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Abstract The mid-latitude ionospheric trough (MLIT), an anomaly in the ionosphere's F layer caused by
various mechanisms, affects radio wave propagation. In this study, we investigated the morphology and
oscillations of the MLIT using global Global Positioning System total electron content map data between 1
January 2018, and 31 December 2020. The MLIT position varies longitudinally, reaching its farthest
equatorward at 60°W and its farthest poleward at 30°E. The MLIT occurrence rates peak during the winter and
equinoxes and dip in summer, while seasonal variations in MLIT position vary across longitude bands.
Heightened geomagnetic activities, quantified by the SMEG6 index, promote MLIT occurrence, especially during
pre-midnight hours in summer and equinoxes, and shift the MLIT equatorward, particularly during midnight
and post-midnight hours. The MLIT position shows clear local time variation, with a gradual decrease before
midnight, stabilization afterward, and a minor resurgence around dawn. Wavelet analysis reveals three distinct
periodic components in the MLIT position: 27, 13.5, and 9, with the 27-day period being the most persistent.
Cross-wavelet and wavelet coherence analyses suggest that solar wind (SW) velocity variations precede
changes in the MLIT position. The main factors responsible for the equatorward movement of MLIT are the
electric fields in high-speed SW that enhance the ionospheric convection pattern, and the intensified
geomagnetic activities induced by interplanetary shocks.

1. Introduction

The mid-latitude ionospheric trough (MLIT) is one of the main latitudinal structures of ionosphere, which was
first discovered by Muldrew (1965) and Sharp (1966). The MLIT, a plasma density attenuation structure in the F
layer, mainly occurs in the narrow boundary region between the mid-latitudes and the auroral zone (Moffett &
Quegan, 1983; Rodger et al., 1992; Scali, 1992). The emergence of MLIT results in significant electron density
gradients in the F layer, consequently influencing the propagation of radio waves.

Various physical mechanisms contribute to the MLIT's formation, with the dominant one varying based on
geomagnetic conditions (Rodger, 2008; Rodger et al., 1992). These mechanisms mainly include stagnation
mechanism, enhanced recombination processes, and precipitation and transport. The stagnation mechanism oc-
curs when opposing convective and co-rotating electric fields significantly reduce plasma velocity in the mid-
latitudes (Collis & Haggstrom, 1988; Rodger et al., 1992; Spiro et al., 1978; Whalen, 1989), allowing the plasma
to recombine over a longer period, and consequently decreasing plasma density at night. The enhanced recom-
bination processes are primarily due to the increased recombination rate of oxygen ions (O*) caused by a rise in
ion temperature (Rodger, 2008; Rodger et al., 1992; Schunk et al., 1976). This temperature rise can result from
frictional heating between ions and neutral particles during subauroral ion drifts (SAID) (Spiro et al., 1979).
Additionally, frictional heating in the E layer may lead to a higher average molecular weight (Rishbeth
et al., 1985), further enhancing the recombination processes. The MLIT's poleward boundary is shaped by
precipitated auroral particles (Rodger et al., 1986), while its equatorward boundary is formed by downward
oxygen ions from the nightside plasmasphere (Yizengaw et al., 2005) and photoionized plasma transported from
the dayside due to the Earth's rotation (Voiculescu et al., 2010). In general, the MLIT's formation is a complex
process involving numerous physical mechanisms. Rodger et al. (1992) detailed the relative importance of each
mechanism under different geomagnetic conditions.
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The morphology of the MLIT, or its position and shape, is generally described by three parameters: the equa-
torward boundary, the minimum position, and the poleward boundary. For the sake of simplicity, the term “MLIT
position” will be used hereafter to refer specifically to the MLIT's minimum position. Some researchers defined
more parameters to describe the MLIT's fine structure, for example, the breakpoints and the trough width (Pryse
et al., 20006), the trough depth, the equatorward and the poleward half-width (Yang et al., 2015). All these pa-
rameters are affected by season, longitude, local time (LT), geomagnetic activity and solar activity. A multitude of
studies indicated that the MLIT predominantly occurs on the nightside over a broad LT range, with its presence
being especially prominent during the winter and equinoctial seasons. However, during the summer, the MLIT's
occurrence is primarily concentrated in the post-midnight sector and is less distinct compared to other seasons (M.
S. He et al., 2011; Ishida et al., 2014; Lee et al., 2011; Matyjasiak et al., 2016; Rodger et al., 1992; Voiculescu
etal., 2006). Tulunay (1973) first identified the longitudinal variation of the MLIT, and Horvath and Essex (2003)
attributed it to influences such as geomagnetic field strength, geomagnetic declination, and the solar position with
respect to the magnetic equator using the total electron content (TEC) data acquired from the TOPEX satellite.
Besides, the MLIT's morphology varies with changes in LT (Collis & Héggstrom, 1988; Karpachev, 2003;
Karpachev et al., 1996; Lee et al., 2011; Parker et al., 2018; Spiro et al., 1978). The influence of geomagnetic
activity on the MLIT's morphology has been extensively studied using various geomagnetic indices, with a
consensus on the inverse linear correlation between the MLIT position latitude and the Kp index (Collis &
Higgstrom, 1988; Krankowski et al., 2009). Werner and Prolss (1997) considered the “memory effect,” sug-
gesting that the MLIT position is influenced not only by current geomagnetic activities but also by past activities.
Consequently, they introduced the AE6 index by integrating the Auroral Electrojet (AE) index from the prior 6 hr
into the current AE index, with Prolss (2007) noting its superior correlation with the MLIT position compared to
traditional indices like Kp, AE, and Dst. Following the concept of the AE6 index, S. C. He et al. (2020) introduced
the Kp9 index, demonstrating that its correlation with the MLIT position is stronger than that of the AE6 index. In
addition to the MLIT position, Karpachev (2003) also indicated that when the Kp index increases from 2 to 5, the
MLIT generally becomes broader and deeper, which is associated with the influence of disturbed electric fields.
Moreover, solar activity has been observed to influence the MLIT's morphology. Ishida et al. (2014) noted that the
MLIT deepens as the F10.7 index rises using data from the European Incoherent Scatter Radar, which is primarily
due to enhanced recombination processes. Employing Global Positioning System (GPS) TEC map data, Le
et al. (2017) discovered that under quiet geomagnetic conditions (Kp < 3), the magnetic latitude (MLAT) of
MLIT position decreases from 60° to 58° as the F10.7 index rises from 70 to 170 solar flux units (sfu). Using
GNSS (Global Navigation Satellite System) TEC data, Castafio et al. (2021) found that from low to high solar
activity, the MLATSs of MLIT position in the Northern and Southern Hemispheres shift toward the equator by
approximately 3° and 1°, respectively.

In recent years, research has increasingly shown a close relationship between the oscillations in the MLIT position
and variations in specific parameters of the solar wind (SW) (Castafio et al., 2021; M. S. He et al., 2011; Natali
et al., 2020). Using electron density data from the COSMIC satellites, M. S. He et al. (2011) revealed the first
observations of a 9-day periodic oscillation in the MLAT of MLIT position, which has an amplitude of
approximately 1° to 1.5° and is closely aligned with high-speed SW appearing on a 9-day cycle. Additionally,
they discovered a longitudinal dependence that the deepest MLIT at midnight occurs within the 150°W to 90°W
sector in the Northern Hemisphere, west of the northern geomagnetic pole. Natali et al. (2020) utilized GPS TEC
map data to discern oscillation periods of 9 and 27 days in the MLIT position at 00 LT and 02 LT during solar
minimum, which exhibit a robust association with oscillations in SW velocity. They suggested that the SW
velocity and the interplanetary magnetic field (IMF) could jointly influence high-latitude ionospheric plasma
convection driven by local electric fields, expressible by the equation Egy = —Vgy X B, in the Earth's frame
(Burton et al., 1975), thereby directly affecting the MLIT position. Castafio et al. (2021) observed 13.5-day and
27-day periodicities in the MLIT position in both hemispheres using GNSS TEC map data. They found that these
periodicities are most evident in the spring and autumn during the descending and minimum phases of the solar
cycle, which can be attributed to the impact of SW velocity and IMF B, component on high-latitude ionospheric
plasma convection. However, they assumed that the ionization only depends on LT and globally averaged the
TEC latitude profiles corresponding to fixed LT, neglecting the effect of longitude. Beyond the 9-, 13.5-, and 27-
day periodicities, SW velocity and geomagnetic indices were found to exhibit oscillation periods of less than
9 days during descending and minimum phases of the 23rd solar cycle (Gibson et al., 2009; Temmer et al., 2007).
These periodic oscillations in the SW are induced by coronal holes that are distributed at certain intervals in solar
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Geodetic median vertical TEC map at 04:12:30 UTC on 2019-06-05
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Figure 1. Global vertical total electron content (TEC) map at 04:12:30 UTC on 5 June 2019. This map presents the global
coverage of the Global Positioning System TEC data with five 10-degree wide longitude bands marked by red rectangles,
centered at 120°W, 90°W, 60°W, 0°, and 30°E.

longitude, reflecting the Sun's approximately 27-day rotation cycle. For example, the 9-day oscillation can be
caused by three coronal holes that are spaced about 120° apart (Temmer et al., 2007). The coronal holes pre-
dominantly occur during the descending and minimum phases of the solar cycle. These regions allow for easier
escape of high-energy particles into interplanetary space, hence serving as principal sources of high-speed SW
streams (Emery et al., 2009; Krieger et al., 1973).

The morphological changes of the MLIT were extensively studied more than 10 years ago. However, with the
increasing number of ground GPS receivers, there has been a continuous improvement in TEC data quality. Given
these advancements, it becomes vital to reanalyze the MLIT's morphological changes using newer data. More-
over, the newly discovered association between oscillations in the MLIT position and variations in SW param-
eters could deepen our understanding of the underlying physical mechanisms behind MLIT. This study aims to
advance our understanding of the MLIT's morphological changes and oscillations by analyzing GPS TEC map
data from 2018 to 2020 in the Northern Hemisphere, considering longitudinal dependence. In the following
Section 2, we introduce the data used in this study and the method of identifying the MLIT. Section 3 and
Section 4 present the results and the discussion of our analysis, respectively. Finally, we summarize our main
findings in Section 5.

2. Data and Methods

2.1. Data and Preprocessing

In this study, we used the global GPS TEC maps generated by the Massachusetts Institute of Technology (MIT)
Haystack Observatory using the MAPGPS (MIT Automated Processing of GPS) software (Rideout &
Coster, 2006; Vierinen et al., 2016). We downloaded these TEC maps in the CEDAR Madrigal Database. These
maps feature a spatial resolution of 1°X 1° and a temporal resolution of 5 min, extending from 1998 to the
present. However, the spatial coverage of the maps is inherently limited by the distribution of ground GPS re-
ceivers. With the passage of time, there has been a progressive increase in the coverage of ground GPS receivers.
Concurrently, the computational algorithms for processing GPS data have been undergoing continuous
enhancement. To ensure accurate analysis, we used TEC maps from the recent solar minimum period (2018/1/1 to
2020/12/31). Figure 1 illustrates the global coverage of the GPS TEC data during this time, highlighting better
coverage in America and Europe. Therefore, we chose five 10-degree-wide longitude bands in these areas,
centered at 120°W, 90°W, 60°W, 0°, and 30°E. These longitude bands are marked by red rectangles in Figure 1.
Subsequently, from available TEC maps, we extracted nightly latitude profiles across five longitude bands for
each day. These profiles were then averaged every local hour, resulting in a data set of 65,760 individual TEC
latitude profiles.

To investigate the effect of geomagnetic activity on the MLIT, we used the SuperMAG Electrojet (SME) index
data obtained from the SuperMAG website. The SME index, which measures the strength of geomagnetic
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disturbances from mid-latitudes to auroral zones, is calculated using data collected by over 100 ground-based
magnetometers located in the Northern Hemisphere, covering MLATSs from 40° to 80° (Newell & Gjer-
loev, 2011). Notably, this index offers superior temporal and spatial resolutions compared to the traditional AE
index (Bergin et al., 2020). Given that the TEC latitude profiles have a 1-hr temporal resolution, we averaged the
SME index over 1-hr periods. Furthermore, emulating the calculation approach of the AE6 index (Werner &
Prolss, 1997), we integrated the SME index from the previous 6 hr into the current SME index to compute the
SMES6 index:

6 .
Z SMEyr_jjp €™
SME6 =2 (1)

Subsequently, we classified SME6 < 200 nT as indicating low levels of geomagnetic activity, which accounted
for 75.9% and SME6 > 200 nT as indicating high levels of geomagnetic activity, which accounted for 24.1% of
the nighttime period over three years, between 2018 and 2020.

The SW and IMF data employed in this study were obtained from the OMNI data set hosted on the NASA
Coordinated Data Analysis Web (CDAWeb). We utilized measurements including SW velocity, SW density, and
the IMF B, component to investigate the association between the MLIT position oscillations and SW variations.
These data sets are primarily derived by temporally shifting observations from the ACE and Wind spacecraft,
which are positioned near the L1 Lagrange point in the Sun-Earth system, to the Earth's bow shock nose.

The Super Dual Auroral Radar Network (SuperDARN) is a global network of high frequency (3 — 30 MHz)
coherent scatter radars monitoring conditions in the near-Earth space environment (e.g., Chisham et al., 2007
Nishitani et al., 2019). The radars allow us to map the large-scale ionospheric convection patterns in the Northern
and Southern Hemispheres with high temporal resolution (2 min, Ruohoniemi et al., 1989; Thomas & Shep-
herd, 2018). In this study, we used the SuperDARN data including the Cross Polar Cap Potential (CPCP) and the
Heppner-Maynard Boundary (HMB) to investigate the association between the MLIT position oscillations and
ionospheric convection patterns. Additionally, the number of velocity vectors (NVV) was used to evaluate the
quality of the SuperDARN data. The NVV is defined as the total NVV measured by all radars, which is used for
fitting to obtain the ionospheric convection patterns. To ensure data reliability, we retained only the CPCP and
HMB entries with NVV values over 50.

2.2. Method of Identifying the MLIT

Due to the presence of some anomalous phenomena in the ionosphere, such as the equatorial ionization anomaly
and high-latitude troughs, the identification of MLIT is often complicated. Besides, the accuracy of the identi-
fication of MLIT's structural parameters is not consistently high. Thus, we focused only on the MLIT's minimum
position (MLIT position hereafter) in this study. We first adopted an automated algorithm to identify the MLIT
position in the Northern Hemisphere, involving the following steps:

1. For a given TEC latitude profile, local minima between 45° and 70° magnetic latitudes are identified. These
points serve as initial markers from which the search extends equidistantly toward both the northern and
southern directions until a local maximum is encountered on either side, or until the latitudinal width exceeds
20°, delineating potential trough regions.

2. Trough regions with equatorward boundaries below 40° or poleward boundaries above 80° are excluded.

(O8]

. Trough regions where data coverage on one side of the minimum falls below 50% are discarded.

4. Trough regions that do not meet the criterion TEC,;, < (1 — w/200) TEC,),.., are removed, where w is the
trough's latitudinal width and TEC,,ean is the mean TEC value of the trough region.

5. If a single trough region remains, it is recognized to be the MLIT. Otherwise, the trough region closest to the

equator is selected as the MLIT. In the absence of any qualifying trough regions, the existence of the MLIT is

not recognized.
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LT: 23-02 Utilizing the above algorithm, our automated program successfully identified
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o= e 49,499 MLITs from all the TEC latitude profiles. After a thorough manual
review, we eliminated 1,554 incorrectly recognized features, resulting in a
refined data set of 47,975 MLITs.

I 1 3. Results and Analysis
3.1. Longitudinal Variation

] In this study, we employed the Altitude Adjusted Corrected Geomagnetic
1 (AACGM) (Shepherd, 2014) coordinates system to transform geographic
latitudes into MLATS at an altitude of 350 km, facilitating an investigation
into the distribution characteristics of the MLIT position under various con-

ditions. First, we analyzed the longitudinal variation in MLIT position under
different levels of geomagnetic activity, as illustrated by box-and-whisker

-120 -90

Figure 2. Variation of the mid-latitude ionospheric trough (MLIT) minimum

Geographic Longitude [deg]

60 0 30 plots in Figure 2. The analysis reveals that during periods of low geomag-
netic disturbance (blue boxes), the MLATs of MLIT position across all
longitude bands predominantly cluster around 58° ~62°N. In contrast, under

position by longitudinal bands and geomagnetic activity. This figure conditions of high geomagnetic disturbance (acid green boxes), a decrease in
illustrates the distributions of MLIT position in magnetic latitude across five the MLATS of MLIT position across all longitude bands is observed, with an
longitudinal bands under two different geomagnetic activity levels, using average reduction of approximately 2° as the SMEG6 index shifts from below

box-and-whisker plots for visualization.

200-200 nT or above. The following sections will explore in detail the impact

of geomagnetic activity on the MLIT position. Moreover, longitude-wise, the
60°W longitude band features the lowest MLATSs of the MLIT position, whereas the 30°E longitude band records
the highest MLATS, with the remaining three longitude bands showing only slight differences between them.
Thus, the MLIT's longitudinal variations should not be ignored, which is also highlighted by Karpachev (2003).
For subsequent analyses, we restrict our focus to the 120°W and 90°W longitude bands, chosen for their similar
MLIT position distributions and geographical proximity. Additionally, a comparison of MLIT position distri-
butions under different levels of geomagnetic activity suggests that not only does the MLATs of MLIT position
decrease under high geomagnetic disturbances, but the longitudinal variation is also reduced.

3.2. Seasonal and LT Variations

Figure 3 presents the seasonal and LT variations in the MLIT occurrence rate. Due to the good temporal continuity
of the TEC data, we directly present the monthly MLIT occurrence rate, defined as the ratio of MLIT instances to
total TEC latitude profiles for specific local times. As can be seen, the MLIT occurrence rate is consistently at its
nadir in the summer, a pattern significantly distinct from that observed in other seasons. Minimal differences are
detected between the equinoxes and winter, with the peak incidence occurring during the pre-midnight hours in
winter, and the post-midnight hours in the equinoxes. These results are similar to the findings shown by Ishida
et al. (2014). Additionally, the diurnal amplitude of the seasonal variations is most subdued around midnight,
whereas it is substantially larger during the pre-midnight and post-midnight hours. The data also confirm that
geomagnetic activity significantly stimulates the genesis of the MLIT. This effect is most apparent before
midnight in summer and least noticeable after midnight during the equinoxes.

Figure 4 depicts the MLIT position distributions for various months under different geomagnetic conditions
during the midnight local times (23—02 LT), across different longitude bands. Notably, seasonal variations exhibit
distinct patterns depending on the longitude band. The seasonal variations are most pronounced in the 0° and 30°E
bands, with the MLIT position being most equatorward in summer and most poleward in equinoxes and winter. In
contrast, the seasonal variations are not conspicuous in the 120°W, 90°W and 60°W bands. This suggests that the
MLIT's seasonal variations are influenced by its longitudinal changes, similar to the findings reported by
Matyjasiak et al. (2016). Combined with Figure 2, we can find that in the 0° and 30°E longitude bands with
noticeable seasonal variations, the MLIT shifts away from the equator, while in the 120°W, 90°W and 60°W
bands with weaker seasonal variations, the MLIT remains closer to the equator. Furthermore, under conditions of
intense geomagnetic activity (illustrated in Figure 4 on the right), the seasonal variations tend to diminish, and the
monthly distributions become more concentrated, as indicated by the reduced spacing between the upper and
lower bounds of the box plots.
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Figure 3. Monthly (seasonal) variations in the occurrence rate of the mid-latitude ionospheric trough across different local
times (18-06 LT, i.e., the whole night, and three sub-periods: 20-23 LT, 23-02 LT and 02-05 LT) and two geomagnetic
activity levels.

Figure 5 presents the MLIT position distributions for different local hours under different geomagnetic conditions
during distinct seasons. An anomaly is noted in the summer at 18 LT, attributed to an exceptionally low
occurrence rate of the MLIT at that time, resulting in an insufficient sample size (less than 10). Variations in the
MLIT position in relation to LT exhibit slight, season-dependent discrepancies. During the equinoxes, a
consistent decrease in the MLAT of MLIT position precedes midnight, reaching a nadir at 00 LT, followed by a
phase of relative stability extending from 00 LT to 05 LT, and a marginal increase from 05 LT to 06 LT. Both
summer and winter exhibit a similar diurnal pattern to the equinoxes; however, during summer, this steady state
interval spans from 03 LT to 05 LT, whereas in winter, it extends from 21 LT to 01 LT, with the amplitude of
diurnal variability being the greatest in summer and lowest in winter. Parker et al. (2018) performed a modeling
study and observed a similar trend in MLIT's LT variations from September to December in 2002. When con-
trasting the distributions under different levels of geomagnetic activity, an amplification in the diurnal variability
under intense geomagnetic activity becomes evident (on the right of Figure 5), particularly during equinox and
summer. Additionally, it is observed that the MLAT of MLIT position decrease during the LT interval from 19 LT
to 06 LT under elevated geomagnetic conditions. However, an increase in the MLAT of MLIT position during
winter and equinoxes is noted between 18 and 19 LT, suggesting that the physical mechanisms responsible for the
MLIT formation on either side of 19 LT may differ.

3.3. Geomagnetic Activity Dependence

Figure 6 presents MLIT position distributions across different SME6 index ranges for 120°W and 90°W longitude
bands. It is observable that throughout the nighttime LT sectors, the medians of the MLIT position distributions
exhibit a decreasing trend with increasing SMEG6 index. A decline of approximately 5° in the median values is
noted, ranging from 0 < SME6 < 100 nT to SME6 > 700 nT. Horvath and Essex (2003) used the Kp index to find
that the MLIT significantly moves toward the equator at high Kp levels, which they attributed to the expansion of
the auroral oval, the poleward neighbor of the MLIT. Upon comparing the variations in the MLIT position
distribution across other LT sectors relative to the SME6 index, it is discerned that the changes during the pre-
midnight sector are relatively minor. The general trend of the MLATs of MLIT position descending with
increasing SMES6 index is not as evident before midnight. However, a significant declining trend is observed
during the midnight and post-midnight sectors. This highlights the asymmetric impact of geomagnetic activity on
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Figure 4. Monthly (seasonal) variations of the mid-latitude ionospheric trough minimum position in midnight (23-02 LT), in
different longitude bands (120°W, 90°W, 60°W, 0° and 30°E) and under two different geomagnetic activity levels.

the MLIT position at different local times, suggesting varied mechanisms are at play. The effect intensifies during
and after midnight, contrasting with the stronger influence of geomagnetic activity on the MLIT occurrence rate
before midnight. Le et al. (2017) found that geomagnetic activity has a greater impact on the MLIT position at
post-midnight than at pre-midnight, similar to our findings.

3.4. Multiday Periodic Oscillations

We employed the Continuous Wavelet Transform (CWT) to conduct spectral analysis of the SW velocity and the
MLIT position. Figure 7 presents the time-series and CWT power spectra of the SW velocity and the MLIT
position (denoted by its MLAT). For the MLIT position, we selected data from the 90°W longitude band
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Figure 5. Local time variations of the mid-latitude ionospheric trough minimum position in the 120°W and 90°W longitude
bands, in different seasons and under two different geomagnetic activity levels. The three seasons are equinox (March, April,
September, and October), summer (May, June, July, and August), and winter (November, December, January, and February).

corresponding to a LT interval of 00-03 LT. Analysis of Figures 7a and 7b reveals that SW velocity fluctuates
primarily within the range of 300 km/s to 700 km/s, exhibiting significant variability, whereas the MLIT position
oscillates mainly between 57° and 62°, with relatively minor fluctuations. To normalize the time series of SW
velocity and the MLIT position, both data sets were first adjusted by subtracting their respective mean and then
dividing by their standard deviations. Subsequent application of the CWT yielded power spectra as depicted in
Figures 7c and 7d. The power spectra indicate that both SW velocity and the MLIT position exhibit distinct
periodic structures, predominantly reflecting a 27-day cycle, followed by 13.5-day and 9-day cycles. These
periodicities closely align with the Sun's ~27-day rotation cycle and its second (13.5-day) and third (9-day)
harmonics (M. S. He et al., 2011; Temmer et al., 2007). The 27-day cycle, characterized by the longest duration
and peak wavelet power, manifests as six structures in the SW velocity spectrum (Figure 7c), four of which
exceed the 90% confidence level (outlined by black solid curves) and last for durations exceeding two months. In
the MLIT position spectrum (Figure 7d), five structures of the 27-day periodicity correspond well with those in
the SW velocity spectrum, but only one of these surpasses the 90% confidence level, the others displaying
relatively lower wavelet power. The 13.5-day cycle persists for shorter periods, about one to 2 months, and is
identified by four instances in the SW velocity that exceed the 90% confidence level. Although the 13.5-day cycle
is also present in the MLIT position, it exhibits universally lower wavelet power which does not exceed the 90%
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Figure 6. Geomagnetic activity dependence of the mid-latitude ionospheric trough minimum position across different local
times (18-06 LT, i.e., the whole night, and three sub-periods: 20-23 LT, 23-02 LT, and 02-05 LT), at the 120°W and 90°W
longitude bands. Each subplot contains eight box plots, corresponding to different ranges of the SMEG6 index: [0 nT, 100 nT),
[100nT, 200 nT), [200 nT, 300 nT), [300 nT, 400 nT), [400 nT, 500 nT), [S00 nT, 600 nT), [600 nT, 700 nT), and [700 nT, +oco0).

confidence level. The 9-day cycle appears as minor-scale structures with the shortest persistence, generally less
than 1 month, and multiple instances exceeding the 90% confidence level are identified in both power spectra.
Additionally, the power spectra for both parameters show several smaller-scale structures of less than 9 days,
which are more common during the descending and minimum phases of the solar cycle (Gibson et al., 2009;
Temmer et al., 2007). These structures have short durations with lower wavelet power and are not discussed
further in this article. Overall, there is a notable correspondence between the periodic structures in the power
spectra of SW velocity and the MLIT position, though the wavelet power of the latter tends to be generally lower.

To elucidate the significance of the periodic structures in both power spectra, an integration of their respective
wavelet power spectra over time was performed, resulting in the global wavelet power spectra shown in
Figures 7e and 7f. The global power spectrum of SW velocity exhibits peaks at 27, 13.5, and 9 days, all exceeding
the 90% confidence level. The most significant peak corresponds to the 27-day cycle, followed by the 13.5- and 9-
day cycles. Although the MLIT position's global power spectrum peaks also occur at these periods, none reach the
90% confidence level. Here, the most distinguishable is the 27-day cycle, with the 13.5- and 9-day cycles showing
approximately equal significance.

To further verify the relationship between the MLIT position and SW velocity, we employed the Cross Wavelet
Transform (XWT) and Wavelet Coherence (WTC) techniques. These advanced methods enhance the visuali-
zation of the interconnection between their periodic structures. The resulting XWT power spectrum is depicted in
Figure 8a, with the WTC spectrum portrayed in Figure 8b. In the WTC spectrum, the orientations of phase arrows
quantify the phase lag between SW velocity and the MLIT position. Convention dictates that arrows directed
downward signify a leading phase for SW velocity, whereas upward arrows denote a leading phase for the MLIT
position (Grinsted et al., 2004). Regions of elevated power, enclosed in black on the XWT spectrum, delineate
shared periodic structures between the two parameters, aligning with the CWT power spectrum findings. Notably,
the 27-day component exhibit fewer occurrences, yet longer durations, contrasting with the more frequent but
ephemeral 13.5-day and 9-day cycles. Correlation analyses from the WTC spectrum reveal regions of heightened
coherence closely corresponding to the periodic structures identified in the XWT power spectrum. It is partic-
ularly noteworthy that in areas of the WTC spectrum where coherence is elevated, the phase arrows
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Figure 7. Time-series of solar wind (SW) velocity and the mid-latitude ionospheric trough (MLIT) minimum position at the 90°W longitude band aligned with their
Continuous Wavelet Transform (CWT) power spectra. (a)—(b) Time-series of SW velocity and MLIT minimum position's magnetic latitude. (c)—(d) CWT power spectra
of the two parameters, with regions exceeding 90% confidence outlined by black solid curves, and 27-day, 13.5-day, 9-day periods are marked with black dashed lines.
(e)—(f) Global wavelet power spectra (blue solid lines) of the two parameters, with 27-day, 13.5-day, 9-day periods indicated with black dashed lines and the 90%
confidence threshold illustrated by red lines.

predominantly point downward, indicating a leading phase for SW velocity. Such a directional tendency implies
statistically a causal relationship between SW velocity and the MLIT position, with SW velocity being the driving
factor.

4. Discussion

Karpachev (2003) noted that the MLIT shape varies significantly with longitude, a factor that requires priority
consideration. Thus, we first present the longitudinal variation in MLIT position in Figure 2, showing that the
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Figure 8. The Cross Wavelet Transform (XWT) power spectrum and Wavelet Coherence (WTC) spectrum of the mid-latitude ionospheric trough (MLIT) minimum
position and solar wind (SW) velocity at the 90°W longitude band. (a) XWT power spectrum, where regions exceeding the 95% confidence level are encircled by solid
black lines, and 27-day, 13.5-day, 9-day periods are marked with black dashed lines. (b) WTC spectrum, again with regions surpassing the 95% confidence level enclosed
by solid black lines. Similarly, black dashed lines indicate 27-day, 13.5-day, and 9-day periods, while white arrows highlight the phase relationship between the MLIT
minimum position and the SW velocity.

MLIT is closest to the magnetic equator at 60°W longitude band and furthest at 30°E longitude band. Using
21 years of DMSP satellites data, Yang et al. (2018) reported that the highest MLAT of MLIT position near 19
MLT is observed around 60°W during winter in the Northern Hemisphere. This contradiction may primarily stem
from the different effects of neutral winds at various altitudes, considering DMSP satellites are located around
850 km high, whereas our GPS TEC data mainly derives from NmF2 contributions. Due to the importance of the
longitudinal variation, we need to restrict the longitude when studying the MLIT's morphological changes and
oscillations. Some previous studies investigating the MLIT's oscillations used satellite data and were difficult to
consider longitude variations (e.g., M. S. He et al., 2011), while others used global TEC map data without fully
considering the longitude constraints (e.g., Castafio et al., 2021; Natali et al., 2020).

Based on the five longitude bands selected in this article, we examined the seasonal variations in the position of
MLIT in each longitude band. From Figures 2 and 4, we can conclude that seasonal variations are affected by
longitudinal variations, with weak seasonal variations appearing in longitude bands where the MLIT has an
equatorward position. However, this relationship is unlikely to be linear. As shown in Figure 2, the MLIT in the
0° longitude band has a more equatorward position than in the 30°E longitude band. However, in Figure 4, the
seasonal variations in the 0° longitude band are more noticeable than in the 30°E longitude band.
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Karpachev (2003) noted that the MLIT's seasonal variations differ in various longitude sectors. The results of this
article may indicate that the position of MLIT varies by longitude, which subsequently leads to different seasonal
variations in various longitude sectors.

The recurrent SW speed can directly drive oscillations in the MLIT position (Castafio et al., 2021; M. S. He
et al., 2011; Natali et al., 2020). Previous researchers attributed this relation to the effect of SW speed on
ionospheric plasma convection. Relative to Earth, the electric field in the high-speed SW can be expressed by the
equation Egy, = —Vgy X B, (Burton et al., 1975). Upon the high-speed SW reaching Earth, its enhanced electric
field could be mapped along magnetic field lines into ionosphere, directly affecting the local electric field-driven
convection of high latitude ionospheric plasma. Consequently, this strengthens the high latitude plasma con-
vection, resulting in the equatorward displacement of the MLIT. To thoroughly examine this process, we utilized
SuperDARN radar data to bridge the gap between the SW data and the MLIT.

Figure 9 presents an example of the MLIT position exhibiting a 27-day periodicity at the 90°W longitude band
within the time range spanning from 6 August 2019, to 26 October 2019. The time series of several parameters are
shown in Figures 9a-9c, which reveals a robust correspondence among the peaks of SW velocity, the nadirs of
SW density, the maxima of the SME index and the HMB MLAT, the minima of the MLIT position's MLAT and
the CPCP. When the high-speed SW arrived, it strengthened the high latitude ionospheric plasma convection.
This was evident from the increase in CPCP and the decrease in HMB MLAT, leading to a lower MLAT of MLIT
position. Besides, the high-speed SW were often associated with interplanetary shocks, which could induce
geomagnetic storms and substorms (Chao & Lepping, 1974; Zhou & Tsurutani, 2001), as reflected by the sub-
stantial increase in SME index. The enhanced geomagnetic activities could expand the equatorward auroral
boundary to a lower latitude, resulting in an equatorward shift of the MLIT. To thoroughly analyze the periodic
components and their significance, we employed the Lomb-Scargle (LS) periodogram method, as depicted in
Figures 9d-9g. Analysis of the LS periodograms reveals that, in this case, the most prominent periodicities in the
MLIT position and SW velocity are around 29 days, both exceeding the 90% confidence level. The CPCP has a
similar periodicity, whereas the HMB exhibits a 27-day periodicity. Additionally, it is observed that the 13.5-day,
9-day, and more minor-scale periodicities are also present in all the four parameters.

5. Summary and Conclusions

In this study, we used global GPS TEC map data recorded between 1 January 2018, and 31 December 2020, to
investigate the morphology changes of nightside MLIT and its position oscillations at specific longitudes. Key
findings are summarized as follows:

1. The MLIT position shows discernible longitudinal variation. Generally, the MLAT of MLIT position reaches
its minimum at the 60°W longitude band and its maximum at the 30°E longitude band. The differences among
the remaining three longitude bands are relatively minor in comparison.

2. The occurrence rate of MLIT exhibits significant seasonal variation, peaking in winter and equinoxes and
dipping in summer. And the seasonal variations in the MLIT position show clear differences across longitude
bands. Furthermore, intensified geomagnetic activities tend to reduce these seasonal variations.

3. Heightened geomagnetic activities significantly promote the MLIT, especially during the pre-midnight hours
in summer and equinoxes, and move it toward the equator, which is pronounced during midnight and post-
midnight hours.

4. The MLIT position exhibits clear LT variation, showing a gradual decrease in the MLAT of MLIT position
before midnight, stabilization afterward, and a minor resurgence around dawn. Importantly, the LT when this
stability occurs varies with the seasons. Moreover, heightened geomagnetic activities tend to amplify the LT
variation of the MLIT position.

5. During the solar minimum phase of Solar Cycles 24-25, three distinct periodic components were observed in
the MLIT position: 27, 13.5, and 9 days. The 27-day period was the most persistent, followed by the 13.5-day
period, while the 9-day period exhibited the shortest duration of the three.

6. The wavelet power spectra reveal the presence of significant periodic structures. These structures correspond
to an appreciable increase in the correlation between the MLIT position and SW velocity within the wavelet
coherence spectrum. Moreover, the phase relationship suggests that variations in SW velocity typically pre-
cede changes in the MLIT position.
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Figure 9. An example of the 27-day periodic oscillation in the mid-latitude ionospheric trough (MLIT) minimum position at the 90°W longitude band. (a) SME index
(gray image) and MLIT minimum position's magnetic latitude (red dots). (b) Solar wind (SW) velocity (gray image) and SW density (red solid line). (c) Cross Polar Cap
Potential (gray image) and Heppner-Maynard Boundary (blue dots). (d)—(g) The Lomb-Scargle periodograms of these parameters, with the green dashed lines
representing the 90% confidence level and the black dashed lines indicating 27-, 13.5-, and 9-day periods.
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