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The nightside cloud-top circulation of the 
atmosphere of Venus

Kiichi Fukuya1, Takeshi Imamura2 ✉, Makoto Taguchi3, Tetsuya Fukuhara3, Toru Kouyama4, 
Takeshi Horinouchi5, Javier Peralta6,7, Masahiko Futaguchi8, Takeru Yamada3, Takao M. Sato9, 
Atsushi Yamazaki10, Shin-ya Murakami10, Takehiko Satoh10, Masahiro Takagi11 & 
Masato Nakamura10

Although Venus is a terrestrial planet similar to Earth, its atmospheric circulation is 
much different and poorly characterized1. Winds at the cloud top have been measured 
predominantly on the dayside. Prominent poleward drifts have been observed with 
dayside cloud tracking and interpreted to be caused by thermal tides and a Hadley 
circulation2–4; however, the lack of nightside measurements over broad latitudes has 
prevented the unambiguous characterization of these components. Here we obtain 
cloud-tracked winds at all local times using thermal infrared images taken by the 
Venus orbiter Akatsuki, which is sensitive to an altitude of about 65 kilometres5. 
Prominent equatorward flows are found on the nightside, resulting in null meridional 
velocities when these are zonally averaged. The velocity structure of the thermal tides 
was determined without the influence of the Hadley circulation. The semidiurnal tide 
was found to have an amplitude large enough to contribute to the maintenance of the 
atmospheric superrotation. The weakness of the mean meridional flow at the cloud 
top implies that the poleward branch of the Hadley circulation exists above the cloud 
top and that the equatorward branch exists in the clouds. Our results should shed 
light on atmospheric superrotation in other celestial bodies.

Venus—a terrestrial planet with a size similar to Earth—is covered by a 
thick atmosphere mainly composed of carbon dioxide1. Sulfuric acid 
clouds, which are thought to be photochemically produced from sul-
fur dioxide abundant in the atmosphere, cover the entire surface at 
altitudes of about 50–70 km. A global westward wind called the super-
rotation prevails with a maximum speed of about 100 m s−1 around the 
cloud-top level of 65–70 km, corresponding to a rotation period of 
about 4 days, in contrast to the planetary rotation period of about 243 
days1,2. Superrotation also exists in the atmosphere of Saturn’s moon 
Titan and is thought to occur on tidally locked exoplanets6–9.

About half of the solar flux absorbed by Venus is deposited in the 
clouds10, and thus strong thermal tides are thought to be generated 
in this region. Thermal tides are well represented by planetary-scale 
gravity (buoyancy) waves at low latitude, creating a solar-fixed oscil-
lation pattern. Theoretical and modelling studies have suggested 
that the thermal tides on Venus contribute to the maintenance of the 
superrotation by vertically transporting the angular momentum about 
the rotation axis3,11–14. Zonal acceleration by meridional momentum 
transport has also been suggested based on dayside cloud tracking4. 
Temperature measurements have shown the existence of thermal tides 
around the cloud top and above15–19. However, the structure of the tidal 
wind, which is directly related to the angular momentum transport, has 
been characterized only for the southern polar region, where cloud 

tracking using thermal infrared (3.9 μm and 5.0 μm) images obtained by 
the Venus Express Visible and Infrared Thermal Imaging Spectrometer 
(VIRTIS) has indicated poleward winds on the dayside and equatorward 
winds on the nightside20.

The strong solar heating of the clouds is also expected to induce a 
Hadley circulation, but this has yet to be observed. A Hadley circulation, 
which is a type of mean meridional circulation, consists of an upwelling 
in the equatorial region, a poleward flow at upper levels, a downwelling 
at higher latitudes and an equatorward return flow at lower levels. As the 
slow rotation of Venus implies a weak Coriolis force, the Hadley circula-
tion is thought to extend from the equator to the poles1,2,21, unlike that 
on Earth, where the strong Coriolis force prevents the Hadley circula-
tion from reaching high latitudes. The Hadley circulation probably has 
a major role in the maintenance of the thermal structure4,22, the super-
rotation7,21,23,24 and the material circulation sustaining the clouds25–28.

The two major responses of the atmosphere to the solar heating 
mentioned above—thermal tides and the Hadley circulation—are not 
well constrained due to the limited local time coverage of previous 
wind measurements2. Cloud tracking using ultraviolet images of the 
dayside (around 08:00–16:00 local time) cloud top has revealed 
the predominance of poleward flows with velocities in the range of 
5–10 m s−1 (refs. 29–32). These observed flows can be dominated by the 
poleward velocity phase of the thermal tides3,4,33. A contribution from 
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the Hadley circulation of the order of 1 m s−1 is also expected on the 
basis of energy budget considerations4,22,34,35. However, the expected 
nocturnal equatorward flow has not been confirmed except in the 
southern polar region20, and the contribution from the meridional 
circulation and the dominant modes of the thermal tides are yet to 
be resolved.

Infrared visualization of cloud motions
To solve this problem, global velocity measurements covering all local 
times have long been desired. Here we derive the velocity field covering 
all local times and a broad range of latitudes using cloud-top thermal 
images (Fig. 1a) in the wavelength region of 8–12 μm obtained by the 
Longwave Infrared Camera (LIR) onboard the Venus orbiter Akatsuki5,36. 
LIR is the first instrument to obtain long-term, continuous image data 
of Venus at thermal infrared wavelengths. The contribution function, 
which indicates the source altitude of the observed radiation, has a 
maximum around 65-km altitude with a full-width at half-maximum 
of about 10 km (ref. 5).

The LIR image sequences used in this study have a sampling interval 
of 1–2 h and a pixel resolution in the range of 35–200 km. The data cover 
the period from 23 December 2016 to 20 January 2019. To suppress the 
random noise and topography-related stationary features present in 
the original images37 (Fig. 1b), we applied a moving average in the time 
domain in a coordinate system that rotates with the superrotating 
background atmosphere, thereby highlighting drifting cloud patterns 
(Fig. 1c, Supplementary Videos 1–4). In the videos, small-scale fea-
tures drift poleward on the dayside and equatorward on the nightside 
(Fig. 1d). Cloud tracking was performed for these image sequences. 
Latitude–local time maps of the velocity with an effective resolution 
of about 30° in latitude and around 3 h in local time were obtained, as 
shown in Fig. 2 (Methods, Supplementary Videos 5 and 6 for the detailed 
procedure). The standard deviation of the velocity in each 10° × 1 h grid 
before averaging is typically about 10 m s−1 and the standard error is 
about 2 m s−1 (Extended Data Fig. 4); the latter is considered as the error 
in the latitude–local time map.

The meridional velocity is nearly hemispherically symmetric (Fig. 2a). 
Poleward flows become apparent at mid-latitudes on the dayside 
(09:00–16:00) with a peak velocity of about 6 m s−1 around noon to 
the early afternoon, which is about half of the estimate from ultraviolet 
cloud tracking29–32. On the nightside, by contrast, equatorward flows 
of similar magnitude are dominant around 17:00–24:00 local time,  
and the meridional flow is weaker or unclear around 00:00–08:00. The 
existence of the poleward flow on the dayside and the equatorward 
flow on the nightside with similar magnitudes is in rough agreement 
with the tidal structure in numerical models3,33.

The superrotating wind peaks around dawn and dusk at low latitudes 
(Fig. 2b). This zonal wavenumber-2 structure in the wind field is qualita-
tively similar to those seen in the numerical models3,33. The occurrence 
of the minimum superrotating velocity around noon at low latitude 
is consistent with ultraviolet observations3,4,32,38,39. A wavenumber-2 
structure has also been seen in the temperature field16–19.

Thermal tides
The observed local-time dependence was decomposed into 
wavenumber-1 (diurnal tide) and wavenumber-2 (semidiurnal tide) 
components, as shown in Fig. 3 (see Methods for the procedure). The 
Fourier transform of the velocity field shows the predominance of 
the wavenumber-1 and wavenumber-2 components (data not shown).  
The phase structures were found to be roughly reflection-symmetric 
with respect to the equator. The meridional velocity is dominated 
by the diurnal tide with an amplitude of about 3 m s−1 and the zonal 
velocity is dominated by the semidiurnal tide with an amplitude of 
about 3 m s−1. A similar feature appears at latitudes less than 45° in 
a Venus general circulation model (GCM), although the amplitudes 
are roughly two times larger33. The weak meridional winds at around 
00:00–08:00 (Fig. 2a) are interpreted to result from the diurnal and 
semidiurnal tides cancelling each other, and cannot be attributed to 
the measurement uncertainty (Methods). The dayside poleward flow 
and the nightside equatorward flow of the diurnal tide will extend to the 
polar region because the cloud tracking using VIRTIS thermal images 
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Fig. 1 | Processing of thermal images of Venus. a, Example of an LIR image 
(taken at 11:01 on 7 March 2018). b, Corresponding high-pass-filtered image 
projected onto cylindrical longitude–latitude geometry. c, Average of ten 
high-pass-filtered images taken at one-hour intervals in the superrotating 
coordinate system. d, e, A pair of high-pass-filtered and moving-averaged 

images separated by 21 h (e follows d), exhibiting bright streaks drifting 
equatorward with time (the same streaks are marked with crosses of the same 
colour). Each image is an average of six original images taken at one-hour 
intervals. The blue lines indicate 18:00 local time; the left-hand side is night and 
the right-hand side is day.
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revealed a similar structure at around 73–83° S20. Limaye40 decomposed 
the dayside cloud-tracked velocity field into the zonal mean, the diur-
nal component and the semidiurnal component. The estimated tidal 
amplitudes are about twice as large as those in our analysis, and the 

reproduced nightside flow is generally poleward, which is different 
from our result.

The weaker dayside meridional winds observed at infrared wave-
lengths compared with those observed at ultraviolet wavelengths might 
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Fig. 2 | Latitude–local time distributions of derived velocities. a, b, 
Meridional velocity (a) and zonal velocity (b). Northward and eastward 
velocities are taken to be positive. c, Velocity vectors, each of which is defined 
by the deviation of the zonal velocity from the local time average and the total 

meridional velocity. Arrows are scaled such that the distance occupied by 10°  
in latitude represents a meridional speed of 5 m s−1 and that occupied by 1 h in 
local time represents a zonal speed of 5 m s−1. d, Number of cloud-tracked 
vectors in each grid.
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Fig. 3 | Diurnal and semidiurnal components of derived velocities. a–d, 
Diurnal component of the meridional velocity (a), diurnal component of the 
zonal velocity (b), semidiurnal component of the meridional velocity (c) and 
semidiurnal component of the zonal velocity (d). Northward and eastward 

velocities are taken to be positive. The error in the amplitude is about 1 m s−1. 
The error in the phase is 2–3 h for the diurnal component and 0.5–2 h for the 
semidiurnal component, except in latitudinal regions where phase reversal 
occurs, for which the error is 3–4 h.
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be attributed to the approximately 4-km-lower altitude sensed in the 
infrared region41 and the increase of the tidal amplitude with height12,42. 
The smoothing of the vertical structure by the contribution function 
of LIR might also be responsible for the discrepancy depending on 
the vertical distribution of tracers. Linear tidal models suggest a verti-
cal wavelength of 10–20 km for the diurnal tide and 20–30 km for the 
semidiurnal tide at around 65-km altitude12,43, whereas a Venus GCM 
suggests much longer vertical wavelengths for these waves19,33. The 
amplitude of a sinusoidal function convolved with the contribution 
function is around 20% and 70% of the original amplitude for wave-
lengths of 15 km and 30 km, respectively.

The vertical transport of angular momentum by the thermal tides 
should contribute to the westward acceleration at the excitation alti-
tude of around 60 km (refs. 14,43). In the superrotating atmosphere, solar 
heating of the cloud layer with a day–night contrast excites thermal 
tides that have upstream (anti-superrotational) phase velocities relative 
to the background wind. The tides propagate vertically from the cloud 
level, thereby carrying upstream momentum away from the cloud-level 
atmosphere. This leads to an acceleration at the excitation altitude. 
Given our estimated amplitudes (Fig. 3), the acceleration caused by 
the semidiurnal tide is found to be much larger than that caused by 
the diurnal tide, although the amplitude of the diurnal tide might be 
more underestimated due to a shorter vertical wavelength12,43. Assum-
ing that the observed tidal amplitude represents that around 65 km 
and that the acceleration occurs over a scale height of 5.3 km around 
60 km altitude, the acceleration by the upward momentum transport 
is estimated to be approximately −0.075 ± 0.014 m s−1 d−1, although 
this value might be underestimated by a factor of up to 2 (Methods). 
This tidal acceleration is expected to be balanced by the deceleration 
caused by the upward branch of the Hadley circulation that transports 
air parcels with smaller zonal momentum from lower altitudes. This 
deceleration is estimated to be 0.21 ± 0.14 m s−1 d−1 (Methods). On the 
basis of the above estimates, the tidal acceleration can explain 40–70% 
of the acceleration required for maintenance of the superrotation. 
The numerical models also predict the downward propagation of the 
thermal tides from the cloud level to the lower atmosphere, which is 
accompanied by a downward momentum flux with a magnitude com-
parable to the upward momentum flux above the clouds14. In this case, 
the total acceleration would be roughly doubled. Horinouchi et al4. 
estimated, based on the amplitude inferred from dayside cloud-tracked 
winds, the vertical momentum convergence associated with the ther-
mal tides to be −0.3 m s−1 d−1, which is larger than the value above due 
to the larger amplitude adopted and the difference in the assumption 
of the altitude of wave excitation.

Mean circulation
The latitudinal distribution of the mean meridional velocity was 
obtained as shown in Fig. 4a (Methods). The velocity is around 1 m s−1 
or smaller as a result of the dayside poleward flow and the nightside 
equatorward flow cancelling each other. This is direct confirmation 
that the thermal tides rather than the Hadley circulation are the major 
contributor to the poleward flow observed at the dayside cloud tops. 
The meridional flow is almost zero at latitudes equatorward of around 
40° and marginally poleward at higher latitudes. It is noteworthy that 
such a structure appears around 65-km altitude in the mean meridional 
wind field diagnosed from the observed temperature distribution based 
on the radiative energy budget35.

Nonetheless, the above result does not rule out a Hadley circulation. 
A poleward circulation of 1–2 m s−1 is expected to exist from around the 
cloud top to around 75-km altitude to compensate for the latitudinal 
contrast of the net radiative heating and cooling4,22,34,35,44. On the basis 
of this constraint, the observed nearly zero velocity at low latitudes 
(<30–40°) suggests that the probed altitude is located between the 
poleward branch at upper levels and the equatorward branch at lower 

levels. By contrast, the cloud streak orientation in ultraviolet images 
suggests a poleward meridional circulation45; this might be attributed 
to the lower sensing altitude in the infrared region compared with that 
in the ultraviolet region41, with the latter being more sensitive to the 
flows in upper levels. Venus GCMs indicate that the transition from the 
lower-level equatorward flow to the upper-level poleward flow may 
occur around the cloud top (65–75 km)21,24,33.

The suggested meridional circulation structure has implications 
for the formation of the atmospheric structure. Given the decrease 
of the angular momentum per unit mass with latitude30, the angular 
momentum advection by the poleward branch will produce a jet core 
just above the clouds at mid-latitudes46 and the deceleration in the 
equatorward branch will enhance the vertical shear beneath the jet. 
The equatorward flow in the clouds will extend the lifetime of cloud 
particles that would otherwise be transported to the subcloud region 
by the downward branch and evaporate25. The weak poleward flow 
at higher latitudes indicates that the meridional circulation is more 
complicated than a single Hadley cell. Venus GCMs predict that indi-
rect cells can develop at the cloud level at high latitudes via baroclinic 
instability, which can occur in the presence of the superrotation even 
on slowly rotating planets24,33,47.

The latitudinal distribution of the mean zonal velocity is shown in 
Fig. 4b. The velocities near the equator are close to those obtained 
from ultraviolet images, which are thought to probe the cloud top4,30,32 
(blue dashed line), and the velocities at mid-latitudes are weaker than 
those obtained from ultraviolet images and close to those obtained 
from dayside near-infrared images, which are sensitive to an altitude of 
50–60 km (refs. 31,48,49; red dot-dashed line). This suggests that patchy 
cloud structures suitable for cloud tracking in the thermal infrared 
region might be located at lower altitudes at mid-latitudes.

The thermal infrared imaging of Venus, which covers both night 
and day, has enabled unambiguous determination of the velocity 
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structures of the thermal tides and the mean meridional circulation. 
The findings described above were independently confirmed in the 
first and second halves of the dataset, suggesting that the conclusions 
are robust (Methods, Extended Data Fig. 7). The dataset that covers all 
local times will enable studies on the diurnal cycles of mesoscale to 
synoptic-scale processes as well. The observed local-time dependence 
of the atmospheric motions could serve as a reference for slowly rotat-
ing exoplanets where the local-time dependence of the atmospheric 
temperature observed at infrared wavelengths suggests atmospheric 
superrotation9,50.
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Methods

Dataset
Akatsuki is orbiting Venus along an elliptical equatorial orbit with an 
orbital period of around 10.5 days51. The LIR onboard Akatsuki takes 
images of the thermal radiation from the cloud top (around 65 km) in 
the wavelength region of 8–12 μm with a random noise level of about 
0.3 K (refs. 5,36). Ignatiev et al.41 reported that the cloud-top altitude 
decreases poleward of 50° and becomes 5–10 km lower in the polar 
region than at lower latitudes. The cloud-top altitude should also 
depend on the local time due to the vertical displacement of the cloud 
layer associated with the thermal tides. Kouyama et al.18 reported a 
brightness temperature variation along the local time of about 3 K; 
given the typical adiabatic lapse rate of about 11 K km−1 around the cloud 
top, this value corresponds to a height difference of about 300 m, which 
is much shorter than the vertical wavelengths of the thermal tides.

The small-scale patterns seen in the LIR images are expected to mainly 
represent the cloud-top height variation5,52, with a possible contribu-
tion from the spatial variation of sulfur dioxide (SO2) in the upper cloud 
region53. The influence of SO2 does not necessarily reduce the reliability 
of tracking because SO2 can serve as a passive tracer. The cloud tracking 
using 283-nm images taken by the Akatsuki Ultraviolet Imager (UVI), 
which are sensitive to cloud-top SO2, yielded velocity fields similar to 
those from 365-nm images, the contrast of which reflects the distribu-
tion of unidentified absorbers32. Cloud tracking at the wavelength of 365 
nm has been validated for inferring wind speeds from a comparison with 
simultaneous wind measurements with the Doppler-shift technique54,55.

We used LIR images taken at a sampling interval of 1–2 h at distances 
of 40,000–240,000 km, ensuring full-disk coverage with the 16° × 12° 
field-of-view optics of the LIR and relatively high pixel resolution of 
35–200 km. The data56 span the period from 23 December 2016 to 20 
January 2019. The data before this period were not used because there 
is a strong bias in the local-time distribution.

Cloud tracking
Drifting cloud features are difficult to extract from the original LIR 
images because their amplitudes are typically smaller than the ran-
dom noise of about 0.3 K and the amplitudes of topography-related 
stationary features37,57 (Fig. 1b). Therefore, we suppress the random 
noise and smooth out the stationary features by applying a moving 
average in the coordinate system that rotates with the superrotating 
background atmosphere, thereby extracting drifting cloud patterns.

The background zonal velocity used for the averaging was estimated 
(first estimation) based on cloud tracking using the cross-correlation 
method. In this method, a pair of images observed at a short time 
interval are prepared. High-pass filtering is applied to each image by 
subtracting an image smoothed by a sliding window with a width of 16° 
in latitude and longitude from the original image. A square area with 
a particular dimension, called a template, is set in the first image, and 
then the correlation between the template and a sliding box with the 
same size as that of the template in the second image is calculated, 
composing a cross-correlation surface. The point of maximum cor-
relation in the cross-correlation surface is regarded as the location to 
which the air parcel was displaced during the time interval. To suppress 
false peaks, the superposition of correlation surfaces58 was conducted 
using 15 image pairs chosen from 6 consecutive images taken every 
1 h. The size of the template was chosen to be 20° × 20°. The cases that 
satisfied the following criteria were accepted as reliable cloud motion 
vectors: (1) the maximum value of the correlation coefficient exceeds 
0.1; (2) there is only one maximum whose value is not smaller than the 
top 5% of all pixel values on the correlation surface; (3) the zonal veloc-
ity exceeds 30 m s−1 so that the influence of the topography-related 
stationary features is excluded; and (4) the major axis of the top 5% 
correlation region surrounding the peak is shorter than 50 m s−1 in the 
velocity unit so that the influence of streaky cloud features is excluded. 

The obtained zonal velocities are roughly represented by a rigid body 
(constant angular velocity) rotation with an equatorial velocity of 
−95 m s−1, which is adopted as the coordinate system for the moving 
average (Extended Data Fig. 1b). The result from this first estimation 
did not substantially change when the template size was set to 30° × 30° 
or 10° × 10° (Extended Data Fig. 1a, c).

Next, velocities were obtained again based on cloud tracking on this 
superrotating coordinate system every 12 h using images sampled every 
1 h (second estimation). By averaging 4 consecutive images in roughly 
4-h sliding windows sequentially in a set of 12 images, 9 noise-reduced 
images were generated. Using these time-averaged images, cloud track-
ing using the cross-correlation method with the superposition of corre-
lation surfaces58 was performed again using 15 image pairs chosen from 
the 9 noise-reduced images. The size of the template for calculating the 
correlation coefficient was 10° × 10°. According to Rossow et al.30, who 
conducted a study with cloud tracking using ultraviolet images taken 
by the Pioneer Venus Orbiter Cloud Photopolarimeter (OCPP), the sizes 
of the tracked cloud features must be smaller than the wavelengths 
of the predominant propagating waves; they adopted a template size 
of approximately 850 × 850 km, which is similar to that in our study. 
The cases that satisfied the following criteria were accepted: (1) the 
maximum value of the correlation coefficient exceeds 0.1; (2) there is 
only one maximum whose value exceeds the top 1% of all pixel values on 
the correlation surface and whose peak area is wide enough so that an 
ellipse can be fitted to the top 1%-level contour using the Python-based 
cv2.fitEllipse function; and (3) the major axis of the top 5% correlation 
region surrounding the peak is shorter than 60 m s−1 in the velocity 
unit. The threshold values in the first and second estimations were 
determined empirically to exclude apparently erroneous tracking. A 
total of 17,376 motion vectors were accepted in the whole period, cor-
responding to an acceptance rate of 21%. Examples of accepted and 
rejected correlation peaks are given in Extended Data Fig. 2.

The tracked cloud patterns can involve wave fronts that propagate 
differently from the ambient winds. To minimize such erroneous track-
ing, we rejected cases where the correlation surface does not have a 
single distinct maximum and the peak has an elongated structure, as 
mentioned above. Extended Data Fig. 3 shows examples of cloud track-
ing. Comparisons between Fig. 3a, b and between Fig. 3d, e indicate 
that the accepted velocity vectors are not concentrated in regions 
dominated by streaky features but uniformly distributed over the Venus 
disk. Extended Data Fig. 3b, e also shows examples of the movements 
of tracking (sliding) boxes, and Fig. 3c, f shows the corresponding cor-
relation surfaces, each of which is the superposition of multiple cor-
relation surfaces. The cloud patterns included in the tracking boxes are 
small and patchy, leading to a distinct peak in each correlation surface. 
Sample videos of the movements of tracking boxes corresponding 
to accepted velocity vectors are given in Supplementary Videos 5, 6; 
although the conservation of cloud patterns during tracking is not 
always clear in individual images due to noise, the superposition of 
multiple correlation surfaces can extract distinct correlation peaks.

The obtained cloud motion vectors were averaged in the latitude–
local time grids with a size of 10° in latitude and 1 h in local time. The 
number of samples in each grid was typically more than 30 (Fig. 2d). 
The standard deviation and the standard error in each grid are shown 
in Extended Data Fig. 4. To ensure the quality of the velocity map, grids 
that contained three or fewer data were excluded from the analysis. 
Then, the velocity map was smoothed by the moving average with a 
sliding window size of 30° in latitude and 3 h in local time (Fig. 2a–c). 
When six or more of the nine grids in the sliding window lacked data, 
averaging was not performed and the corresponding grid was masked. 
It was confirmed by tests that the result is not sensitive to grid size, 
sliding window size and the criteria used for data exclusion.

The sensitivity of the result to the background velocity used for 
the moving average in the second estimation was also examined. As 
described above, the latitudinal profile of the background velocity is 



roughly represented by a rigid body rotation with an equatorial velocity 
of −95 m s−1. Given the latitudinal average of the standard deviation in 
the first estimation (Extended Data Fig. 1b) of about 18 m s−1, we tested 
velocity profiles composed of the rigid body rotation and constant 
offsets of ±18 m s−1; the results are shown in Extended Data Fig. 5. The 
basic characteristics of the local-time dependence are unchanged. The 
error bars in the mean meridional and zonal velocities (Fig. 4) take into 
account the variations associated with these different background 
velocities as well as random errors.

The sensitivity to the template (sliding box) size was also investigated. 
The velocity distributions obtained for template sizes of 20° × 20°and 
40° × 40° are shown in Extended Data Fig. 6; the basic velocity structure 
is largely unchanged from that for a template size of 10° × 10° shown 
in Fig. 2, although the number of grids with missing data increases 
for larger template sizes because the number of adopted vectors is 
reduced. This result confirms that the cloud tracking result is robust 
and implies that the influence of scale-dependent processes, including 
propagating waves, is not important.

Around the local time of 00:00–08:00 where the observed velocities 
are relatively small, the standard error is relatively large (Extended Data 
Fig. 4) due to the small number of measurements (Fig. 2d). The standard 
error is especially large around 00:00–04:00 with typical values of 
3–4 m s−1, except in the two grids around the latitude of 10–20° S and the 
local time of 01:30. After averaging with a sliding window size of 3 × 3 
grids (30° × 3 h), the error can decrease by a factor of about 3 (about 
1 m s−1). Then the observed meridional velocity variation in the range 
of 0–3 m s−1 in this region is considered to be statistically significant. 
To further confirm the reliability of the observed velocity structure, 
we obtained the velocity distributions separately from the first and 
second halves of the dataset; the results are shown in Extended Data 
Fig. 7. The velocity distribution at the local time of 00:00–08:00 is 
similar between the epochs, suggesting that the weak flows in this 
region are not due to the measurement error.

The stability of the observed velocity distribution can also be 
assessed by a comparison between the two epochs (Extended Data 
Fig. 7). Although the velocity maps are relatively noisy due to the smaller 
number of data, they show the basic features obtained with the whole 
dataset (Fig. 2). This suggests that the observed local-time-dependent 
structures are largely stable over years. The apparent change in the tidal 
amplitudes between the epochs will be investigated in future research.

Thermal tides
The latitudinal structures of the thermal tides and the local-time aver-
age were obtained by simultaneously fitting sinusoidal functions with 
wavenumber-1 and wavenumber-2 and an offset to the local-time 
dependence at each latitude (Fig. 2a, b). The fitting was performed 
using the nonlinear least squares routine scipy.optimize.curve_fit from 
the Python-based SciPy ecosystem. The errors were also calculated 
using this routine.

The vertical momentum flux associated with the semidiurnal  
tide was evaluated using the formula for gravity waves, namely 
F ρ u ω N= ˆ / /22 , where ρ is the atmospheric density at the cloud top, û 
is the zonal velocity amplitude, ω is the intrinsic frequency and N is the 
buoyancy frequency. Assuming that the momentum convergence 
occurs over a scale height H at the source altitude where the atmos-
pheric density is ρs, the acceleration is given by dU/dt = −F/ρsH. Letting 
û = 3.2 ± 0.3 m s−1 from the average of the wave amplitude in the latitude 
range of <30° and ω = 2π/(2 days) and using the typical values for the 
background atmosphere of ρ = 0.21 kg m−3 (65 km), ρs = 0.47 kg m−3 
(60  km), N  =  0.018  s−1 and H  =  5.3  km (ref. 59), one obtains dU/
dt = 0.075 ± 0.014 m s−1 d−1. The sign convention is such that a negative 
(positive) value means an acceleration (deceleration) of the superrota-
tion. This estimate relies on the assumption that the tracers are located 
in a narrow altitude range and that the effect of vertical averaging of 
the velocity over the instrumental contribution function is negligible. 

If the effect of vertical averaging is substantial, the amplitude of the 
semidiurnal tide with a vertical wavelength of about 30 km can be 
underestimated by about 30%. In this case, the true tidal acceleration 
would be doubled to around 0.15 m s−1 d−1. The deceleration caused by 
the vertical advection of the zonal momentum by the upward circula-
tion is estimated using the relation dU/dt = −wdU/dz, where w is the 
mean vertical velocity and dU/dz is the vertical shear. w satisfies the 
relation w(dT/dz − Γ) + Q = 0, where dT/dz is the vertical temperature 
gradient, Γ is the adiabatic lapse rate and Q is the net radiative heating. 
Substituting dU/dz = −3.0 ± 1.5 m s−1 km−1 (refs. 1,2), dT/dz − Γ = 5.0 K km−1 
(ref. 60) and Q = 4.0 ± 2.0 × 10−6 K s−1 (ref. 21), which are representative 
values around 60-km altitude, into the relations above yields dU/
dt ≈ 0.21 ± 0.14 m s−1 d−1.

Data availability
The Akatsuki LIR Level 3c data that support the findings of this study are 
available in Data Archives and Transmission System (DARTS) of JAXA56 at 
https://doi.org/10.17597/ISAS.DARTS/VCO-00019. An internal version 
of the data (v20190401) was used, but it is essentially the same as the 
publicly available version. Source data are provided with this paper.

Code availability
Cloud tracking was conducted using the Python codes developed by 
K.F., which are available at https://doi.org/10.5281/zenodo.4726329 and 
https://github.com/kiichi-f/Cloud_Tracking_using_Multiple_Images.
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Extended Data Fig. 1 | Zonal velocities obtained in first estimation. a–c, 
Results for template sizes of 30° × 30° (a), 20° × 20° (b) and 10° × 10° (c). 
Cloud-tracked vectors that satisfy the criteria described in Methods are 
plotted as dots. The limit of the major axis length in criterion (3) is 60 m s−1 for a, 

50 m s−1 for b and 45 m s−1 for c. The blue dotted line shows the moving average 
with a sliding window of 20° in latitude and the red solid line shows the rigid 
body rotation with an equatorial velocity of −95 m s−1, which was adopted as the 
background zonal velocity in the second estimation.



Extended Data Fig. 2 | Examples of cross-correlation coefficient map in 
second estimation. The vertical axis represents the northward velocity and 
the horizontal axis represents the deviation of the eastward velocity from the 
assumed background velocity. The eastward velocities were divided by the 
cosine of the latitude. The crosses indicate the maxima, and the blue, green and 

black lines indicate the contours of the top 1%, 5% and 10% values, respectively. 
a, b, Two examples of accepted cases. c, Case rejected because of multiple local 
maxima. d, Case rejected because the major axis of the region of the top 5% is 
longer than 60 m s−1.
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Extended Data Fig. 3 | Examples of cloud tracking. a, Local time–latitude 
distribution of the accepted velocity vectors on the dayside obtained from a 
series of images spanning from 02:00 to 23:08 on 16 November 2018. b, A pair 
of images in the image series showing temporal development. c, Correlation 
maps showing the peaks that correspond to the tracking boxes shown by 
squares in b. d–f, Same as a–c, respectively, but for the dusk-nightside obtained 
from a series of images spanning from 23:08 on 17 December to 11:08 on 18 

December. In a, d, arrows are scaled such that the distance occupied by 15° in 
latitude or 1 h in local time represents a speed of 50 m s−1, and red (blue) colour 
represents northward (southward) movement. The vertical and horizontal 
axes of the correlation surfaces are the northward velocity and the deviation of 
the eastward velocity from the assumed background velocity, respectively. 
The crosses indicate the maxima, and the blue, green and black lines indicate 
the contours of the top 1%, 5% and 10% values, respectively.



Extended Data Fig. 4 | Latitude–local time distribution of measurement dispersion. a, b, Standard deviation (a) and standard error (b) of the cloud-tracked 
velocity in each grid.
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Extended Data Fig. 5 | Changes in latitude–local time distribution of 
velocity associated with change in background velocity adopted in second 
estimation. a–c, The background velocity is the sum of a rigid body rotation 
with an equatorial velocity of −95 m s−1 and a constant offset of −15 m s−1 (a), 
0 m s−1 (b) and 15 m s−1 (c). Velocity vectors (top) and the meridional velocity 

(bottom) are shown. Each velocity vector is defined by the deviation of the 
zonal velocity from the local-time average and the total meridional velocity. 
Arrows are scaled such that the distance occupied by 10° in latitude represents 
a meridional speed of 5 m s−1 and that occupied by 1 h in local time represents a 
zonal speed of 5 m s−1.



Extended Data Fig. 6 | Sensitivity to template size. a–f, Latitude–local time 
distributions of the derived velocities for template sizes of 20° × 20° (a–c) and 
40° × 40° (d–f). Zonal velocity (a, d), meridional velocity (b, e) and velocity 
vectors (c, f) are shown. Each velocity vector is defined by the deviation of the 

zonal velocity from the local-time average and the total meridional velocity. 
Arrows are scaled such that the distance occupied by 10° in latitude represents 
a meridional speed of 5 m s−1 and that occupied by 1 h in local time represents a 
zonal speed of 5 m s−1.
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Extended Data Fig. 7 | Stability of velocity field. a–f, Latitude–local time 
distributions of the velocities obtained from the first half (from 23 December 
2016 to 13 February 2018; a–c) and the second half (from 25 February 2018 to 20 
January 2019; d–f) of the dataset. Zonal velocity (a, d), meridional velocity (b, e) 
and velocity vectors (c, f) are shown. Each velocity vector is defined by the 

deviation of the zonal velocity from the local-time average and the total 
meridional velocity. Arrows are scaled such that the distance occupied by 10° in 
latitude represents a meridional speed of 5 m s−1 and that occupied by 1 h in local 
time represents a zonal speed of 5 m s−1.
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