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Abstract. Several works concerning the dynamical and ther-
mal structures and inertial gravity wave activities in the tro-
posphere and lower stratosphere (TLS) from the radiosonde
observation have been reported before, but these works were
concentrated on either equatorial or polar regions. In this
paper, background atmosphere and gravity wave activities
in the TLS over Wuhan (30◦ N, 114◦ E) (a medium lati-
tudinal region) were statistically studied by using the data
from radiosonde observations on a twice daily basis at 08:00
and 20:00 LT in the period between 2000 and 2002. The
monthly-averaged temperature and horizontal winds exhibit
the essential dynamic and thermal structures of the back-
ground atmosphere. For avoiding the extreme values of back-
ground winds and temperature in the height range of 11–
18 km, we studied gravity waves, respectively, in two sep-
arate height regions, one is from ground surface to 10 km
(lower part), and the other is within 18–25 km (upper part).
In total, 791 and 1165 quasi-monochromatic inertial grav-
ity waves were extracted from our data set for the lower and
upper parts, respectively. The gravity wave parameters (in-
trinsic frequencies, amplitudes, wavelengths, intrinsic phase
velocities and wave energies) are calculated and statistically
studied. The statistical results revealed that in the lower part,
there were 49.4% of gravity waves propagating upward, and
the percentage was 76.4% in the upper part. Moreover, the
average wave amplitudes and energies are less than those at
the lower latitudinal regions, which indicates that the gravity
wave parameters have a latitudinal dependence. The corre-
lated temporal evolution of the monthly-averaged wave ener-
gies in the lower and upper parts and a subsequent quantita-
tive analysis strongly suggested that at the observation site,
dynamical instability (strong wind shear) induced by the tro-
pospheric jet is the main excitation source of inertial gravity
waves in the TLS.
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1 Introduction

Gravity waves and their associated momentum transportation
and energy propagation are believed to have a significant im-
pact on local tropospheric and lower stratospheric climatol-
ogy (Alexander and Pfister, 1995; Alexander, 1998). It is
well known that in the middle and upper atmosphere, gravity
waves play an important role in determining the global dy-
namic and thermal structures (Lindzen, 1981; Holton, 1982,
1983; Garcia and Solomon, 1985), and are responsible for
local short-term variability of background atmosphere and
large-scale atmospheric waves (Fritts and Vincent, 1987).
Gravity waves in the middle and upper atmosphere are be-
lieved to be excited mainly in the troposphere and lower
stratosphere (TLS) and propagate upward (Alexander, 1996),
resulting in energy coupling between the lower and upper at-
mosphere. Therefore, it is of significant importance to study
the basic features of gravity wave activities in the TLS.

Radiosonde observations were initially used for studying
local meteorology. In each measurement of radiosonde, ac-
companying the free ascent of a balloon, meteorological vari-
ables, such as pressure, temperature and relative humidity,
are measured. The horizontal winds can be attained by track-
ing the position of the balloon, which allows us to deter-
mine the horizontal propagation directions of gravity waves.
The typical height coverage of the radiosonde observation
is from ground surface up to 25–30 km, the uncertainty of
the upper limit height is due to the uncertain burst height
of the balloon. Recently, radiosondes were extensively ap-
plied to study the dynamics and gravity waves in the TLS for
its excellent height resolution (several tens of meters to sev-
eral hundreds of meters) (Tsuda et al., 1994a,b; Shimizu and
Tsuda, 1997; Pfenninger et al., 1999; Vincent and Alexander,
2000; Yoshiki and Sato, 2000; Zink and Vincent, 2001a,b).
Many radiosonde observations suggested that the dominant
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-
ters, and a horizontal wind disturbance amplitudes of several
ms−1.
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Fig. 1. Time-height cross sections of monthly-averaged temperature
in ◦C (left) and buoyancy frequency in 10−2 rad s−1(right). The
dotted contours denote the negative values.

The data utilized in early studies of radiosonde obser-
vations were based on specific campaigns (Tsuda et al.,
1994a,b; Shimizu and Tsuda, 1997), which had limited time
coverage. The most recent studies have begun to use the
radiosonde data acquired routinely by meteorological agen-
cies (Pfenninger et al., 1999; Vincent and Alexander, 2000;
Yoshiki and Sato, 2000; Zink and Vincent, 2001a,b). Ob-
servations at different latitudinal regions have revealed that
the dynamics and gravity wave activities in the TLS have
an obvious latitudinal variation (Allen and Vincent, 1995;
Vincent and Alexander, 2000; Yoshiki and Sato, 2000; Zink
and Vincent, 2001a,b). Based on observations, many mod-
eling works were developed to parameterize the impacts of
gravity waves on the climatology of the TLS (Alexander
and Vincent, 2000; Vincent et al., 1997). However, they
are far away from comprehensively understanding the global
dynamics of the TLS, which pushes us to study the grav-
ity wave activities in the TLS in a broader latitudinal range.
The radiosonde observations cited above are concentrated ei-
ther in low-latitudinal (or equatorial) (Tsuda et al., 1994a,b;
Shimizu and Tsuda, 1997) or high-latitudinal (or polar) re-
gions (Pfenninger et al., 1999; Vincent and Alexander, 2000;
Yoshiki and Sato, 2000; Zink and Vincent, 2001a,b); most
observations in the mid-latitudinal region are from VHF
radar (Fritts et al., 1990; Murayama, 1994; Sato, 1994),
which cannot provide us with the density and temperature
profiles. The radiosonde observational results in the medium
latitudinal area were sparsely reported.

The main purpose of this paper is to statistically study the
gravity wave characteristics in the mid-latitudinal TLS. The
data utilized in this paper is from the radiosonde observation
at Wuhan (30◦ N, 114◦ E) in the period between 2000 and
2002; a detailed description of data and background observa-
tion is presented in Sect. 2. A similar data processing method
to that proposed by Vincent and Alexander (2000) is adopted
in this paper, which is introduced in Sect. 3. The statistical
results of the observed gravity waves are given in Sect. 4 In
Sect. 5, we discuss the possible sources of gravity waves in
the TLS, and the primary conclusions are drawn in the last
section.

Fig. 2. Time-height cross sections of monthly-averaged zonal (left)
and meridional (right) winds. Dotted contours denote the negative
(westward and southward) values.

2 Data description and background observation

Radiosonde observations made by the Wuhan Center Station
of Meteorology on a twice daily basis at 08:00 and 20:00 LT
in the period between 2000 and 2002 were used in this study.
The raw data are sampled at 8-s intervals, resulting in an un-
even height resolution, which varies from 10 m to 100 m. For
convenience, the raw data were processed to have an even
height resolution (100 m) by applying a linear interpolation.
The maximum altitude of radiosonde observation is the burst
height of the balloon. In our data set, about 52% of measure-
ments reached a height of 25 km, but only about 18% reached
27 km. Thus, we chose 25 km as the upper height limit of our
analysis.

Figure 1 shows the monthly-averaged temperature and
buoyancy frequency within the period from 2000 to 2002
in the height range from the ground surface to 25 km. The
temperatures show obvious fluctuation with time below the
height about 14 km, which is different with the radiosonde
observation in the equatorial regions (Vincent and Alexan-
der, 2000). Above 14 km, they vary little over the 3 years of
observation. The tropopause height roughly estimated from
Fig. 1 is at a height of about 14 km. An extremely low tem-
perature less than−70◦ C around a height of 17 km can be
observed. The coldest temperature above the tropopause oc-
curs in June, and annual cycles can be observed, but they
are not as regular as they were at the tropical region (Reid
and Gage, 1996; Vincent and Alexander, 2000). Below the
height of 15 km, the buoyancy frequency show slow vari-
ability with time and height, the value varies from 0.01 to
0.015 rad s−1; above the height of 18 km, it is almost a con-
stant value 0.025 rad s−1.

Figure 2 is the monthly-averaged zonal and meridional
winds. Below the height of 3 km, the zonal wind fields
are very weak. Within the height range 3–15 km, the zonal
winds are eastward and usually increase with height up to
about 11.5 km, with maximum values about 70 ms−1 and
then decrease with height, which indicates a strong tropo-
spheric jet around 11.5 km. Moreover, an evident annual cy-
cle can also be observed. Above the height of 18 km up to
25 km, different from the observation of the lower latitudinal
region (Vincent and Alexander, 2000), the zonal wind field
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is dominated by the annual oscillation rather than the quasi-
biennial oscillation, with a mean flow of∼−5 to 10 ms−1;
a rough division shows that the westward wind field occurs
in the period from June to November, and an eastward wind
in the other half of the year. Compared with the zonal wind,
the meridional wind is rather weaker and usually less than
10 ms−1. In the height range 5–20 km, the meridional wind
fields are southward in winter and northward in summer. The
strongest southward wind often occurs at a height near 15 km
in July, with a maximum value of−6 ms−1. Differently,
the strongest northward wind occurs at a lower height near
11.5 km, with a larger maximum value of 10 ms−1; more-
over, the maximum value occurs twice a year in March and
December, respectively.

3 Extraction of quasi-monochromatic gravity waves

For obtaining the parameters for quasi-monochromatic grav-
ity waves, we should correctly remove the background winds
and temperature from the raw data. The usual data process-
ing method takes the temporal averaged values as the back-
ground state; however this is not feasible for the radiosonde
observation due to its large temporal intervals. Here we
calculated the background[u0, v0, T0] by fitting a second-
order polynomial to the vertical profiles of horizontal winds
and temperature[u, v, T ], respectively; in order to avoide
the extreme values of temperature near the heights of about
17.5 km (shown in Fig. 1) and those of the horizontal winds
in the heights range between 11–15 km (shown in Fig. 2); the
fittings are taken individually to two separate height ranges:
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[uf , vf , Tf ] can be derived from the
raw data[u, v, T ] by removing the background. The quasi-
monochromatic wave components[u′, v′, T ′

] are extracted
by a harmonic fitting to the fluctuation components as the
following equation:

U = A sin(
2π

λz

z + ϕ), (1)

where, U=[uf , vf , Tf ] is the fluctuation component,
A=[Au, Av, AT ] and ϕ=[ϕu, ϕv, ϕT ] are the fitted ampli-
tude and phase of the quasi-monochromatic components, re-
spectively; λz is the vertical wavelength, which varies at
a 100-m step length from 200 m to 10 and 7 km for the
lower and upper parts, respectively. Obviously, in the har-
monic fitting, differentλzwill result in different amplitudes;
we take the value ofλz with the maximum fitted ampli-
tude as the dominant vertical wavelength. Considering that
the dominant wavelengths for different wave components
(e.g. zonal wind, meridional wind and temperature) may be
different, the average value of these three dominant wave-
lengths is taken to be the wavelength of the derived quasi-
monochromatic gravity wave. Only when the relative stan-
dard error of three dominant wavelengths is less than 20%,
do we think that a quasi-monochromatic gravity wave is ob-
served. Having specified the vertical wavelength, we re-take

the harmonic fitting to determine the wave’s amplitudes and
phases for each wave components.

Figure 3 gives the typical example of a quasi-
monochromatic gravity wave in the lower part observed on
18 February 2002. Figure 3d is the profile of wave distur-
bance temperaturesT ′ normalized by the background tem-
peratureT0(z), and the percentage temperature fluctuation
of 1% is observed. The vertical wavelength is calculated to
be 6.6 km. The zonal and meridional amplitudes are about
6.5 and 4.0 ms−1, respectively. The hodograph of horizontal
disturbances is an ellipse, and the asterisk and plus symbols
demonstrate that the disturbance wind vector rotates anti-
clockwise. According to the polarization relation for inertial
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
wave shown in Fig. 4, the vertical wavelength is 4.2 km, and
the zonal and meridional disturbance amplitudes are about
1.0 ms−1, which are smaller than those in the lower part. It is
noticeable that the hodograph of horizontal disturbance indi-
cates that the gravity wave energy is propagating upward, dif-
ferent from that in the lower part, which suggests that there is
a force source for gravity waves within the intermediate part
(10 and 18 km) between the lower and upper parts.

4 Statistical results

4.1 Wave intrinsic frequencies

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
parallel (upara) and perpendicular (uperp) to the major axial
of the horizontal wind vector hodograph satisfy the following
equation:

uperp

upara

= −i
f

�
(2)

where� and f (7.29×10−5 rads−1 at Wuhan) denote the
wave intrinsic frequency and local Coriolis frequency, re-
spectively. Equation (2) implies that the ratio of� to f is
equal to that of the major to minor axes of the hodographs
shown in Figs. 3 and 4 (Tsuda et al., 1990; Eckermann,
1996), then the wave intrinsic frequency can be easily cal-
culated. For example, the intrinsic frequencies of the gravity
waves shown in Figs. 3 and 4 are calculated to be 2.6 and 2.5
times of the Coriolis frequency, respectively. However, too
large a ratio of� to f will cause many uncertainties (Vincent
and Alexander, 2000; Zink and Vincent, 2001); thus, a cut-
off value of 10 is chosen in this paper. Then, 791 and 1165
quasi-monochromatic gravity waves were extracted from our
three-years data set for the lower and upper parts, respec-
tively.
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Fig. 3. Vertical profiles of zonal(a) and meridional(b) disturbance
components of the derived quasi-monochromatic gravity wave, and
percentage normalized temperature fluctuations(d) observed on 18
February 2002 at 08:00 LT. The solid and dotted lines denote the
wave disturbance and fluctuation components, respectively.(c) is
the hodograph of the horizontal wind wave disturbance compo-
nents, where the asterisk and plus symbols denote the values at the
height of 0 and 1 km, respectively.

Fig. 4. Vertical profiles of zonal(a) and meridional(b) distur-
bance components of the derived monochromatic gravity wave, and
percentage normalized temperature fluctuations(d) observed on 18
February 2002, at 08:00 LT. The solid and dotted lines denote the
wave disturbance and fluctuation components, respectively.(c) is
the hodograph of the horizontal wind wave disturbance compo-
nents, where the asterisk and plus symbols denote the values at the
height of 18 and 19 km, respectively.

Fig. 5. Histogram of �
f

. The solid and dotted lines denote the
occurrence rates of gravity waves in the lower and upper parts, re-
spectively.

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,
respectively.

Figure 5 is the histogram of the intrinsic frequencies nor-
malized to the Coriolis frequency. In Fig. 5, it is observed
that most gravity waves have a frequency that is less than 4
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
in the TLS over Wuhan is an inertial gravity wave. This is
consistent with the observations at other sites.

4.2 Wave amplitudes

Figure 6 gives the distribution of wave amplitudes. For
the gravity waves in both the lower and upper parts, their
horizontal wind amplitudes are smaller than 8 ms−1, and
their temperature amplitudes are no larger than 4 K. These
wave amplitudes are much smaller than those attained in the
equatorial region (Vincent and Alexander, 2000), suggest-
ing that the gravity wave amplitudes are latitudinal depen-
dence. Zhang and Yi (2004) have numerically studied the
latitudinal dependency of gravity wave amplitudes, and at-
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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Fig. 7. The same as in Fig. 5, but for vertical wavelengths.

Fig. 8. The same as in Fig. 5, but for vertical intrinsic phase veloci-
ties.

amplitudes of 1–3 ms−1 and temperature amplitudes of
0.5–1.5 K. Compared with the gravity waves in the lower
part, those in the upper part have smaller wave amplitudes,
concentrating in 1–2 ms−1 and 0.5–1 K for the horizontal
wind and temperature amplitudes, respectively.

4.3 Vertical wavelengths and propagation directions

The distribution of vertical wavelengths was calculated and
shown in Fig. 7. The vertical wavelengths for gravity waves
in the lower part varied from 2–7 km and with a dominant
scale range 4.5–5.5 km. Gravity waves in the upper part
have a rather different vertical wavelength distribution, with
a dominant wavelength range of 2.5–4 km. The vertical in-
trinsic phase speed can be easily attained from the expres-
sion of �

λz
, and the direction (upward or downward) can be

derived from the hodograph of the wind vector, as introduced
in Sect. 3.

Figure 8 gives the histogram of vertical intrinsic phase
speeds. For gravity waves in the lower part, their vertical
intrinsic phase velocities are concentrated around zero and
with a rather symmetric distribution around zero, 49.4% of
the waves have negative phase speeds (upward wave energy
propagation). An obviously different result was observed
in the upper part. In the range of−0.2–0 ms−1, the occur-
rence rate of vertical intrinsic phase speeds has a prominent
peak value of 60%, and 76.7% of the waves are propagating

Fig. 9. The same as in Fig. 5, but for the zonal (left panel) and
meridional (right panel) wavelengths.

Fig. 10. Distributions of the intrinsic horizontal phase speeds for
gravity waves in the lower (left panel) and upper parts (right panel).

upward; this percentage is close to the observation (72%) by
Vincent and Alexander (2000), indicating that the main force
sources for the gravity waves in the lower stratosphere are
below the height of 18 km.

4.4 Horizontal wavelengths and propagation directions

As mentioned in Subsect. 4.1, the horizontal propagation
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-
tion for inertial gravity waves

k2
zonal + k2

meridional =
k2
vertical(�

2
− f 2)

N2
, (3)

wherekzonal , kmeridional andkvertical are the zonal, merid-
ional and vertical wave numbers, respectively. The signs
of horizontal wave numbers can be derived from the po-
larization of gravity waves. For example, the zonal and
meridional wave numbers for the case shown in Fig. 3
are derived to be−1.19×10−5(eastward positive) and
0.70×10−5 rad m−1 (northward positive), respectively, and
those values for the gravity wave shown in Fig. 4 are, respec-
tively, 0.35×10−5and−0.99×10−5 rad m−1. A histogram
of the horizontal wavelengths is displayed in Fig. 9, while the
distribution of intrinsic horizontal phase velocities is shown
in Fig. 10. For the observed gravity waves, their horizon-
tal wavelengths vary from several tens of km to 3000 km,
which are much larger than their vertical wavelengths, sug-
gesting that they are propagating at very shallow angles to
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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.

�
f

u′ v′ T ′ λz λx λy E

(ms−1) (ms−1) (K) (km) (km) (km) (J kg−1)

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

Fig. 11. Time series of monthly-averaged wave energies per unit
mass in the lower (bottom panel) and upper parts (top panel). The
vertical bars give the standard errors for the averaged values.

the horizontal. Figure 10 illustrates that the observed gravity
waves have a horizontal intrinsic phase speed usually larger
than 10 ms−1. The dominant horizontal propagation direc-
tion of gravity waves in the lower part is westward, against
the background wind, however, for gravity waves in the up-
per part, their horizontal propagations are rather symmetric
and no obvious dominant directions are observed.

4.5 Wave energies

Wave energy per unit mass is computed from

E =
1

2
(u′2 + v′2 + w′2 +

g2T ′2

N2T 2
0

), (4)

where the over bar denotes an unweighted average over
height. We have no measurements of vertical winds, but
in fact compared with horizontal wind, it is much smaller
and will not contribute significantly to wave energy, thus, in
our computation,w′2 is omitted. Figure 11 gives the time
variability of monthly-averaged gravity wave energies. Ob-
vious seasonal variations can be seen from Fig. 11, and for

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
upper part is much smaller. Intensive gravity wave activities
occur in winter and spring, and weaker gravity wave activity
usually occurs in summer, which is also similar to the sea-
sonal variation of the background zonal wind.

4.6 Mean wave parameters

Table 1 summaries the mean wave parameters. A comparison
between the mean parameters of gravity waves in the lower
and upper parts shows that the disturbance amplitudes and
wave energies of gravity waves in the lower part are larger
than those in the upper part; as to the spatial scales, the grav-
ity waves in the lower part have larger vertical wavelengths;
and shorter horizontal wavelengths, these discrepancies may
due to different time and height variability of the background
atmosphere in the two parts.

5 Discussion

Restricted by the height coverage of radiosonde observations
and the nature of the adopted hodograph analysis method,
we can only study the properties of gravity waves with lower
frequencies and vertical wavelengths of several kilometers,
which was discussed by Alexander (1996). In order to ad-
dress the influences of the hodograph analysis method on the
results, we calculated the frequency distributions of wave en-
ergies for gravity waves in the lower and upper parts, respec-
tively. 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
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-
ried by the gravity waves with higher frequencies are negligi-
ble, indicating that the influences of the adopted hodograph
analysis method are not significant, as anticipated.

An apparently similar time variability of the monthly-
averaged wave energies for the gravity waves in the lower
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
have the same main generation sources. Focusing on the pos-
sible generation sources of gravity waves in the TLS, we cal-
culated, respectively, the correlative coefficients between the
background kinetic energy and gravity waves in the lower
and upper parts and plotted them in Fig. 13. These two
profiles of correlative coefficients are rather close to each
other: The correlative coefficients are very small in the height
ranges below 3 km and above 20 km, indicating that the to-
pography in these regions has little impact on the actions of
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
the lower part, which means that the upward propagating
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 propa-
gating upward in the upper part, but only 391 (corresponding
to a 49.4% percentage) gravity waves propagate upward in
the lower part. Moreover, when a gravity wave, especially
for the low-frequency gravity wave, propagates upward from
the lower part through the tropospheric jet to the upper part, it
may encounter its critical layer and be captured by the back-
ground, which means that the intermediate atmosphere be-
tween the lower and upper parts will intensively absorb the
wave energy and halt the gravity waves in the lower part be-
fore reaching the heights of the upper part. Therefore, a con-
clusion can be drawn that although part of the gravity waves
in the upper part may be excited in the lower part, the main
wave source is out of the lower part.

Another possibility is that there are intensive wave sources
in the intermediate atmosphere between the lower and upper
parts (10–18 km). Considering the background wind struc-
ture shown in Fig. 2, a possible wave source is the tropo-
spheric jet which occurs around the height of 11.5 km. Usu-
ally, the tropospheric jet means strong wind shear, which

Fig. 13. Profiles of correlative coefficients of monthly-averaged
background kinetic energy with monthly-averaged energies for
gravity waves in the lower (solid line) and upper (dotted line) parts.

Fig. 14.Contours of the occurrence rate of dynamic instability. The
minimum and interval of the contours are 3%.

leads to dynamic instability. Therefore, we calculated the
Richardson number, Ri , for the background atmosphere,

whereRi= N2(
∂ū
∂z

)2
+

(
∂v̄
∂z

)2 . WhenRi<1
4, then the dynamical

instability occurs. For the sake of discriminating the dynam-
ical instability induced by convection instability (N2<0 or
Ri<0), hereinafter, we define the term “dynamical instabil-
ity” to mean that the Richardson number satisfies 0<Ri<1

4.
Figure 14 illustrates the occurrence rate of the dynamical in-
stability for each month; which is defined byNdi

Nm
, for each

month,Ndidenotes the number of occurrences of a dynami-
cal instability within a month andNm denotes the total num-
ber of measurements in a month. It is observed from Fig. 14
that the temporal variation of the occurrence rate in the in-
termediate part is rather similar to that of the wave energy
shown in Fig. 12. For further studying the relationship be-
tween the wave energy and the dynamical instability, we cal-
culated the correlative coefficients of the occurrence rate of
dynamical instability with monthly-averaged gravity wave
energies (plotted in Fig. 15). In Fig. 15, large correlative
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Fig. 15. Profiles of correlative coefficients of the occurrence rate
of dynamical instability with monthly-averaged energies for gravity
waves in the lower (solid line) and upper (dotted line) parts.

coefficients (larger than 0.8) can be seen in the intermediate
part. Moreover, a similar analysis was carried out for study-
ing the relationship between the convection instability and
the gravity wave activities, but no obvious correlativity can
be found. All above the discussions strongly suggest that the
strong wind shear owning to the tropospheric jet is the main
excitation source for the gravity waves both in the lower and
upper parts.

6 Conclusions

Data from radiosonde observations made by the Wuhan Cen-
ter Station of Meteorology on a twice daily basis at 08:00 and
20:00 LT in the period between 2000 and 2002 were used
to statistically study the background atmosphere and gravity
wave activities in the TLS.

The monthly-averaged temperature shows an obvious fluc-
tuation with time below the height about 14 km, and above
this height, they vary little over the 3 years of observation.
The tropopause is estimated at a height of about 14 km.
Above the tropopause, an extremely low temperature of less
than−70◦ C at a height of about 17 km is observed. As to the
monthly-average zonal mean wind fields, above the height of
18 km up to 25 km, it is dominated by the quasi-annual oscil-
lation. Compared with the zonal wind, the meridional wind
is weaker.

There were 791 and 1165 quasi-monochromatic gravity
waves extracted from our three-year data set in the lower
(from 0 to 10 km) and upper (from 18 to 25 km) parts, re-
spectively. A statistical analysis shows the main character-
istics of the gravity waves in the TLS over Wuhan: inertial
frequency gravity waves are the dominant gravity wave dis-
turbances; vertical and horizontal wavelengths are of several

kilometers and several hundreds of kilometers, respectively;
the horizontal winds and temperature disturbance amplitudes
are of several m s−1 and K, respectively; the horizontal in-
trinsic phase speeds are of several tens of ms−1.

Compared with the gravity waves in the lower part, those
in the upper part have smaller amplitudes and vertical wave-
lengths, but larger horizontal wavelengths. The dominant
horizontal propagation direction of gravity waves in the
lower part is westward, which is against the background
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%
in the upper part.

The monthly-averaged gravity wave energies in the lower
and upper parts show obvious seasonal variation and are
rather similar, indicating that the main excitation sources for
the gravity waves in the two parts may be the same. The cor-
relative coefficients between the background kinetic energy
and gravity wave energies have prominent peak values (larger
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-
duced from the tropospheric jet is the main excitation source
of gravity waves in the TLS over Wuhan.
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