure time for each image, the observer (column 7), and country (column 8).
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Date and Time (UT)

	
Venus Phase Angle

	
Telescope Diameter

	
Best Spatial Resolution

	
Effective Transmission

	
Integration Time

	
Observer

	
Country




	
(YYYY-MM-DDThh:mm.m)

	
(deg)

	
(m)

	
(km)

	
(nm)

	
(s)






	
2019-11-14T07:22.7

	
33.3

	
0.41 (N)

	
589

	
750–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-11-17T07:34.9

	
34.3

	
0.41 (N)

	
589

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-11-18T07:53.2

	
34.6

	
0.41 (N)

	
583

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-11-19T07:50.3

	
35.0

	
0.41 (N)

	
583

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-11-20T07:50.5

	
35.3

	
0.41 (N)

	
583

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-11-22T07:53.6

	
36.0

	
0.41 (N)

	
578

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-11-23T08:13.9

	
36.3

	
0.41 (N)

	
578

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-11-23T15:00.6

	
36.3

	
0.35 (S)

	
663

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2019-11-24T08:07.9

	
36.7

	
0.41 (N)

	
573

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-11-27T14:19.0

	
37.7

	
0.35 (S)

	
652

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2019-11-29T07:58.2

	
38.4

	
0.41 (N)

	
568

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-11-30T08:06.5

	
38.7

	
0.41 (N)

	
563

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-12-01T14:41.0

	
39.1

	
0.35 (S)

	
646

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2019-12-02T08:09.8

	
39.4

	
0.41 (N)

	
558

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-12-03T15:20.0

	
39.7

	
0.35 (S)

	
641

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2019-12-04T08:13.4

	
40.1

	
0.41 (N)

	
558

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-12-05T08:02.4

	
40.4

	
0.41 (N)

	
554

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-12-06T08:48.0

	
40.8

	
0.35 (S)

	
635

	
850–1020

	
180

	
Niall MacNeill

	
Australia




	
2019-12-07T14:55.0

	
41.1

	
0.35 (S)

	
630

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2019-12-08T15:29.0

	
41.5

	
0.35 (S)

	
630

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2019-12-18T08:09.0

	
45.0

	
0.41 (N)

	
527

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2019-12-18T15:23.0

	
45.0

	
0.35 (S)

	
604

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-01-11T11:34.0

	
53.7

	
0.50 (D)

	
393

	
807–1050

	
249

	
Tiziano Olivetti

	
Thailand




	
2020-01-11T14:51.0

	
53.7

	
0.35 (S)

	
547

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-01-29T11:42.2

	
60.8

	
0.50 (D)

	
356

	
807–1050

	
315

	
Tiziano Olivetti

	
Thailand




	
2020-02-01T11:27.6

	
62.0

	
0.50 (D)

	
352

	
807–1050

	
415

	
Tiziano Olivetti

	
Thailand




	
2020-02-01T15:51.0

	
62.0

	
0.35 (S)

	
490

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-02-05T11:38.2

	
63.7

	
0.50 (D)

	
343

	
807–1050

	
415

	
Tiziano Olivetti

	
Thailand




	
2020-02-16T07:55.0

	
68.6

	
0.41 (N)

	
387

	
1000–1020

	
180

	
Anthony Wesley

	
Australia




	
2020-02-24T17:27.0

	
72.3

	
0.35 (S)

	
419

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-02-24T18:48.5

	
72.3

	
0.35 (S)

	
419

	
807–1050

	
380

	
Paulo Casquinha

	
Portugal




	
2020-02-28T17:41.7

	
74.2

	
0.28 (S)

	
509

	
742–1050

	
240

	
Antonio Gallardo

	
Spain




	
2020-03-07T15:59.0

	
78.3

	
0.35 (S)

	
377

	
850–1020

	
160

	
Raimondo Sedrani

	
Italy




	
2020-03-08T11:37.0

	
78.9

	
0.50 (D)

	
269

	
807–1050

	
na

	
Tiziano Olivetti

	
Thailand




	
2020-03-09T11:32.0

	
79.4

	
0.50 (D)

	
266

	
807–1050

	
na

	
Tiziano Olivetti

	
Thailand




	
2020-03-10T16:57.0

	
79.9

	
0.35 (S)

	
367

	
850–1020

	
160

	
Raimondo Sedrani

	
Italy




	
2020-03-11T16:44.8

	
80.5

	
0.35 (S)

	
366

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-03-11T17:09.1

	
80.5

	
0.35 (S)

	
366

	
1000–1050

	
300

	
Luigi Morrone

	
Italy




	
2020-03-11T16:30.0

	
80.5

	
0.35 (S)

	
366

	
807–1050

	
60

	
Joaquin Camarena

	
Spain




	
2020-03-12T15:59.0

	
81.0

	
0.35 (S)

	
360

	
807–1050

	
60

	
Joaquin Camarena

	
Spain




	
2020-03-13T11:22.0

	
81.6

	
0.50 (D)

	
256

	
807–1050

	
482

	
Tiziano Olivetti

	
Thailand




	
2020-03-14T16:25.0

	
82.1

	
0.35 (S)

	
354

	
807–1050

	
60

	
Joaquin Camarena

	
Spain




	
2020-03-15T15:10.0

	
82.7

	
0.40 (D)

	
314

	
950–1050

	
180

	
Yaroslav Naryzhniy

	
Ukraine




	
2020-03-16T15:00.0

	
83.3

	
0.40 (D)

	
313

	
950–1050

	
180

	
Yaroslav Naryzhniy

	
Ukraine




	
2020-03-16T16:01.0

	
83.3

	
0.28 (S)

	
438

	
685–1050

	
1000

	
Giovanni Calapai

	
Italy




	
2020-03-16T16:54.4

	
83.3

	
0.35 (S)

	
349

	
1000–1050

	
300

	
Luigi Morrone

	
Italy




	
2020-03-21T11:34.4

	
86.2

	
0.50 (D)

	
237

	
807–1050

	
301

	
Tiziano Olivetti

	
Thailand




	
2020-03-21T17:35.0

	
86.2

	
0.25 (K)

	
330

	
830–1020

	
205

	
Dzmitry Kananovich

	
Estonia




	
2020-03-21T17:10.2

	
86.2

	
0.35 (S)

	
330

	
850–1020

	
160

	
Raimondo Sedrani

	
Italy




	
2020-03-21T17:35.0

	
86.2

	
0.35 (S)

	
330

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-03-26T15:20.0

	
89.3

	
0.40 (D)

	
281

	
950–1050

	
180

	
Yaroslav Naryzhniy

	
Ukraine




	
2020-03-26T17:01.6

	
89.3

	
0.28 (S)

	
394

	
742–1050

	
240

	
Antonio Gallardo

	
Spain




	
2020-03-31T16:15.0

	
92.6

	
0.40 (D)

	
266

	
950–1050

	
180

	
Yaroslav Naryzhniy

	
Ukraine




	
2020-03-31T17:04.0

	
92.6

	
0.35 (S)

	
296

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-04-05T16:40.0

	
96.1

	
0.40 (D)

	
250

	
950–1050

	
180

	
Yaroslav Naryzhniy

	
Ukraine




	
2020-04-10T16:18.0

	
99.9

	
0.35 (S)

	
261

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-04-10T17:00.1

	
99.9

	
0.35 (S)

	
261

	
1000–1050

	
300

	
Luigi Morrone

	
Italy




	
2020-04-20T11:31.7

	
108.5

	
0.50 (D)

	
187

	
807–1050

	
247

	
Tiziano Olivetti

	
Thailand




	
2020-04-25T17:27.0

	
113.4

	
0.35 (S)

	
211

	
884–900

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-03-08T11:37.6

	
78.9

	
0.50 (D)

	
–

	
320–380

	
1029

	
Tiziano Olivetti

	
Thailand




	
2020-03-09T11:39.7

	
79.4

	
0.50 (D)

	
–

	
320–380

	
804

	
Tiziano Olivetti

	
Thailand




	
2020-03-10T17:04.0

	
79.9

	
0.35 (S)

	
–

	
320–380

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-03-11T16:55.0

	
80.5

	
0.35 (S)

	
–

	
320–380

	
300

	
Emmanuel Kardasis

	
Greece




	
2020-03-13T11:31.3

	
81.6

	
0.50 (D)

	
–

	
320–380

	
569

	
Tiziano Olivetti

	
Thailand




	
2020-03-14T16:32.2

	
82.1

	
0.25 (M)

	
–

	
320–380

	
500

	
Christian Viladrich

	
France




	
2020-03-15T15:10.0

	
82.7

	
0.40 (D)

	
–

	
350–410

	
180

	
Yaroslav Naryzhniy

	
Ukraine




	
2020-03-16T15:00.0

	
83.3

	
0.40 (D)

	
–

	
350–410

	
180

	
Yaroslav Naryzhniy

	
Ukraine
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Table 2. Summary of cloud discontinuity events’ properties as derived from this work. The first two columns present the pair of images that were used to extract the wind measurements near the equator. For each detection, we show the orientation (column 3), the maximum latitude range (column 4), the maximum length (column 5), the width at the equator (column 6), and the derived rotation period (column 7) and zonal speed (column 8).
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Date and Time (UT)     1   

	
Date and Time (UT)     1   

	
Orientation     2   

	
Max. Latitude

	
Max. Length     3   

	
Width at

	
Rotation

	
Zonal




	
(1st obs.)

	
(2nd obs.)

	

	
Range

	

	
Equator     4   

	
Period

	
Speed     5   




	
(YYYY-MM-DDThh:mm)

	
(YYYY-MM-DDThh:mm)

	
(Degrees)

	
(Degrees)

	
(    10 3   km   )

	
(    10 3   km   )

	
(Terrestrial Days)

	
(m· s     − 1    )






	
2019-11-23T08:14 *

	
2019-11-23T15:51

	
124

	
20   ∘   N–9   ∘   S

	
3.3

	
0.6

	
4.1 ± 0.9

	
105 ± 19




	
2019-11-23T15:51

	
2019-12-03T15:20 *

	
97

	
26   ∘   N–28   ∘   S

	
5.7

	
0.6

	
5.06 ± 0.01

	
84.9 ± 0.1




	
2019-12-03T15:20

	
2019-12-08T15:29 *

	
39

	
14   ∘   N– 17   ∘   S

	
5.1

	
1.1

	
5.06 ± 0.01

	
84.9 ± 0.1




	
2019-12-18T08:09 *

	
2019-12-18T15:23

	
77

	
27   ∘   N–28   ∘   S

	
5.9

	
0.6

	
4.2 ± 0.2

	
104 ± 5




	
2020-01-11T11:34 *

	
2020-01-11T14:51

	
137

	
12   ∘   N–14   ∘   S

	
3.7

	
0.5

	
4.3 ± 0.8

	
100 ± 16




	
2020-02-01T11:27

	
2020-02-01T15:51 *

	
39

	
19   ∘   N–25   ∘   S

	
6.5

	
0.6

	
4.0 ± 0.4

	
108 ± 9




	
2020-02-16T07:55 *

	
–

	
84

	
13   ∘   N–25   ∘   S

	
4.0

	
0.3

	
–

	
–




	
2020-02-24T17:27

	
2020-02-24T18:36 *

	
85

	
28   ∘   N–28   ∘   S

	
6.1

	
0.5

	
3.5 ± 0.9

	
125 ± 26




	
2020-02-24T18:36

	
2020-02-28T17:41 *

	
66

	
15   ∘   N–13   ∘   S

	
3.3

	
0.6

	
4.18 ± 0.02

	
103.4 ± 0.5




	
2020-02-28T17:41

	
2020-03-11T16:45 *

	
100

	
25   ∘   N–30   ∘   S

	
5.9

	
0.5

	
6.00 ± 0.01

	
71.6 ± 0.1




	
2020-03-11T16:45

	
2020-03-16T15:00 *

	
95

	
23   ∘   N–36   ∘   S

	
6.3

	
0.7

	
5.14 ± 0.02

	
83.9 ± 0.3




	
2020-03-16T15:00

	
2020-03-21T17:35 *

	
88

	
27   ∘   N–32   ∘   S

	
6.3

	
0.5

	
5.10 ± 0.01

	
84.5 ± 0.2




	
2020-03-21T11:34

	
2020-03-21T17:35

	
–

	
–

	
–

	
–

	
5.09 ± 0.08

	
84.7 ± 1.3




	
2020-03-21T17:35

	
2020-03-26T15:20 *

	
94

	
13   ∘   N–33   ∘   S

	
5.0

	
0.4

	
5.10 ± 0.02

	
84.6 ± 0.4




	
2020-03-26T15:20

	
2020-03-31T17:04 *

	
99

	
20   ∘   N–29   ∘   S

	
5.2

	
1.0

	
5.15 ± 0.03

	
83.6 ± 0.5




	
2020-03-31T17:04

	
2020-04-05T16:40 *

	
90

	
31   ∘   N–25   ∘   S

	
6.0

	
0.5

	
4.91 ± 0.03

	
87.8 ± 0.5




	
2020-04-05T16:40

	
2020-04-10T16:12 *

	
93

	
31   ∘   N–29   ∘   S

	
6.5

	
0.6

	
5.09 ± 0.01

	
84.7 ± 0.2




	
2020-04-10T16:12

	
2020-04-20T11:32 *

	
80

	
10   ∘   N–20   ∘   S

	
3.3

	
0.3

	
5.05 ± 0.01

	
85.4 ± 0.1




	
AVERAGE

	
88

	
20.8   ∘   N–21.5   ∘   S

	
5.2

	
0.6

	
4.8 ± 0.2

	
92.1 ± 4.6








Notes: 1 We note with an * the observations from which the properties of CD event were measured. 2 Degrees relative to equator (scale 0–180°) right to left. 3 North–south direction, error of ±0.2 × 103 km. 4 East–west direction, error of ±0.2 × 103 km. 5 Near equator, i.e., within 5° N–5° S.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
A.

Rotation 1
14 - 18 November 2019 )

B.

Rotation 2
(Forming)
19 - 23 November 2019

C.

Rotation 3
(Not Observed)
24 -28 November 2019

D.

Following €

saetiiioen.,

Rotation 4 B Equatorial Stripe

(Cloud Discontinuity
Vertically Formed)
29 November

Bright Streak
- 3 December 2019

E Bollowing Strie
’ Equatorg@®Dark Band

Rotation 5
(Deformed)
4 - 8 December 2019

T T T T I T T
120° 150° 180° 210° 240° 270° 300°

Longitudes in System 2* [ L' = L2 - ( 0,0° +15,4037°/d * (T - 2000 Jan 01,5)) ], planetocentric latitudes
Lambert cylindrical equal-area projection






nav.xhtml


  atmosphere-13-00348


  
    		
      atmosphere-13-00348
    


  




  





media/file2.png
3 Dec.2019, 15.20UT
E.Kardasis

1 Feb. 2020, 15.51UT
E.Kardasis

11 Mar.2020, 16.45UT
E.Kardasis

5 April 2020, 16.40UT
Y.Naryzhniy

8 Dec.2019, 15.29UT
E.Kardasis

5 Feb.2020, 11.38UT
T.Olivetti

16 Mar.2020, 15.00UT
Y.Naryzhniy

10 April 2020, 16.12UT
E.Kardasis

18 Dec.2019, 8.09UT
A.Wesley

16 Feb. 2020, 7.55UT
A.Wesley

)

21 Mar 2020, 17.35UT
E.Kardasis

20 April 2020, 11.32UT
T.Olivetti

11 Jan.2020, 14.51UT 29 Jan. 2020, 11.51UT
E.Kardasis T.Olivetti

I .1

24 Feb.2020, 18.36UT 28 Feb 2020, 17.41UT
P.Casquinha A .Gallardo

)

26 Mar.2020, 15.20UT 31 Mar 2020, 17.04UT
Y.Naryzhniy E.Kardasis

Venus’s Cloud
Discontinuities

Eastern Elongation 2019/20






media/file5.jpg
90

60

30

Latitude

-90

UVI (365 nm)
IR1 (900 nm)
CD: March 1116

CD: March 16-21 7|
CD: March 21 —{
CD: March 21-26 _|
CD: March 26-31

eceece ||

-120

100 -80 -60 -40 -20
Zonal Speed (m-s™)

0





media/file3.jpg
A

Rotstion 1
4. 18 November 2019

B,
Roution2

(Forming)
1923 Noverber 2019

c

Rotation 3

(ot Observed)
2428 Novermber 2019

Rotaion 4
(Cloud Dicontinity
Vericaly Formed)
29 November

3 Desember 2019

(Deormed)
48 Desember 2019






media/file1.jpg





media/file7.jpg
Rotation
Period (days)

Orientation

(deg with EQ)

Latitude

7
6 *
5 |-
]
Y| YEYTTL IV IR AT AT i
Jul Jan Jul  Jan Jul
i .}
o 1 1 1 1 | ¥
Jan  Jul Jan Jul Jan Jul Jan Jul Jan Jul
o 40
2 20
s 0
§»2u
40 1 ! 1 Lol n
Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul
2016 2017 2018 2019 2020






media/file10.png
QU‘ 120' LSC-' 180’ 210‘ 240' 2"0‘

7-11 March 2020

(observations from left to right)
| Date T Observer
120 ¥ 17 H-| ] Raimondo Sedrani
A 120 ] 37,0 Tiziano Olivetti
Y i ) :32,0 Tiziano Olivetti
-60* —§0* 120 ¥ ] 57,0 Raimondo Sedrani

Manns Kardasis

[ ]

-a0* I -90*

30* 60* a0+ 120* 150° 180° 210 240° 2704 300° 330* 360* 30*

Longitudes in System 2* [ L' = L2 - (184,9° +15,2518°/d * (T - 2020 Mar 18,5)) ], planetocentric latitudes
Lambert cylindrical equal-area projection

150' 150' 210' 240' 270' 300’ 330' 350' 30' 6

40

099'

60"

+30°

-30* 120 M 0 :37 Tiziano Oliwvetti
120 M 0 H ] Tiziano Olivetti
120 M 0 7:04,0 Manos Kardasis

-&0* =
120 M 11 . )

Manos Kardasis
=30

[TV S N ]

1sq' 1eo' 210' 213' :7a' 300' 330' asa' 30' e -10'
Longitudes in System 2, planetocentric latitudes
Lambert cylindrical equal-area projection

120' LSC-' 180’ 210‘ 240' 2"0‘ 330*
1

A
' . ' = =&0*
U

T 1
30* &0* 90‘ 12D° 150" IBO‘ 210‘ 240' 2"'0‘ 300' 330* 360* 3o*

[}
W
ot
m

Joagquin Famar—ra
Tiziano

Joaquin Camar:na
Yaroslav Naryzhniy
Yaroslav Naryzhniy

[ I I I XY
[ e e e
B3 ba B B3 B2
[T - T -]

Longitudes in System 2% [ L' = L2 - (184,9° #15,2518°/d * (T - 2020 Mar 18,5)) 1, planetocentric latitudes
Lambert cylindrical equal-area projection

210* 240' 270' 300’ 330' 360‘ 30' su' 90' _ZD' 150*
1 1

Observer

=
m
ot
m

Tiziano Oliwvetti

Christian Viladrich
Yaroslav Naryzhniy
Yaroslav Naryzhniy

300’ 330' 350’ 30' GCI' SD'

[ v e I |
[T SR S N
[ R s e |

[T SR S N

Longitudes in System 2, planetocentric latitudes
Lambert cylindrical equal-area projection






media/file12.png
180° 210°

I I

240°

210° 240°

g1 1 |

11 March

16:45 UT

16:05 UT

16:01UT

16:08UT

I
16 March

4

15:05 UT

o ¥

w

15:010T

14:01UT

21 March

17:35U0T

-
" 4

17:05 UT

A

17:01UT

16:01UT

26 March

| |

15:20UT

B

2
y

15:04 UT

\ c
—

14:01UT

180° 210°

°240

/
| [ N N
210°  240°

0
210°  240°

’
77

240° 270°

Longitudes in System 1, planetocentric latitudes
Equirectangular projection






media/file9.jpg
11 March 2020

NIR

216 March 2020
NIR






media/file0.png





media/file8.png
Rotation
Period (days)

Orientation

Latitude
coverage

(deg with EQ)

6 |- + f+ ' i
5 = ! L SRR Y I Y-
- «P>»=4.9%0.5 days -

4 - + Y O _ t; -
3 -lllllllllllIlllllllllllllllllllllllIllllllllll.. ) “l..;.l-
Jan Jul Jan Jul Jan Jul Jan Jul Jan| Jul
180 Y O -
135 - o e®
‘o %T:r’:

°o® E

llllllllllllllll'lllllllllll'lllllIIlllllllll...I""l"i"l'.;..

Jul

Jan

Jul Jan Jul

Jan Jul Jan Jul

I

H

..

L

.
000000000000

Jul
2016

Jan

Jul Jan Jul
2017 2018

Jan Jul Jan Jul

2019 2020






media/file11.jpg





media/file6.png
Latitude

NV T T 1T T 1 T ]
60 —

30 — — UVI (365 nm)
— IR1 (900 nm)

B @ CD: March 16-21
0 H— @ CD:March21 —
_ @ CD: March 21-26 _
® CD: March 26-31
-30 — —
60 — —
_90 | | | I | | | I | |

® CD: March 11-16

-120 100 -80 -60 -40 -20
Zonal Speed (m-s-)





