
Regional differences of the ionospheric response
to the July 2012 geomagnetic storm
Jiawei Kuai1,2,3 , Libo Liu1,2,3 , Jiuhou Lei4 , Jing Liu5 , Biqiang Zhao1,2,3, Yiding Chen1,2,3 ,
Huijun Le1,2,3 , Yungang Wang6, and Lianhuan Hu1,2,3

1Key Laboratory of Earth and Planetary Physics, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing,
China, 2Beijing National Observatory of Space Environment, Institute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing, China, 3College of Earth Sciences, University of Chinese Academy of Sciences, Beijing, China, 4CAS Key
Laboratory of Geospace Environment, School of Earth and Space Sciences, University of Science and Technology of China,
Hefei, China, 5High Altitude Observatory, National Center for Atmospheric Research, Boulder, Colorado, USA, 6Key
Laboratory of Space Weather, China Meteorological Administration, Beijing, China

Abstract The July 2012 geomagnetic storm is an extreme space weather event in solar cycle 24, which is
characterized by a southward interplanetary geomagnetic field lasting for about 30 h below �10 nT. In this
work, multiple instrumental observations, including electron density from ionosondes, total electron content
(TEC) from Global Positioning System, Jason-2, and Gravity Recovery and Climate Experiment, and the
topside ion concentration observed by the Defense Meteorological Satellite Program spacecraft are used to
comprehensively present the regional differences of the ionospheric response to this event. In the
Asian-Australian sector, an intensive negative storm is detected near longitude ~120°E on 16 July, and in
the topside ionosphere the negative phase is mainly existed in the equatorial region. The topside and
bottomside TEC contribute equally to the depletion in TEC, and the disturbed electric fields make a
reasonable contribution. On 15 July, the positive storm effects are stronger in the Eastside than in the
Westside. The topside TEC make a major contribution to the enhancement in TEC for the positive phases,
showing the important role of the equatorward neutral winds. For the American sector, the equatorial
ionization anomaly intensification is stronger in the Westside than in the Eastside and shows the strongest
feature in the longitude ~110°W. The combined effects of the disturbed electric fields, composition
disturbances, and neutral winds cause the complex storm time features. Both the topside ion concentrations
and TEC reveal the remarkable hemispheric asymmetry, which is mainly resulted from the asymmetry in
neutral winds and composition disturbances.

1. Introduction

The ionosphere acts as a terminal of the solar-terrestrial system to show complicated processes in space
weather events. Ionospheric storms manifest the extreme state of the ionosphere during space weather
events and are considered as the most complicated phenomena in the thermosphere-ionosphere (T-I)
system [Buonsanto, 1999]. In the past 80 years, many efforts have made to study the storm time ionospheric
effects by observations and simulations [e.g., Prölss, 1995; Abdu, 1997; Buonsanto, 1999; Danilov and
Lăstovička, 2001; Liu et al., 2004; Lynn et al., 2004; Mendillo, 2006; Burns et al., 2007; Danilov, 2013; Suvorova
et al., 2014; Chen et al., 2014]. However, the ionospheric responses to geomagnetic storms are not yet
completely understood and remain an important challenging subject of ionospheric physics [Prölss, 2008;
Liu and Wan, 2016].

During geomagnetic storms the energy and energetic particles deposited in the polar upper atmosphere are
significantly enhanced and drive considerable changes in the compositions, temperature, circulation, and
electric fields in the whole T-I system. As a result, significant disturbances are induced in ionospheric electron
density, total electron content (TEC), and even the electron density profile [e.g., Prölss, 1995; Buonsanto, 1999;
Danilov and Lăstovička, 2001; Mendillo, 2006; Prölss, 2008]. Compared with the quiet time ionosphere, the
increase and decrease in ionospheric electron density and TEC are termed as positive and negative iono-
spheric storms. Generally speaking, the ionospheric F region electron densities are proportional to [O]/[N2].
The neutral composition disturbance (decreased [O]/[N2]) zone would alter the electron densities in the iono-
spheric F region during geomagnetic storms [Burns et al., 1989; Prölss, 1995]. The storm time equatorward
neutral winds not only control the movement of the neutral composition disturbance zone [Fuller-Rowell
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et al., 1994] but also uplift the F2 layer to higher altitudes where the recombination rates are lower so that the
electron densities are increased. Furthermore, the storm time-disturbed electric fields redistribute the iono-
spheric plasma [e.g., Fejer, 1986; Sastri, 1988; Bagiya et al., 2011; Kuai et al., 2016]. The disturbed electric fields
are generally grouped into two categories: penetration electric fields (PEFs) and disturbance dynamo electric
fields (DDEFs). PEFs are short-lived, originating from the penetration of solar wind electric fields into the low-
latitude ionosphere. In other words, the PEF is highly correlated with the interplanetary magnetic field (IMF)
Bz [e.g., Fejer, 1997; Huang et al., 2005; Wei et al., 2011, 2015]. The DDEF arises from the ionospheric distur-
bance dynamos due to the enhanced energy injection into the auroral region altering the global circulation
and the generation of currents and electric fields. DDEFs are more slowly varying and are long-lived, compar-
ing to PEFs [e.g., Blanc and Richmond, 1980; Sastri, 1988; Fejer, 2011; Bagiya et al., 2011].

The regional differences of the ionospheric storms have been a research hot spot in these years. American
Geophysical Union international Chapman conference discussed the topic of “longitude and hemispheric
dependence of space weather” in November 2012. Zhao et al. [2007] compared ionospheric responses at dif-
ferent sectors during the evolution of geomagnetic storms and found that a daytime positive storm effect is
more prominent in the American region than those in the Asian and European regions. Vijaya Lekshmi et al.
[2011] gave a statistical analysis of ionospheric storms in two solar cycles and found that the positive iono-
spheric storms occur at a frequency of double at Kokubunji (35.7°N, 139.5°E) than at Boulder (40.0°N,
254.7°E), accompanying a reverse preference for the negative ionospheric storms.

Furthermore, many past studies for the ionospheric storms are based on the ionospheric F2 peak or TEC. The
responses of the ionosphere at different altitudes to space weather events are not well understood. Lei et al.
[2015] reported the different responses of the topside and bottom ionospheres to the Halloween super
storm. They thought that the topside TEC made a major contribution to the ionospheric positive storm. Liu
et al. [2016] investigated a storm-enhanced density event during the 2015 St. Patrick’s Day storm and found
that there was a positive storm in the topside ionosphere but a negative phase in the bottomside ionosphere.
Lei et al. [2016] also analyzed the distinction between the F2 peak and the topside ionosphere in response to
the October 2013 geomagnetic storm. These researches reported the importance of the ionospheric
responses at different altitudes during geomagnetic storms. Further investigations are needed to reveal
the altitudinal differences of the ionospheric response to more events.

A geomagnetic storm occurred on 14–17 July 2012. It is an extreme event of space weather in the current
solar cycle, which is characterized by a long-lasting southward turning of interplanetary geomagnetic field
for about 30 h below �10 nT. Wang et al. [2013] reported the ionospheric storm effect over North China
during this geomagnetic storm. Liu et al. [2014] investigated the profound ionospheric disturbances at
middle and low latitudes during this ionospheric storm and discussed the pronounced effects of the storm
time-disturbed electric fields. Bagiya et al. [2014] also analyzed the significant changes in the ionospheric
electron density over Indian region during 15 and 16 July 2012.

These observations reveal many features and mechanisms for this special ionospheric storm event. However,
the latitudinal, longitudinal, sector, and altitudinal differences are not yet explored for this July 2012 geomag-
netic storm. Based on this idea, we will further analyze the ionospheric storm effects during this storm. In the
present paper, multiple instrumental observations will be used to comprehensively study the regional differ-
ences of the ionospheric response to the July 2012 geomagnetic storm.

2. Data

The ACE satellite provided the measurement of solar wind parameters. During the July 2012 storm, the ACE
solar winds are shifted by 44 min to account for the time propagation from the L1 point to the magneto-
sphere. The AE index can roughly describe the auroral energy input, the symmetric component of ring
current (SYM-H) index can be regarded as a high-resolution version of the Dst index [Wanliss and
Showalter, 2006], and the Kp index indicates geomagnetic conditions at midlatitudes.

The ionospheric parameters are routinely scaled from the ionosonde observations at stations in the
Asian-Australian and American sectors. The ionosonde data at Mohe (52.5°N, 122.3°E), Beijing (40.3°N,
116.2°E), Wuhan (30.5°N, 114.6°E), and Sanya (18.3°N, 109.6°E) are obtained from the Institute of Geology
and Geophysics of the Chinese Academy of Sciences, and data at Kezhou (39.7°N, 76.2°E), Xi’an (34.1°N,
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108.9°E), Xiamen (24.5°N, 118.1°E), and Nanning (22.7°N, 109.3°E) are from the National Satellite
Meteorological Center of China Meteorological Administration. The data at five Australian stations, Darwin
(12.5°S, 131.0°E), Townsville (19.7°S, 146.9°E), Brisbane (27.1°S, 153.1°E), Mundaring (35.3°S, 149.1°E), and
Hobart (42.9°S, 147.3°E), are obtained from the Ionospheric Prediction Service of Australia, and at four
Japanese stations, Wakkanai (45.4°N, 141.7°E), Kokubunji (35.7°N, 139.5°E), Yamagawa (31.2°N, 130.6°E), and
Okinawa (26.3°N, 127.8°E), are from NICT (http://wdc.nict.go.jp/). The stations at Atomic City (43.8°N,
112.7°W), Pt Arguello (34.8°N, 120.5°W), Ramey (18.5°N, 67.1°W), and Port Stanley (51.6°S, 57.9°W) are located
in the American sector. We manually edited the ionograms and used the SAO Explorer software package to
do the true height inversion [Huang and Reinisch, 1996].

The Global Positioning System (GPS) TEC data are provided by the Massachusetts Institute of Technology
(MIT) Haystack Observatory Madrigal database (http://www.openmadrigal.org) [Rideout and Coster, 2006].
The TEC product has a 5 min resolution.

The Jason satellite carries a dual-frequency radar altimeter operating in the Ku band and C band simulta-
neously to obtain the range delay at the two frequencies. The delay data are applied to calculate the vertical
TEC between the height of the satellite (about 1336 km) and the global sea surface [Fu et al., 1994]. Note that
the Jason only provides TEC data over oceans, and the down-looking TEC data are known to be one of the
most accurate TEC currently available [Jee et al., 2010]. The down-looking TEC data from Jason-2 satellite
are utilized in our work.

Figure 1. The variation of interplanetary magnetic field (IMF) Bz and By components (nT), solar wind speed V (km/s),
dynamic pressure Pdyn (nPa), AE index (nT), SYM-H index (nT), and Kp index during 13–17 July 2012.
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TEC observations above the altitude of the Low Earth Orbit (LEO) satellite Gravity Recovery and Climate
Experiment (GRACE) (up-looking TEC) are also used in this study. The relative line-of-sight TEC data between
the LEO satellite and GPS receivers are derived from the dual-frequency GPS observations, since the GRACE
satellite carries GPS receivers [Klobuchar, 1996]. The GPS satellite biases released by the Global Navigation
Satellite Systems community and the estimated LEO satellite biases are removed from the relative line-of-
sight TEC to obtain the absolute line-of-sight TEC, then a mapping function is used to convert the absolute
line-of-sight TEC to the absolute vertical TEC [Yue et al., 2011]. The GRACE mission comprises two identical
spacecraft, then the TEC between the two satellites can be calculated from the phase difference by the dual
K-band observations. The in situ electron densities obtained by dividing the intersatellite distances from the
TEC between the two satellites are used to supplement the GRACE up-looking TEC data [Lei et al., 2014].

The topside ion concentration data presented in this study are obtained from the Defense Meteorological
Satellite Program (DMSP) spacecraft. The series of the DMSP satellites, which are designated with the letter
F and the flight number (e.g., F15), are in Sun synchronous polar orbits near 840 km altitude. Each vehicle car-
ried a Special Sensor-Ions, Electrons and Scintillations (SSIES) package to monitor the behavior of thermal
plasma in the topside ionosphere since 1987 [Heelis and Coley, 2007; Ren et al. 2009]. This time we utilize data
from the SSIES aboard the DMSP spacecraft F15, and the topside ion concentration data are measured from
the onboard scintillation meter (SM) sensor.

3. Results and Discussion
3.1. Solar Wind, IMF, and Geomagnetic Conditions

Figure 1 shows the interplanetary magnetic field (IMF) Bz and By components (nT), solar wind speed V (km/s),
dynamic pressure Pdyn (nPa), AE index (nT), SYM-H index (nT), and Kp index during 13–17 July 2012.

The day on 13 July is one of the International Quietest Days in the month. International Quiet Days are the
days where the geomagnetic variations are a minimum for the month. On 13 July, the IMF By and Bz (in
GSM coordinate) are close to 0 and other parameters are all stable and small, so 13 July is regarded as the
quiet time reference during this geomagnetic storm. At about 1730 UT on 14 July, the ACE satellite registered
a shock arrival and the solar wind speed increases from ~350 km/s to ~630 km/s. Meanwhile, the AE index has
an abrupt enhancement to ~1800 nT, and the Kp index increases to about 5.7. Hess and Zhang [2014]
analyzed the coronal mass ejection (CME) event initiated on 12 July and arrived at the Earth on 14 July.

Figure 2. The storm time UT geographic latitude distribution of TEC and the deviations of TEC (DTEC) in the longitude of (top) ~120°E (Asian-Australian sector) and
(bottom) ~70°W (American sector) during 14–17 July 2012. The TEC data on 13 July are used as the reference values to obtain the DTEC.
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These signatures agree with the arrival of the CME-driven shock. After the shock, the Bz oscillated between
northward and southward and the solar wind speed keeps at a high value ~600 km/s. The major
southward turning of IMF Bz is at ~0630 UT on 15 July, which is identified as the onset of the main phase
of the geomagnetic storm. The SYM-H index reaches the minimum value �123 nT at about 1030 UT on 15
July. Afterward, the geomagnetic storm gets into the recovery phase. The SYM-H index recovers gradually,
and the AE index attains the maximum level ~1850 nT. During the main phase and early recovery phase, a
long-lasting southward turning of IMF Bz for ~32 h below �10 nT occurs, with a smooth shift of IMF By
from positive to negative values and a gradual decline of the solar wind velocity. The most significant
feature of this geomagnetic storm is the long-lasting of southward IMF Bz component over 30 h.

3.2. TEC in the Asian-Australian and American Sectors

Figure 2 illustrates the storm time UT geographic latitude distribution of TEC and the deviations of TEC (DTEC)
in the longitude of ~120°E (top, Asian-Australian sector) and ~70°W (bottom, American sector) during 14–17
July 2012. The TEC data are provided by the MIT Haystack Observatory Madrigal database. Notice that to
obtain the DTEC the TEC data on 13 July are used as the reference values.

As shown in Figure 2b, in the Asian-Australian sector, the TEC have a manifest enhancement, sandwiched by
the TEC depletion in the equatorial ionization anomaly (EIA) crest region, during 0400–1100 UT on 15 July.
The TEC present a significant negative phase on the next day. In the American sector, two important features
can be seen from Figure 2d. One is the recurrent negative storm effects on 15–17 July, and the other one is
the nighttime EIA intensification (positive storm effect) from 15 to 16 July.

Liu et al. [2014] analyzed the mechanisms for the storm time features of TEC during this storm, discovering
the outstanding role of disturbed electric fields by using the data of dH. They found that the westward
DDEF appears twice on the two days 15 and 16 July in the Asian-Australian sector, giving the effects to cause
the positive storm and the negative storm, respectively. They thought that the positive storm features are
caused by the combined effects of DDEF and the equatorward neutral winds (traveling ionospheric distur-
bances) on 15 July and the strong negative storm effects are due to the combined effects of neutral compo-
sition disturbances and DDEF on 16 July. The combined effects of the multiple PEF on 15 July and the DDEF

Figure 3. The maximum decrease in foF2 at 17 stations in the Asian-Australian sector on 16 July. The locations of the red
dots represent the geographic positions of the 17 stations, and the sizes of the dots are proportional to the maximum
declining value in foF2. The two data in the bracket after the station name are themaximum declining value in foF2 (in MHz)
and the percentage of the relative decline in foF2, compared with the geomagnetically quiet conditions.
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on 16 July in the American sector were also reported by Liu et al. [2014]. Especially, they considered that the
nighttime EIA intensification (positive storm effect) on 16 July in the American sector is caused by the
nighttime eastward DDEF which could uplift the F2 region to higher altitudes. Kuai et al. [2015] reported
the similar phenomenon called nighttime long-duration positive storm caused by the nighttime eastward
DDEF over Jicamarca, an American equatorial station.

3.3. Latitudinal Profile of the Intense Negative Storm in the Asian-Australian Sector

To demonstrate the latitudinal profile for the strong negative storm in the Asian-Australian sector, we collect
the ionosonde data in this sector. Figure 3 displays the peak decrease in foF2 on 16 July at 17 stations in the
Asian-Australian sector. The locations of the red dots represent the geographic locations of the 17 stations,
and the sizes of the dots are proportional to the peak declining value in foF2. The two numbers in the bracket
after the station name are the peak declining value in foF2 (in MHz) and the percentage of the relative decline
in foF2, compared with the geomagnetically quiet references.

As shown in Figure 3, the intense ionospheric negative storm effects on 16 July obviously appear at all the 17
stations in this sector. Bagiya et al. [2014] and Liu et al. [2014] reported the [O]/[N2] data obtained from
Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics (TIMED)/Global Ultraviolet Imager (GUVI)
showing the neutral composition disturbance zone (depleted [O]/[N2]) over this region on 16 July. It is gen-
erally accepted that the ionospheric negative storms should be caused by the changes in the neutral compo-
sition due to the heating of the thermosphere during the geomagnetic storms. However, we find that the

Figure 4. The ascending orbits and corresponding TEC values measured by the Jason-2 satellite over the Asian-Australian and American sectors during (a) 11–13 and
18 July, (b) 14 July, (c) 15 July, (d) 16 July, and (e) 17 July. The ascending orbits of the satellite pass across the equator at a fixed local time near 2100–2200 LT. The
data on 11–13 and 18 July are used as the reference values for the quiet time (Figure 4a). Note that the down-looking TEC data are only provided over oceans,
showing the vertical TEC between the global ocean surface and the height of the Jason-2 satellite (~1336 km).
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negative storm effects at Sanya and Nanning are stronger than the effects over other stations. The feature
may reflect the effects of the disturbed electric fields near the equatorial region during the intense
negative storm.

3.4. Longitudinal and Sector Differences of the Ionospheric Storm

In order to fully demonstrate the longitudinal differences and the sector differences, the TEC data observed
by some satellites are used to study the ionospheric storm effects during this event. Figure 4 exhibits the
ascending orbits and corresponding TEC values measured by the Jason-2 satellite over the Asian-
Australian and American sector during (a) 11–13 and 18 July, (b) 14 July, (c) 15 July, (d) 16 July, and (e) 17
July. Note that the down-looking TEC data are only covered over oceans, showing the vertical TEC between
the global ocean surface and the height of the Jason-2 satellite (~1336 km). The ascending orbits of the satel-
lite pass across the equator at a fixed local time near 2100–2200 LT. To obtain more reference values for the
quiet time, the data on 11–13 and 18 July are used and shown in Figure 4a. In the Asian-Australian sector, the
significant positive phase on 15 July and the strong negative phase on 16 July are clearly presented in
Figures 4c and 4d, respectively. In contrast, we find that on 15 July the positive storm effect is stronger in
the Eastside, while the strongest negative storm effect appears at longitude ~120°E on 16 July. This longitu-
dinal difference is significant in this region. In the American sector, the most notable feature is the nighttime
EIA intensification on 16 July (Figure 4d). The EIA intensification is stronger in the Westside and shows the
strongest feature at longitude ~110°W, shown in Figure 4d.

The TEC data and the electron density observed by the LEO satellite GRACE are also exhibited. Figure 5
plots the ascending orbits (Figures 5a–5e), corresponding GRACE TEC values (Figures 5a1–5e1), and elec-
tron density (Figures 5a2–5e2) over the Asian-Australian (Figures 5a–5c) and American (Figures 5d and 5e)
sectors during 13–17 July. The up-looking TEC provides the vertical TEC value between the height of the
LEO satellite and the GPS receivers. The average height of the GRACE satellite is near 460 km, and the TEC

Figure 5. (a–e) The ascending orbits, (a1–e1) corresponding TEC values, and (a2–e2) electron density measured by the GRACE satellite over the Asian-Australian
(Figures 5a–5c) and American (Figures 5d and 5e) sectors during 13–17 July (the curves in five colors). The ascending orbits of the LEO GRACE satellite pass across
the equator at a fixed local time near 1830 LT.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023844

KUAI ET AL. STORM-TIME REGIONAL DIFFERENCES 4660



can be regarded as the topside TEC because the height is above the F2 layer peak height (hmF2) for the
normal condition [Lei et al., 2015]. The ascending orbits of the LEO GRACE satellite pass across the
equator at a fixed local time near 1830 LT. We choose the TEC data on 13 July (the blue curve) as the
reference. The electron densities have the good consistency with the up-looking TEC. As shown in
Figures 5a1–5c1, the positive phases on 15 July (the red curve) are very significant and the effects in
the topside TEC become stronger in the eastward direction over the Asian-Australian sector. The
negative storm effects on 16 July (the black curve) are outstanding in the longitude 120°E–140°E
(Figures 5b1 and 5c1 ). In the American sector, the positive storm effects (EIA intensification) on 15
July (the red curve) are also shown in the topside TEC and more notable in the westward direction
(Figures 5d1 and 5e1). Because the nighttime EIA intensification effect lasts from 15 to 16 July (more
duration on 16 July), the GRACE TEC data (and the DMSP data in section 3.5) show the phenomenon
on 15 July due to earlier local times in the American sector. The positive storm effects over the North
American region on 14 July are presented in pink in Figures 5d1 and 5e1, which can also be seen in
the TEC map of Figure 2d. In order to fully demonstrate the longitudinal and sector differences, the
relative change of TEC is calculated to do quantitative analysis by using the GRACE up-looking TEC.
Figure 6 gives the variations of mean TEC values for the main storm effects over the Asian-Australian
(Figures 6a–6c) and American (Figures 6d and 6e) sectors shown in Figure 5. The mean equator
crossing longitude is given for the five longitudinal sectors (Figures 6a–6e). The blue, red, and black
dots represent 13, 15, and 16 July, respectively. The red/black arrows and the percentages display the
positive/negative ionospheric storms and the relative changes of TEC (take 13 July as a quiet time
reference), respectively. The GRACE up-looking TEC data with the magnetic latitude range from �30°to
30°are used in the mean TEC calculation. As shown from this figure, in the Asian-Australian sector, the
positive storm effects on 15 July are stronger in the Eastside than in the Westside (a < b < c), while
the negative phase shows the most significant effect near Chinese sector (B longitudinal sector) on 16
July. For the American sector, the positive storm on 15 July is stronger in the Westside than in the
Eastside (d > e). Overall, the GRACE up-looking TEC data show the similar features of longitudinal and
sector differences, compared with the Jason-2 down-looking TEC data. The positive storm effects are
particularly notable in the topside GRACE TEC over the two sectors.

Figure 6. Variations of mean TEC values for the main storm effects over the (a–c) Asian-Australian and (d and e) American
sectors shown in Figure 5. The mean equator crossing longitude is given for the five longitudinal sectors (Figures 6a–6e).
The blue, red, and black dots represent 13, 15, and 16 July, respectively. The red/black arrows and the percentages
display the positive/negative ionospheric storms and the relative changes of TEC (take 13 July as a quiet time reference),
respectively. The GRACE up-looking TEC data with the magnetic latitude range from �30°to 30°are used in the mean TEC
calculation.
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3.5. Topside Ion Concentrations During the Ionospheric Storm

To reveal storm time features at higher altitudes, we show the topside ion concentration data observed by
DMSP spacecraft during 13–17 July 2012. Figure 7 depicts the ascending orbits (top) and corresponding
ion number density profiles (bottom, Figures 7a–7g) measured by DMSP F15 near 1550–1600 LT over the
Asian-Australian (Figures 7d–7g) and American (Figures 7a–7c) sectors during 13–17 July (the curves in five
colors). The vertical dark blue dotted lines in Figures 7a–7g give the magnetic equator positions. The topside
ion number densities are measured by the onboard SM sensor at height ~840 km. Note that the ascending
orbits of DMSP F15 pass across the equator at a fixed local time near 1600 LT during this storm. The ion num-
ber densities on 13 July (the blue curve) are utilized as the quiet time references. As seen from the black
curves in Figures 7d–7g, the intense negative storm effects on 16 July are very evident for each longitude
zone in the Asian-Australian sector. The topside single crest is obviously suppressed during the ionospheric
negative storm. The negative storm effects at the topside ionosphere are mainly reflected in the equatorial
region over this sector, which are different from the effects at lower heights mentioned above. Besides the
Indian sector (Figure 7d), the positive storm effects are all evident in the midlatitude region at the topside

Figure 7. (top, a–g) The ascending orbits and (bottom) corresponding ion number density profiles measured by DMSP F15 near 1550–1600 LT over the Asian-
Australian (Figures 7d–7g) and American (Figures 7a–7c) sectors during 13–17 July (the curves in five colors). The vertical dark blue dotted lines in Figures 7a–7g
give the magnetic equator positions for each longitude zone. Note that the ascending orbits of DMSP F15 pass across the equator at a fixed local time near 1600 LT
during this storm. The ion number densities on 13 July (the blue curve) are utilized as the reference values for the quiet time.
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ionosphere on 15 July (the red curves) in the Asian-Australian sector. In the American sector, the recurrent
negative storms and the initial stage of the nighttime EIA intensification are captured. The black and green
curves in Figures 7b and 7c show the recurrent negative storm effects on 16 and 17 July, respectively.
Figure 7a presents the nighttime EIA intensification on 15 July (the red curve) and the positive storm
effects over the North American region on 14 July (the pink curve), which is similar to the feature over the
western region of the American sector in Figure 5d1. Besides the different storm features and shapes in
the topside ion number density over the two sectors, the sector differences are also reflected in the
hemispheric asymmetry. The storm effects are symmetrical about the magnetic equator (the vertical dark
blue dotted lines) in the Asian-Australian sector, while the effects are apparently hemispheric asymmetrical
in the American sector.

3.6. The Topside and Bottomside TEC

Altitudinal differences of the ionospheric storms are also reflected in the inconsistency of the topside and
bottom ionospheric responses to geomagnetic storms [e.g., Lei et al., 2015, 2016; Zhu et al., 2016; Zhong

Figure 8. (left) The orbits and (right, from top to bottom) the corresponding GPS, topside, and bottomside TEC during the
intense negative storm on 16 (the black curves) and 13 (the blue curves for quiet time reference) July over the Asian-
Australian sector.
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et al., 2016]. To compare the differences between the topside and bottom ionospheric response to this storm,
the GPS TEC values along some GRACE orbits are calculated for the case. We regard approximately the GRACE
up-looking TEC as the topside TEC because the altitudes of the LEO satellite GRACE are close to the
ionospheric peak heights, then the bottomside TEC can be obtained by subtracting the GRACE TEC from
the GPS TEC. The suitable orbits are selected to study the variation of the topside TEC and the bottomside
TEC for the typical storm effects in the two sectors during this storm. Figure 8 demonstrates the orbits
(left) and the corresponding GPS, topside, and bottomside TEC (right, from top to bottom) during the
intense negative storm on 16 (the black curves) and 13 (the blue curves for quiet time reference) July over
the Asian-Australian sector. As seen from Figure 8, the GPS TEC (top) have a strong negative phase in this
sector from 20°S to 50°N, but the negative storm effects in the topside (middle) and bottomside TEC
(bottom) are clearly different. The two crests are remarkably suppressed in the bottomside TEC, while the
single peak vanishes in the topside TEC. The disappearance of the one or two crests is most likely caused
by the disturbed electric fields in the low-latitude and equatorial regions. The effects of the neutral
composition disturbance to the depletion in both the topside and bottomside TEC are mainly reflected in
the region from 10°N to 50°N, which are consistent with the TIMED/GUVI [O]/[N2] [Bagiya et al., 2014; Liu
et al., 2014]. The decline in TEC of the south of 20°S is inconspicuous. From the values of TEC shown in

Figure 9. (left) The orbits and (right, from top to bottom) the corresponding GPS, topside, and bottomside TEC during the
positive storm on 15 (the red curves) and 13 (the blue curves for quiet time reference) July over the Asian-Australian sector.
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Figure 8, the topside and bottomside TEC contribute equally to the depletion in TEC for this negative phase,
and it seems that the disturbed electric fields make a greater contribution than the neutral composition
disturbance to the depletion in TEC.

Similarly, Figure 9 illustrates the orbits (left) and the corresponding GPS, topside, and bottomside TEC (right,
from top to bottom) during the positive storm on 15 (the red curves) and 13 (the blue curves for quiet time
reference) July over the Asian-Australian sector. The positive storm effects are weakened in low latitudes from
the GPS TEC. The bottomside TEC clearly reflect the mechanism reported by Liu et al. [2014]. The two
suppressed crests caused by DDEFs occur in low latitudes, while the equatorward neutral winds make the
enhancement in TEC at middle latitudes of two hemispheres. It is worth noting that the topside TEC have
a significant increase at bothmiddle and low latitudes. In contrast, the topside TECmake amajor contribution
to the enhancement in TEC for the positive storm effects, which also shows the important role of the equa-
torward neutral winds.

Figure 10. (left) The orbits and (right, from top to bottom) the corresponding GPS, topside, and bottomside TEC during the
EIA intensification on 15 and 16 (the red curves, the orbit crosses 2400 UT on 15 July) and 13 (the blue curves for quiet time
reference) July over the American sector.
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For the American sector, the main
ionospheric effect during the case is
the EIA intensification from 15 to 16
July. Figure 10 gives the orbits (left)
and the corresponding GPS, topside,
and bottom TEC (right, from top to
bottom) during the EIA intensifica-
tion on 15 and 16 (the red curves,
the orbit crosses 2400 UT on 15 July)
and 13 (the blue curves for quiet time
reference) July over the American
sector. The GPS TEC and the bottom-
side TEC display a good consistency,
including the EIA intensification and
the negative storm in the northern
hemisphere. Especially for the
bottomside TEC, both the two
strengthened crests to the poles and
the reduced TEC at the magnetic
equator reflect the effects of the
disturbed electric fields.

However, the topside TEC have a
strong positive phase except for
middle latitudes in the northern
hemisphere. Liu et al. [2014] focused
on the effects of the disturbed elec-
tric fields to the EIA intensification
and the neutral composition dis-
turbance to the negative phase in
the northern hemisphere for the
American sector during this storm.
We infer that the effects of neutral
winds cannot be ignored for the
American ionospheric storm accord-
ing to the morphological changes in

TEC and the feature of the topside TEC. To confirm this viewpoint, the ionospheric parameters at four stations
in the American sector are utilized. Figure 11 displays the variations of foF2 and hmF2 at Atomic City (AC), Pt
Arguello (PA), Ramey (RA), and Port Stanley (PS) from 1200 UT on 15 July to 0600 UT on 16 July. The variations
of AE index are also plotted (bottom). The gray curves denote the quiet time reference of 13 July. The gray
bars indicate the period within 1800–0600 LT for these stations. Under the effects of composition distur-
bances, especially before 1800 LT, the three stations from different latitudes in the Northern Hemisphere
(AC, PA, and RA) have the negative phases in foF2 and hmF2. The hmF2 have remarkable elevations during
~2100–0300 UT at AC, ~1800–2100 and ~0000–0400 UT at PA, and ~1500–2200 UT at RA, respectively.
These elevations of hmF2 are most likely caused by the equatorward neutral winds which were driven by
the enhanced auroral energy inputs during the geomagnetic storm. It is also supported by the fact that
the AE index is large (~1000 nT) during the entire time period. With the elevations of hmF2, the equatorward
neutral winds simultaneously lead to the enhancements in foF2 at these stations. In the Southern Hemisphere,
the positive phases in foF2 and hmF2 at the midlatitude station PS are also mainly caused by the equatorward
neutral winds. It should be noted that the neutral winds in the two hemispheres have differences in strength
and duration. Sojka et al. [2012] reported the important role of storm time thermospheric winds to the
enhancements in TEC over the American sector by simulations, which is in agreement with our results in
Figure 11. Compared with the Asian-Australian sector (Figures 8 and 9), TEC also show the hemispheric asym-
metry in the American sector (Figure 10). According to the differences of these mechanisms, the hemispheric

Figure 11. (top) The variations of foF2 and hmF2 at Atomic City (AC), Pt
Arguello (PA), Ramey (RA), and Port Stanley (PS) from 1200 UT on 15 July to
0600 UT on 16 July. (bottom) The variations of AE index are also plotted. The
gray curves denote the quiet time reference of 13 July for these parameters.
The gray bars indicate the period within 1800–0600 LT for these stations.
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asymmetry in composition disturbances and neutral winds may be the main factors to cause the hemispheric
asymmetry in the TEC response over the American sector during this storm.

The results above report the complex regional differences of the ionospheric response to the July 2012
geomagnetic storm, but some of the differences are still not well understood. Therefore, more studies are
required for the complicated ionospheric storm effects and regional differences of the ionospheric response
to geomagnetic storms.

4. Conclusion

In this work, multiple instrumental observations are used to comprehensively present the regional
differences of the ionospheric responses to the July 2012 geomagnetic storm. This extreme space weather
event is characterized by a long-duration southward turning of interplanetary geomagnetic field for about
30 h below �10 nT. We emphasize the regional differences of the ionospheric response to this event and
discuss the features of these differences. The major conclusions are summarized as follows:

1. The 17 stations over the Asian-Australian sector show very intensive negative storm effects on 16 July. The
negative storm effects are stronger in the equatorial stations, which reflect the effects of the disturbed
electric fields near the equatorial region during the intense negative storm.

2. The storm effects observed by Jason-2 and GRACE TEC have the salient longitudinal and sector
differences. In the Asian-Australian sector, the positive storm effect is stronger in the Eastside than in
the Westside on 15 July, while the strongest negative storm effect appears in the longitude ~120°E on
16 July. In the American sector, the EIA intensification is stronger in the Westside than in the Eastside
and shows the strongest feature in the longitude ~110°W.

3. The intense negative storm effects are very evident on 16 July in the Asian-Australian sector on the basis
of the topside ion concentrations observed by DMSP, and the topside crest is obviously suppressed. The
positive storm effects at the topside ionosphere are evident in the midlatitude region on 15 July. For the
American sector, the recurrent negative storm effects and the nighttime EIA intensification are also
presented at different longitudes at the topside ionosphere.

4. For the Asian-Australian sector, the topside and bottom TEC contribute equally to the depletion in TEC for
this negative phase on 16 July, and it seems that the disturbed electric fields make a greater contribution
than the neutral composition disturbance to the depletion in TEC. The topside TEC make a major
contribution to the enhancement in TEC for the positive storm effects on 15 July, which also shows the
important role of the equatorward neutral winds.

5. In the American sector, the disturbed electric fields, composition disturbances, and neutral winds have the
combined effects to the complex storm features. The hemispheric asymmetry in composition
disturbances and neutral winds may be the main factors to cause the hemispheric asymmetry in the
ionospheric storm time response over the American sector.
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