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* Jeans escape
* Hydrodynamic escape
e Slow hydrodynamic escape
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Escape parameter : A=GMm/kT
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* Jeans escape * Hydrodynamic escape
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* Slow hydrodynamic escape (SHE) ??
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Pressure (Pa)

Possible effects of GWs on
atmospheric escape

(a) Ls=180-210 (b) GWD Ls=180-210

e

___________
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I |
-110 -90 -70 —-60 —-40 -20 -10 10 30 40 60 80

Dynamical effect of GWs. GCM runs without
(left) and with (right) GWs. Red curves are
meridional stream functions. Color shade
indicates GW drag [Medvedev et al., 2011]

* Thermal effect: Thermal balance
in upper thermosphere =»Escape

of light components
[e.g., Walterscheid et al., 2013]

* Dynamical effect: Large-scale

flow in MTI regions
[e.g., Medvedev et al., 2011]

 Compositional (mixing) effect:
Homopause altitude =»Escape

ratio of minor components
[e.g., Imamura et al., 2016]

Less observational constraints |




MAVEN/NGIMS observation

* |[n-situ neutral gas observation in the
Martian upper thermosphere [cf. Mahaffy et
al., 2015]

* Below 500 km alt.
* Periapsis is usually ~150 km alt.
(sometimes goes down to ~130 km during deep dips)

* Ar density profiles are used to analyze
wavelike perturbations

* Density range between 10° - 10’ cm™
(around exobase) is analyzed

* Arand CO, behave similarly: Mass is similar,
density is about 60 times smaller

* Apparent wavelengths between ~100 and
~500 km are analyzed

* Period analyzed
e Feb. 11, 2015 - Mar. 31, 2016

/—\ Periapsis
\Altitude ~125-175 km
AN

N //
Apoapsis\\/
Altitude 6200 km

Periapsis Pass
‘'sheath

600 -

300

Altitude (km)

~200

100
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Nominal trajectory of MAVEN



Examples of NGIMS observation in the
Martian upper thermosphere

SZA~25 deg.
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Amplitude of small-scale waves

100

GW omplitude [%)

(c)

(9) 263 324 15 &1 105

Ls [deq]
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R =0.7, if daily-averaged GW amplitudes are used.
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* Wave amplitudes in the Martian
upper thermosphere (> ~150 km
alt.) are ~10-20 % on average,
and sometimes > 40 %

* Higher amplitudes on nightside
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Saturation of GWs?

300

Typical MAVEN orbit
near periapsis

250 |

~1:1

altitude [km]

200

150 F . . o

0 500 1000 1500 2000 2500 3000 3500
[km]

10

107

oY 10°10%1021072
@nt Wavele@ WAVENUMBER (m™")

[England et al., 2016] [Tsuda, 2014]

* Slope in power spectral density LPSD) of p’/p, changes around
“apparent wavelength” of ~200 km.

e “Apparent wavelength” means wavelength measured along the
MAVEN’s track



5 <0 Saturation of GWSs?

* A theoretical threshold for breaking/saturation
of a GW{ due to convective inst.
e uU'> c—u0| (1) U

S ot |
o N |0l (kif2H)+i(y-1)gkl o I S L e
NO wl(ykz-l-l(y_z)/zH)Hgkx kx :'; 60 + o ; -%‘."—j"é? Ay N _‘
= N ’ e
—1 m 1 o 7,_"_;_’_':.1..:.’ £ o, A
S (short A, limit of k,>>1/H) § 40% ez
vy kgT, |k, B o ol
= —
O 20E7 %

* Most of the observed GW amplitudes would be
explained by saturation with A,=20-40 km

Temperoture [K]
From eq.(2)
A, =40 km
A, =20 km

* Some large amplitudes require A,<100-200 km

* Dissipation processes need to be included

* Molecular diffusion, radiative damping, (and ion
drag)
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Full-particle DSMC simulations

(molecular diffusion and radiative damping included)

e A thermospheric DSMC (Direct 222 30':¥‘ N\
Simulation Monte-Carlo) model 260 |'§ N
[K. Terada et al., 2016] 3 2‘2‘2
* A full-particle code 2 200
« 2-D version is used in this study b
* Grid spacing MOl e ) s
10 100 1000 10000 100000
° Imfp =10m ~ 10km number of particles in a cell
e Ax=10m ~ 1km 300 [ A
* Az =10m ~ 10km o | onsonal ond shacng |
* No. of particles in a cell £l
e >~100 particles/cell % 200 |-
180
* Lower boundary condition 160 |-
140

* From a GW dispersion relation




MD simulation

calculated orbit of O interacted with O

(collision energy = 0.03 eV)

mmerical integration schemm ——— ———
. - \ 7 i
Verlet algorithm 10 \\ 7
interval of time g i\\ \\\ -
o _
At=3 X 101 ~1x 1017s | § ° S|
2 N
cutoff point =
ol i
F<10x10™®N |
& / target particle
_5 | | |
] -10 -5 0 5 10 15
deflection angle [Angstrom]

By /T ey

diffusion cross section o
O, =21 f 000(1 — COS X)bdb ~ 27T E (1 — COS X)bAb
b=0

viscosity cross section 15x10-10
0, =2m f OOO (1 —cos’ x)bdb ~2 2(1 —Cos” X)bAb
b=0

Vv Vx6o Vy VyGe -
value at cutoff point

Ab=1.0 X 1083 m
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Full-particle DSMC simulations

(molecular diffusion and radiative damping included)

GWs with A,=30 km GWs with A,=215 km

time= O0s tme=0s
density temperature and flow density
L e L =S TS e 00— 300
190 : 190 4 280 . 280 -
180 | y 180 L | 260 260
=240 - =240
E170 . E170 | - £ £
= = 9 20 + o 220
2160 I 7 2 160 | 1 2200 2200
© © @ ©
150 |- § 150 | 3 180 - 1 180 =
160 - 160
140 2 140 | al
: 140 | | | 140
130 D P S| S N S 130 ————————————]
0 10 20 30 40 50 0 10 20 30 40 50 0 50 100 150 200
lkm] [km]
| I [ 3 G
-10 -5 0 5 10 150 200 250 300 N [ \ [ |
density variation [%] temperature [K] -40 -30 -20 10 0 10 20 30 40

density variation [%)

temperature and flow

e R it e e o o

| B E

50 100 150 200
fkm]

[ | [
150 200 250 300

temperature [K]

(>200 km alt.) perturbations.

A,=200 km or more is required to explain high altitude




Full-particle DSMC simulations

(molecular diffusion and radiative damping included)

MAVEN observation DSMC simulation (A,=215 km)
density variation time="33s
density variation temperature variation
260km ................................. _.“: 300 - ] | | | 300 | I I I
_ [ ——
<508 — cc;12 —]
CHE E 250 b = 20
L®) - 1 €
) ~ (D] 0
= Zos E ER
© N Y 3 200 : i
| _': 0]
N 0.2 [ o
Average ﬁ 150 | i 50 |
190km ST &I | | | | L | | | |
00 0.1 0.2 03 04
IN=Ngl /N,y 0 10 20 30 40 %0 0 20 40 60 &0
(%] K]

Temporal variations may be important to explain observed
vertical profiles.




Full-particle DSMC simulations

(molecular diffusion and radiative damping included)

HEATING RATES DSMC simulation (A,=215 km)

300

L/ MOLECULAR 250
L/ CONDUCTION -

ELV
HEATING

HEIGHT (km)

altitude [km]

200 r

S0l 150 |
DEGREES PER DAY [K/day]

_ _ 0 200 400 600 800 1000
Heat budget in the Martian upper temperature [K/day]
atmosphere [Bougher et al., 1988]

Wave heating is comparable to or even larger than the
EUV heating rate.
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[Gordiets et al., 1982]
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A gap between lower and upper
thermospheres?

MAVEN observation in
upper thermosphere
[Terada et al., 2017]

MGS observation in
lower thermosphere
[Creasey et al., 2006]

Dayside ¢ 100 ] , 1659 Q_rblts
S Inbound J
1500 LT “_; | Outbound -
~6005 é 80+ - Al (R= '3.46]_ “
35 orbits : 60 - g, b ]
ve t e $

. . 40; I .
Nightside s ' E:
0200 LT - 20t i
~60°S . (1) i - R e 2 Al s
bits 20 40 60 80 100 120
30 orbits : o SZA [deg] where N(Ar)=10%/cc

-100 -80 -60 -40 -20 0 20 40 60 80
Time from Periapsis, sec

Day-night vari
Gap?

on is opposite




Full-particle DSMC simulations

Effect from above
(effect of precipitating ions on thermospheric temperature)

initial condition 350 time = 5 min time = 10 min time = 15 min

E 300 350 350 350
= 250 300 300 300 300
S 200 250 250 250 250
2 150 200 200 200 200
= 150 150 150 150
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
[km] [km] [km] [km]
E 300 time = 1 min 350 time = 6 min 350 time = 11 min 350 time = 16 min 350
2 250 300 300 e T 300 300
S 200 250 250 250 250
2 150 200 200 200 200
= 150 150 150 150
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
[km] [km] [km] [km]
E 300 time = 2 min 350 time = 7 min 350 time = 12 min 350 time = 17 min 350
= 550 300 (e~ ' 300 300 300
S 200 250 250 250 250
2 150 200 200 200 200
= 150 150 150 150
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
[km] [km] [km] [km]
E 300 fme= 3 min 350 Ume= 8 min 350 Mme= 13 min 350 time = 18 min 350
= 250 300 300 300 300
3 200 250 250 250 250
2 150 200 200 200 200
= 150 150 150 150
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
[km] [km] [km] [km]
'E‘ 300 time = 4 min 350 time = 9 min 350 time = 14 min 350 time = 19 min 350
= 250 300 300 300 300
S 200 250 250 250 250
2 150 200 200 200 200
= 150 150 150 150
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
[km] [km] [km] [km]

May explain high altitude (>200 km alt.) perturbations. But, 10~100
times higher energy precipitation is required than MAVEN obs.:
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