
1. Introduction
Venus is covered with thick clouds extending typically from about 48 to 70 km altitude. The cloud layer can 
be divided to two regimes: one from the bottom to ∼57 km is strongly affected by heating due to the thermal 
radiation from the hot ground/atmosphere (the lower to middle cloud region), and another from ∼57 km to the 
top (the upper cloud region) is primarily controlled by the solar insolation. Until recently, the lower to middle 
cloud region had been supposed to be dynamically quiet, accommodating nearly steady westward superrotating 
flows with little variability (Hueso et al., 2012; Peralta et al., 2018; Sánchez-Lavega et al., 2008). Akatsuki, the 
latest Venus orbiting satellite operating since December 2015 (Nakamura et al., 2016), changed this view. From 
its night-side imaging observations at near-infrared wavelengths around 2 μm, which visualizes lower-to-middle 
clouds illuminated by deep thermal radiation (see the first paragraph of Section 2 for further information), it 
was found that the westward wind near the equator was sped up by ∼20 m/s over a monthly time scale to form 
a feature named the equatorial jet (Horinouchi, Murakami, Satoh, et al., 2017: H17, hereinafter). The Akatsuki 
images revealed a wide variety of cloud features consistent with vortices and waves at scales ranging from 100 
to 1,000 km (Limaye et al., 2018; Peralta et al., 2019). Peralta et al. (2020) reported a discontinuous feature in 
the lower to middle cloud region that circulates at a period around 4.9 terrestrial days, which is likely a part of a 
planetary-scale wave. Among these cloud features, particularly related to this study is the one resembling a vortex 
street created by barotropic instability (Peralta et al., 2019); the images taken on 13 August 2016 by the IR2 
instrument onboard Akatsuki (Satoh et al., 2017) captured five vortex-like features aligned at intervals around 
800 km (their Figure 1e). Peralta et al. (2019) also found similar examples with smaller scales (their Figure 1dg). 
Earlier studies examined zonal flows obtained from cloud-top images (Travis, 1978) and from radio occultation 
(Michelangeli et al., 1987) and suggested possible occurrence of barotropic instability.

Barotropic instability is associated with horizontal shear and is a kind of the inflection-point instability extended 
to include the beta effect (H. L. Kuo, 1949; Rayleigh, 1880). This instability breaks up a shear of a parallel flow 
into vortices (also called as billows). In the Earth's atmosphere, unstable billows are frequently observed from 
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the Kelvin-Helmholtz (KH) instability, which occurs at the boundary of two vertically adjacent fluid layers with 
different velocities and densities. Generally, the horizontal scales of atmospheric motions tend to be much greater 
than the vertical scales, so cloud visualization of barotropic instability is available only for satellites, and such 
reports are limited (H.-C. Kuo & Horng, 1994; Maejima et al., 2006). To the authors' knowledge, the largest vortex 
street that has been identified in the Earth's troposphere and attributed to be arising from barotropic instability 
is the inter-tropical-convergence-zone (ITCZ) breakdown observed in 1988 (Ferreira & Schubert, 1997; Hack 
et al., 1989). In this spectacular event, the horizontal shear was built up by low-level convergence and updraft in 
the ITCZ. The flow then became barotropically unstable, and the sheared region, having strong cyclonic vortic-
ity, was torn apart to turn into several vortices at intervals around 1,300 km. The vortices further developed into 
intense tropical cyclones. Actually, smaller-scaled (and less spectacular) barotropic instability to create tropical 
cyclones occurs frequently at ITCZ (e.g., Fudeyasu et al., 2022; Ritchie & Holland, 1999). Barotropic instability 
has been suggested to occur in the Earth's middle atmosphere as well, possibly with spatial scales greater than 
those in the troposphere (e.g., Hartmann, 1983). See Read et al. (2020) for possible barotropic instabilities in the 
atmosphere of other planets.

In this paper, we report the largest vortex street observed in the atmosphere of Venus on 25 August 2016. Its 
size is greater than the giant ITCZ breakdown reported for the Earth. We attribute the vortices as arising from 
barotropic instability. This discovery further cast questions for future studies, as it is unclear how the instability 
can be created.

2. Data and Methods
As in the earlier studies introduced above (H17; Limaye et  al.,  2018; Peralta et  al.,  2018,  2019;  2020), we 
used the nightside images obtained by IR2 at the wavelength of 2.26 μm. This wavelength is in the so-called 
near-infrared window at which thermal infrared from the lower part of the atmosphere partly escapes to space 
(Allen & Crawford, 1984), and the images capture silhouettes of clouds. These silhouettes are supposed to repre-
sent morphology of clouds in the lower to middle cloud region, because they are optically thicker than upper 
clouds, and because the upper clouds are likely more horizontally uniform because of the higher static stability; 
comparison of velocities obtained by tracking the near-infrared features and the velocities obtained from entry 
probes and radio-occultation observations supports it (e.g., Allen & Crawford, 1984; Hueso et al., 2012).

Observations of Venus' night-side by IR2 began in March 2016 and continued until November 2016, the time 
when malfunctioning of the control electronics happened (early December 2016). The acquisition of images was 
normally conducted every 2 hr, but imaging on 25 August 2016, was conducted exceptionally at a 1-hr interval. 
Nightside images obtained from 04 to 22 UTC, 25 August 2016, were processed to reduce contamination of the 
reflected solar radiation from the dayside (Satoh et al., 2021). Akatsuki was moving away from Venus on the day; 
the sub-spacecraft-point image resolution was 19 km at 04 UTC, and it was 39 km at 22 UTC. We also used data 
on other days for visual inspection and cloud tracking; these data were used without the optical correction. Note 
that in our study, inaccuracy in photometry does not affect results, since we rely on relative contrasts. The optical 
correction for the 25 August data was done to improve image quality near the day-night boundary.

We derived winds by tracking cloud features on 20 and 25 August 2016 by using the method described in Ikegawa 
and Horinouchi  (2016) and Horinouchi, Murakami, Kouyama, et  al.  (2017). The sub-spacecraft-point image 
resolutions on 20 August were 68–73 km. The wind data for 20 August were derived from the images mapped 
geographically by using the planetary limb fitting described in H17. Cloud tracking was conducted by using four 
consecutive images obtained over 6 hr at the interval of 2 hr. Each of the wind estimation (vector) represents 
motion of small-scale cloud features over a ∼10° × 10° region. As in H17, wind estimations were derived on a 3° 
grid both in longitude and latitude, so it is over-sampling. The threshold value of the screening parameter of the 
deformation consistency α in Horinouchi, Murakami, Kouyama, et al. (2017) is set to 1.

The images obtained on 25 August were mapped slightly differently. The navigation information for each image 
was first corrected using the method by H17. However, the planetary limb on this day was exceptionally obscure, 
so the quality of the navigation correction was relatively low, and the resultant geographically mapped images 
exhibited some fluctuation over time. We therefore applied the cloud tracking for each of the adjacent one-hourly 
image pairs, and the results were used to compensate the fluctuation appearing in the mean motion. We then 
re-mapped the images from 5 to 21 UTC, unchanging the mapping of the first (4 UTC) and the last (22 UTC) 
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images. This correction does not change mean winds over the day, and it 
improves consistency among mappings. The corrected images were used for 
cloud tracking. As in H17, the images obtained over 6  hr were used, but 
for this day, seven images were used because the imaging was conducted 
one-hourly. The deformation consistency threshold is tightened to 0.5 to 
reduce the artifacts of linear-shaped features (see Section 3) prevalent in the 
images of the day, although some artifacts remained as described Section 3.

The precision of wind estimation is evaluated by the parameter named ε in 
Ikegawa and Horinouchi (2016) for each grid point. It does not ensure accu-
racy, but overall, it empirically corresponds roughly to the one-to-two times 
the errors estimated directly from the consistency among wind estimations 
(Horinouchi et  al.,  2020). The ε values obtained in the present study are 
described in what follows.

3. Results
Figure 1 shows an example of the IR2 2.26-μm images on 25 August 2016, 
and Figure 2 shows an hourly geographically-mapped time sequence, where 
color shading is reverted. At 04 UTC (upper-left), two relatively dark (less 
opaque) features that look like vortices arising from barotropic instability 
exist at around 100°E and 125°E; the scale of the vortex-like features is 
around 1,000 km. Note that the gray-scale shading is made brighter for lower 
radiance, which indicates lower opacity and hence optically thicker clouds. 
The vortex-like features, which are relatively dark in the figure, are thus rela-
tively less clouded. Another seemingly similar dark region is found at around 
80°E, 10°N, but it is very faint, so we will not treat it in what follows.

The subsequent panels in Figure 2 were created by shifting longitude westward at the angular speed correspond-
ing to 75 𝐴𝐴 ms

−1 at the equator. The features move little in the figure, so they actually move westward at around 60° 
per day. The overall westward speed is consistent with the earlier observations of the superrotation in the lower 
to middle cloud region (Sánchez-Lavega et al., 2008; Hueso et al., 2012; H17; Peralta et al., 2018). Barotropic 
instability consists of horizontal motion, and there is no necessity for its resultant vortices to have lower or higher 
cloud opacity. It appears that the low opacity in the vortex-like feature is due to advection from the belt of low 
opacity between 20° and 30°N. The two vortex-like features appear somewhat vague in later images of the time 
series. This change may have been caused by thickening of the clouds. However, it should be noted that the IR2 
night-side data are affected by the contamination from the day crescent due to the instrumental point-spread func-
tion (Satoh et al., 2017). Distinguishing intrinsic changes of clouds and the instrumental effects require cleaning 
of the data and detailed radiative transfer analysis which are out of scope of this work.

Among the two vortex-like features in Figure 2, the one on the right, which was at around 125°E at 04 UTC, was 
deformed with time. The hook-like feature whose tip was at ∼108°E, 10°N at 04 UTC, was gradually expanded 
westward. The overall change of its shape suggests clockwise rotation, which is cyclonic in the case of the north-
ern hemisphere under the retrograde rotation. On the other hand, the vortex-like feature on the left, located at 
∼100°E at 04 UTC, is more obscure from the initial time, and its morphological change is unclear.

Horizontal winds obtained by using the seven images since 8 UTC are shown in Figure 3 as the deviation from a 
solid-body rotation. The winds obtained by using images starting at different times were similar, so the descrip-
tion in what follows is robust. The estimated winds do exhibit clockwise (cyclonic) rotation on the vortex-like 
feature on the right. The values of the precision measure ε are 2–4 𝐴𝐴 ms

−1 on this feature, which is below the veloc-
ity contrast therein. The Okubo-Weiss parameter (Okubo, 1970) computed around the feature exhibited negative 
values (not shown), indicating consistency with vortical motion. On the other hand, the estimated winds over the 
vortex-like feature on the left are not very consistent with vortical motion. This may be because the feature is too 
obscure. The northward flow at around 90°E, 25°N is likely an artifact arising from the northward migration of 
a linear-shaped whiter feature extending southwest to northeast. This kind of feature is named as “dark streaks” 
by Peralta et al. (2019) from their relatively fewer radiance; their simple linear shape indicates that it might be 
associated with the propagation of a wave rather than the advection of clouds.

Figure 1. The contamination-reduced 2.26-μm radiance (𝐴𝐴 Wm
−2
sr

−1
m

−1 ) at 
4 UTC, 25 August 2016.
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We now examine the background mean flow. Figure 4b shows zonally-averaged profiles of the zonal component 
(negative if westward) of the winds exhibited in Figure 3. The mean zonal flow displays a nearly linear shear 
between the equator and 35°N. In contrast, the mean zonal flow obtained from the observation on 20 August 
(Figure 4a) exhibits a strong clockwise shear at around 20°N, forming an inflection point suitable for barotropic 
instability (here, the mean ε values over 10°–30°N is 8 𝐴𝐴 ms

−1 , which is twice as that on 25 August, so the preci-
sion of individual cloud-tracking results is relatively low. However, the standard error becomes more than halved 
because of zonal averaging, and we obtain similar results by using different set of images on the day. Therefore, 
the existence of the inflection point is robust). The barotropically unstable state on 20 August is also evident in 
the absolute vorticity (Figure 4a, red curve) whose meridional gradient changes its sign at around the inflection 
point. The IR2 images on this day were obtained at longitudes roughly 40° to the east compared with those on 25 
August. Thus, the region observed on 20 August are around 320° (𝐴𝐴 = 360

◦
− 40

◦ ) to the upstream of the region 
observed on 25 August, indicating that they represent motions of air masses close to each other if advected by 
60° per day. The results are qualitatively consistent with the hypothesis that the vortices observed on 25 August 

Figure 2. Hourly sequence of the 2.26-μm radiance (𝐴𝐴 Wm
−2
sr

−1
m

−1 ; color shading is the whiter for the darker) obtained on 25 August 2016. Imaging time (UTC) is 
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are created by barotropic instability, which was initiated several days before 
when there was a strong shear. The smoothness of the mean wind on 25 
August is explained as the result of stirring by the vortices.

We further examine quantitative consistency. Note that the planetary beta 
effect is negligible for Venus, since its rotation is very slow with the period of 
243 days. A simplest model of barotropically unstable flows is the two-point 
piecewise-linear flow shown in Figure  5, for which analytic solutions are 
described in textbooks (e.g., Section 9.2.4 of Vallis, 2017; note that smoothing 
the sharp bending does not change the solution much). Here we set the width 
of the sheared region as 𝐴𝐴 𝐴𝐴 and the flow speed difference across the region as 

𝐴𝐴 2𝑈𝑈0  . The flow has exponentially growing unstable modes at  the  wavelengths 
along the flow greater than 𝐴𝐴 5.0𝑤𝑤 . The most unstable mode has the wavelength 
of 𝐴𝐴 7.9𝑤𝑤  , at which the e-folding time is 𝐴𝐴 2.5𝑈𝑈

−1

0
𝑤𝑤 . The observed two vortices 

were separated by around 2,500 km. If we suppose that it corresponds to the 

most unstable wavelength of 𝐴𝐴 7.9𝑤𝑤  , 𝐴𝐴 𝐴𝐴 is found to be 𝐴𝐴 3.2 × 10
2   km. The width 

of 320 km is narrower than the sheared region in Figure 4a, but since the reso-
lution of the cloud tracking is around 1,000 km and the profile does not neces-
sarily capture the undisturbed initial condition, it is possible that the sheared 
region was actually narrower at a certain time. If we further set 𝐴𝐴 𝐴𝐴0 = 10m s

−1 , 
the e-folding time is 0.91 day, indicating that the unstable disturbance can grow 
by 10 times in 2 days. Therefore, it is possible for billows to form and become 
matured in a few days. These estimates suggest that the vortex-like features can 
indeed be explained as the vortices arising from barotropic instability.

4. Discussion
The initiation of barotropic instability requires the formation of a narrow 
sheared region. As for the ITCZ breakdown on the Earth, low-level 

Figure 3. Arrows: horizontal wind deviations from the westward solid body 
rotation at the speed of 75 𝐴𝐴 ms

−1 at the equator. The winds are derived from the 
seven images from 08 to 14 UTC, 25 August 2016; the grid points are defined 
in terms of the image at 08 UTC. The length scale of the arrows is shown on 
the lower-right margin in 𝐴𝐴 ms

−1 . Gray-scale shading: the 2.26 μm radiance at 
08 UTC (𝐴𝐴 Wm

−2
sr

−1
m

−1 ).

Figure 4. (Black crosses) zonal-mean zonal winds obtained from the 2.26 μm images obtained at (a) 15 to 21 UTC, 20 
August 2016, and (b) 08 to 14 UTC, 25 August 2016. (Red curves) absolute vorticity computed from the mean zonal winds 
by using a central differentiation on the spherical geometry and smoothed by a 5-point running mean (which trims the 
latitudinal extent of the results).
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convergence is driven by intense latent heat release by cumulus convection. 
On Venus, the main driver of convection is not thought to be the latent heat 
release but radiation (e.g., Imamura & Hashimoto, 1998). How the large-scale 
barotropic instability like the present one can be initiated in the cloud region 
of Venus is left for future studies.

Numerical modeling studies of the Venusian atmosphere also suggest the 
occurrence of baroclinic instability in the cloud region of Venus at mid to 
high latitudes (e.g., Sugimoto et al., 2014). Even though we have provided 
evidence that the vortex street reported in this study is not only qualitatively 
but also quantitatively consistent with barotropic instability, one could still 
argue that it may be attributed to baroclinic instability to some extent. Here 
we discuss this issue. Both instabilities are associated with the meridional 
gradient of potential vorticity and can create vortices in horizontal motions. 
The Charney-Stern theorem (Charney & Stern, 1962) unifies the two insta-
bilities, showing that both are associated with a basic state in which the gradi-
ent changes its sign somewhere inside the fluid or on its boundary. While 
barotropic instability is related to the interaction across horizontally adjacent 
regions with positive and negative gradients, baroclinic instability is related 
to that across vertically adjacent regions. In the real atmosphere, these two 
are not mutually exclusive. This is especially the case when a limited region 
of positive (negative) potential-vorticity gradients is surrounded by environ-
ment with negative (positive) gradients. Therefore, distinction can only be 
made whether the nature of an instability is more consistent with one of the 
two instability kinds. The case we studied might have baroclinic aspects, but 
the analysis shown in Section 3 strongly suggests that the primary nature of 
the vortex formation is barotropic instability.

5. Conclusions
We have shown that the IR2 camera onboard Akatsuki captured gigantic vortex-like features on 25 August 2016. 
From a comparison of winds on the day and a preceding day, and from a quantitative order estimation, it is shown 
that they are explained as arising from barotropic instability. Its spatial scale is by far greater than those of previ-
ously reported unstable vortex-like features on Venus, and it is greater than that of the largest vortices arising 
from barotropic instability observed in the Earth's troposphere. The present finding raises a question on how such 
instability can be initiated in the atmosphere of Venus.
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