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Abstract
Venus is covered with thick clouds. Ultraviolet (UV) images at 0.3–0.4 microns show detailed cloud features at the cloud-top level at about 70 km, which are created by an unknown UV-absorbing substance. Images acquired in this wavelength range have traditionally been used to measure winds at the cloud top. In this study, we report low-latitude winds obtained from the images taken by the UV imager, UVI, onboard the Akatsuki orbiter from December 2015 to March 2017. UVI provides images with two filters centered at 365 and 283 nm. While the 365-nm images enable continuation of traditional Venus observations, the 283-nm images visualize cloud features at an SO2 absorption band, which is novel. We used a sophisticated automated cloud-tracking method and thorough quality control to estimate winds with high precision. Horizontal winds obtained from the 283-nm images are generally similar to those from the 365-nm images, but in many cases, westward winds from the former are faster than the latter by a few m/s. From previous studies, one can argue that the 283-nm images likely reflect cloud features at higher altitude than the 365-nm images. If this is the case, the superrotation of the Venusian atmosphere generally increases with height at the cloud-top level, where it has been thought to roughly peak. The mean winds obtained from the 365-nm images exhibit local time dependence consistent with known tidal features. Mean zonal winds exhibit asymmetry with respect to the equator in the latter half of the analysis period, significantly at 365 nm and weakly at 283 nm. This contrast indicates that the relative altitude may vary with time and latitude, and so are the observed altitudes. In contrast, mean meridional winds do not exhibit much long-term variability. A previous study suggested that the geographic distribution of temporal mean zonal winds obtained from UV images from the Venus Express orbiter during 2006–2012 can be interpreted as forced by topographically induced stationary gravity waves. However, the geographic distribution of temporal mean zonal winds we obtained is not consistent with that distribution, which suggests that the distribution may not be persistent. [image: A40623_2017_775_Figa_HTML.gif]
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Introduction
Venus is covered with thick clouds that extend from ~ 45 to ~ 70 km altitude above the mean surface. Ultraviolet (UV) images at around 0.3–0.4 μm of the dayside of Venus exhibit remarkable contrast because of a UV-absorbing substance that has not been identified (Pollack et al. 1980; Esposito et al. 1997; Molaverdikhani et al. 2012; Markiewicz et al. 2014). Small-scale features at the cloud top captured by UV images have been used extensively for cloud tracking (e.g., Limaye and Suomi 1981; Limaye et al. 1982, 1988; Rossow et al. 1990; Toigo et al. 1994; Peralta et al. 2007, 2017; Moissl et al. 2009; Sánchez-Lavega et al. 2008; Kouyama et al. 2012, 2013; Khatuntsev et al. 2013; Hueso et al. 2015; Patsaeva et al. 2015). These studies are based on planetary exploration by Mariner 10, Pioneer Venus Orbiter (PVO), Galileo, Venus Express (VEx), and Messenger, and have revealed the meridional structure of the superrotation, significant motion associated with the thermal tide, long-term variability of mean winds, and the existence and the variability of planetary-scale waves (Kelvin and Rossby waves). Because of the long-term variability in mean winds and wave activity (Rossow et al. 1990; Khatuntsev et al. 2013; Kouyama et al. 2013), extending available datasets with new observations is of great interest.
The Akatsuki spacecraft was launched in 2010, and 5 years after the failure of orbital insertion in the same year, it was maneuvered to start orbiting Venus on December 7, 2015 (Nakamura et al. 2016). Its present orbital period is about 11 days, and its low orbital inclination (< 10°) makes it suitable to observe low latitudes. Akatsuki is equipped with cameras to observe Venus at multiple wavelengths. In this study, we used data from one of these cameras, the Ultraviolet Imager, UVI. UVI images Venus with two filters centered at 365 and 283 nm (Yamazaki et al. 2017). With the 365-nm filter, UVI provides images equivalent to those from the previous missions listed above; in other words, it provides cloud images contrasted by the unknown UV absorber. The 283-nm filter is designed to match an SO2 absorption band.
Before Akatsuki, spacecraft observations of Venus at SO2 absorption bands were conducted by PVO, which has a spectrometer that covers two broad SO2 absorption bands around 210 and 280 nm, and the VIRTIS-M instrument onboard VEx. To the authors’ knowledge, Limaye (1984), who used PVO data, reported the only study that utilized an SO2 absorption band for cloud tracking, based on polarization features, not intensity contrasts as in the above-mentioned studies. Among the four wavelengths he used (270, 365, 550, and 935 nm), the 270-nm polarization features suggested the highest westward wind speed. However, his result at 365 nm was much slower than the intensity-based results at this wavelength, which suggests that his results may have large errors. Therefore, exploring wavelength dependence using data from Akatsuki is of interest. The VIRTS-M images at SO2 absorption bands are potentially useful for cloud tracking, but that has not been conducted.
The purpose of this study is to report the initial results of cloud tracking using UVI images. After introducing a case study to show the overall performance at both wavelengths, we focus on mean winds and the similarities and differences of winds obtained at the two wavelengths based on data acquired over a year and 4 months. In this study, we limit our scope between 50°S and 50°N, and we mainly focus on low latitudes. Cloud tracking with UVI is more difficult for high latitudes because of Akatsuki’s equatorial orbit and because UV cloud features at mid-to-high latitudes are exhibited as featureless streaks (Rossow et al. 1980, Titov et al. 2012). Therefore, the study of flow at high latitudes is left for future study.

Data and methods
We used the version 20170601 Level-3 UVI data covering the period from December 7, 2015, to March 25, 2017, in which 3231 images are available. The level-3 data consist of radiance mapped onto a longitude–latitude grid with a resolution of 0.125° in both longitude and latitude, as described by Ogohara et al. (2017). Akatsuki observes Venus from orbits with low inclination (< 10°), and its orbital period is about 10 days (Nakamura et al. 2016). When observed from the apoapsis, the radius of Venus on UVI images is ~ 80 pixels, corresponding to a horizontal resolution of 80 km at the sub-spacecraft point. The UVI images consist of 1024 × 1024 pixels. If the imaged radius of Venus is 400 pixels, for example, the sub-spacecraft point resolution is 15 km.
Figure 1 shows examples of radiance at 365 and 283 nm, where the imaged Venus radii are ~ 190 pixels. In the Akatsuki Level-3 data, spacecraft navigation data are refined by using a limb-fitting technique (Ogohara et al. 2012). In this study, we did not use images for which the limb fitting was unsuccessful, which occurs when the spacecraft is too close to Venus.[image: A40623_2017_775_Fig1_HTML.gif]
Fig. 1a 365-nm and b 283-nm radiance obtained with UVI at 17:29 and 17:26 UTC, respectively, December 7, 2015 (W m−2 sr−1 μm−1). Green dots indicate the ellipse obtained by limb fitting to refine navigation, and yellow dots demark the mapped limb corresponding to 70 km above the mean surface. Black dotted lines indicate longitude and latitude





The accuracy of orientation correction is estimated to be better than 0.1 pixels (Ogohara et al. 2017; the simulated error is ~ 0.04 pix for UVI). The green dots in Fig. 1 indicate the limbs obtained by fitting where the gradients of radiance are greatest. The fitting results are used to adjust the camera’s boresight orientation, and geographic mapping is conducted by assuming that the observed altitude is 70 km above the mean surface. The cloud-top altitude is known to vary (e.g., Lee et al. 2012), but the current assumption has little impact on mapping except near the limb. The yellow dots in the figure indicate the mapped limbs, which are supposed to be at 70 km. The mapped limbs in the figure are slightly smaller than the fitted limbs by ~ 1 pixel, corresponding to ~ 30 km; thus, brightness exists outside the mapped limbs. This discrepancy is presumably caused by instrumental point spread (Yamazaki et al. 2017) and the effect of upper haze. The upper haze exists above the cloud top with smoothly decreasing vertical number density up to ~ 90 km (Wilquet et al. 2009, 2012; Luginin et al. 2016). Quantitatively, some error still may exist in the calibration of image scales, but we assume that it should be smaller than a couple tens of kilometers in terms of the radius of Venus.
We conducted cloud tracking using a novel automated method proposed by Ikegawa and Horinouchi (2016; hereinafter IH16) and Horinouchi et al. (2017a; hereinafter H17a). This method is based on traditional template matching in which cross-correlation peaks are searched (e.g., Limaye and Suomi 1981; Kouyama et al. 2012), but it can utilize multiple (more than two) images consistently to accurately estimate horizontal winds (IH16). The method also supports a sophisticated error correction with the relaxation labeling technique, which is similar to that used by Kouyama et al. (2012) but is significantly improved (H17a). The parameter setting is the same as that of Horinouchi et al. (2017b): The template size is 7.5° both in longitude and in latitude; horizontal winds are obtained at grid points with a 3° interval; and the spatial sliding average of cross-correlation surfaces is employed at adjacent grid points (center plus the four upper/lower/left/right points, called the “STS”-type setting in IH16). See Method section (online supplement) of Horinouchi (2017b) for further details, in addition to the method descriptions of IH16 and H17a. Horizontal wind data obtained by cloud tracking are often called cloud motion vectors (CMVs); therefore, we use this abbreviation below for brevity.
When Akatsuki’s geometry of observations is favorable for the dayside of Venus, UVI is operated to conduct a sequence of 283- and 365-nm imaging at a time interval of ~ 3 min. Normally, this sequence is repeated every 2 h for several to 16 h; imaging is not continued over a full day because the attitude of the spacecraft must be altered for data transfer to the Earth.
Cloud tracking is conducted for all available two-hourly image triplets over 4 h for each of the two wavelengths. In other words, if the UVI imaging sequence is conducted at 10, 12, 14, …, 22 h in a day, we conducted cloud tracking using the images at 10–12–14, 12–14–16, …, 18–20–22 h, which provides five CMV datasets for each wavelength. However, we used images with slightly longer time intervals on December 7, 2015, as introduced in the next section.
The velocity error associated with the geographic mapping error introduced above is estimated as follows: If the error in the boresight orientation is 0.1 pixels, it corresponds to a deflection of the sub-spacecraft point by 8 km in the worst case, i.e., when the spacecraft is at the apoapsis. The mapping error worsens at high satellite zenith angles, but we did not use any data where the angle was greater than 70°. An assumed error of 15 km, for example, is equivalent to an error of 1 m/s if divided by 4 h. The possible bias in image scaling may result in a larger positioning error near the limb. However, its impact on velocity estimation is limited. For example, a spurious image enlargement of 0.3% (corresponding to 20 km in terms of the radius of Venus) leads to the overestimation of wind speed by the same ratio at the sub-spacecraft point. In this case, a superrotation of 100 m/s will be overestimated by 0.3 m/s. In total, we can assume that the error associated with incorrect geographic mapping is generally up to 1 m/s. We ignore this error as it is relatively small in what follows.
The geographic grid we use is generally finer than the original pixel scale, and we further derive sub-pixel displacement; therefore, the image resolution does not quantize the obtained CMVs. However, it does not guarantee high precision, as sub-images used for template matching could be featureless or could be deformed excessively over time. IH16 proposed a measure of precision based on the 90% confidence bounds of cross-correlation. In this method, the size of the region of cross-correlation surface peaks exceeding the lower confidence bound is measured. Qualitatively, the estimated precision becomes higher when the cross-correlation surface peak is sharper. The precision measures are derived separately for zonal and meridional velocities, which are termed as [image: $$\varepsilon_{u}$$] and [image: $$\varepsilon_{v}$$], respectively. Although they are not direct measures of the confidence bounds of velocity, they are found to be somewhat consistent with manual (visual) estimation of the ambiguity of cloud tracking (IH16). Note that the precision improves if the number of images used simultaneously is increased (IH16). However, because we used only three images for each tracking in this study, the expected precision is not much higher than that of traditional two-image tracking. The precision is generally low at middle and high latitudes because of the dominance of streaky features.
Precision does not guarantee accuracy. The greatest source of error in tracking by template matching is erroneous peak matching. In our method, the use of multiple images and the relaxation labeling technique reduce the erroneous match (H17a). However, CMVs that are inconsistent with those at surrounding grid points can still survive. Therefore, we apply screening to satisfy the deformation consistency principle as proposed by H17a (see their Sect. 5.1).
The actual quality control we employed is as follows: We reject CMVs associated with cross-correlation coefficients smaller than 0.5. In screening based on deformation consistency, the tunable parameter α in H17a was set to 1. We further reject the CMVs with a combined precision measure [image: $$\varepsilon \equiv { \hbox{max} }\left( {\varepsilon_{u} , \varepsilon_{v} } \right)$$] greater than 10 m/s. In “Mean winds” section, the threshold of ε is set to 20 m/s for initial screening, and further screening based on ε statistics was conducted as described below. In addition, when computing the mean quantities shown in that section, we excluded CMVs associated with the template regions at which the satellite zenith angles were greater than 60°.
In our analysis period from December 7, 2015, to March 25, 2017 (475 days), UVI acquired images during a total of 295 days. We obtained cloud-tracking results from 1034 365-nm image triplets for 193 days and 1,039 283-nm image triplets for 195 days; observational conditions in the other 100 days were unsuitable for tracking using three two-hourly images.

Case study
Here we show the results from UVI images obtained on December 7, 2015, which was the first day of Akatsuki’s observations. UVI imaging on that day was conducted at 5, 17, 20, and 22 h UTC; tracking was conducted with the last three images. Venus’s diameter in the images is ~ 380 pixels at 17 h and ~ 320 pixels at 22 h, corresponding to resolutions at the sub-spacecraft point of 30–40 km. During this 5-h period, the subsolar longitude moved eastward by 0.6° from 143.0°, and the sub-spacecraft longitude moved westward by 2° from 82.5°. The obtained wind vectors were screened to retain only those for which the precision measure ε was smaller than 10 m/s. Typical ε values at low latitude are smaller than 4 m/s, as shown below.
Figure 2a shows the horizontal winds obtained from the 365-nm images. Because the flow is dominated by superrotation, we show with arrows the deviation from a pure solid-body rotation with westward speed of 100 m/s at the equator (i.e., [image: $$\left[ {u + 100\cos \varphi , v} \right]$$] m/s, where [image: $$u$$] and [image: $$v$$] are zonal and meridional velocities, and [image: $$\varphi$$] is latitude). The movement of hypothetical tracers advected linearly with time by the derived winds (shown by the cross marks in Fig. 2a–c) has a good correspondence with the movement of small-scale (~ several hundreds of kilometers) radiance features, which suggests that our results are appropriate. The radiance was band-pass-filtered by applying Gaussian filters with half-widths at half-maxima of 4° (high-pass) and 0.3° (low-pass) for both longitude and latitude.[image: A40623_2017_775_Fig2_HTML.gif]
Fig. 2Band-pass filtered 365-nm radiance and cloud-tracking results for December 7, 2015; a 17:29, b 20:19, and c 22:19 UTC used for tracking (W m−2 sr−1 μm−1). Arrows a show the horizontal wind deviation from a pure solid-body rotation with a westward speed of 100 m/s at the equator. The arrow on the lower right of the panel indicates the length scale of 20 m/s. The longitude (abscissa) ranges of the panels are shifted to cancel the solid-body rotation. Colored “+” symbols at the initial time a show the centers of the template regions for cloud tracking, whereas those at later times b, c show their positions advected linearly with time by the CMVs. Red bullets indicate the subsolar point. Vertical dotted lines indicate where the local time is 12 and 15 h





The flow field shown in Fig. 2a exhibits zonal and meridional divergence consistent with the tidal features at the cloud-top level shown by previous studies (e.g., Limaye 1988; Del Genio and Rossow 1990; Khatuntsev et al. 2013; Patsaeva et al. 2015). This snapshot-flow field is much smoother than those reported in earlier studies (e.g., Limaye and Suomi 1981; Kouyama et al. 2012), except IH16. The present paper is likely the first report to show tidal features in a snapshot. The smoothness is partly because of the overlap of the template regions (while the template regions size is 7.5°, CMV grid points are taken at a 3° intervals, and a sliding average is applied to cross-correlation surfaces), but note that no smoothing was applied to the derived winds.
We next show the results obtained from the images at 283-nm. Except for that of Limaye (1984), this is the first report of cloud tracking using images at SO2 absorption bands (see “Introduction” section). Figure 3 shows the result from the 283-nm images taken almost simultaneously with the 365-nm images shown in Fig. 2. Small-scale features are similar between the two wavelengths. The cross-correlation between the band-passed radiances at the two wavelengths is 0.73, if the results from the three image pairs shown in these figures (17, 20, and 22 h) are averaged. Its square value ([image: $$0.73^{2} = 0.53$$]) indicates that half of the variance at this scale is common between the two wavelengths.[image: A40623_2017_775_Fig3_HTML.gif]
Fig. 3As in Fig. 2 but for the high-passed radiance and winds from 283-nm observations at a 17:26, b 20:16, and c 22:16 UTC





As expected from the correlation, the wind estimates at the two wavelengths shown in Figs. 2 and 3 generally agree well with each other, but 283-nm winds often exhibit faster westward speeds. Figure 4 shows close-up images for close inspection. Winds from the two filters agree better with each other in the eastern half (120–145°E in the first image) than in the western half (95–120°E in the first image) of the region shown in the figure. The radiance features agree well between the two filters in the eastern region. In the western region, agreement of features between the two filters is weaker. Furthermore, although we can roughly follow the movement of features at the velocities derived for each filter, traceability is not good everywhere, and it appears that the temporal change of radiance features is not always characterized by simple advection. This regional contrast is captured in the precision parameter [image: $$\varepsilon$$]; its value is 2–4 m/s at 365 nm and 2–6 m/s at 283 nm in the eastern region, whereas it is 3–7 m/s at 365 nm and 4–10 m/s at 283 nm in the western region (not shown), reflecting the greater ambiguity in the western region. The zonal wind differences between the two wavelengths are < 2 m/s in the eastern region (except around its western end), whereas these differences are 4–12 m/s in the western region (not shown). Therefore, the disagreement of winds in the western region appears marginally significant; here, we cannot assert statistical significance, because ε is not a direct measure of the confidence bounds of velocity (see “Data and methods” section). Inspection of many UVI images sometimes suggests hints of multiple superposed velocities (not shown). This aspect will be investigated further in a future study.[image: A40623_2017_775_Fig4_HTML.gif]
Fig. 4Same as a Fig. 2a–c (365 nm) and b Fig. 3a–c (283 nm), but the latitudinal range is limited to 13°S–7°S for close inspection




Figure 5 summarizes the wind estimates for December 7, 2015. Note that the precision estimates (stippled where [image: $$\varepsilon_{u}$$] or [image: $$\varepsilon_{v}$$] is smaller than 4 m/s) tend to be better (i.e., smaller) in the eastern half of the region shown in Fig. 4. The stippled area in Fig. 5c is smaller than that in Fig. 5a, which is consistent with the fact that 283-nm images are noisier than 365-nm images.[image: A40623_2017_775_Fig5_HTML.gif]
Fig. 5Zonal (a, c) and meridional (b, d) winds obtained by tracking 365-nm (a, b) and 283-nm (c, d) radiance obtained on December 7, 2015. Stipples show where the estimated precision measure ε
                          u
                         (ε
                          v
                        ) is smaller than 4 m/s for zonal (meridional) winds. The winds are defined at the centers of the template regions defined in the initial radiance field observed at 17 h






Overall differences between 283- and 365-nm results
Figure 6 shows the differences between the winds obtained at the two wavelengths (283-nm results minus 365-nm results) averaged over the observation period. These differences were computed by selecting simultaneous tracking results at two wavelengths, finding grid points where the CMVs passed the screening at both wavelengths, and averaging their differences over longitude and time. The results suggest that the westward winds obtained from 283-nm images are faster than those from 365-nm images, on average; the mean difference is 2–4 m/s. In total, 77% of the differences used to make Fig. 6a are negative. The differences in meridional winds are small and anti-symmetric with respect to the equator, indicating that poleward flow is faster at 283 nm.[image: A40623_2017_775_Fig6_HTML.gif]
Fig. 6Mean differences in zonal (a) and meridional (b) winds (m/s) between the two UV filters (283-nm results minus 365-nm results) averaged over the observational period (December 2015–March 2017). c The number of wind differences used to derive the mean at each latitude. See the text for the matching condition. The dashed lines a, b show [image: $$\pm$$] the standard deviation at each latitude





Mean winds and long-term variability
Here we show analyses of the winds obtained from the entire period (December 2015 to March 2017). All the quantities shown in this section are derived from the daily mean values determined as follows. (Here, the daily mean is based on the Earth’s calendar day.) Observation time for consecutive UVI imaging is typically over half a day, but it varies significantly day by day. Therefore, to avoid uneven weighting depending on the observation hours, zonal and meridional winds are first averaged for each day (based on UTC) at each geographic (longitude–latitude) grid point. For the precision measures ε
                  u
                 and ε
                  v
                , the daily values are defined as [image: $$\bar{\varepsilon }_{x} \equiv \sqrt {\mathop \sum \nolimits_{i = 1}^{n} \varepsilon_{x}^{2} } /n$$] instead of averaging, where [image: $$x$$] represents [image: $$u$$] or [image: $$v$$], and [image: $$n$$] is the number of the valid data for each day at each grid point; here, valid data indicate those that passed the screening stated in “Data and Methods” section. The above definition of [image: $$\bar{\varepsilon }_{x}$$] is suitable to treat random errors. Where the long-term mean is used, the data are further summed as[image: $$\left\langle {\varepsilon_{x} } \right\rangle \equiv \sqrt {\sum\nolimits_{i = 1}^{N} {\bar{\varepsilon }_{x}^{2} } }/N \quad (x\,{\text{represents}}\,u\,{\text{or}}\,v)$$]

 (1)

where [image: $$N$$] is the number of daily values used to compute the long-term mean at each grid point (whether on longitude–latitude or local time–latitude grid).
The long-term mean zonal and meridional winds are shown with respect to local time and longitude in Fig. 7. Here, the local time is based on the initial image of the 4-hourly tracking, but it is increased by 30 min, which corresponds to a westward shift of 7.5°. This treatment is performed to roughly take westward movement into account. (A 2-h zonal movement at 100 m/s displaces longitude by 6.7° at the equator.) The 365-nm results (Fig. 7a, b) are consistent with previous studies (e.g., Limaye 1988; Del Genio and Rossow 1990; Moissl 2009; Khatuntsev et al. 2013; Hueso et al. 2015). In particular, dayside zonal wind at low latitude is slowest around the longitude corresponding to the local noon, and meridional wind divergence is strongest in the early to mid-afternoon. Quantitatively, it appears that our results obtained at 365 nm are closer to those obtained from PVO (Limaye 1988; Del Genio and Rossow 1990) and VEx/VIRTIS (Hueso et al. 2015) than those from VEx/VMC (Moissl 2009; Khatuntsev et al. 2013); for instance, the westward wind minimum is located slightly to the morning side of the longitude of local noon. However, it should be noted that the tidal structure may be subject to long-term variability and that its statistics may be affected by the partial sampling that arises from the use of a single satellite, as explained in what follows.[image: A40623_2017_775_Fig7_HTML.gif]
Fig. 7Mean winds obtained as functions of local time and latitude for the entire period (December 2015–March 2017); zonal (a, c) and meridional (b, d) winds from 365-nm (a, b) and 283-nm (c, d) radiance. Local time (abscissa) is shown in descending order to preserve the longitudinal direction (east to the right). The local time is based on the initial image of tracking, and it is increased by 30 min corresponding to a westward shift of 7.5°. Stipples show where the indicated precision [image: $$\left\langle {\varepsilon_{u} } \right\rangle$$] (a, c) or [image: $$\left\langle {\varepsilon_{v} } \right\rangle$$] (b, d) is smaller than 2 m/s. Contours show the same precision measure at 4 and 8 m/s; color shading is not shown where it exceeds 10 m/s. Note that [image: $$\left\langle {\varepsilon_{u} } \right\rangle$$] and [image: $$\left\langle {\varepsilon_{v} } \right\rangle$$] do not include any effect from sampling biases (see the text). Vertical hatching indicates the standard deviation of 10-day-bin means at each latitude–local time grid (gray: < 4 m/s; light gray: 4–8 m/s; white: 8–12 m/s; none: > 12 m/s)





The values obtained for [image: $$\varepsilon_{u}$$] and [image: $$\varepsilon_{v}$$] are rather small at low latitudes, which indicate good precision; stipples in Fig. 7 show where their values are smaller than 4 m/s. However, it should be noted that they do not include any effects of biases that arise from limited sampling and natural variability. As a measure of low-frequency variability, Fig. 7 shows the standard deviation at each latitude–local time grid, which is computed after averaging over time with 10-day bins. This binning is conducted to remove the short-term variability associated with planetary-scale waves (e.g., Kouyama, et al. 2012), although it is imperfect because the bins may be sparsely filled. The low-frequency variability as measured by this standard deviation at low latitude is predominantly 4–8 m/s for zonal wind (light gray hatching) and smaller than 4 m/s for meridional wind (gray hatching).
Figure 8 presents the evolution of mean zonal winds over time. In particular, Fig. 8a and b shows 5-day mean zonal winds between 20°S and 20°N in terms of local time and observational time. The near-noon maxima (minima in terms of wind speed) stated above and shown in Fig. 7 can be seen at most times with both wavelengths. Figure 8 shows that the difference in wind estimates between the two wavelengths (i.e., 283-nm estimated winds are faster than 365-nm estimated winds) is persistent. In addition, long-term variability is apparent over timescales of O(100) days, which appears to be consistent with variability with a period ~ 250 days suggested by Kouyama et al. (2013) from VEx/VMC data. The long-term variability is fainter in meridional wind (not shown), which is consistent with the fact that the standard deviations shown in Fig. 7b and d (for meridional winds) are generally smaller than those in Fig. 7a and c (for zonal winds).[image: A40623_2017_775_Fig8_HTML.gif]
Fig. 8Mean zonal winds between 20°S and 20°N averaged over each of 5-day bins in terms of local time (a, b) and longitude (c, d) from 365-nm (a, c) and 283-nm (c, d) images (m/s). For a given 5-day bin and local time–longitudinal grid point, the mean value is defined whenever daily averaged wind values are defined on any day in the 5-day period somewhere between the latitudinal range; thus, the representativeness is sometimes quite limited. Local time is defined as in Fig. 7, and the 3° longitudinal grid is converted into a 0.2-h local time grid in terms of nearest neighbors before computing 5-day means (a, b)





Figure 8a, b suggests that the long-term variability can be reflected in local time dependence (as shown in Fig. 7) to some extent through the slowly moving observational local time window. Note that the observational window is associated with the spacecraft’s orbit; although Akatsuki takes a low-inclination orbit, images suitable for cloud tracking are obtained mainly for the hemisphere around the apoapsis longitude because the orbit is highly elliptic (Nakamura et al. 2016). The apoapsis longitude moves as Venus rotates with a period of 243 days. Similar observational windows exist for the past orbiters as well.
Figures 9 and 10 show the local time–observational time plots of 5-day mean zonal winds as in Fig. 8 but for 20–35°S and 20–35°N, respectively. These figures suggest a O(100)-day variability similar to that observed at low latitude (Fig. 8) within each of the two observational periods separated at September 2016. In addition, there is notable hemispheric difference in zonal winds observed at 365 nm in the latter period.[image: A40623_2017_775_Fig9_HTML.gif]
Fig. 9As in Fig. 8 but for 20–35°S




[image: A40623_2017_775_Fig10_HTML.gif]
Fig. 10As in Fig. 8 but for 20–35°N





Local time statistics for the two periods are presented in Figs. 11 and 12. The 365-nm zonal winds are roughly symmetric about the equator before September 2016 (Fig. 11a). However, they are significantly asymmetric after that (Fig. 11c), and zonal winds are faster in the southern hemisphere. Interestingly, the 283-nm zonal winds in the same period (Fig. 12c) are more meridionally symmetric.[image: A40623_2017_775_Fig11_HTML.gif]
Fig. 11Meridional profiles of mean winds depending on local time (LT) and observation period. Zonal (a, c) and meridional (b, d) winds over December 2015–August 2016 (a, b) and October 2016–March 2017 (c, d). The winds are averaged over LTs (derived as in Fig. 7): 8–10 h (red), 11–13 h (black), and 14–16 h (blue). Thick error bars indicate ± the precision measures based on [image: $$\left\langle {\varepsilon_{u} } \right\rangle$$] (a, c) and [image: $$\left\langle {\varepsilon_{v} } \right\rangle$$] (b, d); specifically, they represent the RMS of [image: $$\left\langle {\varepsilon_{u} } \right\rangle$$] and [image: $$\left\langle {\varepsilon_{v} } \right\rangle$$] over each LT range divided by the square root of the effective degrees of freedom defined as the number of LT grid points (at maximum 10 over 2 h because of the 3° interval) divided by 3 to account for oversampling. Dotted thin bars show ± the standard deviation of the 10-day-bin means (within the LT and observation time ranges)
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Fig. 12As in Fig. 11 but for 283 nm





The mean winds over our analysis period (December 2015–March 2017) obtained from the 365-nm UVI images were compared with the mean winds obtained by manually tracking VEx/VIRTIS images at 365-nm from April 2006 to February 2012 (Hueso et al. 2015). Figure 13 shows the results for the local time range between 11 and 13 h. The mean zonal winds in the present analysis period (black) are slower than those in the earlier times (red), whereas the mean meridional winds are similar. The standard deviations of zonal winds (dotted lines) are much greater in the VIRTIS results than in the UVI results. The primary reason of this difference is presumably because the latter has longer time coverage; as reported by Khatuntsev et al. (2013), the cloud-top winds exhibit large multi-year variability.[image: A40623_2017_775_Fig13_HTML.gif]
Fig. 13Comparison of mean winds from 365-nm images by UVI (black, December 2015–March 2017) and VEx/VIRTIS (red, April 2006–February 2012); a zonal and b meridional winds between the local times 11 and 13 h. Horizontal dotted lines shows ± the standard deviation for each latitudinal grid point (UVI) or 5-degree latitudinal bin (VIRTIS)





Using data from the VEx/VMC instrument, Bertaux et al. (2016) suggested the existence of longitudinal dependence of mean zonal winds. For comparison, we calculated similar statistics using our results from Akatsuki/UVI. Figure 14a shows the temporal mean zonal wind averaged simply at each longitudinal and latitudinal grid point. The results exhibit considerable longitudinal variation. However, Fig. 8c shows that the observational time coverage is quite limited for each longitude. Furthermore, there is no clear longitudinally fixed structure that persists over the observational period. Comparison of Fig. 8a and c indicates that local time dependence is more robust. Therefore, we show in Fig. 14b the temporal mean zonal winds in which the local time dependence is subtracted, even though the latter also is not free from biases caused by partial sampling (as mentioned above). This figure was computed as follows: First, local time dependence was determined by subtracting from the local-time dependent mean winds (as shown in Fig. 7) their zonal mean; then, the local time dependence was subtracted from the daily mean zonal winds; finally, the result was averaged over the observational period.[image: A40623_2017_775_Fig14_HTML.gif]
Fig. 14a As in Fig. 7a but obtained as a function of longitude and latitude. b As in a except that the local time dependence is subtracted. c, d As in a, b but for 283 nm





As expected, the mean zonal winds shown in Fig. 14b exhibit smaller longitudinal variation than those in Fig. 14a. However, they are qualitatively similar. The longitudinal dependence we obtained does not agree with that shown by Bertaux et al. (2016), even qualitatively. Specifically, they showed that low-latitudinal westward winds in the eastern hemisphere (0–180°) are slower than those in the western hemisphere, but the hemispheric contrast indicated by Fig. 14b (as well as Fig. 14a) is opposite.
Quantitatively, the geographic variability shown in Fig. 14b is much (several times) smaller than that shown by Bertaux et al. (2016). We do not insist that Fig. 14b represents true geographic dependence. Note that the standard deviations of the 5-day mean zonal winds are relatively large over longitudes between 70° and 160°: 4–8 m/s, indicated by light gray hatching, or even 8–12 m/s, indicated by white hatching. Therefore, even though the expected precision of our result is high (as indicated by stipples representing ε statistics smaller than 4 m/s), the longitudinal variability shown in Fig. 14b may be within the uncertainty attributed to imperfect sampling. However, whether the geographic distribution we obtained is significant or not, it is interesting that the topographic impact suggested by Bertaux et al. (2016) is not apparent all the time.

Discussion
What causes the difference in zonal winds obtained from the 283- and 365-nm images? A possible explanation is that when the velocities disagree, small-scale features at the two wavelengths reflect clouds at different heights, and that the difference therefore is from vertical shear. Another possibility is that while the velocity captured at one wavelength represents the flow velocity, the velocity captured at the other wavelength represents the phase velocity of atmospheric waves. A close inspection suggests that the latter indeed appears the case sometimes, but in most cases, it appears unlikely. For the spatial scale of our template (7.5°, i.e., about 800 km), the kind of atmospheric waves that should be considered is gravity waves, because the intrinsic phase velocity of small-scale Rossby waves is too slow to distinguish from flows unless strong local beta effects exist, and sound waves are clearly irrelevant. However, in many cases, we do not see clear wave features. The fact that the velocity difference is mainly in the zonal direction indicates that if it is explained by waves, the constant phase lines should be predominantly in the north–south direction. However, such anisotropy is not evident. Therefore, we conclude that the overall difference is likely caused by vertical shear.
Figures 11 and 12 show that the hemispheric asymmetry of mean zonal winds in the latter half of our analysis period is stronger at 365 nm than at 283 nm and that the wind difference is greater in the northern hemisphere. This result appears to suggest that the origin of the strong meridional asymmetry in 365-nm winds may partly be in the meridional asymmetry of the altitude where features tracked in the 365-nm images reside. In other words, it may be produced (in part) by a combination of vertical shear and asymmetric altitude sampling. A preliminary analysis of radiance indicates that the albedo at 365 nm was generally higher in the northern hemisphere than in the southern hemisphere in the latter half of our analysis period, whereas it was more symmetric about the equator in the earlier half.
A question that naturally arises from the above discussion (especially, two paragraphs earlier) is which of the 365- and 283-nm winds represents the flow at higher altitude. Previous studies that derived thermally balanced zonal winds from radio occultation observations suggested that the zonal wind speeds peaked roughly around the altitude of 70 km where cloud top resides (e.g., Limaye 1985; Piccialli et al. 2012). However, the thermal wind derivation has large uncertainty at low latitude. Studies with entry probe observations have shown the vertical structure of zonal winds at low latitude, but large uncertainty exists above 65 km (Schubert et al. 1980; Kerzhanovich and Limaye 1985). Therefore, it is difficult to tell whether the faster represent flow at the higher or the lower altitude from these studies. The cloud-tracking studies by using multiple-wavelength images from Galileo and VEx (e.g., Peralta et al. 2007, Sanchez-Lavega et al. 2008, Hueso et al. 2015) have shown positive (in terms of wind speed) vertical shear below the cloud top, but these studies do not provide information on shear around the cloud top. Also, in a recent work, Peralta et al. (2017) estimated the vertical profile of the zonal winds during the second Venus flyby of NASA’s Messenger spacecraft, and the results suggested that on the dayside, the altitude at which the zonal wind peaks seems to vary over time.
A clue to answer the above question is found in the estimated vertical distributions of absorbers. Lee et al. (2017) found that the phase-angle dependency in Akatsuki UVI 365-nm data can be explained if the unknown absorber is distributed slightly below the cloud top rather than above. In contrast, the SO2 mixing ratio increases upward from the cloud-top level (e.g., von Zahn et al. 1983; Belyaev et al. 2012; Mahieux et al. 2015). Therefore, we speculate that the motion obtained from 283-nm images reflects flows at higher altitude. However, the vertical distribution of SO2 is still poorly constrained (Vandaele et al. 2017), as is the unknown UV absorber. In addition, small-scale features tracked during cloud tracking are not necessarily located at the altitude where the weighting function for each wavelength is maximized. The small-scale features are created through interplays between UV absorbers, clouds, and upper haze, and it is unclear even how they are created. Therefore, our speculation on the relative altitude problem is tentative, and we leave this problem as an open question for future studies.
Another issue to discuss is the discrepancy between our results and those of Bertaux et al. (2016) in terms of geographic distribution of temporal mean zonal winds. Bertaux et al. (2016) used observations over a longer period (7.5 years) than ours (1.3 years). In that sense, their result appears more reliable. However, the longitudinal variation they showed is greater than our result shown in Fig. 8b; therefore, we cannot conclude a priori that the expected sampling error is smaller in their study than in ours. They interpreted their geographic distribution as the result of deceleration caused by topographically induced gravity waves that propagate from the ground. However, the longitudinal distribution of momentum forcing does not necessarily induce such features, as is evident from the quasi-biennial oscillation (QBO) in the equatorial stratosphere of the Earth. (A review of the QBO is provided by Baldwin et al. 2001.) Even though the driving force of the QBO is known to have significant longitudinal asymmetry, the Earth’s equatorial zonal wind has longitudinal variation much smaller than that shown by Bertaux et al. (2016) (Kawatani et al. 2005, 2010). To solve the geographic distribution mystery will require further study.

Summary and conclusions
We have estimated and investigated winds at the cloud top of Venus using UV images obtained by UVI onboard Akatsuki. The novel automated cloud-tracking method and quality control proposed by IH16 and H17a enabled us to obtain realistic winds that actually reflect the motion of small-scale features at the wavelengths of 365 and 283 nm, traditional UV imaging based on the unknown UV absorber and the novel UV imaging at an SO2 absorption band, respectively.
Horizontal winds obtained from the 283-nm images are generally similar to those from the 365-nm images, but in many cases, zonal winds obtained from the former are faster than those from the latter, and poleward flows are slightly faster. It was suggested that this difference is associated with vertical wind shear. From the studies of Lee et al. (2017) and others, one can argue that 283-nm images reflect cloud features at higher altitude than 365-nm images. Therefore, we tentatively conclude that, on average, it is likely that the superrotation of the Venusian atmosphere is increased with height, even at the cloud-top level, where previous studies suggested that the zonal wind speeds are roughly maximized. Further study will be needed to investigate the relative altitude problem.
The VIRTIS-M-VIS images of SO2 absorption bands have not been used a great deal for studies because of a problem in calibration (Shalygina et al. 2015). However, absolute calibration is not necessary for cloud tracking. The present discovery of the mean wind difference suggests that it would be interesting to revisit these data.
We derived mean winds averaged over the observation period as functions of local time and latitude. The results are consistent with previous studies, which have shown the wind structures associated with the thermal tide. Furthermore, the local time–time plots of low-latitude zonal winds suggested a hint of long-term variability, which is consistent with the ~ 250-day variability found by Kouyama et al. (2013).
The zonal winds derived in the earlier half of our analysis period are nearly symmetric about the equator, but they are asymmetric in the latter half, especially at 365 nm. This temporal and spatial variability might have occurred at nearly the same altitude for each wavelength and latitude, suggesting hemispheric asymmetry of superrotation. However, this result may also be caused by a combination of persistent vertical shear and hemispheric asymmetry of the altitude at which small-scale features captured in the cloud tracking reside.
It should be noted that the long-term variability can be aliased onto the local time–latitude map of mean winds. This problem may be alleviated by using simultaneous ground-based observation from the Earth (Sánchez-Lavega et al. 2016). The tidal structure may also vary slowly with time. Further study is needed to improve our knowledge of the thermal tide in the atmosphere of Venus.
Bertaux et al. (2016) determined the geographic distribution of temporal mean zonal winds using UV images from VEx and suggested that it is a result of forcing by topographically induced stationary gravity waves. However, the geographic distribution we obtained is qualitatively different from theirs. Quantitatively, the geographic variability we obtained is much weaker than that reported by Bertaux et al. (2016). This result indicates that the distribution they showed is not robust or persistent; thus, the topographic impact they proposed may not necessarily occur. Further study would be needed to draw a firm conclusion regarding this issue.
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