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Abstract

A large number of studies have confirmed the frequent occurrence of plasma irregularities in the mid-latitude ionospheric

trough, but there is little understanding of the distribution characteristics about this feature. Based on Swarm in situ plasma

measurements from 2014 to 2020, the diurnal, seasonal, solar activity and geomagnetic activity variations of the occurrence

rate of mid-latitude trough region irregularities are analyzed. The results show that for the irregularities with scale size of

7.5-75 km: (1) Both of case and statistical analysis indicate that geomagnetic activity has an obvious inhibitory effect on the

formation of irregularities in the mid-latitude trough region, whether on the dayside or nightside. (2) The occurrence rate of

mid-latitude trough region irregularities during the day is significantly higher than that at night, and the difference between

day and night is significantly greater than the difference between the two walls at the same local time section. (3) On the

dayside, the highest and lowest occurrence rate appears in winter and summer, respectively; but on the nightside, the highest

and lowest occurrence rate appears in equinoxes and winter, respectively. (4) On the nightside, it shows lower occurrence rate

under high solar activity conditions, but no obvious solar activity effect is shown on the dayside occurrence rate.
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Abstract21

A large number of studies have confirmed the frequent occurrence of plasma irregularities in the22
mid-latitude ionospheric trough, but there is little understanding of the distribution characteristics23
about this feature. Based on Swarm in situ plasma measurements from 2014 to 2020, the diurnal,24
seasonal, solar activity and geomagnetic activity variations of the occurrence rate of mid-latitude25
trough region irregularities are analyzed. The results show that for the irregularities with scale26
size of 7.5-75 km: (1) Both of case and statistical analysis indicate that geomagnetic activity has27
an obvious inhibitory effect on the formation of irregularities in the mid-latitude trough region,28
whether on the dayside or nightside. (2) The occurrence rate of mid-latitude trough region29
irregularities during the day is significantly higher than that at night, and the difference between30
day and night is significantly greater than the difference between the two walls at the same local31
time section. (3) On the dayside, the highest and lowest occurrence rate appears in winter and32
summer, respectively; but on the nightside, the highest and lowest occurrence rate appears in33
equinoxes and winter, respectively. (4) On the nightside, it shows lower occurrence rate under34
high solar activity conditions, but no obvious solar activity effect is shown on the dayside35
occurrence rate.36

Plain Language Summary37

Early scintillation observational analysis and theoretical studies revealed that the plasma38
irregularities usually occurred on the equatorward wall and poleward wall of the mid-latitude39
trough. Our last work provided the direct high resolution observation evidence of the existence40
of mid-latitude trough region plasma irregularities by using the Swarm 2 Hz electron density41
measurements, and indicated that the particle precipitation is the dominant mechanism for the42
dayside trough region irregularities, while the nightside trough region irregularities are mainly43
controlled by the temperature gradient drift instability (Liu et al., 2021). In the current study, the44
distribution characteristics of the mid-latitude trough region irregularities under geomagnetic45
disturbance conditions and geomagnetic quiet times are further analyzed. The results show that46
both geomagnetic disturbance and high solar activity may inhibit the occurrence of the mid-47
latitude trough region irregularities, for the scale size of 7.5-75 km irregularities discussed in this48
paper. In addition, significant magnetic local time dependence and seasonal dependence are also49
found on the occurrence of the trough region irregularities. This work will promote our50
understanding of the plasma irregularities inside the mid-latitude trough.51

1 Introduction52

Ionospheric irregularities are inhomogeneous structures of ionization density in the ionosphere,53
which were discovered as early as from 1930s (Eckersley, 1932; 1937; Appleton and Piddington,54
1938; Booker and wells, 1938). After decades of research, it has been found that ionospheric55
irregularities mainly occur in two regions, one is around the magnetic equator, and the other is at56
high-latitudes including auroral oval, cusp and the polar cap (Aarons,1982; Basu, Mackenzie, &57
Basu, 1988). In addition, some studies had shown that irregularities also occur frequently inside58
the mid-latitude trough at the sub-auroral region. By using simultaneous 137-MHz amplitude59
scintillation and TEC observations obtained from the Application Technology Satellite 3 (ATS-3)60
at a mid-latitude station, Basu (1974) identified the existence of two regions of scintillations, one61
on the equatorward wall of the mid-latitude trough, and the other on the poleward wall of the62
mid-laitude trough. Hudson and Kelley (1976) proposed that the so-called temperature gradient63
instability (TGI), which is characterized by the antiparallel direction of temperature gradient and64
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density gradient in the equatorial side wall of the mid-latitude trough, is possible to cause plasma65
instability and form irregularities at subaurroal region. Using the scintillation observations of66
VHF and UHF frequencies at auroral and subauroral stations, together with in situ measurements67
by International Satellite for Ionospheric Studies 2 (ISIS-2) in 1971-1972 and68
Air Force Satellite S3-2 (S3-2) in 1975-1976, Houminer et al. (1981) showed that the mid-69
latitude trough separates two regimes of electron density irregularities during magnetic storm.70
The two regions are related to the plasmapause and to the auroral oval and straddle the trough71
minimum area. They also showed that the auroral irregularities are closely related to field-72
aligned currents. Rodger et al. (1992) summarized that the irregularities in the equatorward edge73
of the mid-latitude trough is mainly related to the TGI, while the trough poleward wall possesses74
various possible instability mechanisms, such as the gradient drift instability, current convection75
instability, Kelvin Helmholtz velocity shear process, structured precipitation, and so on.76
However, the relative importance of these mechanisms is not clear. Based on joint measurements77
by the Millstone Hill incoherent scatter radar (ISR) and the Super Dual Auroral Radar Network78
(SuperDARN) HF radar located at Wallops Island, Virginia, Greenwald et al. (2006) reported79
that the irregularities are excited on the equatorward wall of the mid-latitude ionospheric trough80
in a region of opposed density and temperature gradients. Eltrass et al. (2014) computed the time81
series of both perpendicular and meridional density and temperature gradients. Their comparison82
showed that the TGI is the most likely the generation mechanism for the irregularities observed83
on the equatorward wall of the midlatitude ionospheric trough, and the GDI is recognized to play84
a relatively minor role in irregularity generation. But so far, we have little understanding of the85
distribution characteristics of the irregularities in this region, mainly due to the lack of high-86
resolution observation data that can distinguish the fine structure inside the mid-latitude trough.87

Recently, using the Swarm in situ plasma measurements, Liu et al. (2021) provided for the first88
time the magnetic latitude and magnetic local time distribution of irregularities within the mid-89
latitude trough. The results suggested that the dayside irregularities are mainly caused by the90
auroral particle precipitations, while the nightside irregularities are related to the TGI. For the91
nightside irregularities within the trough, they further suggested that the TGI not only dominate92
the irregularities on the trough equatorward wall, but plays also a role for generating plasma93
irregularities at trough poleward wall. Nevertheless, there is still a lack of research of the94
distribution characteristics of mid-latitude trough region irregularities, such as seasonal95
distribution, solar activity dependence, geomagnetic activity effect and so on.96

In this paper, the high-resolution (2 Hz) measurements of electron density from the Langmuir97
probe (LP) of Swarm satellites will be used to study the distribution characteristics of the98
occurrence rate of irregularities in the mid-latitude trough from the perspective of space weather,99
such as seasonal distributions, solar activity dependence and geomagnetic activity dependence.100

2 Data and Method101

2.1 The NeMeasurements from Swarm Satellite102

The Swarm mission comprises of three satellites, with two satellites (Swarm A and C) flying side103
by side at about 460 km (separated by 1.4⁰ of geographic longitude in the east-west direction,104
corresponding to about 150 km at the equator), while the third satellite (Swarm B) flies at a105
higher altitude (about 510 km). All three satellites fly in near-polar, circular orbits, and the orbits106
drift slowly in local time (LT), which takes 133 days for Swarm A/C and 141 days for Swarm B107
to cover all 24 LT hours, respectively.108
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The statistical research of this paper is based on the 2 Hz LP electron density measurements,109
which can be obtained online from ESA Swarm data service website (https://swarm-110
diss.eo.esa.int/#).111

2.2 Method to Identify the Irregularities112

So far, there is no consensus on the identification method of ionospheric electron density113
irregularities. In previous studies, researchers mainly used two kinds of methods, one is relative114
fluctuation method (∆Ne/Ne) (e.g., Kil & Heelis, 1998; Huang et al., 2001; Su et al., 2008), the115
other is absolute fluctuation method (∆Ne) (e.g., Xiong et al., 2010; Huang et al., 2014). The116
main argument is that the relative fluctuation method may miss the irregularities for the high117
density area, while the absolute fluctuation method may miss the irregularities for the low118
density area. It means that both of the two methods may lead to misjudgment or judgment119
leakage under certain condition.120

In order to minimize the above situation, we recently proposed a dynamic threshold method to121
identify the plasma irregularities. The specific approach is that whether we adopt relative122
fluctuation or absolute fluctuation, the thresholds are dynamically determined according to the123
background level of Ne. The thresholds are obtained by following equations (Liu et al., 2021):124
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where Nei and Neoi are the original Ne and low-pass filtered Ne (with cut-off period of 10s) at i-129
th data point.130

As mentioned in Liu et al. (2021), the comparison results show that applying dynamic thresholds131
to the relative or absolute fluctuations can identify the irregularities well, for both the high and132
low level Ne profiles. In this study we will also only give the results derived by the relative133
fluctuation method, since it has been proved in Liu et al. (2021) that no essential difference134
between relative fluctuation method and absolute fluctuation method with dynamic threshold. In135
addition, in the previous work of Liu et al. (2021), the identification of mid-latitude trough136
structures in Swarm Ne data from 2014 to 2020 was completed, and their minimum positions and137
the two exterior boundaries were also determined.138

Figure 1 shows an example of the plasma irregularities inside the midlatitude ionospheric trough139
identified from Swarm A satellite Ne data at about 16.38 UT on February 22, 2014. In the top140
panels of Figure 1, the blue line shows the original 2 Hz Ne profile, the red line shows the141
filtered (cut-off period of 10 s) Ne profile, and the black solid circles mark the positions of142
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trough minimum and two boundaries. The bottom panel of Figures 1 shows the curve of S143
derived by equation (2), and the black dotted line shows the threshold level derived by equation144
(1). It can be seen from the original Ne profile that plasma irregularities extends from high145
latitudes to near the equatorial boundary of the mid-latitude trough. Through the curve of S and146
the threshold determined by the S curve, all the irregularities inside the mid-latitude trough area147
can be well identified (as shown by the yellow shadow area).148

3 Results and Disscussion149

3.1 Geomagnetic Activity Dependence150

Following a coronal mass ejection (CME) event, a strong magnetic storm occurred on 17 March151
2015. Figure 2 shows a case of the evolution of mid-latitude trough region irregularities during152
this storm. As shown in Figure 2 (a), the sudden storm commencements (SSC) with a 56 nT153
increase in Dst index occured at about 0500 UT on 17 March 2015. The storm main phase lasted154
for about 17 hours, and the Dst minimum reached -223 nT at about 2300 UT on 17 March 2015.155
During the storm main phase, the Kp index reached 8-, and remained above 3 in the next two156
days.157

Figure 2 (c) - (g) show five electron density profiles of different development stages during this158
magnetic storm, and their occurrence times (UT) are marked by black arrows in Figure 2 (a). The159
positions of the mid-latitude troughs are marked by gray shaded areas. The case in Figure 2 (c)160
occurs on quiet day before the SSC, in which the mid-latitude trough minimun appears at about161
66 °S. The mid-latitude troughs in Figure 2 (d) and 2 (e) occur during storm main phase, and the162
trough minimun appears at about 54 °S and 49 °S respectively. The cases in Figure 2 (f) and 2 (g)163
occur during storm recovery phase, in which the mid-latitude trough minimun appears at about164
57 °S and 59 °S respectively. During the main phase of this storm, the position of the mid-165
latitude trough rapidly moves to lower latitudes, and the width of the trough also increases166
significantly. More importantly, it can be clearly seen that the mid-latitude trough is embedded167
with many small-scale irregularities in the cases on quiet day of March 16 before the magnetic168
storm and on March 18-19 during the strom recovery phase (as shown in Figure 2c, 2f, and 2g).169
However, during the storm main phase, the Ne profiles of the trough structure are very smooth,170
and there are no discernible inhomogeneous structures (as shown in Figure 2d and 2e).171

In addition, statistical analysis is also made on the variation of the occurrence rate of mid-latitude172
trough region irregularities with Kp index, and the results are shown in Figure 3. Figure 3 shows173
that the occurrence rates of mid-latitude trough region irregularities decreases significantly with174
the increase of Kp index, whether on the dayside or nightside. Therefore, it can be concluded175
from both case analysis and statistical analysis that geomagnetic activity has an obvious176
inhibitory effect on the formation of irregularities in the mid-latitude trough region.177

Above results are the first direct evidences about the effect of magnetic storm on the occurrence178
rate of mid-latitude trough region irregularities. Previously, Basu (1974) and Houminer et al.179
(1981) also gave case studies of the behaviour of irregularities in the mid-latitude trough region180
during magnetic storm times. Using the VHF and UHF band amplitude scintillation observations,181
they found that during the magnetic storm, the amplitude scintillation indices of the equatorward182
wall and the poleward wall of the mid-latitude trough increased significantly, while the trough183
minimum region showed very low activity of scintillation. Thus they pointed out that the trough184
minimum separates two regions of irregularities during the magnetic storm (Houminer et al.,185
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1981). And the storms seem to have a profound influence on the formation of irregularities at186
such latitudes (Basu, 1974). However, the results shown in this study shows that the storms have187
an obvious inhibitory effect on the formation of irregularities in the whole mid-latitude trough188
region. It should be noted that VHF and UHF scintillations are mainly affected by kilometer ‐189
scale irregularities (with fresnel scale of about 1.3 –0.9 km for signals from 137 MHz to 250190
MHz), but the scale-size of plasma irregularities considered here is between 7.5 km and 75 km191
(Liu et al., 2021). We believe that the inconsistency of conclusions may be related to the scale192
difference of irregularities discussed.193

However, it is still very difficult to discuss the inhibition mechanisms of the trough region 7.5-75194
km irregularities during storm main phase, because the related instability mechanisms of the195
trough region irregularities on the dayside and nightside are quite different. We speculate that the196
significant reduction of the dayside mid-latitude trough region irregularities during the storm197
main phase is related to the rapid equatorward movement of the mid-latitude trough structure.198
Previous studies proved that the dayside mid-latitude trough region irregularities is mainly199
caused by the particle precipitation, as the dayside mid-latitude trough is completely wrapped in200
the aurora active area (Houminer et al., 1981; Liu et al., 2021). With the development of the201
storm main phase, the mid-latitude trough structure rapidly moves out of the aurora active area202
towards the equator, and the instability process related to the auroral particle precipitation in the203
mid-latitude trough area disappears completely, resulting in a sharp reduction in the occurrence204
rate of trough region irregularities during the storm main phase. Then, as the magnetic storm205
enters the recovery phase, the mid-latitude trough gradually moves back to high latitudes and re-206
enters the aurora active region, resulting in a restorative increase in the occurrence rate of trough207
region irregularities during the storm recovery phase.208

Nevertheless, the above speculation cannot explain the reduction on the nightside, because the209
irregularities in the nightside mid-latitude trough area is mainly caused by the TGI (Liu et al.,210
2021). For the nightside ,we conjecture that several possible processes may lead to the reduction211
of the trough region 7.5-75 km irregularities during the storm. One is that the width of the mid-212
latitude trough may increases during the main phase of the magnetic storm according to Figure 2213
(d) and 2(e), resulting in the reduction of the density gradient in the mid-latitude trough area214
(especially near the minimum), which then suppresses the TGI and reduces the occurrence rate215
of nightside trough region irregularities. The second possible process is that under geomagnetic216
disturbance condition, the irregularities with scale size of tens of kilometers becomes smaller217
scale size (such as kilometer‐scale irregularities or even smaller), and the observation resolution218
of Swarm satellite data is insufficient, which makes it impossible to distinguish the irregularities.219

3.2 Distributions under Geomagnetic Quiet Conditions220

3.2.1 Diurnal Variation221

Figure 4 gives the diurnal variation of the occurrence rate of the mid-latitude trough irregularities222
under geomagnetic quiet conditions (Kp≤3). It can be seen that the total occurrence rate of223
dayside trough region irregularities is obviously higher than nightside, and the occurrence rate of224
irregularities in the trough poleward wall is generally higher than that in the trough equatorward225
wall.226

Figure 4 (b) shows that the mean occurrence rate of irregularities in trough equatorward wall on227
the dayside (about 0600-1800 MLT) is about 45%, and about 32% on the nightside (about 1800-228
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0600MLT). Figure 4 (c) shows that the mean occurrence rate of irregularities in trough poleward229
wall on dayside is about 60%, and about 39% on the nightside. It means that the diurnal230
difference of the occurrence rate of irregularities in the trough equatorward wall is quite smaller231
than that in the poleward wall, which is about 13% and 21%, respectively. And the difference232
between the poleward wall and equatorward wall on the nightside is lower than that on the233
dayside, which is about 7% and 15%, respectively. On the whole, the difference between day and234
night is significantly greater than the difference between the two walls at the same local time235
section. The difference of the occurrence rate of irregularities between the poleward wall and236
equatorward wall reaches the lowest of about 2% during times between midnight and dawn.237

Early studies have shown that the ionospheric irregularities around the magnetic equator mainly238
occur in the postsunset period, the ionospheric irregularities in the auroral oval mainly occur at239
night, the ionospheric irregularities in the cusp region mainly occur during the day, and the240
ionospheric irregularities in the polar cap occur at all local times (Basu, Mackenzie, & Basu,241
1988). Obviously, the local time dependences of the irregularities in the mid-latitude trough242
region is quite different from that at other latitudes. This is mainly because the location of the243
mid-latitude trough changes greatly with local time, which usually appear ‘V-shape’ diurnal244
distribution pattern, characterized by usually occurring at higher latitudes on the dayside, and245
migrates to lower latitudes on the nightside, reaching to the lowest latitude in the pre-dawn sector246
(Werner & Prölss, 1997; Krankowski et al., 2009; Le et al., 2017; Aa et al., 2020). Our recent247
work (Liu et al., 2021) fully discussed the reasons for the diurnal differences of higher248
occurrence rate on the dayside than that on the nightside, that is, the dayside MIT structure249
resides well inside the aurora/cusp region, but the nightside MIT structure is almost completely250
outside the auroral oval.251

Moreover, on the dayside, the mid-latitude trough region irregularities is mainly caused by the252
particle precipitation, and the intensity of the particle precipitation decreases with the decrease of253
latitude, so the occurrence rate of dayside trough equatorward wall irregularities is lower than254
that of the poleward wall. On the nightside, the irregularities of the walls on both sides of the255
mid-latitude trough are mainly caused by the TGI (Liu et al., 2021). However, the TGI seems256
more stronger on the poleward wall, because the steepness of trough poleward wall keeps almost257
twice the value of trough equatorward wall from midnight to dawn (Liu & Xiong, 2020).258
Therefore, the occurrence rate of nightside trough poleward wall irregularities shows higher than259
that of the equatorward wall. It is also speculated that the lower difference between the poleward260
wall and equatorward wall on the nightside than that on the dayside is mainly caused by different261
instability mechanisms on the two walls.262

3.2.2 Seasonal Variation263

Figure 5 shows the seasonal distribution of the occurrence rate of the trough irregularities under264
geomagnetic quiet conditions. Figure 5 (a) and 5 (b) show the 2-D distribution of the occurrence265
rate of trough region irregularities as a function of month and magnetic local time in the northern266
and southern hemisphere, respectively. The results are calculated on a scale of 1 hr (MLT) × 15267
days (Month). It can be seen that there are obvious seasonal dependences on the occurrence rate268
of the trough region irregularities, and there are significant diurnal differences in seasonal effects.269
It seems that the maximum occurrence rate on the nightside mainly occurs in equinox seasons,270
while the maximum occurrence rate on the dayside mainly occurs in winter.271

Besides, the results of Figure 5 (a) and 5 (b) show that for all seasons the dayside occurrence rate272
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is generally greater than the nightside, which is consistent with the results of Figure 4. Therefore,273
we further make statistics on the seasonal variation of the occurrence rate of trough region274
irregularities according to the dayside (06-18MLT) and nightside (18-06MLT) respectively, and275
the results are shown in Figure 5(c) - 5(f). In fact, we also made statistics on the trough276
equatorward wall and the poleward wall respectively, but no discernible difference was found, so277
only the statistical results of the total occurrence rate are given here. As can be seen from Figure278
5 (c) and 5 (d), on the dayside, the occurrence rate is the highest in winter and the lowest in279
summer in both the northern and southern hemisphere. However, on the nightside, the280
occurrence rate is the highest in equinoxes and the lowest in winter in both northern and southern281
hemisphere (Figures 5e and 5f).282

Our previous work indicates that the irregularities inside the mid-latitude trough on the dayside283
are mainly related to the auroral particle precipitation (Liu et al., 2021). Park et al. (2012)284
reported that the occurrence probabilities of plasma irregularities in the high-latitude is smallest285
around June solstice and largest around December solstice. The seasonal effect of the occurrence286
rate of dayside trough region irregularities in Figure 5 is quite consistent with the results derived287
by Park et al. (2012). They suggested that the higher occurrence rate in winter is due to the288
shortest sunlight duration, while the lowest occurrence rate in summer is due to the longest289
sunlight duration. It is noted that the auroral region irregularities show same seasonal effect in290
both the dayside and nightside (Park et al. 2012). However, on the nightside, the seasonal effect291
of occurrence rate of the trough region irregularities shows the highest in equinoxes and the292
lowest in winter. This difference is probably because the nightside mid-latitude trough is293
completely outside the aurora oval, and the irregularities are mainly caused by the TGI (Liu et al.,294
2021). We suggest that many processes may affect the seasonal effect of the nightside subauroral295
irregularities, because the subauroral irregularities is the result of the interaction of the two296
events of electron temperature enhancement and mid-latitude trough. The location, intensity and297
driving forces of the two events are dynamic. The identification of the importance of these298
processes needs further research.299

3.2.3 Solar Activity Dependence300

Figure 6 shows the yearly averaged occurrence rate of irregularities in the mid-latitude trough301
under geomagnetic quiet conditions (Kp≤3), as well as the yearly averaged F10.7 index. As can302
be seen from Figure 6 (a), there is no obvious solar activity effect on the dayside occurrence rate303
curves. On the nightside, as shown in Figure 6 (b), it can be seen that the occurrence rate of the304
trough region irregularities during high solar activity years is smaller than that during low solar305
activity years. This indicates that high solar activity may inhibit the nightside trough region306
irregularities. In addition, on the nightside, the pole side occurrence rate during high solar307
activity years is nearly twice as the equator side, but they are roughly equal during low solar308
activity years.309

Previous studies had shown that the occurrence rate of irregularities in low latitude region, polar310
cap region and auroral oval region increases with the increase of solar activity (Basu et al., 1988;311
Park et al, 2012). But we would like to remind again that the irregularities discussed here is quite312
different from that of Basu et al. (1988) and Park et al. (2012). Basu et al. (1988) analyzed the313
kilometer-scale irregularities in high latitudes and equator-low latitudes. Park et al. (2012)314
focused on the irregularities (which is commonly characterized by electron density315
enhancements) with scale sizes below some hundred kilometers at high latitudes. Most316
importantly, the nightside mid-latitude trough region irregularities can be regarded as the product317
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of the interaction between the mid-latitude trough and the subauroral electron temperature318
enhancement. Under the geomagnetic quiet conditions, the dynamical and morphological319
evolution characteristics of the mid-latitude trough are mainly affected by the processes in the320
ionosphere and thermosphere, such as ionospheric high latitudes plasma convection, neutral321
wind, electric field, and so on (Rodger et al., 1992; Liu & Xiong, 2020). However, the322
subauroral electron temperature enhancement is mainly controlled by processes in323
magnetosphere and plasmasphere, such as high thermal conductivity of electrons, soft particle324
precipitation, wave activity and so on (Prölss, 2006). There may be differences in the level, mode325
and speed of the response of these processes to enhanced solar activity, which makes it difficult326
to satisfy the temperature gradient instability conditions ln ln 0eNe T   (or weaken the327
instability), resulting in the reduction of the occurrence rate of the nightside mid-latitude trough328
irregularities in high solar activity years.329

5 Conclusions330

A research on the distribution pattern of the mid-latitude ionospheric trough region irregularities331
with scale sizes of 7.5-75 km is carried out by using the Swarm A satellite in situ measurements332
from 2014 to 2020. The occurrence rate distribution characteristics of the trough region333
irregularities under geomagnetic disturbance conditions and geomagnetic quiet times are334
analyzed separately. For the geomagnetic storm effect, both the case and statistical analysis335
reveal that geomagnetic activity has an obvious inhibitory effect on the formation of336
irregularities in the mid-latitude trough region, whether on the dayside or nightside.337

The features of diurnal, seasonal, and solar activity variations of the trough region irregularities338
occurrence rate are statistically analyzed under geomagnetic quiet conditions. Firstly, the339
occurrence rate of dayside trough region irregularities is obviously higher than nightside, and the340
the occurrence rate of irregularities in the trough poleward wall is generally higher than in the341
trough equatorward wall at same time section. On the whole, the difference between dayside and342
nightside is significantly greater than the difference between the two walls at same time section.343
Secondly, obvious seasonal dependence is found on the occurrence rate of trough region344
irregularities, and there are significant diurnal differences in seasonal effects. On the dayside, the345
highest occurrence rate appears in winter and lowest in summer, but the highest occurrence rate346
appears in equinoxes and lowest in winter on the nightside. Finally, on the nightside, it shows347
smaller occurrence rate under high solar activity conditions, which indicates that high solar348
activity may inhibit the nightside trough region irregularities. And there is no obvious solar349
activity dependence on the dayside occurrence rate of the trough region irregularities.350

Acknowledgments351

We greatly acknowledge the European Space Agent (ESA) for providing the high-resolution (2352
Hz) Swarm Ne data (https://swarm-diss.eo.esa.int/#). This work is supported by the National353
Natural Science Foundation of China (42164010, 42104169), the Postdoctoral Science354
Foundation of Jiangxi Province (2020KY35), the Science and technology project of Jiangxi355
Provincial Department of Education (GJJ201722), the China Postdoctoral Science Foundation356
(2020M6830265), the Education Reform Project of Shangrao Normal University (JG-19-12), and357
the Fundamental Research Funds for the Central Universities, Sun Yat-sen358
University( 2021qntd29).359

360



Confidential manuscript submitted to replace this text with name of AGU journal

References361

Aa, E., Zou, S., Erickson, P. J., Zhang, S.-R., & Liu, S. (2020). Statistical analysis of the main362
ionospheric trough using Swarm in situ measurements. Journal of Geophysical Research:363
Space Physics, 125, e2019JA027583. https://doi.org/10.1029/2019JA027583364

Aarons J., Global morphology of ionospheric scintillations, in Proceedings of the IEEE, vol. 70,365
no. 4, pp. 360-378, April 1982, doi: 10.1109/PROC.1982.12314366

Appleton, E. V., and J. A. Piddington., The Reflexion Coefficients of Ionospheric Regions. Proc.367
R. Soc., A, 1938, 164, 467-476.368

Basu, S. (1974). VHF Ionospheric Scintillationsat L - 2.8 and Formation of Stable Auroral Red369
Arcs by Magnetospheric Heat Conduction. Journal of Geophysical Research, Vol. 79, No,370
22.371

Basu, S., Mackenzie, E., & Basu, S. (1988). Ionospheric constraints on VHF/UHF372
communications links during solar maximum and minimum periods. Radio373
Science, 23(3), 363–378. https://doi.org/10.1029/RS023i003p00363374

Booker, H.G.; Wells, H.W. Scattering of radio waves by the F-region of the ionosphere. J.375
Geophys. Res. Space Phys. 1938, 43, 249.376

Eckersley T. L., Studies in Radio Transmission. Jour. Inst. Elec. Engs., 1932, Vol. 71, p. 405.377

Eckersley T. L.. Irregular Ionic Clouds in the E Layer of the Ionosphere. Nature, 140, 846–847378
(1937). https://doi.org/10.1038/140846a0.379

Eltrass, A., A. Mahmoudian, W. A. Scales,S. de Larquier, J. M. Ruohoniemi, J. B.380
H.Baker, R. A. Werner, S., & Prölss, G. W. (1997). The position of the ionospheric381
trough as a function of local time and magnetic activity. Advances in Space Research,382
20(9), 1717–1722. https://doi.org/10.1016/S0273-1177(97)00578-4.383

Fok, M.-C., Kozyra, J. U., and Warren, M. F. (1991). Seasonal Variations in the Subauroral384
Electron Temperature Enhancement. J. Geophys. Res., 96, A6, 9773-9780.385

Greenwald, and P. J. Erickson(2014), Investigation of the temperature gradient instability as386
the source of midlatitude quiet time decameter-scale ionospheric irregularities: 2. Linear387
analysis, J. Geophys. Res. Space Physics, 119, 4882–4893, doi:10.1002/2013JA019644388

Greenwald, R. A., K. Oksavik, P. J. Erickson, F. D. Lind, J. M. Ruohoniemi, J. B. H. Baker,389
and J. W. Gjerloev (2006), Identification of the temperature gradient instability as390
the source of decameter-scale ionospheric irregularities on plasmapause field lines,391
Geophys. Res. Lett., 33, L18105, doi:10.1029/2006GL02658184419392

Houminer Z. and Aarons J. (1981). Production and Dynamics of High-Latitude Irregularities393
During Magnetic Storms. Journal of Geophysical Research, Vol. 86, No. A12, Pages394
9939-9944.395

Huang, C. Y., Burke, W. J., Machuzak, J. S., Gentile, L. C., & Sultan, P. J. (2001). DMSP396
observations of equatorial plasma bubbles in the topside ionosphere near solar maximum.397
Journal of Geophysical Research, 106, 8131–8142.398
https://doi.org/10.1029/2000JA000319399

Huang, C.-S., de La Beaujardiere, O., Roddy, P. A., Hunton, D. E., Liu, J. Y., & Chen, S. P.400

https://www.researchgate.net/publication/243680109_The_Reflexion_Coefficients_of_Ionospheric_Regions?_sg[0]=Y3qk-OZsIx1wyrWduG67v3p8WXljKWGDJPVsKm0Av5f6hoUqaAQQAqX7wsB4EzdLKF89QXK2T3yaoIw.Y8N2f3Rt9KYMAu4ROXApOSMMPXBnPZ0PZqhcp52wIHtOiHT0L-V2oajlX0bEVwztipCSxVh8-KH6YBRcKFkeIw&_sg[1]=G8RROqEdPiaugrG2A15WtRc2IBdgO-NRmLcTI45Pk4R08__P-ZpYPPijH9NGNm_1w4JsMeU2dAGi7S3YyaX5B83Br94.Y8N2f3Rt9KYMAu4ROXApOSMMPXBnPZ0PZqhcp52wIHtOiHT0L-V2oajlX0bEVwztipCSxVh8-KH6YBRcKFkeIw&_sg[2]=FVsKYNdL_pM1AYfgoIZDtCwwQjgKs8zsmR8Ig6WKb9GIqefjzUPjfy_oYq7LzuHNyhoLCRbSkeZlWczFhg.Y8N2f3Rt9KYMAu4ROXApOSMMPXBnPZ0PZqhcp52wIHtOiHT0L-V2oajlX0bEVwztipCSxVh8-KH6YBRcKFkeIw&_sgd[pr]=1
https://doi.org/10.1029/RS023i003p00363.
https://doi.org/10.1038/140846a0.
https://doi.org/10.1016/S0273-1177(97)00578-4.


Confidential manuscript submitted to replace this text with name of AGU journal

(2014). Occurrence probability and amplitude of equatorial ionospheric irregularities401
associated with plasma bubbles during low and moderate solar activities (2008– 2012).402
Journal of Geophysical Research: Space Physics, 119, 1186–1199.403
https://doi.org/10.1002/2013JA019212404

Hudson M K., Kelley M C. (1976), The Temperature Gradient Drift Instability at the405
Equatorward Edge of the Ionospheric Plasma Trough, J. Geophys. Res., 81(22), 3913-406
3918.407

Kil, H., & Heelis, R. A. (1998). Global distribution of density irregularities in the equatorial408
ionosphere. Journal of Geophysical Research, 103, 407–417.409
https://doi.org/10.1029/97JA02698410

Krankowski, A., Shagimuratov, I. I., Ephishov, I. I., Krypiak-Gregorczyk, A., & Yakimova, G.411
(2009). The occurrence of the mid-latitude ionospheric trough in GPS-TEC412
measurements. Advances in Space Research, 43(11), 1721–1731.413
https://doi.org/10.1016/j.asr.2008.05.014.414

Le, H., Yang, N., Liu, L., Chen, Y., & Zhang, H. (2017). The latitudinal structure of nighttime415
ionospheric TEC and its empirical orthogonal functions model over North American416
sector. Journal of Geophysical Research: Space Physics, 122, 963–977.417
https://doi.org/10.1002/ 2016JA023361418

Liu, Y., Xiong, C., Wan, X., Lai, Y., Wang, Y., Yu, X., & Ou, M. (2021). Instability419
mechanisms for the F-region plasma irregularities inside the midlatitude ionospheric420
trough: Swarm observations. Space Weather,19, e2021SW002785.421
https://doi.org/10.1029/2021SW002785422

Park, J., R. Ehrlich, H. Lühr, and P. Ritter (2012), Plasma irregularities in the high-latitude423
ionospheric F-region and their diamagnetic signatures as observed by CHAMP, J.424
Geophys. Res., 117, A10322, doi:10.1029/2012JA018166425

Prölss G W. 2006. Subauroral electron temperature enhancement in the nighttime ionosphere.426
Ann. Geophys., 24, 1871-1885.427

Rodger A S, Moffett R J, Quegan S. (1992). The role of ion drift in the formation of ionization428
troughs in the mid-latitude ionosphere—a review. Journal of Atmospheric and Terrestrial429
Physics, 54(1), 1-30.430

Su, S.-Y., Chao, C. K., & Liu, C. H. (2008). On monthly/seasonal/longitudinal variations of431
equatorial irregularity occurrences and their relationship with the postsunset vertical drift432
velocities. Journal of Geophysical Research, 113, A05307.433
https://doi.org/10.1029/2007JA012809434

Werner S, and Prölss G W. 1997. The position of the ionospheric trough as a function of local435
time and magnetic activity. Adv. Space Res., 20(9):1717-1722.436

Xiong, C., Park, J., Lühr, H., Stolle, C., & Ma, S. Y. (2010). Comparing plasma bubble437
occurrence rates at CHAMP and GRACE altitudes during high and low solar activity.438
Annales Geophysicae, 28(9), 1647–1658. https://doi.org/10.5194/angeo-28-1647-2010439

440

https://doi.org/10.1016/j.asr.2008.05.014.
https://doi.org/10.1002/


Confidential manuscript submitted to replace this text with name of AGU journal

441

Figure 1. Examples of observed MIT structure and trough region plasma irregularities from442
Swarm Ne measurements at about 16.38 UT on February 22, 2014.443
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444
Figure 2. An example of the evolution of mid-latitude trough region irregularities during the445
strong magnetic storm on 17 March 2015.446
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447
Figure 3. Variation of the occurrence rate of irregularities in the mid-latitude trough area with448
Kp index.449

450
Figure 4. Occurrence rate of mid-latitude trough irregularities as a function of magnetic local451
time under geomagnetic quiet conditions, (a-c) represent the total occurrence rate, the occurrence452
rate in the trough equatorward wall, and the occurrence rate in the trough poleward wall,453
respectively.454
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456
Figure 5. The seasonal versus magnetic local time distributions of the occurrence rate of irregularities in457
the mid-latitude trough area under geomagnetic quiet conditions.458

459
Figure 6. Variation curves of the yearly averaged occurrence rate of irregularities in the mid-460
latitude trough, as well as curves of the yearly averaged F10.7 index, on (a) dayside and (b)461
nightside, respectively.462
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