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Venus's atmospheric superrotation
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Abstract: Venus, the planet closest to Earth, has a slowly retrograde rotation in the opposite direction to
Earth's, and it has a dense atmosphere that exhibits rapid westward motion. At the cloud top, around 65-70 km in
altitude, zonal wind speeds reach up to 100 m/s—about 50-60 times faster than the surface rotation. This striking
and enigmatic phenomenon is known as atmospheric superrotation. Since the 1960s, the spatiotemporal characteris-
tics and angular momentum balance mechanisms of superrotation have remained one of the central challenges in
planetary atmospheric dynamics, with sustained investigation for over six decades. This review summarizes the his-
torical development of superrotation studies and highlights recent advances. In terms of the vertical structure, su-

perrotation intensifies from the surface upward, peaking near the cloud top, then gradually weakens toward the
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mesopause at around 110 km, where the circulation is dominated by the diurnal cycle. In the latitudinal distribution,
the cloud-top winds maintain nearly constant at its maximum values between 50°N and 50°S before decreasing to-
ward the poles. Superrotation is generally understood to be maintained by angular momentum transport through the
combined effects of atmospheric circulation and large-scale eddies (such as tides and planetary waves). Recent ob-
servations and modeling results indicate that thermal tides primarily drive eddy contributions at the cloud top. In
contrast, those in the middle and lower cloud layers (50—60 km) are mainly controlled by planetary waves. Further-
more, long-term observations have revealed multiple timescales of variability in superrotation, ranging from a few
days to several hundred days, and possibly up to ~12 years linked to the solar cycle. State-of-the-art modeling stud-
ies suggest that the dynamic balance of angular momentum transport between planetary waves and the general cir-
culation largely regulates the quasi-200-day variability in the cloud region. Overall, research on superrotation has
been shifting from a focus on its basic maintenance mechanisms to its spatiotemporal variability, and from large-
scale processes to smaller-scale phenomena such as gravity waves. With advances in numerical models and future
observational missions, a more comprehensive understanding of the origin and evolution of Venusian atmospheric
superrotation within a climatic framework is anticipated.

Keywords: Venus atmosphere; atmospheric dynamics; atmospheric superrotation; atmospheric waves; angu-

lar momentum balance
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Fig. 1 Schematic overview of Venus deep-space exploration missions, including gravity-assist flyby missions en route to other plan-

ets. Sources from Hall (2019) and Taylor (2014)
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Fig.2 Zonal-mean background zonal winds in the atmosphere of Venus. (a) Time- and zonal-mean zonal winds simulated by the

Venus PCM; (b) Comparison between Venus PCM simulations and various observations. Dashed lines indicate the back-
ground zonal winds in Venus PCM at 69 km (orange), 64 km (lavender), 59 km (black), and 56 km (gray). Solid lines repre-
sent the zonal-mean zonal winds derived from Akatsuki/UVI-365 nm (orange, ~70 km), Akatsuki/UVI-283 nm (yellow, ~70
km), Akatsuki/LIR (lavender, ~65 km), and Akatsuki/IR2 (black, ~57 km) observations. Dotted lines show the zonal-mean
zonal winds from Venus Express/VMC-513 nm (black, ~60 km) and Venus Express/VMC-965 nm (gray, ~55 km). Error bars
indicate the 99.6% confidence interval, and shaded areas represent the standard deviation. Model data are from Lai et al.
(2025a). Observational data are from Horinouchi et al. (2017, 2018), Peralta et al. (2018), Khatuntsev et al. (2017, 2022b), and

Lai et al. (2025a)
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Fig. 3

Schematic diagram illustrating the main features of (a) the classical Gierasch-Rossow-Williams scenario and (b) a non-classi-

cal alternative scenario for atmospheric superrotation, in which upgradient fluxes of angular momentum (AM) occur in the

vertical (from Read and Lebonnois, 2018)

ANy (Horinouchi et al., 2020; Moroz et al., 1985) .
AR GCM H R BIRR S A& 7 BN A5 7=
{HAE 90 km LA B£8R B AT A3 3 N3
H 3 B S0 (Lai et al., 2024; Mendonca and Read,
2016; Sugimoto et al., 2019): 7EZ) 50 km LA _EA77E
— AN MR IE [ A X A B = R PR T, AR
27 50 km LA BMICZE KL SGEAT B3R 1 JE & AFAE
—/NREY R BN (B4 . ZE M
T 28 1) PR 45 R 22 U B 2 1B B X3 S i A5 3
T —EWAE (Gorinov et al., 2021) .

FH TP 28 1) 33 A 2 & s 1 53— SR B AL
FeWmal, AR R DU S G I 0 T R AF£E.
e R b, FERIRIFEQRE KW

(Kouyama et al., 2019). 172 (Laiand Li, 2023 )+
= Jy (Silva et al, 2021, 2024) YL K& = 2 X Jii

(Jessup et al., 2020) . FAEH W% I tH 58 FUE 48 o 22
FR3), HAKFREZEITERE, T es
g 5 B A s R fis, TR EAR Kel-
vin JE Al Rossby ¥, 24T & H 54 mBTIZ4)H,
VR EE i P O B ORI AT Pl h==w =9I 1BV SR B 03
SR X s 8 /N RS sh iUk i E
I, FARFAE A 7] b AL B I AL AR R BFE AR FE AR T
Mg, Mt EE KA E S Ay E H
SO, 2 PR RN B, Bt R R E R E R )R
JHUL B X DIAERE AR, AT B R #GE%
Kelvin 3 Fil Rossby ¥ & #K7H £ [7) 2890 [a) A i I
Yt FF = T 2 e % 1 32 228 J1 R I (Sanchez-
Lavega et al., 2017) . Akatsuki F00 M3 — 25 IR,
I 1) 1) 75 3B i 5 ELRNE Re 08 1E = TR R0
28 W) PR 98 G /E H (Fukuya et al., 2021; Hori-



E5sE H1M

PV, 55 @R 55

K 4

Fig. 4

(2) (b)

100
90 -
80 -
70 4 H
60 4 H
£
ﬁ 50 4 k
P B
40 — = .
30 4 H = -
20 4 E a -
10 -4 H 4 K’_' W = -
ol 1 N .m(.)l\ M T B
0 1 2.0 1 2 0° 30° 60° 90° 0 4 8 12
(x100 W m™) (x0.001) ZhE )
F p W' (mmes )
; e @ TITI 111>
-06 -03 0 03 (ms'd")
i

HK BHAR S5 e B A AL i ) sh B (AMD ~T-iRu g3t 7] kg RO 28 [ SRR O B AR BB IS R (2) Bk E1A)
NRMARSEEF,. (b)) EH I on=38.2°%F T, BRSNS 2K P B Ry s AR RIE(E AR,
B RZARIR 74 km GEALRIBE. (o) FURREREN MEEREE CREOSEMEL, O RER3ITTM); 40~90 km
E VG A B AR M R BLR 50~80 km & 5 38 [ P (19 46 1) P I & T ~(acos )™ V- VM (R
FIR) . (d) fEpmaEBIBRRINRZ M 72 v CRED VUK RIE PR R E B ws () . i i 23808
50~80 km = FEE Y 8UE (51 A Horinouchi et al., 2020)

Idealized model calculation of the meridional circulation derived from solar heating and the advective acceleration of ideal-
ized zonal angular momentum. (a) Global-mean downward solar flux (F). (b) The mass stream function y derived from the
solar heating at ¢m.x=38.2°. The dashed line indicates interpolation and the blue dotted line indicates the value at 74 km. (c)
Hemispheric structure of y (black contours; flow directions are indicated schematically by red arrows); idealized M between
40 and 90 km (gray dashed contours); and advective zonal acceleration —(acose) ' V'-VM between 50 and 80 km (color shad-
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Fig. 5 Tidal structure comparison between radio occultation (RO) observations (Venus Express/VeRa and Akatsuki/RS) and Venus

Planetary Climate Model (PCM) simulations. Local time-altitude distributions derived from RO observations (a-c) and Venus
PCM simulations (d-f) are shown for three latitudinal bands: 0-20°S (a, d), 30°S-50°S (b, e), and 60°S—80°S (c, f). In the RO
panels (a-c), black contour lines are smoothed using a 3x3 grid convolution applied to the local time-altitude data (color-
shaded pixels). Note: Because the opposite rotation direction of Venus compared to Earth, local time is opposite to the stan-

dard cylindrical projection. The mean zonal wind direction is from left to right (from Lai et al., 2025a)
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Fig. 8 Long-term variations of Rossby waves from Akatsuki/LIR observations and Venus PCM simulations. (a) Long-term variation
of the brightness temperature amplitude of Rossby waves from Akatsuki/LIR observations (~65 km altitude), with red con-
tours enclosing regions that pass the 95% confidence significance test and white contours representing an amplitude of 1 K; (b)
Rossby wave eddy kinetic energy at 65 km from Venus PCM simulations; (¢c) Comparison of the peak-period amplitude of
zonal wind Rossby waves at 65 km in the low-latitude region (10°S—10°N) within the 5-6.5 day period range and the back-
ground zonal wind rotation period in Venus PCM simulations (Fig. a adapted from Lai and Li, 2023; Fig. b, ¢ data from Lai et
al., 2024)
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