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Abstract 

The ionosphere exhibits some characteristic perturbations during sudden stratospheric warming (SSW) events, of 
which the mechanism is not thoroughly understood. This study focuses on the latitudinal and interhemispheric 
differences of the enhanced semi-diurnal lunitidal (M2) perturbations related to SSW using total electron content 
calculated from the network of Global Navigation Satellite System and ionosonde data in the eastern Asia–Aus-
tralia sector during the January 2009 SSW. Our results show that the most distinct M2 perturbations in the northern 
and southern hemispheres occur near the Equatorial Ionization Anomaly crest regions around ± 15° geomagnetic 
latitudes, but corresponds to different moon phases, respectively. Clear M2 perturbations extend to middle latitudes 
only in the southern hemisphere and have another local maximum in the southern middle latitude. Such latitudinal 
and interhemispheric features of ionospheric M2 perturbations in the low latitude in the eastern Asia–Australia sector 
are similar as those in the American sector during the same SSW event. This supports previous suggestion that such 
latitudinal and interhemispheric differences in the low latitude can be primarily explained by the summer–winter 
thermospheric wind modulation on equatorial plasma fountain and thus emphasize its role in the vertical coupling 
process of M2 perturbation. The clear differences of M2 perturbations in the southern middle latitude between the 
eastern Asia–Australia and American sectors indicate that the thermospheric circulation related to the Weddell Sea 
Anomaly may have influence on the lower atmosphere–ionosphere coupling.
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Introduction
Sudden stratospheric warming (SSW) is a polar strato-
spheric phenomenon caused by the interaction between 
planetary wave (PW) and polar stratospheric vortex, 
characterized by the rapid increase of temperature and 
the decrease or even reversal of zonal mean zonal wind 
(Matsuno, 1971; Butler et  al., 2015). Interestingly, the 
SSW-related perturbations are not restricted to polar 
stratosphere, but were observed from high to low lati-
tudes and from the troposphere to the ionosphere (Sid-
diqui et al., 2021; and reference therein). During the SSW, 
ionospheric parameters exhibit characteristic perturba-
tions that could reach about 50 ~ 100% of the background 
value (Pedatella et  al., 2016). These SSW-related iono-
spheric perturbations were demonstrated to be related to 
lower-atmosphere waves from observations and numeri-
cal simulations (Goncharenko and Zhang; 2008; Chau 
et al., 2009; Vineeth et al., 2009; Fejer et al., 2010; Peda-
tella et al., 2016). Thus, related studies benefit our under-
stating of ionospheric variability during quiet times. 
Nevertheless, most related studies focused on the low 
latitudes considering that the SSW-related perturbations 
are more significant in this region. Comparatively, stud-
ies of the manifestation and mechanism of SSW-related 
ionospheric perturbations in other regions are limited.

Among different kinds of ionospheric perturbations 
during SSWs, the semi-diurnal lunitidal (M2) pertur-
bation is one of the most concerned (Fejer et  al., 2010; 
Forbes and Zhang, 2012; Yamazaki et  al., 2012; Peda-
tella et al., 2014; Mo and Zhang, 2018; Liu et al., 2019). 
A typical signature of the ionospheric M2 perturbation is 
the phase-shifted semi-diurnal (PSSD) variation pattern 
described by Fejer et  al., (2010). The M2 explanation of 
the ionospheric PSSD variation pattern during SSWs was 

supported by various studies with observations and sim-
ulations (Forbes and Zhang, 2012; Park et al., 2012; Peda-
tella et al., 2012b; Xiong et al., 2013). In observations, the 
good correspondence between the ionospheric PSSD 
variation patterns and the moon phases strongly sup-
ported the importance of M2 during SSWs (Fejer et  al., 
2010; Liu et  al., 2019). Nevertheless, some simulation 
studies suggested that the generation of the ionospheric 
PSSD variation pattern may also be contributed by the 
phase-shifting of solar tides (Fuller-Rowell et  al., 2011, 
2016; Fang et al., 2012, 2014). Obviously, the study on the 
ionospheric PSSD perturbations is helpful for our under-
standing of the coupling processes between the lower 
atmosphere and ionosphere. Forbes and Zhang (2012) 
suggested that the enhancement of ionospheric M2 per-
turbations during SSWs is due to the shift of the atmos-
pheric Pekeris resonance peak to 12.43 h due to the zonal 
mean wind changes related to SSWs. Nevertheless, it is 
not thoroughly understood what causes the difference 
of the M2 perturbations between different ionospheric 
regions, especially the latitudinal and interhemispheric 
differences since most related studies focused on low 
latitudes.

The latitudinal and interhemispheric differences of 
the ionospheric M2 perturbations have drawn much 
attention (Goncharenko et  al., 2010, 2013; Liu et  al., 
2011, 2021; Fagundes et al., 2015; Mo et al., 2017; Peda-
tella and Maute, 2015; Yue et al., 2010). Such differences 
were considered to be related to different background 
features and coupling mechanism. In the daytime low 
latitudes, the equatorial plasma fountain plays an impor-
tant role in the vertical coupling process of lower-atmos-
phere waves (Goncharenko et  al., 2010, 2013; Pedatella 
et  al., 2012b, 2014). The direct upward penetration of 
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lower-atmosphere waves and their in  situ dynamics in 
the ionosphere are also considered, especially in the mid-
dle and high latitudes (Goncharenko and Zhang, 2008; 
Park and Lühr, 2012; Pedatella and Maute, 2015). With 
ground-based TEC data across the American continents, 
Liu et  al. (2021) analyzed the latitudinal distribution of 
the M2 perturbation enhancement during three major 
SSWs. The observed distribution is mainly attributed 

to the meridional wind effect on the equatorial plasma 
fountain while the direct penetration mechanism may be 
important in the southern middle latitudes. Nevertheless, 
they emphasized that such an explanation was drawn 
based on observations in the American sector, which has 
unique geomagnetic, atmospheric, and ionospheric con-
ditions. Thus, similar studies in other longitudinal sectors 
are encouraged as comparison.

The eastern Asia–Australia sector also has ground-
based ionospheric observation network across both 
hemispheres with relatively good resolutions. The geo-
magnetic field configuration, atmospheric waves activi-
ties, and the background ionospheric features in the 
eastern Asia–Australia sector significantly differs from 
those in the American sector (Liu et al., 2020). The 2009 
SSW is one of the strongest SSW events in record with 
quiet solar and geomagnetic activities (Manney et  al., 
2009; Yamazaki et al., 2020, and reference therein), which 
benefits the analysis of the lower-atmosphere influence to 
the ionosphere during the SSW. Thus, the present paper 
analyzes the latitudinal and interhemispheric differences 
of the ionospheric M2 perturbations during the 2009 
SSW based on multi-latitude ionospheric observations in 
the eastern Asia–Australia sector.

Data and methods
Global Navigation Satellite System (GNSS), ionosonde, 
and magnetometer data are utilized to derive the iono-
spheric parameters in the eastern Asia–Australia sector. 
Figure  1 shows the locations of the used ground-based 
observation stations. The curved dashed and solid lines 
represent the geomagnetic latitudes from the Corrected 
Geomagnetic Coordinates (Shepherd, 2014), which are 
also used hereinafter. Details are as follows.

Now, the GNSS network is a traditional ionospheric 
data resource. Studies based on the GNSS network data 
greatly improved our understanding of the ionospheric 
morphology and disturbance globally (Ho et  al., 1996; 
Saito et al., 1998; Tsugawa et al., 2003; Zhang and Xiao, 
2005). In this study, the ionospheric total electron con-
tent (TEC) data are calculated from the GNSS data from 
the International GNSS Service. The locations of the used 
GNSS stations are shown in Fig. 1 with red triangles with 
the corresponding code names beside. The ionospheric 
vertical TEC data at each ionospheric pierce point are 
calculated with the method described in Zhang et  al. 
(2009) and Zhang et al. (2010). During the calculation, the 
cutoff elevation angle of satellites is set to be 15°. Then, 
the mean vertical TEC is calculated in each 5-degree-
wide latitudinal band from 55°N to 55°S geomagnetic lat-
itudes with a 5-degree interval (i.e., 0° ± 2.5°, ± 5° ± 2.5°, 
…, ± 55° ± 2.5°) for every 0.5-h local time.

Fig. 1 The locations of the used ground-based observation stations. 
The curved dashed and solid lines represent the geomagnetic 
latitudes. The GNSS, ionosonde, and magnetometer stations are 
illustrated with red, black, and blue triangles, respectively
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The ionospheric foF2 data from ionosonde stations 
affiliated to the China Research Institute of Radio-wave 
Propagation and Australian Government Bureau of 
Meteorology, respectively, are utilized. The locations 
of the used ionosonde stations are shown in Fig. 1 with 
black triangles.

The equatorial electrojet (EEJ) strength data are esti-
mated with the difference of the horizontal component of 
the geomagnetic field between two ground-based mag-
netometers on and aside the geomagnetic equator (Kane, 
1973; Rastogi and Klobuchar, 1990). This parameter is 
also suggested to be a good proxy of the equatorial ver-
tical drift velocity considering their good linear relation-
ship (Anderson et al., 2002). The used stations are DAV 
(125.40°E, 7.00°N; 0.52°S geomagnetic latitude) and MUT 
(121.02°E, 14.37°N; 7.13°N geomagnetic latitude) from 
the Magnetic Data Acquisition System and their loca-
tions are shown in Fig. 1 with blue triangles.

The mean vertical TEC and ionosonde data are decom-
posed into tidal components through a least-square 

fitting method (Xiong et al., 2013). Taking TEC for exam-
ple, the used equation is

where TEC0 is the mean TEC and t is the cumula-
tive solar local-time hours from 00:00 LT, January 1, 
2009. Note that only four tidal components (solar diur-
nal, S1, 24  h; solar semi-diurnal, S2, 12  h; solar ter-
diurnal, 8  h; lunar semi-diurnal, M2, 12.42  h) are 
considered since they were demonstrated to be most 
dominant in the ionosphere during SSWs (Sathishku-
mar and Sridharan, 2013; Lin et  al., 2012; Pedatella and 
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Fig. 2 The stratospheric polar temperature and wind, the planetary wave activity, and the solar and geomagnetic indices as a function of 
cumulative days from 1 January 2009. a T (red) is the temperature at 90°N, 10 hPa and U is the zonal mean zonal wind at 60°N, 10 hPa. The vertical 
dashed lines mark the initiation dates of the decrease and reversal of U. b Z1 and Z2 are the planetary-wave amplitudes of zonal wavenumber 1 and 
2 components, respectively, calculated from the geopotential height at 60°N, 10 hPa. c The Kp (blue) and F10.7 (red) indices
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Forbes, 2010; Fuller-Rowell et al., 2011; Fejer et al., 2010; 
Xiong et  al., 2013). The decomposition is carried out 
in a 17-day running window. It enables our analysis to 
separate M2 from S2 while almost maximize the tem-
poral resolution cause 17  days are slightly longer than 
δT = 14.8 days (1/δT < fS2 − fM2 ≈ 1/14.8 cycle per day) 
(He et al., 2018). The tidal amplitudes are An =

√

a2n + b2n 
and are further normalized as An

′

= An/TEC0 for facili-
tating latitudinal comparisons. The tidal phase Pn is 
defined as the local time when the tidal amplitude reaches 
its maximum (Xiong et al., 2013). Finally, the energy ratio 
of the M2 component to the solar tidal components is 
defined as ERM2 = AM2

2
/

(

AS1
2
+ AS2

2
+ AS3

2
)

 , which 
provides a measurement of the relative magnitude of M2 
in comparison with solar tides.

In addition, the polar stratospheric temperature, zonal 
wind, and geopotential height data from the National 
Centers for Environmental Prediction are used to char-
acterize the 2009 SSW event (Butler et al., 2015). The Kp 
and F10.7 indices from the OMNI dataset are used to 
describe the geomagnetic and solar activities.

Results
Figure  2 shows the stratospheric polar temperature and 
wind, the planetary wave activity, and the solar and geo-
magnetic indices as a function of cumulative days from 1 
January 2009. Figure 2a shows the temperature at 90°N, 
10 hPa (T, red) and the zonal mean zonal wind at 60°N, 
10  hPa (U, blue). The vertical dashed lines mark the 
initiation dates of the decrease and reversal of U. The 
rapid increase in T and the reversal in U around day 23 

Fig. 3 The vertical TEC and EEJ strength data as a function of cumulative days from 1 January 2009 and solar local time over the eastern Asia–
Australia sector at different geomagnetic latitudes. The vertical dashed lines are the same as those in Fig. 2a. The white dots and circles indicate the 
dates of the full moon and the new moon
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characterize a major SSW (Butler et al., 2015). Figure 2b 
shows the PW amplitudes of zonal wavenumber 1 (Z1, 
solid) and 2 (Z2, dashed) components from the geo-
potential height at 60°N, 10 hPa. It indicates that the 2009 
major Arctic SSW is mainly caused by the enhancement 
of the Z2 component (Goncharenko et  al., 2010). Fig-
ure 2c shows the Kp (blue) and F10.7 (red) indices dur-
ing the studied period. Clearly, the geomagnetic and solar 
activities are quiet around the 2009 SSW.

Figure 3 gives the vertical TEC as a function of cumula-
tive days from 1 January 2009 and solar local time over 
the eastern Asia–Australia sector at different geomag-
netic latitudes. The EEJ strength variation is also given as 
a comparison. The vertical dashed lines are the same as 
those in Fig. 2a that mark the characteristic dates of the 
2009 SSW. The white dots and circles indicate the dates 
of the full moon and the new moon. It shows that two 
cycles of PSSD perturbations occur in TEC and EEJ that 

follow the occurrence of the SSW and synchronize well 
with the moon phase. Such a correspondence indicates 
that the PSSD perturbations are related to the lunar tide. 
The most distinct PSSD perturbations occur around the 
EIA crest regions. In the north hemisphere, the PSSD 
signatures are less identifiable above 25°N geomagnetic 
latitude; while in the southern hemisphere, the PSSD sig-
natures can still be identified to around 35°S geomagnetic 
latitude.

Figure 4 gives AM2, AM2
’, ERM2, AS1, AS2, AS3, and TEC0 

from (a) to (g) calculated with Eq. (1). The vertical dashed 
lines are the same as those in Fig.  2a. The horizontal 
dashed lines represent the geomagnetic equator. Fig-
ure  4a–c shows that the AM2, AM2

’, and ERM2 enhance-
ments follow the occurrence of the SSW and correspond 
to the PSSD signatures in Fig.  3. The enhancement of 
TEC M2 perturbation has largest magnitude around the 
Equatorial Ionization Anomaly (EIA) crest regions in 
both hemispheres and is relatively larger in the north-
ern hemisphere than in the southern hemisphere. In the 
northern and southern hemispheres, the largest M2 per-
turbations occur around day 25 and day 39, respectively, 
which correspond to the first and second cycles of the 
PSSD signatures in Fig. 3. Besides, clear enhancement of 
TEC M2 perturbations exhibits a wider latitudinal range 
in the southern hemisphere than in the northern hemi-
sphere. It is interesting to note that the AM2, AM2

’, and 
ERM2 have local maxima at 35°S around day 25 and will 
be discussed in Sect. 4. Comparatively, the SSW depend-
ence of the AS1, AS2, and AS3 variations in TEC is not as 
clear as that of AM2. Nevertheless, it is worth noting that 
solar-tide amplitudes seem to decrease following the 
SSW. This reflects the TEC suppression during the same 
period in Fig. 3 and similar manifestation has also been 
reported during the 2009 SSW in the American sector 
(Fagundes et al., 2015).

As a comparison to the TEC results, Fig.  5 gives the 
variations of foF2 data (left column) and the correspond-
ing AM2 (right column) from a chain of ionosonde sta-
tions in the eastern Asia–Australia sector. The locations 
and geomagnetic latitudes of these stations are shown in 
the right column. The missing parts of AM2 data in cer-
tain plots are due to insufficient foF2 data points for the 
calculation during corresponding periods. The vertical 
dashed lines are the same as those in Fig. 2a. It shows that 
the latitudinal and interhemispheric differences of PSSD 
perturbations in foF2 are generally consistent with those 
in TEC. Specifically, the largest AM2 in the northern hem-
isphere occurs in Guangzhou around day 25 while the 
largest AM2 in the southern hemisphere occurs in Dar-
win around day 39, which is similar as the TEC results 
described hereinabove.

Fig. 4 The variations of AM2, AM2
’, ERM2, AS1, AS2, AS3, and TEC0 (a to g) 

calculated with Eq. (1) from TEC data in Fig. 3. The vertical dashed 
lines are the same as those in Fig. 2a. The horizontal dashed lines 
represent the geomagnetic equator
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Fig. 5 The variations of foF2 data (left column) and the corresponding AM2 (right column) from a chain of ionosonde stations in the eastern Asia–
Australia sector shown in Fig. 1. The corresponding geomagnetic latitudes of these stations are given in the right column. The vertical dashed lines 
are the same as those in Fig. 2a
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Discussion
Our results show that AM2, AM2

’, and ERM2 in the east-
ern Asia–Australia TEC enhanced during the 2009 SSW 
with largest magnitude in the EIA crest regions, larger 

magnitude in the northern hemisphere, and wider latitu-
dinal range in the southern hemisphere. The ionospheric 
perturbation signatures reflected from our results are 
partly consistent with some studies focusing on regional 

Fig. 6 The variations of AM2 and ERM2 in the eastern Asia–Australia and American sectors during the 2009 SSW. The vertical dashed lines are the 
same as those in Fig. 2a. The horizontal dashed lines represent the geomagnetic equator
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ionospheric variations during different SSW events in the 
same sector.

Chen et al. (2016) studied the ionospheric disturbances 
during the 2013 SSW observed in eight locations on 
the meridional chain from 30.5°N to 42.8°N in north-
ern China. They reported that the strongest disturbance 
occurred in Wuhan (114.4°E, 30.5°N; 25.1°N geomag-
netic latitude). Our results of AM2 during the 2009 SSW 
are similar with them in the same latitudinal band, but 
are strongest in the EIA crest regions. Liu et  al. (2011) 
studied the onset date of the semi-diurnal perturba-
tions in the eastern Asia–Australia sector during the 
2009 SSW with TEC data from three GNSS receivers, 
one on the geomagnetic equator and two near the EIA 
crests. They reported that such onset date tends to be 
about 2 days earlier in the northern hemisphere than in 
the southern hemisphere. Also, Tang et  al. (2021) stud-
ied the ionospheric responses during the 2014 to 2015 
SSW with ionosondes from Japan and Australia (mostly 
beyond ± 20° geomagnetic latitudes). It is reported that 
the M2 modulation of foF2 occurred successively from 
relatively lower to higher latitudes in both hemispheres 
during the SSW. As a comparison, the latitudinal dis-
tribution of AM2 enhancement during the 2009 SSW in 
Figs. 4 and 5 shows similar signatures as described in Liu 
et al. (2011) and Tang et al. (2021) in corresponding lati-
tudinal regions.

Another thing worth noting is that the manifestation of 
TEC M2 perturbations during the 2009 SSW in the east-
ern Asia–Australia sector has both similarity and differ-
ence compared to that in the American sector. Figure 6 
gives the variations of AM2 and ERM2 in the eastern Asia–
Australia and American sectors during the 2009 SSW. 
The vertical dashed lines are the same as those in Fig. 2a. 
The horizontal dashed lines represent the geomagnetic 
equator. Note that the ERM2 values are multiplied by ten 
(five) in Fig. 6c, d for facilitating quantitive comparisons 
between the eastern Asia–Australia and American sec-
tors. The American results were calculated with the same 
method described in section 2, but with CEDAR Madri-
gal TEC map data (Rideout and Coster, 2006; Liu et al., 
2021).

Figure  6a, b shows that the latitudinal and interhemi-
spheric differences of the AM2 variation are similar in 
the eastern Asia–Australia and American sectors as 
described hereinabove. Our previous paper (Liu et  al., 
2021) suggested that the latitudinal difference in the low 
latitude is largely contributed by the summer–winter 
meridional wind effect on the equatorial plasma foun-
tain. We also discussed the possible contributions from 
the local geomagnetic configuration since the geomag-
netic equator in the American sector is in the southern 
hemisphere. Comparatively, the geomagnetic equator in 

the eastern Asia–Australia sector is in the northern hem-
isphere. Thus, the similarity shown in Fig. 6a, b indicates 
that the latitudinal difference in the low latitude is not 
due to the local geomagnetic configuration.

Besides the similarity above, Fig.  6a, b shows that the 
magnitude of AM2 enhancement is larger in the American 
sector than in the eastern Asia–Australia sector. Such a 
longitudinal difference is consistent with the results from 
multi-case comparisons of TEC M2 perturbations around 
10°N geomagnetic latitude between the eastern Asian and 
American sectors during 10 winter periods with different 
SSW levels (Liu et al., 2019) as well as results from other 
previous papers (Sathishkumar and Sridharan, 2013; Sid-
diqui et al., 2017). Such a difference may be attributed to 
a combined effect of longitudinal variations of atmos-
pheric (especially tidal) and electrodynamic processes 
(Pedatella et  al., 2012b; Yamazaki et  al., 2017; Pedatella 
and Liu, 2013; Liu et  al., 2011). For instance, Pedatella 
et al. (2012b) conducted Whole Atmosphere Community 
Climate Model simulations and found that the atmos-
pheric M2 amplitude in December has clear longitudinal 
variability at low latitudes. Yamazaki et al. (2017) found 
clear longitudinal variability in the M2 amplitude in EEJ 
and suggested that it is partly caused by the longitudinal 
differences of ionospheric conductivities determined by 
the background geomagnetic field.

Meanwhile, Fig. 6c–e shows that the latitudinal distri-
bution of ERM2 variations is distinctly different between 
the eastern Asia–Australia and American sectors. In 
the eastern Asia–Australia sector, the latitudinal dis-
tribution of ERM2 variation (Fig. 6c) is similar as that of 
AM2 (Fig.  6a). This indicates that the latitudinal varia-
tion of the ionospheric M2 tide is similar as that of the 
ionospheric solar tide in the eastern Asia–Australia sec-
tor during the 2009 SSW. Comparatively, the difference 
between Figs. 6b and 6d (6e) indicates that the latitudinal 
variation of the ionospheric M2 tide is different from that 
of the ionospheric solar tide in the American sector.

Besides, Fig.  6c–e shows that the magnitude of ERM2 
enhancement is also larger in the American sector than 
in the eastern Asia–Australia sector, which is similar 
as the manifestation of AM2 but more significant in the 
southern middle latitude. Considering that ERM2 repre-
sents the relative magnitude of M2 in comparison with 
solar tides, such results indicate that both the absolute 
and relative M2 effect in the ionosphere is stronger in 
the American sector than in the eastern Asia–Australia 
sector during the 2009 SSW. This is not only because 
that AM2 is relatively larger in the American sector than 
in the eastern Asia–Australia sector as shown in Fig. 6a, 
b, but also because that the solar-tide amplitude is rela-
tively smaller in the American sector than in the eastern 
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Asia–Australia sector, especially in the southern middle 
latitude (figures not shown here).

In addition, clear AM2 extends to relatively higher lati-
tudes (Fig. 6b) and the ERM2 is much larger in the south-
ern middle latitude than in the low latitude (Fig.  6d, e) 
in the American sector compared to those (Fig.  6a, c) 
in the eastern Asia–Australia sector. It is worth noting 
that there is a unique ionospheric phenomenon named 
Weddell Sea Anomaly (WSA) (Penndorf, 1965; He et al., 
2009; and references therein) in the American south-
ern middle latitude. Liu et  al. (2021) discussed the pos-
sible M2 wind modulation on the nighttime TEC in the 
WSA region during the 2009 SSW. The WSA is primar-
ily attributed to the combined effect of the zonal wind 
and the positive geomagnetic declination which contrib-
utes to the geomagnetic northward wind that sustains 
the F-region plasma density (Penndorf, 1965; He et  al., 
2009; and reference therein). Thus, the contribution of 
the zonal tidal wind to the ionospheric variability in the 
WSA region may be much more significant than that in 
the eastern Asia–Australia sector where is no WSA-like 

phenomenon in the southern hemisphere during the 
same period. This may partly contribute to the differ-
ences of the ionospheric perturbations during the SSW 
between the eastern Asia–Australia and American sec-
tors. Besides, the TEC M2 perturbations in the eastern 
Asia–Australia sector have local maxima in the southern 
middle latitude (Fig.  6a, c) while those in the American 
sector have similar features (Fig.  6d, e; Liu et  al., 2021). 
This seems to indicate that the M2 influences on the 
ionosphere in the low latitude (mainly through fountain 
effect) and middle latitudes are not the same. Thus, it 
seems to support the possible contribution of the mecha-
nism of direct wave upward penetration and in situ iono-
sphere modulation (Goncharenko and Zhang, 2008; Park 
and Lühr, 2012; Pedatella and Maute, 2015).

To further discuss the possible mechanism differences 
between the low and middle latitudes, Fig.  7 gives the 
PM2 variations in the (a) eastern Asia–Australia and (b) 
American sectors during the 2009 SSW. The dashed lines 
are the same as those in Fig.  6. Figure  7c gives the PM2 
variations at 10°N geomagnetic latitude in the two sectors 

Fig. 7 The variations of PM2 in the a eastern Asia–Australia and b American sectors during the 2009 SSW. The dashed lines are the same as those 
in Fig. 6. c Gives the PM2 variations at 10°N geomagnetic latitude in the two sectors with red for the eastern Asia–Australia sector and blue for the 
American sector
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with red for the eastern Asia–Australia sector and blue 
for the American sector. In most cases, especially those 
corresponding to the latitudes and periods of the AM2 
enhancement during the 2009 SSW, the PM2 in both sec-
tors show periods with around half a lunar cycle (about 
14.5  days). This further demonstrates that the 12.42-h 
component in our result is contributed by the M2 tide. 
In the eastern Asia–Australia sector, the PM2 in the mid-
dle latitudes tends to fall behind those in other latitudes. 
In the American sector, the PM2 in the EIA crest regions 
tends to advance those in other latitudes. The possible 
mechanism differences between the low and middle lati-
tudes may lead to the phase differences. Nevertheless, the 
M2 amplitude and phase in the mesosphere and lower-
thermosphere have significant latitudinal and interhemi-
spheric differences (Pedatella et al., 2012a; and reference 
therein). Thus, such latitudinal and interhemispheric dif-
ferences of the PM2 in the two sectors seem not enough to 
demonstrate the possible mechanism differences between 
the low and middle latitudes. Further studies, especially 
simulations, may be helpful for clarification. In addition, 
it seems that the PM2 in the eastern Asia–Australia sector 
falls behind that in the American sector for about 2 days 
during the 2009 SSW. This is illustrated more clearly in 
Fig. 7c between days 10 and 50. Such feature is consistent 
with Fejer et al. (2010), in which they found that the EEJ 
perturbations during the SSW events occurred first in 
the American sector while several days later in the Pacific 
sector and attributed this phenomenon to the different 
effects of lunar tide in each sector.

Summary
Ionospheric perturbations in the eastern Asia–Australia 
sector are studied with TEC and foF2 during the 2009 
SSW. Following the polar peak warming, distinct latitudi-
nal and interhemispheric differences of M2 perturbations 
are revealed and compared with those in the American 
sector.

The most distinct M2 perturbations in TEC and foF2, 
manifested as phase-shifted semi-diurnal (PSSD) sig-
natures, occur near the EIA crest regions around ± 15° 
geomagnetic latitudes. Clear PSSD perturbations 
extend to middle latitudes only in the southern hemi-
sphere. The northern and southern AM2, AM2

’, and ERM2 
maximize at around 15°N and 20°S geomagnetic lati-
tudes, but their largest magnitude corresponds to the 
first and second PSSD cycles, respectively, i.e., corre-
sponding to different moon phases. The southern AM2, 
AM2

’, and ERM2 also show local maxima around 35°S 
geomagnetic latitude.

The latitudinal and interhemispheric differences of M2 
perturbations in the low latitude in the eastern Asia–
Australia sector are similar as those in the American 

sector. This supports our previous suggestion that such 
latitudinal and interhemispheric differences in the low 
latitude are primarily due to the summer–winter ther-
mospheric wind effect on the equatorial plasma fountain. 
In addition, the manifestation of M2 perturbations in the 
southern middle latitude is much more significant in the 
American sector than in the eastern Asia–Australia sec-
tor, which indicates that the WSA-related thermospheric 
circulation may have influence on the lower atmosphere–
ionosphere coupling process.
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