
Equatorial jet in the lower to middle cloud layer of Venus 
revealed by Akatsuki

Takeshi Horinouchi1,2,*, Shin-ya Murakami2, Takehiko Satoh2,3, Javier Peralta2, Kazunori 
Ogohara4, Toru Kouyama5, Takeshi Imamura6, Hiroki Kashimura7, Sanjay S. Limaye8, Kevin 
McGouldrick9, Masato Nakamura2, Takao M. Sato2, Ko-ichiro Sugiyama10, Masahiro 
Takagi11, Shigeto Watanabe12, Manabu Yamada13, Atsushi Yamazaki2, and Eliot F. Young14

1Faculty of Environmental Earth Science, Hokkaido University, N10W5, Sapporo, Hokkaido 
060-0810, Japan

2Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency

3Department of Space and Astronautical Science, School of Physical Sciences, SOKENDAI

4School of Engineering, University of Shiga Prefecture

5Artificial Intelligence Research Center, National Institute of Advanced Industrial Science and 
Technology

6Graduate School of Frontier Sciences, the University of Tokyo

7Department of Planetology / Center for Planetary Science, Kobe University

8Space Science and Engineering Center, the University of Wisconsin-Madison

9Laboratory for Atmospheric and Space Physics, University of Colorado Boulder

10National Institute of Technology, Matsue College

11Division of Science, Kyoto Sangyo University

12Space Information Center, Hokkaido Information University

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms
*Corresponding author: Takeshi Horinouchi, horinout@ees.hokudai.ac.jp. 

Author contributions
T.H. developed automated cloud tracking and error evaluation methods, corrected the bore-sight of IR2 nightside images, conducted 
tracking, and interpreted the results. S.M. and K.O. contributed cloud tracking programing. T.S, T.M.S., K.S, T.I., and M.N. conducted 
IR2 observations and contributed to the operation of Akatsuki and observation planning. K.O, T.K., H.K., and M.T. developed the 
bore-sight correction applied to dayside images, and they also developed geographical mapping. J.P. conducted manual tracking with 
IR2 data based on independent geographical mapping. T.S, J.P., T.K., S.S.L., M.T. and E.F.Y. helped scientific interpretation and the 
review of previous studies. S.W., M.Y., and A.Y. conducted UVI observations. E.F.Y. conducted IRTF observations and the tracking 
with them. K.M. contributed by optical and cloud-physical interpretation.

Competing financial interests
The authors declare no competing financial interests.

Supplementary animation GIF file
Unfiltered two-hourly 2.26-μm radiance observed with IR2 from 12 h UTC, July 11 to 2 h UTC, July 12, 2016. It is false-colored as 
shown at the bottom (W m−2 sr−1 μm−1). The data are map-projected as if it were observed from an infinite distance at the longitude 
of 355° and the equator. The original images between 18 and 22 h include the dayside, but the white-out regions are not entirely 
saturated, since we set color-scales for good nightside representation. The other original images were obtained by removing the 
dayside from the field of view.
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Abstract

The Venusian atmosphere is in a state of superrotation where prevailing westward winds move 

much faster than the planet’s rotation. Venus is covered with thick clouds that extend from about 

45 to 70 km altitude, but thermal radiation emitted from the lower atmosphere and the surface on 

the planet’s night-side escapes to space at narrow spectral windows of near-infrared. The radiation 

can be used to estimate winds by tracking the silhouettes of clouds in the lower and middle cloud 

regions below about 57 km in altitude. Estimates of wind speeds have ranged from 50 to 70 m/s at 

low- to mid-latitudes, either nearly constant across latitudes or with winds peaking at mid-

latitudes. Here we report the detection of winds at low latitude exceeding 80 m/s using IR2 camera 

images from the Akatsuki orbiter taken during July and August 2016. The angular speed around 

the planetary rotation axis peaks near the equator, which we suggest is consistent with an 

equatorial jet, a feature that has not been observed previously in the Venusian atmosphere. The 

mechanism producing the jet remains unclear. Our observations reveal variability in the zonal flow 

in the lower and middle cloud region that may provide new challenges and clues to the dynamics 

of Venus’s atmospheric superrotation.

Introduction

The planet Venus rotates westward with a very low angular speed corresponding to a period 

of 243 days, but its atmosphere rotates in the same direction at much higher angular speeds1. 

This superrotation reaches its maximum near the cloud top located at around the altitude of 

70 km, where the rotational periods are 3 to 5 days, several tens of times faster than the 

planetary rotation1,2. Measurements by entry probes like Veneras, Pioneer Venus 

Multiprobe, and VEGA balloons revealed that zonal wind speeds below the cloud top 

decreases quasi-linearly with depth2–4. Despite the long history of studies of the 

superrotation5–12, its mechanism continues to be a focus of research13,14.

Two distinct atmospheric spectral windows between the wavelengths of 1.6 and 2.6 μm 

enable tracking clouds from ground-based observations15. It has been noted16 that the 

observed near-infrared (NIR) radiance has spatial variation owing to the spatial variation of 

optical thickness of condensational clouds below 57 km where static stability is low17, the 

region traditionally called the lower (47—50 km) and middle (50—57 km) cloud regions18. 

The NIR image tracking was later applied for spacecraft observations during the Galileo 

flyby19 and with the Venus Express orbiter20,21. These and other previous studies 

consistently measured the zonal wind speeds in the lower to middle cloud layer in the range 

of 50 to 70 m/s over low to mid latitude, weakly peaking at mid-latitude15–24. In contrast, 

Crisp et al25 performed a two-month campaign of ground-based observations in 1990 

covering Galileo’s Venus flyby and found that features with horizontal scales greater than 

2,000 km tend to move faster than smaller-scale features. These large-scale features moved 

roughly at a uniform angular velocity (solid-body rotation) and westward speeds around 80 

m/s at the equator. They speculated that the apparent coexistence of distinct rotational speeds 
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may reflect motions at different altitudes; for example, large and small features may reflect 

motions in the middle and lower cloud regions, respectively. The speculation, however, has 

not been confirmed by later studies.

Akatsuki observations and cloud tracking

Akatsuki was launched in 2010, and after the failure of the first orbit insertion in the same 

year, it was successfully maneuvered to start orbiting Venus on Dec 7, 201526,27. Its orbital 

period is about 11 days, and its low orbital inclination (<10°) makes it suitable to observe 

low latitudes. Akatsuki is equipped with cameras designed to sense the Venusian atmosphere 

and clouds at multiple wavelengths. One of them, the Longwave Infrared Camera (LIR) 

detected a surprisingly large planetary-scale stationary gravity wave28.

In this study, we mainly use data from the IR2 camera, the 2-μm infrared camera onboard 

Akatsuki, which images the planet between 1.74 to 2.32 μm26,27,29 through four narrow 

band filters. IR2 started imaging in March 2016. As the orientation of Akatsuki’s elongated 

elliptical orbit is nearly fixed in the inertial space, times favored for day-side or night-side 

observations alternate in a Venus year. April-June 2016 was the season for day-side 

observations, while March, July, and August, 2016 were favorable for night-side 

observations. In this study, we use data obtained when the satellite was relatively close to 

Venus in March, July, and August, 2016. For comparison, we also use data from the 

instrument UVI, the ultraviolet imager of Akatsuki, which images the cloud top with 

scattered sunlight26,27.

In this study, we use a novel automated cloud tracking method30,31, which is more precise 

and more reliable than previously used methods32. The template size used is 7.5°×7.5°. To 

rule out the tracking of cloud features other than passive tracers (like atmospheric 

waves28,31), the results were manually verified by human eyes. Error evaluation is made 

with a novel method30. We also conduct independent manual tracking33 to double-check. 

See Methods for more details.

Equatorial jet on July 11-12, 2016

Figure 1a shows the horizontal velocities (arrows) obtained from four 2.26 μm images taken 

at every two hours from 20:03 UTC, July 11, 2016. During the six-hours, the sub-spacecraft 

points moved from 4°W, 5°N to 13°W, 8°N, close to the longitude of sunset (2–3°E). The 

winds are obtained between the local times 19:00 and 22:30 (see the abscissa of Fig. 2a and 

the tracer longitudes at end of cloud tracking shown in Fig. 1d). The wind field displayed in 

Fig. 1a is dominated by westward flow as reported in the previous studies with NIR 

observations15–22. However, the trajectories associated with the results (“+” marks) indicate 

that rotational speed peaks near the equator, which is also apparent in the clouds’ 

displacements in high-pass filtered images (Fig. 1b-d).

The longitudinal average of zonal wind (Fig. 2b) displays a clear wind-speed maximum of 

about 85 m/s slightly to the north of the equator, corresponding to a rotation period of about 

5 days. It is not only the wind speed but also the angular speed around the rotational axis 

peaks near the equator, a feature previously unseen at any altitude. Accordingly, the angular 
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momentum is also maximized there. Manual tracking independently confirmed this result. 

The present equatorial zonal flow is much faster than previously reported15–22 except for the 

motion of large-scale features reported by Crisp et al16. Note that our results are obtained by 

tracking small-scale features by using 7.5°×7.5° templates.

We shall call the feature exhibiting a rotational speed maximum near the equator as the 

equatorial jet. Since it has not been observed previously, to assert its reality would require 

further examination. Specifically, one may suspect that the angular speed contrast is mainly 

in the vertical direction rather than in the meridional direction and the near equatorial winds 

we obtained reflect the flow at higher altitude than that at higher latitude. To examine it, we 

focus on small regions where NIR radiance is especially large as shown in Figure 3. The 

bright spots are called “holes”34,35, since it indicates that the cloud optical thickness is much 

smaller than their surroundings. Figure 3a–c shows the time evolution of a narrow (~ 100 

km) hole extending over 19°N–27°N. The hole is zonally elongated with time, with the 

southern and northern ends advected westward by 81 and 75 m/s, respectively. The 

difference is likely due mainly to horizontal shear, since the hole is continuous, so it is rather 

unnatural to suppose that it is due to a shallow (say, 2–3 km) cloud clearing whose mean 

altitude changes gradually and significantly with latitude (say, from around the 

condensational cloud base at the northern end to around the middle cloud region at the 

southern end). Figure 3d–f shows a hole at 14°N advected westward by 86 m/s, which is 

close to the peak speed of the jet. Since it is isolated, one cannot rule out that it is associated 

with cloud clearing at altitude much higher than that of the other hole at 20°N (advected by 

82 m/s) or the hole in Fig. 3a–c mentioned above. However, it is rather ad hoc to suppose so. 

Therefore, we can conclude that the jet feature is likely due mainly to horizontal wind 

differences. It is also noteworthy that the bright holes we mentioned above can possibly 

extend over a significant depth (say, > 5 km) in the lower and middle cloud regions, as can 

be inferred from modeling studies35,36. In this case, the fact that the narrow hole persisted 

over more than 12 hours would either mean that the vertical shear is weak or that there is a 

dynamical/microphysical mechanism to maintain it against shear as in the convective clouds 

on the Earth. In the latter case, cloud movement would represent a mean velocity over the 

depth.

Figure 2c shows the absolute vorticity computed from the longitudinal-mean zonal wind 

shown in Fig. 2b and the planetary vorticity; here, contribution of the meridional wind 

component, which is found small, is not included. Its absolute value is about 2×10−5 s−1 at 

30°N and 20°S. If we naively compute its meridional gradient (7×10−12 m−1 s−1), it is 

roughly 30% of the “beta” value (meridional gradient of the vertical component of planetary 

vorticity) at the equator of the Earth (2.3×10−11 m−1 s−1).

Cloud top winds

Figure 4 shows zonal velocity obtained from dayside cloud-top images of reflected sunlight 

on July 11, 2016, corresponding to a region located about 80° eastwards (upstream of the 

mean zonal flow). Wind speeds from the UVI (365 nm, Fig. 4a) and IR2 (2.02 μm, Fig. 4b) 

are consistent with each other and exhibits a weak wind-speed minimum at around the 
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equator, as sometimes observed37. The associated meridional gradient zonal absolute 

vorticity is roughly 1/10 of the Earth’s beta value (not shown).

Temporal variability

Figure 5 shows examples of mean zonal flow obtained with 2.26-μm IR2 nightside images at 

different occasions. During March 25, 2016 (Fig. 5a), zonal wind speeds are smaller than on 

July 11. Since the rotational angular speed does not exhibit a peak, we do not call the low-

latitudinal wind-speed maximum as the equatorial jet. The result is consistent with previous 

observations15–22 within uncertainties. Nightside IR2 observations before July, 2016 are 

rather limited. A preliminary analysis for another day, April 15 (not shown), suggests that 

the zonal wind speeds near the equator are roughly between those on March 25 and July 11.

During August 2016, IR2 nightside observations were more frequent. The zonal wind at low 

latitude changes with time, but the equatorial jet seems persistent over August. A clear 

example can be found in Fig. 5b, which shows the results for August 13 and 15. Although 

there is a time difference of 2.5 days, corresponding to a half of the rotational period, 

equatorial jet features are quite similar, indicating their persistency. In contrast, Fig. 5c 

shows that zonal wind profiles obtained for August 25 and 26 have profiles markedly 

different compared to the other dates, and the latitude where wind speed is maximized are 

changed from the southern to the northern hemisphere during the interval of 1.5 days. Future 

wind measurements of existing data to complete the time coverage of August are expected to 

provide a more detailed insight about the transitions among the different wind profiles 

exhibited here.

We earlier investigated the holes in the July 11–12 images to examine the altitude issue. 

Similar characteristics are observed in the above August cases (not shown); although 

significant holes are not observed at the jet core, deformation of holes on its flank suggests 

that the jet is predominantly a horizontal feature.

The appearance and disappearance of the equatorial jet suggest that it may be subject to a 

type of long-term episodic event, what might also explain why it has not been reported in 

previous works. Actually, previous works are quite limited in terms of temporal coverage: 

Galileo/NIMS observed the Venus nightside only for some hours during the flyby19, and the 

wind measurements for low latitude with Venus Express/VIRTIS are severely limited20,21. 

Ground-based observations helped to extend the time coverage, but measurement errors due 

to the low spatial resolution of the images precluded the identification of clear wind 

features22. Additional cloud-tracking using ground-based NIR observations with NASA’s 

Infrared Telescope Facility (IRTF) in September, 2007 also suggest an equatorial westward 

flow faster than 80 m/s.

Concluding remarks

This study revealed that the zonal flow in the lower and middle cloud regions has greater 

variability than was previously thought. The mechanism to create the equatorial jet is yet to 

be elucidated. The angular speed maximum indicates that it will not be created by a simple 

horizontal eddy diffusivity like the one supposed in theoretical studies7,8,38, which smoothes 
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angular velocity. Since the cloud-top level zonal wind is faster, downward momentum 

transport could create the equatorial jet. However, it is not straightforward to occur, since the 

upper cloud layer has stable stratification39. Vertical or horizontal momentum transport by 

atmospheric waves is a candidate. Interestingly, a numerical study11 showed that 

atmospheric thermal tides created weak equatorial jets in the middle to upper cloud layer. 

Similar and more pronounced equatorial jets were found recently in a Venus general 

circulation model40.

The mechanism of the superrotation in the Venusian atmosphere can be separated into two 

basic unknowns: one, the long-term torque balance between the whole atmosphere and the 

solid part of Venus, and, the other, the angular-momentum redistribution within the 

atmosphere to create a superrotation much faster than planetary rotation. The present 

discovery of the equatorial jet is expected to provide valuable hints and challenges on the 

latter aspect.

Methods

Automated cloud tracking

We used the version 0.2.1 IR2 nightside data, the version 0.2.1.1 IR2 dayside data, and the 

version 0.2.2.1 UVI data. The dayside image data are mapped onto a longitude-latitude grid 

with a resolution of 0.125° after correcting the bore-sight direction from the original 

navigation data by limb fitting41, and a correction of the directional dependence of sunlight 

reflection is applied41. The nightside data are mapped onto the same grid, but the bore-sight 

direction from the original navigation data is corrected by maximizing the radial (inward, 

with respect to the sub-spacecraft point) component of the gradient of radiance. Before 

conducting cloud tracking, all the gridded data are applied with a two-dimensional band-

pass filter with Gaussian functions with the sigma values 0.25° for low-pass and 3° for high-

pass with latitude and 0.25°/cosϕ for low-pass and 3°/cosϕ for high-pass with longitude, 

where ϕ is latitude31 (the cosϕ factor is to compensate the length change in the circles of 

latitude, which is not applied in Fig. 1).

Cloud tracking was conducted with an enhanced cross-correlation method, where multiple 

cross-correlation surfaces are combined to estimate the horizontal velocity at a specific 

location30, and a novel error correction/elimination method is applied31. Specific settings are 

as in our latest paper31 except for the template size and the number of images used along 

with their time interval, which depend on quality considerations and data availability.

The size of the template images (sub-regions used to compute cross-correlation) is 7.5°×7.5° 

in this study; we checked the consistency among the results with smaller template sizes. 

Derived cloud-motion vectors are defined at the center of the template region at the initial 

time (see Fig. 1a); the wind derivation is conducted every 3° (Fig. 1a). Note that we use the 

spatial superposition of cross-correlation surfaces associated with nearby template 

regions30,31. As a result, a wind vector represents motion over an area greater than the 

template size, say 12°. No smoothing is applied to derived vectors.
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The obtained velocity vectors are screened to retain only the ones with the peak correlation-

coefficient values greater than 0.6 and the measures of precision, termed ε in our previous 

works30,31 (computed from the sharpness of cross-correlation surfaces; see below for a 

further explanation) smaller than 15 m/s for nightside tracking (10 m/s for dayside tracking). 

Also, a post-process to eliminate inconsistent results is applied31. The results are verified by 

human-eyes in a way similar to conduct manual tracking.

The actual images used are as follows: four two-hourly images for IR2 nightside tracking 

starting at 20 h UTC, July 11, 0 h UTC, August 13, 11 h UTC, August 15, 4 h UTC, August 

25, or 16 h UTC, August 26. The results presented in this study are based on the images 

obtained with the 2.26-μm filter, but we also conducted cloud tracking with the other two 

filters for nightside (1.74 and 2.32 μm) and confirmed that the results are consistent with 

each other. As for the nightside tracking for March 25, we only used two 2.26-μm images at 

7 and 11 h UTC, since these two are the only available 2.26-μm images on the day. We also 

have another image at 7 h UTC with the 1.74-μm filter, so we conducted cloud tracking with 

this image and the 2.26-μm image at 11 h UTC for comparison. The two tracking results are 

remarkably consistent with each other. Dayside cloud tracking was conducted using three 

two-hourly images obtained at 7, 9, 11 h UTC, July 2016 for each of UVI 365-nm and IR2 

2.02-μm images.

Error estimation of the automated cloud tracking

We estimated the uncertainty of the mean zonal winds shown in Figs. 2a, 3, and 4 as follows:

e = εu
2 /N  +  b2 1/2

The error bars in the figures show ±e of the estimated mean wind. Here, εu represents the 

zonal-direction contribution to the parameter ε mentioned above (specifically, εu is the 

greatest among ε1u and ε2u defined in our previous work30, but it is very close to ε in most 

cases). These ε values are derived from the lower confidence bound of cross-correlation at 

the significance level of 90 %30. To evaluate the uncertainty of zonal mean, εu at each wind-

vector grid point is first binned over four grids (a bin consists of four consecutive grid 

points) by considering the oversampling as stated above. Their square values are averaged 

along longitude, which is expressed as εu
2 . It is then divided by the number of bins, N, at 

each latitudinal grid, which represents the effective degrees of freedom. The term b 
represents possible uncertainty due to incorrect positioning. We have confirmed that it is 

negligible for dayside images (manuscript in preparation), so it is simply set to zero. We 

estimated the uncertainty for the IR2 nightside images as described in the next paragraph. 

The resultant b values are generally much smaller than the εu
2 /N 1/2

 values, but it is not 

necessarily negligible.

The planetary extent in the IR2 nightside images is sometimes obscure, so careful treatment 

is needed to evaluate the accuracy of the pointing correction. The task was undertaken by 
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comparing cloud tracking results conducted with two images at the time interval of two 

hours (for example, from two-hourly images between 8 and 16 h of a day, four wind 

estimates were obtained by using the image pairs taken at 8&10, 10&12, 12&14, and 14&16 

h). We then computed the unbiased standard deviation of the areal mean winds equatorward 

of 30°N and 30°S within a day. The results over multiple days consistently suggested that 

the standard error associated with the combined six-hourly tracking conducted in this study 

is roughly equal to or smaller than 1 m/s (it is 3 m/s if two-hourly tracking is made). The 

error arises not only from the insufficient positioning correction but also from other factors. 

However, we simply attributed it to the former for safety. For consistency with the definition 

of ε, the standard error was expanded by a factor of 1.7 to comply with the 90-percentile. 

Therefore, we set b = 1.7 m/s for the six-houryly tracking (July and August, 2016) and 

b = 2.5 m/s for the four-hourly tracking (March 25, 2016).

Manual cloud tracking

A manual cloud tracking was conducted following an earlier study33 for the nightside IR2 

observation in July 11—12, 2016. The tracking was done independently, and we did not 

share the pre-processes including bore-sight correction.

Cloud tracking with the 2007 IRTF data

The cloud tracking was made with two methods; one is the automated tracking using the 

computer program described on a Website (http://www.skycoyote.com/FITSFlow/), and the 

other is manual tracking by a human operator.

Data availability

The data that support the findings of this study are available from the Akatsuki science data 

archive site http://darts.isas.jaxa.jp/planet/project/akatsuki/. The data will also be available 

from NASA’s Planetary Data System (https://pds.nasa.gov/): Atmospheres Node.

Code availability

The computer program for the automated cloud tracking is currently not available, but will 

be made available in the future at http://darts.isas.jaxa.jp/planet/project/akatsuki/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We sincerely thank the numerous people who contributed to create and operate Akastuki spacecraft. We also thank 
the two anonymous reviewers for providing valuable comments that helped improve this paper. This study is 
supported by the following grants: JSPS KAKENHI 15K17767, 16H02225, and 16H02231, 16K17816; NASA 
Grant NNX16AC79G; JAXA’s International Top Young Fellowship (ITYF). All figures and the supplementary 
movie were created using the GFD-Dennou Club graphic library, DCL.

Horinouchi et al. Page 8

Nat Geosci. Author manuscript; available in PMC 2018 June 07.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript

http://www.skycoyote.com/FITSFlow/
http://darts.isas.jaxa.jp/planet/project/akatsuki/
https://pds.nasa.gov/
http://darts.isas.jaxa.jp/planet/project/akatsuki/


References

1. Schubert, G. General circulation and the dynamical state of the Venus atmosphere. In: Hunten, 
DM.Colin, L.Donahue, TM., Moroz, VI., editors. Venus. Univ. Arizona Press; 1983. p. 681-765.

2. Schubert G, et al. Structure and circulation of the Venus atmosphere. Journal of Geophysical 
Research: Space Physics. 1980; 85(A13):8007–8025.

3. Marov M, et al. Venera 8: Measurements of temperature, pressure, and wind velocity on the 
illuminated side of Venus. J Atmos Sci. 1973; 30:1210–1214.

4. Antsibor NM, et al. Estimates of wind velocity and turbulence from relayed Doppler measurements 
of the velocity of the descent vehicles of the Venera 9 and Venera 10 automatic space probes. 
Kosmicheskie Issledovaniia. 1976; 14:714–721.

5. Schubert G, Whitehead JA. Moving flame experiment with liquid mercury: Possible implications for 
the Venus atmosphere. Science. 1969; 163(3862):71–72. [PubMed: 17780176] 

6. Fels SB, Lindzen RS. The interaction of thermally excited gravity waves with mean flows. 
Geophysical and Astrophysical Fluid Dynamics. 1974; 6(2):149–191.

7. Gierasch PJ. Meridional circulation and the maintenance of the Venus atmospheric rotation. Journal 
of the Atmospheric Sciences. 1975; 32(6):1038–1044.

8. Matsuda Y. Dynamics of the four-day circulation in the Venus atmosphere. Journal of the 
Meteorological Society of Japan. 1980; 58(6):443–470.

9. Yamamoto M, Tanaka H. Formation and maintenance of the 4-day circulation in the Venus middle 
atmosphere. Journal of the atmospheric sciences. 1997; 54(11):1472–1489.

10. Yamamoto M, Takahashi M. The fully developed superrotation simulated by a general circulation 
model of a Venus-like atmosphere. Journal of the atmospheric sciences. 2003; 60(3):561–574.

11. Takagi M, Matsuda Y. Effects of thermal tides on the Venus atmospheric superrotation. J Geophys 
Res (Atmospheres). 2007; 112:D09112.

12. Lebonnois S, Hourdin F, Eymet V, Crespin A, Fournier R, Forget F. Superrotation of Venus’ 
atmosphere analyzed with a full general circulation model. J Geophys Res (Planets). 2010; 
115:E06006.

13. Lebonnois, S., Lee, C., Yamamoto, M., Dawson, J., Lewis, SR., Mendonca, J., Read, P., Parish, 
HF., Schubert, G., Bengtsson, L., Grinspoon, D., Limaye, SS., Schmidt, H., Svedhem, H., Titov, 
DV. Towards Understanding the Climate of Venus. Springer; 2013. Models of Venus atmosphere; 
p. 129ISSI Scientific Report Series, 11

14. Mendonça JM, Read PL. Exploring the Venus global super-rotation using a comprehensive General 
Circulation Model. Planetary and Space Science. 2016; 134:1–18.

15. Allen DA, Crawford JW. Cloud structure on the dark side of Venus. Nature. 1984; 307:222–224.

16. Crisp D, Sinton WM, Hodapp KW, Ragent B, Gerbault F, Goebel JH, Probst RG, Allen DA, Pierce 
K, Stapelfeldt KR. The nature of the near-infrared features on the Venus night side. Science. 1989; 
246:506–509. [PubMed: 17788700] 

17. Pollack JB, Toon OB, Boese R. Greenhouse models of Venus’high surface temperature, as 
constrained by Pioneer Venus measurements. J Geophys Res. 1980; 85:8223–8231.

18. Knollenberg RG, Hunten DH. The microphysics of the clouds of Venus: Results of the Pioneer 
Venus Particle Size Spectrometer Experiment. J Geophys Res. 1980; 85:8038–8058.

19. Carlson RW, Baines KH. Galileo infrared imaging spectroscopy measurements at Venus. Science. 
1991; 253(5027):1541–1548. [PubMed: 17784099] 

20. Sánchez‐Lavega A, et al. Variable winds on Venus mapped in three dimensions. Geophysical 
Research Letters. 2008; 35:L13204.

21. Hueso R, Peralta J, Sánchez-Lavega A. Assessing the long-term variability of Venus winds at cloud 
level from VIRTIS–Venus Express. Icarus. 2012; 217(2):585–598.

22. Limaye S, Warell J, Bhatt BC, Fry PM, Young EF. Multi-observatory observations of night-side of 
Venus at 2.3 micron-atmospheric circulation from tracking of cloud features. Bulletin of the 
Astronomical Society of India. 2006; 34:189.

Horinouchi et al. Page 9

Nat Geosci. Author manuscript; available in PMC 2018 June 07.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



23. Newman M, Schubert G, Kliore AJ, Patel IR. Zonal winds in the middle atmosphere of Venus from 
Pioneer Venus radio occultation data. Journal of the Atmospheric Sciences. 1984; 41(12):1901–
1913.

24. Kerzhanovich VV, Limaye SS. Circulation of the atmosphere from the surface to 100 km. 
Advances in Space Research. 1985; 5(11):59–83.

25. Crisp D, et al. Ground-based near-infrared imaging observations of Venus during the Galileo 
encounter. Science. 1991; 253(5027):1538–1541. [PubMed: 17784098] 

26. Nakamura M, et al. Overview of Venus orbiter, Akatsuki. Earth, planets and space. 2011; 63(5):
443–457.

27. Nakamura M, et al. AKATSUKI returns to Venus. Earth Planets Space. 2016; 68:75.

28. Fukuhara T, et al. Large stationary gravity wave in the atmosphere of Venus. Nature Geoscience. 
2017; 10(2):85–88.

29. Satoh T, et al. Development and in-flight calibration of IR2: 2-μm camera onboard Japan’s Venus 
orbiter, Akatsuki. Earth, Planets and Space. 2016; 68:74.

30. Ikegawa S, Horinouchi T. Improved automatic estimation of winds at the cloud top of Venus using 
superposition of cross-correlation surfaces. Icarus. 2016; 271:98–119.

31. Horinouchi T, et al. Image velocimetry for clouds with relaxation labeling based on deformation 
consistency. Measurement Science and Technology. 2017; 28(8):085301. https://doi.org/
10.1088/1361-6501/aa695c. 

32. Kouyama T, Imamura T, Nakamura M, Satoh T, Futaana Y. Long‐term variation in the cloud‐
tracked zonal velocities at the cloud top of Venus deduced from Venus Express VMC images. 
Journal of Geophysical Research: Planets. 2013; 118(1):37–46.

33. Peralta J, Hueso R, Sánchez-Lavega A. A reanalysis of Venus winds at two cloud levels from 
Galileo SSI images. Icarus. 2007; 190(2):469–477.

34. Grinspoon DH, et al. Probing Venus’s cloud structure with Galileo NIMS. Planetary and space 
science. 1993; 41(7):515–542.

35. McGouldrick K, Toon OB. An investigation of possible causes of the holes in the condensational 
Venus cloud using a microphysical cloud model with a radiative-dynamical feedback. Icarus. 
2007; 191(1):1–24.

36. Imamura T, Hashimoto GL. Microphysics of Venusian clouds in rising tropical air. J Atmos Sci. 
2001; 58(23):3597–3612.

37. Limaye SS. Venus atmospheric circulation: Known and unknown. Journal of Geophysical 
Research: Planets. 2007; 112:E04S09.

38. Kashimura H, Yoden S. Regime Diagrams of solutions in an idealized quasi-axisymmetric model 
for superrotation of planetary atmospheres. Journal of the Meteorological Society of Japan. 2015; 
93(2):309–326.

39. Zasova LV, Ignatiev N, Khatuntsev I, Linkin V. Structure of the Venus atmosphere. Planetary and 
Space Science. 2007; 55(12):1712–1728.

40. Lebonnois S, Sugimoto N, Gilli G. Wave analysis in the atmosphere of Venus below 100-km 
altitude, simulated by the LMD Venus GCM. Icarus. 2016; 278:38–51.

41. Ogohara K, et al. Automated cloud tracking system for the Akatsuki Venus Climate Orbiter data. 
Icarus. 2012; 217:661–668.

Horinouchi et al. Page 10

Nat Geosci. Author manuscript; available in PMC 2018 June 07.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript

https://doi.org/10.1088/1361-6501/aa695c
https://doi.org/10.1088/1361-6501/aa695c


Figure 1. High-pass filtered radiance at 2. 26 μm, horizontal velocities and associated trajectories 
for July 11-12, 2016
Grey-scale shading (a-d) represents the four two-hourly nightside IR2 radiance from 20:03 

UTC, July 11 used for cloud tracking (W m−2 sr−1 μm−1). It is high-pass filtered by the two-

dimensional Gaussian filter whose half-width at half-maximum is 4° in both longitude and 

latitude, which is similar to the filtering for cloud tracking (see Methods). Arrows (a) show 

the horizontal velocities (scale in m/s shown on the right-hand side). Colored “+” symbols at 
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the initial time (a) show the centers of the template regions for cloud tracking, while those at 

later times (b-d) show their positions advected linearly by the velocities.
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Figure 2. Zonal wind and vorticity in the lower and middle cloud regions in July 11-12, 2016
Zonal (east-west) wind is defined as positive if it is eastward. a: Longitude (as well as local 

time)—latitude plot of zonal wind (m/s) in Fig. 1a. b: Longitudinal average of the zonal 

wind in a. The error bars show the uncertainty limit derived from the sharpness of cross-

correlation peaks and estimated pointing accuracy (see Methods). Curves show the 

corresponding rotation periods: 4, 5, 6, and 8 Earth days from left to right. c: absolute 

vorticity (s−1) derived only from the mean zonal wind in b by using the central 

differentiation and the planetary vorticity.
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Figure 3. Close up to show the movement of radiance “holes” (bright spots) on July 11-12, 2016
Similar to Fig. 1, but gray-scale shading shows unfiltered radiance (W m−2 sr−1 μm−1) over 

longer time-ranges (observational time is indicated in each panel). The numeric texts on 

bright spots (holes) such as “75” show the speeds in m/s at which they are moved westward 

across the panels a,b,c or d,e,f to indicate the speed the holes’ movement. In order to 

crudely adjust the offset owing to the leak from dayside brightness, constant values are 

subtracted in some panels (0.02 in b and e, 0.08 in d).
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Figure 4. Zonal winds at the cloud top derived from UVI (365 nm) and IR2 (2.02 μm) data for 
July 11, 2016
a: Derived from three images obtained by UVI at 7, 9, and 11 h UTC, July 11, 2016 with the 

365-nm filter; b: derived from the three images obtained by IR2 at 7, 9, and 11 UTC, July 

11, 2016 with the 2.02-μm filter. Curves show the corresponding rotation periods: 3, 4, and 5 

Earth days from left to right. See the caption of Fig.2b for error bars.
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Figure 5. Zonal winds in the lower cloud at various times
The plot is as in Fig. 2b, but for the results of cloud tracking using images obtained on (a) 

March 25, (b) August 13 (black) and 15 (red), and (c) August 25 (black) and 26 (red). The 

local time ranges covered are approximately 0 to 4 h (March 25), 21:30 to 1:30 (August 13), 

18:30 to 23 h (August 15), 18:30 to 23 h (August 25), and 19:30 to 24 h (August 26); the 

coverages for August 25 and 26 are in terms of the equator to southern hemisphere, and it is 

narrower in the northern hemisphere.
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