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Abstract: In this work, statistical analysis of the main ionospheric trough was performed using
K-band ranging system (KBR) measurements from the GRACE satellite constellation from 2002 to
2015. The investigated period covers high- and low-solar-activity conditions. The mid-latitude
ionospheric trough (MIT) characteristics were investigated for both the northern and southern
hemispheres. MIT parameters such as the minimum trough position, trough width and depth, and
trough occurrence probability were studied in connection with magnetic local time; geographic
distribution; seasons; solar activity; and geomagnetic activity conditions, such as the solar wind
plasma speed, interplanetary magnetic field components, and high-resolution geomagnetic indices
SYM–H and Hp30.

Keywords: main ionospheric trough; northern and southern hemispheres; high and low solar activity;
trough detection; GRACE satellite mission

1. Introduction

The mid-latitude ionospheric trough (MIT), also known as the main ionospheric
trough, is defined as the depletion of plasma in the nighttime F region. This phenomenon
has been studied since 1965 using various approaches [1]. However, results vary, and
the MIT has not yet been represented in global empirical models to correct ionospheric
propagation effects on GNSS signals, such as IRI [2], NeQuick-G [3,4], NTCM-G [5], etc.
The aim of this research is to detect and characterize the mid-latitude ionospheric trough
using new satellite data and, enriching current knowledge of the MIT phenomena.

There has been considerable interest in investigating the mid-latitude ionospheric
trough, its dynamics, and morphology due to its impact on radio wave propagation. The
MIT is associated with large-scale gradients in electron concertation. One of the mechanisms
that may cause the mid-latitude trough is a stagnation of ionospheric plasma, which is
cached between westward drift in the auroral zone and eastward (corotating) plasma
drift [6]. The MIT is a V-shaped ionosphere structure, the poleward wall of which has a
very steep gradient in the nighttime, and the equatorward boundary of which indicates
a significant change from dusk to dawn [7]. Moreover, the poleward wall of the MIT is
affiliated with the equatorward boundary of the auroral precipitation region [8], and its
equatorward wall corresponds to the ionospheric footprint of the plasmapause [9,10]. The
latest study by Heilig, Balázs et al. [11] on correlations between the MIT and plasmapause
on a global scale confirms that they are directly related, although only at night. The
plasmapause and MIT lie on the same field line and change at the same moment in time [11].

A literature study [12] showed that the MIT is mainly observed in darkness and
at geomagnetic latitudes of 50–70◦. However, the actual location of the MIT changes
depending on geomagnetic activity [13], magnetic local time, longitude [14], season, and
solar activity [15]. The MIT is longitudinally elongated, and the width of the trough in the
latitudinal direction is nearly 5–17◦. The MIT is mainly detected during nighttime, from
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18:00 until 06:00 magnetic local time [12]. In the afternoon hours, the MIT is located at
higher latitudes, and it moves equatorward during later local time [6]. It is more prominent
during the December solstice and equinoxes than during the June solstice [16].

In terms of morphology, the mid-latitude trough comprises of two slopes, namely
the poleward and equatorward slope, between which lies the minimum point of electron
concentration, i.e., the trough minimum. Furthermore, the MIT can be characterized by key
parameters, such as the trough minimum position and trough width and depth [17]. Work in
this field has focused primarily on the northern hemisphere trough. Recent evidence shows
that the trough allocation is hemispherically asymmetrical [18]. However, during magnetic
storms, the trough position evolves symmetrically in both hemispheres. The trough moves
equatorward with increased geomagnetic activity [19]. The depth of the trough principally
depends on solar activity conditions and deepens with increased F10.7 [17]. The width
depends on the season, with a smaller width summer than in winter [16].

In recent decades, the trough has been studied using various data instruments and
different approaches to trough detection. Investigations have been conducted using satel-
lite data from the COSMOS-900, Intercosmos-19, DMSP (Defense Meteorological Satellite
Program), CHAMP (CHAllenging Minisatellite Payload), and Swarm missions. To enrich
current knowledge of MIT phenomena, we used GRACE (Gravity Recovery and Climate
Experiment) satellite mission data for the period from 2002 to 2015. We statistically ana-
lyzed the trough minimum position, depth, and width according to varying geophysical
conditions for the southern and northern hemispheres separately. In Section 2, we describe
the database and method of trough identification. In Section 3, the results are presented,
and Section 4, we summarize our findings.

2. Database and Method
2.1. Data Sources

To investigate the MIT occurrence probability and characteristics, we used electron
density data from the GRACE satellite mission covering a period of 14 years from 2002
to 2015. The period includes both high- and low-solar-activity conditions. The GRACE
constellation consists of two satellites (GRACE-A and GRACE-B) launched on 17 March
2002 into a near-circular polar orbit with an initial altitude of about 490 km. The twin
GRACE satellites flew in sequence with a separation distance of roughly 200 km and at
an initial altitude of 490 km and an orbit inclination angle of 89◦. The electron densities
were retrieved from GRACE K-band ranging system (KBR) [20] measurements. The KBR
instrument is capable of precisely measuring the range change between the two GRACE
satellites. The average electron densities were estimated based on the differential total
electron content (TEC) derived from the range change between the two satellites [20]. The
quality of the KBR densities was investigated by Xiong et al. (2015) [21], who found the
KBR densities to be in agreement with incoherent scatter radar (ISR) measurements taken
at Arecibo, Millstone Hill, Jicamarca, and EISCAT.

The KBR density data used in this investigation were processed by the German
Research Centre for Geosciences (GFZ), Potsdam, Germany, and downloaded from the GFZ
archive (ftp://isdcftp.gfz-potsdam.de/grace/IONOSPHERE/KBR_Electron_Density/01
01/, accessed on 5 July 2022). The data are stored in ASCII format, and each file contains
data for a whole day with a resolution of 5 s. Each GRACE satellite has an orbital period of
about 94.5 min and rotates around the Earth approximately 15 times during the span of a
day. Both GRACE satellites encircled the Earth many times during their lifetime, which
lasted from March 2002 until October 2017. Figure 1 shows the evolution of the orbit height
of the satellites during the GRACE mission. GRACE data, as well as the evolution of the
GRACE orbital altitudes, were validated by Xiong, Chao, et al. [21]. As shown in Figure 1,
from 2011 to 2015, the height of the GRACE satellites decreased by 92 km. The long-term
Ne data derived from GRACE KBR measurements are generally suitable for analysis of
MIT characteristics.

ftp://isdcftp.gfz-potsdam.de/grace/IONOSPHERE/KBR_Electron_Density/0101/
ftp://isdcftp.gfz-potsdam.de/grace/IONOSPHERE/KBR_Electron_Density/0101/
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A literature study [18] showed that space weather conditions impact MIT occurrence
probability and characteristics. Voiculescu et al. (2006) [16] found that trough occurrence is
correlated with the interplanetary magnetic field (IMF) structure. Space weather conditions
can be represented by several indices, such as the solar radio flux index (F10.7); solar wind
(SW); ana; interplanetary magnetic field (IMF) components Bx, By, and Bz; geomagnetic
index SYM-H; and the Hp30 index of global geomagnetic activity. In order to characterize
the dependence of the MIT on space weather conditions, we collected data on the SYM-H,
Bx, By, Bz, F10.7, SW index, and flow pressure [22] from the OmniWeb high-resolution
service [23]. Hp30 index data were processed by the Geomagnetic Observatory Niemegk,
GFZ German Research Centre for Geosciences [24]. The time resolution of each index is
presented in Table 1.

Table 1. Time resolution of space weather indices.

Index Time Resolution

F10.7 1 h
Solar Wind 1 h
Bx, By, Bz 1 h

Flow pressure 1 h
Hp30 30 min

SYM-H 1 min

2.2. Data Processing

Because the MIT is mainly observed in the 50–70◦ geomagnetic latitude region [17],
for MIT investigation, we confined our interest to GRACE KBR data distributed in the
40–70◦ magnetic latitude regions, covering all longitudes in both the northern and southern
hemispheres. Recently Aa et al. (2020) [18] described an algorithm for detecting MIT
occurrence using in situ electron density data obtained onboard the three Swarm satellites.
Here, we applied a similar technique to the GRACE KBR electron density data and obtained
clear signatures of the MIT. For completeness, we described the MIT detection approach
below. The detection algorithm consists of the following steps:

1. We treated Ne data of one satellite passing from the geomagnetic equator to the pole or
vice versa as one Ne profile. As previously mentioned, we only considered Ne profile
data in the 40–70◦ magnetic latitude regions in both hemispheres. Data from other
latitude regions (i.e., 40◦S−40◦N magnetic latitude) were removed from the database.
Blue curved lines indicate the MIT search regions in the left plots of Figure 2 for the
northern (see top left plot) and southern hemispheres. For geographic to magnetic
latitude conversion, we used the International Geomagnetic Reference Field (IGRF)
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model [25]. The red line curves show the where the GRACE satellites pass over the
Northern and Southern hemispheres (see Figure 2, left panel plots).

2. The background electron density is calculated as a running average of the Ne in a
sliding window of 48 data points. The window size is adapted according to a data
resolution equivalent to a horizontal distance of ~1800 km. This window size was
proven to most optimal. A smaller window size detects some minor irregularities, and
a larger window does not properly identify troughs. In Figure 2 (see right panel plots),
the background electron density is represented by the black dashed line.

3. We considered −0.2 detrended log10 (Ne) as a threshold value, so if any Ne profile data
values fall below the −0.2 level, the profile is identified as an MIT profile. The trough
was detected within the detrended logarithmic electron density. The formula is:

log10 (Ne)− log10 (NeMM), (1)

where NeMM is moving mean with a window size of 48 points. We examined all
profiles for negative peaks below the −0.2 level of detrended logarithmic electron
density, representing a decrease of about 37% in background electron density. The
threshold level was chosen as the most optimal to provide a reliable quality and
quantity of detections.

4. If an MIT occurrence is detected in a profile, the next step is to determine the MIT
characteristics. Using the Ne profile data, we determined different points/locations,
such as the minimum density location or trough minimum (Tm), the equatorward
breakpoint (Be), the poleward breakpoint (Bp), the equatorward half point (He),
and the poleward half point (Hp) (see Figure 2). The corresponding definitions are
provided later in this manuscript.

5. The trough identification quality was verified by applying a trough width filter. The
threshold of this criterion was established in a range between 1◦ and 17◦ [6]. Moreover,
in assessing the depth of the trough, the range of electron density was assumed to
be between 103 and 105 cm3 to improve the quality of the detection technique, and
Ne values outside this limit were considered outliers. Trough width and depth were
calculated using the detected Ne values of trough breakpoints and trough minima.

Figure 2 shows a graphic representation of the MIT detection approach. The left
plots (see Figure 2a,c) show examples of satellites passing between 40◦ and 70◦ MLAT in
the northern and southern hemispheres (red line). The right plots (see bottom panels of
Figure 2b,d) show the original Ne variation (see yellow curve) and the background Ne
variation along the MLAT (black dashed line). The detected MIT characteristic points are
marked in the Ne variation plot. The detrended Ne variation is shown in the upper panels
of b and d, where a constant line indicates the threshold level at −0.2 (red dashed line).

The MIT detection approach was applied to all available GRACE KBR Ne profiles,
and we detected approximately 44,930 Ne profiles with MIT signatures. Among them,
approximately 16,210 profiles were found in the northern hemisphere and approximately
28,720 in the southern hemisphere. The number of detected profiles varies yearly (see
Figure 3). The blue-colored bars in Figure 3 show the number of Ne profiles observed
during each year from 2002 until 2015 over the northern (see Figure 3a) and southern
hemispheres (see Figure 3b). The yellow bar plots show the number of profiles detected
with MIT signatures in each hemisphere.
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Figure 2. Examples of the GRACE trajectory over the northern (a) and southern (c) hemispheres on
14 April 2002 between 40◦ and 70◦ magnetic latitudes. Concentric circles are plotted in 10◦ intervals.
The blue lines correspond to magnetic latitudes 40◦ and 70◦. The red line is the footprint of the satellite
path. The magnetic pole is marked with a star. Corresponding Ne profiles with detected trough
minimum position and trough characteristic points for the northern (b) and southern (d) hemispheres
(see below plots). Detrended logs of Ne are represented in upper plots for the northern (b) and
southern (d) hemispheres. The gray dashed line represents the Ne running average. The yellow line
is the Ne profile, and the red dashed line shows the threshold for trough detection.
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A comparison of the blue and yellow bar plots during the complete period from
2002 to 2015 revealed relatively fewer MIT profiles detected during the solar minimum
period of 2007–2010, indicating that the probability of MIT occurrence is related to the solar
cycle variation.

As previously mentioned, if an MIT occurrence was detected, the locations of the
trough minimum (Tm), the equatorward and poleward breakpoints (Be and Bp), and the
equatorward and poleward half points (He and Hp) were determined. The breakpoints
were determined as the intersection points of the Ne profile and the background density.
Then, the trough width and trough depth were determined as shown in Figure 4. The trough
width is defined as the spatial distance between the breakpoints (Be and Bp), whereas
the trough depth is defined as the electron density difference between the value of the
breakpoint and the trough minimum point.
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3. Results and Discussion

As mentioned in the previous section, approximately 45,000 Ne profiles were detected
with MIT signatures. Thus, we obtained a database of MIT parameters, such as trough
minimum, trough width, and trough depth. The occurrences of MIT parameters are statisti-
cally analyzed in this section. The parameters were analyzed as functions of different space
weather indices, for instance, solar radio flux index F10.7; solar wind (SW) plasma speed;
flow pressure; interplanetary magnetic field components Bx, Bz, and By; SYM–H; and Hp30.
Additionally, the dependency of MIT parameters on different geophysical conditions, such
as geographic/magnetic location, magnetic local time, and seasons, were analyzed.

3.1. Geographical Distribution

Figure 5 shows the location of the trough minimum on global maps separately for
the northern and southern hemispheres. The trough minimum location is distributed
around the magnetic pole (marked by a magenta star sign), forming an approximately
elliptical shape.
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Figure 5. Polar view of geographic locations of trough minimum locations (red dots) for the northern
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pole for each hemisphere.

3.2. Solar Cycle Dependence

Solar radio flux index F10.7 is used here as a proxy for solar activity conditions. The
percentage occurrence of the MIT (i.e., (no. of detected MIT profiles)/(total no. of profiles)
× 100%) was computed and plotted for each year, as shown in Figure 6. The blue and yellow
bars indicate the MIT percentage occurrence for the northern and southern hemispheres,
respectively. The red line curve shows the yearly mean variation of F10.7 (see right scale).
Comparing the MIT percentage occurrence and F10.7 plots reveals a positive correlation
between these two parameters. We found that the occurrence rate of the MIT increases
with increased F10.7 values and decreases with decreased F10.7 values. The occurrence
rate is approximately 5–20% higher in the southern hemisphere compared to the northern
hemisphere throughout the year. The correlation coefficient for F10.7 and MIT percentage
occurrence in the southern hemisphere is 0.73, and that in the northern hemisphere is 0.67.
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Figure 7 compares the trough means and minima positions in MLAT and F10.7 for
2002–2015. The yearly average of F10.7 is separately plotted for the northern and southern
hemispheres, considering only days for which MIT was detected. Because the MIT is
not always simultaneously detected in both hemispheres, the F10.7 average plots do not
precisely coincide. Figure 7 shows that the trough minimum location moves poleward
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during low-solar-activity years (2007–2010) and equatorward during high-solar-activity
years in both hemispheres. In the northern hemisphere, the dependence on the solar cycle
is more pronounced. The results are in agreement with those reported by Karpachev et al.
(2016) [26]. The trough minimum is observed at approximately 2–4 degrees higher latitude
in the northern hemisphere compared to the southern hemisphere.
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Figure 7. Solar cycle variation in trough minimum location from 2002 to 2015 for the northern and
southern hemispheres.

The mean and standard deviation (STD) values of trough depth and width were
computed for equal-sized F10.7 bins. Figure 8 shows the mean variation in trough depth
and width as a function of the F10.7 index. The corresponding STD values are plotted
as error bars. We found a clear dependence of the trough depth on the F10.7. The left
panel plots show that the trough depth increases with increased F10.7 until it reaches
saturation at approximately 200 flux units. A positive correlation between the trough
depth and F10.7 increase was also found by Ishida et al. (2014), which is caused by
dissociative recombination as a result of a high ion temperature correlated with increasing
F10.7 levels [15]. The right panel shows that the mean trough width remains almost
constant with the increase in the F10.7 and is larger for the northern hemisphere than the
southern hemisphere.
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3.3. Seasonal Variation

In this section, we address the dependence of the MIT parameters on seasonal variation.
Figure 9 shows the percentage occurrence of the MIT during each month separately in
the northern (left plot) and southern hemispheres. The northern plot shows that the MIT
occurs more often in winter months (Nov–Feb) and equinoxes than in summer (May–Aug).
The southern plot shows a similar (i.e., opposite, as seasons are opposite) trend, although
the seasonal dependence is less pronounced. The high MIT occurrence during equinoxes
may be linked to the increased auroral activity around the equinoctial months. Increased
auroral activity facilitates the buildup of the main trough′s poleward wall, leading to easier
identification of trough signatures around equinoxes.
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southern hemisphere.

Furthermore, during geomagnetic activities, the ionospheric convection flows increase,
and as a result, due to the frictional heating mechanism, more troughs eventually form [18].
Seasonal fluctuations are more pronounced in the northern hemisphere than in the southern
hemisphere, which indicates hemispheric asymmetry. This could be related to the offset of
the magnetic and geographic poles [18].

Figure 10 shows the MIT distribution during December solstice (Nov–Feb), June
solstice (May–Aug), and the equinoxes (Mar, Apr, Sep, Oct) over the northern (see top
panel) and southern hemispheres. The scatter plots show the MIT minimum positions
on global maps. An ellipse approximates the mean position of the MIT minimum for
each season. The mean values were first determined by binning trough location with
one-degree geographical latitudinal and longitudinal resolution; the mean values were
then fitted to the ellipses. We used a similar algorithm to fit the ellipsoids to data described
by Kamal et al. [27].

We further investigated the spatial distribution of the MIT minimum depending
on the season (see Table 2). We computed the mean position of the MIT minimum and
corresponding STD values during the December solstice, June solstice, and the equinoxes.
The statistical estimates are presented in Table 2 (STD values are given after ± sign). We
found that the mean trough minimum position varies slightly depending on the season.
Compared to the values during equinoxes, the mean trough minimum moves equatorward
during local summer (June solstice for NH and December solstice for SH). In contrast,
during local winter (December solstice for NH and June solstice for SH), the mean trough
minimum moves poleward. The standard deviation values are lower for the NH than for
the SH.
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Figure 10. Ellipse distribution for the northern (a–c) and southern (d–f) hemispheres of the mean
position of the trough minimum in three seasons: December solstice (blue color), June solstice
(pink color), and equinoxes (green color). Red points in each hemisphere represents the detected
trough minimum location. The dark red star shows the locations of the geomagnetic pole for
each hemisphere.

Table 2. Mean position of the trough minimum during December solstice, June solstice, and the
equinoxes. The corresponding standard deviations are given after the ± sign.

Northern Hemisphere Southern Hemisphere

December solstice 60.59 ± 4.05 −55.8 ± 6.02
Equinoxes 60.23 ± 4.14 −55.72 ± 6.21

June solstice 59.08 ± 4.09 −56.8 ± 5.97

In order to determine the seasonal variation in Tm, width, and depth, their monthly
mean and STDs were computed. The monthly mean variations in Tm, width, and depth
are plotted in Figure 11. The corresponding STDs are plotted as error bars. The plot for the
southern hemisphere (blue line) shows that the MIT is deeper during the winter months
(May-Aug) than during the summer months. The plot for the northern hemisphere (yellow
line) shows a similar trend, although the seasonal dependence is less pronounced. The Tm
variation shows that during winter months, the Tm position is located at slightly higher
latitudes compared to summer months (see first panel). In the southern hemisphere, the
MIT is located at a higher latitude in the summer period. The trough width varies from 8
to 10 degrees in the northern hemisphere, and in the southern hemisphere, the trough
width is smaller, and in the range of 5 to 7 degrees [18]. The trough width broadens in
wintertime, with an opposite correlation in the southern hemisphere. This could be caused
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by the poleward extension of the nighttime ionosphere in winter due to the axial rotation
tilt of Earth [18].
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Figure 11. Monthly variation in location, depth, and width of the mid-latitude trough for the northern
and southern hemispheres.

The left plot shows the variation in the monthly mean trough minimum position as
a function of months. The northern hemisphere plot illustrates that the trough minimum
shifts poleward during winter months and equatorward during summer months. In the
southern hemisphere, the trough variations exhibit opposite behavior. These results are in
agreement with the results presented in Table 2.

3.4. Diurnal Variation

Figure 12 illustrates a polar view of the trough occurrence depending on the magnetic
local time (MLT) and the magnetic latitude for the northern (Figure 12a–c) and southern
(Figure 12d–f) hemispheres. The trough minimum position was binned with a resolution
of 2◦ latitude ×1 h. The percentage occurrence was calculated by dividing the trough
minimum position in each sector by the total number of available profiles in the sector and
multiplying by 100. Figure 12 shows that the trough polar plot for each season expands
in latitude from 60 to 50 MLAT and elongates from dusk to dawn. This occurs more often
at night and in the morning. Rodger et al. (1992) suggested that a boundary between the
dusk and morning trough should exist due to different flow regimes [9]. For the northern
hemisphere, the trough occurs more often during the December solstice and equinoxes. For
the southern hemisphere, it occurs more often during equinoxes and the June solstice, as
discussed in the previous section.

Figure 13 shows the variation in mean trough minimum position (marked by black
dots) as a function of magnetic local time (MLT). The corresponding mean trough widths are
plotted as error bars. The trough width is bounded by trough equatorward and poleward
breakpoints (see Figure 13).

For the northern hemisphere, the mean trough widths are smaller in the poleward
direction, indicating a sharp slope or high gradient. The trough widths are comparatively
larger in the equatorward direction, indicating a less sharp slope. A similar trend is
observed in the southern hemisphere, although the widths are comparatively smaller in
both directions.

Diurnal variations in the trough width and depth are represented in Figure 14.
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3.5. Dependence on Solar Wind; Flow Pressure; and IMF Bx, Bz, and By Components

We examined the correlation between the main trough parameters and solar wind
plasma speed (see Figure 15); flow pressure (see Figure 16); and IMF Bx, Bz, and By
components (see Figure 17). The dependence on solar wind and trough minimum location
shows a negative correlation in the northern hemisphere. A negative correlation between
the MIT latitude and solar wind speed was also reported by He et al. (2011) [14]. The
trough width decreases with increased solar wind speed, and the southern hemisphere
shows no visible correlation with solar wind.
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Figure 17. Bx (blue), By (orange), and Bz (green) component dependence of the trough minimum
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Correlation with flow pressure is presented in Figure 16. With increasing flow pressure,
the trough moves slightly to lower latitudes and becomes narrower and deeper in both
hemispheres.

Figure 17 shows the variation in the trough minimum position relative to the Bx, By,
and Bz components. The variation in the trough parameters is very low, and all the IMF
components show a similar trend.

3.6. Dependence on the SYM-H Index

The SYM-H index is similar to the Dst-index but has a different time resolution and
method to determine the base value. The temporal resolution of the SYM-H index is
1 min. Wanliss et al. [28] found that the SYM-H index is accurate and should be used as a
replacement in future studies. Figure 18 shows the dependence of Tm, width, and depth
according to SYM-H index. The SYM-H index shows a clear correlation with the main
trough parameters, and in the northern hemisphere, this dependence is more prominent
than in the southern hemisphere. With a decreasing SYM-H index, the trough moves
equatorward. The trough becomes narrower and deeper with a decreasing SYM-H index.
Our results confirm the previous findings by Yang et al. (2016) [19], who showed that the
trough dynamics differ depending on the magnetic storm category and that the shift in the
position of the trough in the northern and southern hemispheres during magnetic storms
is symmetrical.
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3.7. Dependence on the Hp30 Index

The Hp30 index is a high-cadence index that is similar to the Kp index, although its
resolution is 30 min [25]. The Kp index has been used in several MIT model approaches,
for example, by Deminov and Shubin (2018) [29] and Karpachev et al. (2016) [26]. We
examined the dependence on a high-cadence Hp30 index of trough minimum location,
width, and depth. The results are presented in Figure 19. The trough moves equatorward
with an increasing Hp30 index. In the northern hemisphere, this dependence is more
prominent than in the southern hemisphere. Furthermore, the northern hemisphere has
pronounced dependence on the Hp30 index for trough width. The trough widens with a
decreasing Hp30 index. The depth has an opposite dependence, i.e., trough deepens with
an increasing Hp30 index.
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The observed correlation between the geomagnetic activity level and the trough
position is in agreement with results of previous studies [9,16]. This relationship can be
partly explained by storm time subauroral polarization streams (SAPS) or subauroral ion
drift (SAID) flow channels, which also clearly depend on geomagnetic activity levels [18].

3.8. Trough Occurrence Dependence on Space Weather Indices

We analyzed the occurrence of the trough relative to space weather indices. The
results are presented in Figure 20. The Hp30 index shows that the trough occurred more
often with increasing geomagnetic activity in both hemispheres. The trough occurrence
increases with decreasing SYM-H index (which indicates storm occurrence). Solar wind
plasma speed has a slight influence on trough occurrence, increasing with increased wind
speed. Flow pressure also correlates with MIT formation. With increased flow pressure,
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the trough occurrence increases. The influence of IMF on the MIT was investigated by
Rodger et al. (1992) [9] and by Voiculescu et al. (2006) [16]. The Bz component has the most
significant effect on magnetosphere–ionosphere coupling; consequently, it should have the
most significant impact on the trough [16]. As shown in Figure 20, the Bz component has
the greatest influence on the occurrence percentage value of the MIT.
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Figure 20. The occurrence of the trough depending on space weather indices for the northern and
southern hemispheres.

4. Conclusions

In this paper, we presented a statistical evaluation of the main ionospheric trough
in the northern and southern hemispheres from 2002 to 2015 using KBR electron density
measurements from the GRACE satellite mission. Our database of MIT profiles contains
16,212 profiles for the northern hemisphere and 28,721 profiles for the southern hemisphere.
The evaluation was performed using MIT parameters, such as the trough minimum position,
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width, depth, and occurrence in relation to geographical location, solar cycle, seasons,
magnetic local time, and space weather indices.

We obtained comprehensive results, showing that:

1. The trough minimum location is distributed around the magnetic north and south
poles, forming an ellipsoid;

2. The trough location moves poleward under low-solar-activity conditions and equator-
ward under high-solar-activity conditions in both hemispheres;

3. The occurrence probability of the MIT depends on solar activity. The occurrence of
the trough increases with increased F10.7 values. Furthermore, the position of the
MIT changes depending on solar activity, moving poleward under low-solar-activity
conditions and equatorward under high-solar-activity conditions in both hemispheres;
however, this dependency is more prominent in the northern hemisphere than in the
southern hemisphere. The trough depth increases with increased in F10.7 values;

4. Seasonal dependency of MIT is more pronounced in the northern hemisphere than
in the southern hemisphere. The MIT occurs more often in winter months (Nov–Feb)
and equinoxes than in summer (May–Aug) months. The trough is deeper during local
winter months in the southern hemisphere compared to summer months, whereas
the trough width exhibits opposite behavior in the northern hemisphere. The MIT
width varies from 8 to 10◦ in the northern hemisphere and from 5 to 7◦ in the south-
ern hemisphere. The trough minimum moves poleward during winter months and
equatorward during summer months;

5. The mean trough widths are smaller in the poleward direction, indicating a sharper
slope. The mean trough width is larger in the equatorward direction, showing a less
sharp slope;

6. The MIT shows a clear correlation with the SYM-H index. In the northern hemisphere,
this dependence is more prominent than in the southern hemisphere. With decreasing
SYM-H index values (indicating storm conditions), the trough moves equatorward
narrows and deepens with decreasing SYM-H index values;

7. A comparison with the high-cadence Hp30 index shows a correlation with the MIT lo-
cation, moving equatorward with increased HP30 values. In the northern hemisphere,
this dependence is more prominent than in the southern hemisphere. Furthermore, the
trough widens with decreasing Hp30 index values, whereas depth shows an opposite
dependence, i.e., the trough deepens increasing Hp30 index values;

8. Trough occurrences increase with decreasing geomagnetic disturbance index
SYM-H values;

9. MIT occurrences positively correlate with Hp30, f10.7, flow pressure, and solar wind
plasma speed indices.

Our study confirms previous MIT investigations and contributes new results with re-
spect to the dependence of the MIT’s on geophysical conditions. In this study, we presented,
for the first time, the ellipse distribution for the northern and southern hemispheres of the
mean position of the trough minimum in three seasons. We also elucidated the dependence
of the MIT on the flow pressure index and high-resolution indices, such as the SYM-H and
Hp30 indices. Moreover, the dependence of MIT occurrence on the space weather indices
was investigated. The obtained information with respect to MIT dependency and occur-
rence probability can be used for MIT model validation, as well as for the development of
new MIT models.

GRACE data were recently reprocessed, now covering the entire mission, and data
of the follow-on mission, GRACE-FollowOn, are also available (https://earth.esa.int/
eogateway/news/new-swarm-tiro-dataset-released, accessed on 27 June 2022), offering
perspectives of increased climatology of the MIT for future works.

https://earth.esa.int/eogateway/news/new-swarm-tiro-dataset-released
https://earth.esa.int/eogateway/news/new-swarm-tiro-dataset-released
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