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Abstract The 2015 St. Patrick's Day geomagnetic storm with SYM-H value of —233 nT is an extreme space
weather event in the current 24th solar cycle. In this work, we investigated the main mechanisms of the
profound ionospheric disturbances over equatorial and low latitudes in the Asian-Australian sector and the
American sector during this super storm event. The results reveal that the disturbed electric fields, which
comprise penetration electric fields (PEFs) and disturbance dynamo electric fields (DDEFs), play a decisive role
in the ionospheric storm effects in low latitude and equatorial regions. PEFs occur on 17 March in both the
American sector and the Asian-Australian sector. The effects of DDEFs are also remarkable in the two
longitudinal sectors. Both the DDEFs and PEFs show the notable local time dependence, which causes the
sector differences in the characteristics of the disturbed electric fields. This differences would further lead to
the sector differences in the low-latitude ionospheric response during this storm. The negative storm effects
caused by the long-duration DDEFs are intense over the Asian-Australian sector, while the repeated
elevations of h,,F, and the equatorial ionization anomaly intensifications caused by the multiple strong PEFs
are more distinctive over the American sector. Especially, the storm time F; layer features are caught on 17
March in the American equatorial region, proving the effects of the multiple strong eastward PEFs.

1. Introduction

During geomagnetic storms, solar wind energy being coupled into the ionosphere is significantly enhanced,
driving considerable changes in the compositions, temperature, circulation, and electric fields of the whole
thermosphere-ionosphere (T-/) system. lonospheric storms represent the extreme state of the ionosphere
caused by geomagnetic storms. As a result, significant changes in total electron content (TEC) and the
electron densities are caused by these disturbances during geomagnetic storms. Compared with geomagne-
tically quiet conditions, the enhancements and depletions in ionospheric electron densities/TEC are known
as positive and negative ionospheric storm effects, respectively.

Being considered as the most complicated phenomena in the T-/ system, ionospheric storms have been inves-
tigated as a hot spot for several decades [Prélss, 2008; Liu and Wan, 2016], and various features of the iono-
spheric response to geomagnetic storms have been revealed by observations and simulations [e.g., Prélss,
1995; Abdu, 1997; Buonsanto, 1999; Danilov and Ldstovicka, 2001; Liu et al., 2004; Mendillo, 2006; Burns et al.,
2007; Prolss, 2008; Danilov, 2013; Liu et al., 2014; Suvorova et al., 2014].

Remarkable variations of the compositions, thermodynamics, and electrodynamics in the T-/ system can be
the sources to drive the storm time ionospheric effects during geomagnetic storms. The movement and evol-
vement of the neutral composition disturbance (decreased [O]/[N,]) zone would alter the electron densities
in the ionospheric F region during geomagnetic storms [Burns et al., 1989; Prélss, 1995]. Dynamic processes in
the form of large-scale thermospheric circulation or traveling atmospheric disturbances also play a significant
role in the plasma redistribution [Habarulema et al., 2015]. For example, the disturbed equatorward neutral
winds will push the F; layer to higher altitudes where the recombination rates are lower so that the electron
densities tend to increase. The equatorward neutral winds could also hinder the formation of equatorial
ionization anomaly (EIA) and then cause the positive storm effects in the equatorial regions and negative
ionospheric storm effects in the crest regions [Prélss, 1995].
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In low latitude and equatorial regions, the storm time ionospheric disturbed electric fields are a particularly
important contributor to ionospheric storm effects. The disturbed electric fields can affect the occurrence
of plasma density irregularities and redistribute the ionospheric plasma to create ionospheric storm effects
in low latitude and equatorial regions [e.g., Fejer, 1986; Abdu, 1997; Sastri et al., 2000; Bagiya et al., 2011;
Kuai et al., 2015; Carter et al., 2016]. Generally speaking, the disturbed electric fields can be grouped into
two categories: penetration electric fields (PEFs) and disturbance dynamo electric fields (DDEFs). The PEF is
thought as the penetration of solar wind motional electric field into the ionosphere. PEFs are highly corre-
lated with interplanetary magnetic field B, component and normally are short-lived [e.g., Fejer, 1997;
Huang et al., 2005; Wei et al., 2011, 2015]. In general, on the dayside ionosphere, the southward turning of
interplanetary magnetic field (IMF) B, may lead to an eastward PEF (undershielding), and an abrupt north-
ward turning after southward IMF will result in a westward PEF (overshielding). The DDEF comes from the
ionospheric disturbance dynamo effects due to the enhanced energy injection into the auroral altering the
global circulation and the generation of electric fields and currents. The DDEF is westward on the dayside
and eastward on the nightside, i.e., opposite to the direction of ionospheric dynamo electric fields. Further,
the DDEF is long-lived and more slowly varying, compared to PEFs [e.g., Blanc and Richmond, 1980; Fejer
et al., 1983; Sastri, 1988; Fejer, 2011; Bagiya et al., 2011].

The “case study” approach could enrich our understanding of the ionospheric storm effects and proposed
mechanisms, especially for extreme space weather events [Mendillo, 2006]. The geomagnetic storm occurring
on 17-20 March 2015, which is characterized by the minimum SYM-H value of —233 nT, is an extreme event of
space weather in the current 24th solar cycle. This extreme space weather event has become a research focus
for the ionospheric community most recently. Astafyeva et al. [2015] presented the global results of the com-
plex ionospheric storm effects and highlighted the inverse hemispheric asymmetries in the ionospheric
response during the great geomagnetic storm. Ramsingh et al. [2015] analyzed the ionospheric response
and reported the storm-induced plasma density irregularities/scintillations over Indian sector. Liu et al.
[2016] investigated a large-scale and local view of a storm-enhanced density (SED) event during the main
phase of the great storm and found that the SED occurred where there was a negative phase near the F, peak
and a positive phase in the topside ionosphere. These studies have revealed many salient features for this
great ionospheric storm event.

However, the profound ionospheric disturbances and the main mechanisms in low latitude and equatorial
regions are complex and still not clear during the March 2015 storm. Simultaneously, the sector differences
in the low-latitude ionospheric responses and the corresponding controlling factors are also issues worthy of
attention for the great event. Therefore, we will focus on the ionospheric storm effects and investigate the
related mechanisms in low latitude and equatorial regions in both the Asian-Australian sector and the
American sector during the 17-20 March 2015 event in this work. More importantly, the prominent role of
the disturbed electric fields, which comprise penetration electric fields (PEFs) and disturbance dynamo
electric fields (DDEFs), will be discussed and contrasted in low latitude and equatorial regions in the two
longitudinal sectors during this event.

2. Data Presentation

The solar wind parameters come from the OMNIWeb database [King and Papitashvili, 2005], and these data
are obtained from the Advanced Composition Explorer satellite measurements. The AE index roughly indi-
cates the auroral energy inputs, 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 can be used
to describe geomagnetic conditions at midlatitudes. The GPS TEC at a 5 min resolution are provided by the
Massachusetts Institute of Technology Haystack Observatory Madrigal database [Rideout and Coster, 2006].

The ionospheric F, layer parameters are routinely scaled at five ionosonde stations gated in low latitude
and equatorial regions. The ionosonde stations at Sanya (18.3°N, 109.6°E, 24.98° dip angle) and Guam
(13.6°N, 144.9°E, 12.78° dip angle) are located in the Asian-Australian sector, and the stations at
Jicamarca (12.0°S, 76.8°W, —0.48° dip angle), Sao Luis (2.6°S, 44.2°W, —7.06° dip angle), and Fortaleza
(3.9°S, 38.4°W, —15.77° dip angle) are located in the American sector. We have manually scaled the iono-
grams and used the SAO-Explorer software package to obtain the F, layer critical frequency (f,F,) and F3
layer peak height (h,,F,) based on the built-in true height inversion algorithm [Huang and Reinisch, 1996].
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Two pairs of magnetometers including equatorial and off-equatorial stations provide a measurement of the
daytime equatorial electrojet and the intensity of the E x B drift in ionospheric F region [Anderson et al., 2002].
In the Asian-Australian sector, the difference in the magnitudes of the geomagnetic horizontal (H) component
(AHcdo-mut) between Cagayan De Oro (8.4°N, 124.6°E, 2.17° dip angle) and Muntinlupa (14.4°N, 121.0°E, 15.69°
dip angle) is used for our analysis. In the American sector, another pair of magnetometers, including equatorial
station Jicamarca (12.0°S, 76.8°W, —0.48° dip angle) and the off-equatorial station Leticia (4.1°S, 69.9°W, 12.66°
dip angle), are used to measure the horizontal component difference (AHjic.iet)-

As a supplement, drift data over Indian sector are also utilized in our work. The ionospheric parameters are
obtained from the Canadian Advanced Digital lonosonde operating at an equatorial station Tirunelveli
(8.7°N, 77.7°E). The Doppler drift mode observations at Tirunelveli are operated continuously at 1 min interval
[Ramsingh et al., 2015].

3. Results and Discussion
3.1. Solar Wind, IMF, and Geomagnetic Conditions During the March 2015 Storm

Figure 1 shows the variations of interplanetary magnetic field (IMF) B, component (in nT), solar wind speed V
(km/s), interplanetary electric field (IEF) E, component (mV/m), AE index (nT), SYM-H index (nT), and Kp index
during 16-20 March 2015.

On 16 March 2015, the day prior to the storm onset, the IMF B, (in GSM coordinates) is mostly northward, the
geomagnetic indices all are relatively small and stable, and the solar wind speed has a nonsignificant increase
during the day, so this day can be regarded as the quiet time reference for this geomagnetic storm. Figure 1
gives the onset of the intense storm at about 04:45 UT on 17 March, when an interplanetary shock hits the
Earth's magnetosphere. The IMF B, turns northward for a while, the solar wind speed increases abruptly from
~400 to ~500 km/s, and a step-like increase in the SYM-H index indicates the trigger of sudden storm com-
mencement. The IMF B, turns southward at around 06:00 UT, the AE index has a significant increase to
~1000 nT, and the SYM-H index starts to decline, which are identified as the onset of the main phase of the
geomagnetic storm. After reaching to —20 nT, the IMF B, begins to go back to northward for a brief time from
~09:00 UT to ~11:30 UT before its southward turning again. Especially, after that, the IMF B, continues for a
long duration (>12h) in the southward direction with a magnitude of about —20 nT. At the same time, the
AE index has a salient increase for the second time to ~2000 nT; the solar wind speed increases to the mag-
nitude of about 600 km/s. A magnetic cloud is associated with the significant increase in the magnitude of
IMF and a smooth change in the direction of IMF (see IMF B, in Figure 1). A high-speed solar wind steam event
is also associated with the magnetic cloud [Liu et al.,, 2016]. The IEF E,, is varying between dawn and dusk as
the variations of the IMF B, during this time.

The SYM-H index reaches the minimum value of —233 nT at about 23:00 UT on 17 March. After that, the geo-
magnetic storm goes into the recovery phase on 18 March. On 18-20 March, the solar wind speed keeps at a
relatively high level of about 550-700 km/s and the IMF B, oscillates between northward and southward. It is
most likely caused by the combined effect of the compression process of the high-speed solar wind steams
and the magnetic cloud [Fenrich and Luhmann, 1998; Kataoka et al., 2015; Liu et al., 2016]. The AE index
indicates that the auroral energy is still inputting during the recovery phase on 18-20 March, which can be
considered as multiple substorms [Ramsingh et al., 2015].

3.2. Low-Latitude lonospheric Response in the Asian-Australian Sector

Figure 2 illustrates the storm time distributions of TEC (Figure 2, top) and the deviations of TEC (DTEC)
(Figure 2, middle) from the reference values in the coordinates of universal time (UT) and geographic latitude
in the longitude ~120°E and the variations of AH.4o-mut (Figure 2, bottom) on 16-20 March 2015. The gray
curve in Figure 2 (bottom) denotes the quiet time reference values derived from the mean values of
AHcgo-mut ON 15-16 March. The mean TEC data of five international quiet days of the month are used as
the reference values to obtain the DTEC. International Quiet Days (IQDs) are the days where the geomagnetic
variations are a minimum in each month. It is appropriate to use the data of IQDs for removing the day-to-day
variability and identifying the storm time changes in the ionospheric parameters (e.g., TEC, f,F5, and h,,F>). In
this work, the five IQDs of March 2015 that we used are 10, 30, 05, 14, and 09 March (http://www.ga.gov.au/
oracle/geomag/iqd_form.jsp).

KUAI ET AL.

THE MARCH 2015 IONOSPHERIC STORM 3


http://www.ga.gov.au/oracle/geomag/iqd_form.jsp
http://www.ga.gov.au/oracle/geomag/iqd_form.jsp

@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022832

16-Mar 17-Mar _ 18-Mar 19-Mar __ 20-Mar-2015

-10-
201 .

]
-
?
|
|

500+

V (km/s)

5
=
:
%
|

)
[\
S
(=
S

T

1

1000

Sym-H (nT) AE (n

0 12 24 36 48 60 72 84 96 108 120
Universal Time (hour)

Figure 1. The interplanetary magnetic field (IMF) B, component (nT), solar wind speed V (km/s), interplanetary electric field
(IEF) E,, component (mV/m), AE index (nT), SYM-H index (nT), and Kp index during 16-20 March 2015.

On 16 March, the day prior to the storm onset, TECs have a positive phase in the equatorial ionization anom-
aly (EIA) region from 12:00 UT to 24:00 UT. This prestorm enhancements in TEC at low latitude over the Asian-
Australian sector are consistent with the features reported by Liu et al. [2008]. They suggested that the zonal
electric fields are the more likely causes to create the low-latitude prestorm enhancements. As seen from
Figure 2 (middle), DTEC presents a salient positive phase in the daytime EIA regions and a negative phase
in the same regions on the nighttime on 17 March. Especially, the EIA is significantly suppressed and the
intensive negative storm effects in the regions of two crests last from the daytime to the nighttime on 18
March. Similar to 17 March, TEC presents a positive storm effect on the daytime and an inconspicuous nega-
tive storm effect on the nighttime in the EIA regions with a weaker magnitude on 19 March. On 17 March,
AHcdo-mut has an increase to ~70 nT after 06:00 UT as a consequence of the sudden southward turning of
IMF B, (seen in Figure 1) due to the undershielding effect, producing eastward PEFs on the dayside. After that,
the equatorial electrojet has undergone multiple oscillations showing similar variations as the IMF B, until
~09:30 UT. It seems that the enhanced eastward PEFs have played a significant role in the TEC enhancement
in the daytime EIA regions on 17 March. The equatorial electrojet has a westward reversal with a weak mag-
nitude about —20 nT from 10:00 UT to 12:00 UT on 17 March. It coincides with the northward turning of IMF
B,, which could produce westward PEFs due to the overshielding effect. During the daytime of 18 March,
AH go-mut has a salient negative phase to a minimum of —65 nT and this westward equatorial electrojet lasts
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Figure 2. (top) The TEC and (middle) the deviations of TEC (DTEC) at longitude ~120°E and (bottom) the variations of AHcgo-mut ©n 16-20 March 2015. The gray
curve in Figure 2 (bottom) denotes the reference values, derived from the mean values of AHcqo-mut ON 15-16 March. The mean TEC data of five international
quiet days of the month are used as the reference values to obtain the DTEC.

for almost the entire daytime. Taking the interplanetary condition into account, the direction and the dura-
tion, the most likely electric fields here are DDEFs, which are typically westward on the dayside and occur
often with a long duration [Blanc and Richmond, 1980; Bagiya et al., 2011]. The strong westward DDEFs
may strongly suppress the generation of the EIA on the daytime of 18 March. In the next day (19 March),
the enhanced daytime eastward ionospheric electric fields could make the TEC enhancement in the daytime
EIA regions, which are similar to the daytime of 17 March, but the positive storm effects on the day are
weaker. Particularly, the enhanced daytime eastward ionospheric fields are probably derived from the day-
to-day variability of the ionosphere according to the condition of IMF B, and the inconsistent direction with
the normal westward DDEF on the dayside.

In order to explore more storm time ionospheric features, especially for the nighttime, the ionospheric para-
meters at two stations at low latitudes over this sector are utilized. Figure 3 gives the variations of foF, and
hp,F> at Sanya and Guam on 16-20 March 2015. The gray curves denote the mean values of five international
quiet days of the month. The top schematic diagram displays the geographic positions of the two stations,
and the black curve in the diagram is the position of dip equator. The gray bars indicate the period within
18:00-06:00 LT for each station. Compared with the DTEC in Figure 2, the negative storm effects in
Figure 3 are highlighted during these days because of the geographic latitudes of the two stations. During
the daytime of 18 March, the negative storm effects at Sanya are also very notable, and the values of h,,F;
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Figure 3. The variations of f,F, and h,,F> at Sanya and Guam on 16-20 March 2015. The gray curves denote the mean of five international quiet days of the month.
The top schematic diagram displays the geographic positions of the two stations, and the black curve in the diagram shows the position of dip equator. The gray bars
indicate the period within 18:00-06:00 LT for each station.

at the two stations drop significantly, which are consistent with the effects of westward DDEFs. Under the
action of E x B vertical drift, the westward DDEFs would make the F, layer move downward. Moreover, the
hpm,F, at the two East Asian stations have a decline at ~12:00 UT on 17 March, which are probably caused
by the westward PEFs over the Asian-Australian sector on the day.

Furthermore, the nighttime negative storm effects at the two stations are more prominent. The intense
negative storm effects occur during the nighttime on 17-18 March over Sanya and Guam. Meanwhile, the
hp,F> have significant enhancements on the two stations. The uplifting effects are most likely caused by
the eastward DDEF because of the long duration and the eastward direction at night. We can find that the
effects of DDEFs last for about 1.5 days from the nighttime of 17 March to the whole day of 18 March over
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Figure 4. (top) The vertical Doppler drifts (in blue curve) and the vertical drifts obtained from the rate of change of virtual
height h'F (in red curve) over an equatorial station Tirunelveli on 16-18 March 2015. (bottom) The variations of IMF B, are
also displayed. The drifts on 16 March are used as the quiet time reference values.

the Asian-Australian sector. In addition, some weak nighttime negative storm effects occur at Sanya on 19-20
March and at Guam on 20 March, which are also accompanied with the enhanced h,,F>. The inconspicuous
enhancements are also most likely caused by eastward DDEFs because of the interplanetary condition at
night. It seems that the eastward electric fields have played a significant role in the nighttime negative storm
effects during the storm time over the two stations. The upward vertical drifts caused by the eastward electric
fields may strengthen the transport processes of electrodynamics and accelerate the loss of the plasma to
create the negative storm effects during the nighttime in low latitude and equatorial regions. Liu et al.
[2013] investigated the ionospheric nighttime enhancement (in electron density/ f,F,) events over Sanya,
getting the conclusion that the westward electric field-induced vertical drifts are essential in forming the
nighttime enhancements in f,F, over Sanya. Compared with the nighttime enhancements, it is a reversal
process in this case.

Drift data over Indian sector are also analyzed here for comparison. Figure 4 displays the vertical Doppler
drifts (top, in blue curve) from the observations of Doppler drift mode and the vertical drifts obtained from
the rate of change of virtual height h'F (top, in red curve) over an equatorial station Tirunelveli on 16-18
March 2015. The variations of IMF B, are also plotted in Figure 4 (bottom). The Doppler vertical drifts that
we presented in this paper are obtained from 7 MHz frequency because of the better trend and continuity.
It is noted that the daytime Doppler drifts come from the effect of the photoionization, which is supported
by the lack of the sufficient irregularities [Ramsingh et al., 2015]. The evening time h'F drifts are used to sub-
stantiate, and the gray shaded area indicates the period of the disturbed vertical drifts. The ion drifts on 16
March can be used as the quiet time reference values. However, strong vertical drift fluctuations occur during
the daytime on 17 March and the vertical drifts go up to ~70m/s at 13:30 UT. It is probably caused by the
eastward PEFs according to the sudden southward turning of IMF B, (seen in Figure 4, bottom) on the
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Figure 5. (top) The TEC and (middle) the deviations of TEC (DTEC) at longitude ~70°W and (bottom) the variations of AHjic et On 16-20 March 2015. The gray curve in
Figure 5 (bottom) denotes the quiet time reference values derived from the AHjic je 0n 16 March. The mean TEC data of five international quiet days of the month are
used as the reference values to obtain the DTEC.

dayside. Ramsingh et al. [2015] also reported the existence of strong disturbance dynamo during the night on
17 March over Indian sector. These features reflect the similarity with the Asian-Australian sector.

3.3. Low-Latitude lonospheric Response in the American Sector

Similar to Figure 2, Figure 5 demonstrates the storm time universal time (UT) geographic latitude distribu-
tions of TEC (Figure 5, top) and the deviations of TEC (DTEC;Figure 5, middle) in the longitude ~70°W and
the variations of AHjice; (Figure 5, bottom) on 16-20 March 2015. The gray curve in Figure 5 (bottom)
denotes the quiet time reference values derived from the AHjicec on 16 March. The mean TEC data of five
international quiet days of the month are also used as the reference values to obtain the DTEC. On 16
March, the day prior to the storm onset, TECs have no significant change with the geomagnetically
quiet days.

As shown from Figure 5 (middle), the most remarkable feature of DTEC is two consecutive positive storms in
the region of equatorial ionization anomaly (EIA) on the daytime of 17 March. Apart from this remarkable fea-
ture, a positive phase occurs in the equatorial region during the nighttime (before ~13:00 UT) on 18 March,
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and a negative storm event can be seen from 20°S to 50°S (over the entire south EIA crest region) during the
daytime on the day. On the last day, 20 March, TECs present an inconspicuous positive phase from ~13:00 UT
to ~20:00 UT near the daytime EIA region. As shown from the curve of AHjic_ier, the multiple penetrations are
the most striking phenomenon during the daytime of 17 March. The multiple penetrations are mostly caused
by the eastward PEFs as a consequence of the southward turning of IMF B, (seen in Figure 1) due to the under-
shielding effect, where the eastward PEFs map to low latitudes on the dayside. The multiple eastward PEFs may
play the decisive role in the two consecutive positive storms over the daytime EIA region on 17 March. The mul-
tiple enhanced eastward PEFs strengthen the fountain effects and cause the TEC storm time features. For the
next day, 18 March, similar features of the AHjic.jec with a weaker magnitude can be found from ~14:00 UT to
~16:30 UT, which are also caused by the short-lived southward turning of IMF B, (seen in Figure 1) during that
time.On 19-20 March, the main features of the disturbed electric fields are both the enhanced eastward electric
fields followed by the reversed westward electric fields during the daytime for the 2 days. The enhanced east-
ward electric fields may cause the positive phase during the daytime on 20 March.

Similarly, the ionospheric parameters at three stations near the magnetic equator over the American sector
are also shown in Figure 6. Figure 6 depicts the variations of f,F, and h,,F, at Jicamarca, Sao Luis, and
Fortaleza on 16-20 March 2015. The gray curves denote the mean values of five international quiet days of
the month. The top schematic diagram displays the geographic positions of the three stations, and the black
curve in the diagram gives the position of dip equator. The gray bars indicate the period within 18:00-06:00
LT for each station. The repeated significant uplifts of F, layer caused by the multiple eastward PEFs, which
can be seen in the curves of h,,F, over the three stations from ~12:00 UT to ~24:00 UT on the daytime of
17 March, are also the most salient feature on the American sector during this storm. At the same time,
the values of f,F; are in antiphase with h,F, in accompany of the eastward PEFs over the three stations. In
the equatorial region, the uplifting effect to the F region caused by the eastward PEFs under the action of
E x B vertical drift makes the plasma upward to a higher altitude. Meanwhile, more plasma will diffuse into
low latitudes along the magnetic field lines under the combined effects of the gravity and the pressure gra-
dient force, and finally cause the negative ionospheric storm effects in the equatorial regions and the positive
ionospheric storm effects in low latitudes. It is consistent with the positive ionospheric storm effects of TEC in
the low latitude on 17 March in Figure 5. Kuai et al. [2015] reported the antiprocess which causes the daytime
positive storms over Jicamarca. This process is also similar with the results reported by Basu et al. [2009] and
Liu et al. [2012], in which daytime EIA structure collapses under the function of reversal electrojet and electron
density enhancements over the EIA trough region.

Another noteworthy feature is the significant elevation of h,,F, for more than 150 km from ~03:00 UT to
~12:00 UT on the nighttime of 18 March. The uplifting effects are most likely caused by eastward DDEF
because of the long duration and the eastward direction at the nightside. Accompanied with the significant
elevation of h,,F», the values of f,F, have a positive phase during the nighttime on 18 March. It seems that the
effect of the recombination process is relatively important because of the low recombination rates at higher
altitudes. Besides these main features, some positive phases in f,F, with weak declines in h,,F, can be seen
during the daytime on 18-20 March. By the way, the previously mentioned negative storm event from 20°S to
50°S during the daytime on 18 March should be caused by other physical mechanisms apart from the disturbed
electric fields, because no suitable disturbed electric fields can be responsible for this negative storm effect.
Astafyeva et al. [2015] analyzed the thermospheric [O]/[N,] ratios as measured by the Global Ultraviolet
Imager satellite on 17-18 March 2015 in the local morning sector (~10:00 LT). According to the result, the
[O]/IN;] ratio on 18 March is lower than it on 17 March with a magnitude great than 0.3 at ~15:00 UT over this
region. lonospheric F layer electron production is determined by the photoionization of atomic O, while the
recombination is under the control of the density of molecular gases (N, and O,). So the electron density is pro-
portional to the ratio [O]/[N,] when the transport process is less relatively important. It is possible to infer that
the composition changes would play an important role in this negative storm effect on 18 March over this
region. Fagundes et al. [2016] also found a strong positive phase under the action of an eastward PEF during
the main phase of the March 2015 storm and a negative storm caused by [O]/[N,] ratio changes during the
recovery phase over the Brazilian sector, which are similar with the feature over the American sector.

As a supplementary evidence to the multiple PEFs, the phenomenon of the storm time F3 layer is very
obvious at the three stations over the American sector on 17 March. Many researchers have investigated
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Figure 6. The variations of f,F, and h,,F; at Jicamarca, Sao Luis, and Fortaleza on 16-20 March 2015. The gray curves denote the mean of five international quiet days
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the features of the F3 layer during the geomagnetically quiet conditions and the geomagnetic storms [e.g.,
Balan et al., 1997, 1998, 2008; Jenkins et al., 1997; Hsiao et al., 2001; Zhao et al., 2005, 2011, 2014; Zain et al.,

2008; Lin et al., 2009a, 2009b; Sreeja et al., 2009, 2010; Klimenko et al., 2011; Zhang et al., 2016].

Figure 7 exhibits the ionograms caught by the SAO-Explorer software over (a) Jicamarca, (b) Sao Luis, and (c)
Fortaleza on 17 March 2015. Two images are caught for every station, and the corresponding time is marked
on each image. During this geomagnetic storm, two periods of this F5 layer phenomenon are found for each
station, which are consistent with the time of the significant elevations of h,,F, (seen in Figure 6) caused by
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Figure 7. The ionograms at two times over (a) Jicamarca, (b) Sao Luis, and (c) Fortaleza on 17 March 2015.

the multiple eastward PEFs. Therefore, Figure 7 shows one ionogram image for each period of the storm time
F3 layer in the three stations. The mechanism of this storm time F; layer is probably caused by the rapid
upward E x B drifts resulting from the multiple eastward PEFs, and the intensification of the F3 layer over
Sao Luis and Fortaleza at ~18:30 UT also reflects the strong magnetospheric prompt penetration electric
fields [Zhao et al., 2005; Paznukhov et al., 2007; Balan et al., 2008; Lin et al, 2009a; Sreeja et al., 2009;
Klimenko et al., 2011]. To demonstrate this process, Figure 8 displays the ionograms from 18:00 UT to 19:20
UT over Sao Luis on 17 March 2015. The time series of these ionograms from 18:00 UT to 19:10 UT clearly
show the complete process that the storm time F3 layer is gradually uplifted under the effects of the strong
PEFs. Seen from the last ionogram in Figure 8, the storm time F5 layer vanishes and the h,,F, drops to a rela-
tively low value at 19:20 UT. In addition, the storm time F3 layer is not observed in the two East Asian stations
during this event, which is different with the phenomenon in the American equatorial region. Ramsingh et al.
[2015] reported that the storm time F5 layer also occurs at Tirunelveli over Indian sector. More analyses are
required to obtain the reason for the differences over these sectors.

3.4. Differences in the Characteristics of the Disturbed Electric Fields

During geomagnetic storm events, the penetration electric field (PEF) responses to prompt penetration of
convection electric fields and disturbance dynamo electric field (DDEF) generated by the disturbance
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Figure 8. The ionograms from 18:00 UT to 19:20 UT over Sao Luis on 17 March 2015.

dynamo effectively influence the development of the positive and negative storm effects [e.g., Prélss, 1995; Lu
et al., 2001; Shreedevi et al., 2016]. Especially over the equatorial region, the ionospheric storm effects respond
to both the disturbed electric fields during the entire process of geomagnetic storms [Sobral et al., 2001; Kuai
et al., 2015]. The role of the composition changes and thermodynamics would be weakened in low latitude
and equatorial regions [Buonsanto, 1999, references therein]. Our investigations show similar features during
this intense storm. It is obvious that the disturbed electric fields play a decisive role in the ionospheric storm
effects in low latitude and equatorial regions in both the Asian-Australian sector and the American sector dur-
ing this event. The eastward PEFs occur in both the Asian-Australian sector and the American sector on 17
March, which is an unusual phenomenon for this geomagnetic storm. Similarly, the DDEFs play an important
role in the ionospheric response in both the two sectors during this event. Nava et al. [2016] separated the
PEFs and the DDEFs on the basis of magnetometer data using the spectral analysis during the March 2015
storm, which is in agreement with our results. Besides these commonalities, the differences of the character-
istics also exist. For comparison, Figure 9 plots the variations of (a) IMF B,; (b and c) h,,F, at Sanya and Guam;
(d) AHjic.lers (€-9) hpF5 at Jicamarca, Sao Luis, and Fortaleza; and (h) the vertical Doppler drifts at Tirunelveli
during 12:00-24-00 UT of 17 March. The gray curves of Figures 9b—9h denote the quiet time reference values
of these parameters. The gray shaded areas indicate the period within 18:00-06:00 LT for each station. As
shown in Figure 9a, the southward IMF B, lasts for about 12 h during the main phase of the great storm.
The twice long-term eastward PEFs occur in the daytime sector over the American region during this period
(Figures 9d-9g). The firstlong-term PEF occurs during 13:00-15:00 UT, which drives obvious ionosphere upward
movementin the American sector but very small changesin the East Asian area. As shownin Figure 9, the h,,,F5in
the three American stations have the significant elevations of ~100 km during 13:00-15:00 UT (Figures 9e-9g),
which the h,,F, in the two Asian stations have no remarkable elevation. In addition, the eastward PEF can also be
found at sunset during 13:00-15:00 UT over the Indian sector (Figure 9h). Tulasi Ram et al. [2016] also reported
the unusually enhanced equatorial zonal electric field in response to the PEF on sunset terminator over the
Indian sector. All these features indicate the strong local time dependence of PEFs. For the second time, strong
ionosphere upward lifts occur in both the American and Asian-Australian sector during 18:00-20:00 UT when
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Figure 9. The variations of (a) IMF B;; (b and c) hy,F; at Sanya and Guam; (d) AHjicjet; (€-g) hmF2 at Jicamarca, Sao Luis, and
Fortaleza; and (h) the vertical Doppler drifts at Tirunelveli during 12:00-24:00 UT of 17 March. The gray curves of Figures 9b-9h
denote the quiet time reference values of these parameters. The gray shaded areas indicate the period within 18:00-06:00 LT
for each station.

the IMF B, has arelative steady value. Currently, we do not have solid explanation for this phenomenon. It could
be related to the combined effects of PEFs and DDEFs. Due to the strong local time dependence of the distur-
bance electric fields [e.g., Fejer et al., 1979, 1983, 2008; Fejer, 1986, 2002; Fejer and Scherliess, 1995, 1997, 1998;
Scherliess and Fejer, 1997; Huang, 2013], DDEFs are eastward in the postmidnight sector, which cannot be
balanced by westward PEF, producing remarkable upward drifts in the East Asian sector. In the American equa-
torial ionosphere, the daytime upward movement is mostly related to eastward PEF, which dominates over
DDEF.Itis clear that both the PEFs and DDEFs show the notable local time dependence, which makes the sector
differencesin the characteristics of the disturbed electric fields. Finally, the differences in the characteristics and
strength of the disturbed electric fields would directly lead to the sector differences in the low-latitude iono-
spheric response during the great geomagnetic storm. Overall, the repeated elevations of h,,,F5 by the multiple
PEFs are distinctive over the American sector, while the strong negative storm effects caused by the DDEFs are
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more notable over the Asian-Australian sector during the March 2015 storm. It should be noted that these char-
acteristics are only derived from this event; more statistical analyses are required to obtain the ionospheric
storm effects in different sectors and the sector differences in the ionospheric response during space weather
events [e.g., Thomas et al., 2016; Upadhayaya et al., 2016].

4, Conclusions

In this work, we investigated the profound ionospheric disturbances in low latitude and equatorial regions
during the March 2015 geomagnetic storm, which is an extremely event with the minimum SYM-H value
—233nT in the current 24th solar cycle. The decisive roles of the disturbed electric fields, which comprise
penetration electric fields (PEFs) and disturbance dynamo electric fields (DDEFs), are emphasized in low lati-
tude and equatorial regions in both the Asian-Australian sector and the American sector during this event.
The major conclusions are summarized as follows:

1. In the Asian-Australian sector, the PEFs occur on the daytime of 17 March. The negative storm effects
caused by the westward DDEFs on the daytime of 18 March and the eastward DDEFs on the nighttime
of 17-18 March are the main features over this sector during the March 2015 storm. The effects of
DDEFs last for about 1.5 days from the nighttime of 17 March to the whole day of 18 March over the
Asian-Australian sector. The PEFs are also found over the Indian sector on 17 March. A prominent
prestorm enhancement in DTEC is primarily observed on 16 March in low latitude and equatorial regions
over the Asian-Australian sector.

2. For the American sector, the multiple strong eastward PEFs and the repeated significant elevations of
h,F> on the daytime of 17 March are the most salient feature during the storm. The eastward DDEFs also
occur on the nighttime of 18 March, causing the positive storm effects in the equatorial ionosphere over
the American sector.

3. The recurrent storm time F3 layer features are observed in the equatorial region over the American sector
on 17 March, proving the effects of the rapid upward E x B drifts resulting from the multiple strong
eastward PEFs.

4. The disturbed electric fields play a decisive role in the ionospheric storm effects in low latitude and
equatorial regions in both the Asian-Australian sector and the American sector during this event.

5. Both the DDEFs and PEFs show the notable local time dependence, which makes the sector differences in
the characteristics of the disturbed electric fields. The differences in the characteristics and strength of the
disturbed electric fields would directly lead to the sector differences in the low-latitude ionospheric
response during the great geomagnetic storm. Overall, the ionospheric disturbances and the repeated
elevations of h,,F, caused by the multiple strong PEFs are distinctive over the American sector, while
the negative storm effects caused by the long-duration DDEFs are more striking over the Asian-
Australian sector during the March 2015 storm.
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