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Summary

The generation of inertia—gravity waves (IGWs) in the idealized simulation of vortical
flows is investigated using the isentropic two-layer, primitive-equation model on the
sphere. The contour-advective semi-Lagrangian (CASL) algorithm is used to solve the
primitive equations in potential vorticity, velocity divergence, and acceleration
divergence representation. The CASL algorithm consists of both Lagrangian and Eulerian
parts. The Lagrangian part addresses the potential vorticity equation, which is solved by
contour advection. The Eulerian part addresses the remainder of the model including the
prognostic and diagnostic equations for the grid-based variables of velocity divergence,
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acceleration divergence and the depth. The Eulerian part is solved by the spectral
transform in longitude, the forth-order compact differencing in latitude, and a three-time-
level semi-implicit scheme in time. The power of CASL rests in its ability to represent the
fine-scale structures in potential vorticity. Therefore, using CASL, it is possible to
determine more precisely the generation and propagation of the IGWs generated by
vortical flows.

The initial state of the numerical experiments is comprised of a balanced, zonal jet
with a very small perturbation added to trigger instability. With regard to the balanced
initial conditions used, the IGWs are generated mainly through spontaneous-adjustment
emission. To determine the sensitivity of the IGWs generated to the degree of
baroclinicty, four experiments were carried out in which the upper-layer potential
temperature was set to 310, 315, 320, and 325K from the first to the fourth experiment,
respectively. The lower-layer potential temperature was set to 280K in all of the
experiments. As a result of increasing the upper-layer potential temperature, the static
stability increased and thus the baroclinicity decreased from the first to the fourth
experiment. To identify the IGWs accurately, the Bolin—Charney potential vorticity
inversion was used to decompose the flow into a balanced part representing vortical flow
and an unbalanced part representing free IGWs.

The analysis of the average growth rate of the baroclinic waves shows that the first
experiment has the maximum average growth rate among the four experiments. Increase
in static stability from the first to the fourth experiment led to a decrease in the average
growth rate, but the time of occurrence of the peak in growth rate increased.

The investigation of the unbalanced velocity divergence shows the generation of two
wave packets of IGWs during the evolution of the vortical flow in the first experiment;
one wave packet on the downstream side of the trough, similar to the mesoscale waves
described by Zhang (2004), and the other wave packet on the upstream side of the trough,
similar to the wave packet described by Plougonven and Snyder (2007) in idealized
simulations of baroclinic life cycle dominated by cyclonic behavior. The intrinsic
frequency of both wave packets is close to that found by Wang and Zhang (2007) for the
low static-stability experiment. The upstream wave packet appears in the second
experiment, but failed to reach noticeable amplitude in the third and fourth experiments.
The effect of increasing static stability is even more dramatic on the downstream wave
packet, which is identifiable only in the first experiment.

Unbalanced linearized available energy (LAE) is used to quantify the strength of the
IGWs. The results show that, consistent with the formation of two wave packets, only the
first experiment that reached the maximum value of the unbalanced LAE. Due to
increased static stability, there is a considerable reduction in peak value of unbalanced
LAE. For example, the ratio of the peak of unbalanced LAE in the first experiment is 86
times as great as that of the fourth experiment. Another way to observe the substantial
differences in the strength of the IGWs is to measure the maximum norm of the
unbalanced velocity divergence. Before and after reaching the peak of the unbalanced
LAE, the maximum norms of the unbalanced velocity divergence in the first experiment
were between 15 and 21 times as great as the corresponding values in the fourth
experiment.

Key words: Inertia—gravity waves, vortical flow, growth rate, static stability



ARl

oS 35 SMY s e 53 (5L wmp3 4 (- 1S el 5 Lol

Sl Sl ol 348 Gla gy p Lid S (B jme
Bged Gl &S Lol B8 e (I — SIS sl
5,5 oLl (1840) 05 ,SKls 5 O sl Gudos 4 Ol 5 o
Tloel M5 oS a5 LS plsel Giloans L T
dsb 5 f (B bl 4 s il L (=18
S o aikie 53 ju S P BV (B 2
boonnd gl s Sl s e 02 @
Tl MMS Jite 5 eslizal L (Ve F) 655 sl 0l
53 S Gluans 5 f amio (g5, JUI S5 s s s
Loy b 5 = S8 sl (G ol 55 AS G ge
Yool Vee (Bl zge dgb 5 f 4 F LY 5o J15
S (o Akl VL5 e B 03 ) eSS
(s Joe 5 s AT olels wly e s
Tl Mg el aspie (Sops @350
Jreos 5 oo 58 ol W — I8
» S el 5 Oilge S - (Yo
L1y e due &K 53 olsb slaisls J s Jsb
Aol B gy e L;Aprf ST SV¥sles 1 eslizal
Ol SVl s oo 0515 bis sbea T
(bedly sl 8 Slagd Hsa= 3 GeseS
3.l ‘..:J_Uiﬂ 31 hds  (hierarchy) (slaalude
Contour-) CASL & (o ,me ¢35 8 Vaus sy
L s L35 S |, (advective semi-Lagrangian
Slp G el Wy S8 s
Al oS sl ass (il 0SLS Glaplls
&S hisy ge (Froude number) 55,5 sde 5 ¢SS
3o (myp gulS )15 3575 4ng CASL r.g,,fjl
53 LoILL 55l 6K s (Y00 9) Jomys 5 53
33 Sy Sl gy o SVslae 5 5 L
Cwl OT 1 S «CASL (._-win 3 eslizul 5 f asis
o ods o8 = GIS sl (B e e o
K3 S ) 5SS O3l e 3 Sz 48

EVRV IR
G 38 3T Sl 51 (36 (= 1S el
T Sk 5 o slaedidy 51 (S0 53 (ooge sl
FE 5 ket Bl e Gyl sl B
il Sl Ul o A Ly LB Wl )
el 3 wsliel T G sy Sy
AT 3 el 5N ()5l ol o sl (G135
Ol oS ol lgal opl ol bl sladadar 351
(5 n ) sk Sl e (osb e D8 jen
el 35 A5 53 8 e

35 by gbable I sladss sl 5 o
oo 3 Sl T Salys o Wyl Sy el
e S pidn 93 & Al 65 Gukir 5 @
Jls e 603 5 (P15 Gle ke b (0)1520)
o sS Gloj plde b (01500) () = 15 el
5o oS bl s e B sls ey S S
O g g 31315 oS (ladkaliy 53 o gos LS
B RN LG R B g TG [
GLdde b 385 ysba 015 o 1y bable ol ¢Salys
o5 0L (S oAb 1y (= SIS el 4 03l g%
N ol 5 8 LT Gladias ol (5yme L o sgie ol
O R F g PR e NG P
YA wdy) ssbe Ol (il Camd GT (53,
el dde b b Aol gy e b o)
F S =GIF gl i 5 Y S S
okt slowl lsal (S5 4 ST ekisls 051 saOL >
Lol S ol 3 ey b Dsen
5 058k eoF sl s awds Y0oF cany)
(Y000 O

b B =G5 el s W ok
Saalys o8 s (e 0) O 5 5558 b b

(Lighthill) Jor <oV 4,k gl 5 ugldl 5 o



14 ) oyled o o (Ol ) K58 555 Alome

e 5 S5 1Y

Slp it 0315 dalas obile Bl a8 Sl (G
5 Ky s oslizal O35 CwSlE dnts bl s
Sl wiy KT & wmstle iy, (V00V) &K
i 53 5 LSS glgel ) KaT L g Ol sl
25l (Sucan (2= 8 el el
Ol a)lys (Y00V) &5 5 &Ky gy bl o
Gl 4 (B — S el sl 5 5 ol
ol 5> MMS oedoey Jde 1 sl b adgl Ll
e G2leST ol (b L4 ol ods (onw 2255
glol DLl colesss i Sl Solite alsl Ll s L
(I Sl et b dpw b > =S
Gl @V esle gode Jue &K1 eslizal L
Jole 5,8 13 s 355m 08 (555 Ly SVslas
— S5 gl 538 5 s Sl 03 Ko s s pee
el s ol a4 e v:w}i\\ ()
S eslizal (sl slann, SN 51 o kd Slides
C5s 4 oliws gl e ol 53 aSST Jbs ol ol
Gods p%ui”j‘ il ksl 0ls OLis 5 5L
Sl el 0 oLzl (551 SV aas (s 505
2 (630) 0150 adle 31 (2 ga) 03155l a0l
3L sl Sl 3l (355w 5 S ey Cls
o $ 350 by Sl 53 STl cal Sla) 5
P L T P T ST QRGN LY S
gl slest 5 5 (K8 0jlsmeb 5 05l i

RS PN O g;;-_”l-‘)T )LG? LS‘J" k_é’J_k.g’bf

RER-FIRVEEN ¢
Ly SVl o (gl g3de Jube & (i ol o
ol el a8 5 il sloses Y 53 b 65 S
GoseS ST SV¥sles (1,2 CASL 425 S pasd Joe
Losladae & (Yo oV om ys 5 amadlcons) o 57 (55

¢ Jom o3 5 ammdloome) @3B (Ll 53 a5l gluair

50558 sk G 4 015 o JBb) (G Sloars Dlidos
WRE Jie I eslizul b &5 5,8 o,Lal (YroV) bl
< g ¢ 3> (Weather Research and Forcasting)
23 SHS 2l 5 sk )l b HLed S ol S
ol s Bl LIE e s 1) f s e$
T e 33 355 Sy sk S s (Sileas
S ain 555 S5V g 53 (K- IE
s s Ll 53 39 w5 e B 03 SS9 5
3 dgr Sl 03005 el b (G (e e 53 3
w3 ailie )3 5036 (S35 S5 5 rrndss 53 (Bl
o by 2loal LT Gla S35 45 db olalis
D Oglae gl
S ol laags &G s (1Y) K5 5 oSS
Zlsl Cmlom MMS Juto 3l o3zl b 5L235S7 o1 ol
) Comagr gbable sl o o — IS
@ 5 Ceslays b e LT S ey
Ssliae adsl ol 5 b e G5 L5T Hler cadsl ity
B LS (bl s gbel ol )
23 B el (6 S Kl Gk
o tsle3T ans 55 oo 25 gewd)s S (g5 aikaie
) 33 ol3 san s sboay LSS el sy KT 55
Ca)8 LT sy o b Ssline Jle3T Slex
SIS el S badlie qsandss Ab s
SADNSY K (slag go Job b ol S olde #lpal ol
Jsb b b sin olde mlaal 5 F ol Y1) 15 el
ol ¥ 5 2T (13 deley 5 YO -¥0 km lag 5
gl S13 diley T s s 51 s glals
LSS e iy SaT nlpl L o =18
Wby b 25 — 5 sl e Ll e ol B
Ly Kl Sl s & gl lesT 55 0L
SRl 5 Cewla)s andin Ll chilalin HLEEST o~



VY

oS 35 SMY s e 53 (5L wmp3 4 (- 1S el 5 Lol

Sy (G3de ﬁ)}iﬂ ol o el 5,58 &S
5 dodleow SbylS s &S bolea oyl el
Gl ses (o 0305 O (YeuF 5 Yorr) Jowys
505 CaSE 53 e i (bl (glsb LS
5 S oo 53 p o B GIS el W5
,ut}:k_s,:«fu:)wyb;squ@ﬁ Lols gade
O3\ e 33 4 Gl st i = 1 e
ol b il idw a5 spd e 4 05l g
Wy Sl 0jlmeb i 5 spie IS il
Sl — o 3l Lals, Al ol sl sl
iz a4 Sl 420 (¢, (Bolin-Charney)
oslitul o gl —z g0 4 4 pgwse D51l 5 O)lge
oyl b il Hlzel &7 Sl S5 4 p5Y 050
oy 5l &Vslea da LS p o 450 00 Ulg L,
@515 pae 5 033 Slagrie 4 by e S O
a5 bl 8 3 0505 35 250 Jol>
S o b g e 1y il el 05a5T ol ST
Sloep D315 355 0dd b ,e bl 4 Ol (I 2l
Ll Slebl Syl — o g Ll
b slaSes bl Sler o Glp cohesn ol 03
Gy 4l YOF om0 S (4, YOF  YOP Ll sluw
sl b Jlad s b Oy o 1 abais YOF 5 ke
Sl G p (14K ol (i oj101 4 gl oS5
S 3 b oy S 515 4 S a5 e dlse |
030zl Jaw ¥sles J> gl (CASL) (g31,5Vaus
el sl 5 s3I w95 el ol S 555
Skien heled 53 (eedlly (26 Jals 515V s
54 0T Gl 5SS p 358 02,8 5 ol
5 oty Sl s Jold kol i g
LI PRSP o PRSP WA W B IR A

(sl e n Sl Sl led s Ges 5 okl

(bt Vsl 4 by Ol Lol (YhoF
Lo gldd 4 DYslae gl ) s bl E Yol
(VY 5 Y0 F) oy 5 todlome (slaylS s 36
s go 2 02557 & bl 53l el 0ld 4 o
S e SYslae 548 o0 LSS (ﬁ-—a.?\gj ol 5ol

SIS PN RSP IIPH Y

DV fixv=-vp, ")
Dt
@+V-[(1+ﬁ)v]=o, (Y)
at

D 0
‘C&jw )‘:J{V GCU &'.&A azg‘f'V' 4\§

KaTQp)  Luds)sS bl f=2Qpsing
RN NPT SRR
dxis gfv‘rfw..ﬁﬁ olee j%,—;ﬁcf‘& sl
2 A=(=H)/H daf, S ol Y a Culiess
2 H oSl s 5 i St sl
S 93 B G5 led gl s e x4 e
o sl b glra (il O35t 5 0l

f+¢
Q= oF Bl —omly il olsb Rl

L B O 1T

234 555 g0 o3l sz%:fC—ﬁU—Vzﬁ
df  20p
Jd):

e Uy od 2150 @56 adle Cipud S bl
S 059 555593 35 5L 5L Ll o (5l
Jol = oy el oIl ol drd i L e

Wl (63l (gl (sl Hls

Solla obsl S f= oS} oy

@zo, )
Dt



14 ) oyled o o (Ol ) K58 555 Alome

e 5 S5 ¥

03gdoe 53 @ly iy gIsb st dde Uyl
ot g Gt o Jlad s Febr gLl S e
QYJASWJ@GEJQ\M.L‘M@LS;JA
4Ly @i 5 e p ST b gl
FLL) et ol ok 03,5T ¥ IS s T Hle
QLﬁf&J‘—Yﬁ)JQY}J&S}&AM
il L g ol lie  xi ghyls ool Jgl tale3T
bl ol (2ol ams 5 g 4 95 les o
&AK&{}&AJ@Z}EJ\%(&J&U&&L&}T):
e (S &S5 (L bl (6l Al e
gl Ll s 4 Coles 05 Ol 2> b S5 8
godd Ll 595 ¥ (6l p (gade o .l 0l oLzl

C,w‘aMcf)C..&Lw*/FjA)JQT@)F

2 s ¥-¥
Sl 03N 4SS pl @ a5 s o 5 40 Sl
olesT & sl SilasT 51 sl! ol dir a oS
“an b s 5 o)l aem o Ll o 5150 el
(olpls Ll BbIL sae e isbT
L O5l5 os8 sl Ll b g S B0 e
AT 3 s (53 5 s 5 b o 13 L Ll e
22036 Al 5 o (NS AS 5 (A5 oo p $lp
S olFe SR b T amlie 5 2lT e
oS oslinl oS Gy i 6551 (St Lo g
IS &y oty 5l T s S5 St
eSS G Skl S s5)
1 -
K'=_[ldadg[)® + ) |1+ R)coso
2
CESa Vs U bl s & i N
Soledlcaa o s ol s gla Sads
Loy awmlie Gl Az Gl G SKle 4 o

Tloel iy KT dlal 512l Sler U3 5lubb

las Joli o)l b 5l eslizal b S8 (5,81 Sl
5 s ol gluly 53 03,88 poler 43
oalizl b Sy 6,8 U1K 5 5l by 5o ib
o 3,8 (0 D50 Gl bt o)l b ]
AVl (il jam o)l b Slubs de Oods ) shien
ol sy sS4 (Robert-Asselin) - ol g5
St Sl Sn S 4 glaes 015 02, S
p—‘w@‘ Wlea o5 luibil L;uvswij\ PIRCI
03Uzl 3550 020, S g5 4wy b g 3yl s i
son 0 bty gl 5 (il alsb ¢l
Cds glsb gl il I o — 18 zlsl W

.Madbqgﬁiﬁ

@3k sla byl ¥

Jue @l dyl s -y

Sslite adol Ll 5 b G5 begT Slexr s oal 02
Lol o &K ol T wan & 5,8 0 S50
S g Je GYL 4 s \°~mS'1Lg}wL§,$: s
oyt () JSE) s b Y s oS
= ol ysba oS 5,5 51 3F0 N 56 55 gl
2 b e los bl o 8 LR 5 e
Gl ew bt 4wl YAK 5T e
25 LAY gles (LS i and 5o 5 (gl
KoV KLl coja poler U Jsl glailejT
Skl sd e o YYO K 5 YYr K M0
g adsl Ll l 5w 5o by o156 g ldlaa
a5 b el ol onls 0L Y IS s islesT Sl
s emen 3 il @bl MR e (S5 e
55b g0 oy CAIFY S 53 aY g3 e il o5l
b oY ol JSK2) 4V 5 gles Dbl ol 3l L &S
Gollaa sod 5 heily (2156 Olis it (oY

03 peeen b o ui.a\f 4.1\’ 35 GL:‘.uL:_' dl)lj



o

oS 35 SMY s e 53 (5L wmp3 4 (- 1S el 5 Lol

2 e 65 Sht oS K s Ky o«
(F JS8) b anin i @35 (Shion
dslin L.V Jou) -\deﬂ Cwdds A KT u:il:ﬁ

S sy Sl J g s g0

401

Zonal wind
n w
(=] o
T T

=
o
T

0 L | I

Syt (To0)) 5Suls 5 o0 Cn o L &S Hlasss
S o ol (Ll oS (B

log(Et,)
o=—", )

25 30 35 40

45 50 55 60 65
Latitude

sl Bl s eslinal s se o ol (sl lSa (550 4 S p0 Y (ST SIS L) (e S i N JKS

PV

60/ ... Layert
50|~ Layer2
40
30-
z
20-
| ™ ———— "
1 et
10 —
30 80 40 20 0 20 40 8 w0
Latitude
<
«==iLayert
307—La3,rer2
20
Z 10
L Ll L
0
10
% 0 4 2 0 2 40 & 8
Latitude
()

150+
===:Layer1

=—=Layer2

100+
50-

AT U N U DN SRS - ot s
80 60 40 -20 0 20 40 60 80
Latitude
(&l

401 === Layer1
= Layer2
30- ;

20~

.-------Ill--l.-l--

Latitude
(@)

Sl e Sl sl Bl sl Y 5 53 Wi (e 4 ol ((day) T(H) T =7 0 TS ) el 6 s Y S

6l Al slie W6 (gla s g (G rannd M}z45\;0\@}1;\1wﬂ.mpuk},\éuwgLﬁf%;qﬁ}:}ﬁb‘»# a8 0

g anl e s e w b il Sl s>



14 ) oyled o o (Ol ) K58 555 Alome e 5 S5 ¢
10 s . 10 —
I T JPrE——
PN e "
8- s 8+ F
r 1
l. 'l
= b ': s 6 ."
) ! 5 !
K] / ] F
== o L i 0
4 r
2t 2
=—h1+h2 —h1+h2
¢ ’ ‘ ‘ ‘ P 0— i i . i i -
80 60 40 .20 0 20 40 60 80 80 -60 40 20 0 20 40 60 80
Latitude Latitude
(<) (N
10— — ; 10 ——
i A S S R 8 sl
¥ ¥
! & fik g
£° /
] ot % e
=4 4
2 : 2
‘=—h1+h2 —h1+h2
i : .--Ih1 0 L Il Il 1 L 1 1 ---Ih1 L
"8 s0 40 20 0 20 40 60 80 80 60 40 20 0 20 40 60 80
Latitude Latitude
() (@)

s pahy shy .4.;}1Jq\,;;);U{L_Jw,;},u,e,wg;@kmwﬂu;b);\jcbCw)u(ﬁb)spﬁj@tw)w\mu.1‘Js.:z

s VU g 5 sl Y culs

GLLL lie ol sl mleiT s & i Oly
el (Y1) 55 5 K5 sla i lesT 51 s

O 03 b Olsel e (A5 ey
b > B =G el sl 5 s S8
Sl Slay g oy Caeal 31 6,56 il J g
(olr = s 0518 Ll Sl eslial bk s
5 eS o w051l 5 Ol ide ga 4y ol
@81 5 e IS S Ol b
U S8 0ol 0l (sl 1) 5LedsS e g ol
rs S u NG ol

b 53 e ) S5 03150k i 68 (o
5 M Sl sl ST Gl bt il Jes

dL&J DL AJU C_MAIJ%LL DL Lé CC}A M 92 )L&.’b\

oSl palie 5 ¥ S s (5T e b 65
G &S 545 e odalie ) gl o i, oSl
S el Iyl Gl 4 by i, KT (Sl
Gy LRI L epden s 1y @l o 2
ssba iy KT Kke (olis s mals 5 okl
Ly Bl 58le ol bl 2T g pums
350> o )ler oolesT gl blze Hlaie 4 gl iabesT
o3kl b &S (Y 0V) K55 5 659 Gadimd > ool V/YY
0 S0l Jldie o 2he 23 8 Sy g0 MMS Jke
UsliT 4 b e a8 Wl Cosay o/ ¥PFRT L 0
03 olie ol g s sns 53 oS bl oL L
ST Sl Gl ol iy ST e b anglie

ol Sl 5ESa S gash opl s ad S s



Y a;‘sj)gtq‘ﬂj:dm)AL;)Liéjf«?)aqﬁ—@lfclyl.gj;,.:..«L»

3 09l CwsYL s 6,5-1-’ 5 (-0 Ji.i) BYSRAZA!
GS IS Cmdgn .l (0 JSK8) S5, W 0L
Sl g e e sl 7 5o 4 HLa3l

Ll (e St g Gl sl sl O 5 Ol
Sl 5 55l slabualy 55 OT e Jsb 5 Glae
9353 dsl g oe a5 b plalpl 3 8 g0 pons
03b Sl 53 5 n s emss 0> (Vo) K55
s s G 5 31 5 p a3 g g $3 5T o lulil
5> (V) bl 5 058k S Cwl g
CensV 55 i oSS b LSS 7 e (Sluacd
s ol K& bl s S slulid ol
e Gl el Ooglaze ol L P Sbassie
e Sl daly Sl bz e a ol Slaaiia

Sy (36 glade gLdb 53 = IS sl sl

54V Kkm spu S e g lgdlcaa 5 ol gl
Sasl aly Sl eslizul b .ol odd 3,57, Y4 km
s (g QLSS e sl W S sl e
S by of d )08 (Jows 2alily 5 €2 13l 4 (0
S50 rents R gr s W E il e i )
5 ol Shaly 53 55 mge sk cpgs & ge an I
doluy s VFP km 5 YWA KM 550> (5 ja )Ll
ol saaaiin awlin 5 sd o el VFAY T ) S5
b g oslitul )

®)

Sl e S e (s3e Sla oy gl b o go e 5
Sl W el & g 5y 33 0 by 03 5055 " =2 +c. (kK +1%),
2 S e ey sl (00) K 5 Ky S Ao slp 1) e JB S Cm oGS el @ &S
sty S pmdys oS (gl oML L GhLST shael coja | g K Glasss e (ol 2 Co 5 55,28
sy T Ll oldlcea 5 ol slaglnly 5z

L e u'i‘;f‘) Ol gl iy Sl kS 15 g oo 5

bl e gl O5lpmel iso ss st e jtes 3 (6550 e anie 5 (O) LSS T Sal o Sle N Jgi

(‘JLG-T bl (o ol g2 ol dsl sl
/FANY VY </VAOV +/AVOR o day™)
JAYD V7P A ARV VAEY AT (Axd ) s 33 (655 A
—310
107
>
g
[
& 107}
o
g
=
=
ERTiNE
'B\ e i i L L L i
18 0 5 10 15 20 25 30
Time (day)

bl sl 53 () e 351 (S Sl Jew S




14 ) oyled o o (Ol ) K58 555 Alome

e 5 S5 VA

20 40 60 80 100 120 140
(<)

20 40 60 80 100 120 140
(&)

10 20 30 40 50 60

80 90 100 120 130 140

L) SLE35S e e e 815 051l i Lol pen (Y 10 M ey el S o) s Y s il 06 B a5 0 K3

bt 5 Gl (2,0 Gmn o6 e 5 LA Jib G e Bl g 53 WE () 5 50 VIT (G 51 g ) GalesT 1 @ V78T Al

Ll e 5 e palie S S S e las 5 8

LAE *)

2 ~
:%azz“‘cosq)dﬂdq)(uf +v7 +hp),
=1

55635 LAE (o o 55 o5 Cal 6557k 4 p3Y

LAE o) Sl i l5 g0 ol 0dd 6,50k 4Y
s S ol .@\auﬁa;v‘_}i:): O3l g2l
gor5 035 S eolex 55 550 55 ShlST e
Sis 4 Odewy B 0315266 LAE ¢ uy OT 51 5 358 o0
Jd 0515l LAE caiiy 51 g il oo 5130 i
om G5 ol Bl o S o Ol 5 it S5
oAl 3T 3l s e 4 Oy Oloj ol = 50 5 056
psha 55 ot el pRLT 4 dsl
55 bt Sl sl 031l LAE w51 (gl o
Sty e ) & o b Tl a5 ) Uy
23 0T Hldds pl oy ¥e s Jsl JialeyT 015t LAE
LAE aiiy Cad S Jops il s ShlejT
o 5 VA 3 p s SaleST 4 pss (hale3T Ol gl

Szt V7 plezr GilejT @ pgw SaleST (6l o

—SIF el sl 5 s K8 i ol
2V S5 0l gmeb b S s tale3T Ko 5o 25
Jss b s S ol ain o 0L s o
] oS M;;Ji:)u,m@@d,bu Sools
el Il islasT & by e oS L8 K8 w5 a2 55 L
o £33 Tam 4 QU 5 5 00 IS L G o
N N O F A WIS A PR VY 2
-7 JSK8) g3 ST Gl o 21 S5 051l
sV 3 o go e & g Slesl 5 5 Sl (o
sz b Jals 0T Gl S5y (myp 4 ol o5k
ST 03 093 e e b alis y IV (13 b
0515l idw Sy Jgos sl Sl Cpimen 3l Jl
3 S osler 5 paw slaghbiT s o 2! S
w93 C\Af@.a (bl 53 pl s Sl OT
T 7 S L 5d i M 5 o g liials L 50
(=%
Ol i dps (KSe awlie gl
(o35 Ojlge b b 0T 2San s 5 (z0) Sl
Glp odd (s wes 55 G551 SweS Sl Ols o

23,8 oslamal 55 Doy seds O g2l ia



4

oS 35 SMY s e 53 (5L wmp3 4 (- 1S el 5 Lol

. - Z . . P ' . & e
N 21 S5 0515l S (S5 Rl el

A JSENF Glasss o poler SilesT & Jsl palesT

ol otalie BB YO G554 \F o, 50 5 (4 JSE) YO
@ISy Ol e ity (S amlie Cpoes
234 s e 0L Y Jgd 53 595 93 opl ) ey
ol e o1 S5 051l 3w aide OF S,
alﬁébjac@lr)%ﬁbj'\'ﬂu\O:;.b—dﬂ
ol ol LRIl YN sgd 4 YO Sy sy o
Ol tdw dnbn 3 OOl il Kl ams
3 i & Oy 3l s b 2leST e e o1 S

RGN UAJSM.) BL

20 40 60 B8O 100 120 140

T Clled aniy &5 das oo OLES awslis opl T o
@bl @Ml S b lesT s IS
L IS e Sl palS IS ke 5
Sy 3y ol oL 2ol 8l
(T ol O3l w855 amlia ) slate o
@ A 1s 0lsb i s Sl Sler ol s
A ngilaj (\F 544 Jéécbbjp Sy S
SA @ JSE 53 051U LAE wdos ¢ 585 51 (Y0 55))
boamg 5 WIS ol esp bl dd 5 A
33 G S oo A alis U5 e ¥ Jsir

ol gl e 1y GRLST Sl lp G 0L

20 40 60 80 100 120 140

40 60 80 100 120 140 160
()
[ [

10 20 30 40 50 60

40 60 80 100 120 140 160

80 90 100 120 130 140

Sl DL e ol ST 03l i Lalyon (7 Ve TS eyt gsale o) 033 Y 53 kel oG B s PSS

ot e SRl () G0 VTS sty o) 5oV S ey 03 GRlT(Q) (0

71 e thol) 5T Sl e ol SRlesT () 5 (/Y VY

. . s e
)_,m‘,dl:.e\ﬂd_,buﬁ,adul)w.('” Vo

T8 g o) 55,09 5 e Jsl Jibesl (il

s Sk dols) 55,14/0 3

el a5 St alie SIS e ket 5 58 Bsks s WA (5 e (S



14 ) oyled o o (Ol ) K58 555 Alome e 5 S5 Y.

=y
(=]
IS

=y
(=)
&

=y
(=]
-}

Unbalanced available energy

—
ol

12 | i I 1 I j
18 0 5 10 16 20 25 30

Time {day)

bl Sl 3 Oles 4 s (Undp) U5lsel iy 8l st e s 5o 8551 Gl Ol eis VIS

140 0 20 40 60 80 100 120 140

20 60 80 100 130 140 180 20 40 60 80 100 120 140 160
(3) (z)
[ ]

10 20 30 40 350 60 70 80 90 100 120 130 140

Sl LS e e ST 051l i Lol an (Ve TS e sl Do) s Y s sl LU B s A JSS

T8 i Alold) s Gl (2) 0 VTS gy ko) s GhleST(O) (Y VTS T sy abols) Ul ilesT (D) sl 000 Y

el s gl Sy a5 gt palie S S e s 8 bt (1Y VTS iy o) eyl T (3) 5 GAY Y



Yy a;w)Ls‘m_\de,\.aﬁL;)Liéijjaqﬁ—@lfclrl.\gj¢._..~L.~>

alesT ol 1 YO 5 VY sl 53 (87 IS L) s ol S5 05152l i s i Y Jgder

ol
el g £33 ds! )
2390
NI JASA AT N L T YA AT %
JESY N Ay AT YA A VIAS AT Yo

20 40 60 B0 100 120 140
e

*

40 60 80 100 120 140 160
(2)

10 20 30 40 30 60 70

-5
.

Vo s (@ e/

oA s

S & Jold Je sl s ad sl dal b ela LT
ol OT (535 S8 sl (S ety b 0150 52858
23 0j15 255 3 ol (B = GIE gl 5 b
Sy 33 o5 S 31 o3zl 350 e ad sl Lol 5
Ol ol il olsb dslas o (gl o351 5V aes
Gt B3 b 1y ol ltle Olg o das e 1)

a3 5305 il by ksl slapn s S 4 o

=\

0 20 40 60 80 100 120 140
[ ]))

20 40 60 80 100 120 140 160
()

B0 90 100 120 130 140

ST VTS s e ) ST D1l i (sl ek Ahols YO S5, sl LA IS wlie & IKS

() 5 (/Y

S ¥
3 M5 Cawlio Ol (qyp pskiens ¢ ags opl 5o
& 53 SIS s 4 B = GLE £l e
Jsu 5 Js) (Hlwans K o S 555 14 Y3 Joke
25 LS S nlT Sl Gl b oeulsb sl
GolisS 5 ol @olul Ol oYL Y gl

1 .
4R > R 4:3;;:))‘)«6 b 2 o3l J::a.?



14 ) oyled o o (Ol ) K58 555 Alome

e 5 S5 YY

g Sl 03 87 Glalis (Y1) K5 oS ol o 0
A5 oS 5,8 e S 0sb sV 53 5 s e
sl 5 058 S ol s e e SIS
aasin ple L5l Ll cbles S5 (g5lwand (YY)
T G 33 o (15 el .l Soglane OT L Ll
2V K5 5 6Ks 45 Sl o o des 4 S5 5
22 ¢S bl L b adl Ll s b e 2lesT
ol L L, sT sy ol ST Tlsl Slr s s
s g3 cp iy ShleiT adsl Ll i ol oolul
LSl g A 5 o smeome atals Lo b s YL )3 93 7 5
sl lsT 3 bl (golul (i3l alsl bl o
W5 58 slps ww )l S ooler 5 pom
235 g laals b 051 gl Oldes Lz o (i 55 o3
e gr (Bl LSS g0 0 el 53 555 gl
Oilsal i edi et eges 3 6550
(S5 U5 e Wil @ slasl 4 (ol
5 B GE e b wlin 5 s 8l S
AT e ol 0 06 5 o SiSeny K8
)'\k;l;-g;?ofd,:lLgl.a)b}‘..?w)j@u.s;asu;ﬂl
O3l (6550 Oy Sl 5 3 dm S l OT
OT 31 g 3 b (oo Sl 31 iy Jie &0 & Oy
0515 5 O35l Lides o (8551 0l e S J
23 Olsel 55 aie palie amlie pd o dole
S o j2i 45T s e 0L () Jad) islesT Hlear
o gl oL p ST L sl ST 4 by e
T i 33 65 8,8 JSE L o By e ) S
eoler oelesT a sl il 5hsyls JaabesT ol oo
G bl ol GRIEL 0515l 65wk
g Wl s BB Ol 4 Soke 4 s Ll
S3F) e o DsE b wnlS SIS
Kos lamleiT b dsl SilesT 5 Josls 0l

ST 051 sb (6551 iy eIl (gl s ol L5 5l

Tlsl Mg S 5 (S gl po s pis Ul
s 5T Cansas 6 )lal slaiols 5l s — SIS
(z5) 0315l Jidw 3l ¢ rngsy pl ol S5
s 035 Lilsy oSS 4 (osb) Ol i
S350 5 05 3 5 oo opl S eslizal bl )l
old s o oISy GOl Ol i
50kl KB 5 B8 ool antr Lol
85 L osl) Bl Ojlge Jidw L T Sl
aps oS el S5 w e 58 e Dose 3L
o 45,0 08 Ojl5 Laulgy S eslital b oglimp 5
Olitie Jold O Cod L OYslas d@ S el
(o o3ls hles batgh) oy o1 S5 pgw 5 03
ST il el mBL o (S Bl
ol 4o S 4 slazel Ol 5 (oS 38155 cpl ol
Y P SO Y

Gl s K8 4S5 (55 o sl
5 s 5 S A 3T Ller 5o 6olsb
b ool ok aslizal [Li35S7 ol sal iy oKaT oSSk
5 e S35 Sty Glos Dk 15 508 e 5
&S 345 o0 0kis (V Jgda) A KT wil:ﬁ dus s
PRPOM TS UM T RNESRC S K R
oAbl @ Jol nlesT 51 olas s Jhals ams s
Solkly GRIB L s b e A sl
St Olaj 03 LSS 7 se A, aidy § 5 (ol
(Y0 rV) 6855 5 oK55 L5 L b amlie das 0 &5
S oo iy KT o Kle liis 8 das o Ol
psbe 51 585 (G ) 53 43 8 Sy g le3T
el T sla 2l T s ble

35 Co o o) S5 O3l e g S )
By 33 @3 sl s W s Sl sl bt
oy 5L 5 (6,8 IS Jon Ll (= 1S e

@ alie &S 3505 513 o3l Caws b 55 ol s



Yy

oS 35 SMY s e 53 (5L wmp3 4 (- 1S el 5 Lol

models: Quart. J. Roy. Meteorol. Soc., 130,
347-364.

Mohebalhojeh, A. R., and Dritschel, D. G., 2007,
Assessing the numerical accuracy of complex
spherical shallow-water flows: Mon. Wea.
Rev., 135, 3876-3894.

O’Sullivan, D., and Dunkerton, T. J., 1995,
Generation of inertia—gravity waves in a
simulated life cycle of baroclinic instability: J.
Atmos. Sci., 52, 3695-3716.

Plougonven, R., Muraki, D. J., and Snyder, C.,
2005, A baroclinic instability that couples
balanced motions and gravity waves: .
Atmos. Sci., 62, 1545-1559.

Plougonven, R., and Snyder, C., 2007, Inertia
gravity waves spontaneously generated by jets
and fronts, Part I: Different baroclinic life
cycles: J. Atmos. Sci., 64, 2502-2520.

Vanneste, J., and Yavneh, 1., 2004, Exponentially
small inertia-gravity waves and the breakdown
of quasigeostrophic balance: J. Atmos. Sci.,
61,211-223.

Vanneste, J., 2004, Inertia-gravity wave
generation by balanced motion: revisiting the
Lorenz—Krishnamurthy model: J. Atmos. Sci.,
61, 224-234.

Vanneste, J., 2008, Exponential Smallness of
Inertia-Gravity Wave Generation at Small
Rossby Number: J. Atmos. Sci., 65, 1622-
1637.

Vi'udez, A., and Dritschel, D. G., 20006,
Spontaneous generation of inertia-gravity
wave packets by balanced geophysical flows:
J. Fluid Mech., 553, 107-117.

Wang, S., and Zhang, F., 2007, Sensivity of
mesoscale gravity waves to the baroclinicity
of jet- front systems: Mon. Wea. Rev., 135,
670-688.

Zhang, F., 2004, Generation of mesoscale gravity
waves in the upper-tropospheric jet front
systems: J. Atmos.Sci., 61, 440-457.

A 5 psd SaleiT 5o blae jlde ol ¥ ssue sl
S 03 ol el psler ST 5o Jblae jlde 4l
A el 6 pss el o sl 4 ol
i (S o5 amlie ol ST 051l (651 anie
Wy sl oileT sler 5o S ol 515 05 sl
(Y Jsr) 0515l (6551 a4 0wy 1 s 5 L3
O3l Side Sop om OOl S sile e s,
S 0k el olesT e 53 Ce o oI ST
@ Oy Sl ey Ol 51 a8 (6551 a4 Odem
S o e o ol Ol i )l (55 4
o dol ST s Cem oI ST Ol s
4 Oy 3l dm s 8 by slp el SleT

T g st TN 500 35 5 4 (651 i

cb.o

Badger, J., and Hoskins, B. J., 2001, Simple

initial value problems and mechanisms for
baroclinic growth: J. Atmos. Sci., 58, 38-49.

Ford, R., McIntyre, M. E., and Norton, W. A.,
2000, Balance and the slow quasimanifold:
Some explicit results: J. Atmos. Sci., 57,
1236-1254.

Mohebalhojeh, A. R., and Dritschel, D. G., 2000,
On the representation of gravity waves in
numerical models of the shallow-water
equations: Quart. J. Roy. Meteorol. Soc., 126,
669-688.

Mohebalhojeh, A. R., and Dritschel, D. G., 2004,
Contour-advective semi-Lagrangian
algorithms for many-layer primitive-equation



