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　　Abstract　　Using the nonlinear propagating gravity waves(GW)model in the tw o-dimensional com pressible atmosphere and the
linear GW theory , the process of GW p ropagat ion in dif ferent background w inds , e.g.the di rection of the background wind is opposite to

(dead w ind)or the same as(t ail w ind)the direction of the horizontal phase velocity of GW , is studied.The results show that the dead

w ind prolongs the vertical w avelength and accelerates GW propagat ion.Therefore , GW propagates up to a higher height becomes instable

in a short time and even tually induces an inverse jet flow.Then , the vertical wavelength is becoming short due to the nonlinear interactions
betw een GW and the inverse jet f low.The vertical w avelength and group velocity decrease af ter GW propagates into the tail w ind.The

init ial instable t ime is delayed.Although most of GW is t rapped in the instable region , some of GW propagates above the instable region.

Compared wi th GW propagation in the tail w ind , the nonlinear interactions betw een GW and the dead wind are also st rong.In cont rast ,
the linear GW theory predict s that GW can propagate f reely in the dead w ind.T he vertical w avelength simulated by the nonlinear numeri-

cal model i s diff erent from that predicted by the linear theory great ly after GW propagates into the dead w ind.

　　Keywords:　gravity waves, background winds, vertical group veloci ty , vertical wavelength , nonlinear interactions.

　　Recently , the theo ry of atmospheric dynamics
and a mass of observations indicated that gravity wave

(GW)plays an important role in the variations of the

g lobal atmospheric st ructures
[ 1—4]

.There are great
differences between numerical simulations and obser-
vations of the dynamical st ructures of the global at-
mosphere if the effects of GW are neglected.Thus
GW is important and indispensable to the process of

atmospheric dynamics.Meanwhile , the dynamical

structures of atmosphere have prominent inf luences on

GW propagation.Because of the seasonal variations of
the g lobal atmospheric background w inds , GW prop-
agation in different backg round w inds and its acceler-
ated effects on the backg round w inds are one of the

hot test topics in atmospheric dynamics studies at pre-
sent time

[ 1—7]
.

GW propagation in the tail wind has received

much at tention and research
[ 6 , 7]

.The reason is that
the tail wind has obviously trapped and st rong nonlin-
ear effects on GW propagation.

GW can propagate f reely in the dead w ind in the

classical linear GW theory .So the research about i t is
relatively poor.However , the observational results
that the inverse jet flow occurring frequent ly in sum-
mer at middle latitudes are believed to be generated by

breaking GW , which exerts a force on the dead winds
through the deposition of thei r momentums and re-

verse the dead w inds in the mesosphere
[ 3 , 4]

.This in-
dicates that the nonlinear interactions betw een GW

and the dead w inds are also strong.Thus further
study is needed.

Very recently , we have developed a 2-dimen-
sional numerical model to simulate the nonlinear prop-
agating GW in the compressible atmosphere.The
nonlinear interactions between photochemist ry and

dynamics during the process of GW propagation have

been studied using this model
[ 8 , 9]
.In this paper , we

w ill study the nonlinear interactions between GW and

background w inds by using the model , especially , the
ef fects of GW on the dead w ind and the effects of the

dead w ind on the variations of GW propagation af ter



GW propagates into the regions of the dead wind.
For the purpose of comparat ive study , we w ill study
the effects of GW on the tail w ind and the ef fects of

the tail w ind on the variations of GW propagation af-
ter GW propagates into the regions of the tail wind.
Firstly , we w ill analyze the effects of backg round

w inds on GW propagation based on the linear theory.
Secondly , we w ill compare and study the nonlinear

interactions(between GW and backg round w ind)in
the dead w ind wi th that in the tail w ind.

1　Linear theory of the effects of background
winds on GW propagation

This section describes the study on the variations

of GW propagation w hen GW packet propagates f rom

the region w ithout w ind to the region w ith wind.Fo r
medium and small scale GW , the horizontal and verti-
cal w aveleng ths used in this paper are 100 km and 10

km respectively.The w ave period is 55.7 minutes.
The vertical prof iles of background w inds are show n

in Fig.1(a).The solid and dash lines are the dead
(Case 1)and tail w ind(Case 2)respectively.

The effect of backg round w inds on GW propaga-
tion is studied based on the ray tracing method and

GW dispersion relation.The propagation characteris-
tics , such as vertical group velocity and vertical w ave-
length , are important w ave parameters.The follow-
ing formula show s the relation between the vertical

w ave number and the vertical gradient of the back-

g round w ind based on the ray tracing method
[ 10]
,

dkz(z)/dt =-k xdu0(z)/dz (1)

where kx and kz are the w ave numbers in the ho rizon-
tal and vertical di rections respect ively , u0 is the back-
g round w ind , t is time , z is height.For upward GW
propagation in this study , the vertical w ave number
k z <0.Thus the vertical w ave number decreases with

time evolution w hen d u0(z)/dz >0.But the abso-
lute value of the vertical w ave number increases , as a
result , the vertical w avelength decreases.On the

contrary , the vertical w aveleng th increases w ith time
evolution when d u0(z)/dz <0.

In o rder to obtain the relation between the time

and height of GW propagation , we int roduce the ver-
tical group velocity because formula(1)gives the re-
lation between the time evolution of the vertical wave

number and the vertical gradient of the backg round

w ind.Thus formula(1)can be w rit ten as

kz(z)=∫
t

0
[ -kxd u0(z)/dz] dt

=∫
z

z
0

-[ 1/cgz(z′)] [ k xd u0(z′)/dz′] d z′

(2)
where the vertical group velocity cgz(z)calculates

f rom the linear GW dispersion relation
[ 1]

cgz(z)=
-kz(z) ω(z)

[ k
2
x +k

2
z(z)+1/(4H

2
)]

(3)

and the int rinsic f requency  ω(z)satisf ies
[ 1]

 ω(z)=
N
2
k
2
x

k
2
x +k

2
z(z)+1/(4H

2
)

1/2

(4)

where N
2
=

g
T

d T
d z
+

g
cp

is the square of buoyancy

f requency , g is the acceleration due to g ravi ty , T the
temperature , cp the specific heat at constant pres-
sure , and H the scale height.The vertical profiles of
the vert ical w ave number (or w avelength)and g roup
velocity can be obtained by using Eqs.(2)—(4)in
the stable initial backg round w inds.

We calculate the effects of backg round winds on

GW propagation using the method mentioned above.
Fig.1(b)and 1(c)show the vertical profiles of the

vertical g roup velocity cgz and wavelength Lz(L z =

2π/ kz)respectively.These figures show that the ver-
tical g roup veloci ty and w aveleng th increase af ter GW

propagates into the dead wind (Case 1), this indi-
cates that the GW is accelerated obviously af ter it

propagates into the dead w ind.The vert ical group ve-
loci ty and w aveleng th decrease greatly af ter GW

propagates into the tail wind.Hence GW propagates

upw ard very slowly after it propagates into the tail

w ind in the condi tion of Case 2.The result that the
vertical w aveleng th decreases g reatly indicates that

GW is compressed g reatly .

2 　Nonlinear interactions between GW and

background winds

GW propagation in atmosphere is a nonlinear

process , so w e w ill study the nonlinear interactions
betw een GW and background winds using the nonlin-

ear model
[ 8]
.The nonlinear propagation of GW in the

background winds(Fig .1(a))will be discussed and
compared w ith the results based on the linear theo ry.
　　
2.1 　GW nonlinear propagat ion model in 2-D com-
pressible atmosphere

We have developed a nonlinear propagating GW

model in tw o-dimensional compressible atmosphere in
[ 8] .In o rder to avoid the effect of the upper bound-
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ary on GW propagation , the vert ical domain ex tends
from the ground to 200 km , the horizontal w idth is

100 km.Compared with [ 8] , the Rayleigh f rict ion
coef ficient becomes

Fig.1.　The vert ical profiles of background w inds and w ave parameters of Case 1 and Case 2.(a)Background winds;(b)vertical group

velocity;(c)vertical w avelength.

α(z)=
α0exp -ln2·

z -180
20

, z ≤180 km

α0 , z >180 km

(5)

where α0=0.02 s
-1
.The Ray leigh friction provides

a damping region near the top of the computational

domain so that the wave ref lections f rom the upper

boundary can be eliminated greatly.Thus GW can

propagate freely w ithout any dissipation in a large

height ranges.

2.2　The effects of background w inds on GW propa-
gation characteristics

In order to study the nonlinear GW propagation

characteristics in the backg round w inds show n in

Fig.1(a)and its accelerated effects on backg round
w inds , the amplitude of the initial ho rizontal velocity

perturbation is taken as 3.0 m·s
-1
in our numerical

experiments.The ho rizontal and vertical w avelengths
are 100 km and 10 km respectively .The other pa-
rameters are the same as that in [ 8] .Fig.2 g ives the
spat ial distribution of the potential temperature field

(equal lines)and the convect ively instable region(N
2

<0 , shadow)at two moments(show n at the right
and top corner)in Case 1(Fig.2(a), (c))and Case
2(Fig.2(b), (d)).Fig .2 shows the same physical
phenomena of the tw o cases because of the difference

of the vertical g roup veloci ty betw een Case 1 and Case

2.Fig.2(a), (b)show the moment that GW just

become instable , and Fig.2(c), (d)show the break-
ing GW fo r Case 1 and the instance at 15000s fo r

Case 2.

Firstly , we analy ze the effects of backg round

w inds on the height of the instable region.For Case 1
(Fig.2(a), (c)), GW propagates to a higher height

(120 km)in a short time (8400 s)due to the larger
vertical g roup velocity in the dead wind.As a result ,
the amplitude of GW increases quickly and becomes

convect ively instable
[ 11]

because the densi ty of atmo-
sphere decreases exponentially wi th increasing height.
For Case 2 (Fig.2(b), (d)), the speed of the tail
w ind is smaller than the horizontal phase velocity of

GW (that is , GW cannot reach the critical level),
but there is a t rapped effect on GW.The instable re-
gion is confined under 90 km , while the state of the
region above 90 km is stable.

Fig.2.　The spatial distribution of potential temperatu re f ield(e-
qual lines)and convect ively instable region (shadow).(a) Ini tial

instability occu rring at 8400 s for Case 1;(b)initial instabilit y oc-
curring at 11000 s for Case 2;(c)b reaking occurring at 12000 s for

Case 1;(d)instable states at 15000 s for Case 2.

Secondly , we analyze the ef fects of background
w inds on the initial instable time.For Case 1(Fig.2
(a), (c)), GW becomes instable in a short time
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(8400 s)due to the increase in the vertical group ve-
locity of GW in the dead w ind.On the other hand ,

acco rding to Bretherton
[ 12]
, the quantity  E/ ωis con-

servative during GW propagation ( E is the mean

w ave energy).The int rinsic f requency  ω increases

w ith increasing height in the dead w ind , thus GW
ex tracts energy from the dead wind.The amplitude
of GW is amplified due to the ext racted energy and

the decrease of the atmospheric density w ith height.
As a result , GW becomes instable in a sho rt time.At
this height , GW transfers it s energy to the back-
g round w ind and results in an inverse jet flow (expla-
nat ion in detail can be seen in Section 2.3).For Case
2 , GW loses energy due to the int rinsic f requency  ω
decreases with increasing height in the tail wind.
Meanwhile , the upward propagation of GW is

trapped because of the decrease of the vertical group

veloci ty in the tail w ind.Consequently , GW becomes

instable af ter a long t ime.

Backg round w inds have important effects on the

vertical w avelength of GW based on the linear theory

mentioned above.In o rder to study the ef fects of

backg round w inds on the vertical w aveleng th of GW

based on the nonlinear numerical simulation , we pre-
sent the time evolution of the no rmalized spectrum of

the vertical w avelength of the horizontal velocity per-

turbation of GW in Case 1(Fig.3(a))and Case 2
(Fig .3(b)).

For Case 1 , we find that the vertical w aveleng th
of the ho rizontal velocity perturbation of GW is pro-
longed abrupt ly at about 4500 s.The reason is that
the GW packet propagates into the region of the tail

w ind , the vertical w avelength is modulated by the
dead w ind and becoming longer until 8000 s.Then
the sign of the vertical gradient of backg round wind is

opposite to that in the ini tial time due to the acceler-
ated effect of GW on the dead wind.So the vertical
w aveleng th of GW is becoming short , GW begins to

be instable and breaking above 95 km af ter 12000 s.
These confine the increase of the amplitude of GW

and excite w aves with various wavelengths.Befo re
4500 s , there are few differences betw een the vertical

w aveleng th simulated by the nonlinear numerical

model and the one that is predicted by the linear theo-
ry(dash line).Then , the nonlinear interactions be-
tw een GW and the dead wind are becoming st rong

w ith time evolution.Thus the vertical w aveleng ths
simulated by the nonlinear numerical model are differ-
ent f rom that predicted by the linear theory g reat ly.
At 12000 s , the results of the nonlinear numerical
simulation include several w aveleng ths.However ,
most of them (7.5 km and 10 km)are shorter than
that predicted by the linear theo ry (about 16.5 km).

Fig.3.　The t ime evolut ion of the normalized spectrum of the vertical wavelength of the horizontal velocity pertu rbation of GW (equal
line)and the vert ical wavelength predicted by linear theory (dash line).

　　For Case 2 , we find that the vertical w avelength
is becoming sho rt due to the modulation of the tail

w ind.Tw o different vert ical w avelengths appear af ter
11000s.They correspond to the regions above(stable
region)and under (instable region)the height of 90
km (see Fig.2).Furthermore , the vert ical profiles
of the horizontal velocity perturbation indicate that

there are tw o parts of GW with dif ferent w avelengths

above and under the height of 90 km (i t is not show n
in this paper).They correspond to the tw o main

w aveleng ths show n in Fig.3(b).The vertical w ave-
leng th of GW is compressed under the height of 90

km.Meanwhile , the vert ical w avelength of GW is

prolonged above the height of 90 km and GW propa-
gates upw ard stably.The reason is that the tail wind
ext racts the energy of GW and the amplitude of GW

decreases.The increase of the vertical w aveleng th of
the upward propagating GW above the height of 90

km is in favo r of GW propagation.The vertical w ave-
leng th simulated by the nonlinear numerical model co-
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incides w ith that predicted by the linear theory before

GW becomes instable (at about 11000 s).The verti-
cal w aveleng th in Fig.3(b)af ter 12000 s indicates
that most of GW is confined into the instable region ,
but some of GW w ith longer vertical w avelength

propagates stably above the instable region.It cannot
be predicted by the linear theo ry.

The comparat ive results of Fig.3(a)and 3(b)
indicate that there are many differences betw een the

vertical w avelength of GW simulated by the nonlinear

numerical model and that predicted by the linear the-
ory in the dead w ind.However , the dif ference is
small in the tail wind.These are caused by the in-
verse jet f low produced by the nonlinear interactions

between GW and the dead w ind.So there are many
differences betw een the results of the nonlinear nu-
merical simulation and that of the linear theory .

In a w ord , the dead(tail)wind accelerates(de-
celerates)the upw ard propagation and the develop-
ment of the instability of GW during the init ial stages

of GW propagation.The vert ical w avelength of GW
is prolonged (compressed)when it propagates into
the reg ion of the dead (tail)w ind.The vertical

w aveleng th of GW simulated by the nonlinear numer-
ical model is different f rom that predicted by the lin-
ear theory g reat ly due to the st rong nonlinear interac-
tions and the variations of backg round w inds.GW ac-
celerates the dead w ind in the opposite direction at

higher height when GW propagates into the region of

the dead wind.The inverse jet flow (Section 2.3)

t raps the upw ard propagat ion of GW in the dead

w ind.Although the t rapped ef fect of the tail w ind on
GW propagation , some of GW propagates upw ard

f reely in the tail w ind.

2.3　The accelerated effects of GW on background

w inds

The accelerated effects of instable GW on back-
ground winds are one of the important aspects of

w ave-flow interactions
[ 7 ,13]

.Thus here w e study the
variations of backg round winds due to GW propaga-
tion.The vertical profiles of backg round winds in

Case 1 and Case 2 at several times are presented in

Fig.4 in w hich the propagation time is also shown.

GW propagates up to a higher height and be-
comes instable in a sho rt time due to the accelerated

ef fect of the dead w ind on GW.As a result , the
background wind is accelerated greatly.At 12000 s ,
the backg round wind with the initial speed -20 m·

s
-1
is accelerated to about 65 m·s

-1
and an inverse jet

f low appears at the height about 120 km.The sign of
the vert ical g radient of the background wind changes

at about 7800 s and the vertical w aveleng th of GW

decreases.This confi rms the guess that the inverse jet
f low s occurring f requently in summer at middle lati-

tudes are generated by breaking GW
[ 4]
.On the o ther

hand , the inverse jet flow traps the upw ard propaga-
tion of GW and results in the complex st ructures of

GW.

Fig.4.　The vertical profi les of horizontal background winds at several t imes.

　　Due to the trapped ef fect of the tail w ind on the
vertical waveleng th and amplitude of GW , GW be-
comes instable in the reg ion of the tail w ind and this

result in a relatively large acceleration of backg round

w ind at the bot tom of the tail wind.Some of GW
propagates upw ard f rom the region of the tail w ind

w ith time evolution.So the background w ind is accel-
erated at the upper reg ion of the tail wind and this re-

sults in a relatively weak jet f low .

The comparative results of Fig.4(a)and 4(b)
indicate that the magni tude of the acceleration of the

background w ind is large (small)and the height of
the acceleration is high (low)when GW propagates

into the reg ion of the dead (tail)w ind.These are
caused by the accelerated effect of the dead w ind on
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GW , GW propagates to a higher height and deposit

momentums in the instable region in a short time.
Then , the deposi ted momentums induce an inverse jet
flow .On the other hand , the inverse jet flow traps

GW propagation in the dead wind.

3　Conclusions

In this paper , fi rst ly , we analy ze the effects of
backg round winds on GW propagation by using the

ray tracing method and the linear GW dispersion rela-
tion.The results indicate that the vertical g roup ve-
locity and wavelength of GW increase(decrease)af ter
GW propagates into the reg ion of the dead (tail)
w ind.Secondly , we study the nonlinear propagation
of GW in the dead(tail)w ind by using the nonlinear

propagating GW model
[ 8]

and compare them with

that of the linear theory.

GW becomes instable quickly at a higher height

due to the accelerated ef fect of the dead w ind.The
dead wind prolongs the vertical w aveleng th of GW.
The instable GW induces the acceleration of the back-
g round wind and an inverse jet flow appears.This re-
sult conf irm s the guess in [ 4] .The new backg round

w ind sho rtens the vertical w aveleng th of GW gradual-
ly and traps the upward propagation and the ampli-
tude of GW.The w aves with different vertical w ave-
lengths appear during the process of the nonlinear nu-
merical simulation and different f rom that of the lin-
ear theory g reat ly.The initial instable time is delayed
due to the trapped effect of the tail wind on GW.The
vertical w aveleng th of GW is becoming sho rt.GW
becomes instable in the region of the tail w ind.Al-
though most of GW is t rapped in the region of the tail

w ind , Some of GW propagates upward f reely and sta-
bly above the instable region.

The magnitude and height of the accelerated ef-
fect of GW on backg round winds are related to the

height of GW propagation direct ly.Hence , they are
also related to the vertical g roup velocity.GW propa-
gates to a higher height and ex tracts energy form the

dead wind due to the accelerated ef fect of the dead

w ind on GW.So the backg round wind is accelerated
g reatly at a higher height and an inverse jet flow ap-

pears.On the contrary , the tail w ind confines the

vertical group velocity and the height of GW propaga-
tion , and ex tracts energy f rom GW.Consequent ly ,
the amplitude of GW increases slow ly and the acceler-
ation of the backg round w ind is relatively small.

The simulative and comparative studies in this

paper indicate that , compared w ith GW propagat ion

in the tail w ind , the nonlinear interactions between
GW and the dead wind are also st rong.There are
large variations of GW propagation and the st ructures

of the background wind.The vertical w avelength of
GW simulated by the nonlinear numerical model is

different f rom that of the linear theo ry greatly.
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