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Abstract: Observations of a quasi-90-day oscillation in the mesosphere and lower thermosphere (MLT) region from April 2011 to
December 2014 are presented in this study. There is clear evidence of a quasi-90-day oscillation in temperatures obtained from the
Kunming meteor radar (25.6°N, 103.8°E) and Sounding of the Atmosphere using Broadband Emission Radiometry (SABER), as well as in
wind observed by the Kunming meteor radar. The quasi-90-day oscillation appears to be a prominent feature in the temperatures and
meridional wind tides and presents quite regular cycles that occur approximately twice per year. The amplitudes and phases of the quasi-
90-day oscillation in the SABER temperature show a feature similar to that of upward-propagated diurnal tides, which have a vertical
wavelength of ~20 km above 70 km. In the lower atmosphere, a similar 90-day variability is presented in the surface latent heat flux and
correlates with the temperature in the MLT region. Similar to the quasi-90-day oscillation in temperature, a 90-day variability of ozone
(O3) is also present in the MLT region and is considered to be driven by a similar variability in the upwardly-propagated diurnal tides
generated in the lower atmosphere. Moreover, the 90-day variability in the absorption of ultraviolet (UV) radiation by daytime O3 in the
MLT region is an in situ source of the quasi-90-day oscillation in the MLT temperature.
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1.  Introduction
The seasonal variability of winds, temperatures, and tides, such as
annual  oscillations  (AO),  quasi-biennial  oscillations  (QBO),  and
semiannual  oscillations  (SAO),  are  dominant  oscillations  in  the
equatorial/low  latitude  middle  atmosphere  (Vincent  et  al.,  1998;
Gurubaran and Rajaram, 1999; Sridharan et  al.,  2007; Xu JY et  al.,
2007; Lu X et al.,  2011; Li  T et al.,  2012).  In addition to these long
period  oscillations,  relatively  short  period  oscillations  (~10–100
days), known as  intraseasonal  oscillations  (ISOs),  also  play  an im-
portant role  in  the  large-scale  circulation  of  the  middle  atmo-
sphere. Oscillations  of  ~30–90  days,  i.e.,  Madden-Julian  Oscilla-
tions (MJOs), were first reported in the tropical troposphere zonal
wind by Madden and Julian (1971, 1972) (see the review by Zhang
CD  (2005) and  the  references  therein).  In  the  MLT  region,  ISOs
were  first  observed  in  the  zonal  wind  at  Christmas  Island  (2°N,
157°W)  by Eckermann  and  Vincent  (1994),  with  periods  ranging
from ~10  to  100  days.  Extensive  studies  were  subsequently  con-
ducted,  from  equatorial  to  high  latitudes,  to  trace  the  origins  of
the  ISOs  in  the  lower  and  middle  atmosphere;  it  was  suggested

that  the  intraseasonal  cycle  convection  associated  with  the  MJO
modulation of the wave activity in the troposphere induces simil-
ar periodicities in the MLT region (Eckermann et al.,  1997; Lieber-
man, 1998; Isoda et al., 2004; Miyoshi and Fujiwara, 2006; Kumar et
al., 2007; Rao RK et al., 2009; Guharay et al., 2012, 2014).

As  mentioned  above,  the  quasi-90-day  oscillation  is  classified  as

an ISO,  but  a  period  of  90  days  could  be  either  a  seasonal  or  in-

traseasonal cycle. The spectral analysis performed by Pancheva et

al.  (2003) shows that there are periods of ~75 days and ~90 days

of  variability  in  MLT  zonal  mean  winds,  as  observed  by  meteor

radars  at  middle  and  high  latitudes;  however,  the  period  of  90

days in their study was considered to be a fourth harmonic of the

AO. Shepherd et al.  (2004) analyzed the 7-year mesospheric tem-

perature time  series  from  WIDII/UARS  (Wind  Imaging  Interfero-

meter/Upper  Atmosphere  Research  Satellite)  and  revealed  the

presence  of  a  dominant  annual  ~90-  and  60-day  oscillation  at

high northern latitudes. Reid et al. (2014) analyzed 15 years of the

hydroxyl (OH) (8–3) 730 nm nightglow emission intensity near 87

km,  using  filter  photometers  at  the  Buckland  Park  Field  Station

(34.6°S,  138.6°E)  near  Adelaide,  Australia,  and  showed  that  there

was 90-day variability in the 00:00 to 03:00 LT and 03:00 to 06:00

LT OH nightglow intensities. Gasperini et al. (2017) reported that a

90-day oscillation in tropospheric convective activity is imprinted
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into the  thermospheric  mean  winds  and  DE3.  These  studies  re-
vealed that  a  variability  is  evident  in  the  middle  and  high  latit-
udes of the MLT region, but its characteristics and source mechan-
isms have not been comprehensively reported and analyzed.

In this study, we present the observations of a quasi-90-day oscil-
lation  in  the  neutral  temperatures  and winds  over  a  low latitude
station (25.6°N, 103.8°E) and preliminarily investigate its source of
excitation.  A  brief  description  of  the  observational  instruments,
dataset, and processing method are given in Section 2, while ob-
servations  of  the  quasi-90-day  oscillations  in  temperatures  and
winds are presented in Sections 3 and 4, respectively. In Section 5,
we  extensively  discuss  the  exciting  mechanism  of  the  quasi-90-
day oscillation. We summarize the main results of this study in the
final section.

2.  Data Sets and Processing Methods
In  this  study,  multiple  measurement  data  from  April  2011  to
December 2014  are  used  to  investigate  the  quasi-90-day  oscilla-
tion in  the  lower  and  middle  atmosphere  over  a  low  latitude  re-
gion.

2.1  Instruments and Datasets
The  Kunming  all-sky  meteor  radar,  which  has  been  operating  at
37.5 MHz with a peak power of 20 kW since 2008, belongs to the
China  Research  Institute  of  Radio  Wave  Propagation  (CRIRP),
which  is  part  of  the  Kunming  Atmospheric  Radar  Facility  (KARF)
located at  the Kunming Radio Observatory (25.6°N,  103.8°E)  (Xue
XH et al., 2013; Yi W et al., 2016, 2018). The daily mean temperat-
ures near 90 km from April 2011 to December 2014 were derived
by  applying  the  temperature  gradient  model  technique  to  data
from the Kunming meteor radar (Hocking, 1999; Holdsworth et al.,
2006; Yi W et al., 2016). Table 1 shows the number of days in each
month  that  the  radar  operated  during  this  period.  The  system
parameters of the Kunming meteor radar and temperature gradi-
ent model technique were described and discussed by Yi W et al.
(2016) and the references therein.

Horizontal winds with resolutions of 1 hour (time) and 2 km (alti-
tude)  from  April  2011  to  December  2014  were  observed  by  the
Kunming meteor radar. The wind retrieval technique has been de-
scribed by Hocking et al. (2001) and Holdsworth et al. (2004). The
residual RMS (Root Mean Square) of the hourly horizontal velocity,
which is provided by the Kunming meteor radar system, is mostly
smaller  than 10 m/s.  The daily  mean zonal  and meridional  winds
were  averaged  from  the  zonal  and  meridional  hourly  wind  data.
The tides,  including  diurnal  and  semidiurnal  tides,  were  calcu-
lated from the zonal and meridional hourly wind data using a har-
monic fit method, with a window length of 10 days.

The  SABER  instrument  is  carried  onboard  the  TIMED  (Thermo-
sphere Ionosphere  Mesosphere  Energetics  and  Dynamics)  satel-
lite,  which  was  launched  in  December  2001  (Xu  JY  et  al.,  2007).
The  Microwave  Limb  Sounder  (MLS)  instrument  is  onboard  the
Earth  Observing  System  (EOS)  Aura  spacecraft,  which  was
launched in  2004.  The  MLS  observes  atmospheric  thermal  mi-
crowave  emissions  in  five  spectral  regions,  from  115  GHz  to  2.5
THz.  Temperatures are retrieved from bands near the O2 spectral
lines  at  118  GHz  and  239  GHz  (Schwartz  et  al.,  2008).  Profiles  of
temperature and O3 (retrieved from 9.6 μm emission) observed by
SABER (version 2.0) and Aura/MLS (version 4) were selected from a
5°×30°  grid  centered  on  the  Kunming  meteor  radar  location;
SABER  temperatures  were  interpolated  and  averaged  to  obtain
the daily mean, daytime, and nighttime temperatures at every km
of altitude from 20 to 100 km. The daily mean, daytime, and night-
time O3 data were obtained using the same method used for the
temperatures.

2.2  Interpolation Methods
In this study, the quasi-90-day oscillation analyses are based on a
daily dataset. The Lomb-Scargle method and harmonic fitting are
used to calculate the spectral amplitudes and phase information,
respectively.  We  use  Morlet  wavelet  and  cross  wavelet  analysis
(e.g., Torrence  and  Compo  (1998); Grinsted  et  al.  (2004)) to  de-
termine  how  the  interested  variability  varies  in  the  time  series.
The  Lomb-Scargle  method  (Lomb,  1976; Scargle,  1982) and  har-
monic  fitting  are  suitable  for  daily  data  with  gaps;  however,  the
wavelet  analysis  requires  evenly  sampled  data.  Thus,  the  data
gaps are interpolated via the following methods.

First,  we  choose  a  data  window  with  a  length  of  90  days  and  a
shift with a time step of 5 days. When the length of the gap is less
than  30  days  (approximately  1/3  of  the  period  of  interest),  the
data gaps in this data window are filled using cubic interpolation.
Second,  due  to  radar  system  maintenance  there  are  some  gaps
larger  than  30  days  (months  marked  with  red  in Table  1)  in  the
Kunming meteor  radar  data.  These  data  gaps  are  filled  with  ran-
dom  values  that  have  the  same  means  and  standard  deviations,
with a window length of 15 days, as the same days in subsequent
years (e.g., Luo Y et al., 2001).

3.  Quasi-90-day Oscillation in the Middle Atmospheric

Temperatures
Because  the  Kunming  meteor  radar  is  located  at  low  latitudes,  it
suffers from the diurnal variation of meteor occurrence. The met-
eor  echoes  are  concentrated  mainly  from  16:00  to  06:00  UT  (i.e.,
00:00–14:00 LT);  therefore,  the  Kunming  meteor  radar  temperat-
ures  are  subject  to  local  morning  tidal  modulation  (Yi  W  et  al.,

Table 1.   Number of operational days in each month for the Kunming meteor radar

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2011 – – – 16 31 28 31 31 30 31 30 30

2012 30 13 26 30 31 22 11 4 21 31 30 31

2013 31 28 29 30 31 30 31 19 – – 30 31

2014 31 28 24 30 31 30 31 31 30 31 30 31
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2016). Figure  1 presents  the  daily  temperature  estimated  using

the  Kunming  meteor  radar,  and  the  16:00–06:00-UT-averaged

daily temperature obtained from SABER. The daily Kunming met-

eor  radar  temperatures  are  in  good  agreement  with  the  daily

SABER temperatures;  approximately  73%  and  94%  of  the  differ-

ences between  them  were  less  than  10  K  and  20  K  degrees,  re-

spectively. Figure 1b shows the comparison of the monthly mean

temperatures  obtained  from  the  Kunming  meteor  radar  and

SABER.  It  is  clear  that  the  monthly  mean  temperature  derived

from the Kunming meteor radar is very consistent with the SABER

monthly mean  temperature;  the  difference  averages  approxim-

ately 4 K degrees (Yi W et al., 2016).

Figures 2a and 2b show Lomb-Scargle periodograms of  the tem-

peratures  obtained  from  the  Kunming  meteor  radar  and  SABER
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Figure 1.   (a) Daily temperatures near 90 km, estimated using the temperature gradient model technique, comparing the Kunming meteor radar

temperatures with the SABER temperatures near 90 km; (b) Same as (a) but for the monthly mean temperature. Vertical bars indicate the standard

deviations of the monthly mean temperatures.
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Figure 2.   Wavelet spectrum for the (a) Kunming meteor radar and (b) SABER temperatures. The white solid contours denote the regions of the

wavelet spectrum above the 95% confidence level. Lomb-Scargle periodograms for the Kunming meteor radar temperatures and SABER

temperatures are on the right-hand side for reference; the red dashed lines on the Lomb-Scargle periodograms indicate the 95% confidence

level.
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for periods of 30 to 500 days. In general, the spectral peaks of the
meteor  radar  temperatures  that  have  confidence  levels  higher
than 99% agree well  with  the SABER observations.  The quasi-90-
day oscillation is the third largest oscillation; the amplitudes of the
meteor  radar  temperature  and  the  SABER  temperature  are  both
4.2 K degrees. The AO of approximately 365 days is the largest os-
cillation;  the  amplitudes  are  5.7  K  degrees  for  the  meteor  radar
temperature and 6 K degrees for the SABER temperature. The SAO
of approximately 182.5 days is the second largest oscillation, with
amplitudes of 5 and 5.2 K degrees for the meteor radar temperat-
ure and  the  SABER  temperature,  respectively.  Finally,  the  amp-
litudes  of  the  terannual  oscillation  (TAO)  of  approximately  120
days are 3.5 and 2.67 K degrees, respectively.

The 90-day period is approximately that of the fourth harmonic of
the AO or the second harmonic of the SAO (Pancheva et al., 2003).
Shown in Figure 2 are the Morlet wavelet spectra, calculated from
30 to 500 days for the meteor radar temperatures, and the SABER
temperatures.  The  wavelet  spectra  reveal  that  the  quasi-90-day
oscillation  appears  in  the  first  half  of  the  year  for  approximately
two cycles, unlike the SAO and AO in the meteor radar and SABER
temperatures;  this observations strongly suggests that the quasi-
90-day  oscillation  must  be  caused  by  a  geophysical  mechanism
rather  than  the  beat  frequency  of  the  AO  or  SAO.  In  addition  to
the 90-day oscillation in temperature, we also find a 90-day oscil-
lation  in  mesopause  density  estimated  by  the  Kunming  meteor
radar (Yi W et al., 2018).

For a better illustration, Table 2 shows the harmonic fit  results of
the Kunming meteor  radar  and SABER temperatures.  The phases
(first  maximum  after  Jan.  1,  2012)  of  the  AO,  SAO,  TAO  and  the
quasi-90-day oscillation occur on December 7±7 days, April  20±4
days,  May  2±3  days  and  January  15±2  days  in  the  meteor  radar
temperatures,  respectively,  and December  3±10 days,  April  22±6
days, Apr 23±7 and January 15±4 days in the SABER temperatures,
respectively (Yi W et al., 2016).

Notably,  the  temperatures  obtained  from  the  Kunming  meteor
radar and SABER both exhibit a very large warming in spring (late
April)  each  year.  Combining  the  results  of Table  2,  we  infer  that
the late April warming is caused by the superposition of the SAO,
the next cycle of the quasi-90-day oscillation (i.e., on April 16), and
the TAO because the phase maxima of all these oscillations occur
simultaneously at that time (Yi W et al., 2016). This finding reveals
that the quasi-90-day oscillation plays a significant role in the sea-
sonal and intraseasonal variability of MLT temperature at low latit-
udes.

To investigate further the characteristics of the quasi-90-day oscil-
lation  in  the  middle  atmosphere  temperature,  we  extracted  the

amplitudes and phases of the quasi-90-day oscillation in the day-
time  and  nighttime  and  the  daily  mean  temperatures  obtained
from  the  SABER  measurements  over  Kunming  between  altitudes
of 40 and 100 km. Figures 3a, 3b and 3c show the quasi-90-day os-
cillation  that  is  generally  present  in  the  middle  atmosphere.  The
amplitudes  of  the  quasi-90-day  oscillation  increase  roughly  with
altitude. Meanwhile,  we  found  that  throughout  most  of  the  alti-
tude range the quasi-90-day oscillations have larger amplitudes in
daytime temperatures than in nighttime temperatures.

Figures  3e, 3f and 3g show  the  downward  propagation  of  the
phases of  the  quasi-90-day  oscillation;  these  data  appear  to  re-
veal that the quasi-90-day oscillation propagates upward from the
lower atmosphere with a vertical wavelength-like characteristic of
~20 km above 70 km. However, the quasi-90-day oscillation could
not propagate upward directly from the lower atmosphere to the
middle  atmosphere  because  of  its  slow  phase  velocity  (Ecker-
mann and Vincent, 1994; Eckermann et al., 1997; Huang KM et al.,
2015).  On  the  contrary,  high-frequency  wave  activities,  such  as
tides,  gravity  waves,  and  ultrafast  Kelvin  waves,  with  high  phase
speeds, possibly propagate upward to the MLT region. Many stud-
ies  have  investigated  the  relationship  of  the  ISOs  between  the
lower  and  middle  atmosphere  since  the  ISOs  in  the  MLT  region
(MLT-ISOs)  were  first  observed  in  the  zonal  wind  by Eckermann
and  Vincent  (1994).  They  proposed  that  the  ISOs  in  the  tropical
troposphere  convection  produce  corresponding  intraseasonal
variability  in  the  intensity  of  tides,  ultrafast  Kelvin  waves,  and
gravity waves that reach the MLT region (Eckermann et al.,  1997;
Lieberman,  1998; Isoda  et  al.,  2004; Miyoshi  and  Fujiwara,  2006;
Kumar et al., 2007; Guharay et al., 2012, 2014). Recently, Yang W et
al.  (2017, 2018),  using the Specified-Dynamic Whole Atmosphere
Community Climate Model (SD-WACCM),  simulated the response
of the mesospheric migrating diurnal (DW1) tides to the MJO and
found  that  the  MJO  can  affect  the  tidal  forcing  by  modulating
both  solar  insolation  absorption  and  latent  heat  release  in  the
equatorial troposphere.

Figures 3d and 3h show the GSWM-09 (global-scale wave model,
Hagan et al. (1995)) of the diurnal tide of the temperature in Janu-
ary  and  July  between  altitudes  of  20  and  100  km  over  (27°N,
105°E).  The  GSWM-09  reveals  that  the  diurnal  tidal  amplitudes
grow  rapidly  with  altitude,  and  the  vertical  wavelength  of  the
propagating diurnal tides is ~30 km above 70 km. Zhang XL et al.
(2006) indicated  that  the  vertical  wavelength  of  the  upward
propagated diurnal tide in SABER temperatures (~22 km) is signi-
ficantly  shorter  than  in  the  GSWM  (~30  km). Mukhtarov  et  al.
(2009) extracted the global vertical structure of the diurnal tide in
SABER temperatures  and  indicated  that  the  diurnal  tide  propag-
ated upward from the lower to upper atmosphere with two differ-

Table 2.   Results of harmonic fits to the temperatures estimated from the Kunming meteor radar and SABER temperatures

Period (days) 91 122 182 365

Meteor radar phase (day) (first max after Jan. 1, 2012)
15±2

Jan. 15
Winter

123±3
May 2
Spring

111±4
Apr. 20
Spring

342±7
Dec. 7
Winter

SABER phase (day) (first max after Jan. 1, 2012)
18±4

Jan. 18
Winter

114±7
Apr. 23
Spring

113±6
Apr. 22
Spring

338±10
Dec. 3
Winter
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ent vertical phase gradients in different altitude ranges, i.e., 55–70
km  and  70–110  km.  The  vertical  phase  gradient  of  upward
propagated diurnal  tides in the range of  55–70 km is  larger  than
that in the range of 70–110 km; moreover, two wave cycles of di-
urnal tides with a vertical wavelength of ~20 km are clearly visible
above 70 km.

Coincidentally,  the  vertical  phase  structure  and  wavelengths  of
~20 km with two wave cycles above 70 km are similar to the res-
ults derived by Mukhtarov et al. (2009), as shown in Figure 3f, i.e.,
in the nighttime SABER temperature. Moreover, the amplitude of
the quasi-90-day oscillation has a trend similar to that of the tidal
amplitude  obtained  from  the  GSWM-09,  as  shown  in Figure  3d.
Combining  the  above  results,  we,  therefore,  infer  preliminarily
that  the  quasi-90-day  oscillation  may  modulate  the  intensity  of
the diurnal tides in the lower atmosphere and then propagate up-
ward to the middle atmosphere with the diurnal tides.

4.  Quasi-90-day Oscillation in MLT Wind
We  also  use  the  horizontal  wind  field  observed  by  the  Kunming
meteor  radar  to  examine  the  quasi-90-day  oscillation  in  the  MLT
region. Figures 4a and 4b show the monthly mean zonal and me-
ridional winds between altitudes of 80 and 100 km. The velocities
of daily mean zonal and meridional winds are smaller than 50 m/s
and 25 m/s,  respectively.  The daily mean zonal winds are domin-
ant, with annual variations above 86 km (here, we show the wind
fields only above 80 km because the wind fields below 80 km ob-
served  by  the  Kunming  meteor  radar  are  not  as  continuous  as
those  above  80  km),  having  a  strong  eastward  wind  flow  with
maximum  of  approximately  50  m/s  in  summer  and  a  westward
wind  flow  with  a  maximum  of  approximately  25  m/s  in  winter

above  86  km.  Note  that  there  is  only  semiannual  oscillation  at
80–86  km  because  the  phase  reversal  of  annual  variations  just
happens in this region. Li N et al. (2015) analyzed 3 years of wind
field data from August 2008 to August 2010 observed by the Kun-
ming medium  frequency  (MF)  radar  and  reported  similar  circula-
tion  of  zonal  mean  winds  as  those  from  Kunming  meteor  radar
observations; however,  a  slightly  different  feature  is  the  semian-
nual variation that presents at  86–88 km. The daily mean meridi-
onal winds are dominant with semiannual variations above 84 km,
having  a  strong  equatorward  wind  at  a  maximum  of  23  m/s  in
spring and autumn above 94 km; then, the annual variation dom-
inates  below  84  km,  with  a  poleward  wind  at  a  maximum  of  25
m/s in winter.

Figures 4c and 4d show Lomb-Scargle periodograms of  the daily
mean  zonal  and  meridional  winds  between  altitudes  of  80  and
100 km. The daily mean zonal winds showed mainly the AO above
88 km and the SAO from 80 to 86 km; the amplitudes of AO and
SAO reach maxima as large as 13.7 m/s and 11.1 m/s at approxim-
ately  92 and 80 km,  respectively.  In  addition to the AO and SAO,
the daily  mean  zonal  winds  also  show  short-term  variations,  in-
cluding  the  120-day,  90-day  and  60-day  oscillations;  however,
these  variations  are  very  weak.  The  quasi-90-day  oscillation
presents in zonal  wind at  84 km with an amplitude of  approxim-
ately 3 m/s.

The  daily  mean  meridional  winds  show  mainly  the  SAO  above
84  km  and  the  AO  below  84  km;  the  amplitudes  of  SAO  and  AO
reach maxima as  large as  8.3  m/s  and 10.1  m/s  at  approximately
98 km and 80 km, respectively. In addition, the quasi 120- and 90-
day oscillations are present in meridional winds; the amplitudes of
the quasi-90-day oscillation reach a maximum as large as 3.4 m/s
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Figure 3.   (a), (b) and (c) Amplitude-height profiles of the quasi-90-day oscillation for the SABER daytime, nighttime, and daily mean

temperatures, respectively. The black pluses indicate the Lomb-Scargle periodogram amplitudes of the quasi-90-day oscillation at each altitude;

the red line indicates the 95% confidence level; (d) Amplitude-height profiles of the temperature in January (black plus line) and July (red plus

line) obtained from the GSWM-09 migrating diurnal tidal data at (27°N, 105°E); (e), (f) and (g) Phase-height profiles of the quasi-90-day oscillation

for the SABER daytime, nighttime, and daily mean temperatures, respectively. The phase of the quasi-90-day oscillation at each altitude is

obtained from the harmonic fit; the red pluses indicate that the amplitude was higher than the 99% confidence level; (h) Same as (d), but for the

phase-height profiles.
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at 94 km.

To verify  the  hypothesis  that  the  quasi-90-day  oscillation  is  ex-

cited by  the  upward  propagation  of  tides  from  the  lower  atmo-

sphere to  the  middle  atmosphere,  we  calculate  the  tidal  amp-

litude of zonal and meridional wind to examine the quasi-90-day

oscillation. Figures  5a and 5b show the  Lomb-Scargle  periodo-

grams of  the zonal  and meridional  wind diurnal  tidal  amplitudes

between altitudes of 80 and 100 km. The zonal wind diurnal amp-

litudes still show the weak quasi-90-day oscillation, but at the me-

ridional  wind  diurnal  amplitude,  the  quasi-90-day  oscillation  is

prominent.  The  amplitudes  of  the  quasi-90-day  oscillation  at  the

meridional wind diurnal amplitude are 3.82 m/s, 5.23 m/s and 4.59

m/s at 88 km, 92 km and 96 km, respectively; the amplitudes reach

a maximum at approximately 94 km. In fact, the quasi-90-day os-

cillation is  also  observed  at  the  meridional  semidiurnal  amp-

litudes  (not  shown  here)  from  88  km  to  98  km,  but  exhibiting

smaller amplitudes than the meridional diurnal amplitudes. Jiang

GY et al. (2010) analyzed the wind tides obtained from a low latit-

ude meteor radar (19.5°N, 109.1°E) and indicated that the meridi-

onal diurnal tide has larger amplitude than the zonal diurnal tide

and that  the  diurnal  tide  is  stronger  than semidiurnal  tide  in  the

MLT region at the equator and low latitudes.
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Figure 4.   (a) Monthly mean zonal mean winds and (b) meridional mean winds from April 2011 to December 2014 over Kunming between

altitudes of 80 and 100 km. Contour plot of the Lomb-Scargle periodogram spectra for the (c) daily mean zonal and (d) meridional winds between

altitudes of 80 and 100 km; the Lomb-Scargle periodogram amplitudes are above the 95% confidence level.
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Figure 5.   Contour plot of the Lomb-Scargle periodogram spectra for the (a) zonal wind diurnal tidal amplitudes and (b) meridional wind diurnal

tidal amplitudes between altitudes of 80 and 100 km. The Lomb-Scargle periodogram amplitudes are higher than the 95% confidence level. The

Morlet wavelet results at 92 km of the (c) zonal diurnal tidal amplitudes and (d) meridional diurnal tidal amplitudes.
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The Morlet  wavelet  result  of  the  meridional  wind  diurnal  amp-
litudes at  92 km in Figures  5c and 5d also proves that  the quasi-
90-day oscillation  is  a  geophysical  oscillation  rather  than  a  har-
monic component of the AO or SAO in the MLT region. However,
unlike the temperatures,  the quasi-90-day oscillation in the meri-
dional  wind diurnal  amplitudes appears  in  the winter  and spring
for approximately  two  cycles  each  year  from  2011  to  2013,  be-
comes  weak  in  the  winter  of  2013  and  is  absent  in  the  spring  of
2014. We are further convinced by these results that the quasi-90-
day  oscillation is  excited by  upwardly  propagating tides,  but  the
energy generated by the breaking/dissipating of modulated tides
may not be sufficient to drive a conspicuous quasi-90-day oscilla-
tion in the MLT wind mean flow.

5.  Discussion

5.1  Source of Quasi-90-day Oscillation in Tides
Above, we presented the quasi-90-day oscillation in the temperat-
ures and wind tides  and confirmed that  the quasi-90-day oscilla-
tion in the MLT is driven by upwardly propagated tides. Therefore,
the question that arises from these results is as follows: what is the
source of these tides?

At  low  latitudes,  the  atmospheric  diurnal  tides  with  a  period  of
one  day  are  excited  by  the  absorption  of  solar  radiation,  latent
heat release, and water vapor absorption of near-infrared (IR) radi-
ation;  moreover,  they  can  propagate  upward  from  the  lower  to
middle  atmosphere  with  strong  amplitudes  (Hagan  and  Forbes,
2002; Lieberman et al., 2003). In this study, the latent heat release
was investigated as  the possible source of  the upwardly propag-
ated  tides  from  the  lower  atmosphere. Figure  6 shows  the  cross
wavelet transform of the daily SABER nighttime temperature at 88
km  and  daily  surface  upward  latent  heat  flux  at  (25.5°N,  103.5°E)
from April  2011 to  December  2014,  obtained from the European
Center  for  Medium-Range  Weather  Forecasting  (ECWMF).  The
daily  surface  latent  heat  flux  shows  a  domination  of  the  AO.

Therefore,  we  needed  first  to  filter  the  AO  component  from  the

surface  latent  heat  flux.  The  cross  wavelet  analysis  in Figure  6

shows that  the 90-day variabilities  in  SABER nighttime temperat-

ure and  surface  latent  heat  flux  are  correlated,  with  approxim-

ately two cycles per year from 2011 to 2013, but the correlation is

absent in the winter of 2013 and the spring of 2014. Note that the

quasi-90-day oscillation also appears to be synchronized with the

meridional wind tides in the mesosphere (shown in Figure 5c) and

the latent heat release in the troposphere. Huang KM et al. (2015)

reported a  quasi-27-day  oscillation  propagating  from  the  tropo-

sphere to the mesosphere at low latitude and found that the lat-

ent  heat  release  may  not  only  modulate  the  tide  but  also  excite

similar short period oscillations in the lower atmosphere, and that

these  short  period  oscillations  can  propagate  to  the  MLT  region.

However, as we mentioned above, the quasi-90-day oscillation is a

long period oscillation that cannot propagate to the MLT from the

lower  atmosphere (Eckermann and Vincent,  1994).  Therefore,  we

infer that the diurnal tides may be modulated by the 90-day vari-

ability  of  the  latent  heat  release  in  the  troposphere  and  then

propagate  upward  and  produce  the  quasi-90-day  oscillation  in
the MLT region.

5.2  In-situ Source of Quasi-90-day Oscillation in MLT

Temperature
The quasi-90-day oscillations  in  temperatures  and wind tides  are

believed  to  be  excited  by  the  90-day  variability  of  upwardly

propagated tides; however, this cannot explain why the quasi-90-

day oscillation is weak in mean wind flow but evidently present in

mean temperature.  Fortunately,  we  were  provided  a  clue  for  in-

vestigating the problem by the details shown in Figures 3e and 3f.

We noted that the phases of the quasi-90-day oscillation below 60

km and  near  90  km  showed  obvious  phase  reversals  in  the  day-

time  temperature;  moreover,  these  appear  only  in  the  daytime

temperatures. Meanwhile, the amplitudes of the quasi-90-day os-

cillation  below  60  km  and  near  90  km  in  the  daytime  are  larger
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Figure 6.   Cross wavelet transform of the SABER nighttime temperature at 88 km and daily surface upward latent heat flux at (25.5°N, 103.5°E)

obtained from ECWMF from April 2011 to December 2014. The 95% significance level is shown as a thick contour. The relative phase relationship

is shown as arrows (with in-phase pointing right, anti-phase pointing left, and temperature leading ozone by 90° pointing straight up).
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than in the nighttime.

Figure 7a shows the height profiles of daytime O3 (red solid line)

and  the  amplitude  of  the  quasi-90-day  oscillation  in  daytime  O3

over Kunming. The O3 maximum appears in the stratosphere near

35 km over Kunming (not show here). As shown in Figure 7a, the

O3 shows  a  decrease  as  the  altitude  increases  below  75  km,  and

then shows an increase as the altitude increases above 75 km. The

secondary O3 maximum is present in the mesopause region (near

90 km).  The amplitudes  of  the quasi-90-day oscillation in  O3 also

show  peaks  below  60  km  and  near  90  km.  As  we  mentioned

above, as well as show in Figure 7b, the phase of the quasi-90-day

oscillation in daytime temperature shows a reversal below 60 km

and  near  90  km.  Therefore,  we  infer  that  the  phase  reversal  and

larger amplitude in  the  daytime quasi-90-day  oscillation  temper-

ature may be related to O3 absorption of UV radiation.

The phase reversal of the quasi-90-day oscillation in daytime tem-

perature below 60 km coincides with the height of the maximum

heating  rate  attributed  to  the  stratospheric  O3 absorption.  Here

we  use  daytime  O3 and temperatures  observed  by  Aura/MLS  in-

stead  of  the  SABER  measurements  to  examine  the  relationship

between them because SABER stopped observing at noon for ap-

proximately two hours, and this creates approximately 20 days of

data  gaps  in  SABER  daytime  observations.  As  we  can  see  from

Figure  8,  the  cross  wavelet  analysis  of  the  MLS  daytime  O3 and

temperatures near 60 km shows that the daytime O3 and temper-

atures  have  strong  correlation  with  the  period  of  90  days.  The

cross wavelet  analysis  also  shows  that  the  variations  of  the  day-

time  temperature  and  O3 are  roughly  in  anti-phase  because  low

temperatures  accelerate  the  formation  and  inhibit  the  loss  of  O3

and  inhibit  its  the  loss,  and  vice-versa  for  high  temperatures

(Smith and Marsh, 2005). Note that the quasi-90-day oscillation is

stronger than AO and SAO in daytime O3 and temperature. Stud-

ies indicated that the O3 absorption of UV radiation in the strato-

sphere and the lower mesosphere (below 60 km) is considered to

be another source of the propagating diurnal tides, except for the
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Figure 7.   (a) Height profiles of the averaged daytime O3 (red solid line) and the amplitude of the quasi-90-day oscillation in daytime O3 (green

plus signs) and (b) phase-height profiles of the quasi-90-day oscillation for the SABER daytime O3 and temperature from 40 to 100 km over

Kunming.
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Figure 8.   Same as Figure 6, but for the Aura/MLS day temperatures and O3 at a pressure level of 0.146 hPa (near 60 km).
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latent  heat  release  and  water  vapor  heating  in  the  troposphere
(Hagan, 1996; Lieberman et al., 2003).

Smith  et  al.  (2010) noted  that  the  diurnal  variations  of  upper
mesosphere O3 are driven by diurnal tides. Pancheva et al. (2014)
found  non-migrating  tidal  variations  in  mesosphere  O3 and con-
sidered these variations to be the response of the mesosphere O3

to non-migrating tides propagating upward from the lower atmo-
sphere. As we can see in Figure 7b, the phase of the 90-day oscilla-
tions  in  daytime  temperature  and  O3 match  well  above  75  km,
which indicates that the 90-day variation of upwardly propagated
tides generates not only the 90-day variability of the daytime tem-
perature in the mesosphere but also a similar variation of daytime
O3.

The  SABER  O3 data over  the  Kunming  meteor  radar  were  em-
ployed to investigate the effects of O3 absorption of UV radiation
in  response  to  the  quasi-90-day  oscillation  of  temperature.
Figure  9a shows  the  SABER  nighttime  O3 at  88  km  from  April
2011 to December 2014 over Kunming. Because the nighttime O3

shows  a  strong  domination  of  SAO,  we  needed  first  to  filter  the
SAO component from nighttime O3.  The Morlet  wavelet  result  of
the  filtered  SABER  nighttime  O3 in Figure  9b shows  that  the  90-
day variability of O3 presents mainly in the first half of the year, in
approximately two cycles. Notably, the 90-day variability of SABER
nighttime  O3 at  88  km  occurs  simultaneously  with  the  quasi-90-
day oscillation in the Kunming meteor radar temperature (shown
in Figure  2b)  and  SABER  temperature  (shown  in Figure  2c).  O3 is
one  of  the  principal  absorbers  of  UV  radiation  in  the  mesopause
(Smith and Marsh, 2005). Thus, we infer that the 90-day variability
of  daytime  O3 alters  the  heating  rate  and  temperature  directly,
which  is  an in  situ source of  generating  the  quasi-90-day  oscilla-
tion in  MLT temperature.  The quasi-90-day oscillation in  daytime
temperature has  a  larger  amplitude  than  that  in  nighttime  tem-
perature;  therefore,  we  observed  directly  a  significant  quasi-90-
day oscillation in the daily mean temperature.

6.  Summary
In  this  paper,  we  present  multiple  observations  of  quasi-90-day

oscillations in the MLT region from April  2011 to December 2014

and  investigate  the  excitation  source  of  these  observations.  The

quasi-90-day oscillation  in  temperatures  obtained  from  the  Kun-

ming meteor radar (25.6°N, 103.8°E) and SABER is a dominant sea-

sonal variation that has two regular cycles in the first half of each

year. The amplitudes and phase of the quasi-90-day oscillation in

the  SABER  temperatures  show  a  similar  feature  of  upwardly

propagated  diurnal  tides  that  have  a  vertical  wavelength  of  ~20

km above 70 km. Moreover, the meridional wind tides in the MLT

region,  calculated  from  the  Kunming  meteor  radar  horizontal

winds,  also  present  dominant  quasi-90-day  oscillations  with  two

wave  cycles  in  each  year.  These  observations  reveal  that  the

quasi-90-day oscillation in the MLT region is related to the 90-day

variability of upwardly propagated diurnal tides.

To  trace  the  origin  of  the  90-day  variability  of  diurnal  tides,  we

analyzed  the  surface  latent  heat  flux  obtained  from  ECMWF  and

found  that  the  surface  latent  heat  flux  shows  90-day  variability.

This  result  reveals  that  the  variability  of  diurnal  tides  should  be

modulated by the 90-day availability of latent heat released in the

lower  atmosphere  that  then  propagates  upward  and  generates

the quasi-90-day oscillation in the MLT region. The daytime O3 in

the MLT region also shows 90-day variability corresponding to the

quasi-90-day oscillation in daytime temperature. The 90 day vari-

ability of O3 in the middle atmosphere is considered to be driven

by  the  similar  variability  of  upwardly  propagated  diurnal  tides.

Conversely, the 90 day variability of daytime O3 directly alters the

heating rate and temperature, which is an in situ source of gener-

ating quasi-90-day oscillations in daytime temperature. The signi-

ficance of the present results lies in showing that the quasi-90-day

oscillation  is  an  example  of  coupling  between  the  lower  and

middle atmosphere through upwardly propagated tides.
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Figure 9.   (a) SABER nighttime O3 from 2011 to 2014 at 88 km over Kunming; (b) Morlet wavelet results of the SABER nighttime O3 from 2011 to

2014.
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