PROGRESS IN NATURAL SCIENCE Vol. 17. No. 6. June 2007

RESEARCH PAPERS

Nonlinear interactions between gravity waves and background
winds

Liu Xiao" > and Xu Jiyaol

(1. State Key Laboratory for Space Weather, Center for Space Science and Applied Research, Chinese Academy of Sciences, Beijing
100080, China 2. Graduate University of Chinese Academy of Sciences, Beijing 100039, China)

A ccepted on October 23, 2006

Abstract
linear GW theory, the process of GW propagation in different background winds, e.g. the direction of the background wind is opposite to

Using the nonlinear propagating gravity waves (GW) model in the two-dimensional com pressible atmosphere and the

(dead wind) or the same as (tail wind) the direction of the horizontal phase velocity of GW, is studied. The results show that the dead
wind prolongs the vertical wavelength and accelerates GW propagation. Therefore GW propagates up to a higher height becomes instable
in a short time and eventually induces aninverse jet flow. Then, the vertical wavelength is becoming short due to the nonlinear interactions
between GW and the inverse et fbow. The vertical wavelength and group velocity decrease after GW propagates into the tail wind. The
initial instable time is delayed. Although most of GW is trapped in the instable region, some of GW propagates above the instable region.
Compared with GW propagation in the tail wind, the nonlinear interactions between GW and the dead wind are also strong. In contrast,
the linear GW theory predicts that GW can propagate freely in the dead wind. T he vertical wavelength simulated by the nonlinear numeri-

cal model is different from that predicted by the linear theory greatly after GW propagates into the dead wind.

Keywords:

Recently, the theory of atmospheric dynamics
and a mass of observations indicated that gravity wave
(GW) plays an im portant role in the variations of the
global atmospheric structures | ' . There are greal
differences between numerical simulations and obser-
vations of the dynamical structures of the global at-
mosphere if the effects of GW are neglected. Thus
GW is important and indispensable to the process of
atmospheric dynamics. M eanw hile, the dynamical
structures of atmosphere have prominent influences on
GW propagation. Because of the seasonal variations of
the global atmospheric back ground winds, GW prop-
agation in different background winds and its acceler-
ated effects on the background winds are one of the
hottest topics in atmospheric dy namics studies at pre-

sent time[

GW propagation in the tail wind has received

. 6 .
much attention and research[ ! The reason is that
the tail wind has obvioudly trapped and strong nonlin-

ear effects on GW propagation.

gravity waves background winds vertical group velocity, vertical wavelength. nonlinear interactions

GW can propagate freely in the dead wind in the
classical linear GW theory. So the research about it is
relatively poor. However, the observational results
that the inverse jet flow occurring frequently in sum-
mer at middle latitudes are believed to be generated by
breaking GW, which exerts aforce on the dead winds
through the deposition of their momentums and re-
verse the dead winds in the mesosphere[ >4 This in-
dicates that the nonlinear interactions between GW
and the dead winds 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 photochemistry and
dynamics during the process of GW propagation have

been studied using this model'* ™. In this paper, we
will study the nonlinear interactions between GW and
back ground winds by using the model, especially, the
effects of GW on the dead wind and the effects of the

dead wind on the variations of GW propagation after
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GW propagates into the regions of the dead wind.
For the purpose of comparative study, we will study
the effects of GW on the tail wind and the effects of
the tail wind on the variations of GW propagation af-
ter GW propagates into the regions of the tail wind.
Firstly, we will analyze the effects of background
winds on GW propagation based on the linear theory.
Secondly, we will compare and study the nonlinear
interactions (between GW and background wind) in
the dead wind with that in the tail wind.

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

This section describes the study on the variations
of GW propagation when GW packet propagates from
the region without wind to the region with wind. For
medium and small scale GW, the horizontal and verti-
cal wavelengths used in this paper are 100 km and 10
km respectively. The wave period is 55.7 minutes.
The vertical profiles of background winds are shown
in Fig. 1(a). The solid and dash lines are the dead
(Case 1) and tail wind (Case 2) respectively.

The effect of background winds 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 wave-
length, are important wave parameters. The follow -
ing formula shows the relation between the vertical
wave number and the vertical gradient of the back-
ground wind based on the ray tracing method ',

dk, (z)/dt =— k,duy(z)/dz ey
where k, and k. are the wave numbers in the horizon-
tal and vertical directions respectively, uis the back-
ground wind, 7 is time, z isheight. Forupward GW
propagation in this study, the vertical wave number
k0. Thus the vertical wave number decreases with

time evolution when duo(z )/dz>> 0. But the abso-
lute value of the vertical wave number increases, as a
result, the vertical wavelength decreases. On the
contrary, the vertical wavelength increases with time

evolution when duy(z)/dz<CO0.

In order to obtain the relation between the time
and height of GW propagation, we introduce 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 background
wind. Thus formula (1) can be written as

t
k,(z)= Jo[_ k. dug(z)/dz] dt

= J —[1/cg (Z/)] [kxduo(z/)/dz/]dz/

%o

P
where the vertical group velocity ¢,, (z) calculates

: . . .1
from the linear GW dispersion relation "

—k (z)w(z)

(z)= (3)
T R KGO+ VU GH)
and the intrinsic frequency o (z) satisfies
MK 1/2
w2 [kiJr k() + 1 (4H2)} “w

dT
where N°= %{d_erf; is the square of buoyancy

frequency, g is the acceleration due to gravity, T the
temperature, ¢, the specific heat at constant pres-
sure, and H the scale height. The vertical profiles of
the vertical wave number (or wavelength) and group
velocity can be obtained by using Eqs. (2)—(4) in
the stable initial background winds.

We calculate the effects of background winds on
GW propagation using the method mentioned above.
Fig. 1(b) and 1(c) show the vertical profiles of the

vertical group velocity ¢, and wavelength L, (L,=
21t/ k- ) respectively. These figures show that the ver-
tical group velocity and wavelength increase after GW
propagates into the dead wind (Case 1), this indi-
cates that the GW is accelerated obviously after it
propagates into the dead wind. The vertical group ve-
locity and wavelength decrease greatly after GW
propagates into the tail wind. Hence GW propagates
upward very slowly after it propagates into the tail
wind in the condition of Case 2. The result that the
vertical wavelength decreases greatly indicates that
GW is compressed greatly .

2 Nonlinear interactions between GW and
background winds

GW propagation in atmosphere is a nonlinear
process so we will study the nonlinear interactions
between GW and background winds using the nonlin-

ear model ¥ . The nonlinear propagation of GW in the
background winds (Fig. 1(a)) will be discussed and
compared with the results based on the linear theory.

2.1 GW nonlinear propagation model in 2-D com-
pressible atmosphere

We have developed a nonlinear propagating GW
model in two-dimensional compressible atmosphere in
[ 8] .. In order to avoid the effect, of the upper bound-
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ary on GW propagation, the vertical domain extends
from the ground to 200 km, the horizontal width is

100 km. Compared with [ 8], the Rayleigh friction
coefficient becomes
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Fig 1.

velocity; (¢) vertical wavelength.

alz)= aoexp[ S [

Qg

Z—lgoh ,  z<C180 km

20
z>> 180 km
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where ¢p=0.02 s ' The Rayleigh friction provides
a damping region near the top of the computational
domain so that the wave reflections from the upper
boundary can be eliminated greatly. Thus GW can
propagate freely without any dissipation in a large
height ranges.

2.2 The effects of background winds on GW propa-

gation characteristics

In order to study the nonlinear GW propagation
characteristics in the background winds shown in
Fig. 1(a) and its accelerated effects on background
winds the amplitude of the initial horizontal velocity

perturbation is taken as 3.0 m *s ' in our numerical
experiments. The horizontal and vertical wavelengths
are 100 km and 10 km respectively. The other pa-
rameters are the same as that in[ 8] . Fig. 2 gives the
spatial distribution of the potential temperature field

(equal lines) and the convectively instable region (N
<0, shadow ) at two moments (shown at the right
and top comer) in Case 1 (Fig. 2(a), (¢)) and Case
2 (Fig. 2(b), (d)). Fig. 2 shows the same physical
phenomena of the two cases because of the difference
of the vertical group velocity between Case 1 and Case
2. Fig. 2(a), (b) show the moment that GW just
become instable, and Fig. 2(¢), (d) show the break-
ing GW for Case 1 and the instance at 15000s for
Case 2.

Firstly, we analyze the effects of background
winds on the height of the instable region. For Case 1
(Fig,2(a)y LeDy GW propagates 1o a higher height

The vertical profiles of background winds and wave parameters of Case 1 and Case2. (a) Background winds; (b) vertical group

(120 km) in a short time (8400 s) due to the larger
vertical group velocity in the dead wind. As a result,
the amplitude of GW increases quickly and becomes
convectively instable' " because the density of atmo-
sphere decreases exponentially with increasing height.
For Case 2 (Fig. 2(b), (d)), the speed of the tail
wind is smaller than the horizontal phase velocity of
GW (that is,
but there is a trapped effect on GW. The instable re-
gion is confined under 90 km, while the state of the
region above 90 km is stable.

GW cannot reach the critical level),

E(b) Case 2: 11100 s

F(a)~>— Case 1: 8400 s
N——

I N—— il

L L Il I L 1
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Fig. 2.  The spatial distribution of potential temperature field (e

qual lines) and convectively instable region (shadow). (a) Initial
instability occurring at 8400 s for Case 1; (b) initial instability oc-
curring at 11000s for Case 2; (¢) breaking occurring at 12000s for

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

Secondly, we analyze the effects of background
winds on the initial instable time. For Case 1 (Fig. 2
(a) (e,

GW . becomes instable in a short. time
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(8400s) due to the increase in the vertical group ve-
locity of GW in the dead wind. On the other hand,

according to Bretherton , the quantity E/ @ is con-
servative during GW propagation (E is the mean
wave energy ). The intrinsic frequency @ increases
with increasing height in the dead wind, thus GW
extracts energy from the dead wind. The amplitude
of GW is amplified due to the extracted energy and
the decrease of the atmospheric density with height.
As aresult, GW becomes instable in ashort time. At
this height, GW transfers its energy to the back-
ground wind and resultsin an inverse jet flow (expla-
nation in detail can be seen in Section 2.3). For Case
2, GW loses energy due to the intrinsic frequency ©
decreases with increasing height in the taill wind.
the upward propagation of GW is
trapped because of the decrease of the vertical group
velocity in the tail wind. Consequently, GW becomes

M eanw hile,

instable after a long time.

Background winds have important effects on the
vertical wavelength of GW based on the linear theory
In order to study the effects of
background winds on the vertical wavelength of GW

mentioned above.

based on the nonlinear numerical simulation, we pre-
sent the time evolution of the normalized spectrum of
the vertical wavelength of the horizontal velocity per-

[, (km)

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

For Case 1, we find that the vertical wavelength
of the horizontal velocity perturbation of GW is pro-
longed abruptly at about 4500 s. The reason is that
the GW packet propagates into the region of the tail
wind, the vertical wavelength is modulated by the
dead wind and becoming longer until 8000 s. Then
the sign of the vertical gradient of background wind is
opposite to that in the initial time due to the acceler-
ated effect of GW on the dead wind. So the vertical
wavelength of GW is becoming short, GW begins to
be instable and breaking above 95 km after 12000 s.
These confine the increase of the amplitude of GW
and excite waves with various wavelengths. Before
4500s, there are few differences betw een the vertical
wavelength simulated by the nonlinear numerical
model and the one that is predicted by the linear theo-
ry (dash line). Then, the nonlinear interactions be-
tween GW and the dead wind are becoming strong
with time evolution. Thus the vertical wavelengths
simulated by the nonlinear numerical model are differ-
ent from that predicted by the linear theory greatly.
At 12000 s,
simulation include several wavelengths. However,
most of them (7.5 km and 10 km) are shorter than
that predicted by the linear theory (about 16.5 km).

the results of the nonlinear numerical

[ (b) Case 2

(s
Fig. 3.

line) and the vertical wavelength predicted by linear theory (dash line).

For Case 2, we find that the vertical wavelength
is becoming short due to the modulation of the tail
wind. Two different vertical wavelengths appear after
11000s. They correspond to the regions above (stable
region) and under (instable region) the height of 90
km (see Fig. 2). Furthermore, the vertical profiles
of the horizontal velocity perturbation indicate that
there are two parts of GW with different w avelengths
above and under the height of 90 km (it is not shown
in this paper). They correspond to the two main

C . 1 " 1 N 1 ,
0 4000 8000 12000

C L L . 1 L L
0 4000 8000 12000
t(s)

The time evolution of the normalized spectrum of the vertical wavelength of the horizontal vebcity pertuthation of GW (equal

wavelengths shown in Fig. 3(b). The vertical wave-
length of GW is compressed under the height of 90
km. Meanwhile, the vertical wavelength of GW is
prolonged above the height of 90 km and GW propa-
gates upward stably. The reason is that the tail wind
extracts the energy of GW and the amplitude of GW
decreases. The increase of the vertical wavelength of
the upward propagating GW above the height of 90
km is in favor of GW propagation. The vertical wave-
length simulated by the nonlinear numerical model co-



Progress in Natural Science

Vol. 17 No. 6 2007 www. tandf. 0. uk/journals 643

incides with that predicted by the linear theory before
GW becomes instable (at about 11000s). The verti-
cal wavelength in Fig. 3(b) after 12000 s indicates
that most of GW is confined into the instable region,
but some of GW with longer vertical wavelength
propagates stably above the instable region. It cannot
be predicted by the linear theory.

The comparative results of Fig. 3(a) and 3(b)
indicate that there are many differences between the
vertical wavelength of GW simulated by the nonlinear
numerical model and that predicted by the linear the-
ory in the dead wind. However, the difference is
small in the tail wind. These are caused by the in-
verse jet flow produced by the nonlinear interactions
between GW and the dead wind. So there are many
differences between the results of the nonlinear nu-
merical simulation and that of the linear theory.

In aword, the dead (tail) wind accelerates (de-
celerates) the upward propagation and the develop-
ment of the instability of GW during the initial stages
of GW propagation. The vertical wavelength of GW
is prolonged (compressed ) when it propagates into
the region of the dead (tail) wind. The vertical
wavelength of GW simulated by the nonlinear numer-
ical model is different from that predicted by the lin-
ear theory greatly due to the strong nonlinear interac-
tions and the variations of background winds. GW ac-
celerates the dead wind in the opposite direction at
higher height when GW propagates into the region of
the dead wind. The inverse jet flow (Section 2. 3)

1S0R

traps the upward propagation of GW in the dead
wind. Although the trapped effect of the tail wind on
GW propagation, some of GW propagates upw ard
freely in the tail wind.

2.3 The accelerated effects of GW on background

winds

The accelerated effects of instable GW on back-

ground winds are one of the important aspects of

. . (713
wave-flow interactions

. Thus here we study the
variations of background winds due to GW propaga-
tion. The vertical profiles of background winds in
Case 1 and Case 2 at several times are presented in

Fig. 4 in which the propagation time is also shown.

GW propagates up to a higher height and be-
comes instable in a short time due to the accelerated
effect of the dead wind on GW. As a result, the
background wind is accelerated greatly. At 12000 s
the background wind with the initial speed —20 m°

s ' is accelerated to about 65 m°s ' and an inverse jet
flow appears at the height about 120 km. The sign of
the vertical gradient of the background wind changes
at about 7800 s and the vertical wavelength of GW
decreases. This confirms the guess that the inverse jet
flows occurring frequently in summer at middle lati-

tudes are generated by breaking GW'™. On the other
hand, the inverse jet flow traps the upward propaga-
tion of GW and results in the complex structures of

GW.

- Case 2 (b)

£ 100 i .
N T e
............. 0s
....... 7800 s
50k ---- 10200 s ----11100s
1 1 1 120010 s 1 1 1 1 15000 H
-20 0 20 40 60 0 5 10 15 20 25 30
u(m-s™) u(m-s™h)
Fig. 4. The vertical profiles of horizontal background winds at several times.

Due to the trapped effect of the tail wind on the
vertical wavelength and amplitude of GW, GW be-
comes instable in the region of the tail wind and this
result in a relatively large acceleration of background
wind at the bottom of the taill wind. Some of GW
propagates upward from the region of the tail wind
with time evolution. So the back ground wind is accel-
erated at the upper region of the tail wind and this re-

sults in a relatively weak jet flow .

The com parative results of Fig. 4(a) and 4 (b)
indicate that the magnitude of the acceleration of the
background wind is large (small) and the height of
the acceleration is high (low) when GW propagates
into the region of the dead (tail) wind. These are
caused by the accelerated effect of the dead wind 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 deposited 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, firstly, we analyze the effects of
background winds on GW propagation by using the
ray tracing method and the linear GW dispersion rela-
tion. The results indicate that the vertical group ve-
locity and wavelength of GW increase (decrease) after
GW propagates into the region of the dead (tail)
wind. Secondly, we study the nonlinear propagation
of GW in the dead (tail) wind by using the nonlinear

propagating GW modef ® and compare them with
that of the linear theory.

GW becomes instable quickly at a higher height
due to the accelerated effect of the dead wind. The
dead wind prolongs the vertical wavelength of GW.
The instable GW induces the acceleration of the back-
ground wind and an inverse jet flow appears. This re-
sult confirms the guess in [ 4] . The new background
wind shortens the vertical wavelength of GW gradual-
ly and traps the upward propagation and the ampli-
tude of GW. The waves with different vertical wave-
lengths appear during the process of the nonlinear nu-
merical simulation and different from that of the lin-
ear theory greatly. The initial instable time is delayed
due to the trapped effect of the tail wind on GW. The
vertical wavelength of GW is becoming short. GW
becomes instable in the region of the tail wind. Al-
though most of GW is trapped in the region of the tail
wind, Some of GW propagates upward freely and sta-
bly above the instable region.

The magnitude and height of the accelerated ef-
fect of GW on background winds are related to the
height of GW propagation directly. Hence, they are
also related to the vertical group velocity. GW propa-
gates to a higher height and extracts energy form the
dead wind due to the accelerated effect of the dead
wind on GW. So the background wind is accelerated
greatly at a higher height and an inverse jet flow ap-

pears. On the contrary, the tail wind confines the
vertical group velocity and the height of GW propaga-
tion, and extracts energy from GW. Consequently,
the amplitude of GW increases slowly and the acceler-
ation of the background wind is relatively small.

The simulative and comparative studies in this
paper indicate that, compared with GW propagation
in the tail wind, the nonlinear interactions between
GW and the dead wind are also strong. There are
large variations of GW propagation and the structures
of the background wind. The vertical wavelength of
GW simulated by the nonlinear numerical model is

different from that of the linear theory greatly.
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