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We present for the first time the characteristics of upper atmospheric horizontal winds over the Korean Peninsula. Winds and
their variability are derived using four-year measurements by the Korea Astronomy and Space Science Institute (KASI) meteor
radar. A general characteristic of zonal and meridional winds is that they exhibit distinct diurnal and seasonal variations. Their
changes indicate sometimes similar or sometimes different periodicities. Both winds are characterized by either semi-diurnal
tides (12 hour period) and/or diurnal tides (24 hour period) from 80-100 km. In terms of annual change, the annual variation
is the strongest component in both winds, but semi-annual and ter-annual variations are only detected in zonal winds.
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1. INTRODUCTION

The neutral horizontal winds in the mesosphere and lower
thermosphere (MLT) region are related to the temperature
through the balance of atmospheric thermal motion.
Moreover, the dynamics in this region are controlled and
varied by atmospheric waves of which periods are ranged
from a few minutes to annual time scales. Especially, gravity
waves whose periods are under a few hours, are originated
from the lower atmosphere with upward propagation and are
dissipated or broken by the dynamical or thermal instabilities
in the upper atmosphere. The dissipated or broken waves play
arole of changing the background flow and thermal structure
in the upper atmosphere by the upward transportation
of energy and momentum from the lower atmosphere to
the background flow and thermal structure in the upper
atmosphere. Their effects in the polar MLT region create a
drag on the zonal wind and then drives a summer-to-winter

pole circulation by Coriolis force. This global meridional
circulation causes vertical motions with adiabatically cooling
(heating) the summer (winter) polar mesopause far away
from the state of radiative balance (Holton & Wehrbein 1980;
Lindzen 1981). Then, due to this circulation, the summer
polar MLT region becomes the coldest region on Earth’s
atmosphere. In addition, semi-annual oscillation (SAO) in
the tropical MLT region is known as a result of filtering effect,
which allows the gravity wave as horizontally propagating
opposite to the wind direction to do upward propagation
and also modulate winds in a specific direction by wave
forcing. Hence, the SAO phase of winds in the MLT region is
out of phase with that of winds in the stratosphere (Garcia
et al. 1997; Lieberman et al. 1997). Therefore, the dissipating
or breaking gravity wave impacts background flow to drive
sequential changes of the condition of global MLT region in
various scales.

Atmospheric migrating tides are also regarded as one of the
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most prominent atmospheric waves as a role of transporting
energy and momentum from the lower to upper atmosphere.
Migrating tides are global-scale dynamics in westward
propagation following the solar apparent motion, having two
dominant harmonics, including a diurnal (24-hour period)
and a semi-diurnal (12-hour period). The diurnal tides can
be generated by direct sunlight absorption of solar insolation
for low atmospheric species such as water vapor (Lindzen
& Chapman 1970), and the release of latent heat by water
vapor is also an important source of diurnal tides in the lower
atmospheres of tropical regions (Forbes & Vial 1989). In the
meanwhile, the semi-diurnal tides are mainly generated
by ozone absorption in the middle atmosphere such as the
upper stratosphere and lower mesosphere. In addition,
ter-diurnal (8-hour period) tides have been observed
by both ground-based and satellite-based observations
(Zhao et al. 2005; Pancheva et al. 2013), but their sources
are uncertain due to relatively small amplitude compared
to diurnal and semi-diurnal tides. One of the possible
generating mechanisms is nonlinear interactions between
other tides (Cevolani 1987; Thayaparan 1997). Observed
amplitudes of short-term ter-diurnal tides are correlated
with those of diurnal and semi-diurnal tides, and the
vertical wavenumber is equal to the sum of those of diurnal
and semi-diurnal tides according to Younger et al. (2002).
Using a nonlinear mechanistic global circulation model,
Lilienthal et al. (2018) analyzed removing a direct ter-
diurnal solar heating leads to a significant decrease in their
amplitude and then found possible mechanism as solar
forcing directly. Based on observations at middle latitudes,
the amplitude of ter-diurnal tide is turned out as the largest
in winter (Thayaparan 1997; Smith 2000; Namboothiri et al.
2004).

In this regard, monitoring the horizontal winds in the
MLT region is very important to understand the upper
atmospheric environment, because horizontal winds in the
MLT region at mid-latitude are important to understand
the global circulation or mesospheric SAO and atmospheric
waves can be measured and results regarding the impact
of the atmospheric waves can be inferred. In this study, we
analyze the horizontal winds (80-100 km) obtained from
KASI (Korea Astronomy and Space Science Institute) meteor
radar (MR) to investigate the characteristics of the upper
atmosphere over Korean Peninsular.

2. OBSERVATION OF HORIZONTAL WINDS FROM
METEOR RADAR

KASI MR has been operated at Daejeon (36.18°N, 124.14°E)
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since October 2017 by KASI and is manufactured by
ATRAD Pty. This instrument has two types of observing
modes for detecting the ionospheric irregularities (Kwak
et al. 2014; Yang et al. 2015; Yang et al. 2021) and meteor
echo with a switching interval time of each 2 minutes.
Exceptionally, from September 12, 2020 to September 24,
2020, KASI radar was operated only in MR mode without
observing ionospheric irregularities. KASI MR is an
interferometric radar consisting of a cross-folded dipole
transmitting antenna and 5 receiving antennas arranged in
two perpendicular directions having spacings of 2.5 A and
2.0 A to provide unambiguous directions to investigate the
accuracy angle of arrival estimation (Holdsworth 2005),
where A is the wavelength of wave transmitted from MR. The
radar configuration has a central frequency of 40.8 MHz, a
pulse repetition of 440 Hz, and transmitting peak power of
24 kW. MR detects meteor echo by a perpendicular back-
scattered signal from entrancing meteor induced plasma
trail, and it provides us with spatial information of meteor
echoes such as echo distance (range from radar), azimuth,
and zenith angle estimated from phase comparison of
pair for individual MR receive-antenna as a cross-dipole
interferometry system.

The principle of horizontal wind measurement is to
exploit the radial velocity of the echo detected in the
Doppler shift of backscattered VHF waves in a meteor
plasma trail. The radial velocity provides along the line of
sight of the incident wave signal. When deriving a horizontal
wind at a radial velocity, the normal vertical wind is 1-2
times smaller than the horizontal wind, so it is considered
zero. To measure the horizontal winds from MR, the
observed echoes are allocated into time-altitude bins with
a minimum interval time of 1 hour and a vertical sampling
resolution of 2 km from 80-100 km heights. Then, from the
radial velocity, the horizontal wind velocity is estimated
using the linear least-squares method. A fitting analysis of
meteor echo requires 6 echoes and is performed when the
difference between the observed radial velocity and the
linearly fitted radial velocity is less than 25 m/s. The detailed
method for estimating horizontal winds from MR is well
described in Holdsworth et al. (2004). The available range of
the zenith angle is from 15° to 75° to reduce an uncertainty
of spatial information of meteor echo. Since the meteor
echo detected in a relatively large zenith angle is subjected
to significant atmospheric effects such as near-horizon
reflections, water vapor, ions, and electrons in the path of
the back-scattered signal, it is difficult to determine the
correct spatial information. When echo is detected near the
zenith direction, it is very difficult to measure the azimuthal
information of echo and a significant estimation error can
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occur when deriving the horizontal winds. In addition, in
order to collect echoes with accurate spatial information,
we use MR echoes with an average phase error of 6 or less.
(Kam et al. 2019). In this study, we utilized the KASI MR
horizontal winds from October 2017 to December 2020
about 4-year observation.

3. CHARACTERISTICS OF HOURLY HORIZONTAL
WINDS

In order to estimate hourly horizontal winds, the time
resolution for echo sampling is 1 hour with the vertical
sampling resolution of 2 km in the altitude-time sector. Fig. 1
shows sample data of zonal wind (top) and meridional wind
(bottom) observed from September 22nd, 2020 to September
28th, 2020 using KASI MR. In Fig. 1, the black dotted contour
line indicates the wind speed is zero, and the color-coded
contour lines indicate east-/northward winds in red for positive
values and west-/southward winds in blue for negative values.
Regions without wind values are grayed out and appear above
z=95km and below z =85 km at 3 UT (12 LT) - 12 UT (21 LT).

The absence of wind values occurs because the number of
echo counts detected is too small to estimate the wind speed.
Usually the magnitudes of horizontal wind are varied up to
about 100 m/s, and their signs are changed within 24 hours at
entire heights. It can be considered as the effect of atmospheric
tides of horizontal winds. In other words, the vertical structure
of the wind shows a downward phase, indicating that
atmospheric tidal waves propagate upward over the Korean
Peninsula. On September 28, between 0 UT and 12 UT, the
descending structure in phase show a clear semi-diurnal tide
with enhanced magnitude in both winds. However, most tidal
structures are ambiguous to recognize periodic wind changes,
especially in zonal winds. The reason why the vertical structure
is unclear maybe that atmospheric gravity waves exert a force
on the horizontal wind field in the MLT region and disturb it
(Wu et al. 2013).

To investigate the tidal component, Fig. 2 shows Lomb-
Scargle periodograms for hourly zonal (left) and meridional
(right) winds for 4-year observations, with periodic
components between z = 80 km and z = 100 km within
a time period of 30 hours. Remarkably, strong periodic
components for 12 and 24 hours are clearly detectable at
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Fig. 1. Zonal (top) and meridional (bottom) winds in the MLT region over Korean Peninsula obtained from KASI MR for 1-week observation. MLT,
mesosphere and lower thermosphere; KASI, Korea Astronomy and Space Science Institute.
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Fig. 2. Lomb-Scargle periodograms for hourly zonal (left) and meridional (right) winds in MLT region over Korean Peninsula obtained from KASI MR for 4-year
observation. MLT, mesosphere and lower thermosphere; KASI, Korea Astronomy and Space Science Institute.

the zonal and meridional winds at the full height range
(80-100 km). Therefore, we can infer that diurnal and semi-
diurnal tidal waves are strongly present and may influence
the dynamics of the MLT region of the Korean Peninsula.
However, the maximum power for each of the tides varied
according to height range. The magnitudes of the diurnal
tide revealed a maximum height range of z = 90-95 km and z
= 80-83 km in zonal and meridional winds, respectively. The
altitude range of the strongest periodicity of the semi-diurnal
tide in zonal winds is z = 93-97 km, while the altitude range
of meridional winds is z = 87-91 km. It might imply that
modulating or dissipating processes of diurnal and semi-
diurnal tides in each direction are associated with different
mechanisms such as the wave drag impact of filtered gravity
waves, the effect of global meridional circulation, and so
on. In Fig. 2, the relatively low power component of the
8-hour period, which appears only above z = 95 km in both
periodograms, is considered a ter-diurnal tide. However, it
could also be an artificial signal since the absence of data
above z = 95 km (shown as the gray shaded area in Fig. 1).
Meanwhile, further investigation of ter-diurnal tides will also
be important to understand the dynamical characteristics in
the MLT region over the Korean Peninsula.

4.CHARACTERISTICS OF DAILY HORIZONTAL WINDS

Like hourly horizontal winds, daily horizontal winds are
measured from sampled meter echoes allocated into time-
altitude bins with an interval time of 1 day and a vertical
sampling resolution of 2 km from 80-100 km heights. The
daily variation of winds is produced from the wind daily
averaged, in which tidal effects are lost, and represent the
characteristics of mean flow in the MLT region over Korean
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Peninsula. As shown in Fig. 3, daily variations of horizontal
winds reveal seasonal mean flow for zonal wind (left) and
meridional wind (right) from z = 80 km to z = 100 km. The
color-coded contours varying from blue to red indicate the
same directions as given for Fig. 1, and thick line contours
indicate zero speed of the mean wind. In zonal winds,
westward jets occur below z = 90 km from April to July, and
two eastward jets occur below z = 85 km in the time range
from November to February and above z = 90 km from April
to July. The patterns of zonal winds are fairly similar to the
results of 8-year observations from Beijing (40.3°N, 116.2°E)
MR (Tang et al. 2021). Moreover, westward wind fields near
z = 100 km are detected at both Daejeon and Beijing. The
similarities between the two sites of Daejeon and Beijing
indicate that the jet stream is widely spread or connected
east-west in the MLT region over the East Asian region.
Usually, in summer westward wind fields in the stratosphere
and mesosphere are determined by the atmospheric
pressure gradients over latitudes caused by non-uniform
solar radiation from the equator to the poles. The westward
wind fields below z = 90 km can allow to propagate only
eastward gravity waves, whereas westward gravity waves are
blocked from propagating upward. Therefore, the penetrated
eastward gravity waves above z = 90 km can transport
eastward wave momentum on the horizontal wind in order
to form eastward wind fields as seen in Fig. 3. The similar
zonal wind fields are also shown for Beijing. In meridional
winds below z = 90 km, the intense southward wind fields
are formed from May to August, and those result from the
mesospheric residual circulation from summer to winter
hemispheres. The residual circulation footprint in summer
meridional winds is a typical characteristic over northern
mid-latitude as observed in Beijing (40.3°N, 116.2°E), Mohe
(52.5°N, 122.3°E), and Sorocco (34.1°N, 106.9W) (Koushik
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Fig. 3. Mean zonal (top) and meridional (bottom) winds in MLT region over Korean Peninsula obtained from KASI MR for 4-year observation. MLT, mesosphere and

lower thermosphere; KASI, Korea Astronomy and Space Science Institute.

et al. 2020; Tang et al. 2021). However, around z = 92 km,
the meridional wind reverses from southward to northward
only over the Korean Peninsula, but not elsewhere. The
northward winds can be identified as results of unfiltered
northward gravity waves propagating upward through
southward wind fields of 90 km or less. At ~90 ki, this
meridional wind reversal can be recognized as a regional
characteristic of the Korean Peninsula. Another reason
for the formation of northward winds can be attributed to
another residual circulation above the mesopause. This
additional residual circulation is formed just above the
mesopause in the z = ~90-100 km domain and is caused
by gravity waves propagating in an opposite manner that
dissipate or break above the mesopause (Qian & Yue 2017).
That is, the primary reversal of zonal winds from westward
to eastward at the mesosphere leads to secondary reversal
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of zonal winds to westward above the mesopause (Liu 2007;
Smith et al. 2011), and the residual circulation also leads to
different meridional directions from summer to winter, from
winter to summer, in the lower and higher altitude regions,
respectively. Therefore, for whatever the potential cause,
a meridional reversal above z = 92 km over the Korean
Peninsula in summer can be formed by gravity waves in
the MLT region. Except for the northward wind field in
summer, the meridional wind over the Korean Peninsula
has typical characteristics of the northern mid-latitude
MLT region (Koushik et al. 2020; Tang et al. 2021). Fig. 4
shows Lomb-Scargle periodograms for daily zonal (left) and
meridional (right) winds to investigate inter-annual periodic
variabilities within a duration of 1-year. Both horizontal
winds below z = 85 km have strong 1-year periodic change
related to monsoons, such as strong westward/southward

KASI MR Mer|d|onal Wmd Periodogram
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Fig. 4. Lomb-Scargle periodograms for daily zonal (left) and meridional (right) winds in MLT region over Korean Peninsula obtained from KASI MR for 4-year
observation. White solid lines indicate periods of 1/3 year (left) and 1/2 year (right), respectively. MLT, mesosphere and lower thermosphere; KASI, Korea Astronomy

and Space Science Institute.
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winds in summer and eastward/northward winds in winter
as shown in Fig. 3. In these regards, the annual variability
below z = 85 km is due to global mesosphere wind patterns
such as strong western jets and residual circulation in
summer. Above z = 90 km, the annual variation appears only
in zonal winds, because the strong eastward wind fields
form in summer compared to weaker eastward winds in
other seasons. The vertically discontinuous intense power
of annual variation in zonal winds indicates a height range
of z = 85-90 km in summer might have large dynamical
variabilities such as vertical wind shears and their induced
gravity waves (Fritts & Alexander 2003). On the other hand,
annual periodic changes do not occur in meridional winds
whose magnitudes above z = 90 km are weaker than those
of below z = 90 km in all seasons as seen in Fig. 3. Thus,
when capturing spectral power from a periodogram, the
magnitude of meridional winds above z = 90 km is too small
to measure significant periodic variability, even pulse-
like events with a time interval. In terms of semi-annual
periodicity, the zonal wind SAO is as strong as the annual
dynamic force between z = 80-90 km but does not appear
at the meridional winds. Characteristics of SAO can be
related to two pulse-type atmospheric characteristics. One
is a major pulse as a sign reversal from a strong eastward jet
in December to a strong westward jet in June, and the weak
zonal wind fields in April and October. These two features
have a time interval of about 6 months, and the combination
of zonal winds creates an intense SAO feature below z = 90
km of the Korean Peninsula. In addition to AO and SAO, ter-
annual oscillation (TAO) has significant power in the height
range of z = 85-90 km. The TAO has been rarely reported
in previous studies (Krebsbach & Preusse 2007; Shuai et al.
2014; Chen et al. 2019). Chen et al. (2019) revealed that TAOs
are difficult to generate in an independent mechanism and
are likely to be detected as pulsed occurrences in convective
gravity waves in subtropical regions with an active phase
of strong consecutiveness for 4 months and a calm phase
for the remaining 8 months. Therefore, the detection of
TAO through the spectral analysis is also thought to be
derived from the pulse-type atmospheric sources with a
time interval: strong convective activity such as typhoons in
summer or/and gravity waves induced in the MLT region.
However, the signal of TAO was not detected in meridional
winds, suggesting that further studies are needed.

5. SUMMARY AND CONCLUSIONS

We have investigated hourly, daily, and seasonal cyclical
characteristics in zonal and meridional winds in the MLT
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region over Korean Peninsula using KASI MR observation
for 4-year during 2017-2020. Hourly horizontal winds show
that diurnal, and semi-diurnal tides are detected and have
a downward phase as upward propagation. Daily variations
of winds are presented for seasonal characteristics in terms
of altitudes (80-100 km). Below the mesopause in summer,
the strong westward winds are regarded as geostrophic
winds in the mesosphere due to pressure gradients from the
equator to the pole, and the strong southward winds can
be caused by the mesospheric residual circulation from the
summer hemisphere to the winter hemisphere. Above the
mesopause in summer, the strong eastward winds are also
typical characteristics such as eastward wave dragging to
induce eastward wind fields in the MLT region. In particular,
the northward winds above 90 km in summer appears to be
a regional characteristics of the entire Korean Peninsular
or other residual circulation observed. This might be
closely related to gravity waves and their effects. Annual
oscillations of horizontal winds are detected in both zonal
and meridional winds up to z = 85 km, while for above z = 90
km they appear only in zonal winds. SAO and TAO are also
observed only in zonal winds, and the signatures might be
derived from pulse-type atmospheric sources with a time
interval. It is the first report for the general environments
in the MLT region over the Korean Peninsula. This report
might be helpful for any further investigations of the neutral
dynamics over the Korean Peninsula using ground-based
observation such as airglow all-sky imagers and Fabry-Perot
interferometer and etc.
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