
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Icarus 355 (2021) 114154

Available online 9 October 2020
0019-1035/© 2020 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/).

Atmospheric response to high-resolution topographical and radiative 
forcings in a general circulation model of Venus: Time-mean structures of 
waves and variances 

Masaru Yamamoto a,*, Kohei Ikeda b, Masaaki Takahashi b,c 

a Research Institute for Applied Mechanics, Kyushu University, Kasuga, Fukuoka 816-8580, Japan 
b National Institute for Environmental Studies, Tsukuba, Ibaraki 305-8506, Japan 
c Atmosphere and Ocean Research Institute, The University of Tokyo, Kashiwa, Chiba 277-8564, Japan  

A B S T R A C T   

Thermal tides, stationary waves, and general circulation are investigated using a T63 Venus general circulation model (GCM) with solar and thermal radiative 
transfer in the presence of high-resolution surface topography, based on time average analysis. The simulated wind and static stability are very similar to the observed 
ones (e.g., Horinouchi et al., 2018; Ando et al., 2020). The simulated thermal tides accelerate an equatorial superrotational flow with a speed of ~90 m s− 1 around 
the cloud-heating maximum (~65 km). The zonal-flow acceleration rates of 0.2–0.5 m s− 1 Earth day− 1 are produced by both horizontal and vertical momentum 
fluxes at low latitudes. In the GCM simulation, strong solar heating above the cloud top (>69 km) and infrared heating around the cloud bottom (~50 km) modify the 
vertical structures of thermal tides and their vertical momentum fluxes, which accelerate zonal flow at 103 Pa (~75 km) and 104 Pa (~65 km) at the equator and 
around 103 Pa at high latitudes. 

Below and in the cloud layer, surface topography weakens the zonal-mean zonal flow over the Aphrodite Terra and Maxwell Montes, whereas it enhances the zonal 
flow in the southern polar region. The high-resolution topography produces stationary fine-scale bow structures at the cloud top and locally modifies the variances in 
the geographical coordinates (i.e., the activity of unsteady wave components). Over the high mountains, vertical spikes of the vertical wind variance are found, 
indicating penetrative plumes and gravity waves. Negative momentum flux is also locally enhanced at the cloud top over the equatorial high mountains. In the solar- 
fixed coordinate system, the variances (i.e., the activity of waves other than thermal tides) of flow are relatively higher on the nightside than on the dayside at the 
cloud top. Strong dependences of the eddy heat and momentum fluxes on local time are predominant. The local-time variation of the vertical eddy momentum flux is 
produced by both thermal tides and solar-related, small-scale gravity waves.   

1. Introduction 

On Venus, thermal tides dominate the middle atmosphere between 
40 and 90 km (Schofield and Taylor, 1983; Pechmann and Ingersoll, 
1984; Zasova et al., 2002, 2007; Tellmann et al., 2009; Grassi et al., 
2010; Scarica et al., 2019; Ando et al., 2018; Kouyama et al., 2019). 
They propagate vertically and have a strong day-to-night circulation at 
65–70 km. The thermal tides simulated in general circulation models 
(GCMs) were compared with the observations (e.g., Scarica et al., 2019; 
Takagi et al., 2018; Yamamoto et al., 2019). According to Ignatiev et al. 
(2009), the cloud-top altitude has latitude dependence and the range of 
63–74 km. The average value (69 km, ~4.54 × 103 Pa) is considered as 
the cloud top under the condition of globally uniformed clouds assumed 
in our GCM. 

Vertically propagating tides induce superrotation around the cloud- 
heating maximum (~65 km, 9.75 × 103 Pa, Ikeda, (2011); Yamamoto 

et al., 2019), which corresponds to the heating maximum around the 
cloud top in the low-UV model of Crisp (1986). The superrotation 
mechanism associated with the vertical propagation of the tides has 
been fully investigated (e.g., Fels and Lindzen, 1974; Newman and 
Leovy, 1992: Takagi and Matsuda, 2007; Sánchez-Lavega et al., 2017). 
In several theoretical studies of thermal tides (Fels and Lindzen, 1974; 
Takagi et al., 2018), however, strong solar heating above the cloud top 
(>69 km, CO2 absorption at 2.7 and 4.3 μm) and infrared (IR) heating 
around the cloud bottom (~50 km, ~105 Pa) were not taken into ac-
count. They are required for accurate simulation of the thermal tides. 
Thus, we need to investigate the thermal tides using a general circula-
tion model (GCM) with radiative transfer code, based on the same 
approach as Lebonnois et al., (2010), Ikeda (2011), and Mendonça and 
Read (2016) different from simplified models with an assumed solar 
heating rate and Newtonian cooling. In addition to the conventional 
theory of vertically propagating thermal tides, Yamamoto and 
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Takahashi (2004, 2006) found thermal tides produce equatorward mo-
mentum flux, which contributes to the maintenance of the cloud-top 
superrotation (Horinouchi et al., 2020). Thus, we must investigate 
both the eddy vertical and horizontal momentum fluxes of thermal tides. 

Recent satellite-based observations have shown a conspicuous vari-
ation of the zonal flow (Bertaux et al., 2016) and global-scale stationary 
bow-shaped waves (Fukuhara et al., 2017) over the Aphrodite Terra. 
GCM simulations with topography have been conducted in previous 
works (Herrnstein and Dowling, 2007; Yamamoto and Takahashi, 2009; 
Lebonnois et al., 2010, 2018; Navarro et al., 2018; Yamamoto et al., 
2019). As reviewed in Sánchez-Lavega et al. (2017), the effects of Venus’ 
surface topography on superrotation vary considerably with model. In 
Herrnstein and Dowling (2007), the presence of the topography in their 
GCM leads to the slowness of the maximum zonal wind (which is 20 m 
s− 1 slower than that under the flat-surface condition) and a latitudinal 
asymmetry of the zonal flow (which differs by ~10 m s− 1 between the 
Northern and Southern Hemispheres). In contrast, Lebonnois et al. 
(2010) showed an increase in the superrotation and no significant 
asymmetry in the presence of the topography. In the T21 AGCMs of 
Yamamoto and Takahashi (2009) and Yamamoto et al. (2019), the 
topography slightly weakens the superrotation and does not produce a 
significantly asymmetric structure in the general circulation. At the 
present stage, the effects of high-resolution topography on the dynamics 
(e.g., general circulation, longitudinal wind variation, and the global- 
scale bow-shaped wave) have not been fully understood. 

To model the general circulation of Venus more realistically, 
simplified Newtonian cooling has been replaced by infrared radiative 
transfer code (Eymet et al., 2009) in GCMs of Venus (Lebonnois et al., 
2010, 2016; Garate-Lopez and Lebonnois, 2018). Mendonça and Read 
(2016) developed the Oxford Planetary Unified Model System for Venus 
using a radiative transfer model (Mendonça et al., 2015), in which both 
solar and thermal radiation are taken into account in the two-stream 
code. Ikeda (2011) developed a radiative transfer model for Venus’ 
solar and thermal radiation using two-stream discrete ordinate and k- 
distribution methods in a GCM developed at the Atmosphere and Ocean 
Research Institute (AORI) of the University of Tokyo and diagnosed 
strong solar heating above the cloud top and infrared heating at the 
cloud bottom. Using Ikeda’s GCM, Yamamoto et al. (2019) simulated the 
indirect circulation formed by the thermal tide and baroclinic waves 
around the jets, topographical modification of middle-atmospheric 
structure, and cloud-top wind fields that are similar to the subsolar 
zonal wind speed minimum and strong poleward flows observed by 
Akatsuki UV cloud tracking (Yamazaki et al., 2018; Horinouchi et al., 
2018). However, although the solar-locked circulation was discussed in 
Yamamoto et al. (2019), the three-dimensional structure of diurnal and 
semidiurnal tides induced by realistic radiative forcing was not inves-
tigated. In addition, the momentum fluxes and their zonal-flow accel-
eration of stationary waves forced by high-resolution surface 
topography were not accurately estimated in Yamamoto et al. (2019), 
because of the low horizontal resolution (T21) of the model. 

Differing from our previous work, the present work decomposes the 
solar-locked atmospheric structure into diurnal and semidiurnal tides, 
because diurnal and semidiurnal temperature structures have been seen 
in IR observations (Schofield and Taylor, 1983; Pechmann and Ingersol, 
1984; Kouyama et al., 2019). In our current Venus GCM that includes 
radiative transfer processes, the increase of the horizontal resolution 
(T21 to T63) greatly improves the effect of the topography on general 
circulation and stationary waves. Moreover, we also expect that the 
sharpness of streaks in the cloud layer (e.g., Kashimura et al., 2019) will 
be improved in the high-resolution model. The present work investigates 
stationary and solar-locked components of the streaks. In general, it is 
difficult to estimate the zonal-mean eddy heat and momentum fluxes 
from single satellite observations limited to either the day-side or night- 
side. As was discussed in Yamamoto et al. (2019), because the dayside 
averages of the fluxes are not the same as the zonal averages over the 
whole longitude range, the longitudinal variations of the eddy heat and 

momentum fluxes should also be carefully investigated. Our purpose in 
this work is to better evaluate the three-dimensional structure and 
momentum transport of thermal tides and stationary waves induced by 
realistic topographical and radiative forcing. The model evaluation of 
these waves must be compared with recently updated observations and 
modeling. Further, we discuss the dynamical impacts of a high- 
resolution model on the general circulation and the local-time and 
geographical distributions of eddy activity and their heat and mo-
mentum fluxes, based on time average analyses of meteorological 
elements. 

2. Model and data analysis 

2.1. Model description 

The model used is the same as the Venus GCM of Yamamoto et al. 
(2019), except for the horizontal resolution and its related parameters. 
In this model, a radiative transfer model with 28 bands for a Venus GCM 
using two-stream discrete ordinate and k-distribution methods is 
implemented (Ikeda, 2011). The base model is the Center of Climate 
System Research/National Institute for Environmental Studies AGCM 
(Numaguti et al., 1997) and the Venusian model was developed at the 
AORI of the University of Tokyo (Ikeda, 2011). The model atmosphere 
from the surface to ~95 km has 52 vertical levels (L52) in sigma co-
ordinates (σ = P/PS, where PS is the surface pressure). The truncation 
wavenumber is 63 (T63) in our spectral model, giving a horizontal 
resolution three-times finer than that in the T21 model in Yamamoto 
et al. (2019). The physical processes are calculated on 96 (latitude) ×
192 (longitude) grids. 

The physical parameters are listed in Table 1. Parameterization of 
zonal flow deceleration by subgrid-scale gravity waves is simplified by 
Rayleigh friction around the top boundary. The coefficient αR is defined 
as 

αR = {1+ tanh[(z − zTOP)/(10 km) ] }/(240 h), (1)  

where z = − (5 km) ln σ and zTOP = − (5 km) ln σTOP using the 
uppermost-level sigma σTOP (= 6.60 × 10− 7). The e-folding time con-
stant of the fourth-order horizontal diffusion for the maximum wave-
number is 12 h, where h is earth hours. This value is half the default 
value used in a T42 AGCM (K1-developer, 2004). Yamamoto and 
Takahashi (2007) reported that the zonal-mean structure is not greatly 
modified by the very small axis tilt of the planetary rotation, though 
long-period variations of the zonal flow are seen in their model. Thus, 
the seasonal variation is not considered. The T63 simulation in the 
present work was restarted from the same initial conditions as those in 
the nudging-free restart run of Yamamoto et al. (2019). The initial 
conditions in the restart run were calculated from the quasi-equilibrium 
state at Venus day 90 in the nudging T21 run of Yamamoto et al. (2019) 

Table 1 
Physical and model parameters.  

Parameter (Symbol) Value 

Planetary rotation period (2π/Ω) 243 Earth days 
Solar day 117 Earth days 
Planetary radius (r) 6051.848 km 
Axial tilt 0◦

Gravitational acceleration (g) 8.87 m s− 2 

Standard surface pressure (PSTD) 9.21 × 104 hPa 
Solar constant (S) 2607 W m− 2 

Gas constant (R) 191.4 J kg− 1 K− 1 

Specific heat at constant pressure (CP) 9 × 102 J kg− 1 

K− 1 

Drag coefficient (CD) 4 × 10− 3 

The coefficient for vertical diffusion 0.8 m2 s− 1 

The e-folding time constant of horizontal diffusion for maximum 
wavenumber 

12 h  
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by interpolating them to the T63L52 grid points (96 (latitude) × 192 
(longitude) × 52 layers) in the present work. Although the model 
domain covers ~95 km, the strong Rayleigh friction acts as the sponge 
layer around the top boundary. In the analysis, we investigated the re-
gion below the 102-Pa altitude (~86 km). 

Magellan topographic data (Ford and Pettengill, 1992) were used to 
specify terrain height at the lower boundary in a control experiment 
with topography (Topo). The output data of the Topo was investigated in 
the present work. For comparison with the Topo, a flat surface experi-
ment without the topography (Flat) was also investigated (see Section 
3.4). 

2.2. Data analysis 

In the T63 run restarted from Venus day 90 of Yamamoto et al. 
(2019), the model results show a quasi-equilibrium state on Venus day 
100 and 101 (Venus day 10 and 11 from the restart, Fig. A1b in Ap-
pendix A). We analyzed output data obtained during the two Venus days 
at 3-h intervals. An example of output data for 10 to 100 earth days on 
Venus day 10 from the restart (Hovmöller diagram of vertical wind 
velocity at the equatorial cloud top in geographical coordinates) is 
shown as Fig. A2a. The general circulation and waves are investigated 

based on time averages of the meteorological elements (X) in 
geographical and solar-fixed coordinate systems. Longitude in the 
geographical coordinate is topographically fixed and expressed in de-
grees from 0 to 360◦ (Fig. 1a of Yamamoto et al., 2019). The super-
rotational wind flows from east (0◦) to west (360◦) in the longitudinal 
direction. The solar-fixed coordinate frame rotates around the planet 
with a period of 117 Earth days in the geographical coordinate frame. 
Longitude in the solar-fixed coordinates is expressed by local time (e.g., 
the subsolar longitude is defined as 12 LT and the antisolar longitude as 
0 LT and 24 LT). 

The time averages are defined as follows: 

XTM
G =

1
N

∑n=N

n=1
XG(t = ndt), (2)  

XTM
S =

1
N

∑n=N

n=1
XS(t = ndt), (3)  

where superscript “TM” (time mean) indicates the average over the total 
number of time steps N (= 1872), 

∑
is the sum of X(t = ndt) from n = 1 

to n = N, dt is the time increment (3 h). Subscripts “G” and “S” mean 
meteorological elements in the geographical and solar-fixed 

Fig. 1. Latitude–pressure distributions of (a) zonal-mean zonal flow (m s− 1, contours) and meridional flow (m s− 1, shading), (b) air temperature (K, contours) and 
static stability (K km− 1, shading), (c) shortwave (contours) and longwave (shading) radiation fluxes (W m− 2), and (d) radiative heating rates (K Earth day− 1) due to 
shortwave (contours) and longwave (shading) radiation, averaged over two Venus days, in the T63 experiments. The gray dash line indicates the altitude of 4.54 ×
103 Pa (~69 km). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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coordinates, respectively. The zonal mean fields of Eqs. (2) and (3) 

XTM = XTM
G = XTM

S (4)  

are investigated in Sections 3.1 and 3.4. Here, the overbar indicates the 
zonal average over the entire longitudinal range. 

In the present work, stationary waves are considered to be topo-
graphically locked waves obtained from the data averaged over two 
Venus days in the geographical coordinates in Section 3.3. The sta-
tionary wave is defined as the deviation of the stationary component 
XG™ from the zonal mean: 
(
XTM

G

)′
= XTM

G − XTM
G , (5)  

where the prime is the eddy component. Similarly, thermal tides are 
solar-locked waves (i.e., stationary waves in the solar-fixed coordinate 
system), with eddy components described as 
(
XTM

S

)′
= XTM

S − XTM
S . (6)  

in Section 3.2. The diurnal and semidiurnal tides are calculated from 
zonal wavenumber 1 and 2 components of (XS™)’, which are decom-
posed by fast Fourier transform (FFT). 

To investigate the longitudinal variations of the wave activity, we 
introduce variances of time series data. These statistical quantities are 
useful for future comparisons with observations because they can be 
obtained from both model output and satellite measurement. The vari-
ances of the meteorological elements in the geographical and solar-fixed 
coordinates (Section 3.5) are defined as 

σTM
G =

1
N

∑(
XG − XTM

G

)2
=

1
N

∑
X2

G −
(
XTM

G

)2
, (7)  

σTM
S =

1
N
∑(

XS − XTM
S

)2
=

1
N
∑

X2
S −

(
XTM

S

)2
. (8) 

In the geographical coordinate system, the variance σG
TM indicates the 

activity of unsteady wave components (XG − XG
TM) excluding the time- 

mean stationary wave, because the stationary wave component in-
cludes the time-mean component XG

TM. Here the unsteady wave com-
ponents are composed of planetary-scale migrating waves (e.g., thermal 
tides and fast Kelvin and Rossby waves) and short-lived, small-scale 
perturbations (e.g., gravity waves). If the unsteady waves are indepen-
dent of the surface topography, the variance is zonally uniform. In 
contrast, if the unsteady wave activity is locally modified by the 
topography, the variance is highly correlated with the terrain surface. In 
the solar-fixed coordinates, the variance σS

TM means the activity of wave 
components (XS − XS

TM) excluding the time-mean thermal tides, because 
the tidal component includes the time-mean component XS

TM. If the 
variances strongly depend on local time, the non-tidal wave activity is 
also modified by solar heating. 

In this article, we discuss the longitudinal structures of the time- 
mean eddy heat and momentum fluxes (TG

′vG
′ , uG

′vG
′ , and uG

′wG
′ in 

the geographical coordinates and TS
′vS

′ , uS
′vS

′ , and uS
′wS

′ in the solar- 
fixed coordinates) in Section 3.6. If zonally traveling waves indepen-
dent of the topography rotate around the planet many times, the time- 
mean fluxes of the wave become the same for all grid points along a 
given latitude circle (i.e., they are longitudinally uniform). In contrast, 
the stationary wave pattern is unchanged in the geographical co-
ordinates during the time average period. Thus, the longitudinal varia-
tions of the eddy fluxes are produced by stationary waves and their 
related eddies (e.g., topographically locked convection and gravity 
waves). In the same way, the local time variations of the eddy fluxes are 
produced by thermal tides and solar-related gravity waves. For zonally 
traveling waves independent of the solar heating, the eddy fluxes are 
longitudinally uniform. 

The time and zonal averages of the heat and momentum fluxes of 
total eddies analyzed in Sections 3.2 and 3.7 are described as 

(
T ′v′

)TM
=

(
TG

′vG
′

)TM
=

(
TS

′vS
′

)TM
, (9)  

(u′v′)TM
= (uG

′vG
′)

TM
= (uS

′vS
′)

TM
, (10)  

(u′w′)
TM

= (uG
′wG

′)
TM

= (uS
′wS

′)
TM
. (11) 

The zonal-mean fluxes of the thermal tides are calculated by 
(

T ′ v′

)tide
=

(
TTM

S
)′
(vTM

S )
′
, (12)  

(u′v′)tide
= (uTM

S )
′
(vTM

S )
′
, (13)  

(u′w′)
tide

= (uTM
S )

′
(wTM

S )
′
. (14) 

The zonal-mean fluxes of the stationary wave are 
(

T ′v′
)stat

=
(
TTM

G
)′
(vTM

G )
′
, (15)  

(u′v′)stat
= (uTM

G )
′
(vTM

G )
′
, (16)  

(u′w′)
stat

= (uTM
G )

′
(wTM

G )
′
. (17) 

Zonal-flow acceleration rates of the total eddies, thermal tide, and 
stationary wave are calculated from the flux convergence of Eqs. (10)– 
(11), Eqs. (13)–(14) and Eqs. (16)–(17), respectively: 

FY = − 1
/(

rcos2φ
)
× ∂

(
cos2φu′v′

)a/∂φ, (18)  

FZ = − 1/ρ× ∂(ρu′w′)
a
/∂z, (19)  

where ρ is atmospheric density and the superscript “a” is TM, tide, or stat. 
As will be discussed later, the amplitudes and phases of thermal tides 

are sensitive to altitude around the cloud top. Thus, we investigated the 
horizontal structures of the eddy heat and momentum fluxes at the two 
levels: the cloud-heating maximum (~65 km, 9.75 × 103 Pa) and cloud 
top (~69 km, 4.54 × 103 Pa) assigned in this article. 

3. Results 

3.1. Overview of the general circulation structure 

Fig. 1a and b shows zonally and temporally averaged structures of 
zonal flow and air temperature. Superrotation is fully developed in the 
Venus middle atmosphere. Although the zonal jets in the T63 model are 
~10 m s− 1 weaker than those in the T21 model (Yamamoto et al., 2019), 
the zonal-flow and temperature structures are similar in the two models. 
Our T63 simulation (the present work) reproduces the multi-layered 
stable layers at low latitudes (Young et al., 1987), the polar strongly 
stable regions above the 104-Pa altitude (>65 km), and the deep low- 
stability region below the polar stable regions (Tellmann et al., 2009; 
Ando et al., 2020). These structures are formed by the radiative forcing 
(Fig. 1c and d), similar to those in the T21 case. Because infrared radi-
ative flux rapidly changes at the cloud bottom (~105 Pa, ~50 km), the 
longwave radiation heats the lower part of the low-stability layer and 
the upper part of the stable region. Thus, the local IR heating produces 
the layered structure of the static stability around the cloud bottom at 
low latitudes (e.g., Lee and Richardson, 2011; Lebonnois et al., 2015). 
Associated with the thermal wind of the zonal jets, polar air temperature 
is relatively high (low) above (below) the jet core compared to mid- 
latitude temperature. The polar warming (cooling) enhances high 
(low) stability around the poles. 

The global Hadley circulation is predominant above the cloud top 
(<5 × 103 Pa, >69 km). In addition, vertically thin Hadley cells form in 
and around the low-stability layer of ~105 Pa (~50 km), where the IR 
heating rate is positive and latitudinally uniform at the cloud base. 

M. Yamamoto et al.                                                                                                                                                                                                                            
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Above the cloud top, the equator–pole imbalance between shortwave 
and longwave radiative fluxes produces strong net radiative forcing (the 
difference between solar and IR heating), which contributes to the for-
mation of a strong Hadley cell. In contrast, because the radiative heating 
is locally balanced between shortwave and longwave around the cloud- 
heating maximum, the net radiative heating of shortwave and longwave 
becomes weak. Thus, strong poleward flows do not form around 104 Pa. 
Indirect circulations are driven around the jet core, where the poleward 
eddy heat fluxes of thermal tides and baroclinic waves are produced 
(Yamamoto et al., 2019 and Section 3.7). 

3.2. Time-mean structure of thermal tides 

Fig. 2 shows horizontal structures of thermal tides at the cloud top 
(4.54 × 103 Pa, ~69 km) and cloud-heating maximum (9.75 × 103 Pa, 
~65 km) using Eq. (6). Poleward and eastward flows of the thermal tides 
are predominant around the subsolar point. At low latitudes, the hori-
zontal flows of the tides have a gravity-wave structure. The thermal tides 
produce the zonal-wind minimum and strong meridional wind at 12–15 
LT, which are consistent with the Akatsuki UVI observations (Yamazaki 
et al, 2018; Horinouchi et al., 2018) and our T21 simulation (Fig. 9f and 
Fig. 10 in Yamamoto et al., 2019). The meridional wind magnitude of 

the simulated tides is of the same magnitude as in Limaye (1988) and 
Smith and Gierasch (1996). As discussed in Yamamoto et al. (2019), 
although the eddy geopotential height and vertical flow are in phase 
around the equator between 9.75 × 103 Pa and 4.54 × 103 Pa, the phase 
of eddy temperature changes rapidly at these pressure levels. At the 
cloud-heating maximum level of 9.75 × 103 Pa, both the eddy temper-
ature and vertical velocity components are positively large around the 
subsolar point. In contrast, the afternoon temperature is relatively low 
and the morning and night temperatures are high at low latitudes at 
4.54 × 103 Pa immediately above the cloud-heating maximum. 

At high latitudes, the horizontal flows of the tides have a vortical 
structure like a zonal wavenumber-1 Rossby wave (Yamamoto and 
Takahashi, 2006). The geopotential height and temperature are high 
(low) around the evening (morning) terminator at 9.75 × 103 Pa and 
4.54 × 103 Pa. Strong meridional flows across the poles are similar to 
those seen in Yamamoto and Takahashi (2015). Vertical-flow streaks of 
polar thermal tides are formed along the longitudinally extended trough 
and ridge at ~70◦ latitude between the polar low and high. 

Both the diurnal and semidiurnal tides are important in our GCM 
experiments. Fig. 3 shows the horizontal structure of diurnal and 
semidiurnal tides at the cloud-heating maximum. The diurnal horizontal 
wind flows from low to high geopotential height at the equator and is a 

Fig. 2. Horizontal distributions of thermal tides obtained from solar-fixed output data averaged over two Venus days. The tidal components of air temperature 
(TS™)’ (K, shading in panels a and c) and vertical wind (wS™)’ (mm s− 1, shading in panels b and d) are shown in solar-fixed coordinates at the levels of (a, b) 9.75 ×
103 Pa and (c, d) 4.54 × 103 Pa, along with the tidal components of zonal wind (uS™)’ and meridional wind (vS™)’ (m s− 1, vectors) and geopotential height (ZS™)’ 
(m, contours). Here, the longitude is expressed in terms of local time (LT) and the subsolar point is located at 12 LT. Zonal and meridional winds with positive values 
indicate westward and northward flow, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Rossby-like wave at high latitudes. The equatorial maximum of the 
diurnal temperature component is located around 14 LT, and that of the 
vertical-wind component is around 13 LT. The diurnal horizontal-flow 
component diverges poleward from the equatorial temperature 
maximum. The largest amplitudes of the temperature and vertical flow 
are located around 60◦ latitude. The diurnal warm temperature 
component has a laterally tilted V-shape at low latitudes, where the heat 
is transported poleward by the horizontal flow. The simulated temper-
ature structure of the diurnal tide is similar to the longwave infrared 
camera (LIR) observations (Kouyama et al., 2019) at low- and mid- 
latitudes, although the equatorial maximum is shifted to the afternoon 
region by a few hours. The maximum amplitude and latitude of the 
diurnal temperature component are almost the same as those measured 
by the Pioneer Venus Orbiter Infrared Radiometer Chanel 5 (~5 K at 
~60◦ latitude, Pechmann and Ingersoll, 1984), whereas the amplitude is 
greater than that observed by the Akatsuki LIR (~2 K at 50◦ latitude). 

The semidiurnal tides are seen within ±50◦ latitudes in the GCM. 
Although the amplitude is almost the same as in the LIR observations, 
there is a phase shift of 4 LT between our model and the LIR observations 
(Kouyama et al., 2019). 

Fig. 4 shows horizontal meridional momentum and heat fluxes and 
their convergences. At 9.75 × 103 Pa, the thermal tides dominantly 
transport heat poleward and momentum equatorward at low and mid- 
latitudes (black line with dots in Fig. 4a and c). Because the strong 

meridional flow transports warm air parcels poleward at this level 
(Fig. 2a), the thermal tides transport heat poleward around the cloud- 
heating maximum. In the low-latitudinal area within ±30◦ latitudes, 
the sign of the eddy heat flux at 4.54 × 103 Pa (black line with dots in 
Fig. 4b) is opposite to that at 9.75 × 103 Pa (black line with dots in 
Fig. 4a) because the phases of the air temperature component change at 
these two pressure levels (Fig. 2a and c). The meridional profiles of eddy 
momentum fluxes at 4.54 × 103 Pa (black line with dots in Fig. 4d) are 
similar to those at 9.75 × 103 Pa (black line with dots in Fig. 4c). Because 
the strong horizontal wind vectors tilt eastward with increasing latitude 
in the regions of 9–12 LT and 18–21 LT in Fig. 2, they transport the zonal 
momentum equatorward at 9.75 × 103 Pa and 4.54 × 103 Pa. The 
horizontal heat and momentum fluxes of the thermal tides (black line 
with dots) are symmetrical across the equator because of the symmet-
rical thermal forcing, while those of the stationary waves (green line 
with dots) are trivial around the cloud top. The transient eddies 
excluding thermal tide and stationary wave might produce the latitu-
dinally asymmetrical structure of the heat and momentum fluxes, 
because the topography produces the latitudinal asymmetry of the 
bottom boundary and the basic (zonal-mean) field of the transient 
eddies. Thus, the asymmetry of the heat and momentum transport is 
produced by total eddies (blue lines). 

The equatorward momentum fluxes produce zonal-flow accelera-
tions of 0.2–0.5 m s− 1 Earth day− 1 at low latitudes in Fig. 4e and f. This is 

Fig. 3. Horizontal distributions of (a, b) diurnal and (c, d) semidiurnal tides obtained from solar-fixed output data averaged over two Venus days. The tidal 
components of air temperature (TS™)’ (K, shading in left panels a and c) and vertical wind (wS™)’ (mm s− 1, shading in right panels b and d) at the level of 9.75 × 103 

Pa (~65 km) are shown in solar-fixed coordinates, along with the tidal components of zonal wind (uS™)’ and meridional wind (vS™)’ (m s− 1, vectors) and geo-
potential height (ZS™)’ (m, contours). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Latitudinal distributions of zonal-mean (a, b) meridional heat fluxes, (c, d) meridional momentum fluxes, and (e, f) zonal flow acceleration due to the 
horizontal momentum flux at 9.75 × 103 Pa (left column) and 4.54 × 103 Pa (right column). The quantities are averaged over two Venus days. The blue line, black 
line with dots, and green line with dots are the meridional fluxes associated with total eddies, thermal tides, and steady stationary waves, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of the same magnitude as the acceleration around the cloud-heating 
maximum via the vertical propagation of thermal tides (see later 
Fig. 7c). The polar zonal-flow acceleration by thermal tides (black line 
with dots in Fig. 4e) is one-fifth weaker than that by total waves (blue 
line in Fig. 4e) on the poleward flank of the high-latitude jet at 9.75 ×
103 Pa. At 4.54 × 103 Pa (black line with dots in Fig. 4f), the weak zonal- 
flow acceleration by tides is formed within ±30◦ latitudes, whereas the 
deceleration is locally strong around the jet cores (60◦ latitudes). This is 
quite different from the complex profile of acceleration by total waves. 
In particular, because the small-scale meridional variation of the mo-
mentum fluxes of total waves is large at high latitudes, the acceleration 
profile of total waves at high latitudes is more complex than that at low 
latitudes. 

Fig. 5 shows local-time-pressure distributions of air temperature of 
thermal tides along with solar-locked static stability. Here the local-time 
variation of the static stability is primarily produced by the thermal tides 
because the non-tidal eddy components are efficiently removed by the 
long-term average over two Venus days. At the equator, the tidal 
structure is almost the same as in the T21 experiment. Thermal tides 
propagate upward above (downward below) the cloud top (gray dashed 
line, ~69 km). In and above the equatorial cloud layer of >50 km (~105 

Pa), the large temperature amplitudes of >4 K produce the longitudinal 
variation of the static stability. The amplitudes are consistent with those 
in radio-occultation observations and a simplified model using Newto-
nian cooling (Ando et al., 2018). The local minimum of static stability is 
located in the afternoon area (12–18 LT) around the cloud-heating 
maximum (~65 km, 104 Pa) due to the solar radiation. A locally high 
static stability around 80 km (~5 × 102 Pa) at 17 LT in Ando et al. 
(2018) is seen around 102 Pa and 21 LT in our model (Fig. 5a). 

The midlatitude thermal tide has a negative (positive) temperature 
deviation at 0–12 LT (12–24 LT) at ~104 Pa and 51.3◦S latitude and 
propagates vertically. The negative temperature signal extends from 
104 Pa at 0–12 LT to 103 Pa (~75 km) at 10–16 LT. This is similar to 
results from the GCM of the Institut Pierre Simon Laplace (IPSL) and the 
Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) in the 
night at 45◦S latitude (Scarica et al., 2019), though the strong negative 
signal at 0–6 LT in our model is not seen in the observations between 103 

and 102 Pa (75 and 85 km). 
At 69.9◦N latitude, the zonally uniform structure of the static sta-

bility is predominant because the vertical gradient of zonal-mean tem-
perature is relatively larger than that of eddy temperature. Around the 
cloud-heating maximum (9.75 × 103 Pa, ~65 km), positive and nega-
tive temperature deviations are located at 12–24 LT and 0–12 LT, 
respectively. This is consistent with those in the IPSL GCM and VIRTIS at 
high latitudes (Scarica et al., 2019). The thermal tide propagates upward 
above the 104-Pa altitude (>65 km). The temperature amplitude of the 
upward propagating tide is weaker than that at the equator around 103 

Pa because of weaker solar insolation at higher latitudes. The thermal 
tide propagates downward below the 105-Pa altitude (~50 km). 

Fig. 6 shows vertical structures of the air temperature components of 
diurnal and semidiurnal tides. The vertical tilt of the diurnal tide phase 
is steeper than that of the semidiurnal tide at the equator above the 
altitude of the 105 Pa level (~50 km). Such a difference in the phase 
between diurnal and semidiurnal tides is also seen in Pechmann and 
Ingersoll (1984). The eddy temperatures are amplified around 104 Pa 
(~65 km) and 5 × 104 Pa (~56 km) in Fig. 6a and b. The diurnal tide 
propagates from the cloud-heating maximum to the near-surface 
(Fig. 6a). The semidiurnal tide forced at the cloud-heating maximum 
reaches the 105-Pa level (Fig. 6b). Below this level, the semidiurnal 
temperature component is amplified in the weakly stable layer at ~2 ×
105 Pa (~45 km) and propagates downward to the near-surface. Ac-
cording to the simplified GCM of Takagi et al. (2018), the diurnal and 
semidiurnal thermal tides dissipate abruptly around 80 km height, 
where the Doppler-shift velocity of the thermal tides is low (∣u − c∣ < 10 
m s− 1). In Sugimoto et al. (2017), the distributions of the zonal mean 
winds above the cloud top are quite different from those in our work and 

Fig. 5. Local-time-pressure distributions of thermal tide components of air 
temperature (TS™)’ (K, contour), along with static stability (K km− 1, shading) 
at (a) 0.93◦S, (b) 51.3◦S and (c) 69.9◦N latitude. The white contours with a 
small interval of 0.05 K are shown below the altitude of 1.58 × 105 Pa. Gray 
dash line indicates the altitude of 4.54 × 103 Pa (~69 km). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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the amplification of the eddy temperature by solar heating above 80 km 
was not reported. Thus, the vertical and horizontal structures of thermal 
tides in their works are different from those in our work. In our T63 GCM 
experiment, the sub-solar solar heating rate is ~20 K day− 1 and the 
zonal-mean equatorial infrared cooling rate is ~5 K day− 1 around 3.62 
× 102 Pa (~81 km, where the Doppler-shift velocities are high (~60 m 
s− 1). Therefore, the thermal tides forced by strong solar heating and 
dissipated by infrared cooling propagate vertically in the upper atmo-
sphere in our work. To elucidate the difference with the observations 
and previous GCMs, the sensitivity of thermal tides to the zonal-mean 
field (i.e., the basic field of the waves) and solar heating must be also 
further investigated. 

At high latitudes where tidal vertical momentum flux is high (see 
later Fig. 17b), the diurnal tide is amplified and the vertical propagation 
is not apparent around 104 Pa (Fig. 6c). The semidiurnal tide is forced at 
the cloud-heating maximum (~104 Pa) and propagates upward and 
downward there (Fig. 6d). It is enhanced or re-forced in the region be-
tween 105 Pa (~50 km) and 106 Pa (~30 km) where the static stability is 
low in Fig. 5c. 

Fig. 7 shows vertical momentum fluxes of thermal tides and their 
convergences (black line with dots). The thermal wave is a primary 
transporter of the vertical momentum at and above the cloud-heating 
maximum (~104 Pa) in Fig. 7a. At the equator, the vertical 

momentum flux of thermal tides has two negative maxima at ~7 × 103 

Pa (~67 km) and ~ 6 × 102 Pa (~79 km) and two positive maxima at 
~3 × 104 Pa (~58 km) and ~ 5 × 105 Pa (~36 km) (black line with dots 
in Fig. 7a). This suggests that radiative heating primarily forces the 
thermal tides around the cloud-heating maximum (~104 Pa in Fig. 1d) 
and weakly amplifies their vertical momentum flux at 6 × 102 Pa and ~ 
5 × 105 Pa. The equatorial zonal-flow accelerations of ~0.5 m s− 1 Earth 
day− 1 are located at 1 × 104 Pa and 9 × 102 Pa (~77 km). The decel-
eration of ~0.5 m s− 1 Earth day− 1 is located at 3 × 103 Pa (~71 km) in 
Fig. 7c (black line with dots). 

The vertical profile of the vertical momentum flux of the tides at high 
latitudes is different from that at the equator: there are a negative 
maximum around 1 × 104 Pa (~65 km) and two positive maxima at 2.8 
× 105 Pa (~42 km) and 3.1 × 103 Pa (~71 km) in Fig. 7b (black line with 
dots). The high-latitude tides accelerate zonal flow at a rate of ~3 m s− 1 

Earth day− 1 around 1.4 × 103 Pa (~85 km) and 1.4 × 102 Pa (~75 km) 
and decelerate it at a rate of ~1 m s− 1 Earth day− 1 around 6.7 × 103 Pa 
(~67 km) and at a rate of ~3 m s− 1 Earth day− 1 around 3.6 × 102 Pa 
(~81 km) (black line with dots in Fig. 7d). The level of the strong zonal- 
flow acceleration at high latitudes is located above the cloud top. The 
zonal-flow acceleration rate is six-times greater than at the equator. 

Fig. 6. Local-time–pressure distributions of (a, c) diurnal and (b, d) semidiurnal tide components of air temperature (TS™)’ (K) at (a, b) 0.93◦S and (c, d) 69.9◦N 
latitude. Shaded values are weighted by the square root of P(Pa)/101,325(Pa). The gray dash line indicates the altitude of 4.54 × 103 Pa (~69 km). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.3. Time-mean structures of stationary waves 

Fig. 8 shows temporally averaged stationary structures of meteoro-
logical elements at the cloud top using Eq. (5). Differently from the T21 
experiments, small-scale stationary waves are predominant in the T63 
experiment at low latitudes, together with laterally tilted global V 
shapes. For eddy vertical flow, topographically-locked bow shapes are 
locally enhanced over the equatorial highlands. Although the 
topographically-locked bow shapes are reminiscent of the bow-shaped 
streaks, they are not the same as the brightness temperature image of 
a huge bow-shaped wave observed by the Akatsuki LIR (Fukuhara et al., 
2017), which depends on the local time (Kouyama et al., 2017). Lati-
tudinally large-scale streaks of eddy temperature and meridional flow 
extend from the Aphrodite Terra to high latitudes. Close to the poles, the 
stationary patches of temperature and meridional flow have zonal 
wavenumber 2 to 4. In addition, the fine-scale streaks (high zonal 
wavenumber component) of these meteorological elements are also seen 
in the high-resolution model, though they are not seen in the low- 
resolution model (Yamamoto et al., 2019). Because these stationary 
wave amplitudes are much smaller than those of the thermal tides, the 

horizontal heat flux of the stationary waves is very small (green curve 
with dots in Fig. 4a), although the phases of the eddy components are 
horizontally tilted in the horizontal structure of the temperature and 
meridional flow. In our model, the bow-shaped temperature pattern is 
not apparent, different from the LIR. According to Lefévre et al. (2020), 
smaller-scale temperature patterns are amplified over the high moun-
tains in a mesoscale non-hydrostatic simulation of topographically- 
forced waves. They are not simulated in our hydrostatic T63 GCM. 
Thus, we might need to further investigate the topographical and local- 
time dependence of the stationary, huge bow-shaped gravity waves in 
the LIR images using high-resolution non-hydrostatic simulations. 

As abovementioned, the wave pattern of vertical flow is quite 
different from those of air temperature and horizontal flow. Both 
planetary-scale and small-scale wave components are seen for the tem-
perature (Fig. 8a) and horizontal flow (Fig. 8b and d), whereas only fine- 
scale eddies (bow-shaped streaks with high zonal wavenumber) are 
predominant for the vertical flow (Fig. 8c). Compared to the horizontal- 
wind magnitude U, the vertical-wind magnitude W is very small for the 
large horizontal scale L and small vertical scale H (scale height) ac-
cording to the scale analysis of the continuity equation (e.g., Holton, 

Fig. 7. Vertical distributions of zonal-mean (a, b) pressure-weighted vertical momentum fluxes and (c, d) zonal flow acceleration due to the vertical momentum flux 
at (a, c) 0.93◦S and (b, d) 69.9◦N latitude. The quantities are averaged over two Venus days. The blue line, black line with dots, and green line with dots are the fluxes 
associated with total eddies, thermal tides, and steady stationary waves, respectively. The gray dash line indicates the altitude of 4.54 × 103 Pa (~69 km). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2004): W ~ H/L × U. Thus, for the vertical flow, it is difficult to see the 
weak planetary-scale component, while the fine-scale bow-shaped 
waves are more apparent. 

Within the fine-scale bow-shapes of strong eddy vertical wind, the 
magnitudes of these vertical winds are enhanced around the low- 
latitude highlands and extend from these low-latitude areas toward 
the poles. Such active vertical motion over the highlands supports the 
work of Peralta et al. (2017), who reported that stationary wave patterns 
were concentrated over regions of higher surface elevation. The eddy 
zonal wind locally slows over the Aphrodite Terra. However, the nega-
tive deviation of eddy zonal wind (~2 m s− 1) is 10% of the local wind 
slowness (~20 m s− 1) detected by Bertaux et al. (2016). 

The vertical structures of the stationary waves at the equator are 
quite different from those at a high latitude in Fig. 9. At the equator 
(Fig. 9a, c, and e), high zonal wavenumbers are predominant and the 
phase lines are not tilted but are almost vertical. The eddy vertical wind 
is enhanced over the high mountains. Small-scale patches of the eddy 
zonal flow and temperature are predominant in the cloud layer and may 
be driven by stationary wave breaking. The stationary gravity waves are 
predominant above the cloud top (gray dashed line), where static sta-
bility is high. The negative phase of the eddy zonal flow gives a local 
wind decrease at the cloud top over the Aphrodite Terra. However, there 
are regions of increased local wind immediately below 69 km. Thus, the 
observation of local wind decrease over the Aphrodite Terra (Bertaux 

et al., 2016) may be sensitive to the height of the UV detection. 
At high latitudes, planetary-scale stationary waves propagate verti-

cally above the cloud top (gray dashed line in Fig. 8b and d). In the lower 
atmosphere, the standing phase structures are localized over the 
Maxwell Montes (Fig. 9b, d, and f). In addition, vertical tilting of the 
stationary eddy zonal flow is just about visible below the 104-Pa altitude 
(<65 km, Fig. 9b). The standing wave or convection localized over the 
Maxwell Montes penetrates into the cloud layer and might forces or 
enhances the vertical propagating waves around 104 Pa. The downward 
wave propagation from ~104 Pa toward the surface produces positive 
vertical momentum flux between 106 and 105 Pa (30 and 50 km) around 
70◦N latitude (see later in the right panel of Fig. 17c). 

3.4. Topographical impacts on the general circulation 

To evaluate the topographical effects on the general circulation, we 
discuss the difference in the zonal-mean flow between the experiments 
with and without topography in Fig. 10. In the T63 flat experiment 
(Flat), the strong zonal flow and Hadley cells are also seen in and above 
the cloud top and the vertically thin cells are around 105 Pa (~50 km). 
However, the general circulation is not the same as in the experiment 
with the surface topography (Topo). In the T63 experiments, the 
reduction in zonal-flow speed caused by the topography is predominant 
above the 103-Pa altitude, in the equatorial region between 106 Pa (~30 

Fig. 8. Geographical longitude-latitude distributions of steady stationary waves obtained from topographically locked output data averaged over two Venus days. 
The eddy components of (a) air temperature (TG™)’ (K), (b) meridional wind (vG™)’ (m s− 1), (c) vertical wind (wG™)’ (mm s− 1) and (d) zonal wind (uG™)’ (m s− 1) at 
the cloud-top level of 4.54 × 103 Pa (~69 km) are shown in geographical coordinates. White contours (695, 705, and 715 K) indicate the lowermost-level tem-
perature change that is modified by surface topography. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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Fig. 9. Geographical longitude-pressure distributions of steady stationary eddy components of (a, b) zonal wind (uG™)’ (m s− 1), (c, d) air temperature (TG™)’ (K), 
and (e, f) vertical wind (wG™)’ (mm s− 1), averaged over two Venus days at (a, c, e) 0.93◦S and (b, d, f) 66.2◦N latitude. The gray dash line indicates the altitude of 
4.54 × 103 Pa (~69 km). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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km) and 105 Pa (~50 km), and below the 104-Pa altitude (~65 km) over 
the Maxwell Montes (50–80◦N). In contrast, the topography enhances 
zonal flow in the low-latitudinal region between 104 Pa (~65 km) and 
103 Pa (~75 km) and in the southern high-latitudinal region below the 
104-Pa altitude. The zonal-flow increase caused by the topography in the 
T63 simulation above the cloud top supports the results of Lebonnois 
et al. (2010), who reported that the zonal flow in the presence of 
topography is faster than that under the flat-surface condition around 
70 km. Such a topographical enhancement of the superrotational flow is 
not seen in the T21 experiments of Yamamoto and Takahashi (2009) and 
Yamamoto et al. (2019). The topography in our T63 experiment in-
tensifies the poleward flow (v) of the Hadley cell above the 103-Pa 
altitude (>75 km) and vertically-thin Hadley circulation around 105 Pa. 
The meridional-flow difference is positive (i.e., the poleward flow is 
weakened) in the upper portion of the region where the topography 
enhances the zonal flow (gray circle in Fig. 10). 

Fig. 11 shows latitude-pressure distributions of the metric-term 
(u vtanφ/r) and the convergence of eddy vertical momentum flux ( −

ρ− 1∂(ρu′w′
)/∂z), along with the differences between the Topo and Flat 

experiments. The acceleration/deceleration due to the metric term 
corresponds to the zonal-mean poleward/equatorward flow (Fig. 1a). 
The eddy vertical momentum flux decelerates the zonal flows above the 
103-Pa altitude (>75 km), whereas the zonal-flow acceleration areas are 
also seen around the cloud-heating maximum (within ±30◦ latitudes, 
~104 Pa, ~65 km) and on the polar flank of the jet (Fig. 11b). At low 
latitudes, the zonal-flow acceleration by eddy vertical momentum flux is 
somewhat intensified around the cloud top (positive difference, yellow 
shading in Fig. 11d) and the deceleration is also intensified above the 
103-Pa altitude (positive difference, blue shading in Fig. 11d) in the 
Topo experiment. This indicates that the topography leads to the 
enhancement of the equatorial zonal-flow around the cloud top and its 
vertical shear above the cloud top. 

At high latitudes where ∣φ∣ ≥ 60◦, the deceleration by eddy vertical 
momentum flux approximately balances the metric-term acceleration 
above the 103-Pa altitude (>75 km) and between 105 Pa (~50 km) and 
104 Pa (~65 km). The momentum balance indicates that the zonal-flow 
deceleration caused by eddies maintains the product of the poleward 
and super-rotational flows via the metric term (u vtanφ/r), different 
from the Earth’s middle atmosphere in which the Coriolis force 2Ωvsinφ 

enhances only a poleward flow in the downward control principle 
(Haynes et al., 1991; Imamura, 1997). In high-latitudinal regions be-
tween 105 Pa and 104 Pa at high latitudes, the metric-term acceleration 
(negative difference, blue shading in Fig. 11c) and the zonal-flow 
deceleration by eddies (positive difference, orange shading in 
Fig. 11d) weaken in the presence of the topography. Compared to the 
Flat experiment, the decrease in the zonal flow u reduces the metric term 
(u vtanφ/r) (black contours and blue shading in the gray dotted circle of 
Fig. 11c) in the Topo experiment, while there is no large difference in the 
meridional flow between the Topo and Flat experiments. In contrast, the 
zonal flow is increased (green contours in the gray solid circle of 
Fig. 11d) by the decrease in the deceleration by − ρ− 1∂(ρu′w′

)/∂z (or-
ange shading in the gray solid circle of Fig. 11d) in the southern polar 
region between 105 Pa and 104 Pa where there are not high mountains. 
In this case, the decrease in the poleward flow v (gray circle in Fig. 10) 
reduces the metric term of u vtanφ/r (blue shading in the gray circle of 
Fig. 11). Thus, in the momentum balance between the convergence of 
eddy vertical momentum flux and metric term, the decrease in the 
metric term due to the topography produces the decrease/increase in the 
zonal flow in the northern/southern polar regions, which leads to the 
asymmetry of the zonal flow between the southern and northern polar 
regions. 

3.5. Longitudinal and local-time structures of variances 

The variance σG
TM of the time series data in geographical coordinates 

indicates the activity of unsteady waves, which excludes the time-mean 
stationary waves, as noted in Section 2.2. If the variance is zonally 
uniform, the unsteady wave activity is independent of the surface 
topography and stationary waves. In contrast, if the longitudinal vari-
ation of the variance is highly correlated with the surface terrain in 
geographical coordinates, it is produced by the topography. In Fig. 12, 
the variances are very small below the 105-Pa altitude (<50 km) and 
amplified at multi-levels above this altitude. Thus, the unsteady eddy 
activity locked to the topography is not only directly forced by the 
surface but also modified by stationary waves in and above the cloud 
layer (above the 105-Pa altitude). For the variance of vertical flow 
(Fig. 12a), vertical spikes are apparent slightly west of the summits of 
the equatorial mountains (the white region around the bottom of the 
figure). These spikes of the vertical flow are suggestive of penetrative 
plumes and vertically propagating gravity waves. In the infrared heating 
region at ~105 Pa, the variance of the vertical flow is regionally high 
over the equatorial lowlands. Vega balloons had shown active vertical 
motion around the cloud bottom (Ingersoll et al., 1987). Although the 
convective motion or gravity waves detected by the balloon experiments 
are not fully resolved in GCMs, the high variances of vertical and zonal 
flows around 105 Pa in our model indicate the large-scale (~1000 km) 
convective motion. In the convectively active layer (~105 Pa), where the 
static stability is low, the variance of air temperature is low (Fig. 12c). A 
thin layer of the high variance of air temperature is located around the 
cloud-heating maximum (orange shading around 104 Pa in Fig. 12c). 
The temperature variance in the thin layer is regionally low over the 
equatorial high lands. 

At 66.2◦N latitude, the variances of vertical and horizontal flows are 
high above the 104-Pa altitude (>65 km) in Fig. 12d and e. A layer of the 
weakly high variance of vertical flow is also seen around 105 Pa (~50 
km). The variance of air temperature is high around the 104-Pa altitude 
and above the 103-Pa altitude (>75 km), whereas it is low around 2.1 ×
103 Pa (~73 km). This implies that the eddy temperature of unsteady 
waves is weakened in the polar stable region between 104 Pa and 103 Pa, 
where the static stability is extremely high (>10 K/m). Unsteady eddies 
excluding the stationary waves are locally generated or enhanced over 
the Maxwell Montes. The vertical spike of vertical flow is barely visible 
around 240◦ longitude in Fig. 12d. The variance of air temperature at 
~104 Pa is regionally high between 200◦ and 270◦ longitudes in Fig. 12f, 

Fig. 10. Latitude–pressure distributions of the differences in zonal (contour) 
and meridional (shading) flows (m s− 1) between the experiments with and 
without topography (termed Topo and Flat, respectively), averaged over two 
Venus days. Green contours mean that the zonal flow in Topo is faster than in 
Flat. The gray dash line indicates the altitude of 4.54 × 103 Pa (~69 km). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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whereas the variance of zonal flow is not intensified by the high 
mountains in Fig. 12e. 

At the cloud top (4.54 × 103 Pa, ~69 km), there are zonal bands of 
variances (contours in Fig. 13a–d) at high latitudes. The variance of 
temperature in the Northern Hemisphere (~30 K2, contours in Fig. 13a) 
is weaker than that in the Southern Hemisphere (~40 K2). The tem-
perature variance is low above the Aphrodite Terra (blue and purple 
shading, denoting negative deviations in Fig. 13a) and low variances of 
meridional and zonal flows are located over the Aphrodite Terra 
(Fig. 13b and d). In contrast, the variances of vertical flow are locally 
enhanced over the Aphrodite Terra and Beta Regio (30◦N latitude, 330◦

longitude in geographical coordinates of our model) (positive shading in 
Fig. 13c). These variances are produced by locally-enhanced, fast waves 
with periods of <10 Earth days and small-scale (a few degrees) waves 
associated with the migration of solar heating in Fig. A2b (Appendix A). 
Over the Maxwell Montes, the variances of temperature and meridional 
flow are low, whereas the variance of vertical flow is high, though we 
cannot conclude whether these longitudinal variations are originated 
from the high mountains, or not. 

Fig. 13e–h shows local-time variations of the variances at 4.54 ×

103 Pa (~69 km). The variance σS
TM of time series data in the solar-fixed 

coordinates indicates the activity of waves excluding the time-mean 
thermal tides, as noted in Section 2.2. The local-time variations of the 
variances mean that waves other than the thermal tides are also 
modulated by solar heating. High variances (contours) are located in the 
areas of the strong polar tides between 60◦ and 90◦ latitude. At the mid- 
and low latitudes, the variances of T, v, and u are relatively high in the 
region 0–12 LT and high variances of w are confined within 0–9 LT. Thus 
waves other than the thermal tides are active (the variances are high) in 
the local time zone from midnight to morning. This may support the 
results of Imamura et al. (2014), who found that convection and its 
associated waves are active in the nightside in a two-dimensional 
mesoscale model. The phase of these variances changes with 
increasing latitude around 60◦ latitude. At high latitudes, the variance of 
T is high on the dayside. In contrast, the variances of u, v, and w are high 
from evening to midnight local time. The high variance of the vertical 
flow at 18–24 LT (at high latitudes of Fig. 13g) is produced by the local 
enhancements of fast waves in Fig. A3 (Appendix A). 

A question still remains: what generates the spatial distributions of 
the variances in the geographical and solar-fixed coordinates? As 

Fig. 11. Latitude–pressure distributions of (a) metric-term acceleration (u vtanφ/r, shading) and (b) convergence of eddy vertical momentum flux ( − ρ− 1∂(ρu′ w′
)/∂z, 

shading) in the experiment with topography and the differences in (c) the metric term and (d) convergence of eddy vertical momentum flux (shading) between Topo 
and Flat averaged over two Venus days, together with the difference in zonal flow (contours). The units of acceleration are m s− 1 Earth day− 1. The gray dash line 
indicates the altitude of 4.54 × 103 Pa (~69 km). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 12. Geographical longitude-pressure distributions of the variances calculated from time series data of (a, d) vertical wind, (b, e) zonal wind, and (c, f) air 
temperature at (a–c) 0.93◦S and (d–f) 66.2◦N latitude. The gray dash line indicates the altitude of 4.54 × 103 Pa (~69 km). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 13. Longitude-latitude distributions 
of the variances calculated from time- 
series data of (a, e) air temperature (K), 
(b, f) meridional wind (m s− 1), (c, g) ver-
tical wind (mm s− 1) and (d, h) zonal wind 
(m s− 1) at the cloud-top level of 4.54 ×
103 Pa (~69 km) in (a–d) geographical 
and (e–h) solar-fixed coordinates for two 
Venus days. Black contours and colour 
shading represent the variance and its de-
viation from the zonal mean, respectively. 
White contours (695, 705, and 715 K) 
indicate the lowermost-level temperature 
change that is modified by surface topog-
raphy. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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mentioned above, the small-scale gravity waves resolved in our model 
may generate a locally high variance. In addition, we must also consider 
spatiotemporal modulation of both the small-scale and large-scale waves 
seen in the time evolution of these snapshots. This new problem needs to 
be investigated in future wave analyses. 

3.6. Longitudinal and local-time structures of eddy heat and momentum 
fluxes 

The longitudinal structures of eddy heat and momentum fluxes in the 
geographical coordinates show whether eddy heat and momentum 
fluxes are locally modified by the surface topography. If longitudinal 
variations of the fluxes are highly correlated with the surface 

Fig. 14. Longitude-latitude distributions of (a, d) horizontal heat flux (K m s− 1), (b, e) horizontal momentum flux (m2 s− 2) and (c, f) vertical momentum flux (m2 s− 2) 
of total waves, averaged over two Venus days at the cloud-top level of 4.54 × 103 Pa in (a–c) geographical and (d–f) solar-fixed coordinates. White contours (695, 
705, and 715 K) indicate the lowermost-level temperature change that is modified by surface topography. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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topography, they are caused by the topography. If zonally traveling 
waves are independent of the surface topography, their fluxes are 
zonally uniform. Fig. 14a–c shows geographical longitude-latitude dis-
tributions of eddy heat and momentum fluxes at 4.54 × 103 Pa (~69 
km). The horizontal eddy heat flux is almost zonally uniform (Fig. 14a). 
However, the eddy heat flux locally decreases around the north of the 
Maxwell Montes and has the planetary-scale variations which are not 
correlated with the topography. The eddy horizontal momentum flux 
has a zonal wavenumber 2 structure and is enhanced at midlatitudes in 
the Northern Hemisphere (Fig. 14b) because the planetary-scale 

stationary waves are formed over the Maxwell Montes in Fig. 8. This 
implies that the topography enhances the asymmetry of horizontal eddy 
momentum fluxes (blue curves in Fig. 4c and d). The horizontal eddy 
momentum fluxes have a high zonal wavenumber structure around the 
poles, where small-scale stationary eddies are predominant. The vertical 
eddy momentum flux has high zonal wavenumbers (Fig. 14c). In 
particular, fine-scale bow-shapes of strong negative fluxes are enhanced 
over the high mountains at low latitudes. The enhanced negative mo-
mentum fluxes might be associated with the locally slow zonal flow over 
the Aphrodite Terra (Bertaux et al., 2016; Yamamoto et al., 2019). 

Fig. 15. As in Fig. 14, but for the cloud-heating maximum level of 9.75 × 103 Pa.  
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The local-time structures of eddy heat and momentum fluxes in the 
solar-fixed coordinates show whether the fluxes are modified by the 
solar heating. The local-time variations of the fluxes are produced by the 
thermal tides and gravity waves traveling with the solar heating. 
Fig. 14d–f shows local-time-latitude distributions of eddy heat and 
momentum fluxes at 4.54 × 103 Pa (~69 km). Zonal wavenumber 2 
components of eddy horizontal heat and momentum fluxes are produced 
by the poleward and equatorward flows of the diurnal tide (Fig. 14d and 
e). These flux magnitudes and directions vary strongly in the 

longitudinal direction. Thus, as was discussed in Yamamoto et al. 
(2019), zonal-mean eddy momentum and heat fluxes averaged over the 
entire longitude range must be estimated carefully from those over the 
day- or night-side hemisphere. Vertical propagation of small-scale waves 
strongly depends on local time. Negative (downward) vertical mo-
mentum flux is found in the evening and noon areas (Fig. 14f). Positive 
(upward) vertical momentum flux is locally seen at 21–24 LT and 0–9 LT 
at low latitudes. The upward momentum flux is locally enhanced in the 
midnight and morning by small-scale gravity waves synchronized with 

Fig. 16. As in Fig. 14, but for the altitude of 1.38 × 105 Pa.  
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the migration of the solar heating. 
At the cloud-heating maximum (9.75 × 103 Pa, ~65 km) in the 

geographical coordinates, the horizontal heat flux is poleward for all the 
latitudes in Fig. 15a. The horizontal momentum flux is predominant at 
high latitudes in Fig. 15b. The vertical eddy momentum fluxes have bow 
shapes in Fig. 15c. Although the negative vertical eddy momentum flux 
over the high mountains at low latitudes is predominant at the cloud top 
in Fig. 14c, it is not seen at the cloud-heating maximum. In the solar- 
fixed coordinates, the poleward eddy heat flux is enhanced around 16 
LT at 9.75 × 103 Pa (~65 km) in Fig. 15d, while the horizontal eddy 
momentum flux is predominant at 12–24 LT. The downward eddy mo-
mentum fluxes are located around the subsolar point and morning 
terminator, whereas the upward fluxes are in 18–24 LT at low latitudes 

At 1.38 × 105 Pa (~48 km, near the cloud base), the amplitudes of 

the topographical waves and thermal tides are smaller than those 
around the cloud top. Thus, the horizontal heat and momentum fluxes 
are zonally uniform in the geographical and solar-locked coordinates, 
though there are longitudinal variations of the fluxes at high latitudes 
(Fig. 16a, b, d, and e). The topographical and local-time variations of the 
vertical momentum fluxes are small at low latitudes (Fig. 16c and f), 
compared to those at the cloud-top and cloud-heating maximum 
(Figs. 14 and 15). 

3.7. Global structures of zonal-mean eddy heat and momentum fluxes 

Fig. 17 shows latitude-pressure distributions of zonal-mean eddy 
heat and momentum fluxes (Eqs. 9–11) averaged over two Venus days, 
along with those of thermal tides (Eqs. 12–14) and stationary waves 

Fig. 17. Latitude–pressure distributions of zonal mean horizontal heat fluxes (K m s− 1, left column), horizontal momentum fluxes (m2 s− 2, middle column), and 
vertical momentum fluxes (m2 s− 2, right column) resulting from (a) total eddies, (b) tides and (c) stationary waves. The zonal-mean eddy fluxes (shading) are 
weighted by P/101,325 (Pa). Green contours represent the potential temperature (K) in the left column and zonal wind speed (m s− 1) in middle and right columns. 
The plotted quantities are averaged over two Venus days in the T63 experiment. The gray dash line indicates the altitude of 4.54 × 103 Pa (~69 km). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Eqs. 15–17). Poleward heat transport by total eddies is predominant in 
the regions where the horizontal gradient of potential temperature is 
high. Because the strongest poleward heat flux is predominant between 
3 × 105 and 3 × 103 Pa (42 and 71 km), the indirect cells are also 
confined on the poleward flank of the jet core. 

Equatorward momentum flux of total eddies is predominant around 
105 Pa (~50 km). This supports the Gierach–Rossow–Williams mecha-
nism (Gierasch, 1975; Rossow and Williams, 1979). The eddy mo-
mentum flux is poleward around 104 Pa (~65 km) below the jet core, 
where the eddy heat flux is also poleward and the meridional gradient of 
the potential temperature is strong. Such poleward heat and momentum 
fluxes associated with high-latitude baroclinic waves (Yamamoto and 
Takahashi, 2016, 2018) were also reported in simplified models 
(Yamamoto and Tanaka, 1997; Sugimoto et al., 2014; Kashimura et al., 
2019) and realistic GCMs (Lebonnois et al., 2016; Yamamoto et al., 
2019). The horizontal eddy heat fluxes of total eddies are primarily 
produced by the thermal tides around the cloud top (gray dashed line on 
the left panels in Fig. 17a and b). The poleward heat and equatorward 
momentum fluxes of the tides are produced around the cloud-heating 
maximum. 

The distribution of the eddy vertical momentum flux (the right panel of 
Fig. 17a) is complex. At low latitudes, the negative flux is seen above the 
cloud-heating maximum (<104 Pa, >65 km), in the low-stability layer 
(~105 Pa, ~50 km), and below the 106-Pa altitude (<30 km). The sign of 
the strong vertical flux changes rapidly between 106 and 104 Pa (30 and 
65 km) at high latitudes. In the right panel of Fig. 17b, the thermal tides 
produce the negative (positive) vertical momentum fluxes above (below) 
the cloud-heating maximum level at low- and mid-latitudes. As is shown in 
Fig. 6d, the semidiurnal tides propagate downward below the 105-Pa 
altitude (~50 km) at 70◦ latitude. The downward propagating tides with 
phase velocity slower than the zonal flow generate positive vertical mo-
mentum flux between 106 and 105 Pa (30 and 50 km) on the poleward 
flank of the jet (the right panel of Fig. 17b). 

As seen at 66.2◦N in Fig. 9b, the stationary waves forced in the cloud 
layer propagate downward below the 104-Pa altitude (65 km), where the 
vertical tilting of the stationary zonal-flow component is seen. In the 
right panel of Fig. 17c, the downward propagations of the stationary 
waves below the 105-Pa altitude (~50 km) produce the positive vertical 
momentum flux near the poles in both hemispheres. However, the 
positive vertical momentum flux is enhanced over the Maxwell Montes 
near the northern pole, whereas it is small near the southern pole where 
there are no high mountains. This implies that polar high mountains 
influence the vertical propagation of stationary waves emitted from the 
cloud layer via standing wave or convection localized over the Maxwell 
Montes (Fig. 9b, d, and f). 

In the region between 106 and 105 Pa, the eddy heat and momentum 
fluxes are generated by transient wave components obtained by 
removing tidal and stationary waves from the total wave components. In 
future work, we will elucidate the dynamics of the fast traveling eddies, 
which may produce the complex cloud features seen in the satellite- 
based observations. 

4. Concluding remarks 

In our Venus GCM with long- and short-wave radiative processes, the 
increase in horizontal resolution greatly enhances the effect of the 
topography on the general circulation and stationary waves (Figs. 8 and 
10) and better resolves the sharp streak structures of polar thermal tides 
(Fig. 2b and d). As in our previous low-resolution model, our simulation 
reproduces the UV-tracked horizontal flow around the subsolar point 
and the equatorial multi-layered and polar structures of static stability 
(Horinouchi et al., 2018; Ando et al., 2020). The simulated thermal tides 
are vertical and equatorward transporters of zonal momentum (Fig. 7a 
and Fig. 4c and d) around the cloud-heating maximum. The tidal ac-
celerations are 0.2–0.5 m s− 1 Earth day− 1 in Figs. 4e, f and 7c. In our 
model, the acceleration rate of the equatorward momentum flux of 

thermal tides proposed by Yamamoto and Takahashi (2006) is of the 
same magnitude as that via the more conventional vertical momentum 
flux proposed by Fels and Lindzen (1974). Sharp streaks of vertical flow 
associated with polar thermal tides are located along the longitudinally 
extended trough and ridge at ~70◦ latitude between the polar low and 
high in our T63 model (Fig. 2b and d). The radiative transfer forces 
diurnal and semidiurnal tides around the cloud top and also modifies the 
vertical structures of these waves and their momentum fluxes at multiple 
height levels (Fig. 7). The thermal tides accelerate not only equatorial 
zonal flow at the cloud-heating maximum (1 × 104 Pa, ~65 km) but also 
the zonal flow around 103 Pa (~75 km) at low and high latitudes (Fig. 7c 
and d). Thus, we must consider the wind acceleration at various heights 
produced by thermal tides, when the super-rotation mechanism by 
thermal tides is discussed for each altitude. 

Topographically locked fine-scale structures around the cloud top 
(~69 km) are revealed by our high-resolution model. Meridionally 
large-scale bow shapes of vertical flow with high zonal wavenumber are 
enhanced over the equatorial highlands (Fig. 8). Below and in the cloud 
layer, surface topography weakens the zonal-mean zonal flow over the 
Aphrodite Terra and Maxwell Montes, whereas it enhances the zonal 
flow in the southern polar region (Fig. 10). The convergence of eddy 
vertical momentum flux balances the metric term at high latitudes 
(Fig. 11a and b). The decrease in the metric term due to the topography 
produces the decrease/increase in the zonal flow at southern/northern 
high latitudes (Fig. 11c), which leads to the asymmetry of the zonal flow 
between the southern and northern polar regions. 

Variances of time series are further investigated to assist in future 
comparisons with the observations. The variances are considered to 
result from unsteady eddy components in the geographical coordinates. 
The longitudinal variations of the wave activity are caused by surface 
topography and/or stationary waves. The vertical spikes in the vertical 
wind variance are striking around the equatorial high mountains 
(Fig. 12a), suggestive of penetrative plumes and vertically propagating 
gravity waves. At the cloud top, we also find bow shapes of negative 
vertical eddy momentum fluxes enhanced over the high mountains at 
low latitudes (Fig. 14c), where the zonal flow locally weakens over the 
Aphrodite Terra. In the solar-fixed coordinate system, the variances of 
flow are relatively higher on the nightside than on the dayside at low 
latitudes (Fig. 13e-h). The thermal tides produce strong dependences of 
the horizontal eddy heat and momentum fluxes on local time (Fig. 14d- 
e) and consequently lead to the difference between the zonal and 
dayside mean fluxes. The local-time variation of the vertical eddy mo-
mentum flux is produced by both thermal tides and solar-related, small- 
scale gravity waves at low latitudes (Fig. 14f). 

The present work reveals the dynamical effects of high-resolution 
topographical and radiative forcings, based on the time-mean struc-
tures of waves (thermal tide and stationary waves) and variances using a 
high-resolution GCM with solar and infrared radiative transfer. Our 
future work will investigate fast waves with phase velocities almost the 
same as the superrotational wind speed, along with the observed cloud 
features. 
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Appendix A 

Time variations of angular momentum and vertical wind velocity 

Fig. A1 shows the time histories of the global-mean specific relative angular momentum normalized by the planetary radius (m s− 1). The angular 
momentum gradually varies over time in the T63 restart run (Fig. A1a) and does not largely change after Venus day 10. Because it is almost the quasi- 
equilibrium during Venus days 10 and 11 (Fig. A1b), we analyzed the GCM output in this period. 

Fig. A2 shows the Hovmöller diagrams of vertical wind velocity at the equatorial cloud top (4.54 × 103 Pa and 0.93◦S latitude) in the geographical 
coordinates. Large-scale stripes slowly travel with a 117-Earth day period and correspond to a diurnal tide. Stripes parallel to the time axis are formed 
by stationary waves with amplitudes that are strongly modulated by both the diurnal tides and fast waves (Fig. A2a). The short-period components are 
apparent on the stripes of the stationary waves (around white dashed lines in Fig. A2b). These fluctuations locally intensify the variance of the vertical 
flow in Fig. 12a. In addition, the enhancement area of small-scale (a few degrees in longitude) waves migrates with the solar heating area in Fig. A2b. 

Fig. A3 shows the Hovmöller diagram of vertical wind velocity at the high-latitude cloud top (4.54 × 103 Pa and 73.7◦S latitude) in the solar-fixed 
coordinates. The diurnal signals are positive around midnight (21–24 LT) and are negative around noon (12–15 LT). The fast waves with periods 
shorter than 10 Earth days are enhanced at 18–24 LT. Thus, the enhanced fast waves produce the high variance of the vertical flow at 18–24 LT at high 
latitudes in Fig. 13g.

Fig. A1. Time histories of the global-mean specific relative angular momentum normalized by the planet’s radius (m s− 1). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. A2. Geographical longitude-time distributions of (a) vertical wind velocity component w (mm s− 1) and (b) the vertical wind deviation (mm s− 1) from the 20 
Earth day running average between t− 10 Earth days and t + 10 Earth days for time t (w-[w]±10Eday) at the cloud-top level of 4.54 × 103 Pa and 0.93◦S latitude. The 
time axis is labeled by Earth day from 00:00 on Venus day 10 in the restart T63 simulation. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)  
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Fig. A3. Longitude-time distributions of vertical wind velocity component w (mm s− 1) at the cloud-top level of 4.54 × 103 Pa and 73.7◦S latitude. The longitude is 
expressed by local time (LT) in the solar-fixed coordinates. The time axis is labeled by Earth day from 00:00 on Venus day 10 in the restart T63 simulation. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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