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How waves and turbulence maintain the super-rotation of Venus' atmosphere
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Abstract: Venus has a thick atmosphere which rotates 60 times as fast as the surface, a
phenomenon known as super-rotation. We use data from the orbiting Akatsuki spacecraft to
investigate how the super-rotation is maintained in the cloud layer, where the rotation speed is
highest. A thermally induced latitudinal-vertical circulation acts to homogenize the distribution
of the angular momentum around the rotational axis. Maintaining the super-rotation requires this
to be counteracted by atmospheric waves and turbulence. Among those effects, thermal tides
transport the angular momentum that maintains the rotation peak near the cloud top at low
latitude. Other planetary-scale waves and large-scale turbulence act in the opposite direction. We
suggest that hydrodynamic instabilities adjust the angular-momentum distribution at midlatitudes.
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Venus’ thick atmosphere rotates at speeds up to 60 times the slow planetary rotation (the surface
rotates westwards with a period of 243 days; throughout this paper, “day” refers to Earth days).
The mechanism responsible for this super-rotation (SR) remains unclear (1,2), partly due to
insufficient observational evidence for hypothesis testing.
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SR may also occur in tidally-locked exoplanets i.e. those which always face the same way
towards their host star, so are heated only on one side. Zonal (east-west) flow around the rotation
axis, including SR, can transport heat from the dayside to the nightside of those exoplanets (3).
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SR cannot occur unless the atmospheric angular momentum with respect to the rotational axis
(hereinafter, AM) is transported by axially asymmetric flows (“eddies”) such as waves and
turbulence. Without them, AM (per unit mass) is homogenized by the latitudinal-vertical
circulation (meridional circulation) induced by the pole-equator temperature difference (4).
Attempts to estimate the AM transport from observations were made by tracking clouds using
images of Venus’ cloud top, which is at 65-70 km altitude, obtained by the Mariner 10 (5) and
Pioneer Venus Orbiter (6,7) spacecraft, but the sampling proved insufficient both in space and
time.
Simulations with atmospheric general circulation models have generated SR (8-15). These
studies indicate that SR is realized by AM transport by tidal (9,11,13,14) and other waves (8,1015) , some of which arising from hydrodynamic instabilities [such as those called barotropic
(10,12-14), baroclinic (12,13,15), and Rossby-Kelvin instabilities (14)], and turbulent eddies
(15). The relative contributions of each of these effects to SR differ between the models.
The AM budget can be described with the following equation, which is called the transformed
Eulerian mean equation in meteorology,
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𝜕𝜕𝜕𝜕
= −𝒗𝒗𝑟𝑟 ∙ 𝛁𝛁𝑀𝑀 + 𝜌𝜌0−𝟏𝟏 𝛁𝛁 ∙ 𝑭𝑭,
(1)
𝜕𝜕𝜕𝜕
where 𝑀𝑀 is the zonal-mean (i.e., averaged along latitudinal circles) AM per unit mass, which is
negative when westward as in SR, 𝑭𝑭 is (minus) the AM flux, called the Eliassen-Palm flux, 𝒗𝒗𝑟𝑟 ≡
(0, 𝑣𝑣 𝑟𝑟 , 𝑤𝑤 𝑟𝑟 ) represents the mean meridional circulation velocities (16). Equation (1) indicates
that, at steady state, AM transport by “eddies” (the 𝜌𝜌0−𝟏𝟏 𝛁𝛁 ∙ 𝑭𝑭 term) and that by the mean
meridional circulation (the −𝒗𝒗𝑟𝑟 ∙ 𝛁𝛁𝑀𝑀 term) compensate each other. On Venus, |𝑀𝑀| reaches its
maximum around the cloud top altitude near the equator (17, 18). Maintenance of the maximum
requires eddy AM transport to that region.
We begin by briefly examining the mean meridional circulation and its effect. To determine the
circulation directly from wind observations is difficult even for the Earth’s atmosphere. For
Venus, the most credible estimates are provided by observations of solar and thermal radiations,
from which we constructed a model (16). The obtained 𝑤𝑤 𝑟𝑟 and 𝑣𝑣 𝑟𝑟 indicate upwelling of a few
mm s −1 in the equatorial upper cloud layer and poleward flow on the order of 1 m s−1 at around
the mid-latitude cloud top, respectively (Fig. 1).
We introduce an idealized zonal wind (eastward velocity component) structure into the model
(16). The upwelling in the equatorial cloud layer acts to decelerate the SR by of ~1 m s−1 day −1
at the AM peak around the equatorial cloud top (Fig 1C), which needs to be compensated by
eddy acceleration.
At mid-to-high latitudes, negative (positive) acceleration occurs through the −𝒗𝒗𝑟𝑟 ∙ 𝛁𝛁𝑀𝑀 term
above (below) ~65 km (Fig. 1C). We expect that hydrodynamic instabilities induced inevitably
2
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by the circulation (19,20) compensate for these accelerations (16, Fig. S2), so we infer that the
AM distribution at mid-to-high latitudes can be formed more-or-less spontaneously.
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We provide further constraints by data from the Akatsuki spacecraft orbiting Venus. We analyze
observations taken between December 2015 and December 2018, divided into five subperiods,
starting from 2015-12-07, 2016-09-21, 2017-04-21, 2017-12-01, and 2018-06-16 (ending on
2018-12-07). Using a cloud-tracking method with quality control (21,22), we derived wind
estimates using Akatsuki’s Ultraviolet Imager (UVI) (23) at the wavelengths of 365 and 283 nm.
We derived horizontal velocities near the cloud top over regions of ~1,000 km × 1,000 km with a
time resolution of four hours (16) with uncertainties shown in Fig. S3A. The 283-nm results
capture winds at slightly higher altitude than the 365-nm results, presumably by a few km (24).
The meridional component of the EP flux 𝐹𝐹𝑦𝑦 is likely dominated by the 𝑓𝑓𝑦𝑦𝑦𝑦 ≡ −〈𝑢𝑢∗ 𝑣𝑣 ∗ 〉 cos 𝜑𝜑
term (16), where 𝑢𝑢 and 𝑣𝑣 are zonal and meridional (south-to-north) winds, respectively, and
angle brackets and asterisk represent zonal mean and the deviation from it, respectively. We
employ a coordinate system based on local time τ𝐿𝐿 , latitude 𝜑𝜑, and time 𝑡𝑡, where τ𝐿𝐿 is defined by
assigning 0—24 h to longitudes relative to the anti-solar point. Temporally averaged winds on
this system (𝑢𝑢�, 𝑣𝑣̅ ) consist of zonal and temporal mean winds (𝑢𝑢0 , 𝑣𝑣0 ) and the flow associated
with the thermal tides (𝑢𝑢𝑡𝑡 , 𝑣𝑣𝑡𝑡 ). The mean winds from the three years are shown in Fig. S3.

We estimated (𝑢𝑢𝑡𝑡 , 𝑣𝑣𝑡𝑡 ) by subtracting the model estimated (𝑢𝑢0 , 𝑣𝑣0 ) from the observationally
derived (𝑢𝑢�, 𝑣𝑣̅ ) for each of UVI image subperiods (16). The resulting tidal AM flux, 〈𝑢𝑢𝑡𝑡 𝑣𝑣𝑡𝑡 〉 cos 𝜑𝜑,
is shown in Fig. 2A. It is positive (negative) in the northern (southern) hemisphere, indicating
equatorward transport of westward AM in the both hemispheres. The consistency between our
results for different subperiods (Fig 2A) demonstrates the robustness of our estimation. The tidal
meridional AM flux convergence acts to accelerate the SR between 20°S and 20°N, reaching
peak values around −0.6 (−0.9) m s−1 day −1 for the 365-nm (283-nm) case, indicating the
acceleration of westward SR (Fig. 2C). The estimates depend on 𝑢𝑢0 and 𝑣𝑣0 ; we performed a
sensitivity study (16, Figs. S9-10) to verify the robustness of the estimates, although some
uncertainty remains as described in the supplementary document (16). Thermal tide carries
eastward AM, so the present result is consistent with the action-reaction law on the tide
generation by solar heating stronger at lower latitude.
We next examine the AM transport by transient motions other than thermal tides. We use (𝑢𝑢′ ,
𝑣𝑣 ′ ) ≡ (𝑢𝑢 − 𝑢𝑢�, 𝑣𝑣 − 𝑣𝑣�), where (𝑢𝑢�, 𝑣𝑣�) are the averages of (𝑢𝑢, 𝑣𝑣) over ±15 days at fixed 𝜏𝜏L and 𝜑𝜑.
������� cos 𝜑𝜑 (solid lines) after the effects of the correlation
Figure 2B shows the AM flux 〈𝑢𝑢′𝑣𝑣′〉
between the errors in 𝑢𝑢′ and 𝑣𝑣′ have been subtracted by using the error covariance (16, Fig. S5).
Prior to subtraction, the error covariance enhanced the AM flux by a factor of 1.5 times.
〈𝑢𝑢# 𝑣𝑣 # 〉 cos 𝜑𝜑, where (𝑢𝑢# , 𝑣𝑣 # ) is (𝑢𝑢′ , 𝑣𝑣 ′ ) smoothed
However, this effect is very small (16) for ���������
by “daily averaging”, which is time averaging over each calendar day at fixed 𝜏𝜏𝐿𝐿 and 𝜑𝜑. UVI
was typically operated for 16 hours each day, so the daily averaging smooths winds over several
thousand km in longitude because of the SR.
The derived AM flux (Fig. 2B) is opposite to that provided by the thermal tides (Fig. 2A). The
consistency between subperiods again indicates the robustness of our method. Unlike the tidal
case, both wavelengths produce quantitatively consistent results, suggesting a deceleration of the
3
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SR weaker than the tidal acceleration (Fig. 2C). The AM flux computed with (𝑢𝑢# , 𝑣𝑣 # ) (Fig. 2B)
is slightly weaker than that computed with (𝑢𝑢′ , 𝑣𝑣 ′ ), suggesting that a small fraction of the AM
flux resides at high frequencies (periods shorter than 2 days) or, equivalently, at small scales.
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Next we consider the nature of transient disturbances and their roles in the AM transport. Figure
3A presents an example of the spatial distribution of wind disturbances using (𝑢𝑢# , 𝑣𝑣 # ) and the
absolute vorticity computed with (𝑢𝑢# + 𝑢𝑢�, 𝑣𝑣 # + 𝑣𝑣�), constructed by shifting by 90° per day,
approximating the advection by the SR; more examples are shown in Figs. S6-S7. The smooth
transition over adjacent days indicates that overall temporal evolution is slow. The distribution of
𝑢𝑢# suggests the dominance of variability at zonal wavenumber (the wavenumber along longitude
in radian) equal to 1 (i.e, single wave extending over latitudinal circles), consistent with the
waves called Rossby waves (25,26). We derived power spectra of 𝑢𝑢# (Fig. 3B) which reach a
maximum at frequency around 0.2 day −1, corresponding to a ground-based period of 5.2 days,
where the sign of the imaginary part of cross-spectrum (Fig. S8C) arising from quadrature-phase
lags is consistent with the Rossby wave structure. A secondary spectral peak appears in Fig. 3B
at 0.24 day −1 (corresponding to a ground-based period of 4 days), which is consistent with the
waves called Kelvin waves (25,26). The equivalent signal in 𝑣𝑣 # away from the equator (Fig.
S8B) indicates a distortion absent in pure Kelvin waves.

In addition to the waves, turbulence-like motion is apparent in Fig. 3A (and further in Fig. S6).
The non-monotonic change of absolute vorticity with latitude around 30°N indicates overturning
motion to generate turbulence. Meandering (often cross-equatorial) flows prevail near the
equator where the directions of absolute-vorticity gradients vary substantially, which is difficult
to explain with simple superpositions of Rossby waves. These flows are also unlike gravity
waves. Therefore, we conclude that some portion of the transient wind disturbances are due to
horizontal turbulence.

The real part of the cross-spectrum (co-spectrum) of 𝑢𝑢# and 𝑣𝑣 # decomposes their correlation
along frequency (Fig. 3C). The signs at different frequencies almost agree at latitudes poleward
of 20°N and 20°S. The co-spectrum of two random signals has an equal probability to be positive
or negative, so this agreement cannot be explained by coincidence or by noise. From the cospectra, we computed the contribution of the Rossby-wave periods (frequencies 0.1888—0.2222
day −1) to the meridional AM flux (Fig. 2C). This is only a small fraction of the AM transport, at
least between 30°S and 30°N. The contribution of the Kelvin waves is even smaller. We suggest
that horizontal turbulence at broad frequency (together with waves) collectively decelerates the
SR. This is opposite to the theoretical expectation that turbulent AM transport accelerates SR,
which is required in the mechanism called the classical Gierasch-Rossow-Williams mechanism
in which AM transport by meridional circulation and that by turbulence balance (1,27,28).
We further investigate the vertical component of 𝑭𝑭, 𝐹𝐹𝑧𝑧 ∝ 𝑓𝑓𝑧𝑧𝑧𝑧 + 𝑓𝑓𝑧𝑧𝑧𝑧 , where 𝑓𝑓𝑧𝑧𝑧𝑧 and 𝑓𝑓𝑧𝑧𝑧𝑧 are terms
proportional to 〈𝑢𝑢∗ 𝑤𝑤 ∗ 〉 and 〈𝑣𝑣 ∗ 𝑇𝑇 ∗ 〉, respectively (16); here, 𝑤𝑤 is vertical velocity. We estimated
the meridional heat flux by the diurnal (i.e., zonal-wavenumber 1) components of the thermal
tides (diurnal tides), 〈𝑣𝑣𝑡𝑡 𝑇𝑇𝑡𝑡 〉1 ∝ 𝑓𝑓𝑧𝑧𝑧𝑧 , by using the brightness temperature obtained from Akatsuki’s
Long Infrared camera LIR (16). This shows that the tidal heat flux is poleward (Fig. 2D). The
diurnal tides are dominated by a Rossby wave at mid-to-high latitude (29). Theoretically, the 𝐹𝐹𝑧𝑧
4
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component of a Rossby wave is dominated by 𝑓𝑓𝑧𝑧𝑧𝑧 , so its estimation (Fig.2E) indicates that the
wave transports negative AM downward. Its typical magnitude is 1 × 10−2 m2 s−2 at mid
latitudes. This indicates that its effect on SR is minor, because the expected acceleration by that
is ~0.1 m s−1 day −1 (this particular value follows if the vertical convergence of 𝑓𝑓𝑧𝑧𝑧𝑧 due to tidal
excitation occurs over a height scale of 10 km).

The entire semidiurnal (i.e., zonal-wavenumber 2) components of the thermal tides (semidiurnal
tides) and the low-latitude portion of the diurnal tides are dominated by gravity waves (29). They
are expected to transport AM to its upgradient to accelerate the SR (9,30). Observational
estimation of 𝐹𝐹𝑧𝑧 associated with gravity waves are not available, because it is dominated by 𝑓𝑓𝑧𝑧𝑧𝑧
so includes vertical velocity. We instead performed an order-of-magnitude estimation (16),
𝜕𝜕𝐹𝐹
finding that the acceleration associated with 𝜕𝜕𝜕𝜕𝑧𝑧 is likely ~1 m s −1 day −1 or smaller. Therefore,
the tidal vertical AM transport can contribute to the acceleration of the SR at low latitude by a
comparable amount to the horizontal transport.
The Akatsuki data have allowed us to estimate the horizontal AM transport by thermal tides,
planetary-scale Rossby waves, and other transient disturbances. The thermal tides transport
westward (super-rotating) AM equatorward, contributing to the maintenance of the SR against
the homogenization by the meridional circulation. The other motions act in the opposite direction
at low latitudes. We also estimated vertical AM transport by thermal tides. The AM balance
governing the maintenance of the SR in the cloud layer is schematically illustrated in Fig. 4. We
suggest that the SR maintenance mechanism is a version of the non-classical Gierasch-RossowWilliams scenario (1), which extends the classical one to include AM transport by tidal waves.
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Fig. 1. Idealized model calculation of the meridional circulation derived from solar heating
and the advective acceleration of idealized zonal AM (16). (A) Global-mean downward solar
flux. (B) The mass stream function χ derived from the solar heating at 𝜑𝜑max = 38.2°. Dashed
line indicates interpolation. Blue dotted line indicates the value at 74 km. (C) Hemispheric
structure of χ (black contours; flow directions are indicated schematically by red arrows);
idealized M between 40 and 90 km (grey dashed contours); advective zonal acceleration
−(𝑎𝑎 cos 𝜑𝜑)−1 𝒗𝒗𝑟𝑟 ∙ 𝛁𝛁𝑀𝑀 between 50 and 80 km (color shading). (D) 𝑣𝑣 𝑟𝑟 at 𝜑𝜑max (black curve) and
𝑤𝑤 𝑟𝑟 at the equator (blue curve). Values between 50 and 80 km are highlighted by thickening.
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Fig. 2. Meridional AM flux and its divergence due to thermal tide and transient
disturbances at the cloud top, and tidal heat flux. (A) Mean tidal flux (red: from 283-nm
images; blue: 365-nm) obtained by averaging 〈𝑢𝑢𝑡𝑡 𝑣𝑣𝑡𝑡 〉 cos 𝜑𝜑 for the second to fifth subperiods
(thick solid curves). The first subperiod was excluded because the local time coverage was too
narrow to estimate 𝑢𝑢0 . (A,B,D,E) Shading shows the standard deviation among subperiods. Thin
solid curves are similar to thick solid curves but obtained without any subperiod division. (B) As
������� cos 𝜑𝜑, from the five subperiods. Biases arising from the
in A but for transient disturbances, 〈𝑢𝑢′𝑣𝑣′〉
error covariance between 𝑢𝑢′ and 𝑣𝑣′ have been subtracted. Dotted curves: as the thin solid curves
but from daily-mean winds (𝑢𝑢# , 𝑣𝑣 # ). (C) Zonal acceleration by the meridional AM flux
convergence by thermal tides (−

(−

15

𝜕𝜕〈𝑢𝑢′𝑣𝑣′〉 cos2 𝜑𝜑
𝑎𝑎 cos2 𝜑𝜑 𝜕𝜕𝜕𝜕

𝜕𝜕〈𝑢𝑢𝑡𝑡 𝑣𝑣𝑡𝑡 〉 cos2 𝜑𝜑
𝑎𝑎 cos2 𝜑𝜑 𝜕𝜕𝜕𝜕

; solid curves) and transient disturbances

; dashed curves) based on the thin solid curves in A and B. Dotted curves: same

but for Rossby waves obtained from the co-spectra after a 1:2:1 smoothing with latitude. Colors
are as in A. (D) Mean tidal heat flux by diurnal tides obtained by averaging 〈𝑣𝑣𝑡𝑡 𝑇𝑇𝑡𝑡 〉1 for the five
subperiods with 𝑣𝑣𝑡𝑡 at 365 nm (thick solid curve). (E) As in (D) but for 𝑓𝑓𝑧𝑧𝑧𝑧1 ≡ ζ𝑎𝑎 𝑆𝑆 −1 〈𝑣𝑣𝑡𝑡 𝑇𝑇𝑡𝑡 〉1 cosφ
(using absolute vorticity ζ𝑎𝑎 in Fig. S3B and the stability S=8 × 10−3 K m−1 ).
10
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Fig. 3. Example wind disturbances (365-nm) and corresponding spectra. (A) daily-mean
transient winds (𝑢𝑢# , 𝑣𝑣 # ) (arrows; red if 𝑢𝑢# > 0) and absolute vorticity (color shading) for the
period 2017 Jan 7–10, overlaid by shifting 90° per day. (B) power spectra of 𝑢𝑢# obtained from
the second to the fourth subperiods (color shading; the white contour is at 500 m2 s−2 day).
Frequency is for observers at fixed local time (LT), 𝜏𝜏𝐿𝐿 ; the corresponding ground-based period
(days) and zonal propagation speed at the equator (EQ) when the disturbances have zonal
wavenumber 1 and move westwards (negative wavenumber) are shown on the abscissa. (C) as in
(B) but for co-spectra between 𝑢𝑢# and 𝑣𝑣 # (white contours are at an interval of 20 m2 s −2 day).

11

Submitted Manuscript: Confidential

5

10

Fig. 4. Schematic illustration of our suggested AM balance in the cloud layer of Venus. A:
processes quantified or estimated in this study; B: Same as A with our suggested interpretation
overlain. Wavy arrows indicate eddy transport of SR’s negative AM; those labelled with “tr”
represent transport processes we quantified (black, blue) or estimated (gray), and those with “tr?”
(in B) represent suggested ones. Their widths crudely represent their relative contribution to the
AM transport. Cyan curved arrow shows the mean meridional circulation that acts to homogenize
AM. The dotted curved arrows are expected contributions to the circulation (16). The background
shows the cloud layer (pale orange shading), idealized distributions of 〈𝑢𝑢〉 (black contours; m s −1 ),
and 𝑀𝑀 (red contours; m2 s −1).
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Materials and Methods
S1. Materials
We use data from the Venus orbiter Akatsuki (34,35), mostly the Level 3 product of the UV
radiance at 283 and 365 nm obtained from Akatsuki/UVI (31). The particular version we used is
the internal release version v20180601 up to imaging until Mar 2018 and v20190301 for the rest,
but the difference among the versions are very small and do not affect the results of cloud
tracking (the results are identical). We also used the version v20190201 Level 3C product of the
brightness temperature from Akatsuki/LIR (32).
We also examined previously-derived (36) winds at the lower-to-middle cloud layer from
the near-infrared data from Akatsuki/IR2 (33). However, we could not estimate the AM flux
reliably, presumably because the observation period was short and the tidal amplitude is small
there (37), so the results are not presented.
We also used the downward solar flux based on Pioneer Venus sounder (38), which is
compiled in the Venus International Reference Atmosphere (VIRA) (39). The global mean
profile as a function of altitude, 𝐹𝐹(𝑧𝑧), was taken from thier Figure 6-13 and listed in Table S1.
2

S2. Symbols and definitions
For three-dimensional vector, the components are, in order, zonal (positive when eastward),
meridional (positive when northward), and vertical (positive when upward).
List of symbols
𝑡𝑡: time.

τ𝐿𝐿 : local time defined by assigning 0—24 h to longitude relative to the anti-solar point. (τ𝐿𝐿
decreases with longitude, since Venus rotates westward. τ𝐿𝐿 = 12 h at the sub-solar longitude.)
𝜑𝜑: latitude (in radian).

𝑧𝑧: vertical coordinate (log-pressure height as is conventional in meteorology).
𝑀𝑀: angular momentum with respect to the rotational axis per unit mass.
𝑢𝑢: zonal wind (eastward velocity component).

𝑣𝑣: meridional wind (northward velocity component).

𝑤𝑤: vertical wind (upward velocity component along the log-pressure height 𝑧𝑧).
𝑭𝑭 ≡ (0, 𝐹𝐹𝑦𝑦 , 𝐹𝐹𝑧𝑧 ): the Eliassen-Palm (EP) flux.

𝒗𝒗𝑟𝑟 ≡ (0, 𝑣𝑣 𝑟𝑟 , 𝑤𝑤 𝑟𝑟 ): The residual circulation (40), which are the zonal-means (means over eastwest circles) of 𝑣𝑣 and 𝑤𝑤, respectively, added with corrections to account for the Stokes drift to
approximate the mean meridional circulation; the Stokes drift terms makes this velocity reflect
air-mass transport better than without them. By definition, the residual circulation is zonally
uniform.
Ω: the angular velocity of the rotation of the solid planet (Ω = −2π/(243 days); negatively
valued, since Venus rotates westward).

𝑎𝑎: the planetary radius (set to 6.12 × 106 m considering the cloud top height at around 70 km).

𝜌𝜌0 : normalized pressure multiplied with a constant reference density (a conventional quantity
used in the log-pressure coordinate).

𝑆𝑆: the static stability in terms of temperature gradient (vertical temperature gradient plus
adiabatic lapse rate, if the log-pressure scale height is set from the local temperature).

ζ𝑎𝑎 : the vertical component of absolute vorticity.
Definitions of the means and deviations

〈𝑥𝑥〉: zonal mean (average along longitude) of 𝑥𝑥. Quantities that are zonal means by definition (𝑀𝑀,
𝒗𝒗𝑟𝑟 , 𝑭𝑭) are expressed without angular brackets.
𝑥𝑥 ∗ ≡ 𝑥𝑥 − 〈𝑥𝑥〉: deviation from the zonal mean.

𝑥𝑥̅ : time mean of 𝑥𝑥 for fixed τ𝐿𝐿 and 𝜑𝜑.

𝑥𝑥" ≡ 𝑥𝑥 − 𝑥𝑥̅ : deviation from the time mean.

3

𝑥𝑥�: temporal running mean of 𝑥𝑥 over ±15 days for fixed 𝜏𝜏L and 𝜑𝜑.
𝑥𝑥 ′ ≡ 𝑥𝑥 − 𝑥𝑥�: deviation from the temporal running mean.

𝑥𝑥 # : daily mean of a quantity 𝑥𝑥 derived by cloud tracking (thus 𝑥𝑥 is 𝑢𝑢 or 𝑣𝑣) over a universal-time
based calendar day for fixed 𝜏𝜏L and 𝜑𝜑.
Some relationships

Angular momentum:
EP flux:

where

𝑀𝑀 = 𝑎𝑎〈𝑢𝑢〉 cos 𝜑𝜑 + 𝑎𝑎2 Ω cos2 𝜑𝜑
𝐹𝐹𝑦𝑦 = 𝜌𝜌0 𝑎𝑎�𝑓𝑓𝑦𝑦𝑦𝑦 + 𝑓𝑓𝑦𝑦𝑦𝑦 �,
𝐹𝐹𝑧𝑧 = 𝜌𝜌0 𝑎𝑎(𝑓𝑓𝑧𝑧𝑧𝑧 + 𝑓𝑓𝑧𝑧𝑧𝑧 ),

(S1)

(S2)

(S3)

𝑓𝑓𝑦𝑦𝑦𝑦 ≡ −〈𝑢𝑢∗ 𝑣𝑣 ∗ 〉 cos 𝜑𝜑

(S4)

𝑓𝑓𝑧𝑧𝑧𝑧 ≡ −〈𝑢𝑢∗ 𝑤𝑤 ∗ 〉 cos 𝜑𝜑,

(S6)

𝑓𝑓𝑦𝑦𝑦𝑦 ≡

𝜕𝜕〈𝑢𝑢〉
𝜕𝜕𝜕𝜕

𝑆𝑆 −1 〈𝑣𝑣 ∗ 𝑇𝑇 ∗ 〉 cos 𝜑𝜑,

𝑓𝑓𝑧𝑧𝑧𝑧 ≡ ζ𝑎𝑎 𝑆𝑆 −1 〈𝑣𝑣 ∗ 𝑇𝑇 ∗ 〉 cos 𝜑𝜑.

(S5)
(S7)

See (40) for further information on the transformed Eulerian mean equations.
S3. A model of heat-induced meridional circulation and idealized zonal wind distribution
A rough estimation of the mean Lagrangian (i.e., following air-pacel motions) meridional
circulation 𝒗𝒗𝑟𝑟 is derived from idealized diabatic heating distribution. We assume that longwave
heating up to 100 km and convective heating in the lower cloud region have much smaller
meridional contrast than the heating by the absorbed solar radiation. Therefore, we assume that
the meridional diabatic heating structure is determined solely by that of the solar-heating, which
is assumed to be proportional simply to cos 𝜑𝜑 (to elaborate the meridional structure does not
provide a big difference). Then, the diabatic heating per unit mass is expressed as
𝜕𝜕𝜕𝜕(𝑧𝑧)
𝑄𝑄 = ℎ(𝜑𝜑)
,
(S8)
𝜌𝜌𝜌𝜌𝜌𝜌
4
where ℎ(𝜑𝜑) ≡ 𝜋𝜋 cos 𝜑𝜑 − 1, and 𝜌𝜌 is density. Here, the term −1 in ℎ corresponds to the
meridionally uniform longwave/convective heating to make the global-mean het heating vanish,
4

1

and 𝜋𝜋 is the factor to normalize the integration of cos 𝜑𝜑 = (1 − 𝜇𝜇)2 by 𝜇𝜇.
The vertical profile of 𝐹𝐹 is set from Table S1 by using the cubic spline interpolation. Here,
we set 𝐹𝐹 = 0 at 𝑧𝑧 = 0 (Table S1) to roughly incorporate the heating by the absorbed solar-flux
at the ground nearly equally between 0 to 10 km. The resultant 𝐹𝐹(𝑧𝑧) is shown as Fig. 1A.
We introduce the non-dimensional log-pressure height 𝜁𝜁 ≡ − ln 𝑝𝑝/𝑝𝑝00 (𝑝𝑝00 is a constant
pressure representing the surface pressure) and define the normalized log-pressure vertical
𝐷𝐷𝐷𝐷
velocity 𝑤𝑤 ∗ ≡ 𝐷𝐷𝐷𝐷 . Since the scale height varies greatly with altitude on Venus, we define the log-

4

pressure vertical velocity as 𝑤𝑤 ≡ 𝐻𝐻𝑤𝑤 ∗ , where 𝐻𝐻 =

𝑅𝑅𝑅𝑅
𝑔𝑔

depends on altitude (𝑅𝑅 is the gas constant

and 𝑔𝑔 is the gravity acceleration), unlike the convention to use a global constant scale height
(40). At steady state, if the horizontal temperature advection tendency is neglected, the residualmean vertical velocity normalized in this way 𝑤𝑤 ∗𝑟𝑟 is related to 𝑄𝑄 as
𝐻𝐻 𝑆𝑆 𝑤𝑤 ∗𝑟𝑟 = 𝑄𝑄
(S9)
The stability in terms of the temperature gradient 𝑆𝑆 is expressed as
𝜕𝜕T
𝑆𝑆 = Γ +
(S10)
𝜕𝜕𝜕𝜕
𝐷𝐷𝐷𝐷
where Γ is the adiabatic lapse rate. If we introduce the normalized meridional velocity 𝑣𝑣 ∗ ≡ 𝐷𝐷𝐷𝐷 ,
it is related to the (ordinary) meridional velocity as 𝑣𝑣 = 𝑎𝑎(cos 𝜑𝜑)−1 𝑣𝑣 ∗ . The normalized residual
velocity components can be related though a kind of mass stream function χ:
𝜕𝜕χ
𝜕𝜕χ
𝑝𝑝𝑣𝑣 ∗𝑟𝑟 = − , 𝑝𝑝𝑤𝑤 ∗𝑟𝑟 =
(S11)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
Equations (S8)—(S11) were solved for χ (shown in Fig. 1) by using 𝐹𝐹 as explained above,
as well as 𝑇𝑇, 𝑔𝑔, and Γ available in VIRA (39). We imposed a minimum value of 𝑆𝑆 as
1 × 10−3 K m−1 . The resultant χ had a spiky peak at around 55 km owing to the low stability
region, whose strength depends on the imposed minimum value. Since it is likely a spurious
peak, we removed it by linearly interpolating χ between 50 and 60 km, as shown by dashed parts
of the curves in Fig. 1B, D.
Meridional heat flux per unit vertical increment is expressed as 𝑎𝑎 cos 𝜑𝜑 𝑠𝑠𝑣𝑣 𝑟𝑟 = 𝑎𝑎2 𝑠𝑠𝑣𝑣 ∗𝑟𝑟 ,
where 𝑠𝑠 is the static energy per unit mass,
𝑠𝑠 = ℎ + Φ
(𝑆𝑆12)
Here, Φ is geopotential, which can be obtained by vertically integrating 𝑔𝑔, and ℎ is the specific
𝜕𝜕ℎ
𝜕𝜕ℎ
enthalpy. We computed ℎ′ ≡ ℎ − ℎ(𝑧𝑧 = 0 km) by the integration ∫ �𝜕𝜕𝜕𝜕� 𝑑𝑑𝑑𝑑 + ∫ �𝜕𝜕𝜕𝜕� 𝑑𝑑𝑑𝑑
𝜕𝜕ℎ

𝑝𝑝

𝑇𝑇

along the integral pass of the 𝑝𝑝 and 𝑇𝑇 profiles in VIRA by using �𝜕𝜕𝜕𝜕� = 𝑐𝑐𝑝𝑝 and the relation
𝑝𝑝

𝑔𝑔
𝜕𝜕ℎ
Γ = �1 − 𝜌𝜌 � � �
(S13)
𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕 𝑇𝑇
which was used in the original derivation of Γ in VIRA. Actually, the Γ data is available only
𝜕𝜕ℎ
up to 72 km. Above it, �𝜕𝜕𝜕𝜕� was set to be zero as in the ideal gas, which is valid at the relatively
𝑇𝑇

low pressure above 70 km. The result is shown in Fig. S1.
For a rough estimation of zonal acceleration associated with meridional circulation, an
idealized meridional structure of zonal wind was defined between 40 and 90 km by considering
observations (18, 24, 39, 41). Its meridional structure is specified analytically at selected
altitudes 𝑧𝑧𝑖𝑖 (𝑖𝑖 = 1,2, … , 5) as
𝜑𝜑−𝑏𝑏𝑐𝑐𝑐𝑐 2
𝜑𝜑 − 𝑎𝑎𝑐𝑐𝑐𝑐
�
−�
𝑢𝑢 = −𝑢𝑢0𝑖𝑖 � 1 + 𝑎𝑎𝑖𝑖 tanh
+ 𝑏𝑏 𝑒𝑒 𝑏𝑏𝑤𝑤𝑤𝑤 � cos 𝜑𝜑
(S14)
𝑎𝑎𝑤𝑤𝑤𝑤
where 𝑧𝑧𝑖𝑖 = 40, 53, 63, 73, 90 km, 𝑢𝑢0𝑖𝑖 = 50, 70, 90, 110, 40 m s −1 , 𝑎𝑎𝑖𝑖 = 0.6, 0.6, 0.3, 0.25, 0.15,
𝑎𝑎𝑤𝑤𝑤𝑤 = 30°, 30°, 25°, 20°, 20°, 𝑎𝑎𝑐𝑐𝑐𝑐 = 60°, 60°, 50°, 38°, 35°, 𝑏𝑏𝑖𝑖 = 0.3, 0.3, 0.25, 0.2, 0.1, 𝑏𝑏𝑤𝑤𝑤𝑤 =
25°, 25°, 25°, 15°, 15°, and 𝑏𝑏𝑐𝑐𝑐𝑐 = 70°, 70°, 55°, 45°, 45°. It was vertically interpolated by using
the cubic spline interpolation. The idealized zonal wind and the corresponding AM thus obtained
are shown in Figs. 1C and 4. Note that 𝑢𝑢 is maximized around 𝑧𝑧 ~ 73 km, which is slightly
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above the cloud top. This setting is because the mean wind obtained from the 283-nm images is
faster than that from the 365-nm images (24).
S4. Wind estimation from Akatsuki data
We used the cloud tracking method derived for Akatsuki (21, 22). The parameter setting is
the same as in earlier studies (24). Our tracking provides wind data on a 3° × 3° grid from each
of the three consecutive 2-hourly images over 4 hours. Each wind vector represents cloud motion
over a ~10° × 10° region, so there is over-sampling on the 3° × 3° grid. Wind data to derive
wind disturbances (𝑢𝑢′ and 𝑣𝑣′) were smoothed over 3 × 3 grid points. In this case, the wind data
used represent horizontal winds over slightly greater regions.
The quality control of the cloud tracking data is the same as in a previous study (24), but the
threshold of one of the parameters, the parameter ε in the study (a measure of precision), was
raised (loosened) to < 20 m s −1 from < 10 m s−1 , in order to obtain greater number of vectors at
mid latitude. Over the three-year analysis period, the cloud-top winds are obtained from 3,789
image triplets at 365 nm. The number of wind vectors that passed the quality control is over 1.4
million in the control case in which the ε threshold was set to 20 m s−1. Also, 3,793 image
triplets at 283 nm were used to obtain 1.2 million wind vectors. The number of validated vectors
at each latitudinal grid is shown Fig. S3A for the 365-nm case; the profile for the 283-nm case is
similar.
S5. Evaluation of wind estimation errors
In previous publications (24,36), the actual uncertainty of our cloud tracking results was
unknown. It was derived a priori from the screening parameters.
In this study, however, we devised a method to evaluate the uncertainty arising from wind
estimation errors directly from the results. We introduce a “Lagrangian wind difference” of wind
components, ∆𝑢𝑢 ≡ 𝑢𝑢′ (𝜏𝜏𝐿𝐿 + ∆𝜏𝜏𝐿𝐿 , 𝜑𝜑 + ∆𝜑𝜑, 𝑡𝑡 + ∆𝑡𝑡) − 𝑢𝑢′ (𝜏𝜏𝐿𝐿 , 𝜑𝜑, 𝑡𝑡) and ∆𝑣𝑣 ≡ 𝑣𝑣 ′ (𝜏𝜏𝐿𝐿 + ∆𝜏𝜏𝐿𝐿 , 𝜑𝜑 +
∆𝜑𝜑, 𝑡𝑡 + ∆𝑡𝑡) − 𝑣𝑣 ′ (𝜏𝜏𝐿𝐿 , 𝜑𝜑, 𝑡𝑡), where ∆𝜏𝜏𝐿𝐿 and ∆𝜑𝜑 are the LT (associated with longitude) and
latitude increments corresponding to the advection by [𝑢𝑢(𝜏𝜏𝐿𝐿 , 𝜑𝜑, 𝑡𝑡), 𝑣𝑣(𝜏𝜏𝐿𝐿 , 𝜑𝜑, 𝑡𝑡)] (full wind
including the background) over ∆𝑡𝑡. Therefore, ∆𝑢𝑢 = ∆𝑣𝑣 = 0, if the measurement error is zero
and 𝑢𝑢′ and 𝑣𝑣 ′ do not change over the advection. In other words, the wind change in this case is
solely associated with the mean tidal motion included in (𝑢𝑢�, 𝑣𝑣̅ ), so non-zero ∆𝑢𝑢 and ∆𝑣𝑣 arise
from measurement error and actual transient wind disturbances (except the tide).
The standard deviations of ∆𝑢𝑢 and ∆𝑣𝑣, denoted as σ∆𝑢𝑢 and σ∆𝑣𝑣 , respectively, are therefore
the square roots of the summations of the variances due to measurement error and the variances
of the actual advective change of the wind disturbances. These values can be regarded to
represent the uncertainty if the latter contribution is much smaller than the former. Let E( (∆𝑢𝑢)2 )
be the ensemble mean over 𝜏𝜏𝐿𝐿 and 𝑡𝑡 for each grid point of 𝜑𝜑, and let v𝑣𝑣 (∆𝑡𝑡) defined similarly
from ∆𝑣𝑣. Measured 𝑢𝑢′ can be regarded as the sum of its true value and the measurement
uncertainties. If the errors at 𝑡𝑡 and 𝑡𝑡 + ∆𝑡𝑡 are uncorrelated and that signal and error are
uncorrelated, the expected value of E( (∆𝑢𝑢)2 ) is 2𝜎𝜎ϵ2𝑢𝑢 + 2�1 − 𝑟𝑟𝑢𝑢′ (∆𝑡𝑡)� 𝜎𝜎𝑢𝑢2′ , where 𝜎𝜎ϵ2𝑢𝑢 is the
variance of error in zonal wind estimation, 𝜎𝜎𝑢𝑢2′ is the true (physical) variance of 𝑢𝑢′ , and 𝑟𝑟𝑢𝑢′ (∆𝑡𝑡)
is the auto-correlation of 𝑢𝑢′ at the lag of ∆𝑡𝑡 along advection. Therefore, if 𝜎𝜎𝑢𝑢2′ or ∆𝑡𝑡 is
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sufficiently small, 𝜎𝜎∆𝑢𝑢 ≡ �
E( (∆𝑣𝑣)2 )

�

2

E( (∆𝑢𝑢)2 )
2

~ 𝜎𝜎ϵ𝑢𝑢 (note that 𝑟𝑟𝑢𝑢′ (∆𝑡𝑡) → 1 when ∆𝑡𝑡 → 0 ). Also, 𝜎𝜎∆𝑣𝑣 ≡

~ 𝜎𝜎ϵ𝑣𝑣 , if 𝜎𝜎𝑣𝑣2′ or ∆𝑡𝑡 is sufficiently small.

Figure S4 shows 𝜎𝜎∆𝑢𝑢 and 𝜎𝜎∆𝑣𝑣 for ∆𝑡𝑡 = 4 and 8 hours. Because the difference between ∆𝑡𝑡 =
4 and 8 hours is actually small at latitudes lower than 40°, the above requirement is satisfied.
Therefore, we use 𝜎𝜎∆𝑢𝑢 and 𝜎𝜎∆𝑣𝑣 for ∆𝑡𝑡 = 4 hours as our uncertainty estimation. When ∆𝑡𝑡 = 4
hour is used, there is one common image used in the estimations of winds at 𝑡𝑡 and 𝑡𝑡 + ∆𝑡𝑡. In
principle, that can influence the estimation, but its effect is limited.
A possible alternative definition of ∆𝑢𝑢 and ∆𝑣𝑣 could be to use the Lagrangian wind
difference of the full winds 𝑢𝑢 and 𝑣𝑣 rather than 𝑢𝑢′ and 𝑣𝑣′. We tested this version and found that
the variance increases. Since the increase must be due to the actual (physical) one owing to the
neglection of tidal acceleration, we should rather use the above-mentioned definition with 𝑢𝑢′ and
𝑣𝑣′.
The uncertainties of the daily-mean transient wind disturbances 𝑢𝑢# and 𝑣𝑣 # can be evaluated
as follows. These daily mean winds are defined only when 3 or more 𝑢𝑢′ (or 𝑣𝑣 ′ ) values are
available, and the typical number used in averaging is 5. Therefore, the error variance should be
approximately 1/5 times. Therefore, the uncertainties of 𝑢𝑢# and 𝑣𝑣 # can be taken to be 1/√5
times of 𝜎𝜎ϵ𝑢𝑢 and 𝜎𝜎ϵ𝑣𝑣 , respectively.
S6. Estimation of the error covariance between 𝑢𝑢′ and 𝑣𝑣 ′
UV brightness features tends to be oriented slantwise in northwest-southeast (southwestnortheast) directions in the northern (southern) hemisphere (42). Though a high-pass filter is
applied before tracking clouds (24), the overall slantwise feature creates greater ambiguity in the
northwest-southeast directions than southwest-northeast directions in the northern hemisphere. It
creates negative covariance in the errors in 𝑢𝑢′ and 𝑣𝑣 ′ . Therefore, we evaluated the covariance
from the data, and subtracted its effect from the AM flux.
Under the same assumption as in the previous subsection, the expected value of E(∆𝑢𝑢∆𝑣𝑣) is
∂2 𝑣𝑣 ′

2C(ϵ𝑢𝑢 , ϵ𝑣𝑣 ) + 2C(𝑢𝑢′, 𝑣𝑣′) − C(𝑢𝑢′ , 𝑣𝑣 ′ ; ∆𝑡𝑡) − C(𝑢𝑢′ , 𝑣𝑣 ′ ; −∆𝑡𝑡) ≅ 2C(ϵ𝑢𝑢 , ϵ𝑣𝑣 ) − C �𝑢𝑢′ , ∂𝑡𝑡 2 � ∆𝑡𝑡 2 , where
C(𝑥𝑥, 𝑦𝑦) is the covariance of 𝑥𝑥 and 𝑦𝑦 with no time lag, and C(𝑥𝑥, 𝑦𝑦; ∆𝑡𝑡) is the covariance of 𝑥𝑥 and 𝑦𝑦
with the time lag of ∆𝑡𝑡. The last derivation is from the Taylor expansion (the last term can also
∂2 𝑢𝑢′

be written as −C � ∂𝑡𝑡 2 , 𝑣𝑣′� ∆𝑡𝑡 2 ). The result is shown in Fig. S5. Because the difference between
1

the cases with ∆𝑡𝑡 = 4 hours and 8 hours is small, we can regard that 2 E( ∆𝑢𝑢∆𝑣𝑣) at ∆𝑡𝑡 = 4 hours
as the estimation of error covariance. This covariance was obtained for each subperiod and
subtracted from the mean 𝑢𝑢′𝑣𝑣′ to draw solid lines in Fig. 2B.
Following the argument in the previous subsection, the error covariance between 𝑢𝑢# and 𝑣𝑣 #
(daily-means) was supposed to be 1/5 of the error covariance between 𝑢𝑢′ and 𝑣𝑣′, so it was set to
1
E( ∆𝑢𝑢∆𝑣𝑣) at ∆𝑡𝑡 = 4 hours. It is actually quite small, so the subtraction affected the results
10
(Fig. 2B) little.
S7. Estimation of the tidal angular momentum flux
The temporal mean winds obtained from observations (𝑢𝑢�, 𝑣𝑣̅ ) consists of the zonal and
temporal mean winds and the tidal winds: (𝑢𝑢�, 𝑣𝑣̅ ) = (𝑢𝑢0 + 𝑢𝑢𝑡𝑡 , 𝑣𝑣0 + 𝑣𝑣𝑡𝑡 ). In order to derive the
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tidal AM flux using (𝑢𝑢𝑡𝑡 , 𝑣𝑣𝑡𝑡 ), we need to separate (𝑢𝑢0 , 𝑣𝑣0 ) from (𝑢𝑢�, 𝑣𝑣̅ ). However, the cloud-top
wind is available only over the dayside, so a true separation is never possible. Therefore, we
utilize a priori knowledge and evaluate its validity from conceivable ranges of (𝑢𝑢0 , 𝑣𝑣0 ), as
described below.
Observational studies of cloud-top temperature by thermal infrared (29,43), which covers
both dayside and nightside, showed that the temperature variation associated with the thermal
tide has the greatest amplitude at the zonal wavenumber-2 (wavenumber-1) component at
latitudes lower (higher) than ~40°, which is the case in a recent modeling study (44). This
modeling study also showed that the ratio between the zonal wavenumber-1 and wavenumber-2
components are similar between temperature and zonal wind, as expected from the theoretical
equipartitioning of kinetic and potential energies in internal gravity waves. These studies indicate
that not only temperature but also zonal-wind disturbances associated with the tide are
dominated by the zonal wavenumber-2 component at latitudes lower than 30°, where the
amplitude of wavenumber-1 component is less than one-third of the wavenumber-2 component
(29). Therefore, we can expect that the momentum flux can be estimated reasonably well from
our observations limited to dayside at latitudes lower than 30°. We discuss this further below.
In our primary calculation used to create Fig. 2A, we simply set 𝑣𝑣0 = 0. In addition, we
confirmed that using 𝑣𝑣0 on ~1 m s −1, as suggested in the subsections S11 and S12, changes Fig.
2A only slightly.
An elaborate estimation is needed to constrain 𝑢𝑢0 to derive 𝑢𝑢𝑡𝑡 appropriately. Because of the
dominance of the wavenumber-2 component at low latitude, we estimated 𝑢𝑢0 by fitting the
wavenumber-2 sinusoidal curve. Figure S9 and S10 (A—H) shows 𝑢𝑢� at various latitudes
obtained from cloud-tracking winds over the three years. The red dashed curves show the
wavenumber-2 fit. The fitting results appear reasonable even at mid-latitude, because the
wavenumber-1 tidal zonal wind changes sign at around the sub-solar longitude. The zonal mean
wind 𝑢𝑢0 obtained from this fitting is shown as constant offsets to the sinusoidal curve. These 𝑢𝑢0
values are used to estimate the AM flux in Fig. 2A, which is reproduced in Figs. S9I and S10I.
We also tested fitting by using both the wavenumber-1 and wavenumber-2 sinusoidal
curves simultaneously. However, the results were unrealistic, giving 𝑢𝑢0 frequently outside the
maximum and the minimum of 𝑢𝑢�. This failure is presumably because of the shortness of the
local-time coverage. An earlier study (7) used this two-wave fitting to define both 𝑢𝑢0 and 𝑣𝑣0 .
An alternative definition of 𝑢𝑢0 was tried by setting it to the center of the maximum and the
minimum of 𝑢𝑢� along LT. The AM flux obtained this way is similar to the one obtained by the
wavenumber-2 fitting (Figs. S9-S10).
We also tried to constrain 𝑢𝑢0 by range. Fig. S9 and S10 show their estimates obtained by
the wavenumber-2 fitting plus/minus the 30% of the wavenumber-2 amplitude from the fitting.
Because of the dominance of the wavenumber-2 component, it is unlikely that true 𝑢𝑢0 is outside
the range at latitudes lower than 30°. Especially, the slower 𝑢𝑢0 – limit case is unrealistically slow,
because the mean-wind curves capture local wind-speed minima. Even in this case, the
〈𝑢𝑢𝑡𝑡 𝑣𝑣𝑡𝑡 〉 cos 𝜑𝜑 curve (Figs. S9I and S10I) exhibit positive gradient at the equator.
In order to regard the curves in Fig. 2A as the AM flux, we need a further assumption.
Because the flux is derived by taking the zonal mean only over the dayside, it is not the true
zonal mean over the entire latitudinal circles. However, the dominance of the zonal
wavenumber-2 component indicates that the estimation only over dayside provides reasonable
estimation at low latitude. In a recent modeling study (45), the relative amplitude of the
wavenumber-1 component to the wavenumber-2 component is greater than that is observed
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(29,43). Despite the bias, the study showed that the computed meridional fluxes are similar
between the true zonal mean and the partial zonal mean over dayside. Therefore, the bias caused
by the imperfect LT coverage of 𝑢𝑢𝑡𝑡 and 𝑣𝑣𝑡𝑡 should be limited.
From these investigations, we conclude that the estimates in Fig. 2A is adequate at latitudes
lower than 30°, and the sign and the order of magnitude of the tidal SR acceleration at low
latitude shown in Fig. 2C is robust. However, the tidal AM flux and its convergence at higher
latitudes may be inaccurate.
S8. On the estimation of the time mean values used to extract transient disturbances
We used (𝑢𝑢′ , 𝑣𝑣 ′ ), where 31-day running-mean winds are subtracted. One can alternatively
use (𝑢𝑢", 𝑣𝑣") ≡ (𝑢𝑢 − 𝑢𝑢�, 𝑣𝑣 − 𝑣𝑣̅ ), where (𝑢𝑢�, 𝑣𝑣̅ ) are simple time means (for fixed 𝜏𝜏L and 𝜑𝜑) over
each subperiod. This choice would be conceptually simpler because (𝑢𝑢, 𝑣𝑣) = (𝑢𝑢� + 𝑢𝑢", 𝑣𝑣̅ +𝑣𝑣") =
(𝑢𝑢0 + 𝑢𝑢𝑡𝑡 + 𝑢𝑢", 𝑣𝑣0 + 𝑣𝑣𝑡𝑡 +𝑣𝑣"). However, it is not practically cleaner, since (𝑢𝑢", 𝑣𝑣") include not
only transient spatial variations such as waves and turbulence but also slow variations of mean
winds to some extent. Therefore, we used (𝑢𝑢′ , 𝑣𝑣 ′ ) to exclude the latter. However, we confirmed
that the AM flux obtained by using (𝑢𝑢", 𝑣𝑣") are similar to that derived from (𝑢𝑢′ , 𝑣𝑣 ′ ).

S9. Spectral analysis
We computed frequency spectra with time, 𝑡𝑡, of daily-mean perturbation winds 𝑢𝑢# (τ𝐿𝐿 , 𝜑𝜑,
𝑡𝑡), and 𝑣𝑣 # (τ𝐿𝐿 , 𝜑𝜑, 𝑡𝑡) from the second to the fifth subperiods. Before computing the spectra,
winds are binned over 3 grid points with longitude and 2 grid points with latitude. Since the data
have gaps with time, we compared the Lomb-Scargle method (46) and the discrete Fourier
transform (DFT) by using the Fast Fourier Transform (FFT), and we confirmed that the results
are similar between the two methods (e.g., Fig. S8A), if we process data as in what follows. In
our actual analysis, we use DFT (Fig. 2 and Fig. S8B-D).
The time stamp of our daily-mean winds is based on the average of the observational times
in each day, so it is unequal. The Lomb-Scargle spectra were computed directly with the unequal
times. As for the DFT, however, it is assumed that the time sampling is equal. DFT also requires
that the time sequence has no data gap. In our computation, data gaps up to two days are
interpolated, and DFT was conducted only when 45-day or longer time sequence is secured. The
DFT was applied by using 90-day time windows for each subperiod, with zero-padding after the
consecutive time sequences. The Lomb-Scargle periodogram was also computed with the same
frequency increment as DFT, which is 1/90 day −1 . The normalization of the Lomb-Scargle
power spectra was based directly on Parseval’s identity.
If the complex Fourier coefficient of a quantity 𝑥𝑥(τ𝐿𝐿 , 𝜑𝜑, 𝑡𝑡) is expressed as 𝑋𝑋(τ𝐿𝐿 , 𝜑𝜑, 𝑓𝑓),
where 𝑓𝑓 is frequency, our power spectrum of 𝑥𝑥 is 𝑐𝑐𝑐𝑐(τ𝐿𝐿 , 𝜑𝜑, 𝑓𝑓)𝑋𝑋 ∗ (τ𝐿𝐿 , 𝜑𝜑, 𝑓𝑓) averaged with τ𝐿𝐿 and
further ensemble-averaged over subperiods for given 𝜑𝜑 (actually, before the Fourier transform
𝑥𝑥(τ𝐿𝐿 , 𝜑𝜑, 𝑡𝑡) was binned over three longitudinal (τ𝐿𝐿 ) grid points and two 𝜑𝜑 grid points having the
3° × 3° grid spacing). Here, 𝑐𝑐 is the factor to make the power spectrum integrated over 𝑓𝑓 (up to
the Nyquist frequency) is equal to the variance, and asterisk indicates complex conjugate. The
co-spectra and the quadrature-spectra (the imaginary part of cross-spectrum) between 𝑥𝑥(τ𝐿𝐿 , 𝜑𝜑, 𝑡𝑡)
and 𝑦𝑦(τ𝐿𝐿 , 𝜑𝜑, 𝑡𝑡) are the real and the imaginary parts of their cross spectrum, which is
𝑐𝑐𝑐𝑐(τ𝐿𝐿 , 𝜑𝜑, 𝑓𝑓)𝑌𝑌 ∗ (τ𝐿𝐿 , 𝜑𝜑, 𝑓𝑓) averaged in the same way. The squared coherency, which represents
correlation for each frequency, is the ratio between the squared absolute values of the cross
spectrum and the power spectra of 𝑥𝑥 and 𝑦𝑦.
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The power spectra shown in Figs. 2 and S8 were computed from the four subperiods from
the second to the fifth; the first subperiod was not used because its coverage was limited. The
degree of freedom in each subperiod depends on autocorrelation along τ𝐿𝐿 for each frequency. As
for the zonal-wavenumber-1 wave, the degree of freedom along τ𝐿𝐿 at each time should be nearly
1, since the τ𝐿𝐿 coverage is limited (24). However, in each subperiod, the τ𝐿𝐿 coverage shifts
gradually, and there is little overwrap in the 𝑡𝑡 range between the early “morning” τ𝐿𝐿 and late
“afternoon” τ𝐿𝐿 (24). Therefore, the degree of freedom should be at least 2 for each of the four
subperiods. In total, the spectra can be regarded to have 8 or more degree of freedom (i.e., 8 or
more independent spectra are used to create the figure).
S10. Estimation of the tidal heat flux
Meridional tidal heat flux was estimated by using 𝑣𝑣𝑡𝑡 from the cloud tracking described
above and the cloud-top brightness temperature data obtained by the thermal-infrared camera
LIR onboard Akatsuki. LIR observes thermal infrared at 8-12 µm (47). When the satellite zenith
angle is low (i.e., for the observation of around the sub-satellite point), the LIR measurement is
sensitive to the temperature at ~4 km below the cloud top to which UVI measurement is sensitive
(48). Therefore, we used data obtained at high satellite zenith angles at which the slantwise path
increases the representative altitude. The mean LIR brightness temperature is decreased by ~12
K at 70° than at 0°, indicating higher representative altitude by ~4 km. We derived the tidal
temperature field 𝑇𝑇𝑡𝑡 from the LIR brightness temperature observed when the satellite zenith
angle is between 50° and 80°. The overall temperature dependence on the zenith angle was
corrected before deriving the mean temperature. The result obtained from the time mean over the
entire three-year observational period is shown in Fig. S11A.
In Fig. 2D,E, the result is shown for the wavenumber-1 component, the diurnal tide. The
diurnal component of 𝑇𝑇𝑡𝑡 was obtained simply from the Fourier transform with LT (see Fig. S11B
for the three-year mean case). 𝑣𝑣𝑡𝑡 , which is available only on the dayside, was obtained by fitting
the wavenumber-1 sinusoidal curve at each latitude (Fig. S11C).
An alternative derivation was tested to use only the dayside results without wavenumber
decomposition/fitting. The heat flux obtained in this way was smaller than that in Fig. 2D;
around 1/2 at around 50°S and 50°N mid-latitude and nearly zero at low latitude. This result is
qualitatively expected, since the thermal tide includes semidiurnal (zonal-wavenumber 2)
contributions; in the gravity-wave mode that dominate the semidiurnal tide, the meridional heat
flux is expected to be reversed from that of Rossby waves, according to the inertia-gravity wave
theory (40).
The near-cloud-top brightness temperature obtained by LIR is not necessarily the
temperature at a pressure level. This is also the case for 𝑣𝑣𝑡𝑡 , but because of thermal stratification,
the horizontal structure of temperature is expected to be more sensitive to the altitude sampling
than that of tidal winds. It may appear that the representative altitude for the LIR brightness
temperature is more like an isentropic surface than an isobaric surface. However, according to
the linear wave theory, the temperature disturbance is exactly the same in these two cases if the
background vertical temperature profile is iso-thermal. Around the cloud top level, the
background temperature decreases with altitude, so the isentropic tidal amplitude should be
larger than that of the isobaric tidal amplitude, but the former is less than twice the latter, and the
phase is identical. Therefore, the results shown in Fig. 2D,E should is expected be valid within a
factor of ~2 in this respect. A further ambiguity arises from the partial zonal coverage of 𝑣𝑣𝑡𝑡 as
described above, but we expect that it is not large (45).
10

Supplementary Text

S11. Meridional circulation velocities in the heat-induced meridional circulation model
Our meridional circulation model (described in subsection S3) is simpler than but consistent
with the preceding studies on the net radiative heating in the cloud layer (49-51). The net
radiative effect is heating at low latitude and cooling at high latitude, implying thermally induced
circulation around the cloud layer. Since the estimated net radiative heating at around the cloud
top at low latitudes, 𝑄𝑄, is around 2 K day −1, and 𝑆𝑆 ~ 8 × 10−3 K m−1 , it is suggested that
𝑤𝑤 𝑟𝑟 ~ 𝑄𝑄/𝑆𝑆 ~ 0.3 cm s −1 as has been suggested (49). In this case, it takes about 40 days to ascend
by 10 km (~ 2𝐻𝐻, where 𝐻𝐻 is the scale height). Since the derived 𝑤𝑤 𝑟𝑟 around the cloud top does
𝜕𝜕𝑣𝑣𝑟𝑟 cos 𝜑𝜑
𝜕𝜕𝑤𝑤𝑟𝑟
𝑤𝑤𝑟𝑟
not vary strongly over a scale height, the continuity equation 𝑎𝑎 cos 𝜑𝜑𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕 − 𝐻𝐻 = 0 suggests that
some substantial portion of vertical mass flux should be diverted to poleward within some scale
heights. As a rough estimation, if it takes 40 days to travel meridionally by 45°, its mean
meridional speed is 1.4 m s −1 . Therefore, 𝑣𝑣 𝑟𝑟 is likely ~1 m s−1. This is one order of magnitude
smaller than the earlier estimations from the cloud tracking only over the dayside (52, 24), which
is sometimes interpreted as a rough estimation of the zonal-mean meridional wind even now (2).
S12. AM tendency by the meridional circulation, roles of hydrodynamic instabilities, and
Eulerian vs eddy-induced (Stokes drift) circulations
We discuss here the implications of the idealized model consisting of the meridional
circulation derived by the method described in subsection S2 and the idealized wind distribution
defined also there. In our derivation, 𝒗𝒗𝑟𝑟 is obtained by assuming that the meridional contrast in
the heating is attributed solely to that in the solar heating derived from observed downward
shortwave flux compiled as VIRA (39,53). This assumption should be valid to the first
approximation, since the longwave heating has much smaller meridional contrast (49).
The idealized model is visualized in Fig. 1. The magnitudes of 𝑣𝑣 𝑟𝑟 and 𝑤𝑤 𝑟𝑟 are consistent
with the estimation in subsection S11 (𝑣𝑣 𝑟𝑟 in Fig. 1D has a local maximum of 1.9 m s −1 at 70
km). The meridional circulation has an equatorward return flow below ~60 km (Fig. 1C), since
more than half of shortwave absorption occur in the cloud layer (Fig. 1A). This cloud-level
circulation and the near-surface circulation are suggested by early studies (11,12,17,55).
The model provides the advective zonal wind acceleration −(𝑎𝑎 cos 𝜑𝜑)−1 𝒗𝒗𝑟𝑟 ∙ 𝛁𝛁𝑀𝑀 as shown
in Fig. 1C. The positive acceleration (to decelerate the westward SR) is between 60 to 73 km at
low latitudes owing to the upwelling upgradient of |𝑀𝑀|. Its peak is around 0.5 m s−1 day −1 . This
value is sensitive to shear strength, but the result suggests that eddy AM convergence of ~1
m s −1 day −1 is needed to maintain the AM peak around the equatorial cloud top.

In Fig. 1C, negative (positive) advective acceleration exists above (below) ~65 km at midto-high latitude. The advection reaching high latitude inevitably creates barotropic and baroclinic
instabilities (and possibly inertial instability), so eddies arising from the instabilities should work
to counteract the advective AM homogenization (19,20). In particular, baroclinic instability can
transport AM downward, creating a vertically aligned deceleration and acceleration pair. If eddy
AM transport were absent, the iso-lines of 𝑀𝑀 must coincide with the streamlines of 𝒗𝒗𝑟𝑟 as
schematically illustrated in Fig. S2A. Given the observed distribution of 𝑀𝑀, however, it is
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unlikely the case. Therefore, the eddy AM flux associated with baroclinic instability should act
as suggested above, whose effect is as if part of the AM transport shortcuts the meridional
circulation, causing the decrease and increase of |𝑀𝑀| along the meridional circulation (Fig. S2B).
The residual circulation, which approximates mean meridional Lagrangian circulation is
generally different from the Eulerian-mean meridional circulation. The difference is due to the
Stokes drift term parallel to the isolines of 𝜌𝜌0 𝑆𝑆 −1 〈𝑣𝑣 ∗ 𝑇𝑇 ∗ 〉 cos 𝜑𝜑, which is proportional to 𝑓𝑓𝑧𝑧𝑧𝑧 (40).
Therefore, baroclinic instability discussed above induces Stokes drift, while the Eulerian
circulation is expected to be dominant at low latitudes, as in the Earth’s atmosphere as
schematically illustrated in Fig. 4B.
S13. Consistency of the heat-induced meridional circulation model with satellite-indicated
meridional heat transport
It has been shown that net downward solar insolation is greater (smaller) than the outgoing
longwave radiation at low latitudes (high latitudes) [(39), their Figure 6-4]. If the difference
shown in the figure (shown for each 10° latitudinal bin) is integrated from the equator, the total
meridional heat flux peaks 40° with the value of 3.6 × 1015 W s −1. The heat flux must be
provided by the meridional circulation of the atmosphere.
From subsection S2, vertically integrated heat flux between altitudes 𝑧𝑧1 and 𝑧𝑧2 is expressed
𝑧𝑧
as 𝐸𝐸(𝑧𝑧1 ; 𝑧𝑧2 ) ≡ ∫𝑧𝑧 2 𝑎𝑎2 𝑠𝑠𝑣𝑣 ∗𝑟𝑟 𝜌𝜌 𝑑𝑑𝑑𝑑. For the idealized meridional circulation and 𝑠𝑠 in Fig. 1,
1

𝐸𝐸(0 km; 100 km) was computed to be 3.5 × 1015 W s−1 , which is nearly equal to the above
estimation. The agreement indicates that the idealized meridional circulation is not unrealistic.
40° is close to 𝜑𝜑max = 38.2°.
The heat flux can be computed between arbitrary altitudes, but in order for it to be useful, 𝑧𝑧1
and 𝑧𝑧2 should be taken so that the net meridional mass flux between them is nearly zero. Figure
1B indicates that χmax (48 km) ~ χmax (74 km), so the net meridional mass flux between them
are nearly zero (in this idealized meridional circulation). The derived 𝐸𝐸(48 km; 74 km) value is
2.0 × 1015 W s −1 , which is about a half of the total heat transport.
S14. Relative importance of the two terms in the meridional component of the EP flux
The meridional component of the EP flux 𝐹𝐹𝑦𝑦 , is proportional to 𝑓𝑓𝑦𝑦𝑦𝑦 + 𝑓𝑓𝑦𝑦𝑦𝑦 , where 𝑓𝑓𝑦𝑦𝑦𝑦 =
−〈𝑢𝑢∗ 𝑣𝑣 ∗ 〉cosφ and 𝑓𝑓𝑦𝑦𝑦𝑦 =

𝜕𝜕〈𝑢𝑢〉
𝜕𝜕𝜕𝜕

𝜕𝜕〈𝑢𝑢〉

𝑆𝑆 −1 〈𝑣𝑣 ∗ 𝑇𝑇 ∗ 〉cosφ = �ζ−1
�𝑓𝑓𝑧𝑧𝑧𝑧 . The mean zonal wind shear � 𝜕𝜕𝜕𝜕 � is
𝑎𝑎

� is less than 300 at
likely smaller than 3 m s −1 km−1 from previous knowledge (41), so �ζ−1
𝑎𝑎
2 2
~30°N/S from Fig. S3B. Therefore, �𝑓𝑓𝑦𝑦𝑦𝑦 � by the diurnal tide is ~1 m s or smaller from Fig. 2E,
while �𝑓𝑓𝑦𝑦𝑦𝑦 � is ~10 m2 s 2 . This order of magnitude estimation suggests that 𝐹𝐹𝑦𝑦 is dominated by
𝑓𝑓𝑦𝑦𝑦𝑦 for the thermal tide. We could not have obtained reliable estimates of the heat flux for
transient disturbances consistent among the subperiods, as mentioned in the text, but their order
of magnitude we obtained was smaller than that of the thermal tide. Therefore, 𝐹𝐹𝑦𝑦 of the transient
disturbances is likely dominated by 𝑓𝑓𝑦𝑦𝑦𝑦 too.
S15. Order estimation of the vertical component of the EP flux
Direct estimation of the vertical component of the EP flux associated with tidal gravity
waves is not available, since vertical wind measurement is not available. Therefore, we instead
estimate its order of magnitude indirectly from their amplitude. Zonal wind amplitude of the
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thermal tide shown in Fig. S3C is ~7 m s−1 at low latitude, which we denote as 𝑈𝑈. As a gravity
1
wave, the wave energy per unit mass, 𝐸𝐸, is ~ 2 𝑈𝑈 2 +potential energy, so 𝐸𝐸 ~ 𝑈𝑈 2 ~ 50 m2 s −2.
The vertical component of the EP flux, 𝐹𝐹𝑧𝑧 , is approximately equal to −𝑐𝑐𝑔𝑔𝑔𝑔 𝑐𝑐̂ −1 𝐸𝐸, where 𝑐𝑐𝑔𝑔𝑔𝑔 is
the vertical group velocity and 𝑐𝑐̂ is the intrinsic zonal phase velocity (therefore 𝑐𝑐̂ ~ 100 m s −1 ),
𝜕𝜕𝐹𝐹
if factors are adjusted so that 𝜕𝜕𝜕𝜕𝑧𝑧 represents zonal-wind acceleration. As for gravity wave,
𝑐𝑐𝑔𝑔𝑔𝑔 ~ 𝑁𝑁 𝑘𝑘 𝑚𝑚−2 , where 𝑁𝑁 is buoyancy frequency (~ 0.02 s −1 ), and 𝑘𝑘 and 𝑚𝑚 are zonal and vertical
wavenumbers, respectively. If we suppose the semidiurnal tide, the vertical wavelength is ~ 20
km theoretically (56) and from LIR observations (29), so 𝑐𝑐𝑔𝑔𝑔𝑔 ~ 0.07 m s −1 and 𝐹𝐹𝑧𝑧 ~0.035
m2 s −2. Therefore, if 𝐹𝐹𝑧𝑧 diverges on the vertical scale of 𝑍𝑍 ≡ 10 km,
𝜕𝜕𝐹𝐹
� 𝑧𝑧 � ~ |𝐹𝐹𝑧𝑧 | 𝑍𝑍 −1 ~ 0.3 m s −1 day −1 . If we rather suppose the diurnal tide, the acceleration is
𝜕𝜕𝜕𝜕
smaller than the semidiurnal tide, since 𝑐𝑐𝑔𝑔𝑔𝑔 is smaller.
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Fig. S1. A vertical distribution of static energy. It is obtained from the VIRA data (39), and is
expressed as the difference from the surface value, 𝑠𝑠 ′ ≡ 𝑠𝑠 − 𝑠𝑠(𝑧𝑧 = 0 km). This profile was used
to compute the meridional heat transport shown in subsection S13. Its theoretical basis is found
in (54).
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Fig S2. Schematic illustration of possible steady-state distribution of AM and meridional
circulation at mid-to-high latitude (subsection S12). (A) When eddy AM transport is absent.
In this case, the iso-lines of 𝑀𝑀 (dotted) must coincide with streamlines of mean Lagrangian
meridional circulation (solid arrow). (B) When eddy AM flux associated with baroclinic
instability (hollow arrow) is present. In this case, AM is transported by the eddy AM flux as
well as the meridional circulation, so 𝑀𝑀 can change along the meridional circulation stream line.
In this particular instance, 𝑀𝑀 is decreased and increased along the upper and lower branches,
respectively, due to the instability, so the eddy AM transport acts as if the AM flow partly
shortcuts the meridional circulation.
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A

B

C

D

Fig. S3.
Basic statistics of the horizontal winds at the cloud top obtained from ultraviolet images
taken by Akatsuki. Results from 365-nm images are shown unless otherwise stated. (A) The
number of wind vectors for each latitudinal grid point with a 3° interval (red curve), and the
estimated standard deviations of error of the wind components after 3×3 running “tile” mean:
zonal wind (black solid curve) and meridional wind (dashed curve). (B) Mean zonal wind (black
solid curve) obtained by averaging over the entire period and local time over 8—9.5 and 14—
15.5 h. Shading indicates ± the low-frequency variability obtained as the standard deviation of
zonal wind subject to a 21-day running-mean (>50% data existence required) and averaging over
the designated local times. Angular momentum per unit mass (blue) and the vertical component
of absolute vorticity (red) derived from the mean zonal wind. Also shown is the mean zonal wind
obtained from 283-nm images (dotted). (C) Local time—latitude distribution of zonal wind
averaged over the observational period (m s −1). (D) As in C but for meridional wind.
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Fig. S4.
Statistics based on the Lagrangian wind differences defined in subsection S4. Left: 𝜎𝜎∆𝑢𝑢 at
∆𝑡𝑡 = 4 hours (solid) and 8 hours (dashed) for winds from the 365-nm (black) and 283-nm (red)
images. Right: same but for 𝜎𝜎∆𝑣𝑣 . 𝜎𝜎∆𝑢𝑢 and 𝜎𝜎∆𝑣𝑣 at ∆𝑡𝑡 = 4 hours are used as the estimated standard
errors shown in Fig. S3A.
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Fig. S5. Estimation of the error covariance. The halved covariance of the Lagrangian wind
1
differences 2 E( ∆𝑢𝑢∆𝑣𝑣) defined in subsection S6 when ∆𝑡𝑡 = 4 hours (solid) and 8 hours
(dashed) for winds from the 365-nm (black) and 283-nm (red) images. The values at ∆𝑡𝑡 = 4
hours are used as the estimated error covariance between 𝑢𝑢′ and 𝑣𝑣′ to derive the AM flux shown
in Fig. 2B.
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Fig. S6. Example of the spatial distribution and the temporal evolution of transient wind
disturbances. The daily-mean transient winds (𝑢𝑢# , 𝑣𝑣 # ) over (A–C) Jan 7–18, 2017 and (D–F)
July 30–Aug 10, 2017 (vectors colored in red if 𝑢𝑢′ > 0; scale in m s −1 indicated on the lowerright margins). Absolute vorticity (color shading). The longitude is based on 𝜏𝜏𝐿𝐿 and shifted by
90° per day. The vertical dotted lines are shown to indicate 360° from the left sides.
19

A

B

C

D

E

F

Fig. S7. As in Fig. S6 but shading is applied to 𝑣𝑣 # .

20

A

C

B

D

Fig. S8. Spectra and cross spectra of the daily-mean transient wind disturbances at 365-nm.
(A) comparison of the Lomb-Scargle spectrum (black) and the DFT (red) spectrum of 𝑢𝑢#
between 5°S and 5°N. (B—D) Results from DFT of daily-mean 𝑢𝑢# and 𝑣𝑣 # . (B) Power spectra of
𝑣𝑣 # (m2 s −2 day). (C) As Fig. 2C but for the quadrature-spectra (the imaginary part of crossspectra). (D) Squared coherency between 𝑢𝑢# and 𝑣𝑣 #
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Fig. S9. Illustration of the sensitivity test to investigate the dependence of tidal angular
momentum flux on the assumption of 𝑢𝑢0 . A–H: mean zonal wind 𝑢𝑢� obtained from the threeyear period (black curves) at latitudes shown on their upper-right corners. The red lines indicate
the values of 𝑢𝑢0 obtained by the least-square fitting of the wavenumber-2 sinusoidal curve. I,
〈𝑢𝑢𝑡𝑡 𝑣𝑣𝑡𝑡 〉 cos 𝜑𝜑 obtained from this assumption (red curve), which is the same as the thin solid blue
curve in Fig. 2A. All panels: the green and cyan lines (A-H) and curves (I) show the cases in
which 𝑢𝑢0 defined this way is shifted by ±0.3 times the fitting-based tidal amplitude (green: the
faster; cyan: the slower). The blue lines (A-H) and curve (I) show the case in which 𝑢𝑢0 is defined
as the center in between the maximum and the minimum of 𝑢𝑢�.
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Fig. S10. As Fig. S9 but for winds obtained from 283-nm images.

23

A

B

C

Fig. S11. Tidal temperature and meridional wind. A: the tidal component (as the deviation
from zonal mean) of brightness temperature, 𝑇𝑇𝑡𝑡 (K), derived from LIR observations when the
satellite zenith angle (emission angle) is between 50° and 80°, obtained by averaging over the
three observational years. B: its zonal wavenumber-1 component. C: mean meridional wind 𝑣𝑣̅
(m s−1) obtained from the UVI 365-nm images averaged over the three observational years
(color-shading), and its zonal wavenumber-1 component obtained by the least-square fitting
(contours) supposing 𝑣𝑣0 = 0. The abscissa, LT, is shown in the decreasing order to reflect
longitude (to have east to the right). See subsection S10 for more details.
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Table S1.
Downward solar flux 𝐹𝐹(𝑧𝑧) used in this study. Values between 10 and 90 km are taken from
VIRA (39, their Figure 6-13). The value at 100 km (158 W m−2 ) is assumed. The surface value
(𝐹𝐹(0 km)) was read as 19 W m−2 in VIRA, but it was set to 0 in our heating computation to
incorporate the convective and radiative heating from the ground that absorbed solar flux.
Altitude: 𝑧𝑧 (km)
Downward solar
flux: 𝐹𝐹 (W m−2)

0
19
(0)

10 20 30 40 48 58 70
72 76
20 24 30 40 41 57 136.5 142 147.5

80
150.5

90
157

100
158
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