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000,233)0000000000000 ),,mr/0000,2260000,

RM =Y mmr;=Y m(r/+R)=> mr{+) mR (2.39)

Doooooooao,
R(M—Zmi) =3 (2.40)

ooo,yYm=MDOOOOO,

> mr] =0 (2.41)
000.(4)00000 (238)0000000,000000000000

L=RxMv+> v/ xp] (2.42)

oob.e42)000o0oboooooboboobboobOooboOobooobDbooDo
OoobOoOooOoooOoDOo,0booboOoboobo0oboboOoDbooboOoDbooo
gobogooobuoobgob.e4e2)bibo,cobooboob ROOO
Oo0o0ooOOoOooOoOobooOOoOoOoOoOoD.oboobboobOobobOooooo
gobooboo,boboobobooboboobooob.goobo,e4e2)0bon
goooooboob,cogboobobooboobooobooboboooboo.

gbobobobobooooooobob.ooboobobobobobooon
gligooooo20ogbgbgbobobobooboboboboboon

ngzz/zFi«dsi:Z/2F’i(e)-dsi+217}i'dsi (2.43)
i Y1 i Y1 i

i#]
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ggb.gbbbuoooobbbuoogobobbuoooobo.

(2.44)

gbbobo,ggbboobboooboogbboobbuoobboooboo
goooobo.(15)0H)ooo, roboobobooboboobboobboon
goo,

1
_ 2
T = 3 E m;v; (2.45)

goob.e34¢)uobgboboobobobooboboooorooobooon
gobobogad.

1
T =53 miv o)) (v +v)

(2.46)
:%;miﬁ%—%;mivf—l—v-%(;mir£>
gogooboooo,0ooooooooooooooo oooo,oa,
T = 1M02+12mw;2 (2.47)
2 2i

gbobo.0ogbbo,0bogbog,bodbogbbuodgboobobuoobbo
go.0oo0b0,0b0oo0bbobbobbobbobbobbooboobon
gobo,ggbboboooobbbooobbboooobn.
gboo,2430dboboobooob.boobboobbobboobbon
ggbobobuooobobobooogn

i F, -ds; = — i V.V;-ds; (2.48)
2, 2,

gbbod.goboobboobbuodobb.00bb0000b0o0boo
goggoobboobb.obbobbbobodoogg,gg«04y00000000
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F;0 F;000000000V;000000.000000000000000
ooooov;b02000000000000000000000O0C0.000A0,

Vig = Vij(lri = ) (2.49)
oo, goooooooooooooooooooog.
Fj; = -V,;Vi; =+V;V;; = —Fj; (2.50)
ogogo20000000000o0o000o00.
ViVii(lri —rj) = (ri —r))f (2.51)

fO0O00oOOoOooooon.
goooboobooboobgo,e43bogboobobobooboobon
gbogbgooboobo,oobooboobod

2
- Z/ (Vl‘/;j . dSi + Vj‘/ij . de (252)
i 1

000. 00000 —7r0r;000.00,r,00000000V,;000
oo,
VZ-Vij:VUVij:—VjVij (253)

g,
dSi — de = d’l"z‘ — d’f’j = d'r‘i]‘ (254)

gogoob,gyuooobood

1 2
—5/ Vij‘/;j . d’l"i]’ (255)
1

ggb.obbo,ogbboboodao,

2 2
—%Z/l vijvl-j.drij:—%Z/l Vi (2.56)
Zl#jj 1175]3

00O0.(5)00001/20000.000,:0 ;0000000000000
0,0000000000000000,0000:0000000,000000
0,;0000000,000000000000.
00000000,000000000,000000000000000,000
00000000000 VO

1
vzzi:mi;vij (2.57)
i#j




22

vbooooo.boobo,bobobor+vooboooo.oooobooboooa
goooboobonb 22)pooboon.
g@eshboboboooobobobuooobooboboboooobo.o
go,go0bgobooboobo,ocboobboobboobuoobboobobon
gbbuodgbbuodobboobbodo.obbooboobboobboobobo
gbbodbbogboogoboobobuoobbooboboob.bbodobobo
gooooooood 00000, 0b00booooogooooooodod
goooboooobobo.oobboooo,oooodr,;0r; 000.00000, F;
ggbobbobouoogoobbobo.obb,gooobbbooooobbbodad
gogbobuogoobbbuoooobbbuooobooboooooobooo.

23 U00ooooooon

00000000000000000000000000000000000. 0
000000,000000000,00000000000000000,00
0,00000000000000000000.
0000000000 G,000,0000000000000,00000000
00000.0000000000000000000000000000000
000.000,000000000000000000000000000. O
00,00000000000000000000000000000,0000
000000000000000.000,00000000000000000
0000,000000000000,000000000@000000000
00000)0000000000000.
00000000000000000000000GOOOO000 400000,
0000000000000000000000000000. GOO00000
0000000000000000000000000.0000000000,
000000000000000000000000000000000000
ooo.

Q) = (dG)yn + (dG)y g (2.58)

000,00000000000000000.00000000000,0000
00D00000000000,0000,0000000000000000,00
00000000000000000.00000, (dG);g 000000000
000000000000.000,00000000000000000000,
00000000000000000,0000000000000000000
00000. (dG)gp O

(dG)pp =d2 x G (2.59)
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000000000.000,dR000000000000000.000000
00000,0000000000000000000000000000000.
oooo,

(dG)og = (dG)ppy +d x G (2.60)

ooboo,00b00booob0ooboob GoooooD Repyooooooboo
gooooobodddoobobobobooogoo.oogoo,

dG dG G 5 61
3 R (261
oo oo

wdt = dS2 (2.62)

gbobooobdobooooboooobL. il wb tdb t+dt0O0 00
gbbodbbuodbbodbbil.«000bbuoobbuoobbodgbobo
guo.
OepUbioobboboboGoobooboooobooooooobooDO
goooobooboobobOobOobOobOobL.oboboboboo GoOoOO
g,ehobooboobooboobobbobboobod

d—d 2.63
%—54‘@% (2.63)

gbobboobobooobooob.obb,obb std-0, 000000000
gogoboob@uoooo)bbbbodooogobobbooooobobood
u.
geej)ibibibobobuobuob,bobobobobouobobouoboobg.
gbbo,0buogbbodgbbogbuogbogbooboob.bo,bbodgbobo
gogobobbobbbouodogoooobobbooooooooboobbbogd
gogoo.
gbobogboboogobooobog,bugoobuogboboogoboooboa
gbooobgboo.21gbodbo,0bbdb NewonOD OO0 ooooooon
gogobobboogoobooboo.bbbougooobbo,gogooobood
ggbobbobuoogobbbbouoooob.uoo,bbouooobobobodao
ggbobobboogoobooboooo.bbuooooob,buoogoooobood
gobobodboo,oboboobobooboobooboob. ey,
ggbbobugoobbobooooobbboodobbobboooobobobog.g
gbbogoboo,ggbbuoooboogbbodobboobboooboo
oot -dobg e3)iboobooboob.oon,

Uidb,wddn

Vs =V, +wWXTr (2.64)
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gogbob.0bd,v, 00,0, 0000000000000000000000
gogbbobuoooobiblb,wbbbuggobbbo@oo)ybbbuogg.d
gboboobgobg,»,gbgobgobgobbdb e3)bobo.obg,

dv,
a | — %
dvg
= o + w X v

d
= (—(vr+w><'r> +wXx (v, +wxr)

(2.65)
dt

T

dv, dr
=\ +wx£+wxvr+wx(wxr)

=a,+2(wxv)+wx (wxr)

googo.obog,2e4 D0 v, 00000.00,ae,0 @ 000000000
gbogobgoooboo.obg,boboobod

F = ma, (2.66)

godoobooooooo,oooouoooooooon,
F —2m(w x v,) —mw X (w X r) = ma, (2.67)
goooob.ouoooo,oooodoobooodoooooooooood
F.if=F —2m(w xv,) —mw x (w X 7) (2.68)

ggbbbuoooobbboooon.

ey)lbiibiibiibil wbhoboobooboobuooboo
0.000000000m?rsinf000.00000,000000000000
gbobodgbbogbobogoboo.boa,bbodgb,obbuoobbodgboo
000000000000000D0.00,w00000000,0000,d/dtw
gobooboobob.boob,es)boobouoobon.

dv,
a; = + w X v,
T

dt

dv, d
= + E(wxr) +wXxX v, +wX (wxr)
r r (2.69)

dv, dw dr
= +—Xr+wX —Fwxv,+wx (Wxr)

dt dt dt

dw
:ar+2(wxv,«)+wx(wxr)+%xr
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2.670,(268)0000000000 FOOOOO,

7 d
eff — TTLE'UT

d
:F—Qm(wxvr)—mwx(w><fr)—m<£w> X r

000.000,Shildey (2017)0 (HhOOOOOO.

(2.70)
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030 CTAOOOO

gboooogo,b02000000 @roubobocraAbobooboboooon
O,00000000000000b00b0boOoobo.bg,0ob0god Shirley (2017)
gbo200030000000.

31 J0o0ouggo

goobobo @rouub,bibwbdbO0bOobOoboboboboooon
gobbooboooobooog.

d
Fofiective = Fiotal — 2m(w X v) —mw X (w X 1) —m <—w> X 7 (3.1)

gogb,ggdgobbooogooobooo

d d

m—v = Fig —2m(w X v) —mw X (Wxr)—m| —w | xXr (3.2)
dt dt
ubd.bobodbodgbodgiogo,obubdidl (w,)0oododn (wg) O
O0o0oooooo,0o00ooodoooono ctAoooooooooo. o
00 @@nHuooooooooooooon.
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gi3nr200googooobo.booboboob,obog@yooboobon
gogoboocemy)oboboboooooobooboboooooobobooog.
go,gbubod,doooogbodgbdibdibd wgODO0400.ROOOO0O0O
goooboobOobobooo. Shirley (2017)0 Fig1 OO OO,

goobooobooo @3y, bobooboboooboboob,bon
goooobbbibD w, 0oooobb.0oooobbbobbo,b0ougd
goob,bobobgoboboooboobobobobbooo.bob,bobon
g,bggobuodbooo,ggbogbbuoobbobobuoobboobo.oo
gboo,obooboobooob,bbobooboobooobon.
gogobobbuoooog,bbouooooobbbboooooob,bodd
gboboboobobob.bob,Shirley (2015,2017)00000,00000
goobbbobbbouoooooobobbobobouooooooboboobobbogd
gboboobobob.bob,bobobgboebSuoboboboboooon
g, jboogbgoboobgobob,ebSubogbobooobuobobobon
gogoogobgo.
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032:a0.00000000,000 w,000000000000000 (x-y)
00000.000000-0,0000000000POO00O0O. Shirley (2017)
0 Fig20000.

go32000bboogobobooobbbooobbbooobbo.bod
U"'«0"00000000.x00yOODLOO0ODOOO0ODOO,z000000D0000
gobo.0ooodb -0,0000000000@LOOO0.O0PO 00000
O000000.0000,000ww@GE.HOH)0D0D00O0O0O,000000 d/dtr
gogbbobudd.«00dgoobbbddl w, bbb ogooon.
go3i10o2000000000000b02000b00000000.2000000
ubdbdobdgoxbodbod,z000OodbdoOdi00d wgOdOOooooon
g.00goo"s0o"0ooooobon.
OgsgO00b00ob0o0obo0obooOoooooooboUooUo.ooBObDOO,20000
gobooboboooboobboobuoobobooboob@saon).ob BO
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gbobo,0buogbbodgboooob,gb, bbb uogbbugbbo
gbbodbbodgboogobooobuoobboobbooboo.goboo
U0 w,000.w, 0, 00000000000000000.0004,

W, =w, — wg (3.3)

ogoo.0o@E3yuod,pooooooooooooioil w,0,B00000
dddddooooooooooobob.oo,@3)yu0oooooooooon
0.00,000000000 w,00000000000@O0O0O,d/dtw,=0)
ododdoo.oooooo,@3)uoooooooo,

d d

%wp:—awlg (3.4)
ooo0.000,000ws0000,00000000000 w, 00000000
ooooooooo.oo,00o0o0o0bobooo0,o0o0oooooooono,o
oooooooo@ooon,d/dtw, #0000000.00000000000,
ogoooooooooooooooo.obooobob,w,0000,000000
goddooo,ddobdooboddobodgooogoo,ooooooon.

d d d

awpobserved = dtwporbital + %wa (3'5)

000,d/dtw,, 033000000 w,00000000,d/dtw,,,,, O
D000000000000000 w, 00000 (d/dt w, = —d/dt wg)) 000 .
(33)000000000000,00000000(R)0,0000BO00000
00000000000000000000.000,0000)ROOOOOO
00,0000 @G.H0w,0000000000000000000000000
0000.0000000,RO00000000000,00000000000
000,RO000000000000.

32 00

gboobobg,23gbgbog,200oo0bobobgobo.obg23000
googobuoobooboo.oobooboobo,booboobooboobon
gbo,00b0,«000000000000DL0O0O000O0DOOODO.0O0O00OOO0
go,200booo0bgoobooo.ocbogboob,boobobobobobon
ogoooooooobooo,bbopOO0O0O0bDOO0O0DO.OO0O0DOOO,p000 o
gooobgoooooon.
gbog,bobboobooboobooboobooboob.oobog,

V=v+w,xXr+uv, (3.6)
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O00,voooo,. 0000000 oofd0,w, xroooooooooa,
v, a0 0O0000O0000O0. v, 0000000000000O00000O020
O, 0d0o0doodoooouooo. oo, oo odooooooon
ooogooo.ooon,

V=w, Xr+wv, (3.7)

goooo.
ogooDoooO,0oo0bDbDbOpO0O0O0O0O0,000000o0ooobobbbobODDD.

V=wsgxr+uvg (3.8)
@3nHib,38)ooooooooooo,p0b0b0b000vw00O0D0O0O0ODDOO.
Vg =Wy X T+ Vo — Wi XT = (W, —Wg) XT+ v, (3.9)
33)000,w,=w, —wz 00000,
Vg =W, X T+ U, (3.10)
3.1000 38)ooooooo,
V=wgXxr+w,Xr+uv, (3.11)

goooo.
gobo,@E1n)oooooggooog.

d d d d d d
%V:ng%r—l— Ewﬂ ><'r—|—wp><%'r+ Ewﬂ xr—i—ava (3.12)

@s5ooooooon, bl w,000000,0000000000000
gboobobob.@12)ygboobob4b0 @dsyoooooooobgn,3.13)
gogooobo.

d d d d d d d
EV:ngEr—i— <Ewﬂ>xr—l—wpx%r—l—(EwpmM)xr—l—(%wa)xr—i—%va
(3.13)
00000000,000000000 (d/dtw,)00000 d/dtw,,,,.,) 000
O0000000000O0,0000000000000O0A0, "observed"d "orbital"
0o0o0o00o0o0oO0o0o000o0o0.00000,000d/dtw, 00000000
O0000000o00.
oob,0000000000wdO0O0OOOOOODOOO0OOOOODDODO,O
O0000o0oooooOo0o0ooooobO,qb0O00000b000O000000B00O

goooo.

d d

—,Qoriginal frame = —;,4rotating frame w X 3.14
dtq ginalf dtq tating f + q ( )
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godd,@e3))bbbbbbDO. original frame J 0 U0 0O OO OO O O, rotating
frrme0 000000000 0ODO.p0000000O000O0ODOO,@.13)0000O
oobooobo c4yoooooo.oooooooboobooooobo0n wgO0O.
goog,ooogooa.

d
wg X —r =wg X Vg +wp X (Wg XT)=wg X (wg X1)+wg X (W, XT)+ws X v,

dt
(3.15)

d d d
<Ew5> Xr= (Ewﬁ> X 1T+ (ws Xwg) Xr= (Ew5> X r (3.16)

d

wpxEr:wvagjtwpx(ngr):wpx(ngr)—kwpx(wpxr)ervaa
(3.17)
I I 3.18
| xr = W X T+ (W X w,) X7 (3.18)

d d
Ewa X T = Ewa X 1T+ (Ws X wy) XT (3.19)
I d 3.20
%va—ava—i-ngva (3.20)

000,d/dtr00vs00000,3.10000000 v%=w,xr+v, 000000
ggo.
oooooooobOoboo,0o0b0obo pobobobooboo.

dV d d d d
- _EUQ+ —wg X+ Tt X 1+ s X1r+wsg X (wg xT)

+w, X (W, X 1T) +2ws X Vg + W, X Vg +ws X (W, X T) +w, X (wg X7T)
+ (wg X w,) X T+ (Wg X wy) X7
(3.21)

000,d/dtw,000000000000000,@2)00w0000000
Od200,w,000000000300200000000,000000040
goboboobo.boooobbooooooboboooobn.
oe0b0Ogobooobooboboob,4)booboboobobboobon
O.ggobooodgobooodiooibil w, 000.@2H000000000
goboo,gbboogd.

d d 3.22
Eva—%va—kw,}xva (3.22)
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d d
(EWO‘> X P = (Ewa> X1r+ (W, X Wy) XT (3.23)

(323000000,

(Wp X Wa) X T =[(Wa —Wg) X W] XT=(—wg Xw,) Xr (3.24)

goo,@2nooooooooboob,cooboobuooboooo.
gogbbbtd«0bbogad,

d d d
%V:Eva—i_ (Ewa> XT 4w, X (W, XT)+wsx (wsg Xr)+wg X (w, XT)
+w, X (Wg X 7) 4+ 2ws X vy + 2w, XV + (Wg X w,) XT

(3.25)

ooo.oo00,33)0dd,w+w,=w, 0000 @250000000000.
v, UOO0O0O000O007000800000000¢0,

2w XV + 2w, X Vy = 2(ws + W)) X Vo = 2w, X Uy (3.26)

goo.0co,0gbob e3uoogo,E2s)uoooos3pgogednod
4000000000,

w, X (W, X T) +wg X (Wg X7)+ws X (w, x7T)+w, x (wg xr)

= (wp+w,) X (W, x7)+ (ws +w,) x (wg x7)

= Wo X (W, X T) + wqa X (Wg X7T) (3.27)
=w, X (wg+w,) xr

= Wy X (wy X 7)

000.(3.260)00 32700 (32500000000,00000000.

d d d
EV:E’U“—I—(%W&) X T 4+ wo X (Wo X T)+ 2w, X Vo + (wWg X w,) X (3.28)
O00,F=md/dto00000,323)00000000000000000O0O
00000.00000mO0000,d/dtVD, 00000000000 (Few) O
o0d.@.Hodooooodoo,ooooooo.

dt

d
Feffective = Fiotar — mwy X (wa X T) —2Mmwo X Vg —Mm | —wq | X7
(3.29)

—m(wg X w,) X7
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0@3290000000040000,@.H0000O0O0O0OOOY00000A0.
guoooobbobbbbbooooooodo.bbgoooooooooooo.
goobooboooo,@33)0goooooooao,
—m(wg X w,) X r = —mlwg X (We —wg)| X T
(ws X w,) [ws X ( 8)] (3.30)
= —m(wpg X W,) X T

go0d.jgooooooobomOooooOo,0b0b0b0bb00o0ogg. 3290
goooobooobbbboboooooad.

—(wg X wy) X T (3.31)

g@e3npuo,bbobboddgogoooobbboooooooboboobooboo,d
gogbobobobuoogobbobooooobbb.oobbboboo,bbobodad
gobogoboooboo,bbuogbobuogoboobobooobboooboa
go.goooboobobobob mubobo,r00b0bO0obOobObDOn
gobboboooobobobooooooboon.

Y0000 "standard solution'0 0000 000. 0000000000000 DOOOOOD.
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>
.

033:(33)0000000000000000. 0000000000000
000000000.00,00000000030°000000000. Shirley
(2017)0 Fig4OOOO.

gd33f0,@3nhuuggogobooobboougooogooboboboogd
god,jgoooooooooobbb.boboboboouoogo,uguuogo
g,boobod,gbobo,ggbobobbug,obbobogooogbobodad
ggbobobodoa.bbbooooobboboa,gbbbodoooobbobodad
gogbbobuoooobobooooobooo.

oboobodbod-0dbdibld wsxw, U000 o0oodoooagogo. 0d
gobogobboogbboob.obboggcbuoobboobboo
gogbobobo.obbbo,goobbbbodoogobbbooooobbobodao
goooboobo,boobooboobobobobbo.bobobooo, 3.3
go"'boo"oobooboobgoobooo.
goooooo,0boobo@Wobobobuo0 ROUDDOODLH)OODDOO
gobogoboo.ooob,d3nouoboogboobo,gobobuoobobon
gob,gggbobobbooggbbobuogoobbbooooboo.
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33 CTAOUUOOO

OO000O00000o0b0O0oO0oo0oo0, 00000000000 ROOOODOOO
oooooou.ooooob0 Lo, L=MVxROOUOOOOOOO. OO0,
LOwsO0OOOOODOOO0OO0O0O0O0O0DOO0O0,@3)00ws00000 LODO
ooo.

—(L X wy) X7 (3.32)

0@E3)bgbogbogbobgoooboboobobo,oobobobon
gogoooboboobobboo.dg32)uudguoooooboobobooga,d
ggobbobbuooooobobo,oooobbbboooooobobb,ud
00000000 @dL/dahyooooo.

0 @332l w, 000 »-0,00000000000DOO
g.gggoo,@E32)pbogggooboooon.

1L 3.33
— | g Xwa | X (3.33)

0000,dL/dat0000000000000000O0,000000000"00O
go"'"cooboooog.
gbobogoboodobbodobbuoobbooob,obboobuoooboo
goooooboo.obo,@33)uuoooobooobooobuoobooon
gbgobobgoob.oobooboboo,oboobo™boobdgfd" et
gogb.gbboboogoobobooooon.

IL 3.34
—c Exwa X r (3.34)

goboob cObbOo0obbOoobbobobboobboobboobboOon
o, 0bobooboobooo,bobob0ob0obobobobobobobobon
goooo.

b0 @d34)ouoobdo,d3nogouoooobgoooboboobobg.
0000000 CTA("coupling term acceleration" ) J 0D O OO0 O OO0 OO.
oooooobo, 0w, 000000D00DO0O0O0O00ODOODO0ODODLO

d
Feffective = Fiptqr — Mwq X (wa X ’I") — 2mwy X Vo — M <_wa> xXr
(3.35)

dt
(dL >
—me| —Xw, | X7
dt
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ggb,ggdgbobbooooboboo

d d
M—0, = Fiopa) — Mwy X (W X T) — 2mw,, X 0, — M <—wa> X T
(3.36)

dt dt
(dL )
—mec| —Xw, | X7r
dt

gbg.gbooboobuooboobuoobgocrAtgbogonogoonogon.
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040 CTAOUOOOOOOOOOO
HRERERERE

012000,GDSO0000000 (L, ~2519000000000000000
0D00000.000,0000000,0000000000000000000
(AL /dy000 (00,dL/dt00000)0000000000000000
000.00,13000000TISO00000000000000000,03
000000 CTADDODODODDODODOODDONDD.000,0000000
D0000000000.00,0000000000000,140000000
00000, Newmanetal, (2019 0000000000000.

4.1 dL/dt000

00000000000000000000,dL/dt0000000. 00 dL/dt
0o000d00o0bO0d00oobd0oobdOo, 0000000000 booOooobooOon
oc,0doogotidd,0ddbnbbUdd. Mischna and Shirley (2017)
ogooo@o,MS17000),GbSU0ooooooMydonooo,odoaad, o
00,000dL/dt0000000000000000000O0O0O0O0O0OO,O
oo @uoo)ybooooooo.ooobo4100,0000000
MYO dL/dtODO0O0O0O,MS1700000000000000MYOQOOO0O
O0000.00,04100dL/dt0000O0O0OOOOO.

041: 0000000 MYOOO. Newman etal., (2019) O Tablel O O .

00 ggn 0oo oo
315° — 44°

O0000000dL/dt0D0  44° — 144°  225° — 315° gad
144° — 225°
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0 50 100 150 200 250 300 350 00

=

0 4.1: dL/dt 00

0dL/at0000000000000000000DO,dL/dt0000000O0
CTAOOOO0OO0OO0OO0.00,dL/dt000MYL2000020,000000.
goooo,crAtbuogbgobgooobooboo,oboobuoobon
goboboboobooobooooboooboooboo.ggbboobobo
goobog,ogboboobobobocrAgoo,bgbogoooobobon
go,bbodggoobobobodo crAtug.obooooogg,bobodad
g, gobcrabgg@oobobboboobuogb)ygoo.

oo crAddpoboogobooa,bbudgb,ggbbuoogbbuoobood
gbbodgbogbbodboo.gobo,bbooboobbo,buogbbo
gboboo,bogooogooo,bboggbogoboo,bogbbuogbod
ggo.

gbogocrtAddbnoooooo,MS1700 Mars WREFGCM O CTAO DO, OO
gbbogobbodobbuoobobooobboobuoobooob,obboo
goooooooboobo.cobobobbooooboo,ctrAtboboooog,GbSs
gbbodbbogboooboobbuoobboobboobooboba.oo
g, jooobobooobobooobobobooboobobooob,ebsuoboon
gooooooob.obg,bboobb crAtibogboobbob ebsod
gogbboboogoobbboooobbboooobood.
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42 CTAUUOOOOOOOOODODOO

01300000000,0000000002000000000000000
0000000,1000000000,00 100000000000.0000
000000000,000000000000000000000 ap000.0
0,0000000000,00000000000000000 #0,00000
0000000000000000000 ay020000000000.NRI50
0D000000000000000000,00000000000000000
000,00000000000000000000000000.0000, ap
0000,0000000000000000000000000 T15000,0
000000000000 00@O00000000000)TI50000000
0000000.000000,000000000000000000,0000
0000000,n000000000000000000 @000 14000
0D000000,00000000000000TISO00000000)000
0000000000.
0OTISOD0000000,00000000000000000000000
0000000000000000000000000,00,00000000
D0000000000000000000000000. 000000000,
TISO000000000000000 16KOOOO000 GDSO (GDSOO0O
00)00000,TIS0000000000000000 10KOO0O000 GDS
0(@GDSODOO0000D)000O00,TISO000000000000000 10K
00 16KOOODOOGDSOO0O0000000000000.

00 420,CTADDOODOODODO CONI,CON2, CON30 14000 T1500
0D00000.3000000000000000000000 (0.036Pa) 0 ap O
(5x10°)000000000.ay00000000,0000 1.5x1075,2.5x1075,
4x10°°000.
0OCONIOCON20000000000000000000000000000
0D000,CON30D0000000000GDSO0000N.000000000
00000000,00000000000,0,000000000000000
N00000000000.0000000000000000000000,0
00000000,00,000000000000000000000000,0
N000000000000000,000000000000.
004300440,00005 00000000000 CTAIO CTA20000
00000, CTAL CTA20 0, CONI,CON2 O CTAD OO DODOOO0O0OD0O000
00,0000000@00000000000)0000000000000
CONIDO CON20000000000000.00000000 CTA3(CTADO
O0000CON3OOD)00,000000GDSO00000000,0000
N000000000000000000000,0000000000000
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(a) Simulation CON1, no CTA, an,=1.5x10"=

a0k b i | L zz0E ¥r 8
Yr2 ¥r o

At . - 210

Nr 14

TG beripeniiis in K
1]
(=]
=]
T15um lemperatires n K
hll

aoa o

100 200
AFEDCANNIC I0ngiteds in degreas Ls

{b) Simulation CON2, no CTA, o,=2.5x10"

100 =00
AFBOSBNITIO INgALdS in Segrees Ls

v

zool ¥r 1 = zzof= ¥r8
¥r 2 Yra

=10 - =0

= =

= £

& 3 ¥r 14

E 2

- %

£ e

g 2

= =4

200 o ‘I;U ?ElU EUIU
Armocanb kgl in segrees Ls Arsocaninic longitude n degress La
(c) Simulation CON3, no CTA, oa,=4x10"%
azaf ¥r 3 zzofs yrs
¥r 2 ¥r 9

¥r 14

T15um temperatures in K
T15um lesmpesaleress in K

e o A00

100 B
Aroconrio longnude in degress Ls

100 200
Aracoantrio Kngituds in egreos Ls

O42: CTAOOOOOOOO 300 4-MYOOOOOooooOoOooooooono
oodooooooooOo Tissoo.0oooocooo700o00ooono.300
000000000000 ap=5x10"9 7o =0.036Pa0 00 0O, CON1, CON2,
CON3OOOO0O0 ay=15x10525x10"° 4 x 10°°000 000 . Newman
etal., (2019)0 Fig30O O 4dO.

go,0oobooMytoboooobobooo,gobobooMYonbogono CTa
gbbogbooggbodgbboobbuoobbooobo.boobooboo
MY17(19220)0 0 MY38R2026 )L O DO UOOOooooonO.
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T15um iemperaiures in K T15um lemperatures in K T15um temperatures in K

150 temparatures in K

] 100 200 1] 100 200 300
Aregcantng kangitude in degreas Ls Araccentric longitude in degrees Ls
220 MY 25 e MY 32 -
MY 26 MY 33
210) MY 28 E Ny 3

MY 31

100 2003
Arpocaninc kangituca in degraes Ls

Tifum temgeratures in K T15Um BMperalures in K T15um temparatuies in K

T15um tempearaturas in K

MY -10 E
MY -9

100 200 0o
Arggcentric: longitude In degrees Ls
T

260

MY 18 E
MY 19

200
Areocentric longitude in degrees Ls

043: 00000000 CTA1I0DO.D420000,CON1IODDOOODOOO
gbobobobobobobob,ctAbgbogoboobooo,bobooogsed
U0ddbdd. Newmanetal, (2019)0 FigdOO O 0O O.
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T15um lemperatures in K T15uwn lemperaiures in K T15um lemperaluras in K

TH5um iemperatures in K

210

180

180

170

T
1
2

MY 1
MY 1

100 200
Argocentic longitude insagroes Ls

T T

MY 25
MY 26

00 200
Areacentric langitude in degroes Ls

300

T15um femparaturas in K Tiem temperatunas in K T15um femperaturas in K

TH5um femperaturas in K

100 200
Aragcantric longiude in degreas Ls

MY 32
MY 33

T T T

1040 200
Mraccantric longiude in degreas Ls

04400000000 CTA2000.0420)00000, 0000000000
gobooooooobooo,ctrAb0ooooooobo,oboooose0nnn

OO000O. Newman et al., (2019)0 Fig.sO0000O.
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0 CONODODOODODOOOO000000,CTAD0DNDNDNONODNONONNNnnnn
00000000000000.00~#00CONOOODOOOOOONOOOO
000000000,CTAlIO CTA2000000,0000000000000
00000,GDSO00000000000.000,MS170000000000
0,CTA000OODOO000000000O0O0,00000000000000
0000000000000000000000000.
0CTAODDODOO0O000000,GDSO0000000000000, L, ~200°0
000000 L,~260°0000000000.0000000000000000
0000 (L, ~180°0000000 L,~310°000000000000000
0000)0000000,00000000CON30GDSO000000000
000000000000.00000,00000000000,CTAOO0OO0
00000000000000,0000000000000000000000
000000,0000,0000000000000000000000000
0.000,00000000000000,0000000000000000
0000000000000O0GDSOO000000000.000000000
0000,00000000000000@0000000)000000000
00000000000000000000000000.
000004200,000000MY,GDSO0O0000GDSOOOOOO0O
L,(°),00000dL/dt0000 ¢(°),00000MYOOD,00000000
CTAIOODO CTA20000 GDSOODO000OGDSO00000O Ly(°) 00
0,0000000000@000000000000)000000.GDSO0
000000,00000000000000000"None", 000000000
O0"Yes", 0OOOOOOOOOO0OO0"Ne'00O0O0O000.GDSOO0000000
00000000,GDSO0000000000000000000 0 "Possible”
0000,0000000000000000000000000.00,0000
0000000000"Pess"0000000.000000GDSO0O0O0O000
000000000000000000000000000000000000
00000.000,6DSO00000,0000000000000000000
000,000GDSO00000000000000000000000,000
0000,0000000000 L,0020°0000000000000000
oooo.
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042:000000,GDSO0000000OO0O,00000dL/dtOO00 ¢(°),
go,ggobobobobocCtaloug ctazuoggebstononooooooad
gbo,00b0o0biodbdogbdobd. Newman et al., (2019) 0 Table2 U [ .

MY gooo

[ERERE]

O
O

CTAl

oood

CTA2

0ooo

(Ls(®) o (°) gooo oo gooo ogd
-16 310 92.6 + 240 A Yes 230 A Yes
-8 None 309.1 — None Yes None Yes
1 249 143.7 + Possible, Ls ~ 240° O Poss 200 A Yes
9 260 92.5 + Possible, Ls ~ 250° O Poss 240 O Yes
10 300 44.4 + None No Possible, Ly ~ 255° A Poss
11 None 302.5 — None Yes None Yes
12 204, 268 232.7 — None No None No
15 208 98.7 + 200 O Yes 200 O Yes
17 None 38.6 0 260 No 250 No
18 None 1.5 0 None Yes None Yes
21 254 70.3 + 240 O Yes 240 O Yes
23 None 1.6 0 None Yes 265 No
24 None 313.7 - None Yes None Yes
25 185 272.4 — None No None No
26 None 213 0 None Yes None Yes
27 None 134.5 + None Yes Possible, L ~ 250° Poss
28 262 82.4 + 2450 Yes 240 A Yes
29 None 37.8 0 None Yes 255 No
30 None 3429 0 None Yes None Yes
31 None 272.1 — None Yes None Yes
32 None 174.6 0 None Yes None Yes
33 None 105 + Possible, L ~ 240° Poss 235 No
34 197 64.9 + 245 A Yes 235 A Yes
35 ? 35.5 0 260 ? 250 ?
36 ? 1.0 0 None ? None ?
37 ? 297.2 — None ? None ?
? — ? ?

272.6

None

None

gooobooboooDb crA2bog,2300 1soo ebSubbogoboooood,
GDSUOObOOoboogb70ob3ggbbodbooooboooonobg.Mylo
MY27O0 20000 GDSOOOO0ODOoobooooobooobooboo.ooobon
googo,Mylogo eGbSstonogoono,cra2oognooonooonbuoonon
gbooobgboobgoobo.MYy27go GbSobogboooogooooood,
goooebStopobooobobo.goboetboo,bobboGebSOOn
gboob Mmylz2250,000o0boooebsStubgonbgn (MY17, 23,29, 33).
gobooobooooboo crtAa2og,eGbSubonoooobuooonoooon
GDSOUObOuooboobooboo,eGbSobooboooobooboobo.on,
goooebSsobooobooobooobon.
gooobobooob CTAlbO,2300 le0 O GbSUbbOOoOoboOoOoobDOd,
GDSOOUOOooooboosobo3guuboobooooooboboog. MYl,
MYO,MY330O 30000 GDSOUOUOOO0DUObOO0bOobobooboboo.oon
gooogooo,MYL, oo GbSOobogoooooooo,0ooaebsboon
g, 0bgboobooboobobo.MY3asgo ebSuooogoooooooon
g,0dbogoebSbonoooooobo.bobuo4b0bgo,oboob ebSod
gboogb MYlo,12,25)0, 00000000 GDSOO0OOOOO (MY17). O
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goboobodobbuo ctAlog,bbobbdoob ctA20000d 6GbS O
goboboogoboboooboboobuoodo.gg,pggooboboo crtA2ood,
gooobebSboobooobooobgoon.
goboooog,CtAltbboodb eybDoooo,CcTA2000000 ax O
gbbogbbuoobbuoob.ob,enbbogboodgboodgbboboo
gbobobooob@boooobooo),craAiobogbogooboboooog,
gogbobbbuoooobbbooooobbobboo.bbboo,bbbodad
gooobgob cralgonoooouoonobogoon.

43 00000 CTA1OOO

googog,boobooboobooboobocrtAiobgonb 41000
ggbbobuooob,ooobbbuogob.

431 0O0OO

goboboogd cralobobogooobobbooo. obbbooo 4200
gooo. ooobooboo, CTAlg Myloo Ggbsooooooouoouooood,
MY33GbSUOnDuodoodoo)yoebSboooooooobobo.obg, CTAlL
00 MY-16,15,21,28,340 GDSU DO O OOOOOOO,MY1,90 GDSU DO OO
gboogobog,My27g eGbStOugboogopoboobooobooobobon
gooooo.og,gobobo,ebSstbobouo,ogbobooobobobon
gooobgobo7bobobo,sbobobobobobob,boboboooooon
goboboooboobobuoob.oobobooboboebSsooobooog,
gsobgobgobooboobo.
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043: 0000000 GDSO0O0OO0OOO0ODOO,00000dL/dt0000
»(°), 00000000 CTAIOD0OOGDSOOO0O0O0OOOOO0OO0O,000

ggbooogoaoo.

MY 0000 (Lg(°)) OOO ¢(°) CTA1IOO0O0O goooad
-16 310 92.6 240 A Yes
1 249 143.7 Possible, Ly ~ 240°() Poss
9 260 92.5 Possible, Ly ~ 250°C) Poss
10 300 44 4 None No
15 208 98.7 200 O Yes
21 254 70.3 240 O Yes
27 None 134.5 None Yes
28 262 82.4 245 O Yes
33 None 105 Possible, L, ~ 240° Poss
34 197 64.9 245 A Yes
432 000

gbooobgob craAlgobgoboboobuoo.obobboob 43000
gob.ggobbo,CTAlo GDSODO0O0goonb,0dd MYs, 11,24,3100
goobobgoboo.bogo,booMY12o0bdbg1goo GbSO MY25
goboogboebStUgoboooonoogobooooo.bo,MY2goood
g2000GbsO,1o0bo eGbSubgoobobobobobobooboo,on
ggil1gboo ebSbOoggopoooogd.
UMY-1800O MY40UDOODOO CTAUODODOOD MY1ISODOOO,MY12
01000 GDSO MY250 GDSO, 0000 boooboboooobooon
gboogboogboebstobo.ogooebStoboobgobgooboon,d
gogoobobboooooooboboobbbodgooooobobobboogd
ooooobo.bobo p0o00b0onoo(@o,oooooo)yg co,bunn
gogobbo,bggogobobotooooobobobo,oooboboboboad
gobogbooboo.ggbooboobboobboobboebSOooobon
goboooboooobooob,boobob,booobbg (Ls =1800)00
gebStubobuoooboboooboboboobobuobOd (e.g. Kahreet
al.,, 2012, Leeetal.,2018). OO OOODOOODOOOOODODOOOOOOOO,DO

gboobgoboobobbobboebSOdboogooobooobon.
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044:04300000.

MY 0000 (L(°) 000 ¢(°) CTAIOOOO 00000

-8 None 309.1 None Yes

11 None 302.5 None Yes

12 204, 268 232.7 None No

24 None 313.7 None Yes

25 185 272.4 None No

31 None 272.1 None Yes
433 OO0

gooobgob craAlgobgoboboobuoo.obobboob 43000
gboo.gbobg,CtalgMyl7ooobogo ebSbgboooboooobon
gbobooboo.goobogob ebSsuboboobooboobg,ctrAbgnd
goboboooobobooobobobuooo.gobbo,ctrAbboogooood
gobooboboobobooobo,ebSbOoboooobuoooboooboon
gogbobobooooboboboooobbboooobbobooon.
goog,boobooMYyli7oobogoobognbD @Geeyuubooooon
000000000 00,0000000000D0DODOOOdL/at0D00OD0D0O0O
g.0ogosoooboo,Myisocogogebstobgoooboobonboon
goboogoboo,MY1700 eGbSUb0boooboooboooo.My17ood
gooogodd, Shirleyetal., (2019)0000000.

045 04300000.

MY 0000 (L,(°) 000 ¢(°) CTAIOOOO 00000

17 None 38.6 260 No
18 None 1.5 None Yes
23 None 1.6 None Yes
26 None 213 None Yes
29 None 37.8 None Yes
30 None 342.9 None Yes

32 None 174.6 None Yes
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44 0400000

oo0oo0o0,0000000dL/at0000000O0MYOO0O0O0O,000,0
go,gb0bgo3gbobooobo.ooo,boobooboocrAbgonoon
gobbuodob,ggbobbdooobbuooobboo.oooboboobobod,
CONl,CON20 D0 GDSOOnooobobooooon,CrAal, CTA200 GDhbSO O
gbooobgoobobbobooboo.bb crtalon,2300 160 GDS O
gbobobobobo,ebSuboooooooosoo3gouoooooon
goob.ooo,bobobob craloogoobo,gobo,obg,uoon
gobbobouoog,buoggoboobooogooobg.
gbogboogaebsubogboogboob,sgoebsooobooboooog,20
gGebStobonooooobooggobo. oo,6GbSudooo,booonoobooon
gobooobobog7booosuoooobooobobooobb.boon
gebSbodobooboboobooobo.oopbooboboebSobood,
gbbouogbbuoobobooobooobbooob,obbooboboooboo
gobooobobooobooebSuoboboooobooobobooooboobg.
googboebsuboogbooobbob.obooboobbobboobon
MY170,MY170 dL/dt0 000000000000 O00O0OO.0000000O
Oo0o0ooGbSOO0O0OO0OO0OOOOOOO,dL/dtDD00D000000O0ODOODODO
gboboooo,bgobdgcrAg GbSstbonooobobooooobobnon
ggbboboooooabn.
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0S50 OOoebStuiooodod
Jooobobobood

gb40000000000000DODOOOD,00Db0O0ODOObOOO0bOGbSO
gooobgobobooboo,craAbgbooboooboo,oboobon
GDSOUbOOobouooboboobobuoboobobuob.bobobobo,og0on
b crAbogoboooobobooobbuooob ebSsooobobouooooboon
gogbobobodoaod.

gogob,gggobobobo,gobbbuoogoobob @uooobbobog)d
gbobogboo,bobooboboobobboobob.bg,bobgobbd CTAl
gebsubob,bogbuoobgobobobobooobuoobuoon.

50 U0Udouoouoouoo CtTAuon

gbobodb,gbbogobb,obuobbuodgb @obbuoobboobobo
gooogbo)booboo,bboobboooboob @bSuobobgoobooon
gooogbuoobooobooooo)oboboob.oboo,bbobocrAbgobon
gogggoobobobbb,obbbbbbbbbbbbobobouoougooooan.
gO,NRISOOO0O0OO0OO,000000O0O0OO0OO0O0ODO0ODL,DO00b00O0
ggbbbuoooobbboooobbboooobn.

5.1 0O000O0OO0O0DODOOOObObOOoOobobOoOon

gbs1d @0 @GO, 00000000 CON1D CTAID 2000000000
0000000000 (kg/m>)000000.0000000000000000O
0000 100kg/m?00000,0000000000000000000000
gobgobobooo,bbgobboobbuoob.gobo,booobooon
gbobooboboobo,obooboboooobobooboboood
goboobgooobobooboon.
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U CONIO CTAlIDOOgDbOo@oobooboobo)oobuooboobon
gobgod,CtAlgboboooobooo,bboobobuooboboooboon
gboboobog.goo,CrTaAlb 20000030 6bSO0gboboooooon
gboboog,buogobuogobogogboodbboobbooobooboa
gboogoboobbgooboo.obob,crabogobogoobo,ggobooon
ggoboobboogoobbo@bbuooobbobooooooboobo)ybodad
ggbo,ggbbbbooodgbbbboodobbboooooobn.
gooobgo,cTrAtgbgobgooobo,oboobobobooboobon
gbbogdgbo.bgg,gobooobuodobbooba,boobbuoobbd
gbooobgbooocrAibbogooobo.oobo,MS17ooboobooooon
g, gbogbobboobgoboboobobbocraAbobog,bobgobood
gboooboebSOooooonoooboobonoo.

(b)
60

(a)

60

30 30
0

-30

Latitude (deg N)

-60

-150-120 -90 -60 -30 O 30 60 90 120 150 -150-120 -90 -60 -30 O 30 60 90 120 150
Longitude (deg E) Longitude (deg E)
66.0 74.0 82.0 90.0 98.0

62.0 70.0 78.0 86.0 94.0 102,

0 5.1: CON1(a) 0 CTA1(b) D 2000 0000000000000000 (kg/m?).
0000000000 100kg/m?. Newman et al., (2019) 0 Fig.6 00 0 0.

gbobooooboobobob,ebStbuboopooooobobobobobo
go,0gbobgbobgoboobobobooboboboobobobon
gobooodobooboobo,0bobooboboobooboo,ebstobooboon
oobooboobooboob.0oboOo,NRISOO0OOOO0OOODO, 0000000
gbobogbboooboogoboo,bbugbobuoobbooooboooboo
g@oooboobooboo,booboboobooboboobboobon
ggob,boooogobobouooooobboboooog,bobodad
gbobobooboboboooob,bobobobobobobobobon
goobooboo)ooboboob,boobobobbooboboob GbSs
gboogobobooboobbooboobbooboobbooboobbon
g.0boobuooboobuoobuoobuoobug,CtrAbgobd Mars WRE
gbooobboobooboobooboboobob,obbobobebSubbOon
g,gbStbgpobogbooobuoobgoboobon.
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52 0J000O0O0O0DLOObOOOobObOoOobobOoOon

g43.100000000000000000 CctA100OO0bo0bo.obod,
goodgoooobobb,obpbbbbboobbobbbbbooodooaaoad,
gbboobboobuoobodo craAlgobobgoobobooobbooboon
gboobobobobooboo.bo,oboboobooooob ctAgnog cbg,
gboobgoboobobbobboboobooboobooboon.
gooo,My28dgguo ebstoooooooooooooon
(Wang and Richardson, 2015) 0, CTA1O 0O 0O0O0OD0OO0OO0OOOO0ODOOODODOO
goooog@saoguon).obo,oboboodbooboboboobooon
googooo,bbogoobooobo,oboo,bogoboo,bogo,d
gbbogbbuogobboobobooobobbooboobboobbao. g
go,5s100booboo,gobooboobo,oboboobboooboobon
ggobbobbuoooog,bbouooooobbbboooooob,bodd
gogboboboooobobbooooooboboooonbon.
goo,bbougogoboboooa,bbbbouoooobbobobodad
goooboobobboono,Ly~300c0b00 TISODDODODOODOODOOO
O (e.g. NR15). NRISOO CTAODUOOODOODOLD,000000O00bDODO0
gobbboooobboog,ctrAtggnoobuoodgnb ebSMyloonobod
goooaebS)tubobogobboooobobooobooo. Mylod, CTA10 0
GhbSOUOO0O0O0O00O0OOOOOOOD,dL/dt0D00000000000000
googogobooo SMr7o),oobooboooboobuoobuoobon
gobboodoobobuooobobuoooboboo.bboooobobo,ctAbod
gbbuogbbooboboooboo,bugbobooboboooboooboo
ggboboboogooobooooooobo.

52 JO0O0O0O00O0OCTAIODOOOOn

googoo,siibbobbboodooooooooobboo,bbbooood
gboogbobocrfalbgbooobobouboobobo.oboos2bog,40
gobgd ey9, 15,21,2)0 0o GbSOoooooooobooooooa,
000b0booboooboboboboobo,1obooboboboooon
gdooooooooobo oot ooooooo. o
gbobgooooboboboooobo,goboobocobgbobobon
gobogbboobbooobooobboo,boobboobboobobod
gbooboooboboboboobobuoobobobo.boo,MYoU CTA1L O
gbooebSUbnboobobuogooogobooob,od300 MY GDSUO
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gboobobgooboooobo.oo,MYs 21,200 0000000000000
gboooaebsSu,0gbuoobdon Ly~10c00b000boobooobg.

(a) MY9 (b) MY15

Lotitude (deg )

Lotitude (deg N)

0 5.2: MY9, 15,21, 280 GDS OO OO dooooooobobooonD o000
OO000. Newmanetal., (2019)0 Fig.70000O.

gMyo, 2000000000000 @EIOLOO0DOLH)0DLOO0OLOODOODOOO0
go,bgoboooo@oobob)obobbobooobobobuobobobon
ob0.000MY280GDSO,0000000 Ly,O0000O,0000000000
gobogooobooboobobooboobbooboobboobooobbon
gboboobbdg. My21dbbogooboooboooo My, 28000000
goboboooboboooobooooboo,My210ogbooboboonoon
GDSU,MY9, 2800 0000000000 GDSUOOO0OOO0ObOOO0ObOOOn
goo.ogo,Mys, 28000000 oooooobooobobooboobon
g,MY210000odogboobobgoboobobogeonbobon
go.

UMYIS5OGDSU, 000300 eDSOO0b0O0O0boooboooboogoon. o
s20n00oooboooo,Mylsbogoooobooboboobooobooon
o.Mylsoooobooboobooboboboooooooobooooooon,o
gobogoboobooobuoobbooobooboobbooboobbon
gbogbobobo.oo,bob,bobobobobobobobobooon
g, jo0bobooboobooboobobboboobooboobon.
gboobobooboobbooboobbooboobbooboobbon
g,b0go0o0s21000 MYl1so,s22000 My280000doodno. od,
gbgobgobgob,obgdgbgccoNlgongoboonon.




53

5.2.1 MY15

0053,54,550,MY150GDSO00000000000O0,000,00000
O00000CTADOODOOODOOODOOOD.000,CTADODOOOOOOOn
000000000000 (a,¢),CTADODD (b),0(@000),000,0000
00000 @OO0O0000.30000000 387 ~40600 (L, : 188° ~ 200°)
00000000000000000,00 —90°00000000000000.
30000 @0O00000,00000000CTAIODO00OO0O0OO0OOO0O0
00000000000000000.00,0000000000000000
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1.00

odooooooooo,0o00obbo0obo,o0, 0000, boooOooo
0000000000000 0DO0000O000DODOO0 (Gierasch and Goody,
1973, Leovy et al., 1973, Zurek, 1981a, Zurek, 1981b, Haberle et al., 1982, Haberle,
1986, Kahn et al., 1992, Leovy, 2001, Clancy et al., 1994, Clancy et al., 2000, Heavens
et al., 2011a, Heavens et al., 2011b, Medvedev et al., 2011, Guzewich et al., 2013).
GSDSOO0O0OO0O0O0O,000dooooo,0bo00oooooooooooa
gbdbooopodbog,40K0boboboboonbd (Clancy etal., 1994, Clancy et
al.,,2000). D00 0OO0OO0O00OO0OO0O0O0OO0OOOO0OOOOO0OO (Barnes, 1980, Barnes,
1981, Zurek et al., 1992). D OO0 0O 0OO0OO0OOO0OOO, 000000000003
GSDSOODOO0O0O00O0O0O0O0O0ODO00O0O0O.00oOooeSpbSO,0oooaoa
oo, 00000000000 oo, 000000000 booob0oooooon
000000000 (Haberle, 1986, Kahn et al., 1992, Zurek et al., 1992, Zurek and
Martin, 1993, Pankine and Ingersoll, 2002, Pankine and Ingersoll, 2004, Basu et al.,
2006, Cantor, 2007).
0oddddooooo,0b0bbddddd00oooooooooobooooon
00ddd0ooDO, 0000000 doobobooooo0o00OoOoOo GSbSsoon
ogooooobo.ooooo, 0000000000 oobo0boooooOoOooon
O000.00000,0000GSbSO0O0O0,000b0000oooooon
odboooooooobooooo. oo ooooobObooooooob,
JodddddoooooooooooOooboo0d0o0oooooooooOo,ooon
0000 (Jose, 1965, Blizard, 1981, Fairbridge and Shirley, 1987, Shirley et al., 1990,
Charvatova, 1991, Juckett, 2003, Javaraiah, 2005, Shirley, 2006, Palus et al., 2007).
0o0odooboooobooobooooboo,ooo0boooobooooooon
00000000000 000DOO0oO0O0oOOOn (Blizard, 1981, Juckett, 2003,
Shirley, 2006). 00000000000 0O0OOOOOODOOOOO0OO, Juckett,
(2003, 2005), Javaraiah (2005), Wilson et al. (2008) 0 0 00O O 0O.
0do0ooooo0oooooooooooooobooooooooboooooon
0odoo,0000000000O0o0oO0O,000000ooooooooOooon
ooooo.o0b0odoo, 0000000000 obooooo.oooo
oO0,000000000O0O0O0@OoO0oOooo0OooooD),,boooooon
ddddddoodooooooooo.obob,0000,0000 (GSDS)OO
Joddooo(@oboodd0o0ooooobooooDoooooooooo0)ooo
oddodoooooooooooooooooaa.
goooo,eSbSO00fdddfooooooodooooooooooOo.ooon
doo,00o0o0oGeSbSoodo,ddooooooooooooooooon
Oodo0.00,0000000b0d00oobodog (e oooono
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D00000000000000.00,000000000000000000
000000000, Ly,.0000000000000.0000, Lye.000
0GSPSOO0000O0000000,00000000000000000000
oooo.
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2. 000GSDSUO0O0Ooooog

oooo0o,00b00d0o0obob000ooo0ooboboOUo.DoOooo,oo0on
0000000000000 ooobooO,0000GeSbSOO0O0O0000d (Zurek
and Martin, 1993, Martin and Zurek, 1993, Wang and Richardson, 2013). 00 O OO
GSDSO,000000000D000d000O0OooOoboooOoOoo.oboooaoao
oododooobooOooo0oooo,0ob0obobobo0oD0o0oo0.oooooo
00000000, 0000000000b000o0b00d00oO0ooooOooooOon
0.2001000000GSDS(O hOoooooo,ooooo™MGeSOOoon
000000000000 oO0od0oO0obo0oO0. booo0oooOoooooOooon
U O, Smith et al., (2002), Strausberg et al., (2005), Cantor et al., (2007), Clancy et al.,
(2010), Martinez-Alvarado et al., (2009), Wang and Richardson et al., (2013), 0 O O
Guzewichetal, (inpress) U OO OO OOO.
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0120010 00000000GSDS.00::200006000000000OO0DO0,
boobdobHellasOOD (OOOO0OODODHODOODODOODOODOO
goboogbobda,bboggbbogoboogbbooobobooo.gg 100
gb2001070000000000000,0000000O0O00DOODDOO
gooobogoo.eSpSooobono,obooboekmonoonoon,d
ggbobobooggbbbod.

00O 0ONASA PIAO31700 00 O

0do0odoooboooobooooboooobooooo,booo0booooobooon
O.0000000,0000000"Great"0000O0OO0O (Gierasch and Goody,
1973), "Planet-encircling"[J [0 0 O O 0 O (Martin and Zurek, 1993, Zurek and Martin,
1993), 00 0"Global DO DD OOO0O"ODOOOOO.OO00O,000000000
oddoooooooooooooooooooooo,boboo,o0ooooo
Jddddddoooooooooooboooooooo,oooooooooon
ooooooobobobbboooooog. oo, "planet-enciring"0 00000, O
0Jdddddd0ooopoooo, 000000000 ooooooooooon
0000dooooOooo00oOo,0booo00.0b0b0, 00000000000
0 Global-Scale Dust Stormsd , 0 O 0 GSDSO OO OOOOOOO.

216GSDSOOO00ODOO0

gi71oo0ooogogbooobooboooobg,bbooboobbon
gogobobbobbdoooooboboobobboooooobobooboo.eSbsoon,d
gi1ogomos3goooog,977obdboodbogboobobooobon
gboobOobobooboboob0obO0obOn (Zureketal., 1992). DODOOOOOO
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ooooooGeSbSOO00doo,booooooooooooooooon,o
0000000000D000000. Martin and Zurek (1993) O Zurek and Martin
(1993)0,1873 000 19900 00000000000 DOODO0D0O0O0OD0OOOOOO
Jo00ddddoooopoobo.0000oog, Ly=160°00 330°(L, 0000
dddO0)ooooodoooodooooboobooboooooooOoooooooo.o
oddo,0j00oooooobobobooooOo (Lo200)00ooooog.
0199000000 10 GSDSOU0OODOO, Zurek and Martin (1993) 00 2000
0000000, 192400 195600 GSDSO,0000O0OODO@OoOoOoon
ododoooooboooooooooooo)yoooooooooao. 19710, 1973
0,19770000,00000000000000000O00O0 (Martin, 1974; Zurek,
1981a, Zurek, 1981b; Zurek et al., 1992). 198200 GSDS OO OO0 OOOOOOO
00d00o0o0O000o0doooo,197700 GSDSOO000OODOOOOOOODOOO
00doooOo0oIoooo0o00obbObo0o0bOo0ooDOnO (Martin and Zurek,
1993, Zurek and Martin, 1993). Zurek and Martin (1993) 0 0 0 000,000 300
D00 GSDSO 00000 ooomD. 199400 GSDSO, 0000 1014000
40900000030040KO0000000O0DOODOOOOODOODODOOOOO
0000000 D0OO (Clancy et al., 1994; Wolff et al., 1997). O O 0O 1997 O OO MGS
0000000, 0dd0d0d0oobooboo00o0oOoooooo,0ooooon
g200 GSDSOOO0O0OOOOOO0O0O0O. 00000 1002010000000
O (Smith et al. 2005 O, Cantor, 2007, Martinez-Alvarado et al., 2009, Clancy et al.,
2010, Wang and Richardson, 2013, Guzewich et al., in press), 2007 [J 0 2 0 O (Cantor
et al., 2008, Kass et al., 2007, Kleinbohl et al., 2009, Wang and Richardson, 2013) [J
GSDSOOOooOoon.

O 1. Global-scale dust storms on Mars.

Year Mars year L, Calendar dates Inception date
1924-1925 -16 310 December 5 to January 1924.962
1956 1 249  August 19 to November 1956.631
1971-1972 9 260 September 22 to January 1971.723
1973 10 300 October 13 to December 1973.808
1977 12 204  February 15 to April 1977.123
1977 12 268 May 27 to October 1977.233
1982 15 208 October 1982.789
1994 21 254 April 9 to July 1994.271
2001 25 185 June 26 to October 2001.482

2007 28 262 June 22 to October 2007.471
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Oo1gaGeSpbSooooo,190000 199700000000 ooooooonn.
Doodoooooooooo,eSpSunddoooooooooooooon
0000000000 (Zurek and Martin, 1993). D OO OO, 0 10 GSDSO OO
ooooood e=90000000000.010000G6SDSOOOOO00n
O00000 (Martin, 1984, Martin and Zurek, 1993, Zurek and Martin, 1993). (0 O
0,197100 197700 GSDSO OO0 OO,0ddoooooooooo,on
ogoooboooooobooooo,booooooboooo.b01o0oa, 19940
Ooodooo,jdoboo0ooboddobodoooogonO. 1994 00 GSDS
ddodoooooooooooooooooon.
01977000,GSDSO2000000.0000,0000 GSDSOO0O0OOO
oooooooo.

22.6SDSUO0DOOO0OO

gaeSpSugoooboooobobboooo@w2u,booooobooon
goboooboboooboboooboooobob. 97500 199700000004,
GSDSOObOboobooobooboboboO ool 200700 GSDSUDOO).
gbooobuobuoobdgobd, Zurek and Martin (1993)0, 000000 (OO
go,b0b00bobgo,0o0boobobobobobobooobobob)o
googooboo,eSpSsubooobooboobooobboobooobo. o
gboobooboobbobobooboob,obooboobboobb,1s0
17000003000000000000. Zurek and Martin (1993)00 10, O
gbobooobbooobbooobboobbooobb.ooobboon
gogobbob,ggogobobboooooobb,buoooobbobodad
gbogbdooboo.go2b0boobbobbobbobobbobbobbo.on
goo,bbouogogoboobooooobbob,uoooobboobodad
GSDSUOOO0OonoooooboooboonD.obo,19220,19370, 19540, 1969
g, oogoogogbodobooboobboobbuoo.boo,bon
oobooboooboobooboooboOon (a9260,19420,19590,19900)
gboobogoog.200l0b eSpSOobooo,gobobobooobobooboon
gbobobgobobgoeSpSu,gbouooooobobobobobonoon
gboogoog@uoob, L ~ 236°; Cantor, 2007). DO O0O,GSDSUOO0O0 OO
gogoobobo,boddgooooboobboooooooboboo,eSbsudd
3000 (1939, 1986, 1988) U [ U O 00 U . Martin and Zurek (1993) U, 19390 0 O
gobbooooboboooobooboooobboooobbooooobooboa,
goobobbobbouooooobbobobbbooooooobbobboogo
goo.198600 1988000000, 00b00bo0boboobooobon
Ubooboobobbobodbd (Zurek and Martin, 1993, O 2).
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O 2. Mars years without global-scale dust storms.

Perihelion Mars year
1939.714 O 8

1975.442 11
1986.722 17
1988.611 18
1998.001 23
1999.892 24
2003.673 26
2005.533 27
2009.311 29
2011.201 30

2013.089 31

gaeSbsouoooo @ nho,eSbStounoupooooo@2bobaon, 1920
gboobobooboobbooboobbooboobbooboobbon
g.01o02000b000boo,gob20b00bgoobon.

23. 00000000000 GSDSOOO

go20,0 100000 a6Sbsgbouopobooboooboobooilboooboooboon
gooo.odob L(woboo)boobuoobooobo,1oboobbooboo
gbbodbogbbodboo,1robogbogbbuodboobbuoobbo
god,djddddoooooooobobob.b200,00000ouoouga
g@uo)booboil1gbbooboobooboo.obo,booboobon
0000000 >600W/m*?000000000000.00000000000
g,gbogboboobgooboboobobooboboobo@ooba,
L, =340°0000000, Zurek and Martin, 19930 L, =330°0 0000000
gog).booooboboobobgobbobo Lybobooooboboon
goo,bbdoooobboobobodooo,bbbbuoooobbooboad
gboboobg,oobooo44nobogbg.
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1.1

< Dust Storm Season >

] 1994
| 1956 1971, 1977b,

2007
1982 /
1977a 4 1973
0.9 | 2001 / N

1.0

Normalized Solar Irradiance

0-6 1 1T 1T 1T 1T 1T 177 ‘ T T 1T T T 1717 T 1 1T 71T | 1T T T T 117
0.00 0.50 1.00 1.50
Years from Aphelion

02 0000000000000000GSDSO00. 0000000000
000000.000,000000000,0000000 > 600W/m?@000
0,00000000000000000000)000 L,=160°0 340°000
0000000000.000000,8 = S,(r/r)2000000,000 S0
00000 590W/m2, ro/r00000000000000000000. 1000
D00000000000000000 (70, JPLHorizons 000000000
0 (Giorginietal., 1996) 00 0000000000000 0.000(@O000)0
498 ~ 724W/m?000000. 00, Vikingl 00000000000 10000
0000(@D)000000.00000000000000,0000000 20°
00000 @O0000020°0000000,L,=270°00000).

00220,0000000000GSDSOO000O0OOOOOO,GSbSOO0On
0ddddooobooooobooddooooooobo.oooooooooooon
JoddddoOo,0b0o0000dddfd0000ooooooooobooooon
Uooddggoon (Leovy et al., 1973, Gierasch and Goody, 1973, Zurek, 1982,
Zurek and Martin, 1993, Pankine and Ingersoll, 2002, Basu et al., 2004, Basu et al.,
20060 DO O0OO0O0OO,000000000O0O0DO00000O0ODO0O (0.093)00
0,000 180000300000 0000.0200,GSDSOOO0O0OOOOO
Jdddddddddddddoooooooo,eSbsooooooooooon
ogoooo,0o0b0o0o0,()oodoooooooboooooOoOo,o0 GSpSsoo
O0o00oo0oooooo, @)oo eSbS(1924 00, 197300 0)0oooooon
0odooo,0000d0d00ooo0bobo000o0oooobO,bo00oooon
ooooooo

0d000o000d0ooo0o00oooooooooOo@2.00o0,0000 CO,
0030%2000000000000000000 (Wood and Paige, 1992). 0 20
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g,bgdbboodgbbuodgbbudgbbugbbuoobbooboboooboo
gbooog,00boboboobobgobod GSDS2001, 1977y oo
gogoboo,eSbSubdbugoboboooobobooboboobobon
goooo.

24. 000 GSDSOOOOOOOO

0o000d00o0oO0d0O0ooOb0d0ooObd0ooOb0oooOoDooooDOoOooo,boOoOoon
0doddbo0ooboOoboobdobooooooobo0oooDOobooobooob,
0o0000d00oo00o00oboOo0oOooooOoooooOoooboo.0oooooon
000000000 ddbUuobUoon (Leovy et al.1973, Haberle, 1986,
Tillman, 1988, Zurek et al.1992, Pankine and Ingersoll, 2002, Pankine and Ingersoll,
2004; Fenton et al.2007; Rafkin, 2009 0 0), GSDS O OO0 O0OOOOO0OOOOO
Oo0dodooooododoboobooobooU. 0odood (Haberle et al.
1982, Haberle, 1986, Murphy et al. 1995, Newman et al. 2002a, Newman et al. 2002b,
Pankine and Ingersoll, 2002, Pankine and Ingersoll, 2004, Basu et al. 2004, Basu et
al. 2006; Fenton et al. 2007; Kahre et al. 2005, Kahre et al. 2005, Kahre et al. 2006,
Rafkin, 2009, Mulholland et al. 2013) D O O O O 0O 0O O O O (Toigo et al. 2002, Tyler
et al. 2002, Rafkin, 2009, Spiga and Lewis, 2010) OO0 000000000 O0DOO
0o0O0,000000000000000O0O0ODO 0000 ooooOoOoon
0o000do0ooooooooboooobobo0oobob0ooboboooon, Pankine and
Ingersoll (2002), Basu et al. (2006), Raftkin (2009), Mulholland et al. (2013)0 0O O O
0000000000000, Basuetal. (2006)0, 0000000000 GSDSO
dddd0ooooooo,ooooooooooooooaeSpbSOo0ooooaon
doooooboooooo,000oooooobobooeSbSO0ooo,ooon
oGeSbSOO0dddOfooooooooOooooooooooooooo. oo,
dooooooo,0o0ooooeSbDSO,000ooooooooooooon
odddoo,0j00oooooooboboooooooaQ.

241. 0000000000000 ODO0ODOODO

O0300000000000000O0(IHoo0o0,1977a00 GSDSO O OO
O0000d0DoDoOooooo.eSbSO0fdooooooooooobooooooa
0Jo0ooooOboO0d0.(oooooooOH)yoooooooooo,00000
0000000000000 000000D0DO0O0D0O0O (Newman et al., 2002a,
Newman et al., 2002b, Toigo et al., 2002, Strausberg et al., 2005; Kahre et al., 2006;
Cantor, 2007). D00 O0DO0O00ODOOOOODOOOOOODDODOOODODOOOOO
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odobbbO0Oddd (Basuetal., 2004, Kahre et al., 2006, Whelley and Greeley,
2008), 0 0000000000000 O0O00O000000000 (Fisher et al., 2005,
Cantor et al., 2006, Kahre et al., 2006). D 000 O0O00O00O0O00OO0OOO0O0OOO
oodd,0o0o0oo0000d00000oooobooO,00oooa,0oooo
JddodoooddodoobooodoooobobOoooooooObDoooooOoon
000000000 (Newman et al., 2002b, Strausberg et al., 2005, Cantor, 2007).

031977020 1700000000000 00000O0O000O0O00O0O.0O00
00000 (IH)ooo000000oO0,1977a00 GSDSOOOODODOOO.OOO
OO nroo00.00000oo0, oo ooooooooooon
O0o0ooOoo@o). oo, Solis Planum O O 0 0O O 4km O O Icarus Planum(O
OHoooooooooooooooouoooooooooooouooooo.
0ddddddooooooo,0ddddo0o0ooooooooobooooon
O000000ooo0.00(@Oooooo0o0 15m/s00000000000 (Briggs
etal., 1979). D0 0OD0O0O0O0OO0OO0O0OOU0OOOOODOOOOOOOOO. ODO,0O00
0000ddd0d0oOoopoooooooOooOo0o,0jddoooooobooooon
U (Briggs etal., 1979).

0 0O 0O NASA PIA 02. NASA PIA 029850 0 0 O

Jddd0d0d0d00d0d0dO0Oo,0dd00000Oggd (Zurek, 1981a), DO OO O
dddo.0doooboboooo00o0o,oo0o0ooooobDoooooOoooon
(Hollingsworth et al., 1996, Rafkin et al., 2002, Richardson and Wilson, 2002, Spiga
and Lewis, 2010). Tyleretal. (2002) 0, 00 00000OOOO0O0O (U 3)00dd
O00000000. 00000000 000,000000 (Hinson and Wang,
200000000, 0000000000000O00O0O00D0O0O0O (Toigo et al., 2002).
0O0,00000000,000000000O0O0OO000000Oo,ooo0o00
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O000oo0o0o0o00D0oD0OOO0 (Rafkin, 2009).

0030000000000 000,00000000O0D000000O00O0OO. O
0ddooobo0odoooooooo,01oo00,oo0ooooboooooOooon
00dddoopoDbDooooooOo.0oooobo00000o0oooooooDoooon
OO00o0o, 197300 GSDS OO0 (Martin and Zurek, 1993) O, 2001 O O GSDS O
0000 (Strausberg et al., 2005, Cantor et al., 2001, Wang and Richardson, 2013) O
2007 0 O GSDS(Wang and Richardson, 2013) 000 000O0O0OO. 000000,
0o000d00o0oO00ooO0b0d0oobdobbdOooODb. Dooooooao, Tillman
(98,0000 oo@oO)yooooeSbSOooooa
oooooooooooo.

242. 00000000000 O0ODO0ODOO

0000,0000000000000000D00,100000000000000
000 0. Ruff and Christensen (2002) 0, 0000000000 2 ~40pm 0000
0000000000000 00,00000000000000 (100 ~ 10004m)
OJdo0oo0ob00od00o0oooooooOo.oooo,eSbSOoooooooon
000000000000 00000D0O0000000DO00000 (Geissler, 2005;
Fenton et al., 2007; Szwast et al., 2006, Cantor, 2007). O 0 OO0 O OO0OO0OOOOO,
0 O 0O Sagan and Pollack (1969) O Christensen (1986) 0 0 000000 0dddd,
J000o00d0dddoooodo0ooooOoooooooobDooooon
0000000. 000000000 b000O0b000o0obD0o0ooooOoOon
oodddo,0oooooboboddddd00o0ooooooooobooooon
0000000000000 000,0000000GSDSOO00OO0ODOOO00
O000000000000000 (Haberle, 1986, Basu et al., 2006, Pankine and
Ingersoll, 2004; Fenton et al., 2007; Cantor et al., 2001; Mulholland et al., 2013). O [J
oooooo,00ddd00obob0bo0oo00ooOoooboooboooooOoo,oon
goooGeSbSOO0O0o0OoOOD0o0d0d000Oo.00d00o0ooOooo,0o0o0on
Joddd0ooboooooooddooo.bo000oooooooooooon
J00d0000,00000000000000,Mulhollandd (2013)00000O
Ooo0ooooooDo.0oooooboboOo,000o00ooOoOo eGSpSsooon
Ooo0odoooooooooo.
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.00oooooon

Ooo0oo0O0o0o0ooooooooooo (@O, 000000000 oooooan.
L = mwr (1)

0000,m000000,r00000,w0000000.000000000
0D0000000000.000 @O0000)00,0000000000000
D00000000000000000,000000000000000 LOO
D00000000.000000000,00000000000000000,
Jose (1965 00000000000,

1/2

L= [(yz —29)* + (20 — 22)* + (29 — yi)’] )

ooooboooooobood (r,y,»)000 (@, ) 000000000000
gbobo.0coboooooooboobobobob(@uobo,bob0ooooon
goboobgboobooboboobuoob).oboobooboJjprogg
0 0O 0O 0O Horizons ephemeris [ 0 O [0 (Giorginietal., 1996) 0 0 00000000
oo.

gooobooboobooboobooobboobbobbobo.oboob,o
gooooooo,obooboboooobooboboboooooogoooobooDbo.

3.1. Lgy,

Jddddd0o0ododoooboo0oooooooo,booooooooooon
OD00000o000od0odoboooboOoond (Newton, 1687). OO O, 00
0000 (@oooooooooooO)ybobooooo, 0000000 on
Oodooooooooo.o40,19700002030000000000000
0o00d00oo0d0oooo. booobodoboooooo2100o0oOoo
O Jose, 1965). DO OOUOOO, 000000000 O0OO000O0 90%00000
Jddooobobo0ood0odoooo.0o,00o0ooboboboooooOooOooon
000000, 0db0bodbbo0b0booobooobbo0obog (Marcy and
Butler, 1998).
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2x10°

1x10% —

5x10° —|

Y (km)
|

-5x10° —

1x10% —

6
-2x10 T 1 T | T 1 T | T ] T

2x10%  -1x10®  -sx10° 0 5x10°  1x10°  2x10°®
X (km)

0 4. 19702030 000 pDoooobooobob @o)yboboobobooboo.boon
ggbobobooa,gbbbbduogobbbbuooogbobobboooonb.o
U000 (Reyy) DOODODODODOOODOO.0D0ODOO0ODO =500.

00000000000 0000o0000o00,000000000000000
000000000000, 0bodoo0ooo0oo0doD @4.000000
0000, Jose (1965), Fairbridge and Shirley (1987), Shirley et al. (1990), Charvatova
a99nooooooaoao.

3.2. Lyos

gobobooboobo,osobobobbobg. L, 00 @ooo)o, 1975
g,19900,2030000000000000000O0000O0O0O0(@M@ 4,0)5).00
goobdob,bobobooboooooob@o)bobobuobobooon
goooo.
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2.5x10* I 5.54x10°

ﬁ:} AA[\MMI\WMMA /\ Mm ;Z:iiiii
e [T VV g

5.0x10°]

I 5.46x10°

2 _-1 -1
Lsun (km™s " Mg )
2 1 -1
Lmars (km® s~ My ')

I 5.44x10°

I 5.42x10°

0 IIITWIIIWIWIWIWI!I!l!T!IITIII[I\Tll!Tll[lTlYl!!ll[ll\rTl\l!
1970 1980 1990 2000 2010 2020 2030
Year

05 000000000000,197020300.0000000004000. 0
00000000 Lg,(0)00000000 19750,19900,2013000010,
20300 000000000.00@000000)0000000000 Ljyas
0000,0000000000000000000000.00,0000000
000000000000000000000000(@). 0000000000
0s500,00 0100.

0000000000000000,00,000000,00000000000
0000S5000000000000000.00000,0000000000
000000000000000.000@O0000000000)000000
0000000000000,000,00000000000000000,00
000000000000.05000000,000000000000000
Noo0o00o0o0oon.

000000000000000000,00000030000000.00, 0
D0000000000000000000000000. 000000000
DO0ooo0o0o0odooddoOdd v = rrarshetiocentric T TSun,barycentric 1 0 U 0
00.00000,0000000 Psunpargeentric 300 (0 4) 0,000 Ly, O
000000000000000000@O00000000000000000
1989-1991 00 Ly,,.0000000000000000000). 000,000
100000000000000000000 (0 4), Ly.,.0"'0000"000
0000000 10000000000000.000000000,00000
0000000 0093)0000000.0000000,0000000000
N0000000000000.000000000,000000000000,
Liy.,.000000000000000000000000000000,000
Do000o00o0o0oon.

0050 Ly,.00000000000000000,000 14%0000 (0:
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00000000000000000 Ly, 000000000,0000000
000000,000000000000000000000000).

0000 14%00000,000000000000000000000000.
05000000000000,000,k2000000000000 1000
000,000000,0000000000000000000000000.0
00000,00000000000000000000,0298.1(SI0000,0
000000000 ~191 x10%2kg-m2sH)000.000000,050000
00,000000000 Ly,.00000,000000000000 2.6x 10°
0000000000000.00000000000000000000000
0000000000000000000,00000 (@ 10)00000000
000,000000000000000000000000000000000
D0000000000000,00000,0000000000000000
0000000000000 00000000,000000000000000
00000000000000000,Ly,.0000000000000000
0000000000000000000000000000.

33. Ly, 000000000000

ooooooogoo,00b0 Ly oceobobooooboobobobobn
g.gboobo,0ooboboobbobob,0b2000b0o0booboo,oobon
gboooobooboobbooboobbooboobbooboobbon
goodo. ooy UUUUg
U, Clancy etal. (2000) 00000000000 0O0O0O0O0O0O0O0O0O0OO0O0OOO0
go.goob,2000000000 MY30O Ly~230°0000000000O (@ 1,
g 2).
gobogboobooboobobobobobebo.oobooboob @O
00 188070) 00000000000, Ly BOODOOOOOSOODOODOO
gbbodgbbogboooboobbo.oooboobbuoobbooboo
ooboobooOo,00b0b0bo0obod,Ly,0000,00000000000
UooooooonD.198800 1998000 Ly DOODODOOODOODOODOOO
gbooboo.2004000000000000000D0D.000,0000 Lars
gboooooogboboboboooooobo@oobouobobobo 2003
go20050000).
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750

700 —

I

500

Solar irradiance (W m'z)
|
T

LMars (km?s™ my")

Il

450\!\‘!||[|||||| |‘!|||_5.40x109
1985 1990 1995 2000 2005 2010
Year
06. 198520100 0000000 (IO00O00)Y0 Lpgr,(00O). 1989-1991 0 O
Ly, 000000000000 00,0000000000000000000
Ooooooooooooooo@4,05. (0000000 boooooo,on
ogoooooooon).

34. Ly, 0000000

gooobooobod, Ly,s0boobobooboobobboobo.ooboa,
goooooboooboobooboobo.oboboob,Ly0bobooobon
gbobooobbuoogbbuoobbooobboo.ogooboogboooeod
goo,0boobo2rece0bobooobb.o0boobn, Ly,-00ogon
gogobbbbbbouoooooobbbbbbouooooooboboboobobboodgo
goboog,0bugobobogo.192000g22000boogiobbogonoood
U000 Ly, 00o0oooog, 07000000, 000bbooboobon
gogbooboooo@oboobooo)ygboooboao.
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180

270

329
|

|
337
07.1920000 2030000000 (n=139920)0000 10000000 Lazars

gooood Ly, dobog@obooob).gobuoob,0booboobon
ggbbbuooo.ggobobog3290000gg337ggogoooog.

0 Ly.,..0000000002234+019yr(1—0)000.000000,19490
gigonogo200bgooooooooobo@en),boonboon
gboobdoo.obbobbobbobboobobobobooboo,uoobon
gogoobb.oo,o0ogoobobobobbbtbouodooooooo.ggo
U00000000 Ly,.00000000 220+£01200000.100000
gbobpboobobo,bodbog x0.0270bb0.ggboogbbuogboo
gbogoobgon.

goog,0bodbid Ly, 000boooboobooboobob.bon
oooo0booboob Ly-000000.01,0200000000000,0
gobooboobi1obobobooboboboo.boboobobobobon
g40000.
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4. Ly,,000, 000 GSDSU OO

00 1,0202000000 Lye-0000809000.0000,00000
U000 Ly,-00@3)0b0oobobooboobo eSbSsudboooooboon
g, 400000000000O0DODOD.O030300000,G6SDSOOO0
gbobobobooboobobobobdg Ly,s0obobooboonb.gnb 40
goog,oGeSpSonodoouooob @o,ob,ogobooo)boon
gb@z200).6SpSUbnoooboooooogo,b40b0,0b0ob0ooboon
gbooobgob@oboo)boobobob.
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(L, =160—340°)000000000.(000000000000000 Ly
D000000000.0006000000000000000000.000
00000,GSDSO0000000. (hGSDSO0D000000.0000000
00000 Ly, 00000.010900GSDSO00S50000000. GSDS
0000000020050 (00000)0000000000.
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00000).00000000 (L, =160—340°)0000000000. (@)L /e
0000000000000000000.000000 Ly,.0,000000
000000000000000000.200300 20130 2600 310)0 GSDS
0000000000000000000. (b)Ly,.000000000000
00000. Ly, 0000000000000000000.GSDSO00 20
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[0 3. Mars years and L;,,s phase. Global storm years are indicated in bold type.

Perihelion year Mars year Phase at perihelion  Classification(family)

1924.654 0 16 2 Late season storm
1939.714 08 224 Global-scale storm-free
1956.633 1 56 Mid-season storm
1971.692 9 0 Mid-season storm
1973.580 10 307 Late season storm
1975.443 11 217 Global-scale storm-free
1977.330 12 147 Early season storm
1982.971 15 12 Mid-season storm
1986.722 17 301 Late season family
1988.611 18 259 Global-scale storm-free
1994.251 21 345 Mid-season storm
1998.029 23 271 Global-scale storm-free
1999.892 24 221 Global-scale storm-free
2001.782 25 176 Early season storm
2003.673 26 120 Early season family
2005.533 27 47 Mid-season family
2007.423 28 354 Mid-season storm
2009.311 29 306 Late season family
2011.201 30 247 Global-scale storm-free
2013.089 31 182 Early season family

geSpsugogo @ nhoooodob @2boboo,obboboobgon
gogobobo.gobbobbodgog2000bobooobo,ogobobodad
000, dbd Clancyetal. 2000) 00000000 0O0O0OODOOOOOODOOO
goo.300b0bobouobooobobobob,400b0bobobooboon
gbbogoboodbbodb,ogboboobbuoobbooboooboo
go.6eSDSOO00O0bOO,bo0obdil Ly-000booboobon
gobbbuodobobboooobbbuooobbbogaod.

41.GSDSUUOO0DOOOOGSDSOOOOOO

U080, Ly.,s00040000000000020000000.0 80,0
googog21vego27r1icogooooo3gdebodnoonooonboo.on
ooooO,Ly,s00000000000000O0O0ODOODODO,00000
goooboboobooboobbooboo.booboo,eSbsuooon
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ggo.

gbo s, 0dbddbodboodl Lys00o0ooobooooboobon
gboo.gobgob eSbSunugonogob,eSbSsu g soogn 8b
U0000oo0.0b000b0b0bUubil Lyges000 (@ 3)0 345°00 56°
gooobo@oobboob4b0b0booboon).booboob,0o304
gogboo,ogbbobboooobobogogbbboooooDon).
gbos8od,eSbSOodbobogobog20 10 @ost)bogobood. o
gboogo,200500 Ly,s00o0odobooooboobooobooooon
gboboboobobobgoboo.200500b0bobogo4s0o0sgn0oon
uo.

42. 00 GSDSO OO GSDSOUOOOOQ

009009%000000,Ly,.0000000GSDSO0000000000,
000000000 GSDSO0000000D0N0N0NO0D0N0NNON0NON0Nnon
000000000000. 000 GSDS(1977a,2000) 000 (0 3)00 800
0GSDSOO0000000000,0900 Ly, 000000000000
N00000000000000000000.

0197700200 GSDSO000000000000O00D0.000 GSDSODO
N00000000000000000,200000000000000000
00000 (Zureketal, 1992). 000 GSDSO OO0 0000000000000
0D0000000,1977b00000000000000000.

0200100 GSDSO000000D0. 0000000,00000000 GSDS
00000000000000000000 (Basuetal.,2006). 0000,19770
0200100 Ly, .00000000000000000000 @000 147°0
176°0 30°00003).00020000000000000000000000
00000000o0ooo.

0GSDSOOD0 200000 (200300 2013000000000)000000
000000000000, 20030 (MY 26)0,200100 GSDSOOO0O0O0O
0.20130 MY3)DOOOO0OOO0OO0OO0O0O00000.2003002013000000
000,0000450005000000000.

00 9%0,0000000000000000000000000 Ly, 00
00000000000, 000000,197300 1940000000000,
GSDS OO0 1986002009000 00000.000000000000000
0 Ly 000 301°00 22000000 (0 3). 19730, 1986 0, 2009 O (307°,
301°,306°)0 Ly, 000000000000, 1924-19250 (2°) 0 Lygars 000
0s$0000000000000000 (345~560000000.0000,
D00000000000000000000000000000000000
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U,000000000. Martinand Zurek (1993)0, 0000000000000
goboobobgo.gooo,boobb Ly=2360000)b0booobooon
GSbsOoood,"bogbuooboobobboboo"ubbobooboon
goo.oboobo,gooboobooobboobo@wooo, 19240 10000
b 1rR0booo)gb,boboboboboboboooooooooboobg.
googo,oboeSbSsutnuoobooobooon L,bobobooboobon
gboog.192400 GSDSO,000b0bobooboboboobobobon
gbobogobooobbogbogbbooobo,bboobboooboo
gbobobobobobobob.ooooo,og8bdedtbobobobd,
192400 GSDSOUODOOO0OODOOOoDOOooooDO.192400,000b0o00oo
O000GSDSUDOO, Ly, 00000000, 00000000000000
goo.

01973000000 GSDSU ) ooog,bbogooobbb (Martin
and Zurek, 1993) 0, L0000, 000000000000 00O0OO00O0OO
go.00G6SpbSO,030b00obo0goesSbsud (ay77obooo)od,bon
gooob,0bobbobooobooobooboon.bs,bedlid Las
gbogoodobgoobobooob,boobobooboboo,97500000
gbobogobogbobooboboobooobo. 19862000000 900
gogobbo,booogobbbodoooobbbboooog,bbobodo
gobooobogbobooaeSbSubobuoooo.gobboooboonob, GSDS
gbogobgobg?20050,20000,201300000,04500050000000
goooo.

gboou20000000,6SDSOODOO200 GSDSOO0O0O00OO 20
gboogobo.ugbooboboobuooboobboobooboo.oon,o
Oo0o00oooog, Ly, 0000000000000 000000000D0OO0
googoo,eSpSbOogooooboobooboooboboobuoooboo.o
gboogoboo,bogboobooboo,oobooeSpSooooboobon
gbobogooboooboobobg(@m2420). 0000, 00000D0ODODOO
goobo,0oboobobobobooboboboboobobobobon
gbooooboogob.bbooobog,b g bods3ld Ly, 0oooooo
gbooboob,b300000 eSpSuUdboobooooobooooobobon
ggbobooogoboboooon.

43. 000000

gbobobobobobooobobobobob,boboeSpSuouooon
00 Ly,-00000000000O0O0O0bO00b0O0o0bO.oobobooboa,
GSDSUOUObDOonooobobOo,oboob0ob0oboboobdl Lyesgo
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O0000d0ooobooo0o. boooo eSbSO0o0oooooooooonn
oo0o0o,00000000000000O0O00DOO00000000OO.0000
dodddoo,ooboobobddddd00o0ooooooooboooooon
O.0000,0 30 Ly,.0000 345° 354°,0°,12°,56° 00 0. OOOO 70°
Jddddooopoboboooooo.bb0oddd0o0ooooooooDooooon
ooooo @Eenooooo.
0dooooodooooooodooooboobOoooooooObOooOooOooon
OO0O0000000 (Schuster, 1897). Schuster(l 0O 0 O)OD OO OOOOOOO
O, Rayleigh(C OO 0O)00 (Mardia, 1972)0, 0000000000 0OO0OOO0O
O000oooooond (Shlien, 1972, Heaton, 1975, Klein, 1976, Shirley, 1988, and
referencesin; Cochran et al.,, 2004 00). 000000, nO00000000 6,00
00o0ooooooOooo.ooon R:[(A2)+(Bz)]1/2,¢:tan‘l(B/A)DD
0dd0d.000000d0dd0000000, 00 ROODODOOoooooooo
00 Pr=exp(—R?*/n)000.0000000,n=5000000000000
00000 (Mardia, 1972).

Oo700,0000 (920000 2030000)0 1000000 ooooboOon
00 Ly, 0000000000000 0000O0O0O0O000.O07000000
J0ddddd0ooopoooO,00ddfd00000oooooooobooooon
oooo,0b0b0b00dd00obobboboooooboooo,o0ooooo
J0dddddo0ooopoooooooOoobOo0od0d0ooooooooo,oooon
ooddooooo@ernbooboddo.0bobbdoooooooooooon
JoodoooooOo0o0o0ooooooooboo,0o0,070 Ly, 000oooo
Oo0dooooo,0b0bobbob000d00000oobooibob0 (000 Lyjers O
oO0)yooooooo.00do,0000o0ooo0on0 Ly,0oooooo 100
oo.0000,0000000b0o0bo0o0b0bb0000oooooo,s7%?to00n0
Ood o~y oooooooooog.
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90

180

270

118

174

010. 1920000203000 00000000O0O0O00O00O0O0O0OD0O Lye.s0000
goobobgs3cobobuoobobobobdbd (mn=1728000000).
gobogob,gbbuogoboggboodgbboobbuoooboonoa
googoobo.oboobog o~2999900000,bogboobobon
gbooobogobogno. 171, 166, 139, 144, 134, 128, 124, 118, 130, 149, 151, 174.

00 10000000000000,000000@O0000000000000
0)0 Ly, 00000000000000000000000000. 0 6(L j/ars
D0000000000)00000000000000,0000000000
0000000000000 0000.000000,000000000000
00000000 000o00ooo.

D0000000000000000000000000,0 100000000
000000000000000000000000000000000000,
D0000000000000000000000000000000.00,0
000000000000 ROODOODOOO ¢0,0000000000000
00000.00¢0,000000000000000000,RO00000
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gbobogbgoboobgooobobb.oobo,booboobooeSbsud
gooobstoboooboboooboo,bob0o0bub0 R=461,000000
O0¢=189°00000.000,0100000000000D00D0DODLO
U w=500000000000bb,000obbboogoooobood
OO0 ROODDODOOOOOOODOODODO?
gogobobo,ggbbobbdooggbobobbuooogobobooo.bogd
bbb wboboo,bioboobbooobbooobboobbudb nO
10°00000000000.000000000,000000000 ROOO
o000, 000 G°OD0DLO00ODbO0O0O0DbOOD.0bO0,00¢05°00b0O0
0, <10%, <5%, <1%, <01% 0000000000 ROODODOODODOOOO
oooboooo.0noo,0b00bdbdn=500000¢000000
ORODOODOODOO.O010DO0O00O0ODOO0ODOO0ODO0ODOO0OONn=5
Ob0ob00oboO,RrR=461,00 ¢0O 15°0020000000000000000
120 000000000000 00O0OLD.bOobLbOOb,0O00bOobO GSDS
U000 Ly, 0000000000000 000000O00O0O0O00 120000
gobbobouoogobobobooooboo.

6

Midseason Storms (n=5)
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(=]

o

n=5010000000000000000 ¢000000000000 RO
0000.03000000000000000000000000000000
000(@O0000000000000000000,000000000000
oooo).

gboogboooboboobooboo.ooboobbooboobogob (Park
and Miller, 1983) 0 000,00 10°-n0 000 1000000000000O00.
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0000000 10000000000000000 (1729000000000
0,0 1000000000000000 Ly,.000000000000000
0000000000000 000.00000000000000000000
000000 @O000n000),000000000 (RO ¢)0 Ly.000
500000000 (720000). 10°00000,¢000000000000
O0(ROD)DO0D0OO0O0OO0O00OOOO0OOO0D.0000000000,100
0000000 (@O0O0010°00000000)0,000000-,000000
0,000000000000000000000000.0000000000
0000000000 ROOOOOO (6000000)0,00000 00500
00,0000 110000000000000000000000.
0000000000 3000000000000000000000000.0
00000000000000000000,00000000000000 GSDS
000000 »n=2000000000000.6SDSO0000000000
(n=9000000000000000000000,300000000000
00000000000000000,0000,00000000000000
00000000 (@ 3).000000,R=430,¢=7300000.0000
00000nR=9010%000000,R=50.00000000000000
0000000 @O00000000000000000000)0000000
00000,000000,6SDSO0000 Ly.,,.0 0000000000000
00000000000000000000.
0GSDSOOO000O00O00D0DO0ONDNOONONOONONODONNDNONONNOO,O 8al
03000000000000 217°(MY11), 221°(MY24), 224°(MY-8), 247°(MY30),
259°(MY18), 271°(MY23) 00 0. 000O000,000000 GSDSOOO0O0O
00000000000000000000000,0000000000000
0000000000 0000000000000.0000000000000
00000,GSPDSO00000000000000000N000 (n=11)0000
000000 (@203). 00000000 12000.
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10.0

Mars years without global-scale storms (n=11)

60 W
'W

6.0 w /—
@ \ﬂ__’- //—
40 -

20 —

0.0 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 J 1 1 | 1 1
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@ (degrees)

01222,=11010000000000000000 ¢0000000000OO
OROOODOO.GSDSOOOUOOOOOO0OOLObOOO0ObOObOOoOobDbOOoOobDOOn
gogobo(@oboboooooobooboooooobobo,boooooboobobooo
goooogoo).

gaeSbStbuodol1igboboboboooooooono,bubd R=5.08°
Oe¢=2428000.0 120000000000,01000000000000
gbogbooboobo,oboobbobbobbobobobbobobd s%0
Oo00oo00oooooooD.00b0ob0,6eSbSUbUll Lyg0boboon
gboobgoboobose0oobooboogbuooboon.

44. Ly, 00000 ogn

00000000, Ly,.0000GSDSO0000000,0000000000
0000000000000 0000.000,000000000000000
00000,0000000000000000000000000 (GSDSODO
0 20030,20050,2013000000,000000000000000000).
00000000000,000000,000000,00000000000
GSDSO 0000000000 00000000,Ly,.0000000000,0
000000 (@O 2700000000 @0 900000000 (D 13).

00 13000000000,197700 197300 GSDSOO0 000000000
00000000000,GSDSO00000000,000000000000
D000000000.0020000000000000000.GSDSO00
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D1 e
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U3 0bbgoboobboobg @roeedboccogbboobooobon,n
gogobooboag).ooggeSbstudgd,bbooggobobooooo.od
0,000000 (2003,2013), 000000 (2005), 000000 (1986, 2009) U
gobeSpSuoooogd.

gosbobbgobo,obboobboob 2000 (19860,20090) 0, GSDS
goooobo@o2riygbbogbob @o30lc0o0b 306y oubooon
gboobobobobobooooobobobobob.bobobobooon
gbooogoo,eSbStubgpoopooeSpStbonoooooooooboonboon
gboobgo,obooboobgoobgobon.

b B3gooobd,gboboooooobo,obgoboo,ob,boboobon
go,eSbSOboobobooboboboobobooboboobobon
ggooboagd.

45. 00000000 ooobobobobon

ggbobobbuoooobbbbouoooobbobobuog.bobbooog,bodad
O0000b00oO0.GSPSU00O Ly00o0oboobooboboooooon
g, dgdooooooooooboboobobobbbooboooo. ogo,u00d
gobobooobobooobbuoobobooob,eSbSsugnoboooonoood
gooooboboonoooog,GSDSO Ly, 0boboooooboboobon
gogooobooo.boob,gogobbbbooooboobobbooooooobood
gooob,bobooooobobobobooo.gbo2b00bobobo,on
gobogobogobooobb,obboogbboobboobobooobobo
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gog,bbbobbodogodg.go,bbbbbouooooobboboboad,
ggboobuog@obo)ybobo,obbbooggbboboooobob.bbbod
ggobobbbbbuodoooobbbbbuooooooobbobboadao
gbobogooobobogooo.eSpbSboboooboobobooobobonboon
ggbobbbuoooobbbooooobbobo.obbb,o00bbbodad
gogbooo,gbbboogobbooogooog.
gboogobgg,oo,gb,gboeSpStoodobo,oboobuoobuoobon
g,0bogggobbbdoooobobogoob.ogo,ooooooboo,d
gogobbbbbbuooooobbbbbouoooooobobobbbbadad
gbobogbobuogbobooobob.obbogbooboooboooboo
gogobobo,ggbbbbuooodgbobboboa.obbouooobbbodo
ggboobooooboo,gobbbbooodaon.
geSbsuboopoooooboboboobobg,eSpStouooobooboon
googobgoobogoo.eSbsuoobolnnooooooobo,sgoboo,don,d
g, 0bogobooboboobobooboboobobooboboob @ 3).
go,000bgbobobobooboobooboobob,boboosboun GSDS
gbogoboboobooboboobuoobobbo?20obo0obO19gedd
200000000 GSDSOOnooobobooobobooobobooobobnoon
gbuogbob.boobuoobobuodboboobuobobobodgbob,dod
gbobooobobooboboobobuoboooboboo.ooo,200900
gooo,b0bgob200700 GSpDSOUObOO0bO0bObOobOobOobOobO.o
gbooog(@2420)0b0bobooobobon,2000b0dboon 6SbsO
gbobooboboobobooboboob.200700 200000000000
gbbogbbooobo,gbbuogbbuobobuoobobooooboooboo
g,0ougobobbboooobobbbuooobobbod.
goo,0oboboogboob,200100 GSDSUDODOO 2003000 GSDSO
gbooboobooboobbobbobbo.bobDbg Szwast et al. (2006,
Section 82) 000000 OO0ODOOOO.2003 0000 @)oo,
197700 GSDSOO0OOOO00O0O.
g203b00bogoooooog,20030bgog,gogboboobobooon
gboobobobob.200300000,00000000GSDS(CO0O0O0OO
2000 0H)0bOooboo0gbo.ogboobog200700GSbSUbbogooU 2000
gbobgoboo,gboobuooboobobboobooboobooboon.
gz200500 GSDSOO0pooooobooobooobobooboo,boobon
gbobodgbo,gbbgobgobooboobbo,bgoboobbobbon
gooopooogoboaeSbstboboobooooooooboobo,obobooobg.
20000 000000000000000, Ruff and Christensen (2002) 0 0 0O O O
gboog,obogb @@oorogzeostH)yobgbbobooobooobuoobon
g, gbbobooboobuoobgoobgobon.
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Ss.00ubuogoonouooobod

0odddo,b0dd00ooooooooD Ly,0o0ooooooooooo
ogooo.0o0oooo,dooooboooooo,bogoooobooooon
dodoooo@3o).ooooooooooooooooooooooooo
OO0,000000000000000000000000O0DDDODODOOOOOO
O, 00000000000 ooboobo0oo0oooooboobOoooooo,oon
O, 0000ddooobooooooooo. odoooo,oooooooon
ododooooooooooo,0b0boboboo00o,o0b0ooboboo0oooooon
ooooddooobodooooboooooobo.ob0ooooooooooon
00ddddooooooooooooboobooooo,0ooooooboooooon
ooodooooooooooonn.
ooo,00b0b0o0dd00ooobobooo0o0ooo, bbb ooooon
goddoodooooo, oo ooooooo.ooooooaoo
odoooo, 000000 ooboboboo0o0oooobooobooooOo,oooon
goodoooooo.oooooo,eSbSUd0ooooooo,oooooon
O00000 (Medvedev et al., 2013, Withers and Pratt, 2013) 0 0, 00000 00O
oodoooodoooooooooooo.boooooboooooo,oon
odddoooooboboboooooo, 0000000 ooooon.
OooodooooboodooooodoooobD,booo My 3200 392014
gog2080)00000000 Ly, 0000000 OoOooOoooooooOn.
godooooObO0o0d0o00ooOoooo,0o0o0oooooooOo,ooooon
oodooooooooo.0oooo,0o0ooooooooo,ooooooo
ooodobodooooooooon.

5.1.2014-20150 0 2016-20170 00000000000 0O0O0OO

0000 (2014-2015 00 Ly,,.0 000000000000 100°000,000
GSDS(345° — 56°) 0 0 0 0 GSDS(147° — 176°:; 0 3) 0000000000, 100°
0000,GSDSOD0O 20030020050 000000000, 195600 GSDS O
0D00000000,5°000.000000000,0 14a0 201500000
0000000000000000.0000000,20150000000000
D000000000,00000000000000000000000000
000,0 1300000000000000000000.0000000000
0,20130 2000000000000000000000000000000
0 (O 5).
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000 Ly 00000, (@000 (100°) 0 MY32L .. 00 (00) 0, 2003
00000000000,195600200500000000000000000.
(OMY330 MY340 000000000000 (15°3399)0000000000
00000000,0800000000000000000000000.

0 2014-2015000000 GSDSOUO0OLO0DOOOO0OOO0OOobOObOoD,b0on
GSbSUOouoooobobooobobo(@muoooo3o)o,obobooooo
goeSbstodobooobooooooboooboobooboobd. 2014-2015
gobodoboeSpSOooooboobobooboboon,b 4adoobog,
gboobooboboobobo,eSpSugogo2003bg200500b00o0n
goooboobo.gob,0 Bgboobooboob,0boob 6SbS O
gbogbuoobuoobuoobuoobuoobuooboobooboobg. 1977a
gGeSbSu,0dbuobonooobin Lys0o0oooooobo.oooon
gbo@GSbSubogoo eSbsubbgoboogon)gobuooboonobon
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ggboboug,bboogobbbuoogoaon.

0201620170 0000000000 O0O,0000000000 (U 14). Ly
gogboodo oo, goboobobooboboobobuobobobon
gboogooboobooobob.gooboooo,7iob200700bodobon
gboogbg.gopbobbobboo,goobgooaeSpSuoboooobooobon
uo.
gboog,oo2000b000b0ob0b0obboo.10b,6SDSU0bnuoobon
goboboooboodgbbooobboooboooboboo,bboobobd
goboboooboob.2007000bobouooboboobobobooobo,on
gaeSpSoonouooooobouoobuoobooboooboo.oboo,boobon
go,00b0000b0gd o14-20150)0 6GSbSU0bgoboooooo.bon
gboobog,oboooboob33goo200o6eSpSognooooooooo.
go,gb0bgoobgoboo@oobboobo)g,eSpsubogobon
gogbobobboog,bbbugggoboboooo.booooboobooo
gooD.D00,2014-201500 GSDSOUUOOOUOOOOO,20l6e0 0000000
goeSbSunouogouoobooon.

god,0 ipodboobooboob,201800booooonb Mys4)o O
gbobobooobob.bobooboo,20ledoobobooobonboon
goboobob.obo,00b0000b000 199400 6SDSOO0oboogn
gooobogo.bogoeSpSo My 32000 3300n00oooboon,201800
GShbSsOUboooboooboobooboon.

s2.000000b0GeSpDSOudoboooobobooogboobog

U0 150,00000000000000 Ly,00000000000000
gboo.20260020280 000000000000 177°0 141°000. 2026 0
MY38)ooog,200100 GSDSOODOOoboooooboo.ob,ooooboon,
gboog20b0ogooo,eSpSoogobooooooboobooooob.on
gbobobgobobgoeSpSuobogbouooooo,bobobobobooon
gboogobooboobboo.boobo,202e00bb0o0,0obobon
gbogeSpbSOugbooobobooboobooobg.
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(a) -----------—- Dust Storm Season -------—----

700 —
I 5.52x10°

650

Solar Irradiance (W m'2)
(2]
o
o
|

|- 5.40x10°

0.00 0.50 1.00 1.50
Years from aphelion

Dust Storm Season ------------}

2020 B

1924 | 5.52x10°

1 1973
;/>< L 5.48x10

©

Lutars (km? s My™)

Solar Irradiance (W m'2)

| 5.44x10°

- 5.40x10°

0.00 0.50 1.00 1.50
Years from aphelion

O 15. Ly, 000000000000 GSDSOUOUOODOODO. (9202600 2028

0 ™my3s-39)uoooouooouooogoooob.bobooboobon
good (20200 0MY 35).

0202800000,197700 GSDSUUOODOOO,0n0boOooobooon. 2028
go,2001000000000000,6SpSOO0b0bOoob2003000000
gbhoboooogb.ooboboo,20280b0G6GSbSOoooobooboonoon
gogb,buggogbbobbouogobbbbuoooobobobbooodon.ao
2026000 00002000000GSDSOOOOOOOn,2028000000¢0
geSpSugougogoog.

gbi1sb0,00gooGeSpSOoooobonoooonooobonboon. 20200
gboogbg o520 197300 GSDSO o) b oboo,0obuoobon
googoo.ob,202000000,06SDSO0 20000 1986000000
gogbo.20200000000,0000b00b000b00b0bo0bobon
go,1o00b0geSpSooooobuoboboobooobobooobuoboboonon




100

g.gbo,0boobogbo eSbsubogboobooobuoobuoobuoobon
0,20200020000000,GSDSOO0DOO0bOOOoOoboOoobOoooO.d
0,19730000 GSDSO, 197100 GSDSOOOO0Ooood. bgogoood,
googoogo@GSbsu GSpSooo)ooboobooboobooboooboo
gbobob.gboooboooooooooo,boo2020000000 6GSDSO
gogobobobouog,goboboogooobobobboooa,bbobodad
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g, go0boobobbobboob @iv=271)000b0o0odb,202400000
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s4.000000DLO0O0O0DbDOODbDbOOOn
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ooo0ooooo.00,20200 350)020280 (390)0 200,000 GSDSO
00000d00o0ooDoDoooooOoO, 00000000 oooooobooooon
Oo00oo0od.2014~20150 MY 32)OOOoooooooooooo,000000
000d000DooOoOoO000000ooo.bo,00000oooboooo0oo00ooaa,2016
OM™MY33)00o0/00020180 MY34)DOODODOOoOoooo,1000oon
OGSbSO0000D000O0O0D0O0O0ODOO0OO.000,20260 (MY 38)00
dddooooOo,0oooeSbSsonoooooooooooooooo.ooo,
Ly, 000020010 MY250GSDSO000000O0O0O,000,00002
goGeSbSOO0OO0OO0o00dfdooooooooooDO,0oo0ooooooooon
ooag.

04000 s5000,000000000000000000O000O00O0O00O00OOO
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and Ingersoll, 2004; Fenton et al., 2007; Cantor et al., 2001; Mulholland et al., 2013).
gooGeSbSOO0000d0oooooooooooboo,0oooooooon
JoddddooOo,00000000000000ooooooboboooon
0000000000000 (Ruff and Christensen (2002); Szwast et al., 2006) O O
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6. 0 [

goboo,00bdboooo0b0oboboobobobooooUobobOooon
goobodboobo.0oboo,0boobo0bboobbooobo0o,o0ooo
gogoobooboboboboooboooboon.
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gooobooobooboobobbooboboooooboooboobooo.
000000000000 bO0o0ooOo0ooDbo0obOo0o0ooDbOoobOoooDoDon
g,0000b0bo0o0obbooo,boob0buo0oob.0obbooobooo
O0000000,0b0000000 Ly 0O0O0DOO0OD0ODOOO,00000
gbdobobobooobooooobobob.oobooboboboboooDoooo
@ 5o0,0b00bgobo0boooboobL,obbooboobboooo
gooobooboooog.

goooono,bobob33~3000 GSDSU000oooooooooooogo
goo,0bob0bo0obooboobobooboobo,booboboobon
goobobbooooobobooo.obob,00oobbboooooobooo
gboboo,joo0boboboobouoob0obobooooobobobooboon
goobobobboooooob.booooooo, bbb ooboboog
gbo,000b000boo0boobogob,eSbsuubgobooooooo.
goo0o,00000b00b0oo0oo0o0b0boboooDooooboboooon
Jooooobbo0d.0ooooobbbibUddd MAVEN(Mars Atmosphere and
Volatile Evolution) O 0 0 000000 O. 000000, 00000000000
goboooooboo,oobobooobboooob.0ooobob, MAVENDO O
gooboooogo @o1stb iocoogo)o GSbSuooobooooooooog,
gooooboobooooboob.ooboboob eSbSsuooboboooboo,
MAVENOOOOOOOGOOODODOOoOoooooooo.

000000 mmSight 0OO0O0OO0(@UOODOOO0oOoOoOoOo0oboooobooobn)
0,2016d03000000,20160 90000000000 DODDODO.000,00d
gooaeSbSObobobobobobobuoboobooboob.obpooooon
gooooo,0oooo,0o,0b0,0b00b00bo0b0oobooDbon
gboobooobobooo,0bobobob0oboobobooobO. InSight0D O 0O
goooooooooboboo,0o0b0bobooooobooboboooon
J00oobooobOoob.0bo0bobob0buoobuouoboOonon, Lygs O
dobooobtbooobboobboobbuoooboob7ooobogno @ 3)
Oo00,60000 (Lyes DOOODODOOODOO 34500 b86°00000)00,
GSDSO0O0O0OO0bObOO000ooouoobobob.bbooooog 192400000
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gogboogad.
goboaeSbsStog,bu,bogbbooobobooooboooooo,bod GSDS

000o0odobooobooobobooobOoooobooo.ooboboooag
od0o,000000000O0DOO000000ooooOoobOoOo0oOoOo,oooob0o00a
oo0o0oooboobo.oboo,0b00boboobo,0o0bo0boboooooad
ooooooo,0o000dbooooo0ooooooooooooooo.ooo
O00o0o0o MAVEN,DOODO0ODOOODODODOOD0OODOOODOO ("Mangalyaan"),
000000000000 (ExoMars Trace Gas Orbiter) 1 OO 0O, 00000000O
00, 0000000000000DO000000, 0000000 oboooooon
O00o0oooOoOoOoO0000o0oooooobOoo0oooooooooooooa
oo0odooooooooooooo. ooooooooooooooooooag,
000000 oOo0oo0ooooooooobooOooooO,00o0ooooooooa
ooooooooo.
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7.00

gboogbooobobooboobogeSpSboggboooboobboobon
gbobobobOobob,bob eSDSUDUObDUnOnununUn Lgsd
gboobobobgo,gboooobobob eSpSbonboboboobonoon
gbobooboooboboboooobobo. Ly,s0oooobobooon
goboobobgg,bboeSpSuobuogoboonob (Pr<0.01) 0, GSDS
gbooboobobobobbooboo erc00yob.

0 2016-20280 (MY 33-39)U 0000000 0DbOOGSDSOOOOooboOooboOooDd,
gogbbobuog@ob,gggbboboo)ygobbbuoooo.oobbbod
gbobodgbob,oboobboobbuoobobda,booboboob,odgboo
ggbbobogoobooboooon.
gbbogbb,gbbodgbbodgbobodgboo,boo,bobboooboo
gboobgb,bgbgoooooeSpSuooooobobobuobooboooon
gogbobbbouoooobbbbouoooo.buoooobb,oooobbobodao
gobooobD Ly,s0oboboooboboooobooooobooo,oon
GSbSsUunouooobobooboboob,boobobobboobobogb
uo.
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0 OB Shirley (2017) O U (O 200,
1 30)

000 BOO, O Shirley, J.H., 2017. Orbit-spin coupling and the circulation of the
Martian atmosphere. Planet. Space Sci. 141, 1-160 00 20,0 300000000
0.00,0,0,000000000000.

2. 000000000

21.0000

O Isaac Newton(16870 )00 00D ODOOOO,20000000000000
gbobobobobgo,gbobooboo@obuoboo)bobuoboboooon
googo.b1g,200b0obooboobooobooob.booob,boa,
gbogoobgboboobooboobobboboobocemubo,oobon
goooboooobooobooo.ooo, M, M OOO,DO0DOODDOO0ODOO0
O0,R,ReO00000000C0000O00DO00O0O0O0OO0 (Roy, 1978).
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0l1.20000000000.0000000,000@0000O0Ooooon
ooocCcm)boooooooooooooobooooooboooooo. oo,
goooo,0bo000boooioodil wgOOOO0OO0. RO, 0000000
Oodooooooooo, 0o oooooooooooonbo.ooon
odododoooooooobob w, 000o0ooooooobobo.00oooooon
00000d00o0ooDooooooooOo0o0,00d0d0ooooooboooon
gobobbuoooobbboodoob (b bod, Marcy and Butler, 1998).

oooooboodooooo,0l10obobo000o0oooooo,o0oooon
0o000d000b000o0b0d0oO0b0d0ooOob0oOo,00b00o0b00o0oobooOon
Udoddd (Newton, 1687, Jose, 1965, Fairbridge and Shirley, 1987, Charvatova and
Strestik, 1991). 0000000000 OOOYP000000,00000000
JddddddoooooooobobO @b ooooooboooooon
Ooo0).ooooooo,o00obogoooooooobooooooboooon
ooooad.

oo1odoodooooo, o000 ooooooooooao. o
0200000000000 (ppO0OO0O.0100000O0OODDODO0OOOOOO
gooboooooo,bbo0bobodbbbodb wsb0obo,ooooono,oo
ooooooooooo.
ogoodobodooooooooooo(@mo, 000000 L=MV x ROO
ogooooo.ooo,MODODOOoOoOooOo,vooooo,ROOOOOOOOO
goddoodoooooooo.booboooooooooobooooOg,oon
odododoooobooooooooooooo.0oboooo,boo0o0ooOoooon
JdddddooOo,000000fdfdfd0d000ooooooooobooooon
oo0d.000d,0o0o0o0dd0000oooo,b0doooooooooooon

DOoOoOoOoOoOooooooog.
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00000000000 (Shildey, 2015). 000, 0000000000 (L) 0 wy
0000,0000000000000000000000.000000000,
0000000030000000000000000000.
D00000000000000000GDSO00000000000,000
Shirley. (2015)000000000,00000000000000000000
D000000000000000000000000.

22,0000

gogbobobboooo@ilioo)g,bbuoooobobobobooooob,odd
gogoobbbbbb w, 00oobbb.000bobbbbbbo,00uad
godd,jooooooooooooobobbbbbooo.oooog,gd
gogobbbbbbuoooooobbbbbooooooobobbbboboadad
goobgob.bobobgo,gooobooboboobo,0bo2b00b0oboooon
googoobgooboobooboobo@ nh.0obo,o0boob,boobon
gooobobooboobboobbuooboobbonb (barwin, 1898; Shirley,
2000). 0O OO0OO0O, 000000000, 0000000D0OO0DDOODOODO
gbobobobo.oboboobuoooobobobobd, Shirley. (2006) O
go.

23.0000000°7?

000000000 (Shirley, 2006, Shirley, 2015, 000 00000000O)0O,0 1
gbbogbbooo,guobbuoobbuogbobooboboooboooboo
gogoobobobboooooooobobobbooooooooboobboboooa
goo.0oboooooooooobooboboobobobo?oboboOoba,
gogobobbooooobooboboooo.boooobooboboboo,obobbooo
googbooobooboobobooboo,gobooboobbooboobg @
A.00000oo,0bboogbbbogobbooobobboooboboa
00000000000 (@O B).0O00,00000000002000000
00000000000000000000000.00,0000%00000
gogobbbobbbouooooobbbbbbouoooooobobobboogd
go.ggd,bbodogob,gggobobobboebSbuooggoobood
goboobogoboooboob,booboooboobb @wo 6.00
gogboboob.0oboggobobbooogobboooooooboag?

20000000000 ooooooO.
000000000 O0O0O0,00000oooooooan.
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24. 00 00000DO0OOO

gbogbuoobooboobooboob.oboboboobg,booboo
gogoobo,gbbbbodoogo,buooobobooog.goog,bood
gboboobo,gobbodobbooobooo,bboobobooob.on
goooobog,bogboboobbuoobbuoobboo. 00, Darwin (1898)
O Shirley (2006) D0 000000000, 00000000000000000
gogodgg.ooooobo,bobobbbboboboboodgoggo,uuuogo
gogoobobbooooooboboboooooobooboobobo.obbbboooo,bbood
gbobogbbuooobooobooobooobboo,oooboooboo
000000000 0000000000000.000,000000000
gbbogbboobobooobooobooobboobboobboon,o
gobogobooobooobooobbooob,obbooobbooobobo
ooboDboo,Shirley, 200600 0000000000O0O00).000,00000
gobogo,ogbboobbuoobobuoooboobobooobbooobobo
g,ggobdadgb.obag,ggbbodgbogbbuodboobbuogbbo
guo.
gogbobobbooogbbboooa,bbbuooogob.ooobbobodao
gbobodbbooboooboo.bggbbooboobobuoobboobobo
goddg,ggooogooobobbbbbbob.oddggg,uououogoo
oo, bggooboobogogobo@obouooob,ooo)ygobobood
¢ n.ooboobo,boobobo,obobooob,boboobobOobobg
gogobobboooooboobbooooooboob.oobbobboo,obobooa
ggbbobuoooobbbuoooobbbuoooobobobooan.
gogoooooo,opoooooooooboobo,bbbbobbobobboboo,od
gogobbbbbbouooooobbbbbbouooooooboboobobboogo
gboo.0ogobbog,bogbobbodbbeg,booobboobbod
gogboo,gbbbuoogoobbooogboboobg.
ggobobboooobbobooooobooboo,gobooo.obobood
gbobodboogbbdoobbooobboob,obbooobbuooboboo
gogbobobbooooobobboooooooboobo,oogobobooooob.o
gogob,bouoogobbbbotbooooobobobboooooobobobo,d
go,dgobobuogobbogobbooobbooobboo.gobobooag,
gobobooobdb20b0obooboboboboobobooobo,obon
gogboobooogooo
gobboog,buoodgbobo,gobbb.bbduod,egbbboogo,od
gbbodbbogbooobuoobobuoobboobbooobooooboo. g

YO0000000000000,00000000000000.
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go,0o00bogbobbobo.gbAf0bobooboooboboobon
go,bbboogogobobodgooo,bpbbugooobbobodad
gogooo
gbobogoboggb,gbboooboogbboobbuoobbooobooa
ggb.ggbobbbodooa,bbuooadg,booogbbboooa,bodad
gogob@bo)yoogooobbbbouoooobobbooooobobodao
Oo0O00ooooooo0ooobo.oDbe#0000000,00DO0000O0O0ODOO
gbbodgboogbob.bog,ooobuoobboobo,boobobuogboo
gbbogdgbogbb,obuo,ogbbuoobbooboobb.buabbo
gboo,0ogbuogbogbogbogbooboobooboobooboo.
gbbogbbooobo,bbugbbugabbuoobbooobboooboo
g.0o0obobobooboobobo.obobo3gobobooboo,oobo
450000000000 00b00b0,b0bo0,gooa.

25. 00000000

gogbbbooogobb,oo-bbbooooobbbooooobbboaad.
gogobbobbuoooogobbo,ouogo,bbobbuoooobbobodad
000.00000,00000000000 ~351x%x10%gm?2s 100000
00,0000000 ~191x10%%%egm?s™'08000000.000000,0
gboboboooobobobgo,ooboboboboobobobobon
godd.ggooooggo,ob@bobbo)bbbobobb,bboodagd
gbooboboobgodgboo.bosbgoboobboo,oobboobod
ggbbobuogoobbbooooobboooabn.
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.00Oooooond

3.1.00

goog,bggbboobbooobooobboobboobbooobooa
gbobobob.obobobogb,Coeriolis (18350 000000000000
gogooboboobobodooooo.goooboboobbooooooo,oi
ooodoo,boboddd (wpbodddd (we)yooooooooodg. o
gboooo,bobgoobob220000000,00, Shirley (2006) 0 0 00O O
gogobbobbuoooogb,bouooooobbbboooooobobooo,d
gobogob"ugb"ugbbuoobobooobbuooboobo.boobooboo
gooobgobooobg,343.e0boobooboob,boobuoobon
gobbobuoooobboooobobobuoooobboooooobobooa.

J2.00:00,00000000

000000, Goldstein (1959) O Marion and Thornton (1988) 0 0 0 00O 0O O O O
0doooboooooobooooooooooooo.

Feffect,;vezm%v:EOml—Qm(wxv)—mw><(wxr—m(%w) xr (1)
000,000 w000 ooooooooooooooog,300000o
goodooodooooooooooooo.ooooooooooo,onn
o0,0000o0ooo.oou,godooooooooooooouoonogo
00O (cf. Tilgner, 2015). OO O, 0 0000000000000, 00000000
gdoooooo@@WoooooooO),ocoooooooogd.
ogo200d0o0,0@muoubbooooooobouo. oo, ogoooooooon
odoooooodoooooooouon.oodd"«0"ooooood. x
Udybbbboooodd,zoouooooobboobobo.oooooo 0,0
ooooooooo@®oUuo.opPldedddodooooooooono, o
goddoodpO0oddobodoo0o.ogdo,0ddo»(@)yoooooo
0,000000d/dtr00000000.0000000000000 w,0O
goodgooon.
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2. «0.00000000,000w, 000000000 0O0ODODODODOO
U0 x-yboooo.obgoobdg-0,0000000000P0OO0ODOO.

Ododdoo 102000000000 000200000000000.2000
Ooboobooodxboboono,z00000000000 wgdOOODOOO
000.0000 «cO000O000O0DO00O0O00O0O0O0O0O0DO.00DO0O0OpOO
oooooooo.
OpO000000000000000000000000.ODOOppOOOOO,?2
J00d00000doooooooooobooooooooo0o0o0o000 @ 1o
0).oooo,0jdoooooooboodd00ooooo,ob,00dd o0
0000000000000 DbD0000oooboo0ooooobooOoooOon
ooooooodoo.0obodbblb w,0,0000000000000000
o.ooog,

W, = W, — wg 2)
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oooooooooo,poboOob0b00OO0DbOO0O00000 w,0,0000000
ooboobo0bo0oob0oooooboooboobo.cobbooboOob PO O
OU00,w,xrOOO0OO0OO0O0000O0.000,0000000 200000
ggbobobboogoob.ogobobobbuoooobbooboboag,bboboad
gobbooobobbobbuooobbobuooobbo,obbboooobbod
goooo.
OpgO000,0000000POOOOOOOOO,2000000 w,xrd
wegxrQOOOOOooooooooood.oogogooooagoao,do
00w, xrOOoooooooobobooooobooobbobooo,s
goobobbobbouoooooobobbooooooooboobbboogd
ggbbobuoodgbbboooobo,ogobbbuooobobboan.
gbogoobda,bl1gbogbogbobogbuogboobboobodgbog.
00,000000000 0w, 000000000000 @O0O00,d/dtw,=0)
oobodb.oooood, 20,000 wsd0do,00b0oooogooo
0w, 00000000000000D00@O00,d/dtwg =0 d/dtw,)00
gogobob.og,ggobbooboo,g0-0bbooogooobboobodad
0000000000000 000000,0000000000@OO0,d/dt
w, #0)0OOOO.0000O0OO0bOODbODOO,0000b0obobobOoo
goob.ogbdobobdgbidtil,w, 00000000, wsg0000O000
000000000 w, 00000000000 s0000000000000O0O

goo.

d d d

Ewpobser'ued = Ewporbitu.l + Ewa (3)

0p000000000000d/dtw,0000000,00000,00000
g@oooooob)ogobuoobboo,ggbbooboobbuogbbo
gogbbbuogd.ogobbo,obbbuoobbboooobbbood.
o0 @uooboobobooooo,0oboobooo U, oo pobOoO
gobobobbbooooooobbbbbodoood. 00dod Goldstein (1959) O
Marion and Thornton (1988) D D O OO DO OOOODOOOODOOODO,DO000
gooobooboooogoboob.oboobogoob,0ooboob,bo0)RrRO
ooooooo,0o0b0,010wgd0b0ooogoooooooooooogn
gbooooboo.os30,0b00b @uoboob,oobboobb,on
gogoboboboog,bbobbbuoggbobobobuooogobooboa.bbobodd
O,RO00000O00O00DO,000D00O00O00O00O000,ROD0ODO0OO
gobooogag.
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03.000.000003000000000000000000.000000
0000000,000000 w,00000000000.000000000
00,w;000000000000.00000000000000,0000
0000 w, 000 (0000,w,=w,—w00@)O0000.

33.00

Os000000000O0O0,000000000O000O0DOO00O0OO00OOA0
000000000 ooooooo.0obo0obobooobooobooooo
oo0ooooOo,00000b0bO0000ooobooooooooooo@oa
oooo)yood.

O0O000oon, Goldstein (1959) O Marion and Thornton (1988) 0 0 00 0O 0O 0O O
0o0dd0o. oo, oggooooooobobbooooo,0dd ad
oddoobooooodooooooooo@ooooo)yoo.oooooo
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0,2000000000000.00000000000D0O0O0O0OO0O00O000
O00,00p0000000000000.000000,p000 00020
oooDooooooood.
oo0doooo0Oo,0b0bo0000ooobooo0o0o0oooboooboo0oooooo.
oooo

V=v+w,xXr+muv, “4)

ooo,vioooo,ooooooooooobobo0,w, xrdoooooO
gobboooodob,»n 0l bbuooobbboogobbod. » g
ggobbbbouog,gbobbbodoooobbbboooooobbob,dd
gogbobobbuoogoooboobooo.bobbuo,bbbooooobobodad
gboo.00b00bDooooooooboobobOld (Goldstein, 1959, U 4-104).

V=w,X7r+v, (5)

oo0ooooo,00,0000000 p000000D0DO0ODODODODODOODOO0
gooooon.
V =ws xr+vs (6)

OG,eobooooooooo,spoooboobobobodvwwdooooooood
0oo.
Vg = Wo XT —Wg X T+ 0V, =w, XT+ v, (7

0000 pgo0O00000000 w,xr0O0O0000.00000000000O
ooooo.
V=wgXxr+w,xr+uv, (8)

000 @DO00000o0ono.

dV d d d d d 9
T —ngar—i— PTad xr—l—wpxar—i— PTads xr—l—ava (9a)

0(3)00000000,0000w,000000,0000000000000
D0000000000000 @000 d/dtw,,,..,=d/dtw, .. +d/dw).
Q200000400 (3)0000000000,¢0)000000.

d d d d d d d
£V:w5x£r+ (%C%) xr—i—wpx%r—i—(%wpwbiml) xr—l—(acaa) ><r+£va

(9b)
0ooo0ooo,00000000 d/dtw,) 00000000 (d/dtw,,,,.,) 000
000000000 000,000000000000000, "observed"d "orbital"
00ooo0oooooooooo.00ooo0o,0fn.d/dw, 00000000
oo0oooooooo.
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gogbbboogbbb, b, uodbbbbiill wbbboooobboo
goggoobbooobbo,bddgguooooobboobobbboodudd, qd
ggbbobuooogbbbuoooobbbaod.

d d
—,Horiginal frame — ~;,drotating frame X 10
dtq ginal f dtq tating f +wXxgq (10

OpO0db0ooboooboooboo,¢oyboobooboobooboo oo
gob.gbbob,obbbodf.

d
wﬁx%r = wﬁxvﬂ—i—wﬁx(wﬁxr) = wﬁx(wﬁxr)—i—c%x(wpxr)—i—wﬁxva (lla)

d d d
<Ew5> X r= (a&)ﬁ) X 1T+ (wsg Xwg) Xr= (EC%) X r (11b)

d

wpxﬁr:wvaBjprx(w/gxr):wpx(wﬁxr)—i—wpx(wpxr)—l—wvaa (11c)
I I 11d
e | XT = e X7+ (wg X w,) xXr (11d)

d d
i X P = ZiWa X T+ (wg X wy) X T (11e)
d d .
%UQ—EUQ‘FWﬁX’UQ ( f)

o00.d/dtr0vp00000,0((7)0000vp00000000000000
ooooo.00booOoooooobo,0oooo pobooboOon.

dV d d d d
% —E’UQ—F a&)ﬁ X r—+ EWP X r+ Ewa XT—FWﬁX(wIBXIr)

+w, X (W, X T) +2ws X Vg + W, X Vg +ws X (W, X T) +w, X (Wg XT)
+ (wg X w,) X T+ (Wg X wy) X7
(12)

Dws0w,000(12)0200000000,000000000000000
0.0 ©)O0O0O00000,d/dtw,0,d/dtw,,. . 000000000000
000000000000.00000000000000000000.
0000000000000000,(10)0000000000000000.
0D00000000000000 omega, 000. (1200000000000
0D00D0000,0000000.

d d

700 = Zi¥a W, X Va (13a)
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d d
(EWO‘> X r = (Ewa> X1r+ (W, X Wy) XT (13b)

Oaspyooogo a2yooogoooboo,bobbgbooboobon.
gobbbd«bbOoogd

d d d
yr :Eva—i_ (Ewa> XT 4w, X (W, XT)+wsx (wsg Xr)+wg X (w, XT)

+w, X (Wg X T) +2wg X Uy + 2w, X Uy + (wg X w,) X T
(14)

O, 0000 (0H0 w0 w,00000000000,000 «O000O0O0
ggboboogoobo.

2wg X Vo + 2w, X Vo = 2w, X Vg (15a)

odoo,@uldw,.=w,+ws000000oodo,déuoooaoodn
4000000000000 0O00DO0ODOODOO.

W, X (W, XT)+wg X (WaXT)F+wp X (W, XT)+w, X (WsgXT) = wu X (WaX1) (15b)

gobbobuod«buogoobobog.

gobobobgoboooo,ouobd, F=maeOUO0O0O0O, 0000000000
gogobobboog,bbbugggbobobbooogobobooo.bodad
OmO000,d/dVDO, 000000000000 (Fra)DOO0O0OO.

. d
ef fective — TM—7Vq
ffect dt

_ d (16)
= Fiota — mwqy X (wa X ’l") —2Mwy X Vo — M Ewa xr

—m(wg —w,) Xr

oo depyoooobooo40boo,0b(hobboobooboboobo.on
ggbbobuoooobbbuoooobob.bbbuoooobbbuoooob.

gboobooooobobo,ooboboboobobobo,0oobobonb @
gooooobooooodoooobodid.dl 0,000000 (wy —wp)
gboobdbdil,wsdbdbdboabouogogogbooooooooood
gbooo.0odbd,gdbodgoibdbodibddibidibil wgxw, UOO0
gogobboob.ooo,gobboobodggoooboboo,o0dd mdg
godd,joooooooooooobobb.bbb,bbbbbgddogg
g@oooboboobooboooobooboobboobuoobboobobon
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gb.gbogbbdodgbb,bogbuoobbuoobboob,obbuodgbobo
ggboobooggooobod.
b Jdepygbboobooboobon

—(wg X wy) X T (17)

g ano,boobogbbogbooobogbbooboobnbuoobbo
g, joooooooooooobobbbbbbobb.oog,0uouuauogo
gogogobobooobo??bobboob,boddoooo,opbboobboogd
goboobodg.oogbo,obbuoobbduooobbuogobbuogobban.
gogobooboobobodooodd embuoood,rbbdgooobbbbogod
ggbboboooobboboooon.
go40,nhoboboooboboggoboodbbooonoboooboboo
g,gboobogoobboooobbogoo.1ob1o,obbooooboo @)o
gobo,bogoobobbodoogobobbooooobobbuoooon.od
gogboo@ooob,eoceNny0oboboboobobooboboobo. o
gobbuogoobo,gbboggb,ggooo,oboboo,bogobood,
goggobbbobbobbuodgoooooobbob.oobobbbobobooaadg,
gogbbobuogoobbooogboobuogoobboooooooboog.
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>
.

4. 0 d7nooobooobooobbooboo.obboobbooboobon
gboooboobooob.obbobbooboobooscboobboonbo @
gbooobooobooobooboon).

Urd00000 wsxw, 0000000000000 00. 00000000
goboboobobo.obgbogeccgboboobobonooobobon
gbbod.gbboogobouogbbobooboogb@woooo)yobuoobobo
g.bodgg,bbobbooooobbbboooobbbooooobbobodad
ggobobobouodg,gobobo,goggbobobbugooobbobodad
ggbobbbuoogoobbb,ooobbbbuooogbobooba.bbbodad
g, 0Jdno"'cogo"ogbgobgoboobooboo.

gb4000000200000000000,00000DODOODLODOO
gogbboboooobobbooo.ggob@o)yuo,bboooobbobod
goggdggo.ooo,bbbobooobobbboooa,bbboboboodgdgaoad
g.gpoobboboooo,bbbbooooobbbboboo.ogo,uuaoag,
gbobobgoboooobobo.obobo,oboboobobo,0400
gb40000000,00b00D00ObDODODOOO020000D00D00OO00OO0
googoo,bbo200bd00bggboobooboobboobon.on




119

0000000000000,00000000000000000000000
ooo.
0000000,04000000000000000"'000"00000000.
00,000000-000,000032000200000000,00000
0000000000000000000,00000000000000000
noooo.

O Shirley (2006) O Shirley (20150 00000000000000000000
D00000000000000000000000000.003200000
000000000000000,000000000000000000000
00 ROODOO0O00000000.0(17)0000000000,00000 w;
000000000,00000000000,000000000000000
D00000000000000@O0000000000,00 (17)00000
00000000000000,0000000000000000000000
000000 DOO00).
0000000,000@00000000)000000000000000
(00000000 ROOODOOODOO0). 0000000000000000
000000,000000000000000000000000000000
D000000000.0000(7)000000000,0000000000
00000,00000000000000000000000000.0000
D0000000,0000000,00000000000000000000
(Kuhn, 1972).

34.00000

gobogobogoboooboo,bboobboobboobbo rROOO
gbobogoooobob 20b00). 00000 (L=MV XRUOOUOOOO
000000000, L=MwsxR)xROODODODOO w0 ROOOOOOO
cooooooo.ocoo,0dnib wsogoo LOoOoOoo.

—(L Xwy) X7 (18)

gbbogbbooob,obbuodobbugbobuoobbooboboooboo
gogbooob.obo,gbbboogobboooooobo.boog,bbobod
ogoooooooooOooooooooog.mLlOwgOODOOOODOOO4gQ
gbbodgbog,boobuogobbogbogbboo.obbogbo,bbd
gbobo,dbbgdbbuodobbuoobbuoobbuoobbooboboooboo
gogbobobobooooobobbbobbboood. oo, ooooaa,d
goobooboobob0ob ROODOOOOOOODOOOOOOO.ODOOOOO
gbobogobogoboogobog,booboboo,bobobboooboo
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oooooooooobob (L0 wgOO0O00O,00).00000,RO1000
goo,0gbgoboboobuooboboooob,2boboob,0bboobOon
gbbodg,ggboobobuoobbogboo.ooboobboobo,bbo
ggobobbuoogooboobooooooboobobooo.bobbuooog,bodod
Ooo,000000000000C000000C00000000. 000 LO wg
gogbooo,gbbbbooogobobogoubboboood.
goagoooogobooboobbooboobuooboboo.ooboa,
goooooooooboobobbobbiooodg,bbobbbbbooooogd
(Shirley, 2015) 0000000000000 00.0 () LooboooboonDg
gogoboboobo,bodgooooobb,bbboooooooobbobbod
googo,boo@uob)obooboobooboobobb.oobon
000000000 dL/anyoOpoO0OO0OO0OO0O0O0O,000DDOO0O0O0OO0O0O0
ggboooo.

35.dL/at0 0000000

b ddyuobobibt w, 00ogoooboobob -0,000000000
googoob.gobog,bag)pooboobooooboobooo.obon
0000,0000000000000000.0000000000D000O dL/dt
O0D0000 @000 LOoooooooao.

—(bmL X wa) X T (19)

0000000000000 000000000@ (19000000 kgm? s~3).
0(900000000,0000000000000000@O0000000
0000000000000).00000000000,00000000000
00000000000 00.(000000)0000000000000000
00000000000.0000000,0 (19000000000 (Shirley and
Mischna, 2017000 00000)00000000 LOOOOOOO0O0.t=0—1s
0000000000000 0000000,000000000000.LO0
D0000000000000000,000000000000"0000"00
000000.000,00000000000000000000000000
D000000000000000000.(00025000000000)00
000000000000000000000.




121

J36.000OOOMO (c)

gboboboobobobgooooboboboo,obobobobobon
gboobobooooobobobo @sbon).oboooobobo,uboon
g'ubboobib"cguoboob.bobboboobooboobad.

—c(bmL X wg) X T (20)

gobbddct,boobbbogbbboogobbbooobboooboboo
gogobobbbbbuodogooobbbbbuooooooobbobobboagd
gobo.obob 2400000, cO0b00D0O0O0DODODOODODbDODOO
ggbobbooooobbbboooobbbooooobbbo.obbodao
gogbobog,bbuoggobbooogbbboooobboan.
gobobod,cd,buogdbbb pbdodgbbbuog,buoogbbbod
gboogb.0bobbcU,pdbod,ggbog,obbobobobbofobd
gb.gbogbobuoobbodobbodobbooboobbuoobboobbo
goboboooooogoobooba,bbd,pboogbboog,ogobobod
gooobooobob,0b00buodbiddl (Hutchings, 2016). 00000 cU,
gobobooobooobbooobbuooobbooobbooob.ebod
g,bgdgbuodgbbdoobbooobooobbodobboobboooboo
gbobogbobogobooobog,bugoobogboboooboooboo
gogo.
gogbbobchbUoooobbboooobbbooogbbbooodgn,od
gbobogobo,bbuoobboogbudgbbodobboobboooboo
0 (Mischna and Shirley, 0 0 OO 0OO0O). cOOO0O0OOOOOODOODOOODOOO
gbbodbooobuoobboobo.bodbbooboboob epbodgbod
ggoobo,0bboooobobobooodaon.

3.7.00

0030000000, Shildey (2015 00000000000,00000000
0000000000000 00000000000000000000000
oooo.

0000000000000,000 Coriolis (1835 0000000000000
00000000000000000.0000000000000000,00
000000000000 000000,100000000200000000
000000.00 480000000000 (3.30,(11),(12)0), 000000 1
0000000 00000000 (13),(16)0).00000000000,00
0000000000000 00000000000000000000000.
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o0 Jdepoooo@ooooo"o)ooo,bobooooo,boboo,oon
goob00oboob0obOobOobOobOobOoboOobDUobDOoboobooboooooboo
gobooooooooob,0boobooboooboobooooboooboobouDn
oobo0.0oobo0oobooobo(@uob bbb oobDoobDOooDO
g, 0bobooboobooooooooooboobooo,bobobobobobon
O (Shirley, 2006).
ooanhooooo,bogboobboobbooooooooooboooooooDn
ooobobo.0obobo e40Hoboo,0ob0obob0obOobDOobDOobDOO
gooooooooooob.obo,bobobobob @es5s0)oooooog,
oooo0oooooooboobOoboboooooooobo.bo,oboboobo
oobooooooooobooobogboobob esooo)o,3e0nooonon
gbcOoobuoobooboon.
ooooooooboooooooooooo@W4aoobbooobbooooDO
goooobod.obodgobd CTA("coupling term acceleration "0 [) O O O
gobooboo.coboobo,0coboooooboboooboobooooobon.
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[0 O C Newman et al., (2019) 00 [

gdgd CcObO, dNewman, C.E., Lee, C., Mischna, M.A., Richardson, M.1., Shirley,
J.H., 2019. An initial assessment of the impact of postulated orbit-spin coupling on
Mars dust storm variability in fully interactive dust simulations. Icarus317, 649-668.0
goooooooo.oo,o0,0,0,00b0b0O0bOOoOooOoo.

0o

gogoboobobooooooboboobbbooooooobobobob,ooooboboob,od
00P0000000000000000000000(CTA)O000000O00
O0O0O0 (Shirley, 2017). DO OO, CTAO0OD0DOO0ODOOO0ODOOOODOOOO
goecCMboooogogooooobg,oobgooboboob,boob,bon
gobobooooboboo.craAdobobooo,bogobbboooobbod
gbobobobobobobobobobob,ebSbobobobobooDo
goooboobobboogo.gog,ctrAbooooaeeMooonboo,eGbSud
GDSOUOoo My)ubobobobobobobobobobob.bobob
g,gbobbobobo200d0ggoboboobboodooooobooogd
g40000,000000000O0000O0DODOODODOODODLODLDO0
gobbobuogoobobooogn.

gcrAbggbooooboobbgooboooboob,oobobuooobobon
GDhSO,00opooboboboboobobbbbbooddoddooooooooon
g, gobogb@obobbobo)ebSu,bgobgooboobo,craAobog/m
gogobobboooooboobooooooobobbooooobobobo.oobo, o
gbbogbbooobooobooobooobboobboobboa,oo
gMYlogoogooob ebSOoooooogbooobooobooboooo.
googooboebSbooooooboobuoobooobbooboon,on
gMYl7ooogoebSOuogooogogoo,egbStOboogoooonoood
gbo.0boobboobboocraAbbgodoobog200 MYyda2d 2500, 0
gogebStugoboboboogoooooobboo.obobboooooobobood

YOOoDOOO0D0.00000000000000000000O000000O0000O0O0OA0.
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gogbobbobuoogobbbbouoooobbobo.obbbbdooog,bodad
gbobogbobogoboogbooo,ggobuogboboooboooboa
gogobo,0bobgobgcrAgoogog,oogbobgoboobobobon
ggoooo.
gbobooooooooobgbob,My34o19)tdbgoooooebstunod
go,000000b0 MY35202000000000G6GbSObD0nooonDg.MYs34d
CTAObOO,0bgoboooebSboboooboooMY21gooooogn
guo.

1. 00

O00000oOoOO0oooooooO,0b0o000booo0oDboooooooooaa
oooooooo,00doobodoooooooobooo,ooooooboooad
oo0o0O,0000d00o0bOo0o000oooOobo0oo0obD.ooooooooa
0o0o0o0oooooooboooobooo,0o0obooobooooooooa
0200000000000000000 (Newman and Richardson. 20150 0. 0
OONRISODOO).0O0OO0DODOO0OODOOODO,(@O0OOS00kmO0O)000O0
oo0oooOoOo0oooooooO,000oobobo0oooooooboooooo.d
oo0o, 000000 @bOoskmO00)000000OOPBLYODOOOOODO,O
O0oOOo0d0bOoOOoooOoooooobooooooOo,0oo0oo0ooo@oo)ya
00000.00b000oo0boooobo0booooooooboooobooooa
O0,0000000000,00000000000000PBLOOOODOOOO
00O (Section. 2.1 0 0O).

Oo0o0o0o0oooOoooooooo,0ooodooo,0o0oo0oooooao,oad
0000000000000000000.000000000000, 105%m?0
O00o0oo0oooooooO,0b0o00b0oodoooooobooooooooooa
0o0o,000000000000O000b00.000,00b0boooboooooad
(GDS)O,00000,0000000d0d00oooooooooooooo. oo
0o00o00ooooooooooD 1o boobooboobooooa
Oo,GhbSO000000ooooooooooooooooo,0oooz20,0d
0o0o0o0oobooooooobooobooobooobooo.obobboooa
000000, 000b0o00bo0obooooooooooooooooooa
oooooooooo,bogogooob.obooobo,00oGebSOooooad
0000 (Ly)l80° ~ 310,00 0000000000000 O00bOOo0oooooa
ooooobooboooooboboboooooooobooo.obobooo,obobooa
Oo0dooooooooooooboobOobOoOoooo0oooooooo,eGbSsoooad
3001 0000000000000, 00ooooobo201800b000O0O sO0,
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GbDSUnouoooooo.
gebStiboobooobooboobooboooo,gboobooboboooboobn
gbobobobob,boboboboboboboboboboon.bob @
gooobooboo,obobobouboob)b,b0ob0o0boobO (Ls =270
goo,Lg:231°00000.000000,0000000000D0O0ODOOO0
gogob,boogooobobboooogog,bbbbdoooobobobod
ggbobbbduoooobbbbooooobbbobooo.bbbuoooobobo,dd
gbobogbobooobooobooobooobboob,ooboooboo
gbbodbbogboooboobb.bbobooboobbuoobboobbo
goooooooog, L0~ 180000000000, Ls: 180° ~ 360°0 0O
gogobbbbbbuooooooobbbbooooooobbobbboagd
gbobo.ogobogbboobbogboooboobbuoobbooboo
ggbbobuoooobboooaooboo.
gbobogbobog,bogbbuogbbuogoobuogobooooboooboo
go,bbbouoooogbobbbouooooobbbobo,ooobbbbodd
gogobobooa,gbbobbduoggbobobbooogoboboooon.od
gbbuogbbuoobobooobooobbooobboobba,bboooboo
gbobogbobogobooobooobooob,gbboooboooboo
g,0bbboooogbobbbooga,bbbbbuoooobbbbodad
gbogbobbodgbbo.ogo,ggboogbooo,ggobbodgboo
g, bgggbogobogbb,gbboooboooboob,oobbodbbo
gogbbobuooogboboboooobobood.

1.1.00000b0b0bbobbbotb0dddoooooooobn

02 30000,0000000GCMs)000000000O0, 0000000
ooddoobooooooooooboooooooooooooo.oboooooo,
Jdddddddoooooo,0b0b0ddddd0d0ooooooooooon
J00000000dogogogogagd (e.g. Murphy et al., 1990; Wilson and Hamilton,
1996). DO ODO0OO0OO, 00000000221 000000000000O,00
dodooooodoooooooooooooboooooooboooooon
0O0,0000000020000000000,00000000000000O
GCMOOODOOOOO,00D00O00000000D0DO0O0O0O00.0O000000
000000000o00o0b0b0ooooooOooOoog (e.g. Koketal., 2012) 0,
0000d0dd0ooooooooo0000oooooooo,bboboboooooo
0ddooooo0od0oo,0o0bob0oboo0o00oOoooooboooOooOoOo,ooon
0000000000000 0D00000D0O00D0DOO00A0 (e.g. Newman et al.,
2002a,b; Basu et al., 2004, 2006; Kahre et al., 2006; Newman and Richardson, 2015).
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Joddddooooooooooooboodooooo,ooboboooooo
Oood.0od, o000 eedooooooooooooo eGbSO,0oon
gdddoooccMOUOOdOodoododdOoO,000dd0o0ooOoooooo
oododoodooooo,djoboodobooobooooooo.oooooaoo
dddddooooOo,0ooooooooobbobOD H,OOOoooooo,0o0o00
0J0dddddoooDopoooooooOooOo0o00ooOo,oobooboboooooon
UobbbooOodn (e.g. Kahre et al., 2012; Lee et al., 2018).
ogooo,00bdoddooooboooddgoooooooooboO Gbso
oodooobooOoodoooooooooo.OboboooOo,o00oooooon
000dd0ddd0oooooDoDoooOo, 000000 ooooooboooooon
dododoooooooooooooooo.ooooo,0boo0o0o0oOoooon
000000 0d00ooOo0oD0o0d00OooobOo0o0oOoooobooOooOooOon
O0.00,00000000000000. Basuetal., (2004,2006) 00,0000
Dodooooodoo,oooobooebSOd0oooooooooooon
oo, oo oooooooOo, GEM
Jod0o0oooOooo0oo00ddooOo,ooooooobooobooooooooon
Ooo.0dd,NRISO, 0000000 GCMOO0O00O0O0000O0OOOOOO
oooodo,0oooooobooo0ob00ddddd00oooooooooooOn
oodooooo,oooooebSOU0dooooo,0opooboooooooo.
o0, 0do0boddoooooooooo,GgbSO0noooooooooooon
dodoooo,000d0d00oobobobooo0ooooooboo,b0ooooooo
O00d0o0oooodod. odo,Basuetal, (2006)00,GDSOOOOOOO0O
0000 Lg:240°0 270°000"00ooo0"d0dooooooooooon
OO0.000,NRISOO00OOO0O0O,0000000000O0000O00000
oddooooooooooooooooo,oooooo,0bo0oooooon
Jdddddd0ooooooOooOoO0o0@uooooooooooooboooooon
0), Lg:265°0 2000000000.
OO000d0ooooooodoon, Kahreetal., (2012) 0 Leeetal., (2018) 00 O
odooooooooooo, 00000000000 oooooobooooon.
0Jo0o0ooo0o0d0Oo,000ooo0obo000OoOooo,0o0boo0oOooon
dooGebSO0ddoooooooobodooooooo.ooo,ooooon
odddoo,00b000d00oOo,obooooobooo,00ooooooooon
O00oooooooooooon (Lee. 201800000000, 000000
goodooooebSUOUddoooodooooooooooooooooon
ogoooooono.
0do0oooo0o,00d0d00oooobooo,0o0oooooooooooon
ddddddddodoooooobo. Do ooooooo,boooo,
OJ0dddddoooooooooooooo,0jodooooooooooon
dodooooooooo,o0ooboboboo0oooooooboooo,ooooon
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Jdddddddooooooboboboodd0ooooooooo,bboooooo
oooooo. oo, jdoooodoo,oobooooooooooooon
O 00O (Szwast et al., 2006). Newman and Richardson(2015 00, 00000000
000dddd0ooooooooooOooO0o00o,0ooooooboooooon
ooddo,00o0b0o0bo0d000ooooobo.0b0booooOoOooOooon
oo, 000dddoobooooooooo, boooooooooooono. —0o
oo, 00000000000 oboobo0oo0oooooobooboOooOoooono,o
00ddddo0ooooooooooOoooOooo,0doooooooboooooon
00ddddooooooooooooooo,0dddooooooooooon
goddoodoooobooooooo.ooo,ooooooooooooaon
0dddddddoooooooooodoo,oooooooboobooooooon
ogoddodod.oouogoooobooooo,ooooooooooooan
Jooddooo,0b0o0b0bddddd0oooooooooooobooooon
oooodo.gogoo,ob0doooobooooooooo,ob0oooon
goobooooboooooo,000oobooooboobD.oooo, 0000
000dddd0ooopoooooooOo,000dddooooooobooooon
Jdddddooooooo.NRISOOOO,00000000000000,0
oodoodoooodooooooooooooooooboooooo.ooa,
dododooobobooodooooooooooo, b0 0ooooooO.ooo
00,0000000000000O0O00000O0,00000D000000O00O00
ododooooobooo, 0000000 bobooboooooooooooo. o
ogo,00,0o000ooo eGbSUdodoo@u,oobooodooooon
doddooooboooooooooooOo)yooooooooooooo.ooo
Jdodoooo0oOo0dd0o0ooooo,0bbod000ooooooooOoOo @o
200 0000000000000 00O0O0DO00O0OoO),goooo0ooooOooa
0odoooo,00dd0d00ooo0bobo00ooo,0oobo0ooOoooon
000000000, 0b000dbb0d00bobo0dDOg (Pankine and Ingersoll,
2002, 2004).

1200000000000 ooonb

gobbog,0oubbouobboobbooobbooubbod. Shirley. (2015)
goobboebSOboooo,ggooooobboodoooobobobbood
0000000000000 0O0000oooooon. Shirley. (2017) 00 dL/dt O
gobogobooobooobobooobbooobobo,booobbooobobo
gbbogbboooboo,bbugbbugbobuoobobooooboooboo
gooboooogoboobooobooooboo."ooobocra)bbog,
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ggbbobuooogbbbuoooobbbaod.

dL
CTA=—c (E X wa> X 7 (1)

Ubd,w, 0b0oo0bobodgb,rgboobobboboobobboobon
g,0bodudgdcecg,bbuoooobbboooobobooognoobogg.
cOO00D00000O00DL,0000000000D000000000O00O0O (Shirley,
2017). Mischna and Shirley. 2017) 00, 0000000000000 00O00ODO
00000000,e=5x107¥000000,0000000000000,CTA
goboobboooboooboo.oobboobooMS1i7ooboooog.
goo,0bgoboobob,0obdcuodb,goboobbooboo,bon
gbbogboboooboooboo,bugbobuoobobooooboooboo
g.gob,cO0bbgoboobbobboobuoobboobuooboonbbo
go,0ogo,bgbogbobobooboboobobooboobboo@uon)on
gooogoooobobobo,obobbbboboobobbbbboobooogooooag.
gb,cO00bO00bogboboob,ebSOogbooooboobooobon
gobbobuooooboboooon.

121dL/dt000000

00000000000000000000,dL/dt0000 ~1.20000000
000000000,00000000000000000000000 (Shirley,
20150000). 00000000 MY)00,00000000 CTAODODO
D00000.MYID,0000 195600000000000000000. 0
00,dL/dt00000000000000000@ (H000), 0000000
00 GDSOOO0O0O0O0O0DODONCOONONOONDOONDNONONOONONOOnDO. Shidey
and Mischna, (2017)00 1000 500 SM1700000000)00,dL/dt0,
0000000 MYI60OMY39O000D0O00000000000000000
0000.00000,MYI1800MY40000000dL/dt0000000 S10
nooooo.

0000 (L, ~251°9000000000000000000000000,00
O00OMYOOJL/¢¢OOOOODO0DO0000O0000000000000000
000.SM170000000,dL/dt00000000000000000,00
D0000000000000000,00000090°0000,000000
0000.SMI70000,MYO0OO000,00,00,000000000000
000,000dL/dt00000000000000000000000000,
000000 (@MO000000)00000000.0000000 100, SM17
0,00000000000000000000000000000000.00
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gbbuogbbuooobooo,ggbbugbobuoobboooboooboo
gooobooMyoooooooooobooz2bgooboooo.
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O noboboooMyoond

god
315° — 44°

god

gogd

go

god
144° — 225°

225° — 315°

O000000dL/dt0D0O  44° — 144°

(b) MY25 (negative polarity at perihelion)

(a) MY28 (positive polarity at perihelion)
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g2z000b00b0o0oo0oboboooboob,bbobobobooboboobo,on
000dL/dt000,00,00000000000 CTAIOODO CTA20000
gogbobobbuoooobbbbouoooobbobboo.bobbuooog,bodad
goooobobobobobbboooogaebsbb2c0bbbbobbo,0oogd
gogbobobbooooo.ogogobobog,gobbbooooobbobodad
gboogboobooboo,ogbooboobooboobboobooboo.

MY good gogd 0o CTA1 goo CTA2 gooo
(Ls(°)) o(°) oooo oo oooo oo
-16 310 92.6 + 240 A Yes 230 A Yes
-8 None 309.1 — None Yes None Yes
1 249 143.7 + Possible, Ls ~ 240° O Poss 200 A Yes
9 260 92.5 + Possible, Ls ~ 250° O Poss 240 O Yes
10 300 44.4 + None No Possible, L ~ 255° A Poss
11 None 302.5 — None Yes None Yes
12 204, 268 232.7 — None No None No
15 208 98.7 + 200 O Yes 200 O Yes
17 None 38.6 0 260 No 250 No
18 None 1.5 0 None Yes None Yes
21 254 70.3 + 240 O Yes 240 O Yes
23 None 1.6 0 None Yes 265 No
24 None 313.7 — None Yes None Yes
25 185 272.4 — None No None No
26 None 213 0 None Yes None Yes
27 None 134.5 + None Yes Possible, Ls ~ 250° Poss
28 262 82.4 + 245 O Yes 240 A Yes
29 None 37.8 0 None Yes 255 No
30 None 3429 0 None Yes None Yes
31 None 272.1 — None Yes None Yes
32 None 174.6 0 None Yes None Yes
33 None 105 + Possible, L ~ 240° Poss 235 No
34 197 64.9 + 245 A Yes 235 A Yes
35 ? 35.5 0 260 ? 250 ?
36 ? 1.0 0 None ? None ?
37 ? 297.2 — None ? None ?
38 ? 272.6 — None ? None ?

1.22.CTAOO0DOOO

gboboooboboobo cCctrAt, g 1ogobobooobo,goboboon
1oobgooboooboob,gooboo@boobo sMvi7gon). bogooo
gbobobobobobobobobobobuobobuooD,2ooooo20
gbobooboboobobo,bob20b00boboobob20000
gogbobobbuoogoob,gggooboobooogobooob.obbobood
go,0ogboono2rcbgbooboobo  AMOO O PMODOODOO,O0
gbobooooboobo,gooooecn e AM3IODO PM3OOOODOO,
ggbobbbouoogoobbbooo.bobbodaa,bbbodoooobbbodad
crAd0pboobobooboo,bob,obboobobooboob.boooo
gogoobgboobogb,og,gbbo0obboboobobbobon
00000o000ooo00Od,dL/diD w, 0000000,0000000000
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goooooooooooooooooo.o()od,dL/dtD w, 000000
gobobuooobobboogoboogboooboa,ctraAnggg,ug@)bood
go,g@uobooboooboobbobobooboo.ooboboo,got
googilo,crAbgoboooo,oboboi1gobooboobooi1oobon
goooogo,icogboobobobobooboobooboboobon
gobboooggbood.

O0CTAOUO0OO0OD0OD0OO0OO,dL/dt0 0000000000 .dL/dt0 000000
gobobooobobooobobogoooob,booboobobobo,MYL 20
goo20,00b00000b000.0bbgoo,craAgoboobobogoobooon
gb,gbogboobboobobobbobbooboobuoobogboo.
gboboooboobgoboob,bobooboboboob craAbonb,bon
gbobobooobob,boboobobobuoboocraAboo.oooon
googooboo,ggbooobob,gbocrabbg@buooboonbbon
gbooH)oob.eGbSoooooouod Ly~6°0b0bobobonboonon
gobo,0obbugobbooobbuoobbboobbboob.obboa,
goocraAtibogobgoo,bogobuooboboobooobuoobobon
gogob,buoooodgbobbobo,oogbbbbbduoooobbobbodad
gogoobooboboodo. oo, gboboobobooooo,gobboboboad,
gbbodgbogbb,obuoobbogboo,booboobboobon.o
gboboobgoboboosbooobuooobg.

1.3. MarsGCM U CTAO O ODDODDOOODOO, 0000000000
gooooboooooon

gbobobob crabobobobuoboooooboobob,boboonb 220
goooboobooo,MS1700000000 CTAO MarsWRFGCM O O DO UO.
gogo,2ibgobobooobgoobobooobuooob,booboboobon
ggbobobo.0obbbodoooobbbbuoooobbb,oo0bbbodao
gooobooboboooobooboboobooboobo.0oobobooo ebs
gog,CrAtogbuogbgo,gbogbgooboobobooboobon
gogoobobbbbotodoooooobobooobbooooooo.oag,
MsS17000o000oo0bOoboooooboboobobobo.0obd MY33d
gooobooobobooboobuoobooboobooboboo,ebSood,
gboboooboobboobuoobbooboobo,obboMY33nod GDS
googoobgoo.obgo,crAbgobouooobogooboooboo,booboon
gogb,gggbbbooggbbbuoooobbbooooboo.
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14. 00000000000

gboodgbo,gbbgobgoobooboobboob,oboobbobbon
gbobo0MassWRFOODOODOD CTADODOOOODODO,MS1700
gboboo.0oo,0bobooboboobobobbob NRISO CTAD
goboooboob,bogobboobbuooobbooobobOod,NRISO
gbobobobooboooooboobOob.NRISOODOO, 000000000
gbbogbbooobooob,gbbuogbobuoobobooooboooboo
goobo.ogdg,ebSudbboggbbodbbooonobooobboo
gbbodgbbog,ugbbuoobboobbuoobba,boobobog,od
go,gobobobobobbtbodogoooobb.ooobbobob,ctraAbogogd
GDSUOooobOogoobobooobboobuooobobooobo,oobbooooD
gobobo,ggbbobebStudggoobooooboboon.
gbobgooooboboboocraAbooo,boboboboooob.on
gobo,0bbogdgb crAud GbSUbnnouogoooog,ug,boooood
gboboooobobobuoooobuobuobooboboebSubonoon
g,0bob,dggoobbobobbodoogobobbooooobboobood
gbbodbo.boggboo,booobuoobbog,ggboobbuoobbo
gobobood.craAbo eGbStbOooggooog,bboogooooga,bbod
gboboobooboob,0bobobooboboo,obocrAtbonoon
gogobobbobbbooooooooboboobobboooooooobobobboood
g.gbuogbobugbbuodgbboobbodobboobboobbooboo
guo.
gboobog200,0000000 MarsWRFO CTAODODOUODOOOOOOO
ggob.boggoobbooboboos3guouooboboo,goooobobood
gbobgooooobo,gboobobooMS17ob0bgoooobobobon
ggobb.oogob400,b000000obbobbooooobobood
gbobooooboboboobobobuoobobobob.bobobso
g, cradgoooMytgoooooobobobooobobobboooooogd
goboboobob.bobdgb e, 0bobbooMYboooonbgonoog,
gogboob7boo00gobboboooon.
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2. 00000000040 MarsWRF

O MarsWRFO, JOOOOOOOOOO (NCAR)OOODOOOOO WRFOOO
(Powersetal.,2017) 00000000000 0OOOODOODOO (planetWRF)O O O
U (Richardson et al., 2007, Toigo et al.,2012) U0 0. 00O O, NRISOODO O OO
0000000000000, Richardson et al., (2007) 0 O, Arakawa CO O O 0O 0O
O Runga-KutaO O OO OO OO0DOOOO0O0O0OOOOOOOODOODOOOOODOO,
Jdddd0d0d00oOoooooooo0o0oo0oo0o0o0o000o00o00n0D. Richardson
etal., (2007)0,00000000O0O0O0O0O0DOOOOO MRFPBLOOOOOO
O00000O0;Hongand Pan (1996)), 0000 CO, 00 000O0ODODOODODOOO
ooooooo,0bobobo0o0o0d0oooooooobD CcoO0onooooooon,
CoO,0l0lfdlllloooonoooDoDooooooononn Co, 0000
O0000O0ooogo. Toigoetal., (2012) 0,0 0000000000000 O0O
0O (Mars Global SurveyorMMGS) D 0 OO DO OO (TES) D0 OODDOOOODOOO
O0OMOLA)DODOD0OD0OD0D0DO0DO0Ooooo, o000, ooo,ooo,oo,00)0
oooooooon.
OMarssWRFOOOOODOOOOOODOOoOooooooooooooo,ooaon,
O05.625°, 0050000000 4x360000000MO0)H)YODODOOOOOOOO
000000000000000.000000,00 eta=(P—Psyrf)/(P—Piop)
og21goooobo.ooo,pPO000, P 00000O0,FP,0000000 (O
oooO)yOooooo.200000000000000000 etedd NR15SO
0100000000000 D0000.MarsWRFOOODOOOOOOOOOOOQO
0odddooooooooooooobooooo,ooooooobooooon
JdddoooooooooooooooOoooon.
0oo00d00dooooboooooooooooo,ooo0boooooooooon
dddoooo0bO0o0od0o0oOooooooo.ooo,00o00o000Ooooon
Odddoooooooo,MRFPBLOOOOOOOOOOOO, 0000000
ooooo,0000000d0d0d0d000ooooOoOo0D0o0oo0.o0oOoooon
4emO00000000D000O00.MarssWRFOOOOOOOODOOOODOOOO
0odoo,00000d0000ooOo0oObo00oOoooooooOoooono,o
ood,0o0o0odddoo.oodooo,boboboooooooooooon
O, 0000000,000000000,000000000000000000
O00.MarsWRFOOOOODOOOOOOODODOOOODOOOOOOODO NR15
JdddddddoooOo,0o0000dddddd0ooooooooooon
21000000000.

00000000 00dd00oooooboooooOoOooooonO, MarsWRE O
ddddddddddoo"'noooooooowBM)oooooooooono
00000 (Toigoetal.,2012). CO, 00D ODOOOOOODOONO, Hourdin et al.,
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(1992) 0000000000, Forgetetal., (199900 000000000O0O0O0O0
O. WBMOO,OOOOODOOOO (Briegleb, 1992) 0 0000000 OO0O0O
(Haberleetal., 1982) 0000, 00000000000 0OO0OOOOOOOO. WRF
0 WBM 0O, Wilson and Hamilton (1996), Toigo and Richardson (2002), Basu et al.,
(2004), Basu et al., (2006), Toigo et al., (2012), NR1SOUUOUOOOOOOOOOODO
O0D000.wBMOOOOOOODOOODODO, Clancy and Lee (1991) 00000
O0ddooooooOo0@uooooobooooe,0ooooooss,ooon
0 0.3). COx15um O (11.67-2096pm) 0000 WBMODODOODOOOOO,000
O0o0oobo0o0d00oooo,bb0b0d000b0bb0b0o0dOdOoO Haberle et
al., (1982) 0000 0D0O OO (Haberleetal., (1982) 00 400 IO ODO). WBMO
O, 000000000000 oboboboOoo00ooo, 00000000 ooon
O00000022500000 143000000 (Clancyetal., 1995). 0000
O, 0000000000000000000000000D0DOoDOoobOoOoOooOoO0O
O00O0. 00000000000 boo0ooooooooooooDoog, 15um
oddddoooooooboobooooooddoooo0ooooooooono.
00ddddd0oOoopoooooO, 0000000000 oooobooooon
ogododoooooooooo.
JddddddooooOo,0b000ddfd00000oooooooobooooon
oodoooDoO@obooo,000 co,0bobonbooooooo,opooooooa
JddddddO0).jdddd0d00ooooOoooo,booooooooooon
ddddddooooooooooobobo.0o0oOg,NRISOOOO, 0000000
0ddo0o0oo00o0dd0d0oooood00ooobOoo0oOoooobDooOoOooOon
odooooddo.oooo,b0b0bboo0ooobooboooooo,ctAooono
Jdo0oo0oO0ddddoooood00oooboOoo0oOoooobDooOooOooOon
ododooooooooooooooooaa.
oodoo,000000d0d00ooo,0b0d000oooboooobDo0ooOooon
00dddooooooooooooO, 00000 oooooobooooon
O, 00000000000000000000000000D0DDODDOOOoOoO0O00O
0odo0.0000d0000ooboboo0ooooooooboooo ctAoOooono
o0, 000oooooo.

21. 00000 obobbon

gboboooobooboboob,boboobobobo2000b0obobon
gobobobuooooboboooon.
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211.000000000000DO00OOO0O

guobboouoboobbooubooob,oboubboboboobbodl Renno
etal.,(1998) 00 000000 0ODO0OO0OOODOODOOD. 00O, ODO0bODbDOD
gogbbbuooobbboooobbobuoooobo

A = nF; 2)

000,F 0000000 @OO0000000)000,p0000000000
000000000 @O0000000000000)000.000000000
000000 Que(000kem2sH0,00000000.

Cgddev - aDnFs (3)

O000,ep00000000000O0O0O0OOODO (OOOkgJ HOOO.OO
gobodgbo,ggboobtod @booobooobooobooboon,d
oo r,00bogob,booboobb,obbgoboobbpbbOon
gb.0bogobboobogbobooob,obbooboobboobo,bbda
gogbobobbuoooobbbouoooobbbbuoooo.bog,gbbobodad
ggoobooggooobog.
gbbogobooobbog,uoggbooobbuoobbooboboogobo
gooooooob.bogo,ggbooobuoobboobo,bbooboba
gbbogbboooboooboooboog,ugbboooboooboo
U000booboobooboobd (Newman et al., 2002a, Kahre et al., 2006).
gbbogbboooboooboo,bugbobuoobboooboooboo
gbobodbbogbboooboobobo.bgoboobobuoobbuoobobo
gboogboboobooboobobooobuoo@od, Cantor, 200000 o0
gogo,bbboogoooboobobooooooboboobboooooboobo,da
ggbbobuooogbbobuoooobbbuoooobbobooan.

21.2.000

gbobogobooobboobbuoobboo,boobbooobooboo
gbobo,dbbogbbuoobobooobboobobodobboobboooboo
goboobooo.boobobobobobobobooogn, Kawamura. (1951)
O White. (1979000000, 0000000000000000000000
goooo.

Qnsws = max [07 an (p/g)ugrag(l - utdrag/udTag)(l + uilrag/udTag)Q] (4)
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ooo,pddodooooood,gy000000000, ugre, 1000000 (O
D)DD,uflngDDDDDDDDDDDDDDDDDDDDDD,&NDDDDD
gboogbooobobooboo (white DO 22)uO0boooooooboo. oo
goboobobooobboobobboonbD wWhiteO O AD)-(19)0oogon).
ggbbobuogobbobooad.

udrag = (T/P)1/2 (5)

ood,r00000000000.7000 MarsWRFOODODOOOOOOOOO
oooodoo. ooboboooobooooo,oo0bobooo@Wooooo, b,
0ddo0oooooooOo)yo, 000000 d000OoooooooooOooon
O00. 0000o0bobobdoooboo0oobobo0oooboood, WRFE SFCLAY
Monin-Obukhov O O OO0 00000 OOOOOOOONO (Jimenez et al., 2012). 0
o0, 0000000000000 oooboo0ooooooooooo@on
O, 0000000goooi10»eubdooon).oooooooooooon
0000 z O, Heavensetal.,, 200) D00 000O00O0OOOONO, Garvin et al.,
(eoy)yooooooooo MOLAODOOODOOOUOOoOooo.ooooood
DDDDD,DDDDDDDDHDDDDD,D(S)DDDDDDufjngDDDD
0.

doooobooooooo,o0oooboboo@oooboboboooooooon
ogoooooooO)yooooo(@ooooooooooooooooooooo
ooO)yoo,0cooooooooodo,ooooooobobooooooooon
00O (Newmanetal., (20022) DO 0). DO OODOOOO0OO0OOOOOOOOOOOO
oddobo,00doboobodooooooboooooooooooooooo.

22. 0000000000000l MarsWRF

U MarsWRFOOOOOGOOooo,MS1700000,0@MOO000000DO0
O00,CTA00000N0O0O0OOOODOOO @000 du/dtO dv/dyoooon
0000000.dL/dtD0 00O, Shirley(2017) 000 SMI70000000000
gogobobbobbboooouobobbibl,w, bogoooobbobbboogd
000000.19200002030000020000000000 dL/dtO J2000
goooboooboo,MS17000boobooooon.

O MarsWRFO O, 000000000000 00 @O0 3000)0 dL/dtO
000,000000000000.00dL/at0000,MS17000 ADOOO
gobobooobo,obbbd eCMMarssWRFO DD D) ODOOOoooDOoOOooOo
O00.00000 (dL/dt xw,) xrOOOOOOOOO30000000000
gogo,bbbuododcboooooobbbbbooooo.bbbbbodo
MarsWRFO OO OQOOGOGO,0000000000O0000(@ 120000)0
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ggbobbobuoooobbbouoooobbb.oob,buoooobbobodad
go,buogoobbbooggobobuooooboog.




139

3. 00000000 CTAODO MarsWRFO O OGO QOO
HEN

gboboboooobobobo,booboboboboobobobobon
gboooboobod,MarsWRFO GCMUO CTAODOOOOOOOOoOOooOon,CrA
gbooobooboobbooboobbooboobbooboobbon
goooogooobgon.

1.00b00gooouboobodbuoobbooboooboon
goooon

Oooodddoooooboodooooono MarsWRFOOOOOOOOGOOO
oooooo,2100000000000000000O0O0O0DO000000O0O
Ooddoooo.ogoood,NRISOOUOO,00000000000O00000
000ddooooooooobooobooboooooooooo,oboboooooon
Oo0d0doddodod.bodood,Basuetal, Q004H) 00000000 OOO0O
OoddoooooooTisooooooooo,o0d,0ooo0IRTMOO0O
oo 15pm0O (O 15 km0O 0 35km 00000000 O0O0)ODO0OO0DOO0OODOO
dddddoooooooooo,oo400b0b0b0b04000000000000
ogo.00ooddoobooooooooooooooooooooooon
Oodooooo,00 Tisooooooooooodooooooooooon
gooooodooooo.obddoooooooooooogoo T15s00
dodooooo,ooobbdddddooooooooooooobooooon
0.

00O 20, Mars Global Surveyor(MGS) O 00 0 O OO O (TES) 0 Mars Reconnaissance
Orbiter MRO)O O OOODOOOO MCSHOOODOOOOOO,MY24-320 TI15
O0000ooOo.TESO0O0O0O0O0oMCSOOOOOoOOoooOo  Tisoooono
Oo00o0odO,0000 Ti5SOO, Montaboneetal., (201500 000000000
Oo0o0oooo,00b0b000000ooo TESOMCSOOOOO0O0O0O,0000
0000000 MarssWRFOOOOOOOOOUOOOOODOOOOOoOOoOooO. O
Oo00oooooo22000.()o00obo0oooag Ti500, MarsWRFEFO
Ooddoodo Tisoooooooboooooooooooooooooao
Oo0o00oooo.@uooboooooooooooooooooooo,on
000o000d00o0oooOod00oooooo0oooOoooboDooOooOooOon
oodoobooooooooooooa.
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220F T T T T T
S MY 24

210F
2mf

190 F

T15um temperotures in K

P -t i P B PRSP P N TP
a 60 120 180 240 300 IG0
Areccentric longitude, Ls

g2.00b000000000000bO@LOOOO)bobobDOo0obOobOoon
gbooboobooobobgoooob TESMCSOOO9ngo TIsoo(@moo
goo).bobogboo,obooobo Tistoboboboobobobobon
gbooobogooo.

OodOo,000b0bobobob0bobOod000oooooooooooooooooon
ooooooo,0oooo Tisoboooooooooooooonbo.oooon
Ooddooo,0o0bbb0 zpex D00 000OO0OO0OOOOOO, 0000000
000,z 00odododooooooooooooooooooMGSoooono
00O (Montmessin et al., 2004) 0 D 00000 OO0O. MGSOOOODOOOO, MGS
000ddddo0ooopooooooOooOo0obO0o0000ooooooooooOo,oo0on
Oznax 00 0000000000000 70kmO0000O00OO0. O0OO, Liu et
al., (2003) 00 70, TESOUOO0OO0OO0OO0OOOOO0OOOOOO20000 2
OO0 TiISOOODOOOOO,0000ooo20000b0b0(@uoooooooon
Oo00odoooooooOo)yooooooooooOoodgao. Liu et al., (2003) O,
Viking 0 MarinerJ 9000 TISOUOODODOOOODOO, 000000000000
ooooooa.

02000000000000000MY34000)H)0oooooooooon
OO TES/MCSOOOODOOO,000MY25,00000MY2800000.000
OTISOODODOD0O0O0OO0O0O0O0OOO,000TISO00020KO00000O. O
goddoooooog0oo, Tisgooogoo220kbddoooon. o
Odo0o0o00ooo0ooboooooo Tisoo0oobooooooon,od Ly
00000 00d000oobod00ooOobO0o0o0o0oOoooobDoOoOooOooOon
OTISOO0OoOooo.0oooD,000o0o0o0o0o,o00 L,ooebsSodoon
ogoooTisgoooodooo.My2sdddoooodooooooooon
O21KO000,MY200000d0ddooooooooooogoekooOoOo. O
ogoooMyddo,0oddodoodoboooooooooo okoooono
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OobDbOdd. Liwetal., (2003)J 0 70, Mariner9 [0 O Viking O GDSO O OO,
TiISOOOooooooooooooobooooooooooooa.

02100000000,2000000000000000000O0O0O0O0O,1
oodoooooo,ob01o00boooobooob.ooooooooooan
00, 0000000000000 00000000ep0O0O0.0O,00000
ogoodoo,jdobdooooooooonon O, 000oooooon
000000 0o0000oonD ay020000000000.NRISOOOOO
00000000000 d0ooo,00ob0od0ooo0booOoooooOooOoon,
oooooooboboooooobooooooooooobD.oooo, apoon
O, 00dboodobodoooooooooooooooo TiIsooo,o0oo
Oo0o0oooddooOo@oooooooooooo)Tisoooooooooon
oodo.0odobooo,0joooooooo,onouobooouooog, ay
oddoooboodoooooooOooD@ooo 2000000000 O0,000
goodoooooog Tistoooooooo)yooooooooooooa.,

J2.6GDSOO0O0O0OoOoooooooooogd

gTisboboboobo,ogobgboobobobooooobobobouonoon
gboooboooobooboobooboooboobo,bo,bbobobboobon
gobogbuooboobooboobooboobo.boobooboo,on
OTISOO0O0oOO0bOoooOoO leKODODOOOO GDSOOOOODO,000 TIS
gboobgoooboobbilokboobgooebsubooooo,booTisood
gboobobob koo lekoooboo ebSuboooooooooooon
u.
gbooguobgobbobobobobooooooobobobobobob 200
googoooob.obo,bobbobbobbooboobooboobon
gbobooboboobobobooboboobob,boobobuoood
gbobobobobooooobobobobo.oboboboboboooon
gbobobobobobobooobo,gboobobob Ss200 830000
goo.0ogbo,CTAlID ctA20bgoooonoooobo(@oo340)00
gbobooobo,crtAlggbogobboobb,oobogs40 Sso00n
goo.goo,pogbo Tistboobobbooboboobooboobuoobon
go,0ggobooboogobobogad.
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33. CTAUOUOODO cCoONUD Do

O030,CTADU0DOD0OO0OD0 CONI,CON2,CON30 14000 TISOOO
gobogo.3000bobo0obooobobooobboOn (0.036Pa) U ap O
Gx1079H0000000000,ay00000 1.5x1075,25x1072,4x107°0
gobo.320000bdbobobob@oboboboobooboboboon
gbgcoNlgboooboobooboboobuoobobbob conNn3sbgn
goooobg),CONlIO coN200bdnb aybboobo,0oboobgon
goopbobobobbooooogo,coN3bbnboogoo,obpooboogod
gboooaebsuoboogooo.

(a) Simulation CON1, no CTA, a,=1.5x10"

¥r1 L 220 Yr8
-2 Yro

T lerperatiris i K
L oo gt g
: 3 B %o
g 3 = & B

Araocentric lengiuda in degrees Ls

(b) Simulation CON2, no CTA, a,=2.5x10"

2z0f ¥r1 E sz0fe ¥ra
r 2 Yro

Ti5um femperaures in K

TAGuM lemperabires in K
- s omow
a © 8 =
& 4. B o

200
Arsocentrs longiude in gegress Ls . Arsocestrie lengiude i degeess La

(c) Simulation CON3, no CTA, a,=4x10"%

¥ri - szofe ¥r 8
¥r 2 ¥r 8

Ti5um temperatares in K.
Ti5um lemperaberes in K
P

e —

g3 craAgggopobooo3gnoi4-Mybooooooooooooobogod
gobogboooobobooTissoo.goooboboo7boobobono.30d
000000000000 ap =5x107% 7 =0.036Pal 0O 0O, CON1, CON2,
CON3ODOOO0O ay=15x10"°,25x107°,4x10°000000.

gooooooooooboboobobbb,o00oououua,b,oooo
gobbbooooobobbooooobbbobog. ooo,0ooooobo >
0.047Pa(C D O0ODODOO0ODDOOO)ODDOOOOL,bDbO0ObDDbOOODbDDO
OO00O0ONRISOOOOOOODOOOOODOOODO.0000O00000D000D0O0
gogo,bboooogoboboogo,bbbobbouoooobbobodad
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gu,gjjdddodooooooooo.ooobob,bbbbbbboooo
gbobogobooob,gobogooog,gb,gbboobobooobod
gogbbbbodoooob,bbuogoooobbbbodooao,bbobodad
gogboobuogoobood.

34.CTAOOO0OOOQOgd

0040050,00005 00000000000 CTAIO CTA2000000,
CTADDDOD,0000000@O00000000000)0000000000
000 CONIOCON20000000000000.00000000 CTA3(CTA
0000000 CON3OOD)00,000000GDSO000000000,00
0000000000000 00000000000,000000000000
0.00,000000MY0O00000000000,00000MYODOOO
CTADDDDODDODOONODONODON0DON0DON0DON0DON0DON0N.000o0onon
00 MY-17(19220)0 0000, MY3820260)000 0.
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T15um iemperaiures in K T15um lemperatures in K T15um temperatures in K

150 temparatures in K

220p

200
Areacaning langitude n degreas Ls
T T

MY 25
MY 26

100 2003
Arpocaninc kangituca in degraes Ls

U4 00000000 CTAIO0DDO. D 3ab0000,coN10Dbgonooon
gboboboobooooobo,ctrAtbbogoogoogo,seooMybouooon
0.

Tifum temgeratures in K T15Um BMperalures in K T15um temparatuies in K

T15um tempearaturas in K

MY -10 E
MY -9

260

210

200
Argocentric langitude in degraes Ls
T T

MY 18 E
MY 19

100 200 300
Araocentric longiude In degrees Ls
T

MY 32 4
MY 33

200
Areocentric longitude in degrees Ls
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T15um lemperaluras in K
T15um femperaturas in K

T15uwn lemperaiures in K
T15um temperaturas in K

T15um lemperatures in K
T15um femperatures in K

100 200 100 200
Argocentic longitude insagroes Ls Aragcantric longiude in degreas Ls

220 MY 32
MY 33

MY 25
MY 26

:

TH5um iemperatures in K
TH5um femperaturas in K

Elea o

1040 200
Mraccantric longiude in degreas Ls

0o 200
Argacentric langitude in degroees Ls

gs.gboubgoocra2gbg.os3spdooo,0ooooooooooon
gooobogooobo,craAiboogogoooo,se0oMYODOooo.

gcoNUonbobooogboboobog,crabuogboboooboboobgon
goboooboobooobobubo.bdnocCcoONUDOobonbuooboonoon
goobooobog,CTAl0 cCtA2000gdoo,bogooboogoboon
gooobgo,goooboboboobobuoboobob,bobbooboaebsd
gbobobobgob.boo,MS17000o0o0oobdobo,craAgbooon




146

gbbuogbbuoooboo,bugbbugbobuoobboooboooboo
gboboboboooooboobo.crAtibo,obonooooooobooba,
gbooboboobooboboobooboboo,gsbotebignbod
gboogb craAloonooonooonoon.
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go,CrAtbuggobgbogboobobooboboboboo.boobon
O00000doooo,CrA000oooooooooono,de/at0oooood
gbobobobobooooobob.obooboobobobobobooon
gooobooooboo,ggboobboobboobuooboob,oobon
gobooboobo,gobboobgoobuoobooboobboboboob @O
googooboobo)yoboooboobooboob.ooboooobo,ebSooboon
dL/dt0000000000000000000oooDooooooog.

522.000MY2800 00000 GDbSOO0OODOODOO

oo 12,0 13,0 14,0 150, L, ~245°00 MY280 GDSO OO OO0 2000
gboobob CTAtbob,bob,bobobobobooboooooooooDog.
MYl sogooogooooo,obgobobogoooboooboboooboboa,
go,00boobgooboo crAbgobuoob @uobooo)yoboooboo
ggbobbbuoooobbb.oobbbbouoooobbbo,o0obbbodad
gobogbuogbbogobooobooo@uooboboooboooboo
gboobdbo,gbobobobobcecoNlgbobouonbuobuonoooooon
gogobobbodooa). bbb, gggobbbbodoooobo,bobogad
go11o@i12o0b40 @ 150 crAbopogoobooobobobon
gbbodgbbogboogobooobobuoobboobbooboo.ggboo
gbobgboboboboooo,crabgbgboobooboooobooooon
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googobgo.CTAO,0 1sogo 1od,go 1isgooooooboobon

gboboooboboooboboo,bob craAbgooobobooob,obooon
ggbboobuoogboboboood.

(a) Wind, no CTA

(c) Wind, with CTA

E 30
Longitude (deg £)

012.0800000,MY28,467-48500 (Ls:238° ~251°)00000000

(b) CTA accelerations

(c) Wind, with CTA

feg

E )
Longitude (deg E)

013.01200000,0060000000.
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E ) 30
Longitude (deg £)

E
Longitude (deg E)

Oi1s5s.01200000,0060000000.

gbogobgo,MYylsooooebSooogbobo,gbob ebSU,CrtA0d
goobobbobbbuodogoooobbobbbuooooobbobboogad
ggbobobbuoooobbb.oobbb,o0o0obbbooooobbbodad
gbobobobooooooo,obobobobouobooooobo (@ 1v)O
ggbobb,goobbbbodoooobbbbuoooobobobboooonb.o
g,0bobboogogoboboooooobobobboooa,bbobobodad
gogb,ggggbobbboduooobboouogo,bbuoooob.ooob,do
U0 1B3ad0 cOUO0O0DOO0OODOOODOOLO,0D00bOo0obbOoobooO @
goobooooooO)oooo,b0ebdbdbedbOb@noOnOnO
OgRoooobgoooooesotubo)boboboobo,oboobobobon
gobogboobooboobooboobooboobooboo.oob,o
gogob,boogogoboboog,gbbbobbdgooobbobodad
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goobooobodgo,ooi1sgbo4sbupouoooobobobobobobg.
gboboogob cralgbogboooobobooob,bobooboboon
gobgooboob,gobbgodobbuoobboobboo,40bb000oboon
ggobobbuoogoobobboooooobobbuoooob.og,oobood
gogbbooboooobbbooobbbdooobbbooobbooobobobod,
gboobooboboboboboboooboonog @ 15).
gMS1700000000,MY280 CTAO,00 @ O0DOO0OO0ooDbOo0ooboOOO
hHbooooogoboobboobooo,ggbboobo,bbodgboo
ggbobbbuoooobbbbouoooob.uoooo,bbouoooobbobodad
gogobbobbuoooogboboboboog,gobboboooooob,bodd
ggbobbbobo,goodgbbbbbouooooobbbboooogo,bbodd
gogobobboog.bobodoogo,bbouggooboboboooooboobood
gobogboo.boog,bgbobob crAtobgooo,boobboobon
gbobogbobogobooobooo,ggoobuogobooooboooboo
gogoebSbgooobooobooon.

53.000 MY1UO MY27000

gMYlomy27oogooooooooooooboboo@2o,MyY1goon
gobooaebStobooono,booboooboobbooooboobooon,MYy2?
gboboobboobooobobooobooo,boobboobb. b s1iBvo
OSM1700 4000000,000000000dL/dt0000O0O0O0O0O,MY1
oo MY27000080%U00.0000O0O0OOOODO,000,000000
goooooooo,b01ed 1700boobooboobbo.boobon
Oo,MY1OMY270000000-900000e600000000DOOODOODOO
g.ggboboooboooobooboo,2ooMydgonouooonbooooboon
g,gobgoog.
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-3 0 30
Longitude (deg £)

Ole.01000000,00000000000MY1IDO GDS467-47100, Ly :
238° ~240°)00boobooooon.

g17.016e00ooo,My270bboooogoooon.

gcraAaddonooooooooogo,MyloMy27oooggooooooon
(O 160 17v). 00O, CTAODOODODOODOODOODODOOOOOO (U 160 7d).
s22000000000GDSOULOOOObOODbDObOO,crAbgbooooogon
gbooob,ooboobboooboobobo,bbooboobboobon
gobobooobogb.oob,ctrAtibgbonoooboboooboobg My27d
gbogobobo.gbog,craAatobogobobobobooboboobon
go,0boobooboobooboobooboobboobbo.boobon
g, CtfAbgboogboooboobgoobgoobgon.
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6. 0000000 UOUOoOoOoobobbooooon
oGebDStObnnn

go4b000000,00000000 CTA1O0,00000000000 (MY34)
O GDSUO Ly ~245°0,MY3500 Ly ~260°0 MY34J DO DOODOO GDSO OO
gbobo@oooebSbobobobobobobo,obobds4no0n).
goooMYyYdooooo?2o01800 202000000000, 00 MY340d,MY21
oooooGbsOOoOoOO (@)Oo,00000dL/dt0000000O00O,0000
gbooboobooboobo(@20b0).0o0My3so,gbsonoooogoon
goboogobooobooob,goubobbdgb ctA1gbo My3assoonood
OdL/at00000MYI70000000000000 (@ S1O000 SM17,0 2
gog7o00).000,00MY1I70GDSO0O000OOGbs(@obonon 420
goooboobobboboobooboob,My34 Gbsonoooood,
MY3sO GDSOOOOOoooobogooooboooonDo.

0 MY36-330 0 GDSOOOOOOO. 000, MY370 3800000000
g,gbboobodooooobobbbooooooo,bbbooo20000d
GDSMYI120 25 00000000. 00 MY380 dL/dt000 MY250 dL/dt
gbbogobogboogb,gobboobboebSbhodboooboogn,dun CTA
gebstubognooooobooo,MYyssogoooooooogoebsunoon
O000000.MY370dL/dt000000,MY250 MY2400000 (GDSO
gboobooooo,gboboobobob),MYy37odooooonbdg My240d
gogbboboooo,My37gonooogd.




165

7.00

oo, oo ddebbboo, oo
gboboooboboobooobooocra)bobo,gobobouoobooon
gogob.crabgboodgbogoobobooobuoobobooboobob,n
gbbodbbogboogoboobobuoobboobboobooooboo.g
gog,cratbgbgbgooobobobuoobobobuoboo eeM
gboogdboggbob,gbbugoboodgbboooboobbobboo
gobbobuoodbbboooobbbuooobon.
gooboo,cCtrAbDboggoo,ebSUobobobooooobooooboobon
ggbobbooooobbbouoooobbbboo.bbb,o0bbbbdao
gbobogobooobbog,oggboogbboobbooboooobooo
gogbb,ggogbbobbuooobbbbuoooobbb.oobbobodad
gbobogobbooboobobogb,gbbooobboobbuoooboo
gogbbbuoooobbbuoooobbbood.
gcCrAbuogoogoo,boobogobuooboboobboobobuoobobon
gbobobobobobgo,gpoooobooboobobog «ctang o, 22
gbobogoooobobo4b0bobouobobobobob.0oobobobon
10 MY17))OOo,0booobogobobooebSobogooo,bo3d00 (Mylo,
12,2500, 00000000 GDbSOO0bouoooan.
googboboob@uobobocratboooboobogobo)boaebsod
goog,CtfAbgooebSboonoooooobobooobouoobuoonbon
gboo.MYl7ooooboooobobooobg,ooboobobdoob GbS
gbbogboboooboooboo,bugbobuoobobooooboooboo
gbobogboboobooobo,MYl7oobooooboobooebSoOoon
gogbbobuooooboboooooooboo.
O0CTA000D0DO0OO,000000dL/at0000000000000000O
g,0gobooboobobuooboobboooboobb.ob,ebSooon
gbobooboboboobo.obobooboboboobobg@: MYy
9,21,28)00,CTA00DDOO0OO0ODbOOO0ODODbOoOoooDbOOO,0oooon
gboboboooobobobgoboooboboboboobobo,ubon
gogbobobbuoooobbboboooo.bbouooo,bouoooobobodad
gboboboooobobobo,booboboboboobobobobon
gogboboboboog,bbbuoggbbobbooo.bbbuoooobobobodao
gobdbO,NRISOO00O0O0O0O0O0O0O0O00O000000000,000000
gogobbobbuogo,0obboboooooobbboboog,gobbobodd
gbgboobobooboboobo,uooooboboobob.booboba,
goobobbobbobouooooooboboboobbouooooooboboboobobboogd
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god,gbobgboboboboboboboooboboboboMy2800
gogoboboobobbtodooooooobooobo.bbobbboooadg,
ggobbbbbbuooooobbbobbouoooooobobbobbbodao
g,bgdbbogdgbbuogbbuogbbugobuooboboooboooboa
gogbobuoogoobobod.
goo,MYyYlsooooooooobooboooob,obbooboobobon
gboobooocraAbogbo,bgbogobobuoboboboboo,obobon
gogbobobboogooobobobooooo,bbuooogoboboboooon.oo
ggobo,oooogbobobou,ggbbbbbduoooobbobobodad
gogbobobboogooobooo.gbbbbuooogobobobuooa,bobodad
gboboboooobobo@oboboobobobobuoobooobon
goboo),bboooobooggoboooobbooobbooobboodgn,d
gboogebsugoug,go,goboboboboboobbobb.boobon
O0000000oo0O,.MYI00dL/at0000000000000O0O0OO0O0O0OO
gboogobooboo,MylogboogogobooebSOogoobuooooon
00oooooo.MYlooo,0o0oo0o0o0oooooooodL/dat00o00OO
goooog,Myloogoooobgoopbobboobooboobuoobgd.
OMYIO?27000000dL/dt00000000O00O0O,000MYI (00000
goboooboobooo,obobooobbo)yooo,My27gooonooon
gogobbobbougooo,bbuogogoobobboogo)ygoobobodad
g.ggb,gbboooboobbuoobuaobbodobbodobo,bbuodboo
goMy27gouooooodbo,bobgbgobouooboobobuoboooobo
gbogobg.crAtbogbogoboboobgo,bobooboboobon
u.
gobobboooobboooebSOooboobooooooobooobbo.MY12
gboogbg20bgebSuodboogauoboebStooonooonouoonboon
oooooooD),MYRROOOOOD Ly ~204°0 GDSO MY250000000
gooebSonbogoooooobo,ooboobboobuoobooobobon
gboooboboobooboobboo.bobobocraAbooboobbon
oo, gooogooobobobb.bobobooodag,booouuauaggd
gbobobobobobooooboob ebSOUboooooobdn (Kahre et
al.,, 2012, Leeetal.,2018) 000 0O0O0O0O, 0000000 MarsWRFO DO OOD -
gbogobboooboobbuog,boobboobbgcraAbbggbooon
gbooobuoobobbgobn (Leeetal., 2018).

oobooobD,0b00b00 MY34(20180)0 GDSO,MY35(20200 )00 MY34
0GDSOO00O0GDSOOO0OOOoOno.MY340dL/dt000000,000
O0000GDSO0O00D000O0OOMY210dL/dt000000000000O.0O
g, My3ssgGbSuoodnouooooouoobobooobobo,bobgood
0O CTAIO MY17000000GDSO00O0OOO0OOOO.MYL70 dL/dt00O
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gMYy3ssgoodgoooooob,gboebSboonooooooboobon
goooboooboo.oboboo,MY3ssooeGbSooono,obMy34noond
goebSO0bobouogobo,obbooobbbooobob. MY36e-38300 GDS O
goooooooo,My37omMyooooooooog,booboobgon
0000000200 GDSO0O0O0OOOOO.MY380dL/dtD OO, 0000
GDSOUOOooooMY2s000ooooooboboo,ctrAg Gbstonoonoon
gboooobogobo,MY38o2eH)dboog ebSOooooooooon
gobbooooggbood.




