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a b s t r a c t 

We derive simple dynamical relationships between wind speed magnitude and meridional temperature 

contrast. The relationship explains scatter plot distributions of time series of three variables (maximum 

zonal wind speed U MAX , meridional wind speed V MAX , and equator −pole temperature contrast dT MAX ), 

which are obtained from a Venus general circulation model with equatorial Kelvin-wave forcing. Along 

with V MAX and dT MAX , U MAX likely increases with the phase velocity and amplitude of a forced wave. In 

the scatter diagram of U MAX versus dT MAX , points are plotted along a linear equation obtained from a 

thermal-wind relationship in the cloud layer. In the scatter diagram of V MAX versus U MAX , the apparent 

slope is somewhat steep in the high U MAX regime, compared with the low U MAX regime. The scatter plot 

distributions are qualitatively consistent with a quadratic equation obtained from a diagnostic equation of 

the stream function above the cloud top. The plotted points in the scatter diagrams form a linear cluster 

for weak wave forcing, whereas they form a small cluster for strong wave forcing. 

An interannual oscillation of the general circulation forming the linear cluster in the scatter diagram 

is apparent in the experiment of weak 5.5-day wave forcing. Although a pair of equatorial Kelvin and 

high-latitude Rossby waves with a same period (Kelvin–Rossby wave) produces equatorward heat and 

momentum fluxes in the region below 60 km, the equatorial wave does not contribute to the long-period 

oscillation. The interannual fluctuation of the high-latitude jet core leading to the time variation of U MAX 

is produced by growth and decay of a polar mixed Rossby-gravity wave with a 14-day period. 

© 2017 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

Recently, extrasolar Earth-size planets have been detected by 

astronomical observations. Thus, we might expect a renewed ef- 

fort toward a unified theory and mechanism driving the planetary 

general circulation, including the exoplanets. Golitsyn (1970) esti- 

mated horizontal wind speeds of planets based on his similarity 

theory of fluid dynamics. The superrotation strength (zonal wind 

speed) of Venus’ atmosphere was theoretically estimated using 

idealized quasi-axisymmetric models in Gierasch (1975), Matsuda 

(1980) , and Kashimura and Yoden (2015) . Li et al. (2012) performed 

simulations of Titan and Earth under different scenarios of plane- 

tary rotation rate and investigated possible physical cause of rapid 

vertical change of the zonal wind on Titan. Yamamoto and Taka- 
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hashi (2016) emphasized the importance of a dynamical process of 

a polar mixed Rossby gravity wave with meridional flows across 

the poles on a cloud-covered planet with the period of Venus’ 

rotation. The polar wave transports heat poleward and weakens 

both high-latitude jets and the equator −pole temperature differ- 

ence. Mitchell and Vallis (2010) and Dias Pinto and Mitchell (2014, 

2016) also indicated that high-latitude Rossby-type waves are im- 

portant in Earth-like planetary superrotation, along with Kelvin–

Rossby waves ( Yamamato and Takahashi, 2004; Iga and Matsuda, 

2005; Wang and Mitchell, 2014 ). However, we lack full under- 

standing of the influences of planetary-scale waves on zonal flow, 

meridional circulation, and equator −pole temperature contrast in 

the planetary middle atmosphere. 

For the Venusian atmosphere, Newman and Leovy (1992) and 

Yamamoto and Tanaka (1997) discussed the dynamical roles of 

thermal tides and planetary-scale waves with the existence of a 

meridional circulation and superrotation. According to Yamamoto 

and Tanaka (1997) , a forced 4-day wave ( Covey and Schubert 1981, 
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Fig. 1. Schematic of relationships among U MAX , V MAX , and dT MAX . Contours repre- 

sent zonal wind speed, and thick arrows represent meridional circulation. T E is the 

equatorial temperature and T P the polar temperature at the level where equator–

pole temperature contrast is maximum. Thin gray arrows indicate the locations of 

dT MAX . dT MAX has almost the same magnitude as the equator–pole temperature con- 

trast at ∼60 km. The return flow (equatorward meridional wind) is not shown in 

the schematic figure, because it is unclear in the Venus lower atmosphere. 

1982 ) enhances both equatorial superrotation and midlatitude jets. 

Such enhanced midlatitude jets induce baroclinic 5-day Rossby 

waves. Recently, Yamamoto and Takahashi (2012, 2015) extended 

these mechanistic models to the Venus Middle Atmosphere Gen- 

eral Circulation Model (VMAGCM), in order to investigate the in- 

fluences of planetary-scale waves and thermal tides on superrota- 

tion in the cloud layer. In their experiment with a 5.5-day Kelvin 

wave forced at the bottom boundary, superrotation is fully devel- 

oped at the cloud top and base. Whereas the forced 5.5-day wave 

is dominant at cloud base, the 4-day wave is newly generated in 

the cloud layer. These two waves may correspond to the equato- 

rial 5.5-day near-infrared (NIR) marking ( Crisp et al., 1991 ) and 4- 

day ultraviolet (UV) dark band ( Del Genio and Rossow, 1990 ), re- 

spectively. A Venus GCM ( Yamamoto and Takahashi 2006 ) showed 

the generation of fast equatorial waves in the lower atmosphere 

and supported the assumption of Kelvin-wave forcing in our earlier 

studies ( Yamamoto and Tanaka, 1997; Imamura, 2006; Yamamoto 

and Takahashi, 2012, 2015 ). These equatorial waves were recently 

simulated in several GCMs ( Sugimoto et al., 2014 ; Lebonnois et al., 

2016 ) and might influence the general circulation structure via 

wave mean-flow interaction. In the present work, the lower atmo- 

sphere condition of the VMAGCM was improved ( Appendix A ). In 

some simulations, long-period oscillations of the zonal wind are 

seen ( Sections 3 and 4 ). According to long-term Pioneer Venus and 

Venus Express observations, zonal wind and planetary-scale waves 

varied with time ( Del Genio and Rossow, 1990; Kouyama et al., 

2015 ). These interannual variations may be associated with tem- 

poral wind change via wave mean-flow interaction seen in GCMs. 

The purposes of the present study are to elucidate dynamical 

relationships between wind magnitude and equator −pole temper- 

ature contrast and dynamical process of the interannual oscillation 

of the general circulation. We derive simple equations ( Section 2 ), 

that explain dynamical relationships among zonal wind, merid- 

ional wind, and equator −pole temperature contrast in a middle 

atmosphere model ( Section 3 ). Dynamical processes during the 

long-term oscillation seen in the time series are investigated in 

Section 4 . Finally, the results are summarized in Section 5 . 

2. Analytical estimation of wind magnitude and meridional 

temperature contrast 

Fig. 1 illustrates the general circulation structure inferred from 

recent observations (e.g., Piccialli et al., 2012 ) and simulations 

in the Venus middle atmosphere (e.g., Yamamoto and Takahashi, 

2012 ). In the middle atmosphere between 40 and 90 km, U MAX 

and V MAX are the maximum values of the zonal-mean zonal and 

meridional wind speeds, respectively. dT MAX is the largest magni- 

tude of the difference between zonal-mean polar temperature T P 
and equator temperature T E . U MAX and V MAX are located at ∼70 km 

and ∼90 km, respectively. Although dT MAX (the largest magnitude 

of | T E −T P |) is located at ∼60 km or ∼75 km in our VMAGCM exper- 

iments, dT MAX indicates the magnitude of the equator–pole tem- 

perature contrast at ∼60 km, because | T E −T P | below the jet core 

( ∼60 km) has approximately the same magnitude as that above 

the jet core ( ∼75 km). Although the scatter plots of U MAX , V MAX 

and dT MAX were applied to the seasonal variation of the superrota- 

tion ( Yamamoto and Takahashi, 2007 ), the scatter plot distributions 

were not theoretically discussed in the previous work. The scatter 

plot distributions are investigated in the present work, based on 

simple analytical estimations under the condition that the seasonal 

variation is neglected. 

2.1. Thermal wind relation in Venusian cloud layer 

In a local superrotation frame of zonal-wind magnitude U 0 

around a latitude ϕ∗ in the cloud layer between 45 and 70 km, the 

thermal wind is described as 

u T ∼ − R 

f ∗
ln 

(
P 45 km 

P 70 km 

)
∂T 

∂y 
∼ R 

f ∗
ln 

(
P 45 km 

P 70 km 

)
d T MAX 

a 
, (1) 

where R is the gas constant, P is pressure, T is temperature, and 

a is the planetary radius. Here, the magnitude of the meridional 

temperature gradient is estimated by dT MAX . The effective Coriolis 

parameter f ∗ in the superrotational frame is set to 

f ∗ = 2�∗ sin ϕ 

∗ ∼ 2 

U 0 

a cos ϕ 

∗ sin ϕ 

∗ ∼ 2 U 0 tan ϕ 

∗

a 
(2) 

where �∗ ( = U 0 /( a cos ϕ∗)) is the rotation rate of the superrotat- 

ing frame, and U 0 is the zonal wind speed of the superrotation 

at a given latitude ϕ∗ ( Appendix B ). For example, when the zonal 

wind speed at the 70-km level and latitude ϕ∗ is approximately 

the same as U MAX , 

U MAX ∼ U 45 km 

+ 

R ln ( P 45 km 

/ P 70 km 

) 

2 U 0 tan ϕ∗ d T MAX . (3) 

Eq. (3) shows the linear relationship between U MAX and dT MAX 

for a simulation in which U MAX is located at high latitudes. The 

altitude of ∼45 km was used as the bottom boundary in the es- 

timation of cyclostrophic winds from VeRa ( Piccialli et al., 2012 ). 

Thus, we also used this height level as the bottom boundary in the 

present study. 

2.2. Stream function equation above cloud layer 

V MAX is assumed to be located around 90 km ( Fig. 1 ), where 

strong poleward flow is dominant, according to the result of the 

VMAGCM ( Yamamoto and Takahashi, 2012 ). Here, we consider the 

domain above the cloud-top jet maximum. As seen in Figs. 10 and 

A1 , although eddy heat flux and eddy-driven indirect circulation 

are limited to around the high-latitude jet cores in the domain be- 

tween 70 and 90 km, they do not directly influence the poleward 

flow magnitude of the Hadley circulation around 90 km. Thus, eddy 

heat flux is not included for simplicity. On this assumption, the 

zonal-mean stream function equation is obtained from the temper- 

ature Eq. (B15) , equation of continuity ( B4 ) and meridional force 

balance ( B8 ) in Appendix B . From the stream function, the zonal- 

mean meridional wind velocity v̄ is described as, 

v̄ = − 1 

ρ cos ϕ 

∂ χ̄

∂z 
, (4) 
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