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Abstract The most intense geomagnetic storm in solar
cycle 24 occurred on March 17, 2015, and the detailed iono-
spheric storm morphologies are difficultly obtained from
traditional observations. In this paper, the Geostationary
Earth Orbit (GEO) observations of BeiDou Navigation Satel-
lite System (BDS) are for the first time used to investigate
the ionospheric responses to the geomagnetic storm. Using
BDS GEO and GIMs TEC series, negative and positive
responses to the March 2015 storm are found at local and
global scales. During the main phase, positive ionospheric
storm is the main response to the geomagnetic storm, while
in the recovery phase, negative phases are pronounced at
all latitudes. Maximum amplitudes of negative and positive
phases appear in the afternoon and post-dusk sectors dur-
ing both main and recovery phases. Furthermore, dual-peak
positive phases in main phase and repeated negative phase
during the recovery are found from BDS GEO observations.
The geomagnetic latitudes corresponding to the maximum
disturbances during the main and recovery phases show large
differences, but they are quasi-symmetrical between south-
ern and northern hemispheres. No clear zonal propagation of
traveling ionospheric disturbances is detected in the GNSS
TEC disturbances at high and low latitudes. The thermo-
spheric composition variations could be the dominant source
of the observed ionospheric storm effect from GUVI[O]/[N, ]
ratio data as well as storm-time electric fields. Our study
demonstrates that the BDS (especially the GEO) observa-
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tions are an important data source to observe ionospheric
responses to the geomagnetic storm.
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1 Introduction

The Earth’s ionospheric response to geomagnetic storms
following intense solar activity, i.e., ionospheric storm, is
one of the most significant topics for the understanding of
ionospheric temporal—spatial variation and improving mod-
eling and forecasting of the ionospheric activities. This is
vital for radio communication, satellite navigation, radar
detection and other systems, which use trans-ionospheric
electromagnetic wave signals. It is expected that phase shift
and amplitude fading will be induced during the propaga-
tion of electromagnetic waves in the Earth’s ionosphere. The
research about ionospheric response to geomagnetic storms
is essential for the ionospheric correction of electromagnetic
wave signals because the storm has a wide range effect and
high occurrence rate. Geomagnetic storms, especially mod-
erate storms (-100 nT < Dst < —50nT), appear frequently
even during solar minimum activity years and the following
ionospheric storms could last from several hours to several
days (Mendillo 1971; Strickland et al. 2001; Liu et al. 2010;
Echer et al. 2011).

The research of ionospheric storm has been an important
topic in Earth and space science since it was firstly detected
and discussed in the mid-twentieth century (Martyn 1953;
Sato 1956; Seaton 1956; Matsushita 1959). Now an overall
picture of ionospheric storm morphology and its mechanism
for explanation has been drown out by the efforts of pioneers
in space science within the last decades. In different phases
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of the solar cycle, geomagnetic storms could be induced by
different solar wind drivers, which are classified into three
main types: corotating high-speed streams, inter-streams
from coronal holes and transient flows induced by coronal
mass ejections (Richardson and Cane 2012). The increased
solar wind pressure compresses the Earth’s magnetosphere
initially and energetic particles precipitate into the lower
thermosphere at high latitudes simultaneously. This can dis-
turb the chemical, thermal and electrodynamic equilibrium of
solar-terrestrial space system and leads to a series of anomaly
variations in the thermosphere, ionosphere, plasmasphere
and magnetosphere. As Earth’s stratified atmosphere is
closely coupled between different layers, ionospheric storm
morphologies vary with complicated temporal-spatial fea-
tures. The discussion of ionospheric storm morphologies falls
into two categories: one is statistical analysis and the other is
case study (Mannucci et al. 2005; Ding et al. 2008; Jin et al.
2008; Wangetal. 2010; Vijaya Lekshmi et al. 2011; Gulyaeva
and Veselovsky 2012; Huba and Sazykin 2014). The for-
mer is the main approach to access the common features of
ionospheric storms, especially for effects following numer-
ous moderate geomagnetic storms, while the latter plays a
significant role in understanding responses to the extreme
storms in detail. lonospheric parameters such as total electron
content (TEC), stratified electron density, maximum electron
density and height of F2 layers, as well as mean global elec-
tron content (GEC) (Chen et al. 2014), are used to describe
and access the overall behavior of ionospheric responses to
geomagnetic storms. The detailed discussion of ionospheric
storm morphologies and mechanisms has been summarized
by a series of excellent reviews (Buonsanto 1999; Mendillo
2006; Blagoveshchenskii 2013; Danilov 2013). It is believed
that negative phases in high-latitude regions are related to
decrease of O/N2 ratio and increased temperature. Negative
phases propagate to middle-latitude regions with a speed of
50-300m/s subsequently along with the equatorward wind
(Jakowski et al. 1992; Mikhailov and Forster 1997). Usually,
the more intense ionospheric negative effects are visible in
summer hemisphere, due to the prevailing summer to winter
thermospheric circulation (Fuller-Rowell et al. 1996). Night-
side equatorward wind and the subsequent changes in neutral
composition are accepted as the major causes leading to a
more frequent occurrence of negative phases at midnight.
In contrast, positive phases are the dominant ionospheric
response to geomagnetic storms during the initial and main
phase in the middle- and low-latitude regions (Wang et al.
2010). Comparing to the negative phases, the morphology
and mechanisms of positive phases are more complicated.
As summarized by Danilov (2013), E x B drift-induced
F2-layers uplifting, plasma fluxes from plasmasphere and
downwelling of gas are probable sources of ionospheric pos-
itive phase in middle- and low-latitude regions. The details
of ionospheric storm morphologies and mechanisms dis-
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cussion can be found in the review articles listed above
and other references therein. In general, most of the typi-
cal features of ionospheric storms have been discussed in
detail before the end of 1990s. Ionospheric storm morpholo-
gies are the combined effects of thermospheric circulation,
Earth’s electrodynamic and chemical changes. However, a
systematic and comprehensive understanding of dramatic
abnormal variations in different scales and complex non-
linear interaction among the thermosphere, ionosphere and
magnetosphere during different storm phases of geomagnetic
storms remain a challenge to be identified/to be understood
(Mendillo 2006). The energy inputs to the ionosphere in
space and time are not understood well now; namely, we
do not know the relative importance of various processes as
a function of position and time and their feedback effects.
It is difficult to predict the ionospheric anomalous varia-
tion amplitude, duration and distribution accurately based
on the solar wind conditions or geomagnetic indices in cur-
rent stage. Case study of ionospheric storm will provide the
detailed information, such as effects of the season, location
and solar activity.

Fortunately, nowadays the global coverage, continuous
and high temporal-spatial resolution GNSS ionospheric
measurement provides abundant and high-quality Earth iono-
spheric observations (Herndndez-Pajares et al. 2011; Jin et al.
2015). GPS TEC is widely used to reveal detailed temporal
variations during different geomagnetic storm phases and
global/local region features of ionospheric storm and pro-
vides us a new perspective to understanding the ionospheric
response to geomagnetic storms (Lei et al. 2008, 2014; Zhao
et al. 2009; Afraimovich et al. 2013; Galav et al. 2014). In
spite of the numerous discussions published on ionospheric
storms in the past decades, the ionospheric variations fol-
lowing the geomagnetic storms still cannot be modeled well
and ionospheric storms are still the key to achieving an accu-
rate TEC empirical forecast (Klimenko et al. 2012; Borries
et al. 2015; Nava et al. 2016; Tulasi Ram et al. 2016). As
we known, GPS TEC derived from regional or global iono-
spheric model has low precision (several TECU) while GPS
TEC series from the GPS tracking arc contain the informa-
tion of ionospheric horizontal gradient due to the moving
ionospheric pierce points (IPP) (Zhao et al. 2016). With the
quasi-invariant Geosynchronous Orbit (GEO) satellites of
BeiDou Navigation Satellite System (BDS), the TEC series
derived from BDS provide a new opportunity to catch the
local details of ionospheric storm morphology by BDS GEO
observations. In this paper, we aim to provide a detailed case
study of ionospheric responses to the March 2015 storm,
which is the most intense geomagnetic storms in solar cycle
24 up to now. Global ionospheric response and magnetic
local time effects will be analyzed using global ionospheric
maps provided by Center for Orbit Determination in Europe
(CODE), while the BDS GEO ionospheric observation will



Positive and negative ionospheric responses to the March 2015 geomagnetic storm from BDS... 615

be used to explore the latitudinal differences of ionospheric
storm effect. In addition, thermospheric composition changes
derived from Global Ultraviolet Imager (GUVI) and Special
Sensor Ultraviolet Spectrographic Imager (SSUCI) are uti-
lized to discuss the possible mechanisms responsible for the
observed TEC changes during the storm time.

2 Methods and data

Signal phase can be quantified by the integral of refraction
index along the light of sight (LOS) between the transmitter
and receiver in geometrical optics approximation. For signals
propagating in Earth space, the high-order effects of iono-
spheric electron density and geomagnetic field are negligible
at GNSS signal frequencies (L band). Then the frequency
dependence ionospheric delay from multi-frequencies GNSS
signals could be used to derive TEC along the LOS as equa-
tion 1 (Jin et al. 2008 and Jin et al. 2016)

I
4032 - 1D
—(dy1 —dpy +d°1 —d*2) +er12)
I
4037 — fD)
+d°1 —d*2) +ep12) (1)

STEC (L1 — Ly — (M N1 — A2N2)

(Pt — Py — (dr1 — dr2

where f is carrier phase frequency; L, P are GNSS carrier
phase and pseudorange observations; d is instrument biases
of corresponding receivers and satellites; A is wavelength
of carrier phase; N is carrier phase integer ambiguity; and
¢ is multipath effect and other unmodeling residuals. With
continuous observation provided by worldwide GNSS sta-
tions, the temporal—spatial variations of Earth’s ionosphere
in TEC series could be detected. Since the end of 2012, the
BeiDou navigation system tri-frequency signal has become
available for the public. A number of BDS continuous oper-
ating BDS tracking stations were subsequently built up,
such as Beidou Experimental Tracking Stations (BETS) and
Multi-GNSS Experiment (MGEX) (Jin et al. 2016). Unlike
other GNSS constellation, BDS constellation consists of five
GEO, five IGSO (inclined geosynchronization orbit) and four
MEO (medium Earth orbit) satellites on orbits up to now
(http://www.beidou.gov.cn). With the benefit of GEO quasi-
invariant orbital locations, TEC series derived from GEO
measurement are less dependent on the ionospheric spatial
gradient induced by ionospheric pierce points’ movement
that would be mixed in non-geosynchronous Earth orbit satel-
lites ionospheric observations. Unlike ionospheric variation
detection with global ionospheric maps (GIMs), BDS GEO
TEC could be extracted from the frequency difference of car-
rier phase after carrier phase leveling and instrument biases
calibration without modeling error from spherical harmonic

expansion or temporal—spatial interpolation. Furthermore,
the interval of BDS GEO TEC is equal to the sampling rate of
BDS observations which can show us more details of iono-
spheric storms.

It is well known that ionospheric variation consists of
periodic background variation and disturbances triggered by
human activities and natural events such as rocket launch-
ings, earthquakes and geomagnetic storms (Richards 2001;
Tsai et al. 2001; Ding et al. 2014; Jin et al. 2014; Mangla
et al. 2014). As summarized by Mendillo (2006), the dura-
tion of geomagnetic storm-induced ionospheric disturbance
could last up to several days. We choose the mean values of
corresponding epochs in the 10 days with quietest geomag-
netic conditions in March 2015 as the TEC references. The
TEC is stable in the same epoch and location without specific
events. Here we define the part of out of two times standard
deviation threshold as the quantity of ionospheric anomaly.
As described in Eq. 2, if TEC is less than the lower boundary,
the ionospheric storm should present a negative phase; on the
contrary, it shows positive phase.

TEC; — (mean(TEC ;) + 2std(TECy; 1)), positive
TEC; — (mean(TECy ;) — 2std(TECy 4)), negative

@

dTEC = {

BDS GEO ionospheric observations from eighteen BDS
stations distributed at 0°E — 165°W (geodetic longitude)
as shown in Fig. 1 provided by Multi-GNSS Experiment
(MGEX) are used to demonstrate the detailed local effect
following the intense ionospheric storms. Here only obser-
vations with satellite elevation angles greater than 15 degrees
are considered in order to avoid large mapping function
errors. On the other hand, GIMs released by ionospheric-
related scientific communities such as CODE, ESA, UPC
and JPL since the end of last century have become a valuable
source of information for ionospheric study (Hernandez-
Pajares et al. 2009). Here, one hour interval of GIM with
2.5 x 5 degree spatial resolution released by CODE (ftp://
cddis.nasa.gov/pub/gps/products/ionex/) is used to analyze
and discuss the global ionospheric response to the March
2015 storm.

3 Observational results
3.1 Geophysical condition of the March 2015 storm

Although solar cycle 24 is likely the weakest cycle since
1932, as suggested by the observed and prediction sunspot
number series, and the level of geomagnetic activity was low
during the rise phase of this cycle (Richardson 2013), a strong
geomagnetic storm occurred on March 17, 2015. Figure 2
presents the variations of the geomagnetic indices and F10.7
solar flux proxy in March 2015. Figure 2a shows meridional
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Fig. 1 Distribution of BDS
GEO observations. The red
circles are locations of BDS
stations; triangles show
projections of BDS GEO on the
ground; crosses are ionospheric
pierce points (IPPs) at 450 km
altitude assumed central
ionospheric shell (only mark
GEO IPPs with satellite
elevation larger than 15°)
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Fig. 2 Geomagnetic indices and F10.7 solar flux variations in March 2015. The vertical dashed line shows the epoch of storm sudden commence

(SSC)

component of solar wind-induced interplanetary magnetic
field (IMF) in Geocentric Solar Magnetospheric (GSM)
coordinate system, i.e., Bz_GSM, observed by Advanced
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Composition Explorer (ACE). It is generally accepted that
long time (more than 3 hour) southward IMF (Bz_GSM < 0)
is an indicator of the occurrence and development of one
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geomagnetic storm (Liu and Li 2002; Gonzalez and Echer
2005). As shown in Fig. 2a, Bz_GSM decreased dramati-
cally at 04:45 UT on March 17 and it reached to a minimum
of -17.5 nT. Moreover, Bz_GSM kept southward for more
than one day. Energy, mass and momentum from solar
wind flow are transferred to Earth’s magnetosphere follow-
ing the merging and reconnection between IMF and Earth’s
magnetic field. Figure 2b presents Auroral Electrojet (AE)
indices in March 2015. An enhancement in westward Auro-
ral Electrojet recorded by AL index series dominated AE
index disturbance occurs following the Bz_GZM southward
turning. Rapid geomagnetic responses to the solar wind dis-
turbance are also shown in middle- and low-latitude regions
detected by Kp index and Dst variation. As shown in Fig. 2c,
d, Kp index reached up to 8 during the main phase, while
the Dst reached -223 nT at 22 UT on March 17. It should
be mentioned that solar flux proxy F10.7 was relatively sta-
ble during this period (Fig. 2e). Although the interplanetary
magnetic field and Auroral Electrojet recovered to pre-quiet
level rapidly as shown Fig. 2a, b, the Earth magnetic field
remained anomalous until March 25 as shown in Kp index
and Dst series. Here the quiet period geomagnetic activity
level is determined by the corresponding indices on the inter-
national ten quietest days in March 2015 (http://wdc.kugi.
kyoto-u.ac.jp). Our discussion in the following section will
focus on the time window of March 15 to 26 in 2015. With
symmetrical disturbance field in H series, i.e., SYM-H that is
essentially the same as hourly Dst index, three phases (initial
phase, main phase and recovery phase) of this geomagnetic
storm are defined as 04:45 UT (Storm Sudden Commence-
ment, SSC) to 06:22 UT on March 17, 2015, 06:22 UT on
March 17 to 22:47 UT on March 17 main phase and 22:47
UT on March 17 to 10:02 UT on March 25 recovery phase.

3.2 Local ionospheric disturbance from BDS GEO TEC

With dual-frequency GEO observations provided by eighteen
BDS continuous operating stations as shown in Fig. 1, high
temporal resolution TEC variations without satellite move-
ment effects are obtained during March 2015. As an example,
BDS GEO TEC series from the station CUTO are presented in
Fig. 3. The five IPPs are almost at the same geomagnetic lat-
itudes, while the geomagnetic longitudes vary from 167°W
to 178°W and the elevation angles vary between 19.2° and
52.3°. The TEC variation is almost the same for the five BDS
GEO observations. Clear TEC enhancements are observed
during the main phase and then TEC depletion is seen during
the storm recovery phases from all of the five GEO satellites’
observations, although their IPP locations could be more than
one thousand kilometer apart in zonal direction and their ele-
vation angles are also different. Therefore, we chose only one
GEO TEC series with highest satellite elevation angle to ana-
lyze characteristics of the ionospheric storm.
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Fig. 3 BDS GEO TEC observations from MGEX station CUTO. Three
angles in the brackets are IPPs’ geomagnetic latitudes, longitudes and
satellite elevation angles at receivers of corresponding BDS station and
satellite pairs. The vertical dashed, dotted, solid and dash dot lines
mark the epoch of storm sudden commence (SSC), the beginning of Dst
decrease, Dst peak value (i.e., end of main phase) and end of recovery
phase. IPPs geomagnetic latitudes, longitudes, satellite elevation angles
and geomagnetic phase separator are marked in the same way in the
following figures

Using the method introduced in Sect. 2, ionospheric dis-
turbances derived from the eighteen BDS stations GEO
observation are presented in Figs. 4, 5 and 6. The iono-
spheric disturbance series in nightside (solar zenith >90°) are
marked with gray rectangular patches, respectively. Figure 4
presents BDS GEO TEC observations in European region
(0°E — 70°E). The SSC epoch is around local dawn, while
the peak Dst epoch is around the midnight in this region.
During the main phase, clear positive phases are detected by
measurement obtained from stations located in middle- to
high-latitude regions and develop to the maximum near local
noon, while the positive phase around noon are not visible
in BDS GEO TEC series in lower latitudes (MAL2_CO05 and
MAYG_CO05). The second prominent positive phase appears
in TEC series provided by PADO_C05, DYNG_CO05 and
HARB_CO5 around post-dusk. Unlike the first dayside posi-
tive phase, the second post-dusk positive phase only appears
in middle latitudes. Morphology of this ionospheric storm is
different during the recovery phase. Negative phases appear
repeatedly in dayside from March 18 to 22 as illustrated in
Fig. 4. It is necessary to point out that negative phases will
last to post-midnight in low-latitude regions as shown in TEC
series provided by MAL2_CO05 and MAYG_CO05.

Figure 5 shows the ionospheric storm variation in the
Asia—Australia region (70°E—140°E). The main phase of the
storm mainly falls into the nightside sector. Almost no pos-
itive phases are observed in this region during main phase,
except KRGG_CO2. Positive phase is visible during the day-
time in TEC series provided by high-latitude-located BDS
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Fig. 4 Negative phase and
positive phase from observation
provided by BDS stations
located in European region
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station KRGG that is similar to ionospheric storm in Euro-
pean region. Similar to European region, negative phases
are still dominated during the recovery phase in this sec-
tor, and they mainly appear in dayside sector not only for the
low-latitude regions but also the middle- and high-latitude
regions (KRGG_C02) in south hemisphere. The bigger neg-
ative phases in nightside are also detected in low-latitude
BDS GEO TEC observations in this region (SIN1-CO03,
XMIS_CO03), which are probably due to the high [O]/[N2]
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ratio and large equatorial electrojet (EEJ) (see discussion
below). An isolated short-duration disturbance is detected
with GMSD on March 22 that maybe related to the sub-
magnetic disturbance remarked by AE and Dst indices.
Figure 6 presents the ionospheric disturbance in the west-
ern Pacific region. The six stations in Fig. 6 are not far
away from stations shown in Fig. 5, and the morphology of
ionospheric storm in this area is similar to Asia—Australia
region for corresponding latitudes and local time sectors.
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Fig. 6 Negative phase and
positive phase from observation
provided by BDS stations
located in western Pacific region
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Almost no positive phases are detected in this sector, while
negative phases are visible in TEC series from southern hemi-
spheric low-/middle-latitude-located stations CKIS, TONG
and NRMG in the post-midnight sector during main phase.
Negative phases during the recovery phase show a similar
pattern to the two other regions. However, the amplitudes
seem to depend on local conditions. For example, the major
negative phases in XMIS-C03 and PTVL-C04 TEC series
appear at similar local time sectors, while the amplitude has
large difference although the IPPs are both located around
S20°.

In general, prominent ionospheric disturbances present
different morphologies during the main phase and recovery
phase in different latitudes and local time sectors. During
main phase, amplitude of positive phases are up to dozens
of TECUs recorded by BDS stations located at high-to-
middle latitudes, while almost no positive phase is detected at
nightside in high latitudes and the subsequent post-dusk pos-
itive phases are detected at middle latitudes. At low-latitude
regions, nightside ionospheric negative phase is the domi-
nant response to the geomagnetic storm. Morphology of this
ionospheric storm is different during the recovery phase as
compared with that during the main phase. Dayside negative
phases prevail during 18-22 March at almost all the lati-
tudes and their amplitudes decrease gradually as the storm
recover back to quiet level. Besides, pronounced post-dusk
negative phase is another important feature of low-latitude
ionospheric storm morphology.

Statistics of dayside and nightside ionospheric disturbance
peaks is given in Tables 1 and 2. Positive phases reached the
peak around 10-12 UT on March 17 in the local afternoon
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] l .
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sectors. Around 17-18 UT on March 17, a second positive
phase peak appears in the post-dusk sectors in lower-latitude
regions (Table 1). The peaks have smaller amplitudes and
appear later (except NRMG_CO04) in lower-latitude regions
for both positive phase peaks in the dayside and nightside.
Table 2 presents the UT, magnetic local time and amplitude
of dayside and nightside negative phase peaks. The first neg-
ative phase peak appears in dayside around 04—15 UT on
March 18 at the beginning of the storm’s recovery phase,
and the second negative phase peak appears around 13-20
UT in nightside on March 18. Unlike the first dayside neg-
ative phases, the nightside ones are mainly distributed in
low latitudes. No obvious UT dependency for the appear-
ance of negative peaks in different geomagnetic latitudes is
detected by the eighteen BDS GEO TEC observations, and
it is clear that the most intense negative phase is formed in
lower-latitude regions that is opposite from the situation of
positive phase. Higher background TEC value may be one
of the contributors for the higher negative phase peaks in
low-latitude regions. Besides the latitudinal dependence, the
global evolution of ionospheric storms also depends on local
times (Prolss 1995).

3.3 Global morphology of ionospheric storm variations

Although the ionospheric response to the geomagnetic storm
could be seen in detail with high temporal and high precision
BDS GEO TEC series, it is difficult to picture the ionospheric
storm morphology in global scale with the limit of available
BDS continuous stations and sparse IPPs distribution up to
now. GIMs with one hour interval released by CODE are used
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:;C?Eglhtfitggif(‘;;fvfedggjége MLat.  Dayside PP Nightside PP
peaks Day, UT MLT Maximum Day, UT MLT Maximum
o TEC o TEC
KRGG_C02 —50.8 17 10:18 14.6 18.3
CUTO0_CO03 —38.3 17 10:23 18.0 6.2 17 11:41 19.3 3.0
MRO1_C03 —33.6 17 10:36 18.3 9.3
HARB_CO05 —253 17 11:57 13.6 7.9 17 17:47 19.5 9.3
NRMG_C04 —24.9 17 13:03 0.2 3.9
TUVA_C04 -10.9 17 18:03 5.8 1.1
MAL2_CO05 —6.7 17 17:02 19.6 2.8
DYNG_CO05 31.3 17 11:56 14.2 7.4 17 18:18 20.5 10.7
PADO_CO05 38.2 17 12:03 13.9 20.4
KZN2_CO05 42.1 17 11:06 14.9 17.6
fale3 s f i Do Nihiae
Day, UT MLT Minimum Day, UT MLT Minimum
o TEC o TEC
KRGG_C02 —-50.8 18 09:49 141 -11.0
DUND_C04 —44.5 18 04:52 16.5 -9.2
WARK_C04 —36.1 18 05:20 17.1  —12.8
CUTO0_C03  —38.3 18 04:47 124 —195
MRO1_C03  —-33.6 18 04:47 124 —19.8
HARB_C05 —-25.3 18 14:39 163 =252
NRMG_C04 —24.9 18 05:20 165 —15.9
PTVL_C04  —20.7 18 04:43 159 -194
MAYG_CO05 —16.1 18 13:33 164 —27.8 18 17:18 20.1 =202
XMIS_C03  —19.2 18 08:43 157 —49.7 18 13:00 199 —3338
TUVA_C04 —10.9 18 04:43 16.5 —19.6 18 08:23 202 —12.7
MAL2_CO05 —6.7 18 12:46 154  -20.2 18 20:30 23,1 —19.6
SIN1_C03 -85 18 09:30 16.3 —28.6 18 15:55 22,7 =204
POHN_C04 0.2 18 07:07 175 —19.1 18 15:02 1.4 -9.7
GMSD_C01 18.6 18 04:08 127 —-28.5
DYNG_CO05 31.3 18 11:22 13.6 —8.6
KZN2_CO05 42.1 18 07:00 10.8 —10.2

to show global ionospheric response to the March 2015 geo-
magnetic storm. Figure 7 presents the difference between
GIMs interpolated TEC derived disturbance and the result
from KZN2_CO0S5 observations. The ionospheric disturbances
from GIMs and BDS GEO TEC basically agree with each
other. The large-scale features of severe ionospheric distur-
bances detected by BDS GEO observations are also detected
by GIMs interpolated TEC series, although the later has lower
amplitudes for the three main peaks. The right panel of this
figure shows the differences of positive phase observed from
eighteen BDS GEO stations and the corresponding GIM TEC
changes during the geomagnetic storm. In most case, the TEC
differences fall into =2 TECU that is within the root mean

@ Springer

square (RMS) of CODE GIMs. The average of positive and
negative phase differences are 1.1 TECU and 0.2 TECU that
is much smaller than the scale of TEC disturbance follow-
ing the geomagnetic storm discussed above. It is reasonable
to use GIMs to analyze ionospheric storm in March 2015
in global scale although GIMs have higher RMS and lower
temporal resolution.

Figure 8 presents the evolutions of ionospheric TEC dis-
turbances at the fixed Magnetic Local Time (MLT) frames
during the March 2015 storm. It is clear that negative phases
persist till to the end of recovery phase in high- and middle-
latitude regions and their amplitude decrease as the Dst
recover to the quiet level at both dayside and nightside, while
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the most pronounced negative phases appear at lower lati-
tudes. The TEC changes are generally quasi-symmetrical in
two hemispheres, since this storm occurred in equinox. Com-
pared with the nightside, dayside negative phase has larger
amplitude, longer duration and wider latitude range. Unlike
major negative phase, positive phases tend to have shorter
duration and confined region. During the main phases, posi-
tive phases are mainly pronounced at middle-latitude regions
in daysides and post-dusk sectors for both hemispheres. Note
that the positive phase in the southern hemisphere has a time
delay corresponding to the northern hemisphere. In the recov-
ery phase, pronounced positive phases mainly appear during
the morning sector in low-latitude regions on March 18.

3.4 MLT dependence of the TEC disturbance

In order to further investigate the MLT dependence of iono-
spheric storm effect in a qualitative way, the negative and
positive phase peaks geomagnetic latitudes and amplitudes
in different MLT sectors are presented in Fig. 9. The peak
amplitudes and the corresponding geomagnetic latitudes of
negative phase and positive phase show quasi-north—south
symmetry in MLT sectors during the main phase and the first
day of recovery phase, while the situation of negative and pos-
itive phase shows large differences. During the main phase,
amplitudes of positive phase peaks are up to 40 TECU in the
afternoon sector (around 16—18 MLT) and around 10 TEU in
other MLT sectors, while NP amplitude is around 10 TECU in
all MLT sectors in two hemispheres. The maximum negative
phase appears at higher geomagnetic latitudes except around

dTEC_GEO-dTEC_GIM(TECU)

midnight (MLT 22-04) when it appears in lower geomag-
netic latitude regions compared to the positive phase. During
the recovery phase, the negative phase amplitude reaches to
the peak (around 40-50 TECU) in the afternoon sector at
around 16 MLT, and negative phase reaches its peak (30-60
TECU) around MLT=20. Except for post-midnight sectors,
ionospheric disturbances with maximum amplitudes always
appear in low-latitude regions (lower than 30°). During the
post-midnight sectors, maximum negative phases appear in
mid-high latitudes. Negative ionospheric phase becomes the
dominant feature during the storm recovery phase.

4 Discussion

The ionospheric anomalies during the March 2015 geomag-
netic storm are up to about 30 TECU, corresponding to
about 4.8 meters delay in BDS L2/L6 frequency observations
(e.g., Fig. 4), which have great effects on GNSS navigation,
positioning and geodesy applications at centimeter accu-
racy. Therefore, such ionospheric delay must be corrected
using BDS ionospheric delay estimation or dual-frequency
ionospheric-free combination. In addition, the understand-
ing of such ionospheric disturbances will contribute to know
the sources and establish better empirical models. It is well
known that thermospheric variation, as one of the impor-
tant processes near Earth’s space, can significantly modify
the state of Earth’s ionosphere. The column density of
atomic oxygen ([O]) and molecular nitrogen ([N3]) ratio,
i.e., [O]/[N;] ratio, has been used as an indicator of thermo-
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Fig. 8 Time variation of ionospheric disturbances derived from GIMs in different MLT sectors during March 16-26 in 2015

spheric composition change in geomagnetic effects analysis
(Zhangetal. 2004; Kil et al. 2011). During the storm in March
2015, OI emission and N> Lyman-Birge-Hopfield (LBH)
dayglow measurement are available from Global Ultraviolet
Imager (GUVI) onboard Thermosphere, Ionosphere, Meso-
sphere Energetics and Dynamics (TIMED) spacecraft (http://
guvi.jhuapl.edu/) and Special Sensor Ultraviolet Spectro-
graphic Imager (SSUSI) onboard Defense Meteorological
Satellite Program(DMSP) spacecrafts F16, F17 and F18
(http://ssusi.jhuapl.edu/). The derived [O]/[N,] ratio varia-
tion from 16 March to 26 March from data collected by
sensors on these four spacecrafts is presented in Fig. 10.
All of these four spacecrafts fly in sun-synchronous orbits
at thermospheric height that provides us an opportunity to
study evolution of thermospheric response in different MLT
sectors.

@ Springer

Significant [O]/[N,] ratio reduction in high-latitude
regions are detected by SSUSI_F16, SSUSI_FI18 and
GUVIL_TIMED around the peak Dst epoch. The depletion
tends to develop into lower-latitude zone that agrees well with
the negative ionospheric storm morphology. Furthermore, the
[O)/[N;] ratio reduction repeats on the following days espe-
cially for MLT = 8-10 (Fig. 10b, d). This thermospheric
composition variation should be an important source of the
dayside repeated negative phase in high-to-middle latitudes
during the recovery phase. As we known, thermospheric
composition changes should not be the major contribution
to the ionospheric positive phase observed during the main
phase when no obvious variation is seen in [O]/[N,]. Nev-
ertheless, during the late of the main phase and the recovery
phase period, [O]/[N;,] ratios increased at low and middle
latitudes around MLT16 and MLTO08 sectors as shown in
Fig. 10a, d. Subsequently, positive ionospheric phases are
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Fig. 9 Amplitude (peak value) and corresponding geomagnetic lati-
tude of negative phase and positive phase in north/south hemispheres
during main phase and the first day of recovery phase in different MLT
sectors. Here the negative phase (NP) and positive phase (PP) are rep-
resented in blue and red color. North hemispheric NP (NNP) and North
hemispheric PP (NPP) are by triangles, South hemispheric NP (SNP)
and South hemispheric PP (SPP) are marked by circles

detected in low latitude as shown in Fig. 8. Neutral com-
position might play an important role in producing positive
ionospheric phase during this period.

Besides neutral composition, electric fields and neutral
winds also play an important role in determining the strength
of the storm effect, especially during the initial and main
phases (Lei et al. 2008; Wang et al. 2010). In order to examine
the possible contribution of the electric field to the observed
storm effect on March 17, 2015, the vertical plasma drift
is investigated. Unfortunately, the C/NOFS (Communica-
tion/Navigation Outage Forecasting System) satellite data
are not available in 2015. Yue et al. (2016) carried out the
simulations from the thermosphere ionosphere electrody-
namics general circulation model (TIEGCM) and showed
similar large-scale ionospheric disturbances, indicating that
the neutral wind and the E x B drift disturbance might be
responsible for the storm effect. During the daytime, the
weaker E x B tends to move the ionosphere to lower altitudes
and therefore will cause positive storm effect. The down-
ward E x B drift disturbance results a negative storm effect.
In addition, the prompt penetration electric fields (PPEF)
could be the possible physical mechanisms on the iono-
spheric response to the storm-induced disturbances (Huang
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Fig. 10 [O]/[N,] ratio variation during the geomagnetic storm in
March 2015 observed by GUVI and SSUSI. In order to show ther-
mospheric response to magnetic storms, Dst series represented with the

blue line is superimposed on the [O]/[N2] ratio maps. The red circle is
the MLT mean values for one single orbit. The three vertical black lines
are similar to the lines in Fig. 3
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et al. 2005). The European Space Agency (ESA)’s mission
SWARM was successfully launched on November 22, 2013,
with three identical satellites at polar orbits with inclinations
of 87—88°, which can investigate the dynamics of the Earth’s
magnetic field as well as the ionospheric and thermospheric
environment. The equatorial electrojet results obtained from
the magnetic SWARM data showed that the storm-time pen-
etration electric fields are most probably the main driver of
the observed ionospheric responses to this storm (Astafyeva
et al. 2016). Therefore, the observed positive and negative
storms are mainly associated with the changes of the distur-
bance dynamo electric fields and prompt penetration electric
fields.

S Summary

The morphology of ionospheric response to the March 2015
strong geomagnetic storm was investigated on the basis of
BDS GEO observations and GIM TEC maps. Local and
global negative and positive ionospheric response to the
intense geomagnetic storm is presented in detail. During the
main phase, ionospheric positive storm is the dominant fea-
ture, while negative phases are the dominant response to
the geomagnetic storm that continue to be visible in high-
and middle-latitude regions till to March 23 in recovery
phase. Although the spatial distribution of available BDS
GEO observations is limit now, local ionospheric distur-
bances such as positive phase in dayside and the followed
positive phase in nightside, recurrence negative phase in
afternoon sector and difference of anomalies amplitudes are
detected by BDS GEO TEC that is free from the move-
ment of satellite and modeling error of harmonic spherical
expanding. On the other side, reconstructed GIMs interpo-
lated TEC give us a full picture of the ionospheric storm
in large scale. Although GIMs have low temporal—spatial
resolution, the interpolated TEC could provide the iono-
spheric disturbance in general except lower amplitude for
some large peaks when compared to BDS GEO obser-
vations. lonospheric responses to the storm in different
MLT sectors are discussed in detail. Dual-peak (one is in
dayside and the other is in nightside) positive phase and
repeated negative phase in dayside are detected by BDS
GEO data. Although the positive phase is dominant in the
main phase and the negative phase mainly appears in the
recovery phase, both the maximum negative and positive
phases appear in the afternoon and post-dusk sectors in main
and recovery phase of the geomagnetic storm. The latitudi-
nal dependence of the ionospheric storm effects varies with
the storm phase, although it presents quasi-symmetrical in
the south and north hemispheres. Positive phases mainly
appear in the main phase near the noon and the first days
of recovery phase around the dusk with shorter duration and

@ Springer

smaller area. Thermospheric composition variations play an
important role in the development of ionospheric storm in
March 2015 seen by [O]/[N2] ratio data as well as distur-
bance dynamo electric fields and prompt penetration electric
fields.
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