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Abstract Temporal and spatial variations of the midlatitude ionospheric trough during a geomagnetic
storm on 4 April 2017 have been investigated using Global Navigation Satellite System total electron
content data together with Arase satellite observations. After the geomagnetic storm commencement, the
troughminimum location moves equatorward from 60 to 48° in geomagnetic latitude within 4 hr. The trough
minimum location identified from the Global Navigation Satellite System total electron content data is
located near the footprint of an abrupt drop of electron density detected by the Arase High-Frequency
Analyzer instrument. The longitudinal variation of the trough minimum location shows a significant variation
with a scale of 1,000–2,500 km during both storm and quiet times. This phenomenon has not yet been
reported by previous studies. After the onset of the storm recovery phase, the trough minimum location
rapidly moves poleward back to the quiet time location within 4 hr.

Plain Language Summary Geomagnetic storms lead to a sever change in the plasma environment
in the ionosphere and magnetosphere. Because their storm time disturbances in these regions cause an
enhancement of positioning error and satellite anomaly due to the ionospheric electron density variation and
magnetospheric high-energy particles, to clarify the characteristics of storm time variation of plasma
environment and its physical mechanism is essential for prediction of the Geospace environmental change as
space weather. In this study, we analyzed global positioning system total electron content data and Arase
satellite observations in the inner magnetosphere to monitor a storm time change in the shape of the
plasmasphere that controls the generation and propagation of plasma waves. Our analysis results show that
the location of the midlatitude trough minimum identified from the total electron content data rapidly
moves equatorward and poleward within 4 hr during the main and recovery phases. The location of the
midlatitude trough minimum almost corresponds to that of the plasmapause detected by the Arase satellite.
The longitudinal distribution of themidlatitude troughminimum shows a significant variation with its scale of
1,000–2,500 km. This feature is also seen during a geomagnetically quiet time. This phenomenon has not
yet been reported by previous works.

1. Introduction

A geomagnetic storm is characterized by a significant decrease of the middle- and low-latitude H component
of the geomagnetic field due to the development of ring current in the inner magnetosphere. The develop-
ment is caused by the injection of plasmasheet particles into the inner magnetosphere associated with an
enhanced convection electric field in the magnetosphere via a reconnection process between the southward
interplanetary magnetic field (IMF) and Earth’s magnetic field (e.g., Tsurutani et al., 2006). The enhanced con-
vection electric field leads to a dramatic effect on the dynamics of the ionosphere and plasmasphere such as
the formation of a plasmaspheric plume (e.g., Goldstein & Sandel, 2005; Moldwin et al., 2004; Yizengaw et al.,
2008) and its ionospheric signature (e.g., Foster et al., 2002, 2004; Foster & Rideout, 2005; Yizengaw et al.,
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2006, 2008). The convection electric field produces a plasma density enhancement in the ionosphere with a
narrow structure which is named storm-enhanced density (SED; Foster, 1993).

Recent studies have revealed that SED structure in the ionosphere is linked to the erosion of the plasma-
sphere and the formation of a sharp plasmapause due to the strong subauroral polarization stream (SAPS;
Foster & Vo, 2002), and coincides with the plasmaspheric plume and plasmapause (e.g., Yizengaw et al.,
2005, 2006). The SAPS electric field is directed poleward and is formed in a closure current region between
the region 1 and region 2 field-aligned currents. The intense electric field enhances the recombination pro-
cess in the F region of the ionosphere due to increased ion-neutral frictional heating and ion temperature
(Schunk et al., 1976). As a result, the midlatitude trough is formed with a sharp density gradient equatorward
of the trough minimum location (Foster et al., 2007).

It has been well known that the location of the midlatitude trough moves equatorward during high geomag-
netic activity conditions (e.g., Krankowski et al., 2009; Yang et al., 2015). Yizengaw et al. (2005) showed a good
correlation between the midlatitude trough and the plasmapause for geomagnetically quiet and disturbed
conditions using the IMAGE EUV map and global ionospheric maps (GIM) of total electron content (TEC).
However, they did not perform a detailed investigation of the characteristics of temporal and spatial varia-
tions of the midlatitude trough due to the limitation of using GIM of TEC. Combining GPS TEC and the
Poker Flat incoherent scatter radar and all-sky imagers, Zou et al. (2011) investigate the dynamics of the mid-
latitude trough during several nonstorm time substorm events for solar minimum conditions in the Alaska
region. They found that the poleward density gradient shifts equatorward rapidly after substorm onset with
a maximum speed of 4–5° of geomagnetic latitude per hour. The equatorward-shifted trough disappeared
due to enhanced energetic electron precipitation associated with the development of substorms. After the
start of the recovery phase, the midlatitude trough tended to reappear. However, since their study focuses
on the dynamics of the midlatitude trough during the nonstorm time substorm events in the Alaska region,
the temporal variation of the longitudinal distribution of the storm time midlatitude trough remains
unknown. Therefore, none of these recent researches have shown a large-scale (>1,000 km) structure of
the midlatitude trough in the longitudinal direction and its temporal variation associated with a
geomagnetic storm.

In this paper, we investigate the temporal and spatial variations of the midlatitude trough in the ionosphere
with high resolution during a geomagnetic storm which occurred on 4 April 2017, based on an integrated
data analysis of ground dense Global Navigation Satellite System (GNSS) receiver network and satellite obser-
vations. In particular, we report the characteristics of geomagnetic latitude and longitude variations of the
trough minimum location with high time and spatial resolutions during a geomagnetic storm.

2. Observation Data and Analysis Method
2.1. Observation Data Set

We use the absolute GNSS-TEC data with time resolution of 30 s obtained from many dense regional and
worldwide international GNSS receiver networks. A detailed method to derive the absolute GNSS-TEC data
was found by Otsuka et al. (2002). The GNSS-TEC data have been stored in the dense regional and worldwide
international GNSS-TEC observation (DRAWING-TEC) database managed by the National Institute of
Information and Communications Technology in Japan (http://seg-web.nict.go.jp/GPS/DRAWING-TEC/). The
GNSS-TEC data are derived from the GNSS data obtained from a large number of GNSS stations (more than
10,000 in September 2017). Detailed information of this GNSS-TEC database and its derivation method are
described by Tsugawa et al. (2007, 2018). In this analysis, we perform the 5-min average of the available grid
GNSS-TEC data having a spatial resolution of 0.5 × 0.5° in geographical latitude and longitude. The grid data
are averaged every 0.5° with the data included in four bins (0.25 × 0.25 °).

The Arase satellite was launched at 11:00 (UT) on 20 December 2016 from Uchinoura Space Center. The satel-
lite has been put into a geo-transfer orbit with an inclination of 31°, with initial apogee and perigee of 32,110
and 460 km, respectively. The orbital period is 565 min (Miyoshi, Shinohara, et al., 2018). In the present study,
we analyze plasma wave dynamic spectrum data provided by High-Frequency Analyzer (HFA; Kumamoto
et al., 2018), which is a subcomponent of the Plasma Wave Experiment (PWE; Kasahara et al., 2018) onboard
the Arase satellite to identify the upper limit frequency of upper hybrid resonance waves along the satellite
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orbit. In this study, we use the electric field spectrum data of plasma waves with time resolution of 1 or 8 s.
The Common Data Format data of the HFA plasma wave spectrum are provided by ERG Science Center,
Nagoya University (https://ergsc.isee.nagoya-u.ac.jp/data_info/index.shtml.en; Miyoshi, Hori, et al., 2018).

In order to investigate solar wind, IMF, and geomagnetic activity conditions during a geomagnetic storm
which occurred on 4 April 2017, we use the high-resolution OMNI data provided by Coordinated Data
Analysis Web (CDAWeb); NASA (https://cdaweb.sci.gsfc.nasa.gov/index.html); geomagnetic indices (AE and
SYM-H) provided by World Data Center for Geomagnetism, Kyoto University (http://wdc.kugi.kyoto-u.ac.jp);
and geomagnetic field data at the Pinawa station (PINA; 59.98 and 331.75° in geomagnetic latitude and long-
itude), belonging to the Carisma site (http://www.carisma.ca). We also use a list of geomagnetically quiet and
disturbed days provided by World Data Center for Geomagnetism, Kyoto University to produce the average
GNSS-TEC grid data of 10 geomagnetically quiet days in April 2017. We further use the common time Super
Dual Auroral Radar Network (SuperDARN) radar data in Common Data Format (Hori et al., 2013) in North
America and Japan provided by ERG Science Center, Nagoya University (https://ergsc.isee.nagoya-u.ac.jp/
data_info/index.shtml.en).

2.2. Global GNSS TEC Data Analysis Method

Because the electron density profile of the ionosphere depends strongly on local time, geographical latitude,
and longitude, the absolute GNSS-TEC data also show a similar dependence to the ionospheric electron den-
sity profile. Therefore, to identify the storm time fluctuation component of the GNSS-TEC data, we subtract
the background component from the storm time GNSS-TEC data in April 2017. As a first step, to obtain the
background GNSS-TEC data, we refer to a list of geomagnetically quiet and disturbed days and calculate
the average GNSS-TEC grid data of 10 geomagnetically quiet days in April 2017. As a next step, we subtract
the average GNSS-TEC grid data from the storm time GNSS-TEC data every 5 min. The subtracted data are
plotted as a two-dimensional map in geographical or geomagnetic coordinates as shown in Figures 1g, 1h,
and 2a, respectively. In converting the GNSS-TEC data into the geomagnetic coordinates, we use the
Altitude Adjusted Corrected GeoMagnetic model (Shepherd, 2014). For identification of the trough minimum
location from the subtracted GNSS-TEC data, we perform a pixel smoothing with a boxcar window of
1.5 × 1.5° in geographic latitude and longitude. This procedure determines the average TEC value at the cen-
ter of the window using nine grids since the spatial resolution of the raw data is 0.5 × 0.5°. And, the boxcar
window is shifted by 0.5° in the latitude and longitude directions. Therefore, since this procedure smooths
the data in a range of 1.5 × 1.5°, we can investigate the spatial variation of the trough minimum location with
a scale of more than 150 km. Furthermore, we perform the 30-min running average for the GNSS-TEC keo-
grams at each longitude obtained from the pixel smoothing data. Finally, we determine the minimum value
of GNSS-TEC in each keogram as the trough minimum.

3. Results and Discussion
3.1. Overview of a Geomagnetic Storm Event on 4 April 2017

Figure 1 shows an overview of the geomagnetic storm event which occurred on 4 April 2017, and GNSS-TEC
polar maps in the northern hemisphere plotted with the Altitude Adjusted Corrected GeoMagnetic coordi-
nates at 04:00, 06:00, and 08:00 (UT) corresponding to the prestorm, main, and maximum phases. In the
Figures 1a–1f, the geomagnetic storm commences at 04:40 (UT) as a sudden increase of SYM-H associated
with the arrival of a solar wind dynamic pressure enhancement. After that, the Bz component of IMF is direc-
ted southward with a significant magnitude of ~10 nT, and the SYM-H index shows an abrupt decrease of
~50 nT within 2 hr. Associated with northward turning of IMF Bz at 11:00 (UT), the recovery phase starts as
an increasing SYM-H value.

The GNSS-TEC polar map at the prestorm phase (Figure 1g) shows a complex spatial TEC variation as a func-
tion of geomagnetic latitude and longitude. The most remarkable feature of the TEC variation is an enhance-
ment of TEC in the duskside (12–23 h magnetic local time (MLT)) along the geomagnetic latitude of ~70° in
geomagnetic latitude (GMLAT). At a lower latitude, the midlatitude trough can be clearly seen as a narrow-
decreased TEC region between 18 and 01 h (MLT). During the main phase, the GNSS-TEC polar map
(Figure 1h) shows that the enhanced TEC region at 60–65° (GMLAT) extends to the postmidnight sector
(~3 h, MLT), and that the midlatitude trough also appears at a lower latitude (55–60°, GMLAT) of the
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Figure 1. (a–f) Time series plot of high-resolution OMNI data (IMF by Bz, solar wind dynamic pressure, and geomagnetic
indices (AU, AL, and SYM-H)) within a time interval from 00:00 (UT) on 4 April to 00:00 (UT) on 5 April 2017 and (g–i) glo-
bal GNSS-TEC polar maps in AACGM coordinates at 04:00, 06:00, and 08:00 (UT) corresponding to the prestorm, main, and
maximum phases of the geomagnetic storm, respectively. The vertical dashed lines show the time of each global GNSS-TEC
map. The color code of each GNSS-TEC map indicates a difference value of absolute TEC (ATEC) from the average TEC of
10 geomagnetically quiet days. The black and purple curves represent the day-night terminator at 300 and 110 km,
respectively. The number from 20 to 80 in (g)–(i) shows the geomagnetic latitude.
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enhanced TEC region between 17 and 3 h (MLT). The GNSS-TEC polar map
(Figure 1i) during the maximum phase of the geomagnetic storm also
shows an extension of the enhanced TEC region up to the dawnside
(~6 h, MLT) and the dayside TEC enhancement in the middle- and low-
latitude regions (8–18 h, MLT). The TEC enhancement in the auroral zone
can be considered to be attributed to an enhancement of auroral precipita-
tion which leads to an increase in the ionization rate in the ionosphere (e.g.,
Lu et al., 1998). On the other hand, the dayside TEC enhancement in the
midlatitude trough is considered as a part of the SED generated by local
imbalance of the plasma loss and production processes (e.g., Heelis et al.,
2009; Huba & Sazykin, 2014; Lu et al., 2012; Zou et al., 2013, 2014).

3.2. Comparison Between the GNSS-TEC and Arase Observations in
North America

Figure 2 shows a two-dimensional GNSS-TECmap in North America in geo-
graphical coordinates at 06:10 (UT) on 4 April 2017 and electron density
derived from the upper limit frequency of the upper hybrid resonance
waves in a time interval between 05:50 and 06:10 (UT). In calculating the
electron density along the Arase satellite orbit, we use 8-s spin-averaged
total magnetic field intensity data obtained from the Magnetic Field
Experiment (MGF) instrument (Matsuoka et al., 2018) onboard the Arase
satellite. The GNSS-TEC map (Figure 2a) shows an enhanced TEC region
with a belt-shaped structure along the geomagnetic longitude. At the
lower latitude edge of the enhanced TEC region, the midlatitude trough
appears as a decreased TEC region. The electron density profile in the inner
magnetosphere (Figure 2b) shows an abrupt drop with an irregular varia-
tion from 497 to 13.8 [/cc] within an L value of 0.2 in the postmidnight
(~1 h, MLT). The electron density drop indicates the plasmapause signa-
ture as defined by Carpenter and Anderson (1992), and the footprint of
the plasmapause (indicated by a dashed line in the Figure 2b) at an iono-
spheric altitude of 300 km is approximately 59° (GMLAT). The location is
close to the location (58°, GMLAT) of the trough minimum. This good
agreement between both locations is consistent with the results of
Yizengaw et al. (2005), who showed that the troughminimum location cor-
responds to the nighttime plasmapause (22–04 h, MLT). From this result,

we confirm that the nighttime trough minimum derived from the present GNSS-TEC data analysis can be
used to monitor the temporal and spatial variations of the plasmapause.

3.3. Characteristics of Geomagnetic Latitudinal and Longitudinal Variations of the Trough Minimum
Location in North America

To investigate the characteristics of geomagnetic latitudinal and longitudinal variations of the storm time
trough minimum location, we create a GNSS-TEC keogram in the three geomagnetic longitudes in North
America. Because several dense GNSS receiver networks have been extended to a wide range of geomag-
netic latitude and longitude in North America, this region is suitable for investigation of temporal and spatial
variations of the trough minimum location. Figure 3 shows the time series plot of the SYM-H index and H
component (north-south) of the geomagnetic field at the PINA station and keogram of the GNSS-TEC data
in three different geomagnetic longitudes in a time interval between 02:00 and 20:00 (UT) on April 2017.
The white line in Figures 3c–3f indicates the trough minimum locations that are identified from theminimum
value of TEC in a latitudinal width of ±5°. The window center at each time is determined by the trough mini-
mum location just before the time. In this case, the initial latitude of the window center is 60° at 02:00 (UT). In
this figure, the trough minimum location indicated by the white line moves equatorward in all geomagnetic
longitude sectors as the geomagnetic storm develops. Themovement speed clearly increases from 1.3 to 3.5°
of geomagnetic latitude per hour in two sectors (325.75 and 350.82°, GMLONG) after the onset of the geo-
magnetic field variations at PINA associated with the substorm. The enhancement of the movement speed

Figure 2. (a) Two-dimensional GNSS-TEC map in North America in geogra-
phical coordinates at 06:10 (UT) on 4 April 2017 and (b) electron density
along the Arase satellite orbit from 05:50 to 06:10 (UT). The black curve in the
GNSS-TEC map shows the footprint of the Arase satellite orbit at an iono-
spheric height of 100 km from 05:00 to 13:40 (UT). The light blue part of this
curve corresponds to the Arase orbit shown in (b). The solid circle with a
yellow color on the Arase orbit curve shows the location of the plasmapause.
The dashed pink curve is the location of the midlatitude trough minimum.
The orbit information of the Arase satellite is shown in the bottom of (b). The
vertical dashed line in (b) indicates the location of the plasmapause identi-
fied from the electron density profile.
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means a rapid shrinking of the plasmasphere due to the enhanced electric field associated with substorm.
After the start of the recovery phase of the substorm or geomagnetic storm, the trough minimum location
rapidly moves poleward back to the quiet time location within 4 hr. The average speed of the poleward
movement is 2.3° of geomagnetic latitude per hour. This behavior is basically consistent with the result
reported by Zou et al. (2011), but the present study also showed a variation of geomagnetic longitudinal
response of the trough minimum.

Figure 4 shows the time series plot of the AE and SYM-H indices and contour plot of the trough minimum
location between 300 and 360° (GMLONG; Figures 4a–4c) and the cross sections of the contour plot at
08:30, 10:00, and 11:30 (UT; Figures 4d–4f), respectively. In these panels, we overplot the trough minimum
locations as a blue triangle determined from the raw GNSS-TEC grid data (0.5 × 0.5°) to verify that the signifi-
cant variation is not induced by the spatial smoothing procedure. For comparison of the trough minimum
location between the storm and quiet times, we add the trough minimum location at the same UT during
a quiet time (16 April 2017) as a purple line in Figures 4d–4f. In these panels, a significant longitudinal varia-
tion of the trough minimum location is clearly found during both the storm and quiet times, although the
pattern of the longitudinal variation is different between both the periods. The scale is 10–25° (GMLONG;

Figure 3. Time series plot of the (a) SYM-H index and (b) H component of the geomagnetic field at the PINA station and
(c) keogram of the GNSS-TEC data in three different geomagnetic longitudes in a time interval between 02:00 and 20:00
(UT) on April 2017. The right label H in (b) indicates the north-south component of the geomagnetic field in geographic
coordinates, respectively. The color bars in (c)–(e) indicate a difference value of absolute TEC in a range of !1–4 TEC unit.
The white line in each keogram shows the location of the midlatitude trough minimum identified from the minimum
value of GNSS-TEC. The three vertical dashed lines represent the geomagnetic storm commencement and the onsets of
substorm and storm recovery phase, respectively.
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Figure 4. (a–c) Time series plot of the AE and SYM-H indices and contour plot of the trough minimum location as a function
of time and geomagnetic longitude; (d–f) the cross sections in (c) at 08:30, 10:00, and 11:30 (UT); and the (g and h) GNSS-TEC
keogram and ionospheric plasma flow in the beam-15 direction observed with the SuperDARN radar at Christmas Valley
west. The color bars in (c), (g), and (h) show the geomagnetic latitude of the trough minimum location, the difference TEC
value, and Doppler velocity in the beam-15 direction. The red dashed line in (a)–(c) indicates the storm commencement,
and the three dashed pink lines in (c) represents the time of the three bottom panels. The blue and black triangles (or red
line) in panels (d) and (e) show the trough minimum location determined by the raw and smoothing data. The purple line
indicates the trough minimum location during a geomagnetically quiet day on 16 April 2017. The white and red dashed
lines in (g) and (h) represent the trough minimum location.
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1,000–2,500 km). Moreover, as shown in Figure 4c, the storm time trough minimum location moves equator-
ward and back to the quiet time location during the main and recovery phases, respectively. It is noted that
the longitudinal distribution of the trough minimum in a region of 320–360° (GMLONG) does not show a
remarkable change after 13:00 (UT) during the recovery phase.

Although most of the previous studies have shown that the location of the midlatitude trough depends on
season, local time, and the response to the geomagnetic conditions by a case and statistical analysis of the
GPS TEC data (e.g., Krankowski et al., 2009; Zou et al., 2011), we have found that the longitudinal distribution
indicates a significant variation of the trough minimum location with a scale of 1,000–2,500 km. Although
Yizengaw et al. (2005) analyzed the local time variation of the troughminimum location fromGIM of TEC, they
did not show the local time distribution of the trough minimum and its temporal variation with high resolu-
tion due to limitations of GIM of TEC. From the present (Figure 2) and previous (Yizengaw et al., 2005) analysis
results, it can be considered that the significant variation of the trough minimum reflects a structure in the
shape of the plasmasphere in the MLT direction. Considering the origin of the midlatitude trough as
described in Schunk et al. (1976), the longitudinal variation of the trough minimum might be related to
the longitudinal distribution of the SAPS electric field. To prove or disprove this hypothesis, we compare
the GNSS-TEC keogram with ionospheric plasma flow in the beam-15 direction observed with the
SuperDARN radar at Christmas Valley West (Figures 4g and 4h). The westward plasma flow identified as
the SAPS phenomena appears in the auroral zone (62–65°, GMLAT) after the onset of the geomagnetic storm.
After 05:20 (UT), the westward plasma flow expands to the midlatitude region, almost coinciding with the
restart of the equatorward movement of the trough minimum. This result suggests that the westward flow
is related to the formation of the midlatitude trough. However, the trough minimum is located at a lower lati-
tude than the observation region of the SuperDARN radar for a period (08:00–12:00 (UT)) when the significant
variation of the trough minimum is observed. This situation does not change for the other midlatitude
SuperDARN radars in North America as shown in supporting information S1–S4. Therefore, we could not
prove the hypothesis that the longitudinal variation of the troughminimum is caused by a spatial distribution
of the SAPS electric field in the present data analysis. This point should be investigated in future studies.

4. Conclusions

To clarify the characteristics of temporal and spatial variations of the trough minimum location during a geo-
magnetic storm which occurred on 4 April 2017, we analyze the 5-min average GNSS-TEC data together with
solar wind, IMF, geomagnetic field, and Arase PWE-HFA observation data. Our analysis reveals the following
results:

1. After the onset of the geomagnetic storm, the trough minimum location moves equatorward from 60 to
48° within 4 hr. The equatorward movement implies a shrinking of the plasmasphere due to an enhanced
convection electric field in the inner magnetosphere associated with the geomagnetic storm.

2. The trough minimum location identified from the minimum value of the GNSS-TEC data from the auroral
to midlatitude regions is in good agreement with that of the plasmapause observed by the Arase satellite
with a difference of geomagnetic latitude by 1–2°.

3. The longitudinal variation of the trough minimum location shows a significant variation with its scale of
1,000–2,500 km during both the storm and quiet times. This phenomenon has not yet been reported
by previous studies due to limitations in the coverage density of GNSS receiver networks.

4. After the start of the recovery phase, the trough minimum location rapidly moves poleward back to the
quiet time location within 4 hr in a geomagnetic longitude range of 310–360° in geomagnetic longitude.
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