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1. Introduction
@ Venus atmosphere: Fast zonal flow (Super-rotation; SR)

3. ALEDAS-V (AFES LETKF Data Assimilation System for \enus)
® Data assimilation: First analysis for the Venus atmosphere
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\Venus Earth % 60? -,-;NOR.m ‘
Radius 6050 km 6378 km el s
Revolution 224 days 365 days > |
Temperature (Kelvin ) g W
Rotation 243 days 1 day : & |
v Very slow rotation £ 30F
1.8m/s 460m/s /
( ) ( ) v" Dense CO2atmosphere Sty lQOm/s ! . - o
1 solar day 117 days 1 day v Thick cloud layer (45~ 70km) 20 / .- 60 times faster http://www.data-assimilation.riken.jp/jp/research/research.html Mars Atmosphere Data Assimilation workshop (2018)
- 7 than surface | . ] ] ) i i
Composition  CO, N,, O, The atmosphere circles the planet about | 1047 rotation rate ® Akatsuki (Venus climate orbiter): Frequent observations at multiple altitudes
Albedo 0.78 0.3 4 Earth days, much faster than the Or B 1
lanet's sidereal day of 243 days. 0 25 50 75 100 125
Surface pres. 92 bar 1 bar P 4 4 Zonal flow (m/s)
*Venus spins in the opposite direction from Earth
(retrograde, or backward, rotation) Schubert et al. (1980)

® Mechanism of the super rotation (reproduced in VGCM)
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1. Mean meridional circulation 2. Thermal tide (Fels & Lindzen, 1986) e i
MMC (Gierasch 1975) {‘1 .
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CONTOUR INTERVAL = 1.000E+01

Yamamoto & Takahashi (2003)

Altitude 50 km

R A— a ® LETKF (Local Ensemble Transform Kalman Filter) ®Settings of ALEDAS-V
801 _ v Ensemble size: 31-member
3 Q"erage of analysis observations v assimilation cycle: 6-hourly interval
= y data assimilation o ] ]
L. Enuatar 5, v'Localization: horizontally 400 km, vertically InP~0.4
west east R — v" Observational errors: 4.0 m/s

v" Vertical transport by MMC v' Excitation by the solar heating . ==~ r__ﬁ -== . v Inflation:10 % Sugimoto et al. (SREF20LY)
v' Horizontal transport by eddies v' Dissipation by the friction o j'i;ituéi [de;]” PN N Analysis at Time

Initial time | Forecast by AFES-Venus

Takagi & Matsuda (2007) (take account Average of ensemble forecasts S e
| | of error) Time |I- o
2. AFES-Venus (atmospheric GCM For the Earth Simulator for Venus) ek R P —
o Local: considers only observations within a certain distance. assimilation assimilation
@ Model description sokm | | Solar heating Ensemble: uses an ensemble of GCM forecasts. observations observations "o
v 3-D Primitive equation on sphere (hydro static balance) without moist processes Transform: uses a square-root filter. (orantalwin® oot indy
_ g P y P Kalman Filter: uses past information to update the present state,
v ReSO|UtI0n T42L60, T159L.120 to T639L260 (AX~20km AZ~025km) .. ‘ and estimates both the state and its uncertainty (Covariance) . h “f " f . b - “f v _
v Specific heat: Cp is constant (1000 Jkg-k™1) N f | _ 9-hour forecast from t=0, input observations from t=3 to 9
: . . : v I =6 (=

v" Horizontal hyper-viscosity: 0.1 (T42) to 0.001 (T639) Earth days for 1/e - @ Data assimilation for real observations Output analysis at t=6 (=4D LETKF)
v Vertical eddy viscosity: 0.15 — 0.0015 m2s%; 10 values - v Horizontal winds from Venus Express (Sugimoto et al., GRL2019b)
v Rayleigh friction: lowest and above 80 km (sponge layer except for zonal flow) Okm Lat v Horizontal winds from Akatsuki (Fujisawa et al., Sci. Rep.2022) - [y AN S P NS P e R T R T L R e Ir e s
v No topography and planetary boundary layer + cloud physics v Cold collar in the first analysis (ando etal., JGR2023) @ Cloud tracking of'the ultraviolet images (UVT) by “Venus Express”.

@ Solar heating
v' Zonal and/or diurnal component of realistic heating (Tomasko et al.,1980; Crisp, 1986)

@ Infrared radiative process

v Simplified by Newtonian cooling: dT/dt = —x (T-Tref(z)), k: based on Crisp (1986)
v Tref(z2): horizontally uniform field but realistic vertical profile of static stability

Observations are about once

Horizontal \’\"il]dS: local time-latitude cross section at 70 km

* Comparison with AFES-Venus(without DA)

* The local minimum of-€asterly winds shifted to.l12LT (local time).

a day, mostly cover the
southern hemisphere.

* The local maxamum (mmimmum) of meridional winds shifted to the afternoon side. y %
Phase of thermal tides

was successfully improved.

ight [km]

* Comparison with observation
* It 1s closely similar to the obseryations.

He

* Assimilation strongly improves horizontal winds field.

_ — , _ Akatsuki *LIR observation
(a) AFES-Verus (b) analysis ~ (c) observation

3 g o — T _ Without DA (AFES-Venus) DA (Analysis) (*Longwave mfrared)
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@ Initial condition o | i :[ . ;o i)
Locq.l t'r:e ('P?c-ur). Locogl b"r‘e (:o.o;): 3 :0:;' lir:v:e {.r'bol.u‘;J 2y
(1D Motionless state o . | Zonalflow | ., | Zonal temperature | U R
- Mimic observed temperature field | : | - 00- ) cheervaton
F(Z) - dT/dZ + g/Cp 8a - 100m’s L 8a - equator and pOIe; ~5K N 7 [emperature disturbancesat 70 km (in local time latitude cross section)
. . . s 1 I 1 [ | Compositemeans of 30 Earth-days-with the fixed subsolar point (Kouyama+2019)
|dealized SR (solid body rotation £
@ _( . y . ) ) = Compositemeans of 60 Earthrdays with the fixed subsolar poimnt. (a.b,d.e) are deviations from zonal mean
- Zonal flow increases with height linearly from g —
T 500 - Observation by ~Akatsuki
- = @ISAS/JAXA
ground to 70 km. 100 m/s above 70 km (const.). Z.onal wind: Jatitude-altitude cross section ~———
: : - - 600
Temperature flel(_j Is in balance with zonal flow * Comparison with AEES-Venus (without DA) by “ALEDAS-V”
field (gradlent wind balance). 00 « AFES-Venus;~The zonal wind is about 130:m/s at about 70 km.

* Analysis: The zonal wind is globally reduced.
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* Comparison with observation

* Observations: The zonal wind 1s 80-100 m/s at abeut 70 km.

@ Start from idealized super rotation . $Tob Pt stiperirottion i AFES-vellus isiroNved elbballv

v' Saving computational cost for high resolution run

@ Maintain super rotation with realistic setting

AFES-Venus Analysis
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v"under the realistic solar heating and static stability without artificial 1 o o ,
Ta r et S S ‘ g izi?cg:Stt\j:vw?aF rift_e\clfgnofpx’es,.v""en,n"' First object analvsis for the
g B - Ando+JGR B .
@ Focus on atmospheric motions near the cloud level e Firstanalysis for the Venus atmosphere
; u I I u V — s o0 —L.;B-S EQ 5‘5:«—: G:J.N 90N -
Lotitude (degree) Time-zonal mean. The color 1s zonal
v B I 101 bl . ; ; : = wind, azmdrhc contour is l’L‘lll[N'.‘lizlllllc (P reSS released In Sep" 2022)
aroclinic instability; Not observed but predicted theoretically (Sugimoto et al., JGR2014) Taylor et al. (1980) Ando et al. (Nature Com. 2016) 5
v Neutral waves; Observed by cloud images but unexplained (Sugimoto et al., GRL2014) i \ 3 Obse rvmg System SImU|at|On EXperlmentS (OSS ES) NR R P 3 P1PoP3
v Thermal tide; Elucidate its role, horizontal and vertical structures (Takagi et al., JGR2018) h . -3 v Cross-link Radio Occultation measurements (Fuiisawa et al., Icarus, 2023) 10day
v  Tradit - - - >, - 3 . . - N YW YWy YWY O
Energy spectra; Traditional analysis on Earth but no Venus case (Kashimura et al., in prep.) - : ,/,,: o v Ultra-Violet Images for Kelvins waves (Sugimoto et al., Atmosphere2021, 2022) | S S8& g z’f‘?g".‘ﬁﬁ / ,{@%?,ﬁﬁ ! ;’;’o_??,,}}ﬂ i N
IN% 0 : G o8 #O5E || : 3 3 W
v Polar vortex; “Axi-asymmetric” structure observed in VIRTIS (Ando et al., JGR2017) - - v Ultra-Violet Images for Rossby Waves (Komori et al., in preparation) X ‘\,é."f;g) \:’.:!“‘-;é’/[/ K\‘g‘égzgj \:&éw l‘.gggj
v Cold collar; cold latitudinal band not reproduced in GCMs (Ando et al., Nature Com.2016) . o v Long Infrared images for thermal tides (sugimoto et al,, Geosci, Lett, 2022) asy. 7 = || € .9 -1.8 8.4
v Planetary scale streak structure... (Kashimura et al., Nature Com. 2019) S TR I o B S0day o
(f) (9) _: (e (i) ,f,:\ @
Belton et al. (1991) one pair (P1) : 12.4 obs. /day ¥ RSN /"Iff‘:‘f’}\ /;’l‘-"'c'.“}*\\ /1:'{:\\'
two pair (P1P3)  :18.1 obs. /day S % RS L
(@) U, V, Z at 70 km, T at 60 km, day 47 three pair (P1P2P3): 24.8 obs. /day o g}\%"sg"‘j \“\’g?ﬂ (\“’E?f;/g
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Fujisawa et al. (Icarus2023)
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Akatsuki Infrared observations Kashimura et al. (Nature Com. 2019) UL A !5
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_ Sugimoto et al. (GRL2014)
® Recent progress
v FU”y developed Super-rotation driven by MMC (Sugimoto etal., GRL2019a) i} zonal flow (c“ontour, m/s) G;opotential (contours; 103 m2/s?) % ] T 905, — ,)1,'-6‘ T Zaos
. - - - - . 0.0 o SENES OO R b I‘m[“ N) 6,0 W S Local time (hour %05 605 305 FQ 30N 60N 0N B80S 605 305 EQ 30N 60N 30N 805 60S 305 FQ 30N 60N 90N
v' Super-rotation independent of horizontal diffusion (Sugimoto et al., EPS2023) ) 00U i Nl Mg CL W L 3 o Lotitude (degree) Laitude (degre) Lotitude (degree)
] o . ] 85 {350 0.0 5.07-3=10.0v2 100 g5 /0.0 2 el ol T, s B SO (d) h1_ds (f) h24
v Static stability compared with observations (Ando et al., Sci. Rep.2020, JGR2022) & | o T R i ‘im g oo T | oo || - g :
: . . _ < a0 {iNaR ~ 80| il Teolhi IR et R Ees |
v Generation of gravity waves from thermal tides (Sugimoto et al., N.Com., 2021) 5 |- 2\ N e | | S il | = ooc [ | | =00 - 5 o0
. . . . . T 75 T 75 D (f - 1 : ' ' ' , 89S 5 1 To 20 20750 4 8 12 16 20 2°%% & & 12 16 20 24 E:g E
v Implementation of cloud physics and its variation (Ando et al., JGR2020, 2021) | ol | . ,, | ’ P el tme oy o — e b i
. . . ] z ,‘ i R | s ' ' ‘ ‘ i \ P s RIS i iy el L se el o , “U%s 505 305 EQ 30N 60N 90N “%0s 60s 305 EQ 30N 60K 90N
v Improvement of static stability and thermal tides (Suzuki et al., JGR2022) . T I JRC T -8 6 -4 -2 0 2 4 6 8 S —— e — Lotitude (desree) Lotitude (cegree) Lotitude (degreo)
. ongitude (degree (kg m™ s7%) ongitude (degree (ms™) e e e
v Reproduction of 4-Day and 5-Day Waves (Takagi et al., JGR2022) 0 T ) 05 0 o — " Geose Lot 20 I RN
uglmoto et al. eoScl. Let.
(a) T42 ) T159 (o) KE | 4. Summary See also PSI1-21 for OSSEs
10° A
TZ o fz 160 10° A ® 1 Deformation of .
100 " 100 isentropic surfaces [\ A,
w© - w ".*; 10" A Convergence NN\ | ° ° . . )
) s E 1, i N M T N ALEDAS-V is the first data assimilation for the Venus atmosphere, and we have
£ o N = ravity waves =
% » > 10 .%n > ::’ @m0 Deceleration ':‘30 :> Gravity waves o ° ° . °
: : o = gy z 2 pl N A assimilated several real observations and conducted OSSEs for future missions.
. . o 10° = Bo0cs Acceleration U S —
22 Jf° 20 E Y o 8:882 Vertical flow ] ] ] ] ] _
—— {53 : . It would be possible to assimilate other obs. directly, such as cloud opacity and radiance, by
. e 10+ {— 01 | Longitude Longitude . .
_ =1 M Improvement of physical pr f AVES-Venus...
Sugimoto et al. (Earth, Planets and Space 2023) T3 5 1020 50100 Sugimoto et al. (Nature Com. 2021) proveme to physical Processes o S-Venus
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