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Abstract. In order to study the filter effect of the back- bring forth the observable traveling ionospheric disturbances
ground winds on the propagation of gravity waves, a three{TIDs). Row (1967) brought forward the pulse propagation
dimensional transfer function model is developed on the batheory of gravity waves in an unbounded dissipationless, pla-
sis of the complex dispersion relation of internal gravity nar, nonrotating, gravitationally stratified isothermal neutral
waves in a stratified dissipative atmosphere with backgroundaitmosphere. Row’s theory exhibits the major features of the
winds. Our model has successfully represented the main resbservation at ionospheric heights after the occurrence of a
sults of the ray tracing method, e.g. the trend of the gravityground impulse source, such as nuclear explosion. Bertin
waves to travel in the anti-windward direction. Furthermore, et al. (1975) adopted the reverse ray-tracing method to study
some interesting characteristics are manifest as follows: (1jhe excitation and propagation of gravity waves and proposed
The method provides the distribution characteristic of wholethat the production mechanism for these waves may involve
wave fields which propagate in the way of the distorted con-ageostrophic perturbations of the neutral wind in a jet stream
centric circles at the same altitude under the control of thebordering the polar front. Using the transfer function method
winds. (2) Through analyzing the frequency and wave num-without background winds, Mayr et al. (1984, 1990) simu-
ber response curve of the transfer function, we find that thdated the excitation of gravity waves by a source at the po-
gravity waves in a wave band of about 15-30 min periodslar thermosphere. Wan et al. (1998) statistically analyzed the
and of about 200—400 km horizontal wave lengths are mostvave parameters and the exciting sources of the TIDs in Cen-
likely to propagate to the 300-km ionospheric height. Fur-tral China based on the observation of an HF Doppler array.
thermore, there is an obvious frequency deviation for gravityThey found that the observed TIDs are excited by the tropo-
waves propagating with winds in the frequency domain. Thespheric vortexes, which, in turn, are related to the topogra-
maximum power of the transfer function with background phy of the Tibet plateau. Mendillo et al. (2002) suggested
winds is smaller than that without background winds. (3) that the disturbances from the lower atmosphere may cause
The atmospheric winds may act as a directional filter that will L0—30% variations in the F2-layer electron density. Rish-
permit gravity wave packets propagating against the winds tdoeth (2006) reviewed the F-region links with the lower at-
reach the ionospheric height with minimum energy loss.  mosphere and emphasized the role of gravity waves. He
pointed out that some of the well-known F2-layer anomalies
might have their origins in the lower atmosphere, and it has
been suggested that phenomena, such as storms, earthquakes
and volcanic explosions, may produce F2-layer signatures.
Moreover, Liu et al. (2006) investigated the ionospheric GPS
1 Introduction total electron content (TEC) disturbances triggered by the 26
December 2004 Indian Ocean tsunami. They found that the
Many researchers have found that severe weather phenomemaDs, which were triggered by the tsunami waves, have peri-
in the troposphere, such as cold wave (Shen and Zi, 1986ods of 10—20 min and horizontal wavelengths of 120—-240 km
Sauli and B&ka, 2001), thunderstorm (Pierce and Coroniti, in the ionosphere.
1966), typhoon (Shen, 1982; Huang et al., 1985; Xiao et al., i
2006) and vortexes (Wan et al., 1998), can excite internal Conventionally, the researchers adopt three methods to

gravity waves which propagate to the ionospheric heights angtudy the propagation characteristics of gravity waves. The
first method is the ray-tracing technique (Cowling et al.,

Correspondence to: W. Wan 1971; Hung et al., 1978; Wan et al., 1998; Yuan et al., 1997).
(wanw@mail.iggcas.ac.cn) It computes the propagation characteristics of wave energy,
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1980 L. Sun et al.: Gravity waves propagation in the realistic atmosphere

assuming the nondissipative atmosphere. This method iand Smith, 1962)y and Rp are thermal conductivity coef-
easy to use and its results have clear physical meanings. Fuficient, viscosity coefficient, specific heat ratio and univer-

thermore, the method can also deal with the nonplane stratgg) gas constant, respectivel$.is the gas viscosity tensor.
ified atmosphere and the time-varying medium. But com-g is the gravitational acceleration. The variables in Eq. (1)
pared with the realistic atmosphere, the ray theory modehre composed of two parts: the ambient quantities and the
is known for its excessive briefness so that it can only befirst-rank perturbations, while higher rank perturbations are

applied to high frequency proximateness. Moreover, thejgnored. Hence, the variables can be expressed as
method does not include the phase and cannot calculate the

real wave field. Besides, the method cannot provide the disv = vo+v1, p=po+p1. T =To+ 11, (2

tribution characteristics of disturbance in the time-space do-

main. Recently, an amended ray-tracing technique which caHVhere"O is neglegtEd by Francis (1973)' Under these hy-
overcome the deficiency of this method, to some extent, id?0teses, Ed. (1) is subsequently linearized and we apply the

put forward by Ding et al. (2003) through considering the Fourier transfer both in time and space. Then we obtain
heat conductivity coefficient and viscosity coefficient in the

knvi

complex dispersion relation of gravity waves. 1 ‘ Kla 01 —ﬁi VR k/zu o 3)
The second method is the full wave solution method (Fran-| 3nR+n—p nx—3ina 1 0 ’ % -

cis, 1973; Lindzen et al., 1976; Liang et al., 1998). This L 2natn 4nR—p—n « —io 7

method is very complexity. The third one is the transfer func- h

tion method. Mayr et al. (1984, 1990) investigated the char-""e"€

acteristics of gravity waves induced by a source in the polar [ « = (k; +i /2H) [ kp, B = a)/z/gk}le,

region. But they did not considered the background winds 5 . .

in their transfer function model, and they also did not study | & =%~ —iex +1. n=io'n/3po, )

free waves excited by a source in the troposphere and did nof o« = 1/k, H, v = iATok2 /o' po,

investigate the characteristics of medium scale gravity waves
induced by the local source, such as the weather process, al

earthquake and nuclear detonation. where H=RT /g is the neutral scale height. The matrix
In this paper, we develop a numerical transfer functiongq. (3) differs from that derived by Francis (1973) in that
model based on the linear theory of gravity waves by con-packground zero rank wingh is included herek;, is the real
sidering background winds, to study the excitation and prop-horizontal wave numbelk}f:karkﬁ. k. andk, are the hor-
agation of free gravity waves generated in the troposphergzontal wave numbers in the x and y directions, respectively.
and the response of the ionosphere in a realistic atmospherg.has a nontrivial solution, so long as the determinant of the

The source on the Earth’s surface is regarded as an input sigoefficient matrix in Eq. (3) is zero. Then we can obtain the
nal and the TIDs induced by the exciting source are regardedomplex dispersion relation:

as an output signal. We consider the atmosphere between 5 )
the Earth’s surface and the ionosphere as a whole respondesR” + C2R* + C1R + Co = 0, (5)
system. We go into detail about the principle of the trans-

o =w— kyvg.

fer function model in Sect. 2, and the results are presented iis{vhere
Sect. 3. Finally, a summary is made in Sect. 4. C3=—3nv(1+4n),
Co=3n (1+4n) [ (y =D)+v B (1+Tn)+3n, ©)
2 Thetransfer function model C1=—[52—2770!2(1+377)]V—,3(1+777)/()/—1)—57
2.1 The dispersion relation of internal gravity waves Co=[B%~2na®(1+3n)]/ (v —D)+a?(1+30).

For a given real frequeney and horizontal wave numbeéy,

%q. (5) has three pairs of roots foy: one pair for gravity
waves, the other two for dissipative waves. Each pait,of
Doy vy =0 corresponds to the upgoing and downgoing waves. In our
Di ’ calculation, only the root for gravity waves is considered.

In our study the movement of the atmosphere satisfies th
Navier-Stokes equations (Francis, 1973; Ding et al., 2003):

Dv =
Ppr =P8 —Vp+ VS 1 . .

o _ M) 2.2 Numerical transfer function model
LEe DT — 0 + V- (WVT) — pV - v +S: Vo,

According to the Eg. (5), the complex dispersion relation of
where p, p, v, T are density, pressure, particle velocity internal gravity waves can be expressecask, (o', ki, z)
and temperature for the atmospher@. is the quantity of in the moving coordinate system. However, the dispersion
heat. 1=6.71x10" 773"}, 1=3.34x10""7"* (DalGarno  relation can also be described fas=k; (o, kv, ky, z) in the
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] ) ] o Fig. 2. Contours of transfer function amplitude for gravity waves
Fig. 1. The altitude profile of atmospheric wind spe@), (b) propagating at 300-km altitudes in the frequency-wave-number do-

and temperaturé), respectively, obtaiqed from the HWM93 wind  main. Panel¢a), (b) and(c), respectively, describe the amplitude
model and NRLMSISE-00 atmospheric model at the 06:00 UT on gjstribution of transfer function at the azimuth @£135° (against

22 June 2000 at Wuhan (30, 114 E). The eastward wind and the  \ying) =45 (the perpendicular direction of background winds)

northward wind are denoted byyand y respectively. The dotted 5,4, =_a5 (along wind). o is the azimuth angle clockwise from
lines in panels a, b show the average wind which blows from the,q y direction.

southeast to the northwest.

) : When Eq. (10) is divided by Eq. (9), btain the t f
static coordinate system. They are contacted by the backg en Eq. (10) is divided by Eq. (9), we obtain the transfer

ground windsew'=w—kjvg9. SO we can obtain the three- unction at the ith layer

dimensional dispersion relation and the three-dimensional; (w, k., ky, zi+1, zi) = e~ *ka (@kky .2 Giva=2) (11)
transfer function through calculating the two-dimensional

dispersion relation and the two-dimensional transfer func-S0. from the Earth's surface to 300-km altitude the expres-
tion. The Fourier integral of arbitrary physical quantity Sion formula of the transfer function is

V(x,y, z, t) in the static coordinate system, such as temper- ﬂfzkz(w’kx’kyﬁz)dz

ature, wind speed, is H(w, ky ky,21,7) = e ) (12)
HootpotRotRo In our paperS(z, x, y, z1) is the exciting source in the tropo-
V(x,y,z,1) = / / f / Vi(ky, ky, k;, 0) sphere. Through using standard three-dimensional Fourier
—00 —00 —00 —00 transform techniques, we obtain the expression formula of
ei(wz—kxx—kyy—kzz)dkxdkydkzdw_ @) the exciting source in the frequency domain.
S(wak)cﬂky’zl)zF[S(tvx»ya Zl)] (13)

Then we integraté, in Eq. (7):
According to the relationship between the input signal and

Vx.y, 2,0 the output signal, we can get the response at any layer up to
00 +00 400 400 o 300-km altitude in the frequency domain,
— /‘ f f j‘ V(kx, kyv kz’ a))el(wt kxx—kyy—k;z)
—00 700 —00 —00 R(w, ky, ky,2) = S(w, ky, ky, z1) - H(w, ky, ky, 21, 7). (14)
Slk; — k(w, ky, ky, 2)|dwdk,dkydk;, (8)
+00 +00 +00 Then we apply the inverse Fourier transform to Eq. (14).
= [ [ [ Vike ky, 0)e!@—kx=ky) This method yields the temporal and spatial distribution of
—00 00 —00 V(x,y, z, t) at any layer from the Earth’s surface to 300-km

emtl@belr i duwdk dky. altitude.

The excitation source is at the Earth’s surface and the re-

sponse is at 300-km altitude. The atmosphere is vertically Theresults and discussions

divided into 60 layers with the interval of 5km. The back-

ground temperature and pressure in each layer are set to g1 The background parameters

constant. Through applying the Fourier transform to tem-

poral and spatial variation of (x, y, z, ) at the ith layer, Figure 1 displays the vertical profiles of the atmospheric

according to Eq. (8), we obtain winds and the temperature adopted in our model. The
e (o ke background wind profiles are calculated by HWM93 wind
Viky, ky, 2i, ) = V(ky, ky, w)e™ K (@ Kekn)a (9)  model (Hedin et al., 1991) and the temperature profile is

' obtained from the NRLMSISE-00 atmospheric model (Pi-
Vikye, ky, zit1, @) = V (ky, ky, @)e” ki@ keky Zicdies (10)  cone et al., 2002) at 06:00 UT on 22 June 2000 at Wuhan
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Fig. 5. The distribution of wave fields at 50-km altitude in the x-y

Fig. 3. The two-dimensional spatial distribution of amplitude for plane
t .

gravity waves at 300-km altitudes, which was triggered by the uni
impulse source at t=0min. The panels present the distribution of
wave fields at timga) t=60 min, (b) 120 min andb) 180 min. The

plus denotes the position of the unit impulse. The x-axis and y axis

describe the eastward and the northward, respectively. The ampli-
tude is the relative amplitude compared with that in the lowest layer.
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Fig. 6. The distribution of wave fields at 20-km altitude in the x-y
plane.
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number are most likely to reach the 300-km altitude with
Fig. 4. The distribution of wave fields at 80-km altitude in the x-y less energy attenuation. The amplitude of the transfer func-
plane. tion is close to zero in the long-wave-number low-frequency
region and in the short-wave-number high-frequency region.
This indicates that the gravity waves cannot propagate from
(30° N, 1142 E). The positive values in the wind profiles de- the Earth’s surface to the 300-km altitude when the horizon-
note that winds are eastwardyfy and northward (), re-  tal wave length is very long or short, especially when the
spectively. The dotted lines in Figs. 1a and b show the avwave frequency is relatively high or low. The shape of the
erage wind profiles. As illustrated in Fig. 1, the background shadow regions are different for gravity waves propagating
wind blows from southeast to northwest above 100 km alti-alongo =135, 0=—45° ando=45°. Through comparing the
tude. The temperature is low and has slightly changes undegrey level of the shadow regions with the maximum ampli-
100 km altitude, but it rapidly increases above 100 km andtude in each plot, we find that the amplitudesf135 is the
exceeds 1000 K at 200 km altitude. The change of the atmostrongest and =—45° is the weakest (the value is 1.0 at z=0).
spheric temperature with altitudes leads to the variation of theAll of the regions with the maximum amplitude basically
thermal conductivity coefficient and the viscosity coefficient correspond to wave periods of about 15-30 min and hori-
(DalGarno and Smith, 1962), which will affect the dissipa- zontal wave lengths of about 200-400 km. In other words,
tion of gravity waves. Furthermore, the tidal signature alsofor the internal gravity waves, the atmosphere behaves like
plays an important role in the vertical propagation of gravity a band-pass filter which offers the easy passage to gravity
wave, which will be included in the next work. waves with periods of about 15-30 min and the horizontal
wavelengths of about 200-400 km. Furthermore, the grav-
3.2 The transfer function amplitude in the frequency-wave-ity waves propagating along=135 are the easiest to reach
number domain ionosphere heights, howevers—45° is the most difficult.

According to the background parameters mentioned above3.3 The impulse response of the transfer function in the
we calculate the contours of the transfer function amplitude spatial-temporal domain

along (a)o =132, (b) 0=45" ando=-45°(c) at 300-km alti-

tude in Fig. 2, respectivelyr is the azimuth angle clockwise When severe weather phenomena occur, gravity waves may
fromy the direction. In each plot, the shadow region with the be triggered in the troposphere and propagate upward in the
maximum of the transfer function amplitude shows that themiddle and upper atmosphere. Gravity waves can even reach
gravity waves with the corresponding frequency and wavethe ionosphere (Pierce and Coroniti, 1968uli and Béka,

Ann. Geophys., 25, 1979-1986, 2007 www.ann-geophys.net/25/1979/2007/
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2001). Considering a unit impulse as the excitation origin
of the gravity waves, we calculate the impulse response of
the atmosphere and present the two-dimensional amplitude
distribution at 300-km altitude in Fig. 3. The plus denotes
the horizontal position of origin. The positive values in the
X axis and y axis are eastward and northward, respectively.
The wave amplitude is the relative amplitude which refers
to the value of the amplitude at 300-km altitude divided by
the maximum amplitude at the lowest layer. In Fig. 1 we
have described that the average background winds blow from
southeast to northwest at 300-km altitude. Compared with
the propagation of gravity waves, the southeast direction of
the source is the direction against winds and the northwest is
along winds. The northeast and the southwest are approxi-
mately perpendicular to the background the winds.

Gravity wave disturbance can propagate away from the
source toward the periphery (Fig. 3). Mayr et al. (1990) had
suggested that the propagation shape of the gravity wave:s -
looks like a cone in the spatial domain and propagates as . .
concentric circles at the same altitude under the propagating 0 50 100 150 200
condition without the background winds. However, taking t{min}
into account the background winds, we find that the distorted
concentric circles develop with amplitude maxima near theFig. 7. Time series of gravity wave amplitudes at 300-km altitudes.
source in the two-dimensional environment. This can be duerhe observation point is horizontally fixed @) x=500km and
to the effect of background winds which change the hori-y=—500km, ai(b) x=—500km and y=500 km and &) x=500 km
zontal propagation distance of the gravity waves in differ- and y=500 km. The relative amplitude is enlarged 1000 times.
ent directions. The space interval between the adjacent wave
crests, the horizontal propagation distance and the distribu- ) )
tion of the wave field are different for waves propagating amplltude_ls greate_r than th(_a others. The results shovv_ that
along different directions. For the waves propagating alongthe wave fields agalnst_the winds can propagate much higher
winds, the horizontal propagation distance of waves are horthan those along the winds.
izontally prolonged, which consequently causes the increase SOme propagation characteristics of gravity waves men-
in wave attenuation accumulated on the propagating pathdioned above are similar to those results obtained by the ray-
However, for the waves propagating against winds the propiracing method (Cowling et al., 1971; Yeh, 1972; Ding et al.,
agation distance is shortened, so as to decrease the energ03). But, as compared with ray-tracing method which can
loss. Therefore, the attenuated energy against the winds i8nly be used to study the monochromatic wave, the transfer
smaller than that along winds. Those propagation characfunction method is able not only to investigate the propaga-
teristics of gravity waves can also be found in the low andtion of the wave packets but also to provide the distribution
middle atmosphere, such as at 80-km (Fig. 4), 50 km (Fig. 5)characteristic of the whole wave fields.
and 20-km altitude (Fig. 6). Unfortunately, we have no ob-
servational data to compare with the model output. 3.4 The filter characteristics of the transfer function

The time series of wave field are shown in Fig. 7 at 300-
km altitude. The horizontal observation point is fixed at (a) As stated above, the transfer function method can obtain the
x=500 km and y=-500 km, at (b) x=-500 km and y=500km distribution of the whole wave fields in the spatial-temporal
and at (c) x=500 km and y=500 km, respectively. At the samedomain. In this part we will discuss the response curve of
altitude the amplitude of gravity waves increases rapidlythe transfer function in the frequency domain (Fig. 8), wave
and then decreases gradually with time. The time intervainumber domain (Fig. 9) and direction domain (Fig. 10), re-
between the adjacent wave crests gradually increases arfpectively.
changes from 15 min to 30 min, which means the wave train The response curve of the transfer function in the fre-
includes harmonic waves with a period of 15-30 min. Thequency domain is shown in Fig. 8 at 300-km altitude. The
decrease in wave amplitudes is caused by the increase in visolid line and the dotted line, respectively, denote the at-
cosity and thermal conduction of the atmosphere, as welmosphere with background winds and without background
as background winds. The attenuation of the wave ampliwinds. As illustrated in the figure, the maximum power of
tude against the winds (Fig. 7a) spends a much longer time¢he transfer function with background winds (including the
than the other observation points (Figs. 7b and c) and thdilter effect of the background winds in different directions)

Armplitude, 1000
=
%

Arnplitudes 1000
=

Arnplitudes 1000
=

www.ann-geophys.net/25/1979/2007/ Ann. Geophys., 25, 1979-1986, 2007



1984 L. Sun et al.: Gravity waves propagation in the realistic atmosphere

w10

3 — 0 2.5e-013

Power

] 1 1 1 1 1

f cyclesthour)

Fig. 8. The filter characteristics of the atmosphere in the frequency
domain at 300-km altitudes. The solid line and the dotted line, re-
spectively, denote the power distribution of the atmosphere with
background winds and without background winds in the frequency
domain.
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Fig. 10. The filter characteristics of the atmosphere in the direction

Bl | domain at 300-km altitude. The thick solid line and the thick dashed
line, respectively, denote the power distribution of the atmosphere
i with background winds and without background winds in the direc-

tion domain. The arrowhead shows the direction of the background
. winds. The radius shows the power value.

P owear
o

D 1 L
0 5 10 14

k, (cycles/1000km) without background winds. The arrowhead shows the direc-
tion of the average background winds. The wave power is
Fig. 9. The filter characteristics of the atmosphere in the wave num-symmetrically distributed in all the directions without back-
ber domain at 300-km altitude. The solid line and the dotted line,ground winds. However, the dominating power concentrates
respectively, denote the power distribution of the atmosphere withon the southeast direction with background winds. Compar-
background winds and without background winds in the wave num-ing with Fig. 3, we find that the gravity wave power mostly
ber domain. converges on the anti-windward direction. The main reason
is that the upward propagating gravity waves will be affected
by the background winds.
is smaller than that without background winds. This im-  The filtering effects of the transfer function is also no-
plies that the background winds filter some frequency com-aple in Fig. 11 at x=500km and y=500 km (solid line),
ponents of waves propagating upward. The domain with thec=—500 km and y=500 km (dashed line) and x=500 km and
maximum power mainly focuses on the frequency domain ofy=500 km (dotted line) at 300-km altitude, respectively. For
about 2-5 cycles/hour. It describes the characteristic of thehe fixed observation points, the center frequency along
band-pass filter for the gravity waves propagating from thewinds or against the winds is different from that perpendicu-
Earth’s surface to 300-km ionospheric altitude. Furthermore ar to the winds; moreover, the maximum power against the
the center frequency corresponding to the maximum powekyinds is stronger than that along the winds. Figure 12 shows
has obvious deviation under the control of the backgroundihe power distribution of the transfer function at the time
winds. Figure 9 describes the filter characteristics of theof 60 min, 120 min and 180 min at 300 km altitudes (grav-
transfer function in the wave number domain at 300-km alti- jty wave excited on the surface when T=0min). The power
tude. The maximum power domain corresponds to the horconcentrates on the concentric circles at different times. The
izontal wave number of about 2.5-6 cycles/1000 km. It alsomaximum power corresponds to the wave number of about
indicates that the other components of gravity waves haves cycles/1000 km at 60 min. Then the wave number corre-
been filtered by the viscosity and thermal conduction of thesponding to the maximum power gradually decreases with
atmosphere, as well as the background winds when the graime, which indicates that the wave length of gravity waves
ity waves propagate upward to higher altitudes. Figure 10becomes longer. Before 120 min the maximum power is
depicts the filter characteristics of the transfer function in thestronger than that after 120 min. The computed results also
direction domain at 300-km altitudes. The thick solid line show the filter effect of the transfer function.
and the thick dotted line, respectively, denote the distribution
of the power in the atmosphere with background winds and

Ann. Geophys., 25, 1979-1986, 2007 www.ann-geophys.net/25/1979/2007/
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Fig. 12. The power distribution of the atmosphere in the wave num-
Fig. 11. At 300-km altitude the power-frequency characteristics per domain at 300-km altitude &) 60 min, (b) 120 min and(c)
of the fixed observation point at x=500 km and-500 km (solid 180 min.
line), x=500km and y=500 km (dotted line) and %500 km and
y=500 km (dashed line).

duction of the atmosphere, as well as the background winds.

Moreover, the center frequency of the transfer function has

Through analyzing the response curve of the transfer funcan obvious shift with the winds and the maximum power

tion from Fig. 8 to Fig. 12, we can conclude that the grav- with the background winds is smaller than that without back-
ity waves travel easily in the anti-windward direction. This ground winds at the same altitude.
is because the propagation distance of gravity wave packets (3) The direction response curve of the transfer function
along the winds is Ionger than that against the winds, WhiChindicates that the atmospheric winds may act as a direc-
leads to more energy loss when gravity waves are propagational filter that will permit gravity wave packets propagat-
ing along the winds than against the winds at the same altiing against the wind to reach the ionospheric heights with
tude. The results show that the atmospheric winds may actinimum energy loss and minimum travel time. Therefore,
as a directional filter that will permit gravity wave packets with directional filtering by the winds, the action of the atmo-
propagating against the winds to reach the ionospheric heigh§pheric processes seems to favor those gravity wave packets
with minimum energy loss and minimum travel time. There- that take the minimum time to reach the ionosphere. The
fore, with directional filtering by the winds, the action of maximum power of the fixed observation point in the anti-
the atmospheric processes seems to favor those gravity wavgindward direction is stronger than that in the windward di-
packets that take the minimum time to reach the ionosphererection. In the development of the paper we consider the
simulation of a real origin of the gravity waves, e.g. typhoon
or cold wave, and its propagation process in the ionosphere.
Through the comparison between the observational and mod-
eled results, we hope to make a further study on the coupling
mechanism between the lower atmosphere and ionosphere.
Furthermore, the nonlinear interaction between the gravity
wave and the atmosphere plays an important role in the grav-
ity waves propagation (Fritts and Alexander, 2003), which
will also be discussed in the next work.

4 Conclusions

Under the linear propagation theory of gravity waves, the
transfer function model is built to study the vertical propa-
gation of gravity waves. Our numerical results not only con-
firm the main conclusions obtained by ray-tracing method,
e.g. the trend of gravity waves to travel in the anti-windward
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tics of gravity waves: Project of the Chinese Academy Sciences (kzcx3-sw-144), the Na-
(1) The method provides the distribution characteristic oftional Important basic Research Project (2006CB806306) and Na-
the whole wave fields and the time series of the propagationional Nature Science Foundation of China (40304011).
of gravity waves. The impulse response of the transfer func-  Topical Editor M. Pinnock thanks two anonymous referees for
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