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In this study, the neutral density and horizontal wind observed by the four meteor
radars, as well as the temperature measured by the Microwave Limb Sounder
(MLS) onboard the Aura satellite are used to examine the response of neutral
density, wind, and temperature in the MLT region to the stratospheric sudden
warmings (SSWs) during 2005 to 2021 in the Northern Hemisphere. The four
meteor radars include the Svalbard (78.3°N, 16°E) and Tromsø (69.6°N, 19.2°E)
meteor radars at high latitudes and the Mohe (53.5°N, 122.3°E) and Beijing (40.3°N,
116.2°E) meteor radars at middle latitudes. The superposed epoch analysis results
indicate that: 1) the neutral density over Svalbard and Tromsø at high latitude
increased at the beginning of SSWs and decreased after the zonal mean
stratospheric temperature reached the maximum. However, the neutral density
over Mohe at midlatitudes decreased in neutral density at the beginning of SSW
and increase after the zonal mean stratospheric temperature reached the
maximum. 2) The zonal wind at high latitudes show a westward enhancement
at the beginning of SSWs and then shows an eastward enhancement after the
stratospheric temperature reaches maximum. However, the zonal wind at
midlatitudes shows an opposite variation to at high latitudes, with an eastward
enhancement at the onset and changing to westward enhancements after the
stratospheric temperature maximum. The meridional winds at high and
midlatitudes show a southward enhancement after the onset of SSW and then
show a northward enhancement after the stratospheric temperaturemaximum. 3)
In general, the temperature in the MLT region decreased throughout SSWs.
However, as the latitudes decrease, the temperature cooling appears to lag a
few days to the higher latitudes, and the degree of cooling will decrease relatively.
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1 Introduction

Sudden stratospheric warming is a large-scale meteorological
event that frequently occurs in the winter polar stratosphere
almost exclusively in the Northern Hemisphere. The typical
feature of this event is characterized by a rapid increase in
polar stratospheric temperature by at least 25 K within a few
days (Liu et al., 2014; Paula et al., 2015). Simultaneously, the
eastward wind becomes weaker or even reverses to westward, thus
dividing it into two types, i.e., minor warming and major warming.
The widely accepted generation mechanism of SSW is the
nonlinear interaction between stationary planetary waves and
zonal mean flow (Matsuno, 1971).

Although SSW is a dramatic phenomenon in the polar
stratosphere, SSW-induced effects have been proven to extend
well beyond the stratosphere and can significantly alter the state
of the mesosphere, thermosphere, and ionosphere globally
(Goncharenko et al., 2010; Liu et al., 2014; Maute et al., 2015;
Liu et al., 2019; Gupta et al., 2021; Ye et al., 2021). Goncharenko and
Zhang (2008) and Chau et al. (2009) clearly showed an
unprecedented result of the ion temperature at midlatitudes and
plasma E × B drifts at equatorial regions, respectively, associated
with the January 2008 SSW. An obvious decrease of thermospheric
neutral density was observed at the altitudes of the Challenging
Minisatellite Payload (CHAMP) and Gravity Recovery and Climate
Experiment (GRACE) satellites in the predawn and presunset
sectors during the January 2009 SSW (Liu et al., 2011). A
superposed epoch analysis of 37 SSW events reveals a reduction
in the global mean thermosphere density at 250–575 km (Yamazaki
et al., 2015). Many studies have also reported the characteristics of
the atmospheric wave response to SSWs in the upper atmosphere
(Gong et al., 2013; Yamazaki et al., 2015; Baldwin et al., 2021). These
findings present strong and direct links between the disturbed lower
atmosphere and the state of the upper atmosphere (Goncharenko
and Zhang, 2008; Chau et al., 2009; Baldwin et al., 2021), which has
attracted the interests of the aeronomy community.

In the mesosphere and lower thermosphere (MLT) region, the
large variability associated with SSW is also evident in observational
studies and numerical simulations. These changes include cooling at
high latitudes and a weakening and/or reversal of the westward
direction of zonal winds (opposite to the stratospheric situation),
which are mainly caused by planetary wave and gravity wave forcing
(Hoffmann et al., 2007; Chau et al., 2012; Yamazaki et al., 2020).
Using a global-scale wave model (GSWM), Stening et al. (1997)
reported that the semidiurnal lunar tide in theMLT region increased
significantly during SSWs, which was further verified by
observational results in recent years (e.g., Paulino et al., 2012;
Yuan et al., 2012; Xiong et al., 2013). Overall, previous studies of
SSW effects on the MLT region have focused on changes in the
behavior of winds, temperature, and tides (Dowdy et al., 2004; Li
et al., 2021). As mentioned before, satellite data have shown a large
density decrease in the upper thermosphere during SSWs (Liu et al.,
2011; Yamazaki et al., 2015), indicating strong thermospheric
cooling. However, it is still unclear how the neutral density in
the MLT region responds to SSWs. Continuous measurements of
neutral atmospheric density in the MLT region are relatively scarce.
Ground-based medium-frequency radar and very high frequency
radar are commonly used to study the dynamics and structure of

MLT regions, but they do not generally measure neutral density
(Igarashi et al., 1999; Wang et al., 2022; Zhou et al., 2022). LIDAR
can provide density profiles with high temporal resolution and
accuracy, but clear sky conditions are required and many systems
are further restricted to nighttime operation (Zhao et al., 2017). The
neutral density in the MLT region can be estimated by using the
diffusion coefficients from the meteor radar and temperatures from
the different measurements such as the satellites and OH airglow
(e.g., Takahashi et al., 2002; Younger et al., 2015; Yi et al., 2018; Yi
et al., 2019).

In this study, we apply the neutral density and horizontal wind
observed from four meteor radars, and the temperature obtained
from the MLS/Aura to investigate the response of MLT density,
temperature, and wind to the SSWs. Our paper is organized as
follows. The dataset and methods are briefly described in Section 2.
The results are given in Section 3. The possible mechanisms are
discussed in Section 4. Conclusions are presented in Section 5.

2 Data and method

2.1 Meteor radars

In this study, data from four meteor radars, namely, Svalbard
(78.3° N, 16° E), Tromsø (69.6° N, 19.2° E), Mohe (53.5° N, 122.3° E),
and Beijing (40.3° N, 116.2° E) meteor radars, were used. Table 1
summarizes the operational frequencies, geographic locations, and
observational periods for the meteor radars used in this study. These
meteor radars are all part of the ATRAD Meteor Detection Radar
series, which is similar to the Buckland Park Meteor Radar
(Holdsworth et al., 2004). Figure 1 shows the locations of these
four meteor radars. The Svalbard and Tromsø meteor radars are
located at high latitudes in the northern hemisphere, and the Mohe
and Beijing meteor radars are located at midlatitudes. The neutral
atmospheric density used in this study can be estimated by using the
ambipolar diffusion coefficient (Da) observed by the meteor radars
and temperature measured by the Aura/Microwave Limb Sounder
(MLS). The ambipolar diffusion coefficient describes the rate at
which plasma diffuses in a neutral background and is a function of
atmospheric temperature (T) and density (ρ) (see, e.g., Younger et
al., 2014; Yi et al., 2018; Yi et al., 2019) as given by,

ρ � 2.23x10−4K0
T

Da
(1)

K0 is the ion zero-field mobility, usually assumed to be 2.5 ×
104 m-2s-1 V−1. More details of the density estimation and their errors
are described by Yi et al. (2018), Yi et al. (2019).

2.2 EOS Aura/MLS temperature and GPH
measurements

In this study, the Microwave Limb Sounder (2004-present) on
Aura provides temperature and geopotential height (GPH) data
(version 4) (Schwartz et al., 2008), which were obtained limited to a
range of 10° × 20° centered on the four meteor radar positions
mentioned above. To generate temperature and geopotential height
profiles, daily mean temperature and GPH observations from the
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Aura MLS were interpolated to within 1 km between 85 and 95 km,
covering the years 2004 to 2021. Meanwhile, to study the response of
temperature and GPH to SSWs at different latitudes, we analyze the
latitudinal variation of temperature and GPH by superimposing a
range of 10° in latitude and then averaging over the entire latitudinal
circle. In this study, we examine the zonal and daily means of the
temperature and geopotential height in each 10° latitude bin from
40°N to 80°N, which covers the latitude range of meteor radars.

2.3 Identification of SSWs

To identify SSWs, we utilized the zonal mean zonal wind at 60°N
and stratospheric temperature at 90°N at 10 hPa (−32 km) from the
National Centers for Environmental Prediction (NCEP)/National
Center for Atmospheric Research (NCAR) reanalysis datasets. The
NCEP/NCAR reanalysis dataset was generated by NCEP/NCAR
using a cutting-edge analysis/forecasting system that assimilates
data by utilizing past data from 1948 to the present (Kalnay
et al., 1996; Jia et al., 2015; Wan et al., 2019). Table 2 presents a

TABLE 1 Main operation parameters, geographic coordinates and observational time periods for the meteor radars used in this study.

Meteor radar Geographic coordinates Frequency Data used in this study

Svalbard 78.3° N, 16° E 31 MHz Jan 2005–Dec 2021

Tromsø 69.6° N, 19.2° E 30.3 MHz Jan 2005–Dec 2021

Mohe 53.5° N, 122.3° E 38.9 MHz Aug 2011–Dec 2021

Beijing 40.3° N, 116.2° E 38.9 MHz Jan 2011–Dec 2021

FIGURE 1
The locations of the meteor radars used in this study.

TABLE 2 Dates of SSW Events during 2005 to 2021 and cover period with meteor radars.

Year Epoch day = 0 Type Svalbard Tromsø Mohe Beijing

2005–2006 21 Jan 2006 major √ √

2006–2007 24 Feb 2007 major

2007–2008 22 Feb 2008 minor √

2008–2009 24 Jan 2009 major √ √

2009–2010 09 Feb 2010 major √ √

2011–2012 18 Jan 2012 minor √ √

2012–2013 07 Jan 2013 major √ √ √

2014–2015 07 Jan 2015 minor √ √ √ √

2015–2016 27 Jan 2016 minor √ √ √

2016–2017 29 Jan 2017 minor √ √ √ √

2017–2018 15 Feb 2018 major √ √ √ √

2018–2019 29 Dec2018 major √ √ √

2020–2021 04 Jan 2021 major √ √

Cases number 7 11 8 6
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list of all SSWs occurred from 2005 to 2021 and the covered period
with meteor radars. In Table 2, the left column shows the year when
SSW occurred and the right column shows the date when the
maximum value of stratospheric temperature at 90°N at 10 hPa
occurred.

2.4 Method

In this study, a superposed epoch analysis, which is an important
statistical analysis manner, that is, widely used in geophysical
research (e.g., Yamazaki et al., 2015; Yu et al., 2017; Yi et al.,
2021), is used to estimate the characteristic response of neutral
parameters in the MLT region to SSWs. We define the maximum
value of stratospheric temperature at 90°N at 10 hPa during the
whole process of SSW as “epoch day = 0”, and 61 days of data were
selected centered on epoch day = 0 to study the neutral atmospheric
densities during SSW. By superposing 61 days of data during
different SSW events, we estimate the characteristic response of

the neutral atmospheric parameter to SSW events at high and
middle latitudes.

We use the residual as a variable to study neutral density by
removing the background of the neutral atmospheric density with a
10-day window for smoothing. However, since the atmospheric
density follows an exponential distribution in height, we just focus
on the relative variability of the neutral density. The geopotential
height and both the stratospheric/MLT wind and temperature are
conducted the same way to derive the residual.

3 Results

Figure 2 shows the variability in MLT neutral densities during
the 2018 SSW event derived from four meteor radars. The left

FIGURE 2
Variations in (A) zonalmean stratospheric temperature residual at
90°N (black line), zonal mean zonal wind residual at 60°N at 10 hPa
(red line), and residual of the relative neutral density obtained by (B)
Svalbard, (C) Tromsø, (D) Mohe and (E) Beijing meteor radar at
85–95 km during December 2017-February 2018. The dot-dashed
lines denote the onset of the warming on February 09, 2018 (day = −6)
and the dashed lines denote the day = 0 (maximum value of zonal
mean stratospheric temperature on February 15, 2018 at 90°N at
10 hPa during SSW).

FIGURE 3
Variations in (A) zonalmean stratospheric temperature residual at
90°N (red line) and zonal mean zonal wind residual at 60°N at 10 hPa
(black line), and residual of the relative neutral density obtained by the
(B) Svalbard, (C) Tromsø, (D) Mohe and (E) Beijing meteor radars
at an altitude of 85–95 km obtained by the superposed epoch
analysis. The dot-dashed lines denote the epoch day = −6 (beginning
enhancement of stratospheric temperature at 90°N at 10 hPa during
SSWs). The dashed lines denote the epoch day = 0 (maximum value of
stratospheric temperature at 90°N at 10 hPa during SSWs). The black
solid lines (B–E) denote the GPH residual of Aura MLS at 0.22 Pa
obtained by the superposed epoch analysis. The black star markers
denote the significance over the 95% level according to the
10000 times Monte-Carlo test.
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vertical dot-dashed lines, day = −6, denote the warming onset of
SSW on February 9, 2018. The middle vertical dashed lines, day = 0,
denote the maximum value of zonal mean stratospheric temperature
at 90°N at 10 hPa on February 15, 2018. As shown in Figures 2A, B,
from the onset of SSW to day = 0, the residual of zonal mean
stratospheric temperature at 90°N at 10 hPa increases and reaches a
maximum of −246 K and then decrease after day = 0.Meanwhile, the
residual of the zonal mean zonal wind at 60°N at 10 hPa show
obvious decreases of approximately −20 m/s and then increase after
day 2. In this event, the zonal mean wind reversed its direction from
eastward to westward, indicating a major warming event.

In Figures 2C, D, after the onset of SSW, the residual of neutral
density observed by Svalbard and Tromsø meteor radars at high
latitudes shows an obvious increase of approximately 15% and 13%,
respectively, after the beginning of the SSW event (day = −6). Then,
the density shows a decrease of approximately −10% and −8% after
the maximum stratospheric temperature (day = 0), respectively. On
the contrary, as shown in Figures 2E, F, the density residuals
observed by the Mohe and Beijing meteor radars at midlatitudes
show an obvious decrease of approximately −10% and −15%, after
the beginning of the SSW event (day = −6), respectively, and then
show the increases ~38% and ~20%, after the maximum of
stratospheric temperature (day = 0), respectively. The MLT
density shows an obvious response to the 2018 major SSW. Note
that the variation of neutral density between high latitudes and
midlatitudes is different.

To further examine the significance of SSW effects on MLT
density, we perform a superposed epoch analysis of data from the
four meteor radars during the selected SSW events (shown in
Table 2). In Figure 3A, the stratospheric temperatures at 90°N
show a significant increase after the beginning of the SSWs
(epoch day = −6) and reach the maximum over 20 K on epoch
day = 0. The westward changing value of stratospheric zonal mean
wind at 60°N is 15 m/s during the epoch day −6 to 0. Figures 3B, C
show that after superposed epoch analysis, the mean densities have
strong corresponding responses to the SSW events.

In Figures 3B, C, after the onset of the SSWs, the residual of
neutral density observed by Svalbard and Tromsø meteor radars at
high latitudes shows an obvious increase of approximately 28% and
10%, respectively. After the epoch day = 0, the densities show a
decrease of approximately −8% and −10%, respectively. As shown in
Figure 3D, the densities over Mohe at the higher-middle latitudes
decrease approximately −10% after epoch day = −6 and then show
an increase of −8% after epoch day = 0. However, the response of
neutral density to SSWs over Beijing at the middle latitude (40°N)
seems too weak to be significantly observed in Figure 3E. It is
different from the results shown in Figure 2F possibly due to that the
SSW in 2018 is a major event and affects a wider range of latitudes.

The GPH at 0.22 Pa over Svalbard and Tromsø at high latitudes
shows an increase after epoch day = −6 and a decrease after epoch
day = 0, while the GPH at 0.22 Pa over Mohe and Beijing at
midlatitudes shows an opposite variability with the results in
high latitudes. The GPH at 0.22 Pa over four meteor radars
shows similar variability with the neutral density. The GPH
measurements observed by Aura MLS are an independent
technique that can serve as a proxy for the variation of the
atmospheric density observed by the meteor radars in the MLT
region (Yi et al., 2018). It is interesting to note that the variation of

neutral density during the SSWs between the Svalbard and Tromsø
at high latitudes and the Mohe at midlatitudes are opposite.

In addition, the meteor radar can observe the horizontal wind in
the MLT region, which provides the opportunity to examine the
response of horizontal wind to the SSWs. As shown in Figure 4, the
zonal winds observed by the Svalbard and Tromsø meteor radars at
high latitudes show a westward enhancement after epoch
day = −6 and then show an eastward enhancement after epoch
day = 0. However, the zonal winds in Figures 4D, E obtained by
Mohe and Beijing meteor radar at 90 km at midlatitudes show an
eastward enhancement after epoch day = −6 and then show a
westward enhancement after epoch day = 0. In general, the zonal
wind at midlatitudes shows opposite variations with observations at
high latitudes during the SSWs. Note that as the zonal winds change
westward, the neutral densities show an increase and vice versa.
Miyoshi et al. (2015) investigated the impacts of an SSW event on
the thermosphere using a high resolution-general circulation model

FIGURE 4
The superposed epoch analysis results of zona wind residuals
observed by the (A) Svalbard, (B) Tromsø, (C) Mohe and (D) Beijing
meteor radars from top to bottom at altitude of 80–96 km. The black
lines indicate that the superposed epoch analysis results of the
neutral density at 88 km in Figure 3. The dot-dashed lines denote the
epoch day = −6 (beginning enhancement of stratospheric
temperature at 90°N at 10 hPa during SSWs). The dashed lines denote
the epoch day = 0 (maximum value of stratospheric temperature at
90°N at 10 hPa during SSWs). The black star markers denote
significance over the 95% level according to the 10000 times Monte-
Carlo test.
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(GCM) and found that the westward enhancements at high latitudes
and eastward enhancements at midlatitudes in zonal wind
component in the MLT region. As shown in Figure 5, the
meridional wind from meteor radar shows a southward
enhancement after epoch day = −6 and then shows a northward
enhancement after epoch day = 0 at high and midlatitudes. The
variation of zonal wind is different between high and midlatitudes
while the meridional wind has no significant latitude independence.
Liu and Roble (2002) suggested that SSW modifies the meridional
circulation in the lower thermosphere and leads to the southward
wind during the SSWs. Miyoshi et al. (2015) reported a clear reversal
of the meridional winds and a change in the meridional atmospheric
circulation that at altitudes of 80–100 km, the northward flow
disappeared and a weak southward flow appeared during SSW,
which is consistent with the meridional wind changes to southward.

The wind variations during the SSWs observed by the meteor radars
are generally consistent with the modeling results.

In addition to the density obtained by the meteor radars, the
temperatures observed by the Aura/MLS are also used to examine
the temperature variations during the SSWs. As shown in
Figure 6, the residual of zonal mean temperature between
80°N and 60°N at high latitudes shows an obvious decrease
after epoch day = −6 and reaches a minimum of
approximately −8 K during the SSWs. The variations of zonal
mean temperature between 50°N and 40°N show a relatively weak
decrease compared to the high latitudes and delay a few days in
the temperature decrease. Yuan et al. (2012) presented that the
mean temperature in MLT region observed by Lidar at 40°N show
a generally weak decrease during 2009 SSW event. Pedatella et al.
(2012) reported that the residual temperature shows an obvious
decrease at high latitudes in the mesosphere, showing a slight
increase lower than 50°N during SSW by WACCM model
simulations. Our observations generally agree with the model
results and other measurement.

FIGURE 5
The superposed epoch analysis results of meridional wind
residuals observed by the (A) Svalbard, (B) Tromsø, (C) Mohe, and (D)
Beijingmeteor radars from top to bottom at altitude of 80–96 km. The
black lines indicate that the superposed epoch analysis results of
the neutral density at 88 km in Figure 3. The dot-dashed lines denote
the epoch day = −6 (beginning enhancement of stratospheric
temperature at 90°N at 10 hPa during SSWs). The dashed lines denote
the epoch day = 0 (maximum value of stratospheric temperature at
90°N at 10 hPa during SSWs). The black star markers denote
significance over the 95% level according to the 10000 times Monte-
Carlo test.

FIGURE 6
The zonal mean temperature residual observed by the Aura MLS
by the superposed epoch analysis at high andmiddle latitudes (80°N to
40°N from (A–E)). The black stars denote significance over the 95%
level according to the 10000 times Monte-Carlo test. The dot-
dashed lines denote the day (the beginning enhancement of
stratospheric temperature at 90°N at 10 hPa during SSWs). The dashed
lines denote the day = 0 (maximum value of stratospheric temperature
at 90°N at 10 hPa during SSWs).
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4 Discussion

The results in Section 3 demonstrate that the neutral densities,
temperatures, and winds in the MLT region change significantly
during SSWs. We now briefly discuss what may be the driving
mechanism for the changes in the neutral densities, temperatures,
and winds. SSW occurred in the winter polar region and is a
signature event in the middle atmosphere, involving dramatic
changes in temperature, winds, and circulation over a short
period. First, our observations show that the temperatures in
the MLT region significantly decrease during SSWs. Numerous
studies have reported that the MLT cooling at high latitudes is
accompanied by stratospheric warming during SSWs (Liu and
Roble, 2002; Funke et al., 2010; Liu et al., 2014; Yamazaki et al.,
2015; Li et al., 2021; Pedatella et al., 2012). They suggested that the
interaction decelerates and reverses the eastward jet flow in the
winter stratosphere, while leading to a significant upward
circulation in the mesosphere, resulting in adiabatic cooling.

Second, the zonal winds at high latitudes show a westward
enhancement at the beginning of SSWs and then show an
eastward enhancement after the stratospheric temperature reaches
maximum. SSW events lead to dramatic wind changes in the
mesosphere and lower thermosphere, for example, the reversal of
the zonal mean wind from westward to eastward, which is opposite as
in the stratosphere (Baldwin et al., 2021, and the references therein).
As the background wind changes, the MLT region changes during
SSWs are primarily due to changes in gravity wave drag. In general,
the weakening, and potential reversal, of the eastward stratospheric
winds leads to more eastward propagating gravity waves reaching the
MLT region. And then, as the breaking of gravity waves, the enhanced
eastward forcing reverses the MLT wind from westward to eastward
(Liu & Roble, 2002; Limpasuvan et al., 2016). Meanwhile, the drag of
the westward gravity waves is also decreasing or even reversing due to
the reversal of temperature at middle-to-low latitudes in the Northern
Hemisphere (Miyoshi et al., 2015), hence resulting in the reversal of
the zonal wind at 50°N as shown in the results observed by the Mohe
and Beijing meteor radars.

On the other hand, the meridional winds at high and middle
latitudes show a northward enhancement after the onset of SSWs
and then show a southward enhancement after the onset of SSW and
then show a northward enhancement after stratospheric
temperature maximum. The deceleration of stratopause and
mesosphere mean wind flow in the high-latitude winter changes
the filtering of gravity waves by allowing more eastward gravity
waves to propagate into the mesosphere and lower thermosphere
(MLT), which causes eastward forcing and reverses the westward jet
in the MLT region. This also changes the meridional circulation in
the upper mesosphere from northward to southward (Liu and Roble,
2002). Miyoshi et al. (2015) also reported a clear reversal of the
meridional winds and a change in the meridional atmospheric
circulation in the MLT region, the northward flow disappeared
and a weak southward flow appeared during SSW, which is
consistent with the meridional wind changes to southward
observed by the four meteor radars.

Our observations of neutral density variation in the MLT region
are the first ones to show the latitudinal changes during SSWs. The
high latitude neutral densities increase at the beginning of SSWs and
decreased after the zonal mean stratospheric temperature reaches

maximum. The deceleration of stratopause and mesosphere mean
wind flow changes the eastward forcing and reverses the westward
jet in the MLT region, meanwhile this also leads to a significant
upward circulation in the mesosphere. The atmosphere lifts upward
leading to an increase in MLT neutral density at high latitudes. At
middle latitudes, the interaction is opposite of the polar region. The
westward forcing also induces changes in the mean meridional
residual circulation in the middle atmosphere, leading the
previously strong poleward/downward circulation in the polar
mesosphere becomes poleward/upward (Liu and Roble, 2002).
This interaction leads to the relative cooling of the stratosphere
at the middle and lower latitudes and then leads to atmospheric
compression and downward transport resulting in a decrease of
neutral density in the MLT region at middle latitudes (Yamashita
et al., 2010; Limpasuvan et al., 2016).

In this study, we discussed the variation of the neutral atmospheric
density, temperature and the wind in MLT region with the latitudinal
differences. However, our meteor radar stations are currently limited
and possible longitude differences need to be studied by atmosphere
model in the future.

5 Conclusion

In this study, we investigate the response of neutral density
obtained from the meteor radars distributed at high and middle
latitudes in the MLT region to the SSWs from 2005 to 2021 in the
Northern Hemisphere. The meteor radars used in this study are the
Svalbard and Tromsø meteor radars at high latitudes and the Mohe
and Beijing meteor radars at midlatitudes. The main findings of our
study can be summarized as follows:

(1) The neutral density over Svalbard and Tromsø at high latitudes
increased at the beginning of SSWs and decreased after the zonal
mean stratospheric temperature reached the maximum. However,
the neutral density over Mohe at midlatitudes decreased in neutral
density at the beginning of SSW and increase after the zonal mean
stratospheric temperature reached the maximum.

(2) The zonal wind at high latitudes show a westward enhancement at
the beginning of SSWs and then shows an eastward enhancement
after the stratospheric temperature reaches maximum. However,
the zonal wind at midlatitudes shows an opposite variation to at
high latitudes, with an eastward enhancement at the onset and
changing to westward enhancements after the stratospheric
temperature maximum. The meridional winds at high and
midlatitudes show a southward enhancement after the onset of
SSW and then show a northward enhancement after the
stratospheric temperature maximum.

(3) The temperature in the MLT region decreased throughout
SSWs. However, as the latitudes decrease, the temperature
cooling appears to lag a few days to the higher latitudes, and
the degree of cooling will decrease relatively.

In this study, we analyze the impact of SSWs on neutral density, as
well as the variability of temperature throughout the Northern
Hemisphere high to middle latitudes, and infer the process of
influence on the circulation during the occurrence of SSW in
conjunction with the wind. Future study will extend our analysis to
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more stratospheric warming events and their effects on atmospheric
dynamics such as gravity waves, tides, and planetary waves.
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