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Abstract. The wave packets of atmospheric gravity wavesthose of gravity waves in the atmosphere (Yamamoto et al.,
were numerically generated, with a given characteristic wavel994), and they were proposed to be the result of the alti-
period, horizontal wave length and projection mean windtude modulation of Es layers by short-period gravity waves
along the horizontal wave vector. Their projection phase andWoodman et al., 1991; Tsunoda et al., 1994). It was pointed
group velocities along the oblique radar beany. (andv,,), out (Fukao et al., 1998) that the range rate of QP echoes de-
with different zenith angl® and azimuth angle, were an-  tected with the MU radar (pointing northward at zenith an-
alyzed by the method of phase- and group-velocity tracing.gle ~50 degrees) was almost always negative (i.e. toward the
The results were consistent with the theoretical calculationgadar), about-60 to —90 m/s. The direction of propagation
derived by the dispersion relation, reconfirming the accuracyof the QP echo regions is sharply peaked in the southwest-
of the method of analysis. The RTI plot of the numerical ward direction (Tanaka and Venkateswaren, 1982; Riggin et
wave packets were similar to the striation patterns of the QRal., 1986; Yamamoto et al., 1994), and the FAI drift speed
echoes from the FAI irregularity region. We propose thatis usually larger than 100 m/s (Yamamoto et al., 1994). OH
the striation range rate of the QP echo is equal to the radiahirglow (about 87 km altitude) observed with CCD imager
phase velocity,,, and the slope of the energy line across (Nakamura et al., 1998) during the 1996 SEEK (SEEK-1)
the neighboring striations is equal to the radial group veloc-campaign period (Fukao et al., 1998) revealed that the distri-
ity vg, of the wave packet; the horizontal distance betweenbutions of the horizontal wavelength, observed wave period,
two neighboring striations is equal to the characteristic waveand horizontal phase speed were found to be 10-30 km, 5—
periodz. Then, one can inversely calculate all the proper- 30 min, and 20—-60 m/s, respectively, and the horizontal prop-
ties of the gravity wave responsible for the appearance of thegation direction was mainly northeastward. Such an incon-
QP echoes. We found that the possibility of some QP echoesistency between the propagation directions of the horizontal
being generated by the gravity waves originated from lowerphase velocities seemed to rule out the possibility that QP
altitudes cannot be ruled out. echoes were generated by the gravity waves that originated

Keywords. lonosphere (lonospheric irregularities; General from lower altitudes. _ _
or miscellaneous) Since the SEEK-1 campaign, many more experiments

were conducted to explore the physics of QP echoes. Among
them, SEEK-2 (Yamamoto et al., 2005) is the most inten-
sive observation campaign to study the spatial structure of
the field-aligned irregularity (FAI) and sporadic-E (ES) layer.

An outstanding feature of the E-region FAI radar echoes atThIS campaign, along with SEEK-1, confirmed that the QP

the mid-latitude locations is a “quasi-periodic” (QP) type ichoes ?r? aSS(f)(tzlgateEd W'th Es-llayers _mtau::]y alround .105 kﬁn
of echo, which appeared intermittently in time with peri- ccumulation ot the E-region plasma into e fayers Is we

ods of 5 to 10 min, about 100km altitude during the post- explained by the shear of the neutral wind (Bernhardt et al.,

sunset hours (Yamamoto et al., 1991; Ogawa et al., 1995 20850 Larszeorégt sl'l’( 2005; PIaf: etzgld’s 20%?; Vé/aliabayashl
The QP echoes displayed wave-like features that resembl@ "¢ Mo » Yooyama €t al., ). The Es-layers are

spatially modulated by the motion of the neutral atmosphere
Correspondence tdr. S. Kuo (Maruyama et al., 2006), and then FAI echoes start to appear.

(fskuo@msa.vnu.edu.tw) The sources of the FAIs are the plasma-density gradient of
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78 F. S. Kuo et al.: Projected wave packet motion along oblique radar beams

the Es-layers and the polarization electric field induced by The technique of velocity tracing was applied to analyze
the neutral wind and the spatial inhomogeneity of the Es-the data observed by SOUSY-Svalbard Radar in October
layers. The source of the QP echoes in the main Es-layer2000 in the altitude range between 2.4 km and 17.4 km (Kuo
can be a gravity wave or Kelvin-Helmholtz (K-H) instability et al., 2003), in which hundreds of wave packets with char-
in the neutral atmosphere (Larsen, 2000). Another possiblacteristic wave periods in the range~146 min were identi-
source is the azimuth-dependent E-region instability, whichfied from Range-Time-Intensity (RTI) plots: About 85% of
predicts a southwestward propagation of the QP echo regiothem were Type 1 wave packets, revealing the typical char-
with phase front aligned from northwest to southeast (Cos-acteristics of the propagation of atmospheric gravity waves
grove and Tsunoda, 2002, 2003). However, by simultanein the linear regime; About 15% were Type 2 wave pack-
ous observations of the atmospheric gravity waves (AGWs)ets. Then, for another set of data taken during the period
in Ol and OH airglow images and the VHF radar backscat-between 30 March and 24 April in 2000, in the altitude range
ter from field-aligned irregularities (FAI) during the SEEK- between 2.85 km and 14.85 km, also using the SOUSY Sval-
2 campaign, Onoma et al. (2005) found that AGWs tendedbard Radar, with the simultaneous information on the back-
to propagate southeastward during FAI events. This resulground wind also available, not only the horizontal wave-
suggests that the interaction between AGW and E-regiomumber component of a wave packet along the direction of
plasma plays an important role in generating FAl. Ogawathe background wind velocity was calculated by the disper-
et al. (2005) compared the data of the QP echoes (as thsion equation, but also the angle between the horizontal wave
height of QP echoes was low) and the air glow at the samevector and its background wind velocity was obtained by
altitude, and found a positive correlation between the heighthe polarization equation of gravity wave (Kuo andtiger,
variation of FAI echoes and airglow intensity. Also, Saito et 2005). Again, most of the wave packets (76%) with charac-
al. (2005) conducted simultaneous observations of FAIs anderistic wave period of~70 min in the Range-Time-Intensity
neutral wind with interferometry measurements, and found(RTI) plots of velocity were type 1 wave packets, and the
that QP echoes propagated northwestward when the rocketgst (24%) were type 2 wave packets. In this study we will
were launched. Hysell et al. (2004) reported results fromassume the striated structure of the QP echoes to be possi-
simultaneous observations with Arecibo IS radar and a 30bly the result of the projection movement of the gravity wave
MHz imaging radar. They used the imaging radar techniquepacket along the radial direction of the obliquely pointing
and found that the southwest-propagating structures elonradar beam. This assumption is intuitively based on the sim-
gated from northwest to southeast, which is a favorable alignilarity between the striation structure of QP echoes and the
ment for the azimuth-dependent instability process. In theirRTI plot of the gravity wave packet motion obtained by nu-
paper, they suggested the KH instability as the source of thenerical simulation. The physics behind this assumption will
QP structure but reached no clear conclusion. All these rebe discussed in Sect. 2. Based on the information on the pro-
sults indicate that there may be more than one mechanisijection phase and group velocities along the obliquely point-
responsible for the QP echo generation, and AGW is one ofng radar beam, we shall be able to recover the horizontal
them to be investigated. and vertical propagation of the gravity wave packet. Such a
It should be helpful to study the properties of propagationprocess of analysis should be able to reduce the uncertainty
of AGWs along the radar beam and compare them to thosén studying the generation mechanism of QP echoes.
of QP echoes. None of the existing theories on QP echoes
has ever taken the group velocity of gravity wave into con-
sideration. It is well known that (Kuo et al., 2003; Kuo and 2 Conjecture on QP echoes
Rottger, 2005) the vertical phase velocity of an atmospheric
gravity wave may be in either the opposite or the same direcThe similarity between the striated structure of the QP echoes
tion as its vertical group velocity, depending on the relationand the RTI plot of the gravity wave packet motion obtained
between its horizontal phase velocity, and the projection by numerical simulation prompted us to assume that the QP
mean wind velocitysy,. If u,<v,;, the phase and group ve- echoes is possibly the result of the projection motion of the
locities will have an opposite sense of vertical propagationgravity wave packet along the radar beam. It is known that
(called Type 1 wave packet). Otherwisg,{<u;), they will QP echoes originate from the structured Es layer at altitudes
have the same sense of vertical propagation (called Type 2around 100 km (Ogawa et al., 2002). The polarization elec-
wave packet). Herey, is the projection wind velocity along tric field induced by the neutral wind or external electric
the horizontal direction of phase propagation (s9,>0 al-  field is mapped along the geomagnetic field line, and induces
ways). Therefore, group velocity is a valuable parameter (inplasma irregularities striated along the geomagnetic field line
addition to wave period and phase velocity) to characteriz§ Maruyama et al., 2000; Yokoyama et al., 2003, 2004). The
the gravity wave. And a method called phase- and group+adar returns from the QP echo region are most likely the re-
velocity tracing was developed (Kuo et al., 1998) to analyzesult of gradient drift instability associated with the Es layer.
the phase- and group-velocities of any kind of wave propa- The linear theory of electro-jet instability (Fejer et al.,
gation. 1975) yielded the following expression for both the gradient
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drift and two-stream modes: two consecutive striations should be equal to the characteris-

tic wave period of the QP echoes (not half period). We also

notice that there will be no gravity wave modulation on the

gradient drift instability, ifk-Su,=0.

w { [k (Vo=V} ]2 ~ kzcz} Due to the energy conservation principle, the amplitude of
s

wr=k- (Vo +W¥V)/(1+¥) (1a)

v 3u,, is inversely proportional to the square root of the density

@+ W) 1+ of the atmosphere. To obtain some idea about the magnitude
k-(Ve—Vi) 1 vk 2un (1b)  Of éu, inthe QP echo region, let's roughly assume the scale
14+wv)2  Lk2 0 height of the atmosphere to be8 km. Then the amplitude of
) 3u, will increase by a factor of 23 (277) as the gravity wave
with propagates upward from the altitude of 50 km (10 km) to the
Wo = el (1c)  altitudes of QP echoes around 100 km. Therefore, the ampli-
Q. tude of the AGW in the QP echo region will be very likely
large enough to modulate the FAI. A clear evidence of grav-
¥ = Yo [(ki/k2> + (93/%2) (kfl/kz)] (1d) ity wave modulation was presented by Ogawa et al. (2005).

] ] They reported that during the QP echo event, the echo al-
under the assumption tha_t the growth rate is mugh smallefiiydes clearly went up (down) in harmony with an airglow
than the wave frequency, i.¢.<;. In these equations,  gnhancement (subsidence). The air glow intensity, QP radar
is the vertical plasma density gradient scale lengtis the  ochg intensity, and Doppler velocity of FAs at around 96-km
recombination ratey, is the frequency and is the wave gty de fluctuated with periods from 10 min to 1 h, indicating
vector of the gradient drift wave (or two-stream wav@h  that these parameters were modulated with short-period at-
(k1) is the wave vector component parallel (perpendiculan)mospheric disturbances. Some QP echo regions below 100-
to the magnetic fieldV . (=Eox Bo/ B) is the drift velocity  ym altitude contained small-scale QP structures in which a
of electrons andv; is the zero order velocity of ions,,  yery strong neutral wind exceeding 100 m/s existed.

vi, 2, and2; are the electron-neutral collision frequency,  \yoodman et al. (1991) pointed out that in the mid-latitude
?on-neutral collision freque.ncy, electron-gyrofrequency a”dregion where the magnetic dip angle is large, ionospheric
ion-gyrofrequency, respectively. conditions at other altitudes on the same magnetic field line
_As the irregularities associated with QP echoes are mosfy st be taken into account. Because of the high conductiv-
likely generated by _the gradient drift |nstab|I|ty_0f the ES ity along the inclined magnetic field lines, the electric field
layer, we shall consider only the second and third terms in,§,ced bysu, associated with AGWs, might be cancelled

Eq. (1b) by setting=Wo (because for FAlk=k,) before acting on the electron density gradient, if the wave
k-(V,—V)) w Wok2C2 front of AGW is not parallel to the magnetic field line. So
YGD = > (2)  we shall further assume that QP echoes might be the result

(1+w? Lk (14 Yo)v; of the specific atmospheric gravity waves propagating with
Since; «v; in the region of interest, the zero-order veloc- their wave fronts parallel to the magnetic field lines.

ity of ions V; would be approximately equal to the neu-
tral wind velocity U,,, i.e. V;=U, in Eq. (2). Since the
time (spatial) scale of atmospheric gravity waves is muc
larger than that of gradient drift waves, we may regard
the instant neutral wind velocity/ ,=U o+68u,, as the back-

ground mean wind velocity encountered by the gradient driftacs me that the gravity wave propagating in the atmo-

waves, wherd/o is the mean wind velocity encountered by ghhare follows the dispersion relation, neglecting vertical
the gravity waves, andu, is the fluctuation velocity con- | inq shear

tributed by the gravity waves. So the growth ratg, will
be modulated by the gravity wave motion through the fac- , (wf 1) 9 1

h3 Wave packet motion observed by oblique radar beam

3.1 Theory

tor G=k- (V,—Uop—du,). To be more explicit, let the first kz = 02 h ™ a4H2 @)

term of the right-hand side of Eq. (2) be expressed a5.

In the case withA>0, ygp will be maximum (minimum) o =5 —k;, - uy, , (4)
and will result in maximum (minimum) radar echo power,

if k-8u, is minimum (maximum). Whe <0, the situation = wherewy, w, o, k;, andk, are the Brunt-\aisala frequency,

is reversed. This explains why the striated structure of thentrinsic frequency, observed frequency, horizontal wave
QP echoes might be the result of the projection motion ofnumber and vertical wave number, respectively;is the
the wave packet of the atmospheric gravity waves along thescale height of the atmosphere, ands the projection wind
radar beam. Since the echo power is directly relatetlito velocity along the horizontal wave number veckgr Sub-
and not to the square é8f,,, the horizontal distance between stituting Eq. (4) into (3) yields the observed frequerncgs
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Z the radar beam and the other one containing the wave vec-
A tor k. The transformations of the wave number components
Radar beam between the two coordinate systems are given by
ky=kp=k, - sin - cOSp+kq - COSH - COSPp—ky - SiNg  (9a)
ky=0=k, - sind - sing+ky - cOSH - sing+ky - cosp  (9b)
; k, =k, - c0S8 — kg - SinG, (9c)
i and inversely,
& ' k, = ky - sinf - cosg + k, - cosh (10a)
i kg = ky, - cOSO - cOS¢ — k; - SinG (10b)
- | » Y ky = —kj -Sing . (10c)
: Since the phase velocities are inversely proportional to
P - the wave numbers, i.ey,,=0 [k, vp.=0 [k;, vpr=0 [k,
vpo=0 ko, andv,s=0 /ke, the transformations among the
n phase velocity components can be obtained from Egs. (10a,
b, ),
X v, = v, - sing - cosp + v, ' - cosd (11a)
-1 -1 1
. v,y =uv ; -C0SH-COSp — v, -Sinb (11b)
Horizontal wave vector ek Pz
v[jd} = —v;hl -sing . (11c)

Fig. 1. Relative directions of the radar beam and the horizontal

wave vector of gravity wave. Notice that the frequency is invariant under coordi-

nate transformation, i.eo (k. k;)=6 (k- kg, ke), and
 (kp, k;) = (kr, ko, ky). Then the projection group veloc-

a function ofk, andk,. The horizontal and vertical phase ity along the radar beamy, is given by

velocitiesv,;, andv,; are readily defined by les 0w dkp
v =\ ) =k un | o (12a)
vph = 0 [k (5) T/ ko k "/ koo "/ Kok
where
vy, =0 [k, . (6) Y
re=ofk (%) = —% [k, (sin29 . cog ¢ 4 cog 9)
The horizontal and vertical group velocitieg, andv,, of "/ ko ke wpky
the wave propagation are +kg COSH - SING - <0052¢ — 1)
0 2 . . o .
Ven = 29—+ (vpn —un) - [1- @ @) —kg SING - cOSP - SiNg| + — sing - cosg,
Ikn /. wf b
2 (12b)
do 2 (w>2<kz) (ak,,> .
Vor = — ) =—=(v, —up) - | — =), 8 =sind - cosp . (12c)
8 <3kz>k,, ( ph h) wp w ® ok, ko kg

. - . ... The radial phase- and group-velocities andv,, along the
In t_he case W'.th. the radar bea_m pointing qbllquely with radar beam, as well as the frequenc;%ri indiré?:tly observ-
zenith angle@, Itis more convenlent fo describe the Wave able by the oblique radar beam, which is required to probe
propagatlon n t.he spherlc_al coordinate system, as sh_own 'the E-region ionospheric irregularities. The multi-beam ob-
F'g'.t% ' Letj'def;_ne the rllorlzkontal v_\ll_?]ve Tﬁmber vector Itr: theservations by MU radar made it possible to measure the hori-
pos; ive fx |re_(i ion, i.ek,= gax- en de' stti T#mcert zontal propagation velocity of the FAl irregularity region. So
vector Ot gravi ()j/;/r\:ave ﬁan_ T exgresse f”I1I 0 e tar e'Eqs. (3—12) provide us with a tool to investigate the charac-
slan system and the spherical system as 1ollows, teristics of the gravity wave propagation and the possibility
k = knay + k.a. = kea, + koag + kpay, of wave coupling into the E-r'eglon ionosphere from lower
altitudes. There are two solutions of Eq. (3) fgr one pos-
where k. is the wave number component along the radaritive and one negative, with equal amplitude, and only the
beam is the zenith angle of the oblique radar beam, @and wave with an upward group velocity can propagate into the
is the angle between the two vertical planes: one containing-Al irregularity region from lower altitudes.
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theta=50d phi=225d dn, uh=30m/s, wphO=100rm/s, drfdt=300rm/s, ct=5 4s theta=50d phi=45d dn, uh=1.0m/
20 1] T

h0=20rm/s, drdt=30.0m/s, di=54s

o % ; i T R, el
0 20 25
tirne{rning time(min

Fig. 2. RTI plot of the numerical gravity wave packet gener- Fig. 3. Same as Fig. 2, except that the preset parameters were:
ated by Eq. (13) with following preset parameterg=7.5 min, 70=7.5 min, v,,0=20m/s, 7,=5.0 min, u;=1.0m/s, H=8km,
vpro=100m/s, 7,=5.0 min, u,=3m/s, H=8km, §=50°, and 0=50°, and¢p=45°. The result of the measurements:7.64 min,
$=225". The slope of the phase line along the central patchv, =—83.8m/s,vg,=+13.8m/s. And the theoretical prediction:

is equal to the characteristic radial phase veloaity; the =7.5 min,v,,=—82.8 M/Syg,=+12.7m/s.

slope of the energy line across the neighboring patches is equal

to the radial group velocityvg,; the horizontal distance be-

tween two neighboring patches is equal to one-half of the

wave periodr. The result of the measurements=7.45 min, IS demonstrated in Fig. 2. A brief description of the ve-
vpr=—78.5m/s, vgy=—4.01m/s. The theoretical prediction: locity tracing technique is presented in Appendix A. The
T=7.5 Min, vp,=—80.4M/Spg,=—3.74m/s. given parameters of the numerical wave packet in Fig. 2

were 19=1/00=7.5min, vp0=v,,0=100Mms; the atmo-
_ _ _ o _ _ spheric parameters werg,=1/w;=5.0 min, u;=3.0m/s,
3.2 Simulation of radial projection propagation of gravity p—g8 0km; the radar beam direction was given dy50°
wave packets and ¢=225. These parameters correspond approximately
to a situation of the MU radar experiment in which a south-

Th(_e propertieskc, kr, ko, ko) O_f a gravity wave specified westward propagating gravity wave was encountered by the
by its wave frequency and horizontal wave numb@j are = o 45r pegm pointing northward with the zenith angle of

determined by the dispersion relations (3) and (4) and theezs()O_ According to the method of phase- and group-

transformations (10a, b, c). An oblique radar beam (almos{g|q ity tracing, the slope of the phase line along each stri-
perpendicular to the magnetic field line to probe FAl), point- ation is equal to the characteristic radial phase velagjty

ing to the direction def'f‘ed by the angtﬁsm(_je, will detect ¢ slope of the energy line across the neighboring striations
the frequencyr and radial wave numbds. Since the atmo- g o qu 4] to the effective radial group velocity,; the hori-
spheric gravity wave Is a highly localized p_henomenon, the; ontal distance between two neighboring striations is equal
radar beam will see a group of waves (which form a WaV€t, one-half of the characteristic wave peried The re-
_packet)_rather than a_smgle wave. A wave packet characterg it of the measurement of the wave packet in Fig. 2 was:
ized by its central horizontal wave numbgp and frequency =745 min, vy, =—785M/s, v,,=—4.01m/s. This mea-

oo can be represented by the following equation sured wave period (7.45 min) is close to the preset wave pe-

_ N2/ 2 riod (7.5 min) within 0.67%. Also, Eq. (11a) yields the pro-
Oy = Xa:exp[ (o= 00) /U‘Y] jection radial phase velocity,,=—80.4m/s, and Eq. (12a)
-cos[o (t — 10) — ky (r — r0)] (13) yields the radial group velocity,,=—3.74m/s. The dif-

ference between the results of the simulation and theory
where ® (r, t) is an observable quantity to be detected by were 2.36% for radial phase velocity and 7.22% for ra-
the radar beam, ang, represents the spectral width of the dial group velocity. Another example of the RTI plot of
wave packet. The observed frequencyand radial wave wave packet motion generated by Eq. (13) is demonstrated
numberk, must satisfy the governing Eqgs. (3, 4) and (9, in Fig. 3, using another set of parameterg=7.5 min,
10). An example of the RTI plot of the numerical wave v,,0=20m/s,7,=5.0 min,u,=1.0 m/s,H=8.0km, =50,
packet generated by Eq. (13) and converted by the phasand$=45°. These parameters correspond approximately
and group velocity tracing technique (Kuo et al., 1998) to the northeastward propagating gravity wave detected by

www.ann-geophys.net/25/77/2007/ Ann. Geophys., 2588,72007
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Table 1. Charateristic propagation velocities of gravity waves calculated from the dispersion relation,wif0 min, H=8.0 km,
v, =100 m/s and downward vertical phase propagation. The radar beam direction is defite@@yand ¢=225". All the velocities
are in m/s, wave periods in min. The case in the 7th row corresponds to the numerical wave packet of Fig. 1.

T(min)  uy Vph  Upz Vpr Vgh Vg7 Vgr vpr/vgr
5.5 +21 100 -109.7 -88.7 +59.3 +37.2 —-822 +10.8
5.5 +26 100 —95.3 —82.2 +66.5 +35.2 —13.4 +6.13
55 +31 100 -83.5 —-76.3 +729 +325 -18.6 +4.10
7.5 -6 100 -111.7 -89.5 +47.1 +47.4 +4.98 -18.0
7.5 -3 100 -104.2 -86.3 +51.4 +46.6 +2.09 —41.3
7.5 0 100 -97.6 —-83.3 +55.6 +455 -0.82 +102
7.5 +3 100 -91.6 —-80.4 +59.4 +44.3 -3.74 +21.9
7.5 +6 100 -86.2 —-77.7 +63.1 +42.8 —-6.64 +11.7
10 -30 100 -—-99.5 —-84.2 +45.1 +55.2 +11.1 -7.59
10 —-20 100 -83.9 -76.5 +56.8 +51.5 +2.34 -32.7
10 -10 100 -71.6 —-69.5 +66.7 +46.5 —-6.28 +11.1
10 0 100 -61.5 —-63.0 +75.0 +40.7 —-145 +4.34

the OH airglow (about 87 km altitude) observation with the erage of the observational wind profile in the height range
CCD imager (Nakamura et al., 1998) during the SEEK-1of QP echoes. One available wind profile was measured
campaign. The result of the measurements in Fig. 3 wereby Larsen et al. (1998) with the chemical release technique
7=7.64 min,v,,=—83.8 M/Sp,=+13.8m/s; The theoreti- as part of the SEEK-1 campaign. It revealed that the wind
cal values ok, andv,, obtained from Eqgs. (11a) and (12a) had a southward compones40m/s and a zonal compo-
were—82.8 m/s andt-12.7 m/s, respectively. Again, the sim- nent~0m/s at the altitude of 100 km; a northward compo-
ulation result is very close to the theoretical calculation. Wenent~110m/s and a westward componen80 m/s at the
studied in such a manner many numerical wave packets wittaltitude of 110 km. The average direction of the neutral wind
different parametersd( ¢, vpxo, 0, u;), and the results of  was mainly northwestward in the altitude range~325 km
the analyses were all satisfactorily consistent with the the<{see Fig. 2 of Larsen et al., 1998). We projected this wind
oretical calculations. We concluded from these simulationprofile into a certain direction defined hay, then took the
studies that, if QP echoes were the result of the projectiorheight average of the projection wind profile over the alti-
movement of gravity wave packets along the radar beamtude range 98125km as the constant projection wing.
then we can identify the slope of each striation of QP echoeg-or the case o0$=225", we obtained:;,=-3.3m/s; when
as the radial phase velocity,,; the slope of the straight line ¢$=45°, u;,=+3.3 m/s. All these constant projection wing
connecting the central points of the consecutive striations asvere characterized by small values. This estimation of pro-
the radial group velocity,,; the horizontal distance between jection wind is only qualitatively credible because the wind
two neighboring striations as the characteristic wave periodneasurement (in 1996) and the observation of QP echoes (in
(not half wave period, as explained in Sect. 2). Then the othed 989) were not carried out simultaneously.
properties of the gravity waves,, vgn, vp, anduvg;, may Table 1 is the list of the propagation velocity compo-
be theoretically calculated assumimgis known. nents of gravity waves calculated from the dispersion relation
characterized by=50°, $=225", 1,=5.0 min, H=8.0km,
3.3 Theoretical calculation of radial projection movement v,,=100 m/s and,. <0 (downward vertical phase propaga-
of wave packets tion). Also, the theoretical propagation velocities of grav-
ity waves characterized by=50°, ¢$=45°, 1,=5.0 min,
As described in Sect. 3.1, givén ¢, t, v, anduy,, we are  H=8.0km,v,,=20~60 m/s and,,; <0 are presented in Ta-
able to calculate all the rest of the gravity wave properties, in-ble 2. Notice that the radial phase velocitigs in each
cludingvgp, vy, vgz, vpr, andv,,.. The striations of the QP case were purposely predetermined to be in the range be-
echoes observed by the MU radar revealed a constant rangereen—60 m/s and-90 m/s, which is the range of the range
rate over a large height range (more than 20 km), implyingrates of the striations of the QP echoes detected by MU
that the projection mean wing, (encountered by the gravity radar. The projection mean wing, and the wave period
waves) was constant over this height range. Otherwise, thevere adjusted to yield the radial phase velocity in this range
radial phase velocity would vary with height, and the stria- (—60~—90m/s). However, all the calculations to obtain
tion should be curved. The constant projection mean windthese two tables were made without requiring the wave front
uy can be obtained by taking the time average and height avto be parallel to the magnetic field line. Therefore, these
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Table 2. Charateristic propagation velocities of gravity waves calculated from the dispersion relatiorr,with0 min, H=8 km,
v, =20~60m/s and downward vertical phase propagation. The radar beam direction is defiled®yand $=45°. All the veloci-
ties are in m/s, wave periods in min. The case in the 4th row corresponds to the numerical wave packet of Fig. 2.

t(min)  uy Vph  VUpz Vpr Vg Vg7 Vgr v,,r/vgr
5.5 +6 20 -165 -846 +143 +6.86 +12.2 —6.93
55 +7 20 -14.7 -59.7 +155 +6.19 +12.4 —4.81
55 +29 60 -—-321 -90.9 +53.2 +12.8 +37.0 —2.46
7.5 +1 20 -16.4 -82.8 +124 +9.29 +12.7 —6.52
7.5 +2 20 -15.0 -63.8 +135 +8.62 +12.9 —4.95
7.5 +18 60 -320 -90.3 +50.9 +17.2 +38.6 —2.34
10 -55 20 -16.6 —-86.4 +9.64 +125 +13.2 —-6.55
10 —4 20 -15.1 -641 +114 +115 +13.5 —-4.75
15 -18 20 -16.6 -850 +4.76 +184 +14.4 -590
15 -16 20 -15.1 -65.0 +7.04 +17.1 +14.8 —4.39

Table 3. Charateristic propagation velocities of gravity waves calculated from the dispersion relatiort,wdh0 min, H=8km,
v, =60~100m/s and downward vertical phase propagation. The radar beam direction is defifbed®yand ¢ is either 205° or
21375°. These waves have their wave fronts parallel to magnetic field zbi);\ze/@pNz tan6=1.19). All the velocities are in m/s, and wave
periods in minutes.

T Up Uph  VUpE UpN Upz Upr Ugh Vgz Vgr Upr/Ugr
$=2025°

7 -55 80 —-209 -86.6 -1029 -66.3 30.2 38.7 354 -18.7

65 O 80 -209 -86.6 -103.8 -—-66.5 327 36,5 0.33 -2015

6.5 0.5 80 -209 -86.6 -102.0 -66.0 335 364 -0.32 +206.3

6 6 80 -209 -86.6 -103.2 -66.3 36.0 34.1 —-359 +18.5

55 12 80 —-209 -86.6 -102.8 -66.2 394 316 —7.57 +8.75
$=21375°

65 —-25 80 -144 -96.2 -114 —735 281 364 554 -133
6 3.5 80 -—-144 -96.2 -114 —735 314 341 19 —38.7
55 95 80 —-144 -96.2 -1144 -73.6 348 316 -—-1.79 +411
53 12 80 -144 -96.2 -1142 -73.6 36.3 30.6 —-3.41 +21.6
6 2.5 70 —-126 -84.2 -1004 -645 264 304 27 —-23.9
57 6 70 -126 -84.2 -99.2 -64.2 288 29.1 031 -207
55 8 70 —-126 -84.2 -100 —64.4 29.8 281 -0.9 +71.6
53 10 70 -126 -84.2 -101 —64.7 308 272 -212 +305

waves might not be able to generate QP echoes due to higimg small wave periods close to the Brun&igla periodr,.
conductivity along the magnetic field lines. These features are consistent with that of the QP echoes de-

fi h . heri . hi htected by the MU radar (Yamamoto et al., 1991). It worth
To find the candidate atmospheric gravity waves whic ~mentioning that the results of the theoretical calculation for

are abl_e to generate QP echoes, we set a conditio_n requifpe southeast-southward waves (With-157.5°, 14625°)
ing their wave fronts to be parallel to the magnetic field \iyi he igentical to that of the corresponding southwest-

line, namelyv,. /v,y=tang=1.19, wherev,y represents ¢, ih\ward waves (with=2025°, 21375°), except for the
the northward phase velocity component of the gravity Wave'sign of the eastward phase velocity componeyt, because
Table 3 is the list of propagation components of the 9rav'cos(2n—¢>) — cos$ and SiN2r —g) =— sing.

ity waves satisfying this condition. The waves in Table 3

are further characterized by: (1) having a westward phase One convenient parameter for a quick identification of the
velocity component exceeding 100 m/s, (2) having a ra-gravity wave is the velocity ratio,,,/vg,, as listed in the last
dial phase velocities in the range60~—90m/s, (3) hav- column of these tables. The valueSLgf,/vg, revealed by
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Fig. 4. Same as Fig. 2, except that the preset parameters were:
70=5.5 min, v,p0=80 m/s, t,=5.0 min, u;=9.5m/s, H=8km,
0=50°, and ¢=21375°. The result of the measurements:
7=5.59 min, v,,=—76.1m/s,v,,=—1.68 m/s. And the theoreti-
cal prediction:t=5.5 min,v,,=—73.6 M/Syg,=—1.79 m/s.

ig. 5. Same as Fig. 2, except that the preset parameters were:
70=6.0 min, vpr0=80 m/s, t,=5.0 min, u;=3.5m/s, H=8km,
0=50°, and ¢=21375°. The result of the measurements:
1=6.15 min, vp,=—73.8 M/s,vgr=+1.75m/s. And the theoreti-

cal prediction:r=6.0 min,v,,=—73.5m/s,ve,=+1.9m/s.

QP echoes observed by Yamamoto et al. (1991) were char- ]

acterized by a large positive value, in general. Experimen{he wave-vector components, we have confirmed that the
tally, we can easily judge from Plate 1 and Plate 2 presente@OUP velocity of a wave packet indeed behaves as a vector.
in the paper of Yamamoto et al. (1991) that both the slopes

of the striations and the line across the striations were neg-

ative, in general, meaning tha};r/vg, was positive. There
existed one exception: the radial group velocity in the time

range 2236-2250 and height range 926 km was positive We have proven that the method of phase and group velocity

\(;aese rIT elat;[i\zl ; fi:g?:?gf;&:{a;ﬂig’(:Lnaerzgltr;?ii%if vl\}/gve et_racing is accurate to measure the projection phase and group
X 9 ’ ) ) " PSelocities of wave packet motion along any oblique direction.
riods of the waves with negativey, (positivev,, /v,,) are

smaller than those with positive,. (negative,, /v,). It With the additional information of radial group velocity;,

seemed that smaller period waves were more effective tha&beeomes possible to precisely obtain all the properties of

larger period waves in generating QP echoes detected by M {e gravity wave if the projection mean wing is avallgblg.
. ) herefore, simultaneous measurement of neutral wind in the
radar. The RTI plot of a candidate wave packet (with large - L .
" . . region of QP echoes is critical to fully uncover the relation
p05|t|vevp,/vg,=+4]_ 1) that is probably responsible for the : . .
. . L . etween QP echoes and their responsible gravity waves.
generation of QP echoes is shown in Fig. 4. This wave packe? ;
is the same one presented in the 11th row of Table 3. The 'n€ main features of the QP echoes detected by MU radar
RTI plot of another candidate wave packet (with large nega- Yamamoto et al., 1991) were: (1) they appeared intermit-
tive Upr/vgr=_38-7) is shown in Fig. 5, with its parameters tently in time with periods of 5 to 10 min, (2) their range rates

identical to that listed in the 10th row of Table 3. The mea- Were in the range—_60~—90 m/s,_ (3) the ratio bet\_/ve_en the
sured values of, v,,, andv,, of these two candidate wave slopes of the striations and the line across the striations were

packets were found to be reasonably consistent with the the?0Sitive and large, in general, with one exception showing a
oretical calculations, as indicated in both figure captions.  negative value. These features were successfully reproduced
From Tables 1-3, it can be readily found, as expected, tha?y our theoretical calculations of the projection moveme_n_t

the values of the radial group velocities, () are related to along the _radar _beam) of th? wave packets of the specific
the horizontal and vertical group velocities of{ andu,.) atmospherl_c grawty waves, with their wave fronts parallel to
by the following equation, the magnetic field line (see Table 3). On the cpntrary, these

features were not reproduced by the calculations when the
Vgr = Ugh - SING - COSP + g, - COSA. (14)  Wwave fronts were not parallel to the magnetic field line (see

Tables 1 and 2). We also notice that all the vertical group ve-
Since this equation resembles the transformation oflocities of these waves are positive, meaning that they might
Eqg. (10a), which is a coordinate transformation equation fororiginate from lower altitudes.

4 Discussion
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There is one question which remains to be cleared: doesne-half of the period of the characteristic wave component
the FAI drift velocity represent the characteristic horizontal of the packet.
phase velocityv,; or the horizontal group velocity,, of
the gravity wave packet, responsible for the generation of QPacknowledgementsThe authors are indebted to the referee for
echoes? As clearly demonstrated in Tables 1z3andv,;, his/her patience in reviewing this manuscript, and bringing the non-
are significantly different becausg, is strongly modulated local effect on the gradient drift instability to our attention. This
by the projection mean wind,, so it is necessary to distin- work is supported in part by the National Science Council of Tai-
guish one from the other. Unfortunately, it is impossible to wan under the contract number NSC 94-2111-M-238-001 and NSC
give a clear answer unless the projection mean wind is simul$5-2111-M-224-001. _ _ _
taneously available. Nevertheless, by theoretical calculations . TPical Editor M. Pinnock thanks S. Saito for his help in evalu-
to obtain Table 3, we were able to obtain some gravity wave®ing this paper.
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