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Wave mode analyses of gravity waves propagating in the mesospheric thermal duct
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2 School o f Electronic Information, Wuhan University , Wuhan 430079, China

Abstract A new model of gravity waves propagating in the mesospheric thermal duct is presented
in this paper, partially ducted modes of gravity waves in the thermal duct are discussed in detail.
Analytic eigenfunctions and dispersion equations of the symmetric and anti-symmetric modes are
individually derived, and numerical solutions of these two dispersion equations are also
presented. A two-dimensional full-implicit-continuous-Eulerian (FICE) scheme is also used to
simulate propagation of ducted gravity waves; numerical results show that symmetric and anti-
symmetric waves can be excited simultaneously after the penetration of initial disturbances into
duct area. Wave structures of different wave modes would be separated due to their different
travelling velocities in the thermal duct. Calculated horizontal group velocities of ducted gravity
waves agree well with those derived from the model analyses, and frequencies of these two ducted
gravity waves are almost the same, though these waves are excited by disturbance with different

initial frequencies. Both model analyses and numerical simulations indicate that character of the
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gravity wave is primarily determined by the initial horizontal wavenumber in a certain thermal duct.
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indicate partially symmetric and antisymmetric modes, respectively.
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for gravity waves propagating in a partial thermal duct
(a) Symmetric mode; (b) Antisymmetric mode.
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(a) Symmetric mode; (b) Antisymmetric mode.

Horpr e Fl 2 43 )2 2K S R T ) AR AR 5w Bl o 43
K -0 B X o POAI T 43 2 95 B L R
FIRE s R & SR B(R=286.98 ] « kg ! »

K™ Dse, HERHMN(,=781 ] kg™ « K Dsg N
N B (g=9.80225 m + s 7).

AR A AR MY FICE #% 3% — 4k TC 5 af
R 48 R 45 1 7 & i AT B B L. FICE % 20 i
26 ) o F 5 T U i R R AL B R Lk
F1R) B 105 R D) A 3 B 2 DL SCHR (22 . AR SCRy B8 45 o
YIS Bty [ B a1 BV B B R S L S BT B 1
L FLEAT s K- 3 B X3 51 0~800 kAl
5~75 km, KV 5 I EH K551 02 kol 0.5 km.

BT e KK 5] 43 J2 57 B R ik i )

(x—x.)°

on sin(zit )exp[— —s
wlx.t) = 8T 20,
0,

Hi s, =1, ,2.=120 km,w,=2 m s ', T Himia
BB . A oK. TS 7R R i R AL B
PLae bl 2B 58 o B 0B 6 4% 7R T 4T I %)
FELAEAE S AR AL K- J7 0] 9 E i A 4. bR 3 X
SR ARSI R 27— DO R o=
21/ T KRN b, =2n/2, BIEE JIPEA.

AR SCHE LT W) G A B S 804 [F G A B A T
BE AL PIAS0rb  ) 6 B0 2l 1 45 5 KPR
EAEE 1 TR = 7RI AT A3 O T R
i = K= RV N (DO Y VST | SO = v I
Wit B 3 i K OF B %k 0.0 04 kmo ', B3R
0.0239 rad/s. X B B K S B O 25 km JE 04

2 AR e KU O &L T R D S AT R (D)
L RORAM B )RR R 2= 2 2 AR IE
2L AR BB AT FRATT AT LUK I T3 5305 1) 43 A i~F
WA, A
N’ (2) = NP+ (N: —Npe &' an
I SR SEE 2.3 1B B B 2 B
IR E WSS —3 ) N, =1.23X10 *rad/s, N,
=2.61X10 %rad/s,z, =30 km,h=10 km. Fii #
bR BEVEE T.= 270 K., 15 7 450 5 (1 43 Ay R
VA S A A AT AR S A S R ASORE I 4 U B 43 A
WILE BT 2] AR 7E TR = =5 km A F7EE &
BERLRE S R D 2= W

) ]sin(inxfz%t% 0 <<t<4T

t >4T

|
262.9 s; il 2 HoKSF AN 0. 04 kmo L B AR
0. 0195 rad/s, %F B 1Y 7K - 3 K 2 25 km, J& # h
322.2 s.
3.2 EERMFH
Bl A SRy ) 1 v A TR] s 220 %% B i AR i 28 B XA 3
w = (p/p) "W Hor o, W AR RAIE
[N s R AV T 7 I N e A - 2 T ]
J90.01 me st FRKARBER T O R  30 km,
A58 K 10 km, WA 4 Ha] LI R, iR 0 50030 5
E RSN LESE 10 min B g F 0 A5 X8, 1 B
KA shik 32y 50 km B9 & . 7828 40 min B, T il
S ShRE R O & el AT S X, 7E H(E



242 H Bk ¥ B % R (Chinese J. Geophys. ) 53 %

LTI ] N 3 ) A R B T 1] b Ik 2w BRI T
10~50 km {1 fg B3 [ P i L 982 6 485 44 35 WA » e Ut
AL BEI B R T R AL HE. BE A
G R v o Oy [ B [ 7 S K £ O S/ )
BB RS R S R U A A AL 2B 40 min IS Y 45
P 7 e 5 X N AT T (o =0) , W4 KRB T
B E B 2, =30 km XFFR. 45 100 min I}, 75 3
AR HT S BT — S e FREE BN B U A X g
B FELY 30 ke 5y BE B A AE 2 IV . B IR AE
S AL R B T X Bl 04 IR i 2 T 98/, 2540 min
S KRN w MR R 0. 14 m« s i 5
T 45 190 min B, AL A 648 TIRK —BUIE RS, w
M B RAE I/ NEN 2R 0. 07 mo» s~ 1, JFE 400~500 km
DX 35 P9 IR 254 o I R R AE 29 40,02 moe s

5 54 AL B 2 Hh i A H XA 3
i, IWE AT LUE R 30 50 30 3l i A S X
AT ARG A0 45 4 7 T B U7 ) b Bl R R 7E 2

=10min A -

< 30 )
N 20E Q
10E faBIAE

t=40min

T[T
rmmmnmmmn

t=70min

E t=100min

ZIKm
| Rk B M |

wolinlyulinl

E =130min

N
o
[

wlunllunh

E t=160min

N
o
Lk R R

E =190min

2 30f

600

x/km

A 1 S I A AR ) 2 3 1 KR B o 940 T

MR <0, 45 10 min B ELE MR 0. 04 m » s 1 HA

I 2 2 (2R T 0. 0Tm « s 1, 52 2R 1 f /M (B i 2% 19 9 K
{43 58 £0. 005 m « s~ L.

Fig. 4 Distributions of vertical wind disturbance

w at different times

Dotted lines indicate w<C0, contour intervals are 0. 01 m + s~ !,
except 0. 04 m « s~ 'at the 10th min, and the minimum solid

contour and maximum dotted contour are =0.005 m e s !

respectively.

10~50 kX3 B 5 rfv i S X3 P 09 3 40 25 44
W B ] ) 25 Ak B B 58, 45 40 min B, 35 X I 0 &
JII R BT T A0 BE XS AR E Y 30 km 5 JiE
A AEFE A W L T AE S 100 min B, %51 & 2 1R B
Y BT P AL 5E 4 N — R 1 U 25 4. L T )
Fh D S5 Mg FE A T 7 ) B 24 30 km A7 — AN AL KT
T v e B AR R 5 DR I U 4 R A R X
AT DR TR PO i BE X RR. B ) AR
TN AL A% PR G R X R A I A il — B
Mgy . B 5 ER R T ERER S0 4R R Bl 2
(AL RE B W /DN 5 40 min I, 3 52 DX I8 A 6] R 45
M w W RMEZ M 0.17 m » s 1L 45 190 min I,
FEXFREE W w M KA/ FI 29 0.09 m » s ',
X R K 3 I AR IR B /N 292 0.04 moe s
54 B2 IR O sh i R AE bR 0 JE 2 AT
TS RSP it e QB S X I PN 6 R 5 R R 45 4 1
AL 3 BRI A T IS A% B A X AR AR S
FEXF PR, B 1 b, RS R B S e f G R
S B 2 1 £ B A A b E T ik 0k B 5 A AN
FB TR 45 K4 # LL 5 B 0, AR T AR X FR 45 44 5 ) 1Y
P M5 B2 A A P B RO i 0 e DB 91 L O ) A R

o E =10min
£ 40 3 )

< 30

“or  AAE
ML L

50E

i

g 40
<30
20E
10E

E t=70min

t=40min

Ty
wilnlielinls

N
o
[T

mmmamn

20F. t=100min

20F

£ t=130min

£ t=160min
£ 30E

i

= t=190min

0 200 ] . 400 600
x/km
K5 HIE 4 AR DR 2 s o
25 10 min B2 (HZEFE N 6. 0X10 2 m e s 1,
oAt 2 SR RIBE N 1.5 X107 2 m » s~ L.
Fig. 5 As in Fig. 4, but under the conditions of case 2
Contour intervals are 1.5X10 2 m =+ s !,

except 6. 0X1072 m « s~ 'at 10th min.



2 4 7%

5245 T o 2 KR D o 0 £ A B 243

A R Sl RO 23 A . 9K S SR AT T 2 AT RLSR
E I PN T T R K P L T A 1 b
I3 A B K AR B 2y Ty 25 km, 58] 4 I )R
SR ) 1 4 IS | QN IR €8 AN 9 282
SRR R EEA .
3.3 ENHEE

TEZKE-J7 ] b 8 2 47 B AL B 2 min 5%
— R A T X Bl D X3 P Y e ) T 4 A
I ) ¥ 20 7 % 2 X IE 20 Bl ) o B2 9 20 A o
JE AT 4k FET A3, SR J5 45— I 20 78 AH 25 (8] I
X A5 A () 1) 3 43 e 0 AT B0 T AR B S 3 g
ot BE AT A I ) A 23 A AR SCRT SR F 3 3 B 00 9
30 min, &30 EFE N 2 min.

P 6a FIE 6b 2355 ] 1 R 2 v K7 1) A
v {37 A B U6 T TRV B o 19 0 256 5% I I T Y
A N 6a B LLE Y ) A 28 0 R T
IV 75 o) b A [ A7 5 I 49 7 5 R ) ) T 930 2%

(a)
x=150km

L

26

24
2.2
2.0
1.8

16
14

Frequency/(10%rad-s™)

0 50 100 150 200

2.6

2410 ]
20 B

18} C::} ;

16 1
1.4

Frequency/(10%rad's™)

0 50 100 150 200

2.6
24T ]
221
20 1
1.8

y

Frequency/(10%rad's™)

1.6
1.4

Frequency/(10%rad's™)

0 50 100 150 200
t /min

Ar Al 2. 27X 10 *rad/s F1 1. 75X 10 *rad/s.
PR A 135 43 15k 1) 5 R W {0 AN 2 78 (] — B[R] 1K 35 7K O
7 1) [ A AL S A R N B 0 G 1Y
I a0 L b ] 4 b IR B XU B o A R B
DX 35 1 38 50 T8 BT AR X BR 5 0 BRI 2K A 4
o AR X BRI 45 44 14 K SFA T 3 B e R o TRt Tl
SR 23 BT TR R B0 AN AT 23 43 B 3 IR I A A
T 1% 00T X Bk 45 44 5 A % AR 45 4 1 B 0 U AL L X AR
e AR RN O B Sl R A | DG 2 A N O S N
XA SR TR TS A SRAR AL B 1 ok
75 1 150,200,300 km 4b X FR 45 ¥4 5 7 8 10 3
JRUAT % 5 T 066 {43 1) R 6. 35 X 1072 .4, 71 X 1072,
3.00X107%(m » s~ ') /cycle, A X} FR &5 ¥ T S7 % 19
AT DR B DA (B 43 30l R 2. 24 X107 (1. 76 X107 (1. 57 X
107" (m » s 1) /eycle. X AR 45 09 9 335 5if i e i 22
TE K T AR X FREE A6 T 1 1% 5 B W L %o R OB =X A i
BN AE B L 5 32 G 7. PR T Y 593 5

(b)
Xx=150km

26 TN
24

221
20
1.8

Frequency/(10%rad's™)

1.6
1.4

0 50 100 150 200

2.6
24r
22
20
18

Frequency/(10%rads™)

1.6
1.4

0 50 100 150 200

2.6
241
221
20
18

16
14

0 50 100 150 200
t /min

Bl 6 K- J5 1] AN [l i 5 A T R0 3 8% I 1] 9 A2
Forh S EH& MM 0.01 (m o« s™1) /eycle, S {HZ R /MEH 0. 01 (m« s71) /eyele. ORI 2351 A B 1 A1 2 i 1 7.

Fig. 6 Frequency spectra of ducted gravity waves vs. time at fixed horizontal positions

Contour intervals are 0. 01 (m « s~ ') /cycle, the minimum contour are 0. 01 (m « s~ ') /cycle.

(a) and (b) stand for case 1 and case 2, respectively.
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