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Abstract. Several works concerning the dynamical and ther-1  Introduction
mal structures and inertial gravity wave activities in the tro-

posphere and lower stratosphere (TLS) from the radiosondesravity waves and their associated momentum transportation
observation have been reported before, but these works werg,g energy propagation are believed to have a significant im-
concentrated on either equatorial or polar regions. In thispact on local tropospheric and lower stratospheric climatol-

paper, background atmosphere and gravity wave activitieggy (Alexander and Pfister, 1995; Alexander, 1998). It is

in the TLS over Wuhan (3(N, 114 E) (a medium lati-  \yell known that in the middle and upper atmosphere, gravity

tudinal region) were statistically studied by using the datayygyves play an important role in determining the global dy-

from radiosonde observations on a twice daily basis at 08:0,amic and thermal structures (Lindzen, 1981; Holton, 1982,
and 20:00 LT in the period between 2000 and 2002. The1983; Garcia and Solomon, 1985), and are responsible for
monthly-averaged temperature and horizontal winds exhibigcal short-term variability of background atmosphere and

the essential dynamic and thermal structures of the baCkrarge-scaIe atmospheric waves (Fritts and Vincent, 1987).
ground atmosphere. For avoiding the extreme values of baCkGravity waves in the middle and upper atmosphere are be-
ground winds and temperature in the height range of 114jeved to be excited mainly in the troposphere and lower

18km, we studied gravity waves, respectively, in two sep-stratosphere (TLS) and propagate upward (Alexander, 1996),
arate height regions, one is from ground surface to 10 kmyesulting in energy coupling between the lower and upper at-
(lower part), and the other is within 18-25km (upper part). mosphere. Therefore, it is of significant importance to study

In total, 791 and 1165 quasi-monochromatic inertial grav-the basic features of gravity wave activities in the TLS.

ity waves were extrapted from our d_ata set for the lower af‘d Radiosonde observations were initially used for studying

upper parts, respectively. The gravity wave parameters ('nlocal meteorology. In each measurement of radiosonde, ac-

trinsic frequencies, amplitudes, wavelengths, intrinsic phas%ompanying the free ascent of a balloon, meteorological vari-

velocities and wave energies) are calculated and statisticall)ébles such as pressure, temperature and relative humidity,
studied. The statistical results revealed that in the lower part, m’easured The horizé)ntal winds can be attained by track-'

there were 49.4% of gravity waves propagating upward, ancﬁ1g the position of the balloon, which allows us to deter-
the percentage was 76.

or
4% in the upper part. Moreover, th'?nine the horizontal propagation directions of gravity waves.

average wave a_mplltud_es and energies are less than tho_seﬁe typical height coverage of the radiosonde observation
the lower latitudinal regions, which indicates that the gravity is from ground surface up to 25-30km, the uncertainty of

wave parameters haye a latitudinal dependence. The COMGhe upper limit height is due to the uncertain burst height
lated temporal evolution of the monthly-averaged wave ener- ¢ .o\ 2iioon. Recently, radiosondes were extensively ap-
gies in the lower and upper parts and a subsequent quantitagye j 1 study the dynami,cs and gravity waves in the TLS for
tive analysis strongly suggested that at the observation sit ts excellent height resolution (several tens of meters to sev-
dynamical instability (strong wind shear) induced by the tro- eral hundreds of meters) (Tsuda et al., 1994a,b; Shimizu and

pospheric jet is the main excitation source of inertial gravity Tsuda, 1997; Pfenninger et al., 1999: Vincent and Alexander,

waves in the TLS. 2000; Yoshiki and Sato, 2000; Zink and Vincent, 2001a,b).
Keywords. Meteorology and atmospheric dynamics (Waves Many radiosonde observations suggested that the dominant
and tides: Climatology: General or miscellanous) gravity wave disturbances in the TLS were inertial gravity

waves, usually having a vertical wavelength of several kilo-

meters, horizontal wavelength of several hundreds of kilome-
Correspondence tdS. D. Zhang ters, and a horizontal wind disturbance amplitudes of several
(zsd@whu.edu.cn) ms 1.
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Fig. 1. Time-height cross sections of monthly-averaged temperature=ig. 2. Time-height cross sections of monthly-averaged zonal (left)
in °C (left) and buoyancy frequency in 18rad s_l(right). The and meridional (right) winds. Dotted contours denote the negative
dotted contours denote the negative values. (westward and southward) values.

2 Data description and background observation

The data utilized in early studies of radiosonde obser—R i de ob . de by the Wuhan C Stati
vations were based on specific campaigns (Tsuda et al. adiosonde observations made by the Wuhan Center Station

1994a,b: Shimizu and Tsuda, 1997), which had limited timeS' Meteorology on a twice daily basis at 08:00 and 20:00 LT

coverage. The most recent studies have begun to use tHE the period between 2000 and 2002 were used in this study.

radiosonde data acquired routinely by meteorological agen:rhe raw data are sgmpled_ at 8-s_interva|s, resulting in an un-
cies (Pfenninger et al., 1999: Vincent and Alexander 2000:8ven height resolution, which varies from 10 m to 100 m. For
Yoshiki and Sato 200’0, Zini< and Vincent. 2001a b), Ob_’convenience, the raw data were processed to have an even

servations at different latitudinal regions have revealed thapGIght re;olqun _(100 m) by _applymg a linear .mte.rpolatlon.
the dynamics and gravity wave activities in the TLS haveThe maximum altitude of radiosonde observation is the burst

an obvious latitudinal variation (Allen and Vincent, 1995; height of the ba”OOn' In our data set, about 52% of measure-
Vincent and Alexander, 2000; Yoshiki and Sato, 2000; Zink ments reached a height of 25 km, but only abogt 18.% _reached
and Vincent, 2001a,b). Based on observations, many mod27 km. Thus, we chose 25 km as the upper height limit of our

eling works were developed to parameterize the impacts Of’:maly5|s.

gravity waves on the climatology of the TLS (Alexander b Figure 1f shows the'r:.ontgly-avgr%gfed terznperaturze ar21d
and Vincent, 2000; Vincent et al., 1997). However, they uoyancy frequency within the period from 2000 to 200

are far away from comprehensively understanding the globain the height range fro”? the ground_ Surface FO 25km. The
temperatures show obvious fluctuation with time below the

dynamics of the TLS, which pushes us to study the grav- . L X )
ity wave activities in the TLS in a broader latitudinal range. N€ignt about 14km, which is different with the radiosonde
bservation in the equatorial regions (Vincent and Alexan-

The radiosonde observations cited above are concentrated 2000). Ab 14Kkm. th littl he 3 ¢
ther in low-latitudinal (or equatorial) (Tsuda et al., 1994a,b; er, ). Above m, they vary little over the 3 years o

Shimizu and Tsuda, 1997) or high-latitudinal (or polar) re- observation. The tropopause height roughly estimated from

gions (Pfenninger et al., 1999; Vincent and Alexander, 2000;Fig' 1is at a height of about 14 km. An extremely low tem-

Yoshiki and Sato, 2000; Zink and Vincent, 2001a,b); most Perature less than 70° C around a height of 17km can be
observations in the mid-latitudinal region are from VHF observed. The coldest temperature above the tropopause oc-

1990; Murayama, 1994: Sato, 1994)'curs in June, and annual cycles can be observed, but they

radar (Fritts et al., . . :
which cannot provide us with the density and temperatureare not as regular as they were at the tropical region (Reid

profiles. The radiosonde observational results in the mediun‘?‘n_d Gage, 1996; Vincent and Alexander, 2000). Below the
latitudinal area were sparsely reported. height of 15km, the buoyancy frequency show slow vari-

ability with time and height, the value varies from 0.01 to

The main purpose of this paper is to statistically study the0.015 rad s?; above the height of 18 km, it is almost a con-
gravity wave characteristics in the mid-latitudinal TLS. The stant value 0.025 rad$.
data utilized in this paper is from the radiosonde observation Figure 2 is the monthly-averaged zonal and meridional
at Wuhan (30N, 114 E) in the period between 2000 and winds. Below the height of 3km, the zonal wind fields
2002; a detailed description of data and background observaare very weak. Within the height range 3-15km, the zonal
tion is presented in Sect. 2. A similar data processing methodavinds are eastward and usually increase with height up to
to that proposed by Vincent and Alexander (2000) is adoptedhbout 11.5km, with maximum values about 70thsand
in this paper, which is introduced in Sect. 3. The statisticalthen decrease with height, which indicates a strong tropo-
results of the observed gravity waves are given in Sect. 4 Irspheric jet around 11.5km. Moreover, an evident annual cy-
Sect. 5, we discuss the possible sources of gravity waves iale can also be observed. Above the height of 18 km up to
the TLS, and the primary conclusions are drawn in the last25 km, different from the observation of the lower latitudinal
section. region (Vincent and Alexander, 2000), the zonal wind field
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is dominated by the annual oscillation rather than the quasithe harmonic fitting to determine the wave’s amplitudes and
biennial oscillation, with a mean flow ef—5 to 10ms1; phases for each wave components.

a rough division shows that the westward wind field occurs Figure 3 gives the typical example of a quasi-
in the period from June to November, and an eastward windmonochromatic gravity wave in the lower part observed on
in the other half of the year. Compared with the zonal wind, 18 February 2002. Figure 3d is the profile of wave distur-
the meridional wind is rather weaker and usually less thanbance temperatures’ normalized by the background tem-
10ms L. In the height range 5-20 km, the meridional wind peratureTy(z), and the percentage temperature fluctuation
fields are southward in winter and northward in summer. Theof 1% is observed. The vertical wavelength is calculated to
strongest southward wind often occurs at a height near 15 knbe 6.6 km. The zonal and meridional amplitudes are about
in July, with a maximum value of-6 ms1. Differently, 6.5 and 4.0 ms!, respectively. The hodograph of horizontal
the strongest northward wind occurs at a lower height neadisturbances is an ellipse, and the asterisk and plus symbols
11.5km, with a larger maximum value of 10ms more- demonstrate that the disturbance wind vector rotates anti-
over, the maximum value occurs twice a year in March andclockwise. According to the polarization relation for inertial
December, respectively. gravity waves, the anti-clockwise rotating hodograph indi-
cates that in the Northern Hemisphere, the gravity wave en-
ergy is propagating downward. Figure 4 is similar to Fig. 3,
but for a gravity wave in the upper part. For the gravity

For obtaining the parameters for quasi-monochromatic gravWaVe shown in F'g', 4 the vgrtlcal Wavelength is 4.2km, and
the zonal and meridional disturbance amplitudes are about

ity waves, we should correctly remove the background winds 1 \which ller than th inthe | .
and temperature from the raw data. The usual data procesé—‘O ms~", which are smaller than those in the lower part. Itis

ing method takes the temporal averaged values as the backﬁpticeable that the hodograph of horizontal disturbance indi-
ground state; however this is not feasible for the radiosond&@tes that the gravity wave energy is propagating upward, dif-

observation due to its large temporal intervals. Here Weferentfromthatinthe lower part, which suggests that there is
calculated the backgrourido, vo, To] by fitting a second- a force source for gravity waves within the intermediate part

order polynomial to the vertical profiles of horizontal winds (10 @nd 18km) between the lower and upper parts.
and temperaturéu, v, T], respectively; in order to avoide

the extreme values of temperature near the heights of about -

17.5km (shown in Fig. 1) and those of the horizontal winds4 Statistical results

in the heights range between 11-15 km (shown in Fig. 2); the o )

fittings are taken individually to two separate height ranges:A"l Wave intrinsic frequencies
one is the lower part, which is from the ground surface to
10 km; the other (upper part) is from 18 to 25 km. Then the
fluctuation components: ¢, v¢, T¢] can be derived from the
raw datalu, v, T] by removing the background. The quasi-
monochromatic wave componeriis, v/, T'] are extracted
by a harmonic fitting to the fluctuation components as th
following equation:

3 Extraction of quasi-monochromatic gravity waves

By analyzing the polarization relation for inertial gravity
waves, we know that the horizontal propagation direction of
a gravity wave is along the major axial of its horizontal wind
vector hodograph, and the horizontal perturbation velocities
eparaIIeI U para) and perpendiculat(,,,) to the major axial

of the horizontal wind vector hodograph satisfy the following

equation:

.27
U=A Sln(Tz + ), 1)
Z

where, U=[uyr, vy, Tr] is the fluctuation component, upara l
A=[A,, Ay, Ar] and ¢=[g,, ¢y, 7] are the fitted ampli-
tude and phase of the quasi-monochromatic components, ravhere  and f(7.29x10~° rads L at Wuhan) denote the
spectively; 1, is the vertical wavelength, which varies at wave intrinsic frequency and local Coriolis frequency, re-
a 100-m step length from 200m to 10 and 7km for the spectively. Equation?) implies that the ratio of2 to f is
lower and upper parts, respectively. Obviously, in the har-equal to that of the major to minor axes of the hodographs
monic fitting, differenti will result in different amplitudes; shown in Figs. 3 and 4 (Tsuda et al., 1990; Eckermann,
we take the value of., with the maximum fitted ampli- 1996), then the wave intrinsic frequency can be easily cal-
tude as the dominant vertical wavelength. Considering thatulated. For example, the intrinsic frequencies of the gravity
the dominant wavelengths for different wave componentswaves shown in Figs. 3 and 4 are calculated to be 2.6 and 2.5
(e.g. zonal wind, meridional wind and temperature) may betimes of the Coriolis frequency, respectively. However, too
different, the average value of these three dominant wavelarge a ratio of2 to f will cause many uncertainties (Vincent
lengths is taken to be the wavelength of the derived quasiand Alexander, 2000; Zink and Vincent, 2001); thus, a cut-
monochromatic gravity wave. Only when the relative stan-off value of 10 is chosen in this paper. Then, 791 and 1165
dard error of three dominant wavelengths is less than 20%gquasi-monochromatic gravity waves were extracted from our
do we think that a quasi-monochromatic gravity wave is ob-three-years data set for the lower and upper parts, respec-
served. Having specified the vertical wavelength, we re-takdively.

Uperp i (2)
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Fig. 3. Vertical profiles of zonala) and meridionalb) disturbance
components of the derived quasi-monochromatic gravity wave, and
percentage normalized temperature fluctuatieh®bserved on 18
February 2002 at 08:00 LT. The solid and dotted lines denote the
wave disturbance and fluctuation components, respectivelyis ol
the hodograph of the horizontal wind wave disturbance compo- o2
nents, where the asterisk and plus symbols denote the values at the
height of 0 and 1 km, respectively.
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Fig. 6. Histograms of gravity wave amplitudes. The left and middle
panels are the zonal and meridional wind disturbance amplitudes
u’ andv’, respectively; and the temperature disturbance amplitude
T’ is shown in the right panel. The solid and dotted lines denote

the occurrence rates of gravity waves in the lower and upper parts,

241 241

0 e respectively.
S <2 <
S = X
= 201 = 201 > T Figure 5 is the histogram of the intrinsic frequencies nor-
malized to the Coriolis frequency. In Fig. 5, it is observed
e 2 s - 3 that most gravity waves have a frequency that is less than 4
Eastward wind (m/s) Northward wind (m/s) times that of the Coriolis frequency and with peak occurrence

rates of 25% and 27% in the frequency range 2—3 times that
of Coriolis frequency in the lower and upper parts, respec-
tively, indicating that the dominant gravity wave disturbance

12 d) NG
(c) wal @ \

E -
é £ 2ol > ] in the TLS over Wuhan is an inertial gravity wave. This is
s 00 £ < consistent with the observations at other sites.
: 2 ool 1
2 5 4.2  Wave amplitudes
“ iz 18 e
-12 0.0 1.2 -0.8 00 08 Figure 6 gives the distribution of wave amplitudes. For
Eastward wind (m/s) T/T, (%)

the gravity waves in both the lower and upper parts, their
Fig. 4. Vertical profiles of zonaka) and meridional(b) distur-  horizontal wind amplitudes are smaller than 8thsand
bance components of the derived monochromatic gravity wave, andneir temperature amplitudes are no larger than 4K. These
percentage normalized temperature fluctuatighobserved on 18  wave amplitudes are much smaller than those attained in the
February 2002, at 08:00 LT. The solid and dotted lines denote theequatorial region (Vincent and Alexander, 2000), suggest-
wave disturbance and fluctuation components, respectivejyis ing that the gravity wave amplitudes are latitudinal depen-
the hodograph of the horizontal wind wave disturbance compo-dence. Zhang and Yi (2004) have numerically studied the
nents, where the asterisk and plus symbols denote the values at thgtitudinal dependency of gravity wave amplitudes, and at-
height of 18 and 19 km, respectively. tributed it to a kind of nonlinear effect. Another possible

reason may be the latitudinal dependence of wave sources.

In the lower part, most gravity waves have horizontal wind
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Flg 8. The same as in Flg 5, but for vertical intrinsic phase veloci- upward' this percentage is close to the observation (72%) by
ties. Vincent and Alexander (2000), indicating that the main force
sources for the gravity waves in the lower stratosphere are

amplitudes of 1-3 ms' and temperature amplitudes of Pelow the height of 18km.
0.5-1.5K. Qompared with the gravity waves in the I_ower 4.4 Horizontal wavelengths and propagation directions
part, those in the upper part have smaller wave amplitudes,

concentrating in 1-2mg and 0.5-1K for the horizontal

- ! ) As mentioned in Subsect. 4.1, the horizontal propagation
wind and temperature amplitudes, respectively.

direction of a gravity wave is along the major axial of its
horizontal wind vector hodograph; then the horizontal wave
number can be deduced from the simplified dispersion equa-

The distribution of vertical wavelengths was calculated andtion for inertial gravity waves

shown in Fig. 7. The vertical wavelengths for gravity waves 5 5 k2 y Z(QZ — £?)
in the lower part varied from 2—7 km and with a dominant k.0 + Kneridionar = = N2 ,
scale range 4.5-5.5km. Gravity waves in the upper part .
have a rather different vertical wavelength distribution, with WN€r€kzonat, kmeridional @Ndkverticar are the zonal, merid-

a dominant wavelength range of 2.5-4 km. The vertical in-ional and vertical wave numbers, respectively. The signs
trinsic phase speed can be easily attained from the expre€f horizontal wave numbers can be derived from the po-
sion Of% and the direction (upward or downward) can be Iarlz.at_lon of gravity waves. For example, the z.onal.and
derived from the hodograph of the wind vector, as introducedMeridional wave numbers for the case shown in Fig. 3
in Sect. 3. are derived to be—1.19x10 °(eastward positive) and

Figure 8 gives the histogram of vertical intrinsic phase 0.70x107° rad m1 (northward positive), respectively, and
speeds. For gravity waves in the lower part, their verticalthose values for the gravity wave shown in Fig. 4 are, respec-
intrinsic phase velocities are concentrated around zero antively, 0.35x 10 °and —0.99x10~° rad ml A histogram
with a rather symmetric distribution around zero, 49.4% of of the horizontal wavelengths is displayed in Fig. 9, while the
the waves have negative phase speeds (upward wave enerdistribution of intrinsic horizontal phase velocities is shown
propagation). An obviously different result was observedin Fig. 10. For the observed gravity waves, their horizon-
in the upper part. In the range ef0.2-0ms?, the occur-  tal wavelengths vary from several tens of km to 3000 km,
rence rate of vertical intrinsic phase speeds has a prominenthich are much larger than their vertical wavelengths, sug-

peak value of 60%, and 76.7% of the waves are propagatingesting that they are propagating at very shallow angles to

4.3 \Vertical wavelengths and propagation directions

®)
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Table 1. Mean values of gravity wave parameters. The “Lower” and “Upper” mean the gravity waves in the lower and upper parts,
respectively, and the over bars denote a unweighted average over the whole observation period.

2 v P CA v W E
(mshH (mshH K (km) (m) (km) @Ikgh
Lower 4.2 2.2 2.1 1.0 5.4 744 665 14
Upper 4.1 1.3 1.4 0.8 3.6 940 864 2

1600

1200 ¢

800

400

Wave Energy (J/kg)

a/f

Fig. 12. Frequency distributions of wave energies for inertial grav-
ity waves in the lower (solid curve) and upper parts (dotted curve).

the gravity waves in both the lower and upper parts have a
: : similar time variability, except that the wave energy in the

2000 2001 2002 2003 upper part is much smaller. Intensive gravity wave activities

Year occur in winter and spring, and weaker gravity wave activity

_ ) ) _ “usually occurs in summer, which is also similar to the sea-
Fig. 11. Time series of monthly-averaged wave energies per unitsqna| variation of the background zonal wind.
mass in the lower (bottom panel) and upper parts (top panel). The

vertical bars give the standard errors for the averaged values. 4.6 Mean wave parameters

the horizontal. Figure 10 illustrates that the observed gravity-tl)—z?vlveeir?l:rr:]e mrﬁgzz tgaerg]rﬁgpeﬁagfgrzﬁg;iz@sﬁr?(?[rr?epﬁ)“vigrn

waves have a horizontal intrinsic phase speed usually larger ] :
than 10msL. The dominant horizontal propagation direc- and upper parts shows that the disturbance amplitudes and

. . . . -~ wave energies of gravity waves in the lower part are larger
tion of gravity waves in the lower part is westward, against ; i .

: . . than those in the upper part; as to the spatial scales, the grav-
the background wind, however, for gravity waves in the up-

: . ! . ity waves in the lower part have larger vertical wavelengths;

per part, their horizontal propagations are rather symmetric . : .

and no obvious dominant directions are observed and shorter horizontal wavelengths, these discrepancies may
' due to different time and height variability of the background

4.5 \Wave energies atmosphere in the two parts.

Wave ener runitm i m from . :
ave energy per unit mass is computed fro 5 Discussion

1 — — — 212
E= E(M/Z +v2+w?+ h), (4)  Restricted by the height coverage of radiosonde observations
0 and the nature of the adopted hodograph analysis method,
where the over bar denotes an unweighted average ovefe can only study the properties of gravity waves with lower
height. We have no measurements of vertical winds, buffrequencies and vertical wavelengths of several kilometers,
in fact compared with horizontal wind, it is much smaller which was discussed by Alexander (1996). In order to ad-
and will not contribute significantly to wave energy, thus, in dress the influences of the hodograph analysis method on the
our computationw’? is omitted. Figure 11 gives the time results, we calculated the frequency distributions of wave en-
variability of monthly-averaged gravity wave energies. Ob- ergies for gravity waves in the lower and upper parts, respec-
vious seasonal variations can be seen from Fig. 11, and fotively. Seeing from Fig. 12, both in the lower and upper parts,
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most wave energies were carried by a low-frequency (smaller o5
than 5 times and 3 times that of the Coriolis frequency in the
lower and upper parts, respectively) gravity wave. Compared
with the low-frequency components, the wave energies car- <0
ried by the gravity waves with higher frequencies are negligi-
ble, indicating that the influences of the adopted hodograph X 15
analysis method are not significant, as anticipated. ~
An apparently similar time variability of the monthly- E
averaged wave energies for the gravity waves in the lower a0 10+
O
T

and upper parts was shown in Fig. 11. The correlative coef-
ficient between them was calculated to be 0.62, which sug-

gested that gravity waves in the lower and upper parts may 5r ]
have the same main generation sources. Focusing on the pos- f

sible generation sources of gravity waves in the TLS, we cal- Ol  — . »
culated, respectively, the correlative coefficients between the

background kinetic energy and gravity waves in the lower -0.5 0.0 0.5 1.0
and upper parts and plotted them in Fig. 13. These two Correlative Coefficient

profiles of correlative coefficients are rather close to each

other: The correlative coefficients are very small in the heightFig. 13. Profiles of correlative coefficients of monthly-averaged
ranges below 3 km and above 20 km, indicating that the to-background kinetic energy with monthly-averaged energies for
pography in these regions has little impact on the actions ofjravity waves in the lower (solid line) and upper (dotted line) parts.
the observed gravity waves. However, the radiosonde ob-
servations in the polar regions (Yoshiki and Sato, 2000) re-
vealed that topography is an important gravity wave source,
indicating that the gravity wave sources have a latitudinal de-
pendence in TLS region, which leads to the latitudinal de-
pendence of gravity waves properties (wave amplitudes and—
energies). Within the height range from 5 to 17 km, the cor-
relative coefficients are very large and with maxima values =
larger than 0.8, so large correlative coefficients have never
been reported before.

The evidently correlated time evolutions of wave ener-
gies in the lower and upper parts suggests two possible wave
sources: A first possibility is that the wave source is within Fig. 14. Contours of the occurrence rate of dynamic instability. The
the lower part, which means that the upward propagatingminimum and interval of the contours are 3%.
gravity waves observed in the upper part may be excited orig-
inally in the lower part. It should be noted that there are 890
(corresponding to a 76.4% percentage) gravity waves propaleads to dynamic instability. Therefore, we calculated the
gating upward in the upper part, but only 391 (correspondingRichardson number, Ri , for the background atmosphere,
to a 49.4% percentage) gravity waves propagate upward ifvhere Ri=—2°—,. WhenRi<21, then the dynamical
the lower part. Moreover, when a gravity wave, especially (52)"+(%)
for the low-frequency gravity wave, propagates upward frominstability occurs. For the sake of discriminating the dynam-
the lower part through the tropospheric jet to the upper part, ifical instability induced by convection instabilityv <0 or
may encounter its critical layer and be captured by the backRi <0), hereinafter, we define the term “dynamical instabil-
ground, which means that the intermediate atmosphere baty” to mean that the Richardson number satisfiesR(D<%.
tween the lower and upper parts will intensively absorb theFigure 14 illustrates the occurrence rate of the dynamical in-
wave energy and halt the gravity waves in the lower part be-stability for each month; which is defined b%L for each
fore reaching the heights of the upper part. Therefore, a conmonth, N;;denotes the number of occurrences of a dynami-
clusion can be drawn that although part of the gravity wavescal instability within a month andv,, denotes the total num-
in the upper part may be excited in the lower part, the mainber of measurements in a month. It is observed from Fig. 14
wave source is out of the lower part. that the temporal variation of the occurrence rate in the in-

Another possibility is that there are intensive wave sourcegermediate part is rather similar to that of the wave energy
in the intermediate atmosphere between the lower and uppeshown in Fig. 12. For further studying the relationship be-
parts (10-18km). Considering the background wind struc-tween the wave energy and the dynamical instability, we cal-
ture shown in Fig. 2, a possible wave source is the tropo-culated the correlative coefficients of the occurrence rate of
spheric jet which occurs around the height of 11.5 km. Usu-dynamical instability with monthly-averaged gravity wave
ally, the tropospheric jet means strong wind shear, whichenergies (plotted in Fig. 15). In Fig. 15, large correlative

eight krn)

Year



672 S. D. Zhang and F. Yi: A study of gravity waves from radiosonde observations at Wuhan

kilometers and several hundreds of kilometers, respectively;
the horizontal winds and temperature disturbance amplitudes
are of several mst and K, respectively; the horizontal in-
trinsic phase speeds are of several tens of'ms
Compared with the gravity waves in the lower part, those
] in the upper part have smaller amplitudes and vertical wave-
rnSiE lengths, but larger horizontal wavelengths. The dominant
..... e horizontal propagation direction of gravity waves in the
10+t e A . lower part is westward, which is against the background
z . wind, however, for gravity waves in the upper part; their hor-
izontal propagations are rather symmetric and no dominant
directions are observed. In the lower part, 49.4% of gravity
waves are propagating upward, and the percentage is 76.7%
O .— = in the upper part.
The monthly-averaged gravity wave energies in the lower
—0.4 0.0 0.4 0.8 and upper parts show obvious seasonal variation and are
Correlative Coefficient rather similar, indicating that the main excitation sources for
the gravity waves in the two parts may be the same. The cor-
Fig. 15. Profiles of correlative coefficients of the occurrence rate rg|ative coefficients between the background kinetic energy
of dyna_mical instability_wit_h monthly-averaged engrgies for gravity gng gravity wave energies have prominent peak values (larger
waves in the lower (solid line) and upper (dotted line) parts. than 0.8) within the intermediate part between the lower and
upper parts. More detailed analysis strongly suggests that,

different from the polar area, the dynamical instability in-

coefficients (larger _thgn 0.8) can be seen n the |ntermed|at<auced from the tropospheric jet is the main excitation source
part. Moreover, a similar analysis was carried out for study-Of gravity waves in the TLS over Wuhan

ing the relationship between the convection instability and

he gravity wavi iviti n Vi rrelativi n . .
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