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Abstract
Using meteor radar, radiosonde observations and MERRA-2 reanalysis data from 12 August to 31 October 2006,
we report a dynamical coupling from the tropical lower atmosphere to the mesosphere and lower thermosphere
through a quasi-27-day intraseasonal oscillation (ISO). It is interesting that the quasi-27-day ISO is observed in the
troposphere, stratopause and mesopause regions, exhibiting a three-layer structure. In the MLT, the amplitude in the
zonal wind increases from about 4 ms−1 at 90 km to 15 ms−1 at 100 km, which is different from previous observations
that ISOs occurs generally in winter with an amplitude peak at about 80–90 km, and then are rapidly weakened with
increasing height. Outgoing longwave radiation (OLR) and specific humidity demonstrate that there is a quasi-27-day
periodicity in convective activity in the tropics, which causes the ISO of the zonal wind and gravity wave (GW) activity
in the troposphere. The upward propagating GWs are further modulated by the oscillation in the troposphere and
upper stratosphere. As the GWs propagate to the MLT, the quasi-27-day oscillation in the wind field is induced with
a clear phase opposite to that in the lower atmosphere through instability and dissipation of these modulated GWs.
Wavelet analysis shows that the quasi-27-day variability in the MLT appears as a case event rather than a persistent
phenomenon, and has not a clear corresponding relation with the solar rotation effect within 1 year of observations.
Keywords: Quasi-27-day oscillation, Gravity waves, Convective activity, Mesosphere and lower thermosphere
Introduction
The circulation of the tropical stratosphere, mesosphere and lower thermosphere (MLT) is characterized
by quasi-biennial (QBO), annual (AO), and semiannual
(SAO) oscillations (Baldwin et al. 2001). In the tropics,
convective activity is vigorous due to intense solar radiation, which can excite planetary-scale Kelvin and Rossby
waves, and mid- and small-scale gravity waves (GWs). It
is generally accepted that waves with different scales generated in the lower atmosphere play a vital role in driving
QBO and SAO at different heights through their upward
propagation and interaction with the background flow
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(Lindzen 1981; Dunkerton 1997). Hence, oscillation and
wave propagation and their intercoupling dominate the
dynamical process in the tropical atmosphere.
Oscillations with intraseasonal time scales were noticed
slightly later than the well-known QBO (Reed et al. 1961).
Madden and Julian (1971) discovered a 40- to 50-day
oscillation of the zonal wind in the tropical troposphere,
which is referred to as the Madden–Julian oscillation
(MJO). Afterwards, as the advancement of atmospheric
sounding, oscillations with different periods were found
in the tropical zonal wind and temperature, thus intraseasonal oscillation (ISO) is often extended to be quasiperiodic variations of about 20–100 days (Eckermann
et al. 1997; Isoda et al. 2004). A number of observations
reveal that ISOs are a prominent variability in the tropical atmosphere (Madden 1986; Eckermann et al. 1997;
Kumar et al. 2007; Niranjankumar et al. 2011; Guharay
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et al. 2017). Until now, ISOs have drawn extensive attention because of not only their complex dynamics, but also
their important influences on monsoons (Karmakar and
Krishnamurti 2019) and cloud and precipitation (Barnes
and Houze Jr 2013; Li et al. 2018). Theoretical, modeling
and observational studies paid great efforts with regard
to spatial structures, propagation patterns and generation
mechanisms of ISOs. ISOs can propagate either eastward, showing Kelvin wave features (Yoshida et al. 1999),
or westward, displaying Rossby wave characteristics (Lau
and Peng 1990). Although tropical ISOs are mainly originated from convectively coupled wave dynamics, atmospheric response to independent forcing, water vapor
variation, multiscale interaction, and solar irradiance are
proposed to be possible mechanisms of ISO generation
(Madden and Julian 1994; Zhang 2005).
When ISO generated in the tropical lower atmosphere
propagates upward, its amplitude often quickly decays
above the tropopause (Madden and Julian 1971; Rao
et al. 2009; Guharay et al. 2014). However, some studies show that ISO may strengthen again in the upper
stratosphere. Kumar and Jain (1994) suggested that ISO
could propagate upward to the stratosphere from the
tropical troposphere via leakage of its partial energy into
the stratosphere. Ziemke and Stanford (1991) showed
that strong ISO activity associated with tropical Rossby
waves in the lower atmosphere of the Southern Hemisphere (SH) could propagate to the upper stratosphere by
refracting out to mid-latitudes and then refracting back
to the equatorial stratopause region, and a similar phenomenon in the Northern Hemisphere (NH) was inferred
based on rocketsonde and radiosonde observations (Nagpal et al. 1994). Numerical investigation demonstrated
that Rossby waves forced by the induced heating on the
equator could radiate poleward into the extratropical
westerlies and vertically into the stratosphere in the two
hemispheres (Salby et al. 1994). Furthermore, Huang
et al. (2015) presented that an ISO with relatively short
period of 27 days could penetrate extreme temperature
region around the tropopause and weak westward wind
field in the lower stratosphere to propagate upward into
the MLT, while an ISO with long period of about 46 days
does not so.
In the MLT, ISOs with a wide period range of
20–60 days were reported in the zonal wind over Christmas Island (2° N, 157° W) based on medium frequency
(MF) radar observation (Eckermann and Vincent 1994).
The study indicated that it is unlikely that the ISOs propagate up to the MLT from the lower atmosphere although
they were suggested to originate from in the lower atmosphere. Instead, Eckermann et al. (1997) proposed that
GWs and tides modulated by ISOs in tropical convection
could induce in turn similar periodicities in the zonal
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flow of the MLT by transferring their momentum and
energy into the mean flow as these waves propagate up
to the MLT. Similarly, planetary waves (PWs) in the MLT
are suggested to be possibly generated through momentum forcing associated with breaking GWs that have
been filtered by the stratospheric mean flow modified
by strong planetary waves (PWs), which is confirmed by
numerical studies (Smith 2003; Sato and Nomoto 2015).
Based on three radar observations in the equatorial MLT,
Isoda et al. (2004) argued that nonmigrating tides modulated at ISO period in the lower atmosphere drive the
variation of the zonal mean wind, but the contribution of
GWs to ISO in the MLT is unclear. Satellite and Atmospheric Infrared Sounder (AIRS) measurements indicate
that stratospheric GWs display an intraseasonal variability due to a critical level filtering of upward propagating
GWs by the MJO wind in the troposphere (Moss et al.
2016; Tsuchiya et al. 2016). However, at mid and high
latitudes, Pancheva et al. (2003) noticed an obvious ISO
in the MLT from meteor radar data, but there was not a
corresponding periodicity in atmospheric wave activity,
including GWs, tides and quasi-2-day PWs. Similarly, by
combining observations of mesosphere–stratosphere–
troposphere (MST) radar and meteor radar, Huang et al.
(2019) found that an ISO in the MLT at mid-latitudes was
related to polar dynamical process in winter rather than
wave activity. Hence, the origin of ISOs in the MLT is not
very clear though many generation sources in the lower
atmosphere have been suggested.
As a distinct oscillation, quasi-27-day ISO has attracted
much interest because this variability is not only the
same as solar rotation period but also a possible normal mode of the atmosphere. Similar to the response of
ozone in the upper stratosphere to solar rotation through
physicochemical mechanisms, the presence of quasi-27day oscillation in the ionospheric variability is a natural
event as solar radiation is a major source of energy and
ionization (Pancheva et al. 1991; Rich et al. 2003; Xu et al.
2011; Coley and Heelis 2012). In the neutral atmosphere
from the troposphere to the MLT, quasi-27-day periodicity is often observed in the zonal wind, temperature,
and trace gases at different heights (Fioletov 2009; Huang
et al. 2015; Hood 2016; Guharay et al. 2017; Thiéblemont
et al. 2018). Although trace gases have a clear response to
solar 27-day cycle, the attribution of 27-day periodicity in
the atmosphere to a solar cause is complicated by the fact
that internal variability of the atmosphere can itself also
generate quasi-27-day oscillation (Hoffmann and von
Savigny 2019). Both chemistry-climate model (CCM) and
whole atmosphere community climate model (WACCM)
results show that a 27-day variability in the wind and
temperature is an inherent feature of the atmosphere,
thus is not necessarily related to the solar rotational
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period since the CCM and WACCM can output quasi27-day variation even without solar rotational forcing
(Schanz et al. 2016; Sukhodolov et al. 2017). Therefore,
more observational investigations are required to reveal
the origin and active features of quasi-27-day variability
in the neutral atmosphere, especially in the MLT.
In this work, we report a quasi-27-day ISO activity in the tropics, which exhibits the characteristic of
triple-layer structure from the troposphere to the MLT.
“Data” section covers a brief explanation of the data that
we utilized. In “Quasi-27-day oscillation” section, we
investigate the features of the quasi-27-day variability
throughout the troposphere to the MLT. “Discussion”
section discusses the origin of the oscillation in the lower
atmosphere and the possible relation among different
atmospheric layers, and a summary is presented in “Summary” section.

Franke et al. (2005) compared the zonal and meridional
winds between the meteor radar and Na Doppler lidar
observations in Kihei, which shows a good consistency
between the radar and lidar measurements at the common coverage altitudes. The meteor radar observation
has been applied to investigating dynamical processes in
the MLT over Maui (Liu et al. 2013; Huang et al. 2013a,
b).
The radar system is under maintenance from 26 October 2005 to 12 April 2006, thus we choose the zonal wind
at the height of 100 km for 1 year from 13 April 2006 to
12 April 2007, to examine the temporal activity of quasi27-day oscillation throughout the year. The horizontal
wind data for 81 days from 12 August to 31 October 2006
is utilized to study the vertical evolution of the quasi-27day ISO in the MLT.

Data

The United States radiosonde observations at three tropical stations distributed in the NH and SH are applied
to the analysis of the oscillation activity in the troposphere and lower stratosphere. The data are archived and
provided freely by the National Climatic Data Center
(NCDC) of National Oceanic and Atmospheric Administration (NOAA) through the Stratospheric Processes
and Their Role in Climate (SPARC) Data Center at ftp://
ftp.ncdc.noaa.gov. The three stations are located in
Hilo (19.72° N, 155.07° W), Kauai (21.98° N, 159.35° W)
on Hawaii, and in Pago Pago (14.33° S, 170.72° W) on
Samoa. Observational sites are sparse in the Pacific, thus
we choose the radiosonde stations as close as possible to
the meteor radar station.
The type of radiosonde is the Väisälä RS92-GDP, and
routine radiosondes are usually launched twice daily at
00:00 and 12:00 UT. As a balloon rises, atmospheric horizontal wind, temperature, pressure, and relative humidity are sensed by balloon-borne platform. The sampled
height depends on the ascent rate of the balloon, ranging from 10 to 100 m. At this height resolution, the temperature uncertainty is less than 0.1 K, and the horizontal
wind uncertainty is smaller than 0.5 ms−1. For convenience, we interpolate the raw data linearly to a uniform
interval of 50 m. The maximum height of radiosonde
observation is the balloon burst altitude. In the period
that we focus on, about 90%, 88% and 90% of balloons
reached 30 km in Hilo, Kauai and Pago Pago, respectively,
but only about 63%, 87% and 87% attained 31 km. Hence,
we select the altitude of 30 km as the upper height limit
of radiosonde observation in our analysis.
We follow the method proposed by Alduchov and
Eskridge (1996) to derive specific humidity from temperature, pressure and relative humidity measured by
radiosonde.

Meteor radar observation

The horizontal wind from a meteor radar located in Kihei
on Maui, Hawaii, at 20.75° N, 156° W, is used in the study.
The radar system is an all-sky interferometric meteor
(SKiYMET) radar operating at a frequency of 40.92 MHz.
A 3-element Yagi antenna pointing to zenith transmits a
peak power of 6 kW at a 13.3 μs pulse length to illuminate meteor trails. Five 3-element Yagi antennas oriented
along two orthogonal baselines receive echoes from
meteor trails in a 13.3 μs sampling time, resulting in a
height resolution of 2 km. The horizontal wind velocities
are derived from Doppler shifts by moving meteor trails
within a height range of 4 km and a time bin of 1 h, and
then the hourly wind profile is obtained by oversampling
at a 1 km height interval in the range from 80 to 100 km.
A technical description of SKiYMET radar can be found
in the work of Hocking et al. (2001), and the Maui meteor
radar system and the wind computation are presented
in detail by Franke et al. (2005). The number of meteor
counts detected by the radar showed a strong dependence on altitude, with an approximate Gaussian distribution centered at about 90 km, thus the wind measurement
errors are small with typical values of 3–4 ms−1 around
90 km. As the height increases or decreases, the detection number of meteors decreases, and then the statistical uncertainties of wind gradually increase, and may be
more than 10 ms−1 at 80 and 100 km sometimes. In the
wind calculation, horizontal wind vectors were estimated
in the chosen time–height bin when at least six meteor
echoes are available and the RMS uncertainty of the
radial velocity is less than 7 ms−1 (Franke et al. 2005). In
the 81-day period of our concern, the acceptance rate of
wind data attains about 90% at 98 km, and these missing
observations are replaced with linearly interpolated data.

Radiosonde observation
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OLR and index of solar activity

Specific humidity and outgoing longwave radiation
(OLR) have often been used as proxies of convective
activity over the tropical region (Arkin and Ardanuy
1989). We expect to explore the origin of the tropical
oscillation by combining specific humidity and OLR.
Daily OLR data are obtained from the NOAA at the
website of https://w ww.esrl.noaa.gov/psd, with a 2.5°
latitudinal and longitudinal resolution (Liebmann and
Smith 1996).
We also examined solar forcing as potential controlling
factors of the atmosphere. Daily solar 10.7 cm radio flux
(F10.7) and Lyman-α flux are used as a measure of solar
activity. The F10.7 data are accessed from the National
Centers for Environmental Information (NCEI) of
NOAA at the website of https://www.ngdc.noaa.gov, and
the Lyman-α flux data are downloaded from Laboratory
for Atmospheric and Space Physics (LASP), University of
Colorado at http://lasp.colorado.edu/lisird. The measurement was taken during the late declining phase of solar
cycle 23.
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Reanalysis data

The Modern-Era Retrospective Analysis for Research and
Applications (MERRA) reanalysis of the National Aeronautics and Space Administration (NASA) is an ideal
candidate to investigate the features of the oscillation in
the zonal, meridional and vertical directions. The product of “inst6_3d_ana_Nv” in the version 2 of MERRA
(MERRA-2) is available through the NASA Goddard
Earth Sciences Data and Information Services Center
(GES DISC) online archive at https://disc.gsfc.nasa.gov/
datasets. The reanalysis data is 6-hourly instantaneous analysis fields on a 0.5° × 0.625° latitude-by-longitude grid at 72 model levels from ground up to 0.01 hPa
(Gelaro et al. 2017).
In this study, the data of F10.7, Lyman-α flux and zonal
wind at 100 km are used for 1-year data from 13 April
2006 to 12 April 2007, which are identified by month. The
other data used are in the same period from 12 August
to 31 October 2006, and 12 August 2006 is referred to as
day 1.

Quasi‑27‑day oscillation
Oscillation in MLT

Figure 1 shows the daily averaged zonal and meridional
winds measured by the meteor radar for 81 days from 12
August to 31 October 2006. The mean zonal wind (positive eastward) has a maximum of 50.7 ms−1 at 95 km on
day 59 and a minimum of − 67.0 ms−1 at 100 km on day
24, while the mean meridional wind (positive northward)

Fig. 1 Daily mean a zonal and b meridional winds from Maui meteor
radar observation for 81 days from 12 August to 31 October 2006

is between − 59.3 and 40.0 ms−1. The different temporal
scale perturbations can be seen in the wind field.
We carry out a Lomb–Scargle spectrum analysis (Scargle 1982), with a 4-time oversampling, on the daily averaged zonal and meridional winds to investigate their
spectral components. Figure 2 shows the Lomb–Scargle
spectrum of the mean zonal and meridional winds. A
confidence level of 95% corresponds to a spectral amplitude of 7.4 ms−1. It is interesting that the spectral components in the zonal wind are very weak below 90 km, while
above 90 km, a quasi-27-day oscillation is a predominant
component, and strengthens gradually with height. Its
spectral amplitude grows to 15.2 ms−1 at 100 km from
4.2 ms−1 at 90 km. The quasi-27-day periodicity also
arises in the meridional wind and shows a similar vertical variation but with a weak spectral magnitude. This
is consistent with early observations that atmospheric
oscillation occurs mainly in the zonal wind (Eckermann
et al. 1997; Luo et al. 2001; Huang et al. 2015; Guharay
et al. 2014), thus we will concentrate on the zonal wind
oscillation.
In order to recognize the feature of quasi-27-day oscillation throughout the year, we chose the zonal wind at
100 km for 1 year to make a wavelet transform since the
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dominant components, but also the variation of these
components with time. Figure 3 shows the wavelet spectrum of the zonal wind in 1 year of observation, which
illustrates that the significant quasi-27-day oscillation
occurs in the MLT as a case event rather than a persistent
phenomenon, and only takes place once in the 1-year
observation. Similarly, two MJO events arise in April–
June, 2006, and February–March, 2007, respectively. The
time between the two dashed vertical lines is the duration of our concern presented in Figs. 1 and 2.
In order to determine the vertical propagation of the
quasi-27-day oscillation, a sinusoidal wave fit under a
27-day period is applied to the time series of the mean
zonal wind for the 81-day observation at 90–100 km.
The fitted amplitude and phase are shown in Fig. 4. Here,
the phase is described by the time when the oscillation
attains its maximum value (Huang et al. 2015). It can
be seen from Fig. 4 that the amplitude of the oscillation
gradually increases from 4.3 ms−1 at 90 km to 15.2 ms−1
at 100 km, which is in good agreement with the spectral
result in Fig. 2. A linear fit of the phase exhibits a slowly
downward phase progression of the oscillation in the
MLT.
Oscillation in troposphere and stratosphere

Fig. 2 Lomb–Scargle spectra of a zonal and b meridional winds
observed by Maui meteor radar. The dashed vertical line corresponds
to a period of 27 days

oscillation is the strongest at this height. Morlet wavelet
function which consists of a plane wave modulated by a
Gaussian envelope is chosen as mother wavelet. Wavelet
analysis decomposes a time series into a two-dimensional
time–frequency domain, thus it can provide not only the

We use the radiosonde observations and MERRA-2 reanalysis data to examine the activity of the quasi-27-day
ISO in the troposphere and stratosphere. Figure 5 presents the Lomb–Scargle spectrum of the zonal wind
by the radiosonde observations in Hilo and Kauai on
Hawaii, and Pago Pago of the SH. The low-frequency
ISOs are predominant at all the three tropical stations,
whereas the evolution of the oscillations is interesting

(a)

Fig. 3 Wavelet spectrum of zonal wind at 100 km for 1 year from 13
April 2006 to 12 April 2007. The months are marked on the last day of
each month. The two dashed vertical lines are marked on 12 August
2006 and 31 October 2006, respectively

(b)

Fig. 4 a Amplitude and b phase of quasi-27-day oscillation in zonal
wind from Maui meteor radar observation. The asterisk denotes the
values derived from the sinusoidal wave fitting, and the dashed line
in b denotes the linearly fitted phase
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(a)

(b)
Fig. 6 Lomb–Scargle spectrum of zonal wind over Maui obtained
from MERRA-2 reanalysis data. The dashed vertical line corresponds
to a period of 27 days

(c)

Fig. 5 Lomb–Scargle spectrum of zonal wind from radiosonde
observations in a Hilo, b Kauai and c Pago Pago. The dashed vertical
line corresponds to a period of 27 days

in the source region of the troposphere. A quasi-27-day
oscillation and an MJO are distinguishable in Hilo, and
seem to be integrated as one with a wide period range of
about 25–35 days in Kauai. Similar scenario also occurs
in Pago Pago but with larger magnitude and height coverage. Hence, the oscillation shows to some extent the local
characteristics, which is possibly related to the source
feature and the background condition at different stations. In addition, a relatively weak quasi-10-day component arises only at the two stations of the NH. Above
17 km, there is no significant spectral peak, indicating

that it is difficult for the oscillation to penetrate through
the tropopause region into the lower stratosphere. This is
consistent with rapid attenuation of ISOs above the tropopause presented in many early observations (Madden
and Julian 1971; Ziemke and Stanford 1991; Rao et al.
2009; Niranjankumar et al. 2011; Guharay et al. 2014).
In order to extend zonal wind information to higher
altitudes, Fig. 6 plots the Lomb–Scargle spectrum of the
zonal wind above Maui from the MERRA-2 reanalysis.
The right vertical axis marks the approximate heights
of the pressure levels derived from logarithmic pressure–height formula. The spectral feature below 10 hPa
(~ 32 km) in the reanalysis data is roughly consistent
with that in the radiosonde observations. In the reanalysis data, the quasi-27-day ISO and MJO hold the group
together in the upper troposphere with a peak intensity
similar to the radiosonde measurements in Hilo and
Kauai. Above 36 km of the stratosphere, the two oscillations reappear and are separated from each other. The
quasi-27-day component has the maximum spectral
amplitude of 11.2 ms−1 at 0.48 hPa (~ 53 km) level. It is
interesting that these spectral components are weakened
in the stratopause region (~ 60 km), and then are rapidly
attenuated from about 70 km of the lower mesosphere.
There is not a significant magnitude of the quasi-27-day
oscillation at about 80 km, which is in agreement with
the meteor radar observation. Based on the radar observation, this oscillation is strengthened above 90 km again,
as shown in Fig. 2. Hence, the quasi-27-day oscillation
exhibits a three-layer structure from the troposphere to
the MLT over Maui.
To examine the latitudinal change of the quasi-27-day
oscillation, we make a sinusoidal wave fit with a 27-day
period on the zonal wind at 176.93 and 0.48 hPa (~ 12
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and 53 km) levels along the 156.25° W longitude based
on the MERRA-2 reanalysis data for the 81 days. The
two pressure levels are chosen because the quasi-27-day
component is strong at the two levels, as shown in Fig. 6.
Figure 7 presents the evolutions of the fitted amplitude
and phase with latitude. The phase variation with latitude
seems to show a tendency of the oscillation propagation from the SH to the NH. The amplitudes have several
extreme values between 25° S and 25° N, especially the
maximal values around 20° S and 20° N at 176.93 hPa. In
that case, we presented the spectrum of the zonal wind
from the radiosonde observation in Pago Pago of the SH.
It can be noted from Figs. 5 and 7 that the quasi-27-day
ISO in the troposphere is more prominent above Pago
Pago than above Hilo and Kauai. Therefore, the oscillation is present at low latitudes in the both hemispheres.

Discussion
In early studies, by using over 5 years of wind data
acquired by MF radar at Christmas Island, Eckermann
et al. (1997) showed that the ~ 60-day ISO in the zonal
wind of the MLT is relatively strong in winter–early
spring (December–April). Its amplitude reaches a peak
of about 10–15 
ms−1 at 80–85 km, and then clearly

(a)

(b)

Fig. 7 Latitudinal evolutions of fitted amplitude and phase in zonal
wind at a 0.48 hPa and b 176.93 hPa levels from MERRA-2 reanalysis
data. The asterisk denotes the fitted values
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decreases with height. Similarly, based on 20-year radar
observations at four sites from 30 to 70° N, the investigation indicated that the oscillation with period between 20
and 40 days at mid- and high-latitudes is active in winter (November–March), with a strength reduction from
about 10 ms−1 at 75–85 km to about 5 ms−1 at about
100 km (Luo et al. 2001). Huang et al. (2015) exhibited
a quasi-27-day oscillation in December 2004 to March
2005 over Maui with large amplitudes throughout the
MLT. Its amplitude has a maximum value of 20.3 ms−1 in
the zonal wind at 89 km, and then monotonously drops
to 7.5 ms−1 at 96 km. Hence, these observational studies
indicate that the ISOs in the MLT are generally robust
in the heights of 80–90 km during winter. In the paper,
the quasi-27-day ISO occurs during August–October,
and has not a significant intensity between 80 and 90 km
but is quickly strengthened from 90 to 100 km, which is
different from those in the previous studies (Eckermann
et al. 1997; Luo et al. 2001; Huang et al. 2015).
Since the quasi-27-day oscillation in the MLT does
not come from the direct propagation from the lower
atmosphere, we investigate the GW activity based on the
radiosonde observations in Hilo, Kauai and Pago Pago
according to ISOs driven by wave coupling among the
different atmospheric layers (Eckermann and Vincent
1994; Eckermann et al. 1997). The GW perturbations are
analyzed separately at 1–9 km of the troposphere and at
20–28 km of the lower stratosphere, which is for three
reasons: (1) avoiding the sharp variations of the zonal
wind and temperature from the upper troposphere to
the lower stratosphere; (2) the small change in buoyancy
frequency for each chosen height range; and (3) examining the GW features in the convective source region of
1–9 km and in the propagation region of 20–28 km.
We follow the analysis technique of Allen and Vincent
(1995) and Vincent and Alexander (2000) to derive the
GW perturbations from the profiles of radiosonde sounding. Assuming that the observed zonal wind, meridional
wind and temperature [u, v, T ] mainly consist of the background [u, v, T ] and GW perturbations [u′ , v′ , T ′ ], we estimate the background [u, v, T ] by fitting a second-order
polynomial to the vertical profiles of [u, v, T ] in the chosen height interval. This second-order polynomial fitted
background was widely used in GW analysis from radiosonde observations (Allen and Vincent 1995; Vincent and
Alexander 2000; Zhang and Yi 2007; Huang et al. 2018),
which can reduce the effect of long vertical wavelength
waves. The total fluctuation quantities are obtained
from the observed profiles by removing the fitted background. In order to remove fluctuations due to smallerscale effects, such as measurement error, drag variation
of balloon, noise introduced by the interpolation process
(Zhang et al. 2012), we apply a high-pass filter to extract
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the GW components from the total fluctuation. The cutoff wavelength of the filter is selected to be 0.5 km since
lots of observations show that the vertical wavelengths of
GWs are in general more than 0.5 km (Ogino et al. 1998;
Yamanaka et al. 1996). The total energy per unit mass (E)
is used as a measurement for GW activity, which is written as follows (Allen and Vincent 1995; Vincent and Alexander 2000):


2
2
′
�
1
g T 
,
E = u′2 + v′2 +
(1)
2
N2
′

′ = T is the normalized temperature perturbawhere T
T
tion; g is the acceleration due to gravity; N is the buoyancy frequency; and the overbar means an unweighted
average over height. The vertical wind perturbation of
GWs is neglected in Eq. (1) because there is no vertical
wind in radiosonde observation, and the vertical wind
perturbation of GWs is much smaller than their horizontal wind perturbation (Ratnam et al. 2009; Tsuda et al.
2009).
We derive the total energy of GWs from the observed
profiles of radiosonde in Hilo, Kauai and Pago Pago
during the same period of 81 days, and then calculate
the daily averaged energy in Pago Pago of the SH and
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between the two stations of the NH, respectively, for the
sake of reducing the impact of chance events. Figure 8
shows the wavelet spectra of daily mean GW energies
in the height ranges of 1–9 km of the troposphere and
20–28 km of the lower stratosphere in the NH and SH.
One can note from Fig. 8 that a quasi-27-day oscillation
of GW energy, with a wide spectral range, occurs in both
the troposphere and the lower stratosphere. Although
the quasi-27-day periodicity does not appear in the lower
stratospheric wind field, its spectra around the 27-day
period in the GW energy is sharper in the lower stratosphere than in the troposphere, which may be due to the
filtering effect by the quasi-27-day variation in the tropospheric wind field (Moss et al. 2016; Tsuchiya et al. 2016),
as shown in Fig. 5. Therefore, the GW energy investigation seems to support the coupling mechanism that GWs
modulated by oscillation in the lower atmosphere induce
the similar periodicity in the MLT through their energy
and momentum transport (Eckermann and Vincent 1994;
Eckermann et al. 1997).
As for the ISO enhancement in the upper stratosphere again, there are two possible mechanisms proposed in previous studies. Kumar and Jain (1994)
argued that ISO propagates directly upward to the
stratosphere from the tropical troposphere through
partial energy transmission, and Huang et al. (2015)

(a)

(c)

(b)

(d)

Fig. 8 Wavelet spectra of daily mean GW energies at a, c 1–9 km and b, d 20–28 km derived from radiosonde observations. a, b Represent the
spectra of GW energy averaged between Hilo and Kauai, and c, d represent the spectra of GW energy in Pago Pago
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confirmed the ISO penetration into the stratosphere
based on the radiosonde observation. Ziemke and Stanford (1991) suggested that upward propagating ISO
is refracted to mid-latitudes, and then refracted back
into the tropical upper stratosphere. The phase in the
stratosphere shown in Fig. 7a implies that the oscillation in the upper stratosphere propagates towards the
NH low latitudes from the NH and SH mid-latitudes.
In addition, the quasi-27-day ISO may be partially
attributable to the GWs. As the GWs propagate to the
upper stratosphere, the quasi-27-day oscillation may be
enhanced by absorbing the GW momentum and energy
at the critical level, and this also means that the GWs
are modulated further over there. And then the modulated GWs propagate upward to higher altitudes and
induce the quasi-27-day variability in the mesopause
region due to their instability. In this way, the phase of
the quasi-27-day ISO in the MLT should be approximately opposite to that in the lower atmosphere. Figure 9 shows the fitted 27-day oscillation in the three
regions based on the Maui meteor radar and reanalysis
and Hilo radiosonde data. The fitted results from the
radiosonde observation in Kauai and Pago Pago (not
presented) are almost the same as that in Hilo, with a
peak amplitude of about 7–8 ms−1. Figure 9 demonstrates the opposite phase relation between the quasi27-day ISO in the MLT and in the lower atmosphere.
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Earlier studies discussed possible mechanisms of
ISO generation (Zhang 2005). It is generally recognized
that ISOs in the tropics originate mainly from convective activity. OLR is often used as a proxy of convection activity. We chose the OLR data at the locations of
(20° N, 157.5° W) and (15° S, 170° W), close to Maui and
Pago Pago, to examine the convective activity. A wavelet
transform on the OLR is carried out, which is shown in
Fig. 10. It can be seen that the ISO activity in the OLR
exhibits a broad period range between 20 and 40 days but
with a dominant period around 27 days. We also calculate the specific humidity from the radiosonde observation in Pago Pago. Figure 11 shows the Lomb–Scargle
spectrum of the specific humidity from the radiosonde
measurement and the reanalysis data above Pago Pago.
The spectra of specific humidity between the observation and reanalysis data are consistent with each other.
The quasi-27-day periodicity is the dominant component
in the water vapor variation, and the spectral analysis
above 7 km (not presented here) indicates that the dominant 27-day component extends all the way to the tropopause region. The previous study by Kumar et al. (2007)
showed that a 50- to 70-day ISO in the zonal wind of the
tropical MLT has similarities with the oscillation of OLR,
while a 20- to 40-day ISO displays similarities with the

(a)
(a)

(b)
(b)

(c)

Fig. 9 Fitted 27-day oscillation from a Maui meteor radar and c Hilo
radiosonde observations and b reanalysis data over Maui

Fig. 10 Wavelet spectrum of OLR at (20° N, 157.5° W) and (15° S,
170° W), close to Maui and Pago Pago, respectively
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(a)

(a)

(b)

(b)

Fig. 11 Lomb–Scargle spectrum of specific humidity derived from
a radiosonde observation and b reanalysis data over Pago Pago. The
dashed vertical lines correspond to a period of 27 days

tropospheric water vapor activity. Here, the periodicity in
both the OLR and water vapor demonstrates that there is
a quasi-27-day variability in the convective activity in the
tropics. Since convections are a main source of tropical
waves and ISOs (Fritts and Alexander 2003; Zhang 2005;
Sato et al. 2009), their variability can lead to the quasi27-day ISO not only in the zonal wind, but also in the
GW activity in the tropical troposphere. When the GWs
generated in the convection source region propagate
upward, they are further modulated by the quasi-27-day
oscillation of the zonal wind, resulting in a more prominent 27-day periodicity of the GW activity in the stratosphere than in the troposphere, as shown in Fig. 8.
We investigate whether or not solar radiation is
directly responsible for the 27-day variability at high
altitudes due to the absorption of solar radiation by
OH, oxygen atom and ozone. Here, the Lyman-α flux
and F10.7 are chosen as proxies for solar radiation, and
Fig. 12 depicts that the wavelet spectra of the Lyman-α
flux and F10.7 in 1 year from 13 April 2006 to 12 April
2007. One can see from Fig. 12 that the predominant
variabilities in the Lyman-α flux and F10.7 are nearly
consistent with each other since both of them originate

Fig. 12 Wavelet spectra of a Lyman-α flux and b F10.7 for 1 year from
13 April 2006 to 12 April 2007. The months are marked on the last
day of each month. The two dashed vertical lines are marked on 12
August 2006 and 31 October 2006, respectively

from the solar activity. The wavelet spectra illustrate
two obvious quasi-27-day activities in the 1-year data.
One takes place in April–June, 2006, and the other
arises in November–December, 2006. However, there
is no corresponding occurrence of quasi-27-day variability in the wind field of the MLT in these two time
periods, as shown in Fig. 3. In April–June, 2006, the
MJO in the zonal wind has a much larger dominant
period than the quasi-27-day oscillation in the two
solar radiation fluxes. In the duration of our concern, a
rather weak quasi-22-day component in the solar radiation appears in the early period. Similar study indicated
that the proposed connection between 27-day variability in the tropical lower atmosphere and solar rotation
effect is still a hypothesis and strongly requires to be
verified further based on various kinds of observations
(Takahashi et al. 2010). Overall, the solar activity is not
intense because the year of 2006 is in the late declining
phase of solar cycle 23, and there is not a clear corresponding relation between the quasi-27-day periodicity in the zonal wind of the MLT and the solar rotation
effect. In other words, the quasi-27-day ISO originates from the tropical convective activity and then is
reprinted in the MLT through wave coupling.
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Summary
The meteor radar observation indicates that the quasi27-day oscillation in the MLT arises as a case event rather
than a persistent phenomenon, and takes place only once
in 1-year observation. By combining the meteor radar
and radiosonde measurements and the MERRA-2 reanalysis data for 81 days from 12 August to 31 October 2006,
we study the quasi-27-day ISO event in the tropical zonal
wind from the troposphere to the MLT.
The radiosonde observations at the three tropical stations distributed in the NH and SH show that the quasi27-day oscillation originates from the lower atmosphere,
and has an amplitude of about 7–8 ms−1 in the zonal
wind in the upper troposphere. Above the tropopause,
the oscillation attenuates rapidly, which is in agreement
with most previous observations. The reanalysis data
indicate that the quasi-27-day oscillation is strengthened
in the upper stratosphere, and attains a magnitude of
about 11 ms−1. The ISO enhancement in the stratopause
region is also reported in early studies. Whereas the
oscillation decays quickly again from about 70 km, the
meteor radar observation illustrates that the oscillation
increases again from about 90 km, and reaches an intensity of about 15 ms−1 at 100 km. Hence, the quasi-27-day
oscillation exhibits an interesting three-layer structure
from the troposphere to the MLT. The oscillation in the
MLT is different from the previous observations in which
the ISO in the zonal wind of the MLT appears generally
in winter with the amplitude peak at about 80–90 km,
and then is rapidly weakened with increasing height (Eckermann et al. 1997; Luo et al. 2001; Huang et al. 2015).
In the present study, we make an attempt to look into
the possible scenario of the generation of the triple-layered quasi-27-day oscillation. As proxies of convection
activity, the OLR and specific humidity observations
demonstrate that there is a quasi-27-day periodicity
in the convective activity in the tropics. The convection is a main excitation source of tropical ISOs and
waves, thus the quasi-27-day variability takes place
not only in the wind field in the troposphere, but also
in the convectively modulated GW activity. As the
GWs propagate upward, they can be modulated by
the zonal wind oscillation in the upper troposphere.
Hence, the quasi-27-day variability in the GW activity
has a sharper spectrum in the lower stratosphere relative to that in the troposphere, even though the zonal
wind in the lower stratosphere does not display a quasi27-day ISO. The latitudinal evolution of the oscillation
phase derived from the reanalysis data shows that in
the upper stratosphere, the quasi-27-day oscillation
propagates from the mid-latitudes of both the SH and
NH to the low latitudes of the NH. The oscillation may
be strengthened by means of the absorption of the GW
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momentum and energy through the critical level filtering. The oscillation is in-phase between the upper troposphere and the upper stratosphere, meaning that the
GWs are modulated further in the upper stratosphere.
As the modulated GWs propagate upward to higher
altitudes, they induce the quasi-27-day variability in the
zonal wind of the MLT through their momentum and
energy deposition due to instability and dissipation.
Therefore, the quasi-27-day oscillation in the MLT has
the opposite phase relationship with that in the lower
atmosphere, and GWs play an important role in the
connection of the quasi-27-day oscillation between the
lower atmosphere and the MLT.
We investigate the relation between the 27-day
oscillation in the MLT and the solar rotation effect.
The Lyman-α flux and F10.7 of solar radiation show
the quasi-27-day periodicity during April–June and
November–December in 2006, respectively, whereas
the quasi-27-day ISO in the MLT occurs only during
August–October, 2006, indicating that there is not a
clear corresponding relation between the quasi-27-day
variability in the MLT and the solar rotation periodicity. Since a 27-day variability in the wind and temperature may be an inherent feature of the atmosphere, the
quasi-27-day oscillation originated from the tropical
convective activity can arise in the MLT through the
wave coupling and propagates in the MLT.
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