50 4 Vol.50, No. 4
2007 7 CHINESE JOURNAL OF GEOPHYSICS Jul. , 2007

, , . . , 2007 ,50(4) :1030 1039
LiJ, Znang SD, Yi F. A numericd smulation on gravity waves propagaion in meogheric therma duct. Chinese J. Geophys. (in
Chinese) , 2007, 50(4) :1030 1039

430079

0001 - 5733(2007) 04 - 1080- 10 P 2007- 01- 18, 2007 - (8- 06
A numerical smulation on gravity waves propagation in mesospheric ther mal duct

L1Jun, ZHANG Sheo-Dong, Yl Fan
Schod o Hectronic Irformation, Wuhan University , Wuhan 430079, China

Abgract The linear theory of antisymmetric ducted gravity waves supported by meogpheric thermd duct is
presented , propagation and ewolution of gravity wave packets in therma duct is do dmulated by using a
ronlinear two-dimengona node . Numerica results show that lower anogpheric wave digurbance can penetrate
into the duct area and be trgpped. Gavity waves keep reflecting between two boundaries of the thermd duct ,
and wave energy is trangoorted horizontaly through the duct. Characterigtics of gravity waves caculated from
dmulaed reauts are little different to those derived from the linear duct theory. While wave packets propagate
in the therma duct , wave energy will be leaked. However some energy is aways redricted in the duct area, for
the lossrate of energy gradudly decreases. Wave gructures keep well &ter propagating horizontdly for hundreds
o kilometers, and evolution of the energy densty digtribution in the duct is d o presented.

Keywords QGavity waves, Meoghere, Therma duct ,Numerica smulation

[1,2]

(40336054 ,40504018 ,40575020) ,

1981 2001
. Eml : hetongi @sina. com



4 : 1031

., m >0(m el
), . om <0,
m >0 m <0 ,
m’ <0 , ;
1 [3] 1 y
[4].
, 2
(41 [17]
) ,N
- PO
781 \Walterscheid
gd.
. Syler'™
, ( )
’ [10, 11]
, (5, 11] ,
[81;] N°(2) = Nj, | z- z| < h, 0
' N°(2) = NI < N5, | z-2]|>h,
' z %
Yh t
ZO ’
.Waterscheid et d . ™ No , N.
' Nappo'™!  Taylor Gldgein
: [2] kz Nz
Fitts et d. %M[ N =0, )
W k R0
W w
®(2 =(po(2/) *w (. po
P : (2)
[14, 15] e

, N(z2) = Aé™ + Be'™,



1032 (Chinese J. Gaophys.) 50
. ,mzzkz[ij_]] . Asn(myZ)= 0, W
W
N; <W < /2 1
No, Z=2z- 12, ,
2
%ﬁ’m{%- ®=0,]2]<h, k., n ,n=0
& o NI ® (5) |
F+k[@- N =0,]2Z]> h. - 0
, <7Z <h i (®=0).
mézkz[%-ﬂ ,mi:kz[l-(% . @ n
n=20 ,
|Z] <h M (2) = -0
Ardn(meZ) + Ayoos(meZ) . dn
,Q0S h
S‘eyler[ll] ’ N, N,
, 9
. 180° )
’ ( Vo vy ) ,
. , Z =20
, ©)
®(Z) = Asn(meZ) , Z < h © ’ |
®N(Z) = Be"”" " + cg™* " 7 >h , _
Z=h , ® Ny =1.23x10 °rad-s'* ,No =2.61 x 10"
: rad-s * ( Brunt 7.5mn 4 mn)
Asn(mh) =B + C, (6) 2 =30 km, h =10 km.
Amycos(mgh) = myB - m, C. (7N '
(6) my (7 :
kesn(m h) + mpcos(myh) = 2m B/A.  (8) f5.11.28)
Z>h , Munasnghe et a. "™ Hur'™ 0 200 km
; m, >0,B =0.
B=0,
tan(meh) =- m/ my, , :
m my (4) : ’
2 1/2 2 2y 1/2 y
9 1
, k, w
, Tt , N1 No ,
® ;
/2 . moh= ! !
@n+1m/2, Z = h w(Z) =



4 1033
; L Akm ! .
3630 30 20 Iilj{.} Xz U w
P P T
390 'R (R=1286.98J kg *-
p2ar 07 K™ e (e, =7813-kg'"- K'*) ;g
.:‘Z 2"51 (g=9.80225m-s %) .
S 18f 3 3.2
410
140 s . 1) , (1)
0.025 0.050 0.075 0.100
k! , z=2%th
! ( ) , [11] (
( ) 1
— -2 -1 — -2 -1 = _ Z-_ZO 4
N;=1.23x10 “rad-s™*,Ng=2.61%10" “rad-s"~ ,h =10 km. Nz(z) - Ni + (NS _ Nf)e[ hJ (11)

Fg.1 Fequency (lid curve) anc iorizonta group velocity
(dbtted curve) as afunction o horizmnta wavenumber
obtained from numericad lutionsfor the pure thermal duct

3
3.1
@, abw , ibw _, H
Jdt Jd X dz !
) .
Ja(Pu) +8(Qul+8§9uwl +6_P:0’ (12)
Jat J X Jdz J X
aPw)  dlouw)  aw) L aP _
it ax T 9z T, T® =0 2a
AT, (1w ,a(w) [, . B |du, dw _, , 2b
at d X 9z c)ldx a4z ~ 7' 360s,
P =pRT, (10)
T T TrT l LI | TT l: LI L LB I LIS K:
E (a) (b}
50 F 3 50 3
40 F - 40 E
E..- =
:;fj_‘ﬂ_l- E -%30 3
20 E 20 3
10 F E 10 3
L1 | 11 1 [ 11 1 | 11 I: | I -l l | S . W I L1 l:
0 2 4 6 8 100 200 300 400
NY(1077) TIK
2 N (a) | (b) , (12)

T/ =360 s,a1/ky, =30 km.

2

., N:=1.23x10%rad-s*,No
=2.61x10 *rad-s ',z =30 km, h =30 km.
T.= 270 K,

30 km

(c)

SH M BN S RTE A

m’ (c)

0] |_
w107 km™)

Fig.2 Pdilesd initid background N?(a) , temperature (b) , and m? derived from the digperson Eq. (12) (c)

(12)

2c



1034

(ChineeJ. Geophys.) 50
20 40 km m >0, , 3.3
m’ <0, , z. = 5km
, 20 40 km ,
. (x - %)% . T
wix.1) = wosn[;rgexp{- ZFZX Jsr{kx- X_TJ , 0<t<4T, (13)
0, t >4T,
|
ke =a1/30 rad- km' ', T=360 s 0, =30 km, x = 15 min , 50 km
120 km,wo =2 m- S . 75 mn
X = 120 km , 30 km , )
24 min , 100 km,
, 10 50 km ,
W = at/360 , 15 mn
rad- s ', 30 km ’ i 0.5 m-s',w
(12) 3.95km, 265ms", 315mn &
0.10ms ", ,
4.61m-s*, 83.33m-s ',
126.06 m-s *. ,
(9) 1 : 30 km
, 1.81 x10°° rad-
st 348.1 s, 34.20 m- )
s, 86.26 m-s . (4) 0.32x10 " km'*,
3.48 x 10°° 31. 25 km.
km*, 28. 77 km. 30 km 1.25 km,
3.4 2 km,
FICE ,
. FICE 4.2
(2 4 o 150 km
[21] , ®>0,
, W<0.
; , 4 20 40 km
0 1200km 5 75km, ,
2km 0.5 km. ,
2.59x10° s,
4 381.6 s, 348.1s.
4.1 ,
W = 0.34 %10 " km'*, 29.4

28. 77 km.
381.6 s

km,



1035

wn
=

40

e
=

8 gyt
oD

40

b
oD

e
=0

40

[ Y
= =]

=/km
P Y
= = oo

28]
=]

10

(o L I i 4
o o o o

10

£ Ly
(=]

> IIHIIIIIIIIII]III'I III!IIII!III"IIIII II'EIIIIIIIIIIIIIII’I IIIIII!’ITIIIIIIIIII IHIIIIIIIIIII[[III IHIIIJIIII"IIIHI

30

d
=]

10

Fig.4 Height versus time sructure of the weighted vertical wind disturbance (% a 150 km in horizontal direction
Dotted lines indicate < 0. Contour interval is0.08 m-s™ 1. The minimum =lid cortour and meximum dbtted cortour are 0. 04 m- s~ *

~15min

=T3min

=135min

MRS ~195min
kil

I.Illljll.illlllll]li. Illlllillll!!lllll] l]!!lll}_lllllllllll l.illll]lllllllllll

N Al . —255mi
|g\?=\§;l il
¥

Uit L
~_, =315min
RToRT L HE

IIIlIl]I]Ill]IlH]]. lllllllltllllllllll

z/km

ihe.. °'..b & ~'} o B '
g
|| 1
200 400 600 800
a/km
| — I ]
-0.3 -02 -0.1 0 0.1 0.2 0.
Wwimes™)

s

3 o
Fig.3 The densty weighted vertica velocity % a different times

50

4)

30

20

10

= IlIIlIlif[‘l;llllilllf{]‘!llli III!IIIIJIIIIIIIIII

=

10 25

#min

4 150 km it

@<o0, 0.08ms?t, 0Mms?t -004ms

and - 0.04m- s, repectivey.

1000



1036 (ChineseJ. Gaophys.) 50

, 360 s, 30 km, 2 (9 :

~=6min

s = ____________ =0min___

30

z/km
-
Lt

=

0.5%x10°2J-m" 2, 0.5%10°2J-m"?; ,

Fg.5 Didribution of the averaged wave energy dendty at different times
Qontour intervlsare 0.5%10°2J-m" 2, the minimum value is 0.5 10" 2J-m" 2; Darker shaded contours and upward arrows represent regions of
upward energy flux , and lighter shaded contours and downwerd arrows indicate downward energy flux ; The dashed lines inply the duct area.

I © 1994-2008 China Academic Journal Electronic Publishing House. All rights reserved.  http://mmw.cnki.net



1037

4
4 4.4
) 30 km 6
,30 50 km , ;
n=0 , o
4.3 3mn ,
“oown 9 min (
, ) 6 ,
) 34 km
€. ,
Pw , ’
60 km K,
(14) ’
2 1.2\ 2 [ [}
s %po(uz FW ZDP(:vi * H(I:(V- p \1/;v§’
(14) ’
P o 120 km , 315 mn 738.2km
” | | 32.71 m-
s, 34.20m-s .
> METTT S
, ; nf :
PwW >0, =30F \'f\/\/‘/\/\f\/WW’\/\_
: Wosl | E
PW <0, : 2 —I E
5 ’ Moo I00 300 a0 0000 700
, x/km
18 mn 6
(40 km ) \ Fig.6 The pah of the wave packet energy
, cent propageting in the duct
30 mn )
4.5
’ : Nappo[m
, ' "
zo = 30 km , 30 km ,
5



1038

(ChineseJ. Gaophys.)

i)

>
I|IIIIIIIII[IIHIIIIIIIII

lli[l] I1k'IlIIIIIIIlIIIFII!II!HIII!IIIIII!

4 'J':
= VAN
& l&. \; &y "lh'c
A b e VA W
; 3N \f! ECA Jlﬁ")\\ ,(._)\\ ot ", L S e
- ayn P o T  ve, =
v SIS '---"\.,’-...?'\,__,f..__n-;_fg
100 150 200 250 300
Hmin
7
20 30 km 3U 40 km
20 40 Km
Fg.7 Vaidion of wave energy in the duct area

The datted line shows energy in the vertical 20 30 km area; the dashed line shows energy in the vertica

30 40 km area, and the oolid line shows tota energy in the full duct area (20 40 km) .

, 18 min
5.38x10' J, , 315 min
2.58x10'J. ,
, 60 min
E(t) = 3.30 x 1O7exp[ - 1tg-7.$(cj +1.66 x 10",
(15)
E , J, t
min. , t )
1.66 %10 J. ,
-7
o El=el LB s esu |

31%

600 km

5h,



4 1039
[13] Wadterscheid RL , Shubert G, Brinkman D G. Srdll-scde gravity
(Re‘erences) waves in the upper meophere and lower anmophere generated by

[1] FittsD C. GQaity wave saturdtion in the midde anophere: a deep tropical convection. J. Geophys.  Res. , 2001, 106 (D23) ,
review of theory and observations. Rev. Geophys. , 1984, 23(3) : obi: 31825 31832
275 307 [14] Swenon GR, Hague R, Yang W, et d. Moment and energy fluxes

[2] FittsDC, Al MJ. Gaity dyremics and effectsin the o morochronetic gravity wavesobserved by an OH imeger a Sarfire.
midde anogphere. Rev. Geophys. , 2003, 41(1) , RGLO03, doi : J. Geophys. Res., 1999, 104(D6) : 6067 6080
10. 1029/200LRG00106 [15] Gardner CS, Qlai K, Zheo Y, & d. Measuring gravity wave

[3] Chinonas G, Hines C O. Doppler dudting o amospheric gavity nomentum fluxes with airgow imegers. J. Geophys. Res. , 1999,
waves. J. Geophys. Res. , 1986, 91(D1) : 1219 1230 194(D10) 11903 ) 11915 )

[4] FittsDC, Yuan Li. An andyss o gaty ducting in the [16] FittsD C. Erant irferences of gravity wave nomentum and hest
amoghere: Eckart s rew in thermel and Doppler dudts, J fluxes usng argow and lidar ingrumentation: oorrections and
Gooplys. Res. |, 1980, 94(D15) : 18455 18466 cautions. J. Geophys. Res. , 2000, 105(D17) : 22355 22360

[5] EM, Ficard R H. On the origin of mepheric bores, J [17] Nappo CJ. An Introduction to Atnogheric Gavity Waves.
Geophys. Res. , 2001, 106(D3) : 2021 2927 California: Acadermic Fress, 2002 _

[6] Meriwether J W, Garad A J. Meogphere inverson layers and [18] Dewen EM, Acard R H. Medpheric bores. J. Geophys. Res.
dratophere terperature enhancements. Rev.  Geophys. , 2004, 42 1998, 103(D6) : 6295 6305
(3) . RG3003, cbi : 10. 1029/2003RA00133 [19] Munadnghe G, Hur H, Huang T Y, e d. Applicaion o the

[7] Taylee MJ, Turnbul D N, Lowe R P. Sectrometric and imegng dgerson formda to longand - short-period - gravity - waves:

" sof a pectacular graity ot ol during the conparions with ALOHA - 93 data and an andyticd nodd. J.
ALOHA - 93 canpaign. Geophys. Res. Let. , 1995, 22(20) : 2848 Ceophys. Res. , 1998, 103(D6) : 6467 6481
o850 [20] Hur H. Fuly guided gravity waves & short-periods and gravity wave

[8] Iderd R, Talor M J, Fitts D C. Ob iond e o critica layer interaction [ Ph. D. thess]. QGncinndi: Gncinndi
ducting and evanescence in the meogphere. J. Geophys. Res. , Univ. , 1998
1097 . 102 (D22) : 26301 26313 [21] Zhang SD, Yi F. A numericd dudy of ronlinear propagetion o a

[9] Waterscheid RL , Hecht J H, Vincet RA, & d. Ardyss and gravity-wave packet in compressible amogphere. J. Geophys. Res.
interpretation of  argow and radar observations o quad- 1999, 104(D6) : 14261 14270
rorochonetic. graty in the wpper mephere and lower [22] Zhang SD, Yi F. A numericd gudy of propagation characterigicsof
thermogphere over Addaide Austrdlia (35°S, 138°E) . J. Atmcs. gavity wave packets propagating in a dsspdive amophere. J.
Sd. Ter. Phys. , 1999, 61(6) : 461 478 Geophys.  Res. , 2002, 107(D14) , doi : 10. 1029/20011DO00864

[10] JonesWL. Ducting of internd gravity waves on a dable layer with (23] ' ’ '
shear. J. Geophys. Res. , 1972, 77(21) : 3879 3885 2001, 44(4) - 454 460 ]

[11] Spler CE. Internd waves and unduar bores in mesopheric g SD, Vi F, WengJ F, et dl. A numerical study on saturation
inverson layers. J. Geophys. Res., 2005, 110 (D9) , doi mechaniam o gravity wave in mesophere. ChineseJ. Geophys. (in
10. 1029/2004JD004685 Chiness) , 2001, 44(4) - 454 460

[12] SivdyJB, Paso V P. Artiphase OH and Ol airflow emissons [24] Sutherland B R, Yeachuk K. Internd wave tunnding. J. Huid
induced by a short-period ducted gravity wave. Geophys. Res. Lett. |, Mech. , 2004, 511(1) : 125 134

( )

2005, 32, L08808, dbi : 10.1029/2004G. 022221





