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FY[: Eulerian mean meridional circulation vs the
“residual circulation” in the transformed Eulerian mean
(TEM) (example: boreal winter on the Earth)
Mass Streamfunction [10" kg/s]
Eulerian Mean TEM

From lwasaki 2008
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lkegawa&Horinouchi (2016)
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Horinouchi et al. (2017)

e lkegawa & Horinouchi (2016)
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Example 2015-12-07 365nm
(deviation from a solid-body rotation: 90 m/s at EQ)

[U+90cosep, V] & radiance
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Example 2016-05-06 365nm
(deviation from a solid-body rotation: 90 m/s at EQ)

[U+90cose, V] & radiance
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Horinouchi et al (2020): H20 & V)
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How waves and turbulence maintain the super-
rotation of Venus’ atmosphere.
Science, 368 (6489), 405-4009.
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oM

Maintenance problem (wheregfv 0)

—v" VM +pglV-F~0 (2)

* Since —v" - VM is always down-gradient and works to homogenize
M, the question is how and by what V - F is provided to maintain
the inhomogeneity of M; a particularly important question is how
and by what M’s peak (at ~the cloud top at low lat) is revived.
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Dotted contours:
approximate
distribution of M
(schematic)

Solid contours: suggested
stream function of v"
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_ _ _ wave heating in VIRA

- 1r . (based on entry probe obs.

I b - —-- Caveat: the obs. is ver

altitude (km)

PR HE | H H
00 100 1 2 o° 30° 60° 90° O 4 8 12 Ilmlted)
(W.m=2) (x0.001) ST T IT> (m/s, mm/s)
N -06 -03 O 0.3 (m.s~l.day~")
X (X Fig. 1 of H20 Color-shading: advective zonal acceleration —(a cos @)~ *v" - VM

(in m/s/day), which needs to be compensated by div.F



altitude (km)

« HLILAIZ, FREHDHRE T

0 |- e 1m/s TIEDIX~100H
o e le-2 m/s TEDIZ~1FE
so:- _

" -:

0 " " “
10+ 1073 1072 107 100 10!



Radiative Flux, Wim ™2
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Fig. S1. A vertical distribution of static energy. It

is obtained from the VIRA data (39), and is

»- Moroz et al (1985) I"EJ expressed as the difference from the surface value,
1 s=s-s(z=0km ). This profile was used to compute

the meridional heat transport shown in subsection

oL— O S13. Its theoretical basis is found in (54)
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Horizontal AM transport (by F ) &
acceleration

a(u)

'FyEPoa(— )cos<p
* The first term is Iikely dommant at low latitude
(from order estimation etc).



latitude

Horizontal AM transport (A,B) and its convergence (C;
acceleration at low lat) estimated from UVI images
(dayside, near cloud-top). Red: 283 nm; Blue: 365 nm
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365 Nm

Fig. S9 of H20

Fig. S10. Illustration of the
sensitivity test to investigate the
dependence of tidal angular
momentum flux on the assumption
of uy. A—H: mean zonal wind u
obtained from the three-year period
(black curves) at latitudes shown on
their upper-right corners. The red lines
indicate the values of u obtained by
the least-square fitting of the
wavenumber-2 sinusoidal curve. I,
(uv;) cos @ obtained from this
assumption (red curve), which is the
same as the thin solid blue curve in
Fig. 2A. All panels: the green and
cyan lines (A-H) and curves (I) show
the cases in which ug defined this way
is shifted by 0.3 times the fitting-
based tidal amplitude (green: the
faster; cyan: the slower). The blue
lines (A-H) and curve (I) show the
case in which u is defined as the
center in between the maximum and
the minimum of .
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Yamamoto et al (2019) Venus GCM results

(c) 4.54 x 10° Pa (~69 km)
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Vertical AM transport (by F,) & acceleration

E, = poa(—u'w' + £,S70'T’) cos ¢

Gravity waves (incl. Kelvin waves): the u’'w’ term is dominant; Rossby
waves: the v'T’ term is dominant

The u’'w’ term: cannot be directly measured (because w is unavailable).

* By tidal gravity-wave modes (at low lat): estimated from the theoretical
vertical wavelengths (confirmed by Kouyama et al. with LIR for wavnumber=2).
(but acceleration is unavailable anyway, so only a simple order estimation was
made.)

* By other motions: not available

The v'T’ term: can be estimated by using LIR T (caveat: LIR’s mean
sensing altitude is lower than UVI when nadir = limit data at high
emission angle).
* By tidal Rossby-wave modes: next page
* |ts vertical convergence is not available

* By other motions: estimation unsuccessful (results among the sub-periods
were inconsistent)



S=1 Tidal heat flux (from UVI 365-nm U & LIR T at emission angle 50°-80°) (right)
& the v'T’ term in the vertical component of the EP flux (left)
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Fig. 2 (#£3%) of H20
Fig. 3. Meridional heat flux associated with thermal tide at the cloud top and vertical AM

flux. (A) Mean tidal heat flux by the diurnal tide obtained by averaging (v, T;); estimated for the
five subperiods (thick solid curve). Shading shows + the inter-subperiod standard deviation. Thin
solid curve: (v;T;); obtained from u; and T; derived by averaging over the entire three years. (B)
As in (A) but for f,7q = €,S N (v, T, ) cose (using £, in Fig. S1B and S=



Summary of suggested acceleration due to the
vertical AM transport (order estimation only)

e Thermal tides

* Wavenumber-2 gravity-wave mode: accelerates SR on

O(1) m/s/day or smaller (comparable to tidal horizontal
acceleration)

* Extratropical wavenumber-1 Rossby-wave mode: weak
* Low-latitude wavenumber-1 gravity-wave mode: weak

e Other disturbances: no indication from Akatsuki



AM balance suggested from observation by Akatsuki
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Cloud
layer

Fig. 4A of H20

90

latitude

Schematic illustration of suggested AM balance in the cloud layer of Venus. A: those quantified or
order-estimated in this study; Wavy arrows indicate eddy transports of SR’s negative AM; items with “tr”
represent transports quantified (black, blue) or order-estimated (gray) in this study



Mid-latitude / deep in the clouds
(not yet observationally quantified)

* AM redistribution by hydrodynamic instability is
expected
* Baroclinic-barotropic instability

* Inertial instability
* Kelvin-Rossby formation



A no eddy AM flux B with eddy AM flux

stream line stream line
= AM contour # AM contour

height

IIIIIII"‘.

latitude latitude

Fig. S2 of H20

Fig S2. Schematic illustration of possible steady-state distribution of AM and meridional
circulation at mid-to-high latitude (subsection S12). (A) When eddy AM transport 1s absent.
In this case, the 1so-lines of M (dotted) must coincide with streamlines of mean Lagrangian
meridional circulation (solid arrow). (B) When eddy AM flux associated with baroclinic
instability (hollow arrow) 1s present. In this case, AM i1s transported by the eddy AM flux as
well as the meridional circulation, so M can change along the meridional circulation stream line.
In this particular instance, M is decreased and increased along the upper and lower branches,
respectively, due to the instability, so the eddy AM transport acts as 1f the AM flow partly
shortcuts the meridional circulation.



AM balance suggested from observation plus speculation
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