
Ann. Geophys., 27, 1079–1095, 2009
www.ann-geophys.net/27/1079/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License.

Annales
Geophysicae

Intensive radiosonde observations of the diurnal tide and planetary
waves in the lower atmosphere over Yichang (111◦18′ E, 30◦42′ N),
China

C. M. Huang1,2,3,4, S. D. Zhang1,2,3, and F. Yi1,2,3

1School of Electronic Information, Wuhan University, Wuhan, Hubei, China
2Key Laboratory of Geospace Environment and Geodesy, Ministry of Education, Wuhan, Hubei, China
3State Observatory for Atmospheric Remote Sensing, Wuhan, China
4State Key Laboratory of Space Weather, Chinese Academy of Sciences, Beijing 100080, China

Received: 20 November 2007 – Revised: 5 September 2008 – Accepted: 5 November 2008 – Published: 4 March 2009

Abstract. The characteristics of diurnal tide and plane-
tary waves (PWs) in the troposphere and lower stratosphere
(TLS) over Yichang (111◦18′ E, 30◦42′ N) were studied by
using the data from intensive radiosonde observations in Au-
gust 2006 (summer month) and January 2007 (winter month)
on an eight-times-daily basis. The radiosonde observations
of the diurnal tide and PWs in the TLS in the mid-latitudes
have seldom been reported. We find that there exists domi-
nant diurnal oscillations in the TLS over Yichang. The ob-
served diurnal tide consists of significant nonmigrating com-
ponents, which may be owning to the local latent heat re-
lease. Since the nonmigrating tides are usually composed of
high order modes with smaller vertical wavelengths, which
are prone to dissipation in comparison with the low order
modes, the observational tidal amplitudes decrease sharply
at several heights. Some evident discrepancies between the
observations and the GSWM-02 are found, which may re-
sult mainly from the inaccurate prediction of the nonmigrat-
ing tidal components by the GSWM-02. And, due to the
evident seasonal differences of the water vapor mixing ra-
tio disturbance and the tropospheric jet induced turbulence
in winter, the diurnal tides in the summer and winter months
have some different characteristics. Besides the diurnal tide,
obvious quasi 7-day PW (QSDPW) and quasi 10-day PW
(QTDPW) are also recognized from our observations in both
the summer and winter months. The QSDPWs in the tro-
posphere in both the summer and winter months show a
standing wave structure, while the QTDPWs generally ex-
hibit traveling wave characteristics. Spectral analyses reveal
that some waves with periods around that of the diurnal tide
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are generated due to the interactions of the diurnal tide and
PWs and the tidal amplitudes are modulated by the PWs, in-
dicating the extensive coupling between the diurnal tide and
PWs. Moreover, our observations manifest that the PWs can
exert great impacts on the tropospheric jet in winter and the
tropopause in both the summer and winter months.

Keywords. Meteorology and atmospheric dynamics (Mid-
dle atmosphere dynamics; Waves and tides; General or mis-
cellaneous)

1 Introduction

The atmosphere is frequently disturbed by various kinds of
waves, e.g. gravity waves (GWs), tidal waves and plane-
tary waves (PWs), which are believed to impact significantly
on local and global atmospheric climatology (Alexander and
Pfister, 1995; Alexander, 1998; Batista et al., 2004; Kishore
et al., 2004). It is extensively accepted that these atmospheric
waves are mainly excited in the lower atmosphere (Forbes
and Leveroni, 1992; Smith, 1997; Hagan et al., 2001; Hagan
and Forbes, 2002; Fritts and Alexander, 2003; Batista et al.,
2004).

Atmospheric tides are global-scale waves with periods that
are harmonics of a solar day. By definition, the migrating
tides are the subset of tides propagating westward with the
apparent motion of the Sun with zonal wavenumberss equal
to their frequenciesn in cycles per day while the nonmi-
grating tides are those withs 6=n. Compared with their mi-
grating counterparts, the nonmigrating tides have more lo-
cal characteristics. The tidal components with frequencies
n=1,2,3,. . . are, respectively, named the diurnal, semidiur-
nal, terdiurnal tides. Tides are believed to play an important
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role in the large-scale circulation patterns and strongly modu-
late the propagation conditions experienced by upward prop-
agating GWs. Being one of the most striking features in the
mesosphere and lower thermosphere (MLT), where the tidal
horizontal wind amplitudes can reach several tens of ms−1,
tides in the MLT have been extensively studied over the last
three decades (Vincent et al., 1998; Yi, 2001; Manson et
al., 2002; Shepherd and Fricke-Begemann, 2004; Zhang et
al., 2004). While, for tides in the troposphere and lower
stratosphere (TLS), possibly due to their weak amplitudes,
they have not been subjected to adequate study. However, it
is well known that the primary sources of tides are located
in the TLS, especially those of the nonmigrating tides. To
further explain the structure and underlying physical mecha-
nisms of tides, we should pay more attention to tides in the
TLS.

PWs are oscillations of predominantly tropospheric origin
with typical periods of about 2–30 days in the atmosphere
(Vincent, 1990). It has been confirmed that PWs extensively
exist in the TLS, mesosphere and ionosphere (Hirota and Hi-
rooka, 1984; Hirooka and Hirota, 1985; Randel 1987; Forbes
and Leveroni, 1992; Williams and Avery, 1992; Tsuda et al.,
1994a; Smith, 1997; Lawrence and Jarvis, 2003; Kishore
et al., 2004), and contribute significantly to the variability
of atmospheric parameters in these regions. Some litera-
ture (Tsuda et al., 1994a; Lawrence and Jarvis, 2003; Lu et
al., 2005) has revealed that PWs in the TLS have significant
wind amplitudes (>10 ms−1). And, it was suggested that the
PWs in the mesosphere and ionosphere were the result of
upward propagating PWs in the TLS (Forbes and Leveroni,
1992; Williams and Avery, 1992; Smith, 1997). Therefore,
the studies on PWs in the TLS deserve more efforts.

The radiosonde observations contributed greatly to our un-
derstanding of dynamics in the TLS (Tsuda et al., 1994a,
b, 1997; Allen and Vincent, 1995; Shimizu and Tsuda,
1997; Pfenninger et al., 1999; Vincent and Alexander, 2000;
Yoshiki and Sato, 2000; Zink and Vincent, 2001a, b; Innis
et al., 2004; Wang et al., 2005; Zhang and Yi, 2005, 2007;
Zhang et al., 2006, 2008, 2009) because of their excellent
height resolution (several tens to hundreds of meters), rela-
tively complete physical quantities, broad geographical cov-
erage and long-term data accumulation. In most of the above
cited studies, the adopted data came mainly from the rou-
tine measurements on a twice-daily basis made by meteo-
rology stations. It is noteworthy that since the temporal in-
tervals of the twice daily routine radiosonde measurements
are typically 12 h, the diurnal tide in the TLS and its cou-
pling with the PWs can not be revealed by these observations.
Recently, data from intensive radiosonde observations were
used to study the lower atmospheric structures and waves
(Tsuda et al., 1994a, b; Seidel et al., 2005; Zhang et al., 2008,
2009), including the diurnal tide and PWs, but these obser-
vations are generally sparse. Moreover, most of the previous
radiosonde observations concentrated on the properties of in-
ertial GWs in the TLS. Tsuda et al. (1994a) and Shimizu and

Tsuda (1997) have studied the equatorial waves and diurnal
tide by using radiosonde observations in the equatorial re-
gions. Most recently, Innis et al. (2004) investigated the PW
modulation of GW over Antarctica by using the data from
multi-station radiosonde observations. However, the proper-
ties of the tides and PWs in the TLS over mid-latitudes have
seldom been reported. Therefore, more radiosonde observa-
tions with shorter time intervals in mid-latitudes are needed.

Aiming at further investigating the lower atmospheric dy-
namics, especially the lower atmospheric waves and their
interactions, a two-month (August 2006 and January 2007)
radiosonde observation campaign was launched by Wuhan
University. In this campaign, the radiosonde observations
were made at Yichang (111◦18′ E, 30◦42′ N) on an eight-
times-daily basis. Compared with the routine radiosonde
observation (based on twice daily measurements) made by
meteorological agencies, the data from this campaign have a
shorter time interval, which permits us to study the properties
of diurnal tide and its coupling with PWs.

In the presented paper, we focus primarily on the diurnal
tide and PWs in the TLS. The data set utilized in this paper
is described in detail in the following section. The results of
the diurnal tide and PWs are given, respectively, in Sects. 3
and 4. The coupling between the tide and PWs is discussed
in Sect. 5. In Sect. 6, the possible impacts of the PWs on the
tropospheric jet and tropopause are investigated. In the last
section, we give a brief summary of our observations.

2 Data description

The data utilized in this paper are for radiosonde obser-
vational campaigns conducted by Wuhan University dur-
ing one-month periods in each of August 2006 and January
2007. In these campaigns, the L-band radiosondes were
used and the observations were made at Yichang (111◦18′ E,
30◦42′ N) on an eight-times-daily basis at 01:00, 04:00,
07:00, 10:00, 13:00, 16:00, 19:00 and 22:00 LT. In each mea-
surement by radiosonde, meteorological variables such as
pressure, temperature and relative humidity are measured.
The horizontal winds can be attained by tracking the position
of the balloon by the L-band radar. The raw data are sampled
at a 1–2 s interval, resulting in an uneven height resolution,
which varies from several to tens of meters. For convenience,
in this paper, the raw data was processed to have an even
height resolution (50 m) by applying a linear interpolation
to temperature, pressure and the relative humidity data and a
cubicspline interpolation to the wind measurements. The res-
olutions of the temperature, pressure, relative humidity data
are, respectively,±0.1 K, ±0.1 hPa,±1% and those of the
wind data are about 0.5 ms−1. After the temperature correc-
tion, the accuracy of the relative humidity data is close to that
of a Vaisala RS80 radiosonde. The quality of the utilized data
in this paper has been checked using objective and subjective
techniques by Yichang Meteorological Bureau.
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Fig. 1. The raw time series for the zonal wind (left), meridional wind (middle) and temperature (right) disturbances at every 2.5 km in
August 2006.

Fig. 2. Similar to Fig. 1, but in January 2007.

The adopted data set consists of 241 measurements in Au-
gust 2006 and 240 measurements in January 2007. The typ-
ical height coverage of the radiosonde observation is from
the surface up to about 25–40 km, and the uncertainty of the
upper height is due to the variable burst height of the bal-
loon. In our data set, over 70% of measurements can reach
25 km, thus 25 km is chosen as the upper height limit of our
analysis. Figures 1 and 2 present the raw time series for
the zonal wind, meridional wind and the temperature dis-
turbances (subtracting the monthly-averaged background) at
every 2.5 km. From these figures, we can see that the three
physical quantities are obviously disturbed by many waves
with different periods.

Subsequently, we would like to provide the monthly-
averaged zonal wind, meridional wind and temperature at

each altitude in these two months in Fig. 3. The char-
acteristics of the background atmosphere over Yichang in
Summer and Winter can be summarized as follows: the
monthly-averaged temperature has an extremely low value
−73.4◦C around 16.95 km for August 2006 and−68.4◦C
around 17.9 km for January 2007, displaying a marked cold
point tropopause, which is identified as the altitude at which
the temperature is minimum; there exists an evident tropo-
spheric jet (58.2 ms−1 at 11.65 km) in the winter month and
does not exist in the summer month.
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Fig. 3. The background zonal wind (thick solid), meridional wind
(thin solid) and temperature (dotted) in August 2006 (left) and Jan-
uary 2007 (right).

3 Diurnal tide

Our eight-times-daily radiosonde observations provide a 3-h
time resolution and allow us to study the diurnal oscillation
in the temporal domain. To explore the tidal disturbances,
we apply a high-pass filter with a cutoff at 36 h for the time
series of the raw data of the zonal wind, meridional wind
and the temperature at each height. A Lomb-Scargle peri-
odogram analysis (Scargle, 1982) is performed on the resul-
tant time series. Figures 4 and 5 show the frequency spec-
tra at each sampling height for 241 flights in August 2006
and 240 flights in January 2007, respectively. The top, mid-
dle and bottom panels are, respectively, for the zonal wind,
meridional wind and temperature, and the spectral magni-
tudes are their amplitudes. It can be clearly observed from
these two figures that there exists dominant diurnal oscil-
lations in the wind and temperature fields. Compared with
those in the summer month, the significant values in the zonal
and meridional winds in the winter month have a smaller
height coverage. Near the tropospheric jet height (11.65 km,
above mentioned), the winds are very weak, which may be
attributed to the effect of sampling errors in the region where
the balloons are being advected horizontally with high speed.
And, in the winter month, scattered significant values can
be found around the period of 12 h. Considering that the
semidiurnal oscillation is much weaker than the diurnal one
and the observational interval is 3 h, we do not discuss it in
this paper. It is noteworthy that the spectral analysis results
may be contaminated by inertial GWs. However, Zhang and
Yi (2005, 2007) have revealed that the average intrinsic fre-
quency of GWs are several times that of the local Coriolis
frequency (the inertial period is about 23.5 h at the observa-
tional site) in the mid-latitudes, implying that the correspond-
ing periods of GWs are about several hours. Hence, the GWs
can almost be excluded from the diurnal oscillation. More-

Fig. 4. Lomb-Scargle periodogram of high-pass filtered zonal wind
(top), meridional wind (middle), and temperature (bottom) distur-
bances in August 2006. Only the values with confidence levels
greater than 95% are shown. The minimum values and the inter-
vals of the contours for the zonal wind are all 0.2 ms−1, for the
meridional winds are all 0.25 ms−1, and for the temperature are all
0.2 K.

over, GWs, which are believed to be intermittent and random
(Fritts and Alexander, 2003), are not always synchronous
with local time. They should be smoothed out during the
spectral analysis (Tsuda et al., 1994a), since the fitted results
are calculated from the consecutive 31-day measurements. A
noticeable feature, that can be observed from Figs. 4 and 5,
is that there are some significant values scattering around the

Ann. Geophys., 27, 1079–1095, 2009 www.ann-geophys.net/27/1079/2009/



C. M. Huang et al.: Radiosonde observations of the diurnal tide 1083

period of 24 h, which may be the symptom of the secondary
waves generated by the planetary/tidal wave interaction.

In order to get more information about the diurnal tide,
we firstly calculated the monthly-averaged local time vari-
ations of the zonal wind, meridional wind and temperature
disturbances, and then carry out harmonic fitting on the re-
sultant time series to obtain the monthly-averaged amplitude
and phase of the diurnal tide. It should be noted that in this
section, only the monthly-averaged characteristics of the di-
urnal tide is concerned and its day-to-day variation is beyond
consideration. The fitted amplitudes and phases of the di-
urnal tide in August 2006 and January 2007 along with error
bars are plotted in Figs. 6 and 7, respectively. For the purpose
of comparison, the numerical model results from the Global
Scale Wave Model 2000 (GSWM-00) (Hagan et al., 2001)
and GSWM-02 (Hagan and Forbes, 2002) are also given in
Figs. 6 and 7. The GSWM-00 provides the calculation for
migrating tide while the GSWM-02 presents the calculation
incorporating the migrating tide and nonmigrating tide as-
sociated with tropospheric latent heat processes. Generally
speaking, the observational results, both the amplitude and
the phase, are closer to the GSWM-02 results, indicating
that the nonmigrating diurnal tide has a nonnegligible con-
tribution to the diurnal oscillation over Yichang. In August
2006, the observational amplitudes in three quantities (i.e.
zonal wind, meridional wind and temperature) show a ba-
sic trend of increasing with height and are greater than those
from the models. However, they still display fairly signifi-
cant height variations, which have been observed by Tsuda et
al. (1994a) over Indonesia and explained by the superposition
of many tidal wave components. One prominent characteris-
tic regarding the height variations for wind amplitudes, is that
at certain altitudes, they decrease sharply. For example, the
zonal and meridional winds show an abrupt descending near
the tropopause and their amplitudes in the lower stratosphere
(19–22 km) are evidently smaller than those in the upper tro-
posphere (14–17 km). In the lower stratosphere, the observed
wind amplitude profiles correspond well with the GSWM-02
model while showing clear departure below the tropospause,
where the observed amplitudes are evidently larger than the
model predictions. The observed temperature amplitudes are
clearly larger than the model predictions in the whole height
range.

The observed phase profiles in the zonal and meridional
winds highly resemble each other. Both of them have a turn-
ing point of about 13.5 km. Below (above) this altitude, they
exhibit upward (downward) phase progressions, correspond-
ing to downward (upward) wave energy propagations, im-
plying a source is located at this altitude. The wind phase
profiles of the GSWM-02 also exhibit such turning points,
but the turning points are located at about 8 km, markedly
lower than those of the observation result, which may result
from the inaccurate prediction of the GSWM-02 for the lo-
cal latent heat release in the troposphere. It must be recog-
nized that latent heating has significant spatial and temporal

Fig. 5. Similar to Fig. 4, but in January 2007. The minimum values
and the intervals of the contours for the zonal and meridional winds
are all 0.25 ms−1, and for the temperature are all 0.2 K.

variations and is difficult to estimate exactly. On the whole,
the observed wind phases agree well with the GSWM-02
result, indicating the significant nonmigrating diurnal tidal
components in the observed diurnal oscillation. In the entire
height range, the observed diurnal temperature phase shows
a basic tendency of slowly decreasing with height, implying
the upward energy propagation and a large vertical wave-
length of about 81 km, while the upward propagating diur-
nal tide from the GSWM-02 is with a vertical wavelength
of about 21 km. Additionally, the temperature phase profile
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Fig. 6. The comparison between the amplitude and phase of the fitted diurnal tide in August 2006 (solid curve along with error bars), and
those from the GSWM-00 (dotted) and GSWM-02 (dashed) in zonal wind (top), meridional wind (middle) and temperature (bottom).

also includes fluctuations with the small vertical scales, in-
dicating the superposition of diurnal components with small
vertical wavelengths, i.e. the high order modes of the non-
migrating tide. The observed temperature phase generally
shows marked discrepancy from the GSWM-02.

Some similar diurnal tidal characteristics can also be ob-
served from Fig. 7, the result for January 2007. Firstly, the
amplitudes and phases in the zonal wind, meridional wind
and the temperature are closer to GSWM-02 than to GSWM-
00. Secondly, the observed zonal wind, meridional wind and
the temperature amplitudes also show significant height vari-
ations and are generally greater than those of the GSWM-
02, and the temperature amplitude displays a general trend
of increasing with height. Moreover, the temperature phase
fluctuations also indicate small vertical scale tidal compo-
nents and exhibits a general tendency of slightly decreasing
with height in the entire height range and the generally pro-
nounced discrepancy from the GSWM-02.

Except for above mentioned similarities, some seasonal
differences can be revealed by comparing Figs. 6 and 7. For
the observed zonal and meridional wind amplitudes in Jan-

uary 2007, they decrease abruptly around the tropospheric
jet height instead of the tropopause height, and the possible
reason has been discussed above. On the other hand, the win-
ter wind phase profiles indicate shorter vertical scales, which
may be explained by a greater fraction of the high order tidal
modes in winter. Since the high order modes are prone to dis-
sipation in comparison with the low order modes, from sev-
eral kilometers up to about the tropopause, the observed wind
amplitudes abruptly decrease. Above about 17 km, the cor-
responding vertical wavelengths are very short (about 8.5 km
vs. about 30 km from the GSWM-02), implying high order
tidal modes are still dominant in this height range. Generally
speaking, the winter wind phase profiles show more irregular
variation and greater departure from the GSWM-02 than the
summer ones. Moreover, in January 2007, both the zonal and
meridional wind phase profiles display evident turning points
at about 17 km, which are higher than those in the summer.

Lindzen (1978) and Hong and Wang (1980) individually
proposed that latent heat release associated with cloud and/or
raindrop formation could be a significant tidal source. Subse-
quently, Forbes et al. (1997) presented a correlative analysis
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Fig. 7. Similar to Fig. 6, but in January 2007.

on global cloud imagery (GCI) data and rain gauge data to
verify that GCI is a viable proxy for rainfall rate. Since
the simultaneous GCI data are not accessible to us, we need
to acquire some information about the local latent heat re-
lease from other data. Tsuda et al. (1994a) have revealed that
the large humidity value generally corresponded to the large
cloud amount in satellite observations. Thus, it is reasonable
for us to take the water vapor mixing ratio from the rela-
tive humidity data along with the pressure and temperature
as an indicator for the local latent heat release. Here, we pro-
vide the monthly-averaged local time variations of the wa-
ter vapor mixing ratio disturbances in the height range from
the surface up to 5 km in August 2006 and January 2007
(Fig. 8). The water vapor mixing ratiow is obtained from
the saturation mixing ratio of water vaporws and the rela-
tive humidity RH expressed as a percent withw=

RH×ws
100 . ws

is calculated from the pressurep and the saturation vapor
pressureE with ws=0.622 E

p−E
, andE in hPa is computed

with the Magnus Teten formulaE=6.107×10
7.5T

T+237.3 , where
T is the temperature in◦. After getting the water vapor mix-
ing ratiow, we calculated the monthly averaged valuesw̄ at

each height, which ranges from 189×10−4 (37×10−4) near
the surface to 41×10−4 (8×10−4) at 5 km in the summer
(winter) month. Subsequently, we calculated the monthly-
averaged local time variations of the water vapor mixing ra-
tio at each heightwlt . For clarifying the diurnal oscillation
of the water vapor mixing ratio, we subtractw̄ from wlt to
get the monthly averaged local time variation of the water
vapor mixing ratio disturbancew′

lt=wlt−w̄. Obviously, in
both months, the water vapor mixing ratio disturbances dis-
play significant diurnal variations below 1 km. They oscillate
between−22×10−4

−15×10−4 (−5×10−4
−4×10−4) in the

summer (winter) month, indicating very large diurnal varia-
tions of the water vapor mixing ratio. And, the minima ap-
pear at about 16:00 LT, corresponding exactly to the maxima
of the diurnal temperature oscillation below 1 km (referring
to the diurnal temperature phases shown in Figs. 6 and 7).
These reveal that latent heat release is indeed an important
source of the above presented diurnal tide. Such a heat source
is localized in their horizontal extent. So, it may excite a
nonmigrating tide rather than a global tide. Hence, we can
observe the great fraction of the nonmigrating diurnal tidal
components in Figs. 6 and 7. On the other hand, the water
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Fig. 8. Monthly-averaged local time variations of the water vapor mixing ratio disturbances in the height range from the surface up to 5 km in
August 2006 (left) and January 2007 (right). The solid and dotted curves denote the positive and negative values, respectively. The minimum
positive values and the intervals of the contours are 3×10−4 in August 2006 and 1×10−4 in January 2007.

vapor mixing ratio disturbance shows evident season differ-
ences. In summer, it is significantly greater than in winter.
The diurnal tidal difference between August 2006 and Jan-
uary 2007 may be partly ascribed to the seasonal variation of
the latent heat release.

4 PWs

In this section, we would like to investigate the PWs. To
identify the PW signatures, we detrend the raw time series at
each height by subtracting a linear background and perform a
Lomb-Scargle periodogram analysis on the resultant time se-
ries. Figures 9 and 10 are the frequency spectra for observa-
tions in August 2006 and January 2007, respectively, and the
spectral magnitudes are wave amplitudes. Since oscillations
with periods greater than 20 days are conventionally not clas-
sified as PWs because their periods do not conform to those
expected for common Rossby modes (Salby, 1984; Beard et
al., 2001), only the oscillations with periods between 2–20
days are presented in Figs. 9 and 10. The top, middle and
bottom panels are for the zonal wind, meridional wind and
the temperature disturbances, respectively. It can be clearly
observed from these two figures that there exists prevailing
oscillations with periods of PWs in both summer and winter.

Firstly, we analyze the wave activity in the summer month.
The quasi 7-day and quasi 10-day oscillations can be rec-
ognized from both the zonal and meridional winds. Hence-
forth, they are nominated as the quasi 7-day PW (QSDPW)
and quasi 10-day PW (QTDPW). However, we can not get
more detailed information to identify their modes. Their
periods in two-wind components are not exactly equal: in
the zonal wind field, the exact periods of the QSDPW and
QTDPW are, respectively, 7.5 days and 10.9 days, while in
the meridional field, they are, respectively, 6.7 days and 12

days. This is consistent with the result of Luo et al. (2002),
in which Luo et al. indicated that when there were rela-
tively strong PWs, their periods for the zonal and meridional
components did not coincide exactly, though sometimes they
were fairly close. For the zonal wind, the significant am-
plitudes of the QSDPW and QTDPW, respectively, appear
in the height ranges of 12–17 km and 2–20 km, while for
the meridional wind, those all occur in the height range of
2–16 km. The temperature oscillations with PW periods are
generally weak, only a QTDPW with an exact period of 10.9
days can be observed around 18 km.

The QSDPW and QTDPW can also be seen in the winter
month, but their exact periods, wave amplitudes and height
coverage are different from those in the summer month. For
the QSDPW (QTDPW) in the zonal wind, the exact period is
8 days (10 days) and the significant amplitudes appear in the
height range of 4–10 km (2–14 km). While, in the meridional
wind, the exact period is 8 days (12 days) and the significant
amplitudes are located in the height range of 5–15 km (8–
18 km). The planetary scale oscillations in the temperature
are slightly stronger than those in the summer month and a
QSDPW with an exact period of 8 days can be observed at
altitudes of 2–18 km.

With the use of Lomb-Scargle periodogram analysis, there
are two problems: statistical dificulties and spectral leakage.
The statistical difficulties are not severe if the detected signal
is strictly periodic. So, it has little effect on our above inves-
tigation. However, the spectral leakage is an inherent limita-
tion to the Lomb-Scargle periodogram analysis for data with
a finite length, since it assumes that there is a single station-
ary sinusoid wave with infinite support. It is well known
that PWs exhibit significant fluctuations in amplitude and
phase on time scales from a few days to months, and often
presents as “bursts” of wave activity at a particular period,
that is to say, they are commonly non-stationary in a month.
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Fig. 9. Lomb-Scargle periodograms of zonal wind (top), merid-
ional wind (middle) and temperature (bottom) disturbances in Au-
gust 2006. Only the values with confidence levels greater than 95%
are shown. The minimum value and the interval of the contours
for the zonal wind are all 2 ms−1, for the meridional wind are all
1 ms−1, and for the temperature are all 0.5 K.

Therefore, a wavelet analysis is applied to further confirm the
PW characteristics by determining the dominant oscillations
and how those oscillations vary with time. The continuous
Morlet wavelet is selected because of its simplicity and re-
semblance to the PW “packets”. The Morlet wavelet consists
of a plane wave modulated by a Gaussian:

ψ(t) = π−
1
4 e−iω0

(t−τ)
s e

−
(t−τ)2

2s2

Whereτ is the time location of the localized transform ands
is the scale factor that dilates or contracts the wavelet scale;
ω0 is the non-dimensional frequency, here taken to be 6. By
changing the scales and moving along the time, the normal-
ized local amplitudes of oscillations at selected periods are
calculated. In our calculation, the scale parameters are cho-
sen as:

sj = s02jδj , j = 0,1, · · · , J

J = δ−1
j log2(

Nδt

s0
)

Fig. 10.Similar to Fig. 9, but in January 2007. The minimum value
and the interval of the contours for the zonal wind are 2 and 3 ms−1,
respectively, for the meridional wind are 2 and 3 ms−1, respectively,
and for the temperature are all 1 K.

Wheres0 is the smallest scale equal to 2δt (6 h in our case),
andJ determines the largest scale (27 in our case);N is the
total number of points, andδj is equal to 0.25. For the Morlet
wavelet withω0=6, the ratio between the Fouries period and
the wavelet scale is 1.03.

Since the PW oscillations are not very strong in the tem-
perature field, the wavelet analysis is only fulfiled on the
zonal and meridional wind components. The wavelet spectra
(figures not presented here) show that: in the period range of
4–16 days and height range of 5–15 km, the periods of the
dominant oscillations in the zonal and meridional winds in
these two months vary among 6.7 days (s19), 8.0 days (s20),
9.5 days (s21) and 11.3 days (s22)with height and time. Here,
we regard the oscillations with the periods of 6.7 days and
8.0 days (9.5 days and 11.3 days) as the QSDPW (QTDPW),
and take the average value of the normalized local ampli-
tudes ats19 ands20 (s21 ands22) as the QSDPW (QTDPW)
amplitude. The temporal variations of the QSDPW and QT-
DPW amplitudes are provided in Figs. 11 and 12. Consider-
ing the edge effects due to finite-length time series, i.e. the
amplitudes near the edges are underestimated by the adopted
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Fig. 11. The QSDPW amplitudes for the zonal wind (left) and meridional wind (right) in August 2006 (upper) and January 2007 (lower)
from the wavelet analysis.

wavelet analysis, we can observe from Figs. 11 and 12 that,
there indeed exists the remarkable QSDPW and QTDPW os-
cillations, which is consistent with that deduced from the
above Lomb-Scargle periodogram analysis. In January 2007,
the QSDPW is strong in the zonal wind from 2 January to 31
January and in the meridional wind from 1 January to 28 Jan-
uary, while in August 2006, its significant zonal component
only appears in the second half of the month and its merid-
ional componet is very weak in the middle of the month.
As for the QTDPW, the zonal components in August 2006
and January 2007 are both strong during the whole month
while the meridional commponent in August 2006 is signif-
icant from 1 August to 28 August and that in January 2007
is weak in the middle of January. The zonal and meridional
wind amplitudes of the QSDPW and QTDPW in both months
exhibit evident fluctuations with height.

To reveal the vetical propagation characteristics of the QS-
DPW and QTDPW, we employ the harmonic fitting tech-
nique to acquire the vertical distributions of their amplitudes
and phases. For the time series of the wind disturbances at
each altitudef ′(t), the harmonic fitting formula is:

f ′(t) = A cos

(
2π

T
t − ϕ

)
whereA, T andϕ are, respectively, the amplitude, period
and phase of the planetary wave oscillation.T is chosen ac-
cording to Figs. 9 and 10: for the QSDPW, it is 7.5 days (6.7
days) for the zonal (meridional) wind in August 2006 and 8

days for the zonal and meridional winds in January 2007; for
the QTDPW, it is 10.9 (12) days for the zonal (meridional)
wind in August 2006 and 10(12) days for the zonal (merid-
ional) wind in January 2007. Referring to Figs. 11 and 12,
we fit the data from 18 August to 31 August (from 2 Jan-
uary to 28 January) to the summer (winter) QSDPW and data
from 1 August to 28 August (from 17 January to 31 January)
to the summer (winter) QTDPW. The resultant amplitudes
and phases of the QSDPW at different altitudes are shown
in Fig. 13. It can be observed from Fig. 13 that, the QS-
DPW amplitudes exhibit evident fluctuations with the height,
which conforms with the wavelet analysis result, and the am-
plitudes in the winter month are distinctly greater than those
in the summer month, especially in the meridional compo-
nent. The summer (winter) zonal wind reaches its maximum
8.1 ms−1 (9.0 ms−1) at 11.9 km (8.8 km) while the summer
(winter) meridional wind reaches its maximum 6.6 ms−1

(13.1 ms−1) at 12.65 km (9.8 km). Obviously, in the summer
month, the altitudes where the zonal and meridional winds
have significant amplitudes, are evidently higher than those
in the winter month. In both seasons and both wind com-
ponents, the phases near the altitudes where the maximum
amplitudes occur are almost constant, indicating there exists
a standing PW component. Standing waves are generated by
the interference of the incident wave with the reflected wave,
which would have the resultant form of cosmz cos(ωt−ϕ),
wherem is the vertical wave number. The zero or min-
imum amplitude positions (nodes) and maximum positions
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Fig. 12. Similar to Fig. 11, but for the QTDPW amplitudes.

(antinodes) are both spaced a half vertical wavelength apart.
The wave phases are the constant valueϕ (ϕ+180◦) at alti-
tudes where the factor cosmz is positive (negative). These
can be easily observed from the zonal wind in the summer
month. Based on the node definition, we can easily find
out two adjacent nodes (at 4.15 and 17.9 km) in the ampli-
tude profile of the zonal wind in the summer month. The
phases between these two nodes are quasi-constant, but a
quick jump of∼180◦ at the node at 4.15 km. The phase pro-
file of the meridional wind in the winter month also shows
a quasi-constant phase between the adjacent nodes at 2.25
and 18.9 km. These facts support the standing wave specula-
tion. If a standing wave appears in the vertical structure, the
estimation of its vertical wavelength according to the phase
variation with height is questionable. Instead, the double dis-
tance between two successive nodes or antinodes would be
the preferred estimation (Luo et al., 2002). So, the vertical
wavelengths for the zonal wind in the summer and merid-
ional wind in the winter are estimated to be 27.5 and 33.3 km,
respectively.

The resultant amplitudes and phases of the QTDPW are
shown in Fig. 14. Evident fluctuations with height can also
be observed from the amplitude profiles of the QTDPW and
the amplitudes in the winter month are greater than those in
the summer month. The summer (winter) zonal wind reaches
its maximum 10.5 ms−1 (18.4 ms−1) at 11.85 km (11.05 km)
while the summer (winter) meridional wind reaches its max-
imum 6.5 ms−1 (9.6 ms−1) at 11.35 km (9.0 km). Unlike that
for the QSDPW, the altitudes where the QTDPW horizontal

winds have significant amplitudes in the summer month are
very close to those in the winter month. In the zonal wind, the
phases at the altitudes where the significant wind amplitudes
occur both in the summer and winter month, exhibit upward
wave energy propagations, and the vertical wavelengths are
both about 52 km, almost equal to each other. In the merid-
ional wind, the phases at the altitudes where the significant
wind amplitudes occur in the summer month, exhibit upward
wave energy propagations, and the vertical wavelength are
about 54 km. The standing wave feature can be readily seen
from the meridional wind in the winter: the phases in the
heights of 3–15 km are quasi-constant.

Both for the QSDPW and QTDPW, the wind amplitudes
are all very weak near the tropopause, indicating there ex-
ists strong wave dissipation, which is consistent with the
weak diurnal tide here (referring to Figs. 6 and 7). Generally
speaking, the QSDPW shows the characteristics of standing
waves, while the QTDPW displays those of traveling waves.

5 PW/diurnal tide coupling

Many investigations (Teitelbaum and Vial, 1991; Hall et
al., 1995; Mitchell et al., 1996; Beard et al., 1997, 1999,
2001; Mayr et al., 2005a, b) have verified that there in-
deed exists coupling between PWs and tides. The genera-
tion of secondary waves and the modulated tide by PWs are
usually taken as two indications for the PW/tide coupling.
The frequencies of waves generated by nonlinear interactions
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Fig. 13. The fitted amplitudes (left) and phases (right) of the QS-
DPW in August 2006 (solid) and January 2007 (dotted) in zonal
wind (upper) and meridional wind (lower).

between the tides and PWs are the sum and/or difference of
those of the primary tide and PW, i.e.

1

Tg
=

1

Td
±

1

Tp
(1)

where,Tg, Td , andTp are the periods of the generated waves,
diurnal tide, and PW, respectively. Since the period of the
PW is comparatively longer than that of the tide, the periods
of the generated waves may be very close to that of the tide.

The spectral peaks of secondary waves at the two sideband
periods can be found from Figs. 4 and 5. Since the strength
of the wave-wave interaction depends on the amplitudes of
the primary waves, we provide the normalized Lomb-Scargle
periodograms of the high-pass filtered horizontal wind dis-
turbances at certain heights, e.g. 14.1 and 20.2 (14.1) km for
the zonal (meridional) wind in summer while 7.3 (9.0) km for
the zonal (meridional) wind in winter, where the diurnal tide
is relatively strong. Figure 15 is the result of the zonal and
meridional wind disturbance in August 2006. For the zonal
wind at 14.1 km, around the diurnal oscillation, two sideband

Fig. 14. Similar to Fig. 13, but for QTDPW.

waves with periods of 0.88 and 1.15 days can be recognized
unambiguously (confidence levels greater than 95%), which
might be the secondary waves generated by the interaction
between the diurnal tide and QSDPW, whose exact period
calculated from Eq. (1) is 7.5 days. Similarly, for the zonal
wind at 20.2 km, two sideband waves with periods of 0.92
and 1.10 days can also be definitely distinguished, which
may be the subsequence of the interaction between the di-
urnal tide and QTDPW (the calculated period is 11.0 days).
It is noted that the above calculated PW periods from Eq. (1)
are very close to those of QSDPW and QTDPW presented
in Sect. 4. While for the meridional wind at 14.1 km, four
sideband waves, probably the generated waves by the simul-
taneous tide/QSDPW and tide/QTDPW interactions can be
clearly seen and the calculated periods for the QSDPW and
QTDPW are 6.5 and 12.0 days, respectively.

In January 2007 (Fig. 16), the secondary waves can also be
detected: the sideband waves with periods of 0.92 and 1.10
days at 7.3 km in the zonal wind may be generated from the
interaction between the tide and the QTDPW and those with
periods of 0.87 and 1.15 days at 9.0 km in the meridional
wind may be generated from the interaction between the tide
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Fig. 15. Normalized Lomb-Scargle periodograms of high-pass fil-
tered zonal wind disturbance (upper) at 14.1 km (solid) and 20.2 km
(dotted), and meridional wind disturbance (lower) at 14.1 km in Au-
gust 2006. The dashed horizontal lines denote the confidence level
of 95%.

and the QSDPW. Generally, the generated wave components
are strong enough to be detected, which can be taken as an
evidence for the nonlinear planetary/tidal wave interaction.

Besides the excitation of secondary waves, the tidal am-
plitude variability with periods of PWs, i.e. the modulated
tide, is taken as another indication of the coupling between
the tides and PWs. In order to investigate the tidal amplitude
modulation by the PWs, firstly we use the detrended time se-
ries at each height to match the diurnal oscillation over a slid-
ing 24-h window with an increment of 3 h. So, we can get the
diurnal tidal amplitudes with a 3-h interval. Then, we carry
out a Lomb-Scargle periodogram analysis on the time series
of the diurnal tidal amplitudes. Since the intensive quasi 10-
day and 7-day modulations occur around the tropopause in
summer and 2–8 km in winter, we give the normalized pe-
riodograms of the zonal and meridional winds at 19.0 km
in summer and at 5.0 km in winter in Fig. 17. Generally
speaking, in both months, the quasi 7-day and 10-day spec-
tral peaks can be found in both wind components although
the exact modulation periods may be slightly different be-
tween different components (i.e. the zonal and meridional

Fig. 16. Similar to Fig. 15, but at 7.3 km for the zonal wind dis-
turbance (upper) and at 9.0 km for the meridional wind disturbance
(lower) in January 2007.

winds) and different seasons (i.e. summer and winter), e.g.
7.3 (6.8) and 11.6 (9.7) days for the zonal (meridional) wind
in summer while 7.2 (7.7) and 11.6 (11.6) days for the zonal
(meridional) wind in winter.

In a word, both indications for the PW/tide coupling, i.e.
the generation of secondary waves and the modulated tide by
the PWs, can be observed from our observations, suggesting
that the coupling virtually exists in the TLS.

6 Effects of PWs on the tropospheric jet and tropopause

By analyzing radiosonde observations over Indonesia in
spring, Tsuda et al. (1994a) have found that the 20-
day Kelvin wave greatly modulated the structure of the
tropopause. In the following context, we would like to
discuss the effects of PWs on the tropospheric jet and
tropopause. Since our observation campaign covers a sum-
mer and winter month, our data can reflect the modulation
effects in two seasons (i.e. summer and winter).

The tropospheric jet is known as the extremely large east-
ward zonal wind in the troposphere and occurs usually in
winter. Here, we focus on the temporal variations of the
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Fig. 17. Normalized Lomb-Scargle periodograms of diurnal tidal amplitudes at 19.0 km in August 2006 (left) and at 5.0 km in January 2007
(right). The solid and dotted curves denote those for the zonal and meridional wind amplitudes, respectively. The dashed horizontal lines
denote the confidence level of 95%.

Fig. 18. Normalized Lomb-Scargle periodograms of the magnitude (left) and height (right) of the tropospheric jet in January 2007. The
dashed horizontal lines denote the confidence levels of 95% and 50%.

jet (defined as the maximum eastward zonal wind) and its
height in January 2007, and try to find out their relations
with PWs. Firstly, we identify the jet magnitude and height
at every sampling time and then calculate their normalized
Lomb-Scargle periodograms, which are shown in Fig. 18. It
can be seen that the magnitude of the tropospheric jet has a
very significant spectral peak at 10.1 days. The tropospheric
jet height has two peaks located at the periods of 7.5 and 12.1
days, respectively, but their confidence levels are only about
50%. We can conclude that PWs can strongly impact the
magnitude of the tropospheric jet and may impact the height
of the tropospheric jet to some extent.

Now we want to check if there are some links between
PWs and the tropopause (defined as the minimum temper-
ature here). Similarly, we identify the tropopause tempera-
ture and height at every sampling time at first and then cal-
culate their normalized Lomb-Scargle periodograms, which
are shown in Fig. 19. In summer (winter), the tropopause
temperature has a significant peak at 11.0 (7.5) days. The
tropopause height has a very significant peak with a confi-
dence level of over 95% at 7.5 days in winter while it has
a peak with a confidence level of only about 50% at 11.1
days in summer. Therefore, it is suggested that: in summer,
the QTDPW can exert distinct influences on the tropopause
temperature and likely influences on the tropopause height,

while the QSDPW strongly impacts the tropopause tempera-
ture and height in winter.

7 Summary

In August 2006 and January 2007, aiming at investigating
the lower atmospheric dynamics, we launched an intensive
radiosonde observation campaign at Yichang (111◦18′ E,
30◦42′ N), China. In this campaign, the radiosonde obser-
vations were made on an eight-times-daily basis at 01:00,
04:00, 07:00, 10:00, 13:00, 16:00, 19:00 and 22:00 LT. By
using the data from this campaign, in this paper we studied
the primary features of the diurnal tide and PWs in the TLS
over Yichang. The main results of this paper are summarized
as follows:

By using a Lomb-Scargle periodogram analysis, we find
that there exists dominant diurnal oscillations in the TLS
over Yichang, which have seldom been reported in the mid-
latitudes. Generally speaking, the observational diurnal tidal
amplitude and the phase are closer to the GSWM-02 than
to the GSWM-00, indicating the significant contribution of
nonmigrating diurnal tide, which may be owing to the local
latent heat release. Since the nonmigrating tides are usu-
ally composed by high order modes with smaller vertical
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Fig. 19. Normalized Lomb-Scargle periodograms of the magnitude (left) and height (right) of the tropopause in August 2006 (solid) and
January 2007 (dotted). The dashed horizontal lines denote the confidence levels of 95% and 50%.

wavelengths, which are prone to dissipation in comparison
to the low order modes, the observational tidal amplitudes
display intensive height variations and decrease sharply at
several heights.

The observational amplitudes are usually greater than
those of the GSWM-02. And, according to the phase profiles
of the horizontal wind components, the diurnal tidal sources
are estimated to be at 13.5 km and 17 km in the summer and
winter months, respectively, which are higher than the pre-
dictions from the GSWM-02. Moreover, above the source
heights, the observed vertical wavelengths of the diurnal tide
are smaller than those from the model due to the superpo-
sition of the nonmigrating components. These discrepan-
cies between the observations and the GSWM-02 may result
mainly from the inaccurate prediction of the nonmigrating
components by the GSWM-02.

Evident seasonal differences of the diurnal tide are re-
vealed by our observations. Compared with those in the
summer month, the significant values in the horizontal winds
have a smaller height coverage in the winter month. More-
over, the winter wind phase profiles indicate shorter vertical
scales, which may be explained by a greater fraction of the
high order tidal modes in winter. The evident seasonal dif-
ferences of the water vapor mixing ratio disturbance and the
tropospheric jet induced turbulence may be responsible for
these seasonal differences.

Obvious quasi 7-day PW (QSDPW) and quasi 10-day PW
(QTDPW) are recognized from our observations in both the
summer and winter months by both the Lomb-Scargle peri-
odogram analysis and the wavelet analysis, although the ex-
act periods for different components (zonal and meridional
winds) and in different months (August 2006 and January
2007) are not completely identical. It should be noted that:
the wavelete analysis is indeed helpful to display the tempo-
ral variations of the PWs, however, because the observational
duration is only one month, the exact persistence periods of
the PWs can not be revealed. Both the QSDPW and QTDPW
amplitudes in the winter month are greater than those in the
summer month. The QSDPWs in the troposphere in both the
summer and winter months show a standing wave structure,

and their vertical wavelengths are about 30 km. The QT-
DPWs in our observations generally exhibit traveling wave
characteristics, and their vertical wavelengths are estimated
to be 52 km for the zonal wind in both months and 54 km for
the meridional wind in the summer month.

Spectral analyses reveal that at several heights, where the
diurnal tide has relatively large amplitude, some spectral
components with periods around that of the diurnal tide and
satisfying the matching condition of the diurnal tide/QSDPW
and diurnal tide/QTDPW interactions are identified. Addi-
tionally, the diurnal tidal amplitudes are found to be obvi-
ously modulated by the QSDPW and QTDPW. These mani-
fest the extensive coupling between the diurnal tide and PWs
in the TLS.

Tsuda et al. (1994a) have found that the 20-day wave
greatly modulated the structure of the tropopause in the equa-
torial regions. Whereas, the relative studies in the mid-
latitudes have seldom been reported. We find from our ob-
servations that the PWs can strongly impact the tropospheric
jet magnitude and may impact the jet height to some ex-
tent. Similar impacts of the PWs on the tropopause are also
found: in summer, the QTDPW can exert distinct influences
on the tropopause temperature and likely influences on the
tropopause height, while the QSDPW strongly impacts the
tropopause temperature and height in winter.
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