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Abstract16

A statistical analysis of the topside main ionospheric trough is implemented by using the17

Swarm constellation in-situ plasma density measurements from December 2013 to Novem-18

ber 2019. The key features of the main trough, such as the occurrence rate, minimum19

position, width, and depth, are characterized and quantified. The distribution patterns20

of these parameters are investigated with respect to magnetic local time (MLT), season,21

longitude, solar and geomagnetic activity levels, respectively. The main results are as22

follows: (1) The diurnal variation of the trough occurrence rate usually exhibits a pri-23

mary peak in the early morning, a subsidiary peak in the late evening, and a slight re-24

duction around midnight especially in the Northern Hemisphere. (2) The seasonal vari-25

ation of the nighttime trough has maximum occurrence rates around equinoxes, higher26

than those in local winter. (3) The trough distribution has an evident hemispherical asym-27

metry. It is more pronounced in the Northern Hemisphere during the winter and equinoc-28

tial seasons, with its average nighttime occurrence rate being 20-30% higher than that29

in the Southern Hemisphere. The trough minimum position and the trough width also30

exhibit more significant fluctuation in the Northern Hemisphere. (4) The longitudinal31

pattern of the trough shows clear east-west preferences, which has a higher occurrence32

rate in eastern (western) longitudes around the December (June) solstice. (5) Conditions33

for the trough occurrence are more favored in low solar activity and high geomagnetic34

activity periods.35

1 Introduction36

The main ionospheric trough, also referred to as the midlatitude trough, is a typ-37

ical phenomenon with prominent plasma depletion in the nighttime F-region and top-38

side ionosphere at subauroral latitudes. The main trough lies typically between the foot-39

prints of the plasmapause/plasmaspheric boundary layer (Carpenter & Lemaire, 2004;40

Pierrard & Voiculescu, 2011) and the equatorward boundary of the auroral oval, span-41

ning a few degrees in latitude, and is a longitudinally elongated band covering several42

hours of local time (Moffett & Quegan, 1983; Rodger et al., 1992). Throughout this pa-43

per, the word “trough” refers specifically to the main trough for simplicity. Because the44

large density gradient in the trough area can significantly affect the propagation of ra-45

dio signals, understanding the structure and monitoring the dynamics of the trough have46

an important practical application, especially for trans-ionospheric communication and47

navigation. Since first identified by a topside sounder (Muldrew, 1965), the trough has48

been extensively studied for several decades via different instruments and techniques. For49

example, the trough signature can be captured by in situ plasma measurements from low-50

Earth orbit satellites, such as the Dynamics Explorer-2 satellite (Rodger et al., 1986; Werner51

& Prölss, 1997; Prölss, 2007), Cosmos-900 and Intercosmos-19 satellites (Deminov & Karpachev,52

1986; Afonin et al., 1995; Karpachev et al., 1996, 1998; Karpachev, 2003), Defense Me-53

teorological Satellite Program (DMSP) (Horvath & Lovell, 2009a, 2009b, 2010; Yang et54

al., 2016, 2018), and CHAMP satellite (Karpachev et al., 2019; Karpachev, 2019a, 2019b).55

Moreover, the latitudinal and altitudinal structures of the trough can also be derived from56

incoherent scatter radars data (e.g., Vo & Foster, 2001; Nilsson et al., 2005; Voiculescu57

et al., 2010; Ishida et al., 2014) or radio tomography (Pryse, 2003; Yizengaw & Mold-58

win, 2005; Voiculescu et al., 2006; Voiculescu & Nygrén, 2007). Recently, with the fast-59

growing availability of ground-based Global Navigation Satellite Systems (GNSS) total60

electron content (TEC) data and space-borne radio occultation (RO) observations of the61

electron density profiles, the temporal and spatial evolution of the trough have been fur-62

ther investigated (e.g., Holt et al., 1983; Mallis & Essex, 1993; Horvath & Essex, 2003a;63

Krankowski et al., 2009a; He et al., 2011; Lee et al., 2011; Zou et al., 2011; Zou, Mold-64

win, et al., 2013; Yang et al., 2015; Le et al., 2017; Shinbori et al., 2018).65

Various mechanisms have been proposed to explain the formation processes of the66

trough, such as (1) Stagnation mechanism: The westward returning flow within the dusk67
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convection cell and the eastward corotating flow with the Earth counteract each other,68

and the plasma density decays in the quasi-stagnation region due to prolonged recom-69

bination in the dark sectors lacking photo-ionization (Spiro et al., 1978; Collis & Hag-70

gstrom, 1988; Nilsson et al., 2005; Rodger, 2008). (2) Increased recombination rate due71

to enhanced ion temperature: The large poleward electric field associated with the sub-72

auroral ion drift (SAID, Spiro et al. (1979)) or subauroral polarization streams (SAPS,73

Foster and Burke (2002)) can increase the ion temperature via ion-neutral frictional heat-74

ing and thus accelerate the nonlinear ion loss processes (Schunk et al., 1976; Rodger, 2008;75

Voiculescu et al., 2016). (3) Field-aligned plasma upflow, which can also be caused by76

enhanced frictional heating and expansion in the SAID/SAPS region or due to signif-77

icant ion-neutral relative velocity associated with large meridional neutral winds (Anderson78

et al., 1991; Voiculescu & Roth, 2008; Ishida et al., 2014). (4) Precipitation and trans-79

portation mechanism: Rodger et al. (1992) pointed out that the trough is the “normal”80

ionosphere between its poleward and equatorward walls. The poleward wall of the trough81

is formed mainly by auroral particle precipitation and/or partially by the high-density82

plasma transportation across the polar cap from the dayside, i.e., boundary blobs (Rodger83

et al., 1986); the equatorward wall of the trough is formed by the replenishment of plasma84

from the nightside plasmasphere (Yizengaw & Moldwin, 2005) and/or built by the sun-85

lit plasma due to corotation (Voiculescu et al., 2010). Overall, it is worthy to note that86

more than one single mechanism is likely involved in the formation of the trough, and87

their relative importance accordingly varies with respect to geomagnetic activity con-88

ditions. Moreover, the convection flow could transport the decayed plasma into the day-89

side sector, forming a dayside trough (Whalen, 1989; Rodger et al., 1992; Pryse et al.,90

1998).91

Many statistical analysis and modeling efforts have been made to provide certain92

insights into the trough characteristics, such as (1) Local time variation: The trough is93

basically a night-time feature, and the trough minimum position usually occurs at higher94

latitudes in the afternoon and migrates to lower latitudes with later local times, reach-95

ing its equator-most position in the early morning sector (e.g., Ahmed et al., 1979; Oks-96

man, 1982; Grebowsky et al., 1983; Mallis & Essex, 1993; Werner & Prölss, 1997; Karpachev,97

2003; Rodger, 2008; Krankowski et al., 2009a; Deminov & Shubin, 2018; Parker et al.,98

2018; Karpachev, 2019b). (2) Seasonal and hemispheric variation: The afternoon and99

nighttime trough were observed to be better developed during equinoctial times, and the100

trough in the winter hemisphere is more prominent with broader width than that in the101

summer hemisphere (e.g., Horvath & Essex, 2003a; Voiculescu et al., 2006; Lee et al.,102

2011). The trough in the Southern Hemisphere summer and equinoctial period some-103

times appears on the poleward side of the Weddell Sea anomaly (WSA) and is conju-104

gate with the trough in the winter Northern Hemisphere. In Northern Hemisphere sum-105

mer, the trough is mainly located at the poleward side of the mid-latitude summer night-106

time anomaly (Horvath & Lovell, 2009b, 2010; Karpachev et al., 2011). (3) Longitudi-107

nal effect: The longitudinal variation of the trough position in the wintertime can reach108

5-6◦ geomagnetic latitude (MLAT) with considerable hemispheric differences (Karpachev109

& Afonin, 1999; Karpachev, 2003). The magnitude of the longitudinal effect of the av-110

eraged trough position for a fixed local time is greater in the daytime than that in the111

nighttime (Karpachev et al., 2019). The longitudinally deepest nighttime trough occurs112

to the west of the geomagnetic pole in both the Northern and Southern Hemispheres dur-113

ing the equinox seasons and local summer (He et al., 2011). (4) Geomagnetic activity114

dependence: In general, the trough shifts toward lower latitudes and becomes deeper with115

increasing geomagnetic activity (e.g., Koehnlein & Raitt, 1977; Collis & Haggstrom, 1988;116

Karpachev et al., 1996; Werner & Prölss, 1997; Karpachev, 2003; Prölss, 2007; Yang et117

al., 2016; Le et al., 2017). (5) Solar activity dependence: During low solar activity pe-118

riods, both daytime and nighttime trough can be much more pronounced than that dur-119

ing high solar activity periods (Karpachev et al., 2019; Karpachev, 2019b), and the trough120

depth were found to increase with F10.7 index (Ishida et al., 2014; Yang et al., 2015).121

(6) Interplanetary magnetic field (IMF) dependence: Nighttime troughs are observed more122
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frequently when By is negative, and more daytime troughs are observed when Bz is neg-123

ative (Voiculescu et al., 2006; Voiculescu & Nygrén, 2007). In the Northern hemisphere124

the vertical and azimuthal IMF components act in opposite phase while in the south-125

ern hemisphere the effects of the two components are added (Afonin et al., 1995).126

Although significant progress has been achieved through previous studies, the cur-127

rent knowledge of the formation and distribution of the trough is still incomplete, and128

some critical issues need to be further investigated. For example, many previous stud-129

ies used the ionospheric NmF2 or total electron content (TEC) data to analyze the trough130

characteristics, but the actual trough morphology could be more complicated in a 3-dimensional131

domain. Karpachev (2003) indicated that at low solar activity, the dynamics of both equa-132

torward/poleward walls at high altitudes (500–1000 km) sharply differs from its dynam-133

ics at altitudes of the F2 layer, and the trough depth is higher than that at F2-layer al-134

titudes. Consequently, understanding the trough behavior at a higher altitude can shed135

more light on the generation and evolution processes of the trough in the topside iono-136

sphere. Furthermore, most studies often deal with the variation of the trough minimum137

positions. However, very few papers studied the occurrence probability of the trough (Tulunay138

& Sayers, 1971; Ahmed et al., 1979; Karpachev, 2019a), and the seasonal distribution139

of the probability has received less attention (Mallis & Essex, 1993); some studies are140

conducted using ground-based observations at specific locations during limited time in-141

tervals, while the longitudinal variations of the trough characteristics need to be better142

specified using successive long-term in situ measurements; many studies focus more on143

the distribution pattern of the trough in the Northern Hemisphere due to data availabil-144

ity, while the similarities and differences of the trough features between two hemispheres145

still need to be better specified and explained.146

In this study, we use in situ plasma density data measured by the Swarm constel-147

lation from December 2013 to November 2019 to statistically analyze the occurrence rate,148

position, width, and depth of the trough at an altitude of 450–550 km with respect to149

different geophysical parameters in both hemispheres. We aim to address the issues as150

mentioned above and comprehensively investigate the spatial/temporal variability of the151

trough occurrence and other characteristics. The rest of the paper is organized as fol-152

lows: the satellite data and the methodology in retrieving the trough are described in153

section 2. The statistical results of the trough and relevant discussion are given in sec-154

tion 3. The summary and conclusion are presented in section 4.155

2 Data and Method156

The Swarm constellation consists of three identical satellites (A, B, and C), which157

were launched on 22 November 2013 into a near-polar low Earth orbit. Swarm A and158

C form the lower pair of satellites flying side-by-side (1.4◦ separation in longitude) at159

an altitude of ∼460 km with an inclination angle of 87.35◦, whereas Swarm B is cruis-160

ing at a higher orbit of ∼520 km with an inclination angle of 87.75◦. Each of the Swarm161

satellite carries a set of identical scientific instruments. One vital instrument is the Elec-162

tric Field Instrument, which consists of two Langmuir Probes that can measure the elec-163

tron density (Ne) at a rate of 2 Hz (Knudsen et al., 2017). In this study, we use the Ne164

data to identify the trough signatures.165

From statistical perspective, different algorithms have been used for identifying the166

trough. Some studies identified the trough region by using the relative density thresh-167

old. For example, Ishida et al. (2014) defined the trough region when the minimum den-168

sity is at least 20% lower than the background level. Voiculescu et al. (2006) defined the169

edges of the trough as points where the height-integrated density drops to 50% from the170

outside value. Some other studies chose the absolute threshold by visually identifying171

the trough as the density/TEC minimum within given latitudinal profiles (e.g., Krankowski172

et al., 2009a; Karpachev et al., 2016; Yang et al., 2016). In our study, the trough iden-173

–4–This article is protected by copyright. All rights reserved.



manuscript submitted to JGR: Space Physics

tification algorithm is described as follows: (1) A 3-point median filter was first applied174

to remove high-frequency noise, and then continuous time series of Ne profiles were cut175

into orbital segments between 45◦ and 75◦ MLAT for both hemispheres. This latitudi-176

nal range approximately covers the position variation of the trough, and a similar range177

has also been used by other studies (e.g., Lee et al., 2011; Yang et al., 2015). (2) The178

background density was calculated as the running average of the Ne in a sliding win-179

dow of 480 data points corresponding to a horizontal distance of ∼1800 km. This win-180

dow size was selected by visual inspection and appropriately avoids the influence of sig-181

nificant density irregularities (such as the trough itself) for proper estimation of the back-182

ground trend. (3) The detrended logarithmic electron density was checked to examine183

whether it has a negative peak that both corresponds to the local Ne minimum within184

the window and lower than a threshold of -0.3 (i.e., 50% decrease relative to the back-185

ground level). We also performed a sensitivity analysis and found that the statistical trough186

characteristics basically did not change while varying this threshold value. (4) After qual-187

ifying the threshold requirement, the equatorward and poleward transitions (walls) from188

the minimum density depletion (TM ) back to the background Ne were marked as TE189

and TP , respectively. A width criterion is needed to avoid false reports generated by ex-190

tensions of small-scale auroral/equatorial plasma irregularities or other large-scale struc-191

tures. There is no generally consistent threshold of the trough width: the typical value192

of the trough width is several degrees (Rodger, 2008), while some extremely broad de-193

pletion structures can reach 17◦ (Karpachev, 2003). Thus, we here set a criterion that194

if the width between TE and TP was larger than 1◦ and smaller than 18◦, then this den-195

sity depletion was identified as a trough. The sensitivity analysis also found that only196

less than 10% dataset goes beyond 10◦, thus the statistical results will not be influenced197

very much. (5) If more than one trough were identified in a segment, then the equator-198

ward one will be selected as the main trough. A final visual check of the constructed trough199

database was performed to confirm that more than 95% assembled cases were correctly200

identified as troughs, and few misidentified cases such as spontaneous spikes were removed201

from the data set.202

Figure 1 shows an example of the trough identification procedure using two Ne pro-203

files on 26 August 2018. The left panels show the polar view with a segment of satellite204

path between geomagnetic latitudes 45◦ and 75◦ in both hemispheres. The right pan-205

els show the latitudinal/temporal variation of the original and detrended Ne profiles.206

The identified trough minimum (TM ), the equatorward wall (TE), and the poleward wall207

(Tp) are marked with dots, respectively. In both cases, the trough depletions drastically208

recovered to the background level with a steep density gradient at the poleward wall, with209

only gradual recovery on the equatorward side. Additional parameters, such as the pole-210

ward (equatorward) half-width, were also extracted as the latitudinal distance between211

the trough minimum and the poleward (equatorward) wall. After implementing the above-212

mentioned procedures to the Swarm Ne data from December 2013 to November 2019,213

a dataset that comprised of more than 40,000 troughs in each hemisphere was established,214

which is large enough to allow a statistical study.215

3 Results and Discussion216

3.1 Diurnal Variation217

Figures 2a–2c and Figures 3a–3c show the polar distribution of the trough occur-218

rence rate in the coordinates of MLAT versus magnetic local time (MLT) with a reso-219

lution of 2◦ × 0.5 h for the Northern and Southern Hemispheres, respectively. The re-220

sults were divided into three periods: the December solstice (November–February), the221

equinoxes (March, April, September, and October), and the June solstice (May–August).222

The trough occurrence rate is defined as the ratio of the detected number of trough min-223

imums to the number of satellite crossings in each bin. Figures 2d–2f and Figures 3d–224

3f show the corresponding 1D occurrence rate as a function of MLT, which is calculated225
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as the ratio of the number of orbits containing the trough to the total available orbits226

in each MLT sector. Each of the polar plots shows a bright band that is longitudinally227

extended from dusk to dawn but latitudinally limited mainly between 55◦ and 65◦, demon-228

strating that the trough has much higher occurrence rate during the nighttime. More-229

over, the shape of the high occurrence band exhibits a considerable seasonal variation.230

During the wintertime, the peak trough occurrence extends elongates further into higher231

latitude and earlier MLTs, and has an average nighttime occurrence rate around 50%–232

80% in Northern Hemisphere (Figure 2d) and 40%–60% in Southern Hemisphere (Fig-233

ure 3f). The results indicate that the Northern Hemisphere has more significant trough234

occurrence rate than that in Southern Hemisphere during their respective wintertime.235

During the equinoxes, the local time coverage of the trough shrinks slightly while the night-236

time occurrence rate still maintains at a similar level to that in the winter. During the237

summertime, however, the trough occurrence exhibits a very narrow distribution closer238

to the midnight sector with the occurrence rate being greatly reduced to ∼20%, and be-239

comes almost negligible during the daytime (Figures 2f and 3d).240

The diurnal distribution of the trough occurrence rate usually exhibits a primary241

peak in early morning and a subsidiary peak in late evening, which is consistent with242

that mentioned in Tulunay and Sayers (1971). Furthermore, it sometimes exhibits a slight243

reduction around midnight sector comparing with evening and morning peaks, especially244

during the Northern Hemisphere winter and equinoxes. This phenomenon is in agree-245

ment with that mentioned in Rodger et al. (1992) that a boundary between dusk side246

trough and morning trough should exist due to different flow regimes. On the dusk side,247

the convection flow changes from eastward to westward from high to low latitude near248

the Harang reversal region (Harang, 1946; Zou, Lyons, Wang, et al., 2009; Zou, Lyons,249

Nicolls, et al., 2009; Zou, Lyons, & Nishimura, 2013), while in the morning sector, the250

flow is usually eastward. This suggests that troughs at different MLTs might be caused251

by different physical processes. In the postmidnight/morning sector, there is no flow stag-252

nation. For this reason, part of the postmidnight trough may be the extension of the dusk253

side one that is slowly convecting and/or corotating towards dawn (Pryse et al., 2006;254

Rodger, 2008), while Voiculescu and Nygrén (2007) suggested that the postmidnight plasma255

flow at midlatitude may be so slow that there is sufficient time for recombination to pro-256

duce a depletion. Moreover, auroral activity usually extends to somewhat lowest lati-257

tudes near midnight (Schunk & Nagy, 2000). Auroral precipitation, combined with the258

high-density plasma transported by the transpolar convection flow from the dayside, could259

therefore temporarily fill in plasma decay at the midnight sector to reduce the possibil-260

ity of trough development (Zou et al., 2011). Although the exact mechanism is not fully261

clear, our results suggest that on average, the chemical loss process continues to deplete262

ionospheric plasma in the postmidnight sector.263

The bottom panels of Figures 2 and 3 present the average diurnal variation of the264

trough minimum position during these time periods, with the average trough width and265

the equatorward/poleward walls being marked. The trough minimum position exhibits266

a prominent latitudinal variation as a function of MLT for all seasons. It appears at higher267

latitudes (>70◦) around the noontime and gradually migrates to lower latitudes as time268

passes by. The trough usually reaches its equator-most position (∼60◦) in the early morn-269

ing hours (∼03–04 MLT) and then quickly “jumps” back towards higher latitudes form-270

ing a discontinuity. We here compared our results with some previous studies that did271

similar analysis. Voiculescu et al. (2006) also found that there is a morning-side discon-272

tinuity in the diurnal variation of the trough latitude, which is in agreement with our273

results. Karpachev et al. (1998) and Karpachev (2019b) provided similar diurnal pat-274

terns of the troughs for different solar activity periods and discussed the relative loca-275

tion of the troughs to the auroral oval. It is known that the main ionospheric trough is276

located in the equatorward side of the auroral oval (Ahmed et al., 1979), whereas the277

high latitude trough (HLT) is formed within the auroral oval (Grebowsky et al., 1983).278

In our study, at nighttime and in the early morning, the troughs are located in relatively279
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lower latitudes that below the auroral oval. However, the equatorward boundary of the280

dayside auroral oval can be highly scattered and blurred in the satellite data, and there281

are considerable differences between different auroral models’ location of this boundary282

(e.g., Spiro et al., 1982; Hardy et al., 1985; Sotirelis & Newell, 2000; Carbary, 2005; Landry283

& Anderson, 2019). It can be derived from these models that the typical equatorward284

boundary of the auroral oval during the daytime (09–15 MLT) vary between 70◦–75◦,285

which is almost collocated with the dayside trough positions in our results. Thus, it can-286

not be ruled out that the dayside troughs in our results consist of both the main trough287

and the high latitude trough, although a smooth transition between both phenomena288

usually exists in the afternoon sector and causes difficulty for attempts to separate them289

(Werner & Prölss, 1997). Recently, however, Karpachev (2019b) successfully separated290

the main trough and the high latitude trough in the late morning sector under high so-291

lar activity conditions, and readers may refer to this reference for more details.292

For the average nighttime position of the trough minimum, Horvath and Lovell (2009a)293

and Horvath and Lovell (2009b) found that the nighttime trough developed at geomag-294

netic latitude around (62.46±2.93)◦N and (57.60±2.82)◦S in the summertime northern295

and southern hemispheres, respectively. In comparison, our results are slightly different.296

Tabel 1 shows the average geomagnetic latitudinal position of the trough minimum dur-297

ing 19–05 MLT. The trough minimum appears at a higher latitude in local winter (63.30±1.45◦N298

for Northern Hemisphere and 64.13±1.52◦S for Southern Hemisphere) than that in lo-299

cal summer (60.44±1.25◦N for Northern Hemisphere and 62.68±0.91◦S for Southern Hemi-300

sphere). For the trough width, Karpachev (2003) indicated that it becomes shallower301

and wider in the morning. Our results also indicated that the trough has a narrower width302

(<5◦) in the afternoon, gradually increases closer to midnight, and reaches broadest value303

(>7◦) in the morning sector. Moreover, a considerable seasonal variation can be seen:304

the equator-most position of the trough minimum appears at a later local time (i.e., more305

skewed towards morning sector) in winter than that in summer, which occurs in both306

hemispheres. Furthermore, Lee et al. (2011) indicated that the trough minimum moves307

back to higher latitudes at a earlier (later) MLT in December solstice (Equinoxes) for308

the Southern Hemisphere. This asymmetric “V-shape” diurnal distribution pattern is309

consistent with those indicated in other studies (e.g., Werner & Prölss, 1997; Krankowski310

et al., 2009a; Le et al., 2017).311

3.2 Seasonal Variation312

Figure 4a and 4b show the seasonal and local time distribution of the trough oc-313

currence rate for the Northern and Southern Hemispheres, respectively. The resolution314

is half a month in time and 1 hour in local time (LT), and the occurrence rate is also nor-315

malized by the number of satellite crossings in each bin. The white lines represent the316

location of solar terminator at geomagnetic latitude ±60◦. A distinct boundary between317

daytime and nighttime troughs with a sharp contrast of occurrence rate can be seen, with318

most of the troughs occurring in nocturnal time at locations that follow the terminator.319

This phenomenon is consistent with that mentioned in Voiculescu et al. (2006). More-320

over, the seasonal distribution pattern of the dayside trough is relatively simple, in that321

it has the largest occurrence rate in winter and smallest rate in summer since it is strongly322

related to solar illumination (Karpachev et al., 2019). However, the seasonal variation323

of the nighttime trough occurrence rate is not yet quite clear, and only a few prior stud-324

ies have analyzed this with varying and non-uniform results. For example, Mallis and325

Essex (1993) and Horvath and Essex (2003a) indicated that the nighttime trough in the326

Southern Hemisphere displays a greater occurrence rate in the vernal equinox and sum-327

mer than that of winter and autumnal equinox. Voiculescu et al. (2006) found that the328

autumnal equinox has larger trough occurrence rates than that of winter. These incon-329

sistencies might be partly attributed to the limited number of the trough observations330

or the uneven spatial/temporal coverage of the instrument measurements. For these rea-331
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sons, in the following study, only the quasi-nighttime trough occurring between 19 and332

05 LT will be analyzed unless otherwise stated.333

Figures 4c and 4d show the seasonal-latitudinal distribution of the nighttime trough334

occurrence rate with a resolution of half a month in time and 2◦ in MLAT, and Figures 4e335

and 4f show the corresponding monthly variation of the nighttime trough occurrence in336

both hemispheres, respectively. A pronounced seasonal variation can be seen for both337

hemispheres, in that the nighttime trough is more prominent in wintertime and equinoxes,338

with its occurrence rate being 3-4 times higher than that in summertime. However, the339

peak value of the occurrence rate appears not in local winter, but around equinoxes. This340

may be related to the enhanced auroral activity around the equinoctial months that is341

collectively generated by: (1) increased solar wind driving conditions when Earth reaches342

its highest heliographic latitude around equinoxes (Cortie, 1912), (2) an higher-than-average343

southward component of IMF during equinoctial periods (Russell & McPherron, 1973),344

as well as (3) low ionospheric conductivity when the nightside auroral zones of both hemi-345

spheres are in darkness (Lyatsky et al., 2001). The enhanced auroral activity will fur-346

ther build-up the poleward wall of the main trough, which would make the trough sig-347

natures more easily identified around equinoxes. Also, the ionospheric convection flows348

are typically enhanced during geomagnetic activities, and thus more troughs are likely349

to form due to the frictional heating mechanism.350

Furthermore, the distribution results in Southern Hemisphere are generally sim-351

ilar to those in Northern Hemisphere with a six-month time shift. However, there is a352

clear hemispheric asymmetry, in that the seasonal fluctuation of the trough occurrence353

is more distinct in the Northern Hemisphere than that in the Southern Hemisphere. Un-354

der their respective winter and equinoctial periods, the Northern Hemisphere has more355

significant occurrence rate than that in the Southern Hemisphere, while the opposite is356

true during their summertime. This might be created by the smaller offset between the357

geomagnetic and geographic poles in the Northern Hemisphere, which makes the trough358

zone generally closer to the dark region in the winter/equinoctial time with higher oc-359

currence rate and to the sunlit region in the summertime with lower occurrence rate.360

Figures 4g show the seasonal variation of the trough minimum positions in both361

hemispheres, respectively. There is also an apparent seasonal dependence that the trough362

minimum positions in winter tend to appear at higher latitudes than those in summer,363

which is also indicated in Table 1. This result agrees with those found in some earlier364

studies (e.g., Horvath & Lovell, 2009a; Yang et al., 2015). Furthermore, a clear seasonal365

variation for the trough width can also be seen in Figure 4h. Both Karpachev (2003) and366

Voiculescu et al. (2006) indicated that the broadest troughs are observed in winter and367

the narrowest ones in summer, with the equinox seasons being an intermediate state. Our368

results show a similar trend with the trough width in the wintertime being 1–2◦ wider369

than the summer case. This can be explained by the poleward extension of the night-370

time ionosphere during the wintertime due to the axial rotation tilt of Earth. Moreover,371

through comparing Table 1 and Figures 4g and 4h, a considerable hemispheric asymme-372

try for the trough position and width can also be seen with more significant fluctuations373

existing in the Northern Hemisphere, especially for the trough width. This is similar to374

the hemispheric asymmetry of trough occurrence rate as mentioned above.375

3.3 Longitudinal Variation376

Besides the diurnal and seasonal variation, many prior studies also indicated that377

the trough location and its shape exhibit strong longitudinal dependence. For example,378

Karpachev and Afonin (1999) and Karpachev (2003) found that the longitudinal vari-379

ation of the trough position in the wintertime can reach 5-6◦ MLAT, and the longitu-380

dinal variation in two hemispheres behaves differently. Karpachev et al. (2019) found that381

the longitudinal difference of the nighttime trough position is mainly determined by lon-382
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gitudinal variation of auroral particle precipitation, neutral atmosphere composition, and383

electric field. Furthermore, Karpachev et al. (2011) indicated that the trough in the south-384

ern summer period sometimes appears on the poleward side of the Weddell Sea anomaly385

(WSA) with a strong east-west hemispherical difference, while Horvath and Lovell (2009b)386

found that the trough in the northern summer is mainly located at the poleward side387

of the mid-latitude summer nighttime anomaly. Based on these prior results, we here change388

the coordinates from geomagnetic to geographic to further investigate the longitudinal389

variation in terms of the trough occurrence rate, position, and width, respectively.390

Figure 5 shows the global (a–f) and longitudinal (g–i) distribution of the nighttime391

trough occurrence rate in both hemispheres in geographic coordinates within the lati-392

tudinal ranges of ±40◦∼±90◦ under quiet geomagnetic conditions (Kp≤3) during the393

December solstice, the equinoxes, and the June solstice, respectively. The resolution is394

10◦ in longitude and 2◦ in latitude, and the occurrence rate is also normalized by the395

number of satellite crossings in each 2D bin or 1D sector. Generally, the high occurrence396

band aligns well with the geomagnetic latitude of ±62◦ represented by red curves, but397

specific longitudinal preferences can also be seen, with the trough occurrence being more398

favored in eastern (western) longitudes around December (June) solstice for both hemi-399

spheres. Specifically, during the December solstice, the trough has much higher occur-400

rence rate over the Eurasian sector (0◦–150◦E) for the Northern Hemisphere and over401

the Indian Ocean sector (60◦–130◦E) for the Southern Hemisphere. During the June sol-402

stice, the trough has relatively higher occurrence rate over the North American sector403

(90◦–180◦W) for the Northern Hemisphere and over the Pacific sector (150◦E–120◦W)404

for the Southern Hemisphere.405

This longitudinal preference of east-west hemispherical differences can be explained406

by the illumination differences due to Earth’s rotation and the above-mentioned differ-407

ent offsets between the geographic and geomagnetic poles in two hemispheres (He et al.,408

2011; Karpachev, 2003; Karpachev et al., 2019). Taking the Northern Hemisphere as an409

example, in winter, the eastern longitudinal (Eurasian) sector along a fixed geomagnetic410

latitude circle, say 62◦, is closer to the full-shadowed polar night region, and thus the411

trough therein is likely to have a higher occurrence rate. In summer, on the other hand,412

although the overall occurrence level of the trough is greatly reduced, the western lon-413

gitudinal (North American) sector tends to have relatively higher occurrence rate due414

to its location farther apart from the full-illuminated polar day region. In the Southern415

Hemisphere summer time, there is permanent insolation at geomagnetic latitude of -62◦416

between 0◦ and 150◦W. Actually, the electron densities over this permanently illuminated417

region have been observed to maximize around summer nighttime, known as the Wed-418

dell Sea Anomaly (Horvath & Essex, 2003b; Horvath, 2006; Karpachev et al., 2011). There-419

fore, the trough occurrence rate over this longitudinal region is significantly inhibited as420

can be seen from Figures 5d and 5g.421

Besides the occurrence rate, the magnitude of the trough also has a clear longitu-422

dinal variation. Figures 6a–6c show the contour plots of average nighttime in situ Ne423

measured by Swarm A/C within the geographic latitudinal ranges of ±40◦∼±90◦ un-424

der quiet geomagnetic conditions (Kp≤3) during different seasons. Figures 6d–6f display425

the longitudinal variation of the nighttime Ne along the geomagnetic latitude line of ±62◦426

where the occurrence rate of the trough is high. The results show that the deepest de-427

pletion occurs around 130◦W (marked by red arrows) in the Northern Hemisphere and428

around 60◦E (marked by blue arrows) in the Southern Hemisphere for all seasons. Both429

locations lie to the west of the geomagnetic poles and become wider (narrower) in the430

winter (summer) time. In addition, a second minor depletion in the Northern Hemisphere431

occurs between 0–60◦E during the December solstice and equinoxes. These longitudi-432

nal distribution patterns of nighttime trough are consistent with those indicated in He433

et al. (2011) and Karpachev et al. (2019) and can be collectively explained by the mag-434

netic field configuration, thermospheric neutral wind, and electric field.435
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Additionally, both geomagnetic declination angle and the thermospheric wind could436

play an essential role in forming the observed trough longitudinal differences (Zhang et437

al., 2011, 2012). Figure 6f shows the longitudinal variation of the magnetic declination438

angle along the geomagnetic latitude line of ±62◦. The declination curve in the North-439

ern Hemisphere fluctuates between ±20◦ and has double-positive peaks at around 130◦W440

and 60◦E, while the declination curve in the Southern Hemisphere has a larger magni-441

tude of ±55◦ and reaches its minimum at around 60◦E. Previous measurements indicated442

that in the midlatitude F region, the horizontal neutral wind has a maximum eastward443

component with a minimum northward component in the evening sector (Emmert et al.,444

2003, 2006). In the Northern Hemisphere, the eastward wind will generate poleward and445

downward plasma drift where declination is positive, and the downward drift will reduce446

the plasma density due to higher recombination rate at a lower altitude. In the South-447

ern Hemisphere, on the other hand, downward plasma drift and the density decrease will448

be favored where declination is negative (He et al., 2011). This is reflected in our trough449

statistical results. as the plasma density within the trough region accordingly minimizes450

around 130◦W and 60◦E in the Northern Hemisphere and around 60◦E in the Southern451

Hemisphere. We note though that these factors do not operate in isolation, and their ef-452

fects on trough morphology can be mitigated by other processes. For example, Karpachev453

et al. (2019) indicated that the effect of thermospheric wind could be counteracted to454

some degree by neutral composition changes and electric field.455

Figures 6g-6l show the longitudinal variation of the nighttime trough minimum po-456

sition and the trough width for above-mentioned time periods. During the winter and457

at equinoxes, the trough position usually occurs at a higher latitude in the longitudinal458

sector that contains the magnetic pole, i.e., in the western longitudinal sector for the North-459

ern Hemisphere and in the eastern longitudinal sectors for the Southern Hemisphere. This460

phenomenon is consistent with that indicated in Yang et al. (2018) and Karpachev et461

al. (2019), and can be explained by the longitudinal difference of solar zenith angle. Along462

a fixed MLAT line, the geographic latitude is relatively lower in the longitudinal sector463

that contains the magnetic pole. Under the same local time interval, this longitudinal464

sector tends to have a smaller solar zenith angle and higher ion density, which will com-465

press the low-density trough region and push its equatorward wall into the more pole-466

ward area. Thus, the trough width in this longitudinal sector will also be reduced to some467

extent though the general variation is not significant enough as can be seen in the bot-468

tom panels of Figure 6.469

3.4 Solar Activity Dependence470

The Swarm measurements used in the current study cover the descending phase471

of solar cycle 24. This provides sufficient information to investigate the solar activity de-472

pendence of the trough, and Figure 7 shows scatter plots of the monthly averaged trough473

occurrence rate, trough minimum position, trough width, and trough depth (minimum474

Ne subtracted by background value) as a function of F10.7 index for geomagnetic quiet475

conditions (Kp ≤ 3). The trough occurrence rate and the F10.7 index exhibit a nega-476

tive correlation with the correlation coefficient reaching a significant level of -0.70. This477

is reasonable, as the enhancement of solar extreme ultraviolet (EUV) associated with high478

solar activity will increase the ionization production rate, thus leading to a decrease in479

the trough occurrence rate. Moreover, Le et al. (2017) and Karpachev (2019b) indicated480

that the trough minimum position moves slightly equatorward (1–2◦) from low solar ac-481

tivity to high solar activity periods. In Figure 7b, the correlation between the trough min-482

imum position and the F10.7 index is very weak, though there is also a declining trend483

between them. A significance analysis further indicated that the uneven data coverage484

of the Swarm measurements between different solar activity periods will not influence485

the variation of the trough parameters, thus no clear solar activity dependence of the486

trough position can be deduced from our preliminary results. In addition, the trough width487

exhibits a decreasing trend with respect to increasing F10.7 index, while the trough depth488
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has a positive correlation with it. This demonstrates that the trough tends to have a deeper489

and narrower shape during high solar activity periods, which can be explained by en-490

hanced dissociative recombination due to higher ion temperature associated with increas-491

ing F10.7 levels (Ishida et al., 2014).492

3.5 Geomagnetic Activity Dependence493

Figure 8a shows the trough occurrence rate as a function of geomagnetic activity,494

parameterized by the Kp value. The occurrence rate has a clear increasing trends with495

respect to increasing Kp value. In particular, the trough occurrence rate is less than 50%496

under quiet conditions (Kp ≤ 3) but is larger than 60% under active conditions ((Kp ≥497

4)). This clearly suggests that the conditions for trough occurrence are more favorable498

during high geomagnetic activity periods. Error bars have been added to evaluate pos-499

sible biases due to uneven data coverage as follows:500

σ =

√

f × (1 − f)

N − 1
, (1)501

where σ is the uncertainty, f is the occurrence rate, and N is the total number of satel-502

lite pass for each given bin. Examining these uncertainties, we conclude that although503

the error bars are also increasing with respect to increasing Kp value, this does not af-504

fect the conclusions we draw.505

Figure 8b shows the Kp dependence of the trough minimum position. As shown,506

the trough position moves progressively to a lower latitude as the level of geomagnetic507

activity increases, which can be approximately fitted by a linear line with the expres-508

sion as follows: TM = 65.8◦ - 1.7Kp. Here we compare our results with those obtained509

by Koehnlein and Raitt (1977), Collis and Haggstrom (1988), Karpachev et al. (1996),510

Horvath and Essex (2003a), Prölss (2007), Yang et al. (2015), and Deminov and Shu-511

bin (2018). There is rough agreement between our results and the slope of the fitting lines512

(∼1.5–2.4) from all these studies, though the trough position of the current study seem513

to be 1◦–2◦ higher than most of the other studies. This slight displacement might be driven514

by a difference between our study configuration and others, in that our results are de-515

rived from the whole quasi-nighttime troughs between 19 and 05 LT, while other results516

shown here are the midnight cases.517

The above-mentioned variation of the trough occurrence rate and position with ge-518

omagnetic activity level is consistent with other previous studies (e.g., Rodger et al., 1992;519

Werner & Prölss, 1997; Pryse et al., 1998; Voiculescu et al., 2006; Krankowski et al., 2009b).520

This dependence could be partly attributed to the presence of stormtime SAPS/SAID521

flow channels, which also have a clear Kp dependence. In particular, multiple studies show522

that the magnetic latitude location of the SAPS peak flow channels moves further equa-523

torward with respect to increasing Kp index (Foster & Vo, 2002; Erickson et al., 2011;524

Kunduri et al., 2017). In addition, the magnitude of SAPS flows also increases with Kp525

index (Goldstein et al., 2005). The flows can exceed 1,500 m/s during geomagnetic storms526

and drop to ∼100 m/s during periods of geomagnetic quiet (Kunduri et al., 2018). Con-527

sidering that SAPS/SAIDs are associated with the formation of a deep mid-latitude ion-528

ization trough, their correlation with magnetic activity could be a factor contributing529

to the geomagnetic dependence of the trough occurrence rate.530

Moreover, Figure 8c and 8d show the variation of trough width and depth with re-531

spect to the Kp index. The average trough width exhibits a weak decreasing trend as532

Kp increases though the fluctuation is less than 1◦. On the other hand, the trough depth533

exhibits a clear increasing trend with increasing Kp value. This also suggests that en-534

hanced dissociative recombination due to strong frictional heating within stormtime SAPS535

and/or SAID channels, themselves a hallmark of strong magnetosphere-ionosphere cou-536

pling, may represent a primary generation mechanism for the trough formation during537

large geomagnetic activity conditions.538
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One more thing worth noting is that the trough occurrence rate exhibit different539

dependence with respect to F10.7 and Kp index, though Kp generally tends to be higher540

with higher solar activity. The explanation might be that corona mass ejection (CME)541

events that occur more frequently in high solar activity years are more episodic, while542

the low solar activity years also constitute a large number of samples with medium to543

high level of Kp associated with recurrent and persistent geomagnetic activities during544

the declining phase of a solar cycle. In addition, F10.7 also has its inherent 27-day cy-545

cles. Thus, their real relationship can be quite intricate, and our statistical study show546

some complicated F10.7 dependence, not necessarily consistent with the Kp dependence.547

4 Summary and Conclusion548

This paper presents a statistical study of the main ionospheric trough by using in549

situ plasma density data measured from December 2013 to November 2019 by the Swarm550

constellation. An automated trough-identifying algorithm and subsequent manual in-551

spection were performed to extract the most typical and prominent cases of the trough.552

The statistical distribution patterns of various trough characteristics (occurrence rate,553

position, width, and depth) were investigated with respect to MLT, season, longitude,554

solar activity, and geomagnetic activity, respectively. The statistical results not only con-555

firmed a number of previously established results using topside ionosphere measurements,556

but also revealed new trough characteristics, such as longitudinal and hemispheric asym-557

metries.558

To clarify the many study results presented here, those findings that further con-559

firmed previously published results are as follows:560

1. The MLT distribution of the trough occurrence rate has a prominent daytime561

inhibition and a clear nighttime enhancement. The nighttime occurrence rate is approx-562

imately three times larger than that in the daytime, with a primary peak in early morn-563

ing and a subsidiary peak in late evening. The trough appears at relatively higher ge-564

omagnetic latitudes (>70◦) with narrower width (<4◦) in the noon and moves towards565

lower latitudes during the afternoon and evening hours. It often reaches its equator-most566

position of ∼60◦ at around 03–04 MLT with the broadest width (>7◦) and quickly re-567

treats to higher latitudes.568

2. The trough distribution has significant seasonal variation. During winter and569

equinoxes, the longitudinally elongated trough zone with high occurrence rate (>50%)570

extends further into earlier local afternoon sectors. During the summertime, however,571

the longitudinal extension of the trough is greatly compressed, centering around mid-572

night sector with an average nighttime occurrence rate of only 20% for both hemispheres.573

In addition, the nighttime trough position in the winter hemisphere tends to appear at574

higher geomagnetic latitudes (∼65◦) with broader width (6◦–7◦), while the trough po-575

sition and width in the summer hemisphere are usually 3◦–5◦ lower and 1◦–2◦ narrower,576

respectively.577

3. Most of the nighttime trough appears within a latitudinally limited band be-578

tween ±55◦–65◦ geomagnetic latitudes. The deepest trough is located statistically around579

130◦W in the Northern Hemisphere and around 60◦E in the Southern Hemisphere, both580

of which lie to the west of the geomagnetic poles. The trough position usually appears581

at a relatively higher latitude in the longitudinal sector that contains the magnetic pole.582

4. Conditions for the trough occurrence are more favored in low solar activity pe-583

riods. Both the trough minimum position and trough width have a negative correlation584

with the F10.7 level, though the dependence of the former one is very weak. The trough585

depth is positively correlated with the F10.7 level. The trough is highly dependent on586

geomagnetic activity level with a much higher occurrence rate during active times. The587
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trough position moves progressively to lower latitudes as geomagnetic activity increases,588

and the trough depth exhibits an increasing trend with increasing Kp value.589

The new findings of this study on trough morphologies are summarized as follows:590

1. The trough occurrence rate exhibits a slight midnight reduction comparing with591

evening and morning peaks, especially in the Northern Hemisphere. This might be re-592

lated to the nighttime Harang reversal and/or plasma filling via transpolar convection593

flow.594

2. The seasonal variation of the nighttime trough has a maximum occurrence rate595

around equinoxes, higher than that in local winter. This might be attributed to the en-596

hanced auroral activity during equinoctial months.597

3. The trough distribution has an evident hemispherical asymmetry. During local598

winter and equinoxes, the trough is more evident in the Northern Hemisphere, with its599

average nighttime occurrence rate being 20-30% higher than that in the Southern Hemi-600

sphere. Besides, the trough minimum position and the trough width also exhibit more601

significant fluctuation in the Northern Hemisphere.602

4. The longitudinal distribution of the nighttime trough exhibits clear east-west603

hemispherical preferences. During the December solstice, conditions for the trough oc-604

currence are more favored in eastern longitudes with a higher occurrence rate over the605

Eurasian sector for the Northern Hemisphere and over the Indian Ocean sector for the606

Southern Hemisphere. During the June solstice, the western longitudes are more likely607

to see trough formation with higher occurrence rate over the North American sector for608

the Northern Hemisphere and over the Pacific sector for the Southern Hemisphere.609

Finally, we note that a potential limitation of the current study lies in the use of610

a fixed threshold to identify the trough (50% decrease relative to the background level).611

However, the trough can be a highly dynamic phenomenon and in selected cases can pose612

a considerable challenge in defining uniform and/or robust criteria of identification. In613

the future, it would be useful to explore techniques from machine learning in an attempt614

to determine a better way to combine manual inspection methods and automatic pro-615

cessing algorithms. These efforts have scientific potentials to further address the remain-616

ing unsolved puzzles of trough behavior and its implications for the overall coupled iono-617

sphere and magnetosphere system.618
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Table 1. Average geomagnetic latitudinal position of the trough minimum position between

19–05 MLT.

Northern Hemisphere Southern Hemisphere

Dec. Solstice 63.30±1.45◦N 62.68±0.91◦S
Equinoxes 61.57±1.38◦N 61.56±1.23◦S
Jun. Solstice 60.44±1.25◦N 64.13±1.52◦S
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Figure 1. Examples of the trough measured by Swarm A satellite on August 26, 2018. (a)

The Northern Hemisphere polar view with a segment of satellite path between geomagnetic lat-

itudes 45◦ and 75◦. The concentric dashed circles are plotted in 10◦ interval. The geomagnetic

pole is marked with an asterisk. (b) The corresponding Ne profile as a function of geomagnetic

latitude, magnetic local time, and universal time. The dotted line represents the background Ne

profile. (c) Detrended Ne profile with the trough minimum (TM ), the equatorward wall (TE),

and the poleward wall (Tp) being marked. The bottom panels are the same as the upper ones,

but for the Southern Hemisphere.
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Figure 2. (a–c) Northern Hemisphere polar view of the trough occurrence rate under quiet

geomagnetic conditions (Kp≤3) in the coordinates of magnetic local time and geomagnetic lati-

tude for the December solstice, the equinoxes, and the June solstice, respectively. The concentric

circles are plotted in 10◦ interval with outermost one representing 45◦. Diurnal variation of (d–f)

the trough occurrence rate and (g-i) the trough minimum position (black dots) as a function of

magnetic local time during the above-mentioned three seasons. The bars represent the trough

width with the poleward wall (blue dots) and the equatorward wall (red dots) being marked as

the two endpoints.
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Figure 3. The same as Figure 2, but for the Southern Hemisphere.
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Figure 4. Gridded plots of the trough occurrence rate in terms of (a and b) seasonal-LT dis-

tribution and (c and d) seasonal-MLAT distribution for the Northern and Southern hemispheres,

respectively. The latitudes in the Southern Hemisphere are rectified for convenience in demon-

stration. The white lines represent the locations of solar terminator at geomagnetic latitude 60◦N

and 60◦S. The corresponding monthly variation of (e and f) the trough occurrence rate, (g) the

trough minimum position, and (h) the trough width. LT = local time; MLAT = geomagnetic

latitude.
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Figure 5. (a–f) Polar view of the trough occurrence rate in the geographic coordinates for

both hemispheres under quiet geomagnetic conditions (Kp≤3) during the December solstice, the

equinoxes, and the June solstice, respectively. The concentric circles are plotted in 10◦ interval

with outermost one representing latitude of 40◦. The geomagnetic poles are marked with crosses.

The geomagnetic latitudes of ±62◦ are also plotted in solid red lines. (g–i) The corresponding

longitudinal variation of the trough occurrence rate for above-mentioned conditions.
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Figure 6. (a–c) The global distribution of the average Ne for both hemispheres under quiet

geomagnetic conditions (Kp≤3) during the December solstice, the equinoxes, and the June sol-

stice, respectively. The geomagnetic poles are marked with crosses. The geomagnetic equator

and latitudes of ±62◦ are plotted in the maps. The red and blue arrows indicate the location of

the deepest trough in Northern and Southern Hemispheres, respectively. (d–f) Corresponding

longitudinal variation of the Ne and magnetic declination (only in the rightmost panel) along ge-

omagnetic latitudes ±62◦ lines for above-mentioned conditions. (g–l) Corresponding longitudinal

variation of the trough minimum position and the trough width for above-mentioned conditions.
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Figure 7. Scatter plots of the monthly averaged F10.7 index versus (a) the trough occurrence

rate, (b) the trough minimum position, (c) the trough width, and (d) the trough depth under

quiet geomagnetic conditions (Kp≤3), respectively. The linear fitted line and the correlation

coefficient for each panel are also shown.
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Figure 8. The geomagnetic activity variation of (a) the trough occurrence rate, (b) the

trough minimum position, (c) the trough width, and (d) the trough depth as a function of Kp

index with error bars, respectively. Some previous results of the trough minimum position with

respect to Kp are also shown: Koehnlein and Raitt (1977, Magnenta), Collis and Haggstrom

(1988, Cyan), Karpachev et al. (1996, Yellow), Horvath and Essex (2003a, Green), Prölss (2007,

Navy), Yang et al. (2015, Gold), and Deminov and Shubin (2018, Aquamarine).
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