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Abstract Using meteor radar measurements at Mohe (MH, 53.5°N, 122.3°E) and the reanalysis data from
2011 to 2020, the characteristics of intraseasonal oscillations (ISOs) in the mesosphere and lower thermosphere
(MLT) region over MH are investigated for the first time. The radar observation shows a prominent ISO with
periods of 40—60 days in the zonal wind during the 2015/2016 winter. The observed ISO is the strongest in the
oscillation period of 30—60 days during nearly a decade of observation. The ISO amplitude reaches a maximum
of 16 m/s at 90 km. The vertical structure indicates that intraseasonal variabilities in the lower mesosphere
contribute to the ISO in the MLT region. By bandpassing the zonal wind obtained from the reanalysis data
along 122.5°E at 52 km in the Northern Hemisphere with cutoff periods of 40 and 60 days, we show that ISOs
in the tropical and mid-latitude mesosphere are related to each other. Our results also indicate that the tropical
mesospheric ISO and the tropospheric Madden-Julian Oscillations (MJO) are highly correlated. Our analysis
suggests that the MJO in the equatorial troposphere may contribute to the enhancement of the ISO in the MLT
region over MH. Additionally, a very strong El Nifio during the 2015/2016 winter was accompanied by the
positive Indian Ocean Dipole, which confines the active MJO in phases 2—4 for a long time. This may be the
reason that in the oscillation period of 30-60 days, the ISO observed at MH is the strongest during almost a
decade of observation.

1. Introduction

An intraseasonal oscillation (ISO) refers to an atmospheric oscillation in the period ranging from 20 to 100 days
mostly observed in the tropical troposphere. Similar to other dominant large-scale oscillation modes in the atmos-
phere, such as planetary waves, semiannual oscillations, annual oscillations, and quasi-biennial oscillations,
ISOs also have a large impact on the dynamics of the middle atmosphere (e.g., Cheng et al., 2021; Guharay
et al., 2012, 2014; Huang et al., 2019; K. Kumar & Jain, 1994; Niranjankumar et al., 2011; Rokade et al., 2012;
Sridharan et al., 2007; Vergados et al., 2018; Vincent et al., 1988; Yi et al., 2019; Ziemke & Stanford, 1991).

In the mesosphere and lower thermosphere (MLT) region, ISOs in the zonal wind with periods of ~60 days
and 3540 days were first reported by Eckermann and Vincent (1994) using a medium-frequency (MF) radar at
Christmas Island (2°N, 157°W). They suggested that the ISOs in the MLT region are associated with ISO activi-
ties in the troposphere. Since then, various mechanisms to explain the existence of ISOs in the MLT region have
been extensively investigated (Eckermann et al., 1997; Guharay et al., 2014; Huang et al., 2019; Isoda et al., 2004;
K. K. Kumar et al., 2007; Lieberman, 1998; Moss et al., 2016; Rao et al., 2009; Tsuchiya et al., 2016). Many
studies suggested that ISOs in the MLT region are induced by the upward propagating gravity waves and tides
modulated by the tropospheric convection associated with Madden-Julian Oscillations (MJOs) in the lower
atmosphere (Eckermann et al., 1997; Guharay et al., 2014; Isoda et al., 2004; K. K. Kumar et al., 2007; Lieber-
man, 1998; Tsuchiya et al., 2016; Yi et al., 2019). Miyoshi and Fujiwara (2006) and Forbes et al. (2009) reported
that interaction between ultrafast Kelvin waves and diurnal tides could generate ISOs in the MLT region. Ziemke
and Stanford (1991) first proposed that ISOs in the tropical troposphere can be refracted to the subtropical areas
from where they propagate upward in the stratosphere, and then arch back toward the tropical latitudes and
propagate to the stratopause. Using ground-based radars, satellite onboard instruments, and a re-analysis data
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set, Niranjankumar et al. (2011) concluded that tropical ISO could propagate upward from the troposphere to the
upper mesosphere by partial refraction and reflection processes.

Madden-Julian Oscillations (MJOs) are characterized by large-scale convective anomalies over the equatorial
Indian and western/central Pacific oceans with periods from 30 to 90 days. They propagate eastward at an aver-
aged velocity of ~5 m/s (Zhang, 2005 and references therein). Since Madden and Julian (1971, 1972) first docu-
mented a 40- to 50-day oscillation in the zonal wind in the tropical troposphere at Canton Island (3°S, 172°W),
numerous observational and numerical studies to investigate the detailed structure, dynamical process, generation
mechanisms of MJOs, and their impacts on the atmosphere have been reported (Jiang et al., 2020 and references
therein). Detailed reviews of MJOs can be found in Zhang (2005) and Jiang et al. (2020).

While there have been numerous studies on ISOs at equatorial/low latitude regions, the characteristics of ISOs
in the MLT region at middle and high latitudes are rarely reported. Using two meteor radars at the UK (52°N,
2°W) and ESRANGE (68°N, 21°E) stations, Pancheva et al. (2003) observed an ISO with a period of ~75 days
in the mean winds in the MLT region. They found that the observed ISO was not associated with gravity waves
and tidal activities in the troposphere (Pancheva et al., 2003). Based on measurements from a meteor radar at
Beijing (40.3°N, 116.2°E), Huang et al. (2019) observed an ISO with a period of ~30 days in the MLT region and
proposed that the ISO might originate from the polar region.

In the present study, using long term observations from a meteor radar located at Mohe (MH, 53.5°N, 122.3°E),
China in conjunction with the Modern-Era Retrospective Analysis for Research and Applications, Version 2
(MERRA2) reanalysis data, we investigate the characteristics of mid-latitude ISOs in the MLT region. Data
acquisition and processing methods are described in Section 2. Characteristics of ISOs over MH and possible
generation mechanisms are presented and discussed in Section 3. Conclusions are given in Section 4.

2. Data and Methodology

The neutral wind data used in this study is derived from a meteor radar located at Mohe (53.5°N, 122.3°E),
China, which is operated by the Institute of Geology and Geophysics, Chinese Academy of Sciences. Detailed
descriptions of the meteor radar can be found in Hocking et al. (2001) and Yu et al. (2013). In the present study,
the zonal wind from 19 August 2011 to 28 June 2020 in the altitude range from 80 to 96 km is used. The temporal
and altitudinal resolutions are 1 hr and 2 km, respectively. The daily mean winds are calculated when at least 75%
of the data points are available each day.

To study the dominant ISOs in the MLT region, a wavelet transform is applied and the “Morlet” is chosen as the
mother wavelet (Torrence & Compo, 1998). A cubic spline interpolation method is used first to make the daily
mean winds evenly spaced in time.

To investigate the generation mechanisms of ISOs in the MLT region at mid-latitudes, the MERRA?2 reanalysis
data is applied. The MERRA?2 data used in this study have a temporal resolution of 1 day, a horizontal resolution
of 0.5° X 0.625° (latitude times longitude), and 72 pressure levels covering the altitudinal range of ~0—~80 km.
Details of the MERRA?2 reanalysis data can be found in Molod et al. (2015).

In addition to the meteor radar and the MERRA?2 reanalysis data, the Real-time Multivariate MJO indices
(RMM1 and RMM2), outgoing long-wave radiation (OLR) data, Multivariate El Nifio Southern Oscillation
(ENSO) Index (MEILv2), and Dipole Mode Index (DMI) are used to analyze the tropical MJO, El Nifio, and
Indian Ocean Dipole (IOD). The RMM indices are obtained via empirical orthogonal functions that combine
daily mean fields for zonal winds at 850 hPa and 200 hPa and satellite observed OLR averaged over the tropics
(15°S-15°N) to measure the amplitude and phase of MJOs. A detailed description of the RMM indices can be
found in Wheeler and Hendon (2004). The OLR data is provided by the National Centers for Environmental
Prediction and a detailed description of the data can be found in Liebmann and Smith (1996). The ENSO index
is the time series of the leading combined Empirical Orthogonal Function based on five different parameters
(sea surface temperature, sea level pressure, zonal surface wind, meridional surface wind, and OLR) over the
tropical Pacific basin (30°S-30°N and 100°E-70°W). A detailed description of this index is given by Wolter and
Timlin (2011). The DMI is an indicator of the sea surface temperature anomaly between the west (50°E-70°E
and 10°S-10°N) and east (90°E-110°E and 10°S-0°N) of the equatorial Indian Ocean (IO). Positive (negative)
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log,(Power) DMI represents a positive (negative) IOD phenomenon. The positive (nega-
30p i tive) IOD phenomenon means that the water of the western tropical 10O is
= 9 warmer (cooler) than normal and the water of the eastern tropical IO is cooler
F (warmer) than normal.
S 40
3 0 A least-square fitting method is applied to the meteor radar measurements
E 50 5 and MERRA?2 data to extract the amplitude and phase of the ISO. Since the
\ period of the ISO is not constant, the Lomb-Scargle (LS) spectrum method

60

2012 2013 2014 2015 2016 2017 2018 2019 2020

A 4 (Scargle, 1982) is applied to derive the dominant oscillation mode at each

altitude. Based on the LS results, the strongest oscillation mode at each alti-
tude is selected as the fitting period of the ISO.

Figure 1. Wavelet spectrum of the daily mean zonal wind obtained from

the meteor radar at 90 km from 19 August 2011 to 28 June 2020. The black

3. Results and Discussions

dashed lines denote the cone of influence for the wavelet analysis and the

white dashed line represents a 95% confidence level.

The result of the wavelet spectrum of the daily mean zonal wind at 90 km
in the period from 19 August 2011 to 28 June 2020 is presented in Figure 1.
The region of the spectrum within the white dashed curve is above the 95%
confidence level. As shown in Figure 1, in the 2015/2016 winter, the spectral value is significant in the period of
~40-60 days, which indicates the existence of a strong ISO. It is of special interest to note that in the oscillation
periods ranging from 30 to 60 days, the observed ISO in the winter of 2015/2016 is the strongest during almost a
decade of observation in the MLT region at MH.

In Figure 2, we present the least-square fitting results of the ISO amplitude (a) and phase (b) in the altitude
range from the surface to 96 km over MH in the period from 1 October 2015 to 31 January 2016. As mentioned
in Section 2, the fitting period of the ISO at each altitude is based on the LS results. The vertical profile of the
fitted periods of the ISO is presented in Figure 2c. In Figure 2, the red curves represent the results derived from
the meteor radar measurements, and the results obtained from the MERRA?2 data are presented by the blue
curves. By comparing the wind measurements from the Christmas Island MF radar and the Kototabang meteor
radar, Venkateswara Rao et al. (2012) found that the difference of the mean wind obtained from the two radars
is 2.4 m/s and 1.5 m/s for the zonal and meridional components, respectively. Franke et al. (2005) reported that
the root-mean-square wind difference between a meteor radar and a sodium (Na) Doppler lidar is in the range of
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Figure 2. The variations of the intraseasonal oscillation (a) amplitude, (b) phase, and (c) fitted period in the daily mean
zonal wind in the period from 1 October 2015 to 31 January 2016 over MH. The red line is derived from meteor radar
measurements and the blue line is obtained from the Modern-Era Retrospective Analysis for Research and Applications,
Version 2 reanalysis data. The error bars represent the range of one standard deviation estimated using Monte Carlo
simulations.
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12-17 m/s at altitudes between 80 and 96 km. In the present study, we select

12 m/s as the level of measurement uncertainty of the neutral winds. The
fitting error is estimated using Monte Carlo simulations, which is presented
as error bars in Figure 2. As shown in Figure 2a, the vertical variation of the
ISO amplitude exhibits four peaks at ~90, 70, 52, and 10 km with magnitudes
of ~16, 13, 14, and 11 m/s, respectively. The ISO phase shows a clear down-
ward progression above ~60 km. In general, the amplitude of atmospheric
waves increases as they propagate upward due to lesser density at higher alti-
tudes. However, the ISO amplitude exhibits a steady decrease in the altitude
range from 68 to 80 km, indicating energy dissipation in this region. In the
altitude range from ~24 to 60 km, the ISO phase exhibits limited variation.
Below 24 km, the ISO phase first decreases with decreasing altitudes and

10 -
|- &)

0 10 20 30 40 50 60 70 80 90 100110120 i then becomes constant, indicating downward ISO propagation. Thus, the

(a) Time elapsed since October 2015 (days) peak amplitude at around 10 km may not be associated with the peak in the

m/s MLT region. The characteristics in Figure 2 suggest that ISO variabilities in

80 T 10 the lower mesosphere may contribute to the observed ISO in the upper MLT
70 ] region.

. 60 d 5 Since ISOs usually prevail in the tropics, it is possible that the ISO observed

§ 50 é at MH is linked with ISO variability in the equatorial/low latitude region.

° 40 To investigate any possible linkage, bandpass filters with cutoff periods of

g 0 40 and 60 days are applied to the MERRA?2 daily mean zonal winds along

§ 30 122.5°E longitude in the Northern Hemisphere. Figure 3a presents the

temporal and latitudinal distribution of the filtered daily mean zonal wind

0 10 20 30 40 50 60 70 80 90
(b) Latitude (°N)

Figure 3. (a) The temporal and latitudinal variations of the filtered daily mean

| = at 52 km from 1 October 2015 to 31 January 2016. As seen from Figure 3a,
L in the lower mesosphere, it appears that an ISO with periods from ~40 to
: -10 60 days exists from the tropics to high latitudes. The structure shown in

Figure 3a indicates that ISO propagates from low to high latitudes. Figure 3b
shows the height-latitude distribution of the filtered daily mean wind on day
115. According to Figure 3b, it appears that the poleward propagation of

zonal winds within the band of 40-60 days from 1 October 2015 to 31 January ~ the ISO started in the mesosphere. As mentioned in the introduction, many
2016 at an altitude of 52 km and a longitude of 122.5°E; (b) The height and studies suggest that tropical ISOs in the MLT region are associated with MJO
latitude distribution of the filtered daily mean zonal winds within the band of activities in the troposphere (Eckermann et al., 1997; Isoda et al., 2004; Lieb-

40-60 days on day 115 at a longitude of 122.5°E.

erman, 1998). It may be possible that the mesospheric ISO in the tropics is
associated with MJO activities in the troposphere.

To investigate the possible association between the ISO in the equatorial mesosphere and the MJO in the trop-
osphere, the MJO activity during the winter of 2015/2016 is examined first. Figure 4 presents the phase-space
diagram of MJO indices (RMM1 and RMM2) in the period from 1 October 2015 to 31 January 2016. The state
of the MJO is represented by points (green in October, orange in November, blue in December, and red in Janu-
ary), which are determined by RMM1 and RMM2 (Wheeler & Hendon, 2004). The RMM indices delineate the
strength, position, and propagating direction of the MJO. When a point is farther away from the central circle, the
MJO is stronger. The MJO is too weak to discern using the RMM methods if a point is inside the central circle.
The RMM phase diagram is divided into eight equal sectors that coincide with locations of MJO-convection
along the equator around the globe (phases 2 & 3: 10, phases 4 & 5: Maritime Continent, phases 6 & 7: western
Pacific, phases 8 & 1: western hemisphere and Africa). In Figure 4, the numbers near the points correspond to the
dates. Based on the numbers, the propagating direction of the MJO can be revealed. As shown in Figure 4, in the
period from October 23 to 22 December 2016, the MJO index travels back and forth from phases 2 to 5. During
this period, the RMM1 and RMM2 indices are outside the central circle for 46 days, which indicates an active and
long-lasting MJO exists in phases 2 to 5. Note that the longitude of MH is within the Maritime Continent (Phase
4). After that, the points move anticlockwise, which means that the MJO-convection propagates eastward along
the equator. Note that the horizontal phase speed of the MJO in phases 2 to 5 is slower than it in other phases (6,
7, 8, and 1). The higher horizontal phase speed at the other phases may form a favorable condition for the MJO
propagating upward. However, the characteristics of the MJO at other phases are beyond the scope of the current
paper. To investigate the MJO signature in the tropical convection, we perform an LS analysis of the OLR data

GONG ET AL.

4 0f9



Aol |

MANI Journal of Geophysical Research: Space Physics 10.1029/2021JA030076
AND SPACE SCIENCE
October
s ' 'Western:Pacific November
. . Phase 6 |—e—December
e —eo— January
2+ * = .
Phas Phase 5
1+8 |
£ 5
< =
~ |2 3
= © o
S Org TN T o0 M P00 T AT 2]
x % o
= =
-1 —; ! pty
Phase 1 . E > Phase 4
ol // E \\ ]
Pt . \\
Phase 2 : Phase 3
; . _Indian:Ocean .
-3 -2 -1 0 1 2 3
RMMA1
Figure 4. The Phase-space diagram of Madden-Julian Oscillation indices (RMM1 and RMM?2) in eight equal sectors (phases
2 & 3: Indian Ocean, phases 4 & 5: Maritime Continent, phases 6 & 7: western Pacific, phases 8 & 1: western hemisphere
and Africa) in the period from 1 October 2015 to 31 January 2016. The green, orange, blue, and red curves represent the
results in October 2015, November 2015, December 2015, and January 2016, respectively.
along 122.5°E longitude in the latitude range of 5°S—5°N from 1 October 2015 to 31 January 2016 and present in
Figure 5. The spectral result indicates a strong MJO signature with a period of ~45 days in the OLR data.
The strong MJO leads us to evaluate the association between the troposphere MJO and the mesospheric ISO.
Like gravity waves, when the zonal phase velocity of ISO is smaller than the mean flow, it encounters a critical
layer and cannot propagate upward to the MLT region (e.g., Eckermann & Vincent, 1994; Eckermann et al., 1997,
Isoda et al., 2004; Rao et al., 2009; Zhou & Morton, 2007). Using the MERRA?2 data, we examine the vertical
variation of the amplitude and phase of the ISO and find that the ISO cannot directly propagate upward from the
troposphere to the lower mesosphere. We also examine the cross-correlation
o 1 between the ISO in the equatorial mesosphere and the MJO in the tropo-
5 sphere, and between the ISO in the MLT region over MH and the MJO in the
5075 . equatorial troposphere. The zonal wind obtained from the MERRA?2 data in
E the latitudinal range of 0°N-5°N and at longitude 122.5°E is averaged first.
- 0.5 1 Then, the averaged zonal wind obtained from the MERRA?2 data and zonal
ﬁ wind measured from the meteor radar at 92 km over MH are passed through
‘_é’ 0.25 1 a bandpass filter with cutoff periods of 40 and 60 days. Figure 6 shows the
5 results of (a) the filtered zonal wind at 14 (orange), 52 (red), and 92 (blue)
Z 0 : : km and (b) the cross-correlation coefficients between zonal wind at 14 and
30 35 40 45 50 55 60 65 52 km (blue), and 92 and 14 km (red). As seen from Figure 6a, the filtered
Period (days) zonal wind at 14 km (blue) has a periodic variation with a period of ~50 days

and its magnitude largely varies from —6 to 6 m/s, which is a clear MJO

Figure 5. Normalized Lomb-Scargle periodogram of the outgoing long-wave signature. The magnitude of the filtered zonal wind at 52 km is generally

radiation data from 1 October 2015 to 31 January 2016 at the latitude range
from 5°S to 5°N and longitude of 122.5°E. The red dashed line indicates the

95% confidence level.

smaller than at 14 km. Note that the period of the ISO at 14 km is slightly
larger than that at 52 km, which might be due to the effect of the background
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Figure 6. The variations of the filtered daily mean zonal winds (a) averaged in the latitudinal range of 0°N-5°N at 122.5°E
at 52 km (red) and 14 km (orange), and the filtered zonal wind at 92 km (blue) over MH within the passband of 40—60 days
from 1 October 2015 to 1 February 2016 and (b) the cross-correlation coefficient of filtered daily mean zonal winds at 52 and
14 km (blue), and 92 and 14 km (red).

wind. According to Figure 6b, the maximum cross-correlation coefficient between the MJO in the troposphere
and the ISO in the equatorial mesosphere is 0.9 with a time lag of 2 days, indicating that the equatorial ISO in the
mesosphere and the MJO in the troposphere are highly correlated and the phase of the tropospheric MJO is ahead
of the mesospheric ISO. Unlike the high correlation in the equatorial region, the maximum cross-correlation
coefficient between the ISO in the MLT region over MH and the MJO in the troposphere decreased to 0.5 with
a time lag of 7 days. A possible reason for the smaller cross-correlation coefficient between the ISO in the MLT
region and the MJO in the troposphere is that the MJO signal is modulated by the background atmosphere and
atmospheric waves as it travels from the equatorial troposphere to the mid-latitude MLT region.

As mentioned in the introduction, two generating mechanisms of ISOs in the MLT regions are accepted in
general. One is that ISOs in the MLT region are induced by the upward propagating gravity waves and tides
which are modulated by the tropospheric convection associated with MJOs in the lower atmosphere (Eckermann
etal., 1997; Guharay et al., 2014; Isoda et al., 2004; Rao et al., 2009; Tsuchiya et al., 2016). The other is that ISOs
in the troposphere at tropical latitudes can be refracted to the subtropical latitudes from where they propagate
upward into the stratosphere, and then arch back toward the tropical latitudes and propagate to the mesospheric
region (Niranjankumar et al., 2011; Ziemke & Stanford, 1991). It may be possible that the MJO signal was carried
by either of these two mechanisms upward from the troposphere to the mesosphere and then the intraseasonal
variability propagates poleward to higher latitudes. Our analysis suggests that the active MJO may contribute to
the enhancement of the ISO observed at MH.

ISOs are rarely reported in the MLT region at middle and high latitudes. Why is the ISO with periods from 30 to
60 days strongest in the 2015/16 winter during almost a decade of observation over MH? One possible reason is
the effect of the interaction between the active MJO and strong El Nifio during the 2015/2016 winter. The ENSO
(a) and IOD (b) indices in the period from 2011 to 2020 are presented in Figure 7. As shown in Figure 7a, from
October 2015 to January 2016, the ENSO index is positive and larger than 0.5 most of the time, which means a
very strong El Nifio prevailing over the equatorial Pacific. Meanwhile, according to Figure 7b, the IOD index is
positive, which means that considerable warming occurs in the western 10. Under the influences of the strong
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3 . ENSO Ierex ‘ El Nifio and positive IOD, strong easterlies induced by the El Nifio and the
5 (@) | eastward-moving MJO caused by the positive IOD interact with each other
9,1l | during the 2015/2016 winter. The strong easterlies may hinder the MJO from
| 0 A A N ~N A propagating eastward and confine the MJO within phases 24 (Geetha &
= a4l Vw "V‘/\A,\/ ] Balachandran, 2021; Sreekala et al., 2018). Note that the longitude of Mohe
D ! | | (122.3°E) is within Phase 4 of the MJO. Thus, it may be possible that the
long-lasting MJO within phases 2—4 contributes to the enhancement of the
i 10D Index ISO in the MLT region over MH.
1 >(b) . During the winter of 2015-2016, anomalous changes of a quasi-biennial
O o5 mM [\N\ /jy\\/\ /V\j\ ,\/\,\/‘/\ oscillation (QBO) in the zonal wind occurred, which was the first disrup-
_‘Z’j 0 i \f‘/\ ‘\/,\\V ,A tion of the QBO propagation since 1953 (e.g., Bai et al., 2021 and refer-
05F \//J . ences therein). This anomalous event might contribute to the enhancement
q L . . . w . : . . of the ISO in the MLT region over MH since the 2015/2016 QBO caused
2011 2012 2013 2014 20:;;:}216 2017 2018 2019 2020 a large atmospheric perturbation in the tropical stratosphere (e.g., Diallo

et al., 2018). However, a second disruption of the QBO propagation occurred

Figure 7. The variations of the (a) El Nifio Southern Oscillation index and (b) in the winter of 2019-2020 (e.g., Kang & Chun, 2021), and no strong ISO

Indian Ocean Dipole index from January 2011 to January 2020.

activity was found at MH during that time. Further investigations are needed
in order to reveal the potential relationship between the disrupted QBO and
ISO activities at MH.

4. Summary and Conclusion

Using the meteor radar measurements at Mohe (MH, 53.5°N, 122.3°E) and MERRA?2 reanalysis data in the
period from 2011 to 2020, the characteristics of ISOs in the MLT region at middle latitudes are investigated.
Wavelet analysis of the zonal wind in the MLT region reveals an intensive ISO with periods of 40-60 days during
the 2015/2016 winter. In the oscillation period of 30-60 days, the observed ISO is the strongest during almost a
decade of observation over MH. The ISO reaches a maximum of 16 m/s at 90 km. The phase of the ISO exhibits
downward progression in the MLT region.

Since ISOs are frequently observed in the tropics, it may be possible that the ISO activities in the tropics contrib-
ute to the amplification of the ISO observed at MH. To investigate this possibility, the zonal wind along 122.5°E
longitude at 52 km in the Northern Hemisphere is passed through a bandpass filter with cutoff periods of 40 and
60 days. The result indicates that in the mesosphere, the ISO over MH is associated with intraseasonal variabil-
ities in the equatorial region. Previous studies suggest that tropical ISOs in the mesosphere are associated with
MJOs in the troposphere. Based on the result of the phase-space diagram of MJO indices from 1 October 2015
to 31 January 2016, the MJO during 2015/2016 winter is very active. The temporal variation of the filtered zonal
wind at 52 km using the same bandwidth has the same trend as at 14 km. The result of the cross-correlation
indicates that the tropospheric MJO is highly correlated with the mesospheric ISO. Our analysis suggests that
the MJO activity in the troposphere in the equatorial region contributes to the enhancement of the strong ISO
observed at MH.

The ENSO index from October 2015 to January 2016 is larger than 0.5 most of the time, which indicates the
occurrence of a very strong El Nifio. During the same period, the largely positive IOD index indicates an east-
ward-moving MJO. The effects of the strong El Nifio and positive IOD may result in the MJO being locked in
phases 2 to 4. This may be one of the reasons that in the oscillation period of 30-60 days, the observed ISO at MH
in the MLT region during the 2015/2016 winter is the strongest within the span from 2011 to 2020. Nevertheless,
numerical simulations are needed to further investigate the generation mechanisms of ISOs in the MLT region in
the middle and high latitudes.

Data Availability Statement

The meteor radar data can be downloaded through the Data Center for Geophysics, National Earth System
Science Data Sharing Infrastructure (http://wdc.geophys.cn/dbList.asp?dType=MetPublish). The Modern-Era
Retrospective Analysis for Research and Applications, Version 2 data are available from the Goddard Earth
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