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Abstract. Ionospheric disturbances constitute the main re-
striction factor for precise positioning techniques based on
global positioning system (GPS) measurements. Simultane-
ously, GPS observations are widely used to determine iono-
spheric disturbances with total electron content (TEC). In
this paper, we present an analysis of ionospheric disturbances
over China mid- and low-latitude area before and during
the magnetic storm on 17 March 2015. The work analyses
the variation of magnetic indices, the amplitude of iono-
spheric irregularities observed with four arrays of GPS sta-
tions and the influence of geomagnetic storm on GPS posi-
tioning. The results show that significant ionospheric TEC
disturbances occurred between 10:30 and 12:00 UT during
the main phase of the large storm, and the static position reli-
ability for this period are little affected by these disturbances.
It is observed that the positive and negative disturbances
propagate southward along the meridian from mid-latitude to
low-latitude regions. The propagation velocity is from about
200 to 700ms~! and the amplitude of ionospheric distur-
bances is from about 0.2 to 0.9 TECU min—!. Moreover, the
position dilution of precession (PDOP) with static precise
point positioning (PPP) on storm and quiet days is 1.8 and
0.9 cm, respectively. This study is based on the analysis of
ionospheric variability with differential rate of vertical TEC
(DROVT) and impact of ionospheric storm on positioning
with technique of GPS PPP.
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1 Introduction

The development of precise positioning techniques and the
increasing number of global positioning system (GPS) track-
ing stations make it possible to use GPS observation data in
a wide range of applications. The most important of them for
user groups is a precise positioning service. However, GPS
systems are also a powerful tool in climatological research,
especially used as a remote sensing technique for ionospheric
monitoring which measures the temporal and spatial varia-
tions of total electron content (TEC) of the ionosphere. The
ionospheric variations are related to the space climatological
conditions. The coupling processes between magnetic field
and solar wind can drive ionospheric disturbances which may
affect satellite navigation and positioning. The irregular vari-
ation refers typically to the effects of travelling ionospheric
disturbances (TIDs) associated with geomagnetic storms.
Over the past two decades, studies of ionospheric dis-
turbances and its monitoring have caught the attention of
the scientific community (Pi et al., 1997; Afraimovich et
al., 1998; Tsugawa et al., 2004; Hernandez-Pajares et al.,
2006; Ding et al., 2007; Trichtchenko et al., 2007; Bergeot
et al.,, 2011; Tang et al., 2016; Yao et al.,, 2017; Zolo-
tukhina at al., 2017). Stankov et al. (2006) presented sev-
eral case and statistical studies of ionospheric storm, which
were clearly showing the generation and propagation of iono-
spheric disturbances. They also discussed that global naviga-
tion satellite system (GNSS) techniques were a powerful tool
for monitoring ionospheric perturbations. Herndndez-Pajares
et al. (2011) provided ionospheric monitoring based on
GNSS measurements and assessed TIDs, solar flares, iono-
spheric storms and scintillation. Habarulema et al. (2013) es-
timated the propagation characteristics of large-scale TIDs
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Table 1. Geographic and geomagnetic coordinates of stations from
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GPS arrays.
Region Array Station  Longitude Latitude Geomagnetic
name (°E) (°N) latitude (° N)
HECC 115840  40.884 30.041
Array 1 HEZJ 114900  40.828 29.968
Mid-latitude NMZL 115980  42.233 31.392
HAQS 114.027 32.845 21.980
Array 2 HBJM 112.169 31.118 20.233
WUHN 114.357 30.532 19.676
GDSG 113.588 24.846 13.990
Array3  GDST 116.603 23.418 12.622
. GUAN 113.340  23.185 12.330
Low latitude
HISY 109.531 18.236 7.365
Array 4  QION 109.845 19.029 8.157
YONG 112.335 16.834 5.984

(LSTIDs) during geomagnetic storm, and showed that distur-
bances were mostly propagating nearly equatorward. Ding
et al. (2014) comparatively investigated ionospheric distur-
bances over North America and China based on GPS dense
regional observations. Sieradzki (2015) studied the monitor-
ing of ionospheric irregularities oval at high northern lati-
tudes and found that TEC fluctuations were significantly re-
lated with ionospheric storm. Borries et al. (2017) revealed
additional information on the dynamics of TIDs over Europe
during 2003 great storm and presented the complex interac-
tion processes with analysing the source mechanisms for the
observed TIDs. On the other hand, Bergeot et al. (2011) used
GPS observations to investigate the influence of ionospheric
disturbances induced by geomagnetic storm on kinematic
GPS positioning. Wautelet and Warnant (2014) demonstrated
climatological study of irregularities over European mid-
latitude region and analysed occurrence rate of ionospheric
irregularities associated with solar and geomagnetic activ-
ity. Sieradzki and Paziewski (2016) proposed the influence
of ionospheric TEC fluctuations on rapid static positioning
at high-latitudes.

For the research studies of the 2015 severe geomagnetic
storm, Ramsingh et al. (2015) investigated the ionospheric
disturbances related with the severe storm at equatorial and
low-latitude and showed an interesting characteristic of TIDs
with disturbance meridional wind surge and strong vertical
drifts over Equator. Borries et al. (2016) studied perturba-
tions over the European—African sector observed in TEC.
They found storm-induced LSTIDs which were propagating
towards the Equator and had large wave parameters. Nava
et al. (2016) used different kinds of data and analysis tech-
niques to obtain different features of ionospheric disturbance
over the Asian, African, American, and Pacific sector. Heine
at al. (2017) presented temporal and frequency study with
GPS observations and demonstrated the occurrence of iono-
spheric disturbances in mid-latitudes with TEC maps and
GPS TEC time series.
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Figure 1. Location of GPS receiver stations. The four red circles
denote the given stations of four arrays which are Array 1 (HECC-
HEZJ-NMZL), Array 2 (HAQS-HBJM-WUHN), Array 3 (GDSG-
GDST-GUAN), and Array 4 (HISY-QION-YONG).
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Figure 2. Variations of geomagnetic conditions IMF B; component,
Dst index, and Kp index during 15-19 March 2015.

Previous studies have given the concept of investigating
the state of the ionosphere using GPS measurements or the
effect of ionospheric disturbances on GPS positioning. How-
ever, all these studies only focused on either a given type of
disturbances or the influence of disturbances on GPS precise
positioning. In this paper, we will use GPS observation data
from the Crustal Movement Observation Network of China
(CMONOQC) to study the characteristics of disturbances and
the influence of disturbances on GPS precise positioning in
China. Simultaneously, the differential rate of vertical TEC
(DROVT) and technique of GPS precise point positioning
(PPP) is applied to detect ionospheric variability and analyse
impact of ionospheric storm on positioning, respectively.

www.ann-geophys.net/36/81/2018/
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Figure 3. Snapshots of DROVT maps at various time epochs from 10:30 to 12:00 UT on 17 March 2015.

2 Data processing

In this paper, we make use of GPS observations provided
by the CMONOC, consisting of about 250 stations, with a
30s sampling rate to detect ionospheric disturbances over
the China mid- and low-latitude region. As shown in Fig. 1,

www.ann-geophys.net/36/81/2018/

the blue dots denote the locations of GPS receiver stations.
Coordinates of four GPS arrays (i.e. Array 1: HECC-HEZJ-
NMZL; Array 2: HAQS-HBJM-WUHN; Array 3: GDSG-
GDST-GUAN; Array 4: HISY-QION-YONG) located at the
longitude of about 115° E are provided in Table 1. These ar-
rays are used to estimate characteristics of ionospheric distur-
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Figure 4. Snapshots of DROVT maps at the longitude of 115°E
from 08:00 to 12:00 UT on 17 March 2015.

bances and analyse the effect of disturbances on positioning
on 17 March 2015.

In the study of ionosphere based GPS, we use the varia-
tions of DROVT to determine ionospheric disturbances and
the PPP technique to analyse the positioning variations with
ionospheric disturbance. To obtain values of TEC, the differ-
ential phase and pseudorange values of L1 and L2 are used
(Calais and Minster, 1995; Yuan, 2002; Yuan et al., 2015).
We calculate ionospheric piercing point (IPP) of line of sight,
assuming a thin layer of ionosphere at the height with maxi-
mum electron density of the F2 layer. Previous studies (Pi et
al., 1997; Ma et al., 2006; Rungraengwajiake et al., 2015)
have used the rate of TEC (ROT) as a measure of iono-
spheric disturbances to detect the presence of ionospheric ir-
regularities. However, large fluctuations existed, which can
mask small disturbances. In this paper, we propose the use of
DROVT. The approach is more stable and can easily detect
small ionospheric disturbances. To analyse the ionospheric
disturbances, we can calculate the STEC change (differential
STEC) between continuous epochs #; and t;_1, denoted ROT,
which is expressed as

ROT = (&) (ti-1)
i —ti—q s (1)

ROVT =ROT - cos ZIPP

where ROVT is in TEC units (TECU) min~! and zypp is the
satellite zenith distance. TEC is usually denoted in TEC units
with 1 TECU = 10'®elm~2. The ROVT values are calcu-
lated for GPS data with an elevation cut-off angle of 30°.
Then, polynomials are fitted to the ROVT of different visi-
ble satellite data. The ROVT values which are ROVT( form
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fitted polynomial functions act as background values. To ex-
tract variations in ionosphere, the background trend can be
determined for each arc of satellites and then subtracted from
the ROVT time series. It can be expressed as

DROVT = ROVT — ROVTy, )

where DROVT is the differential rate of vertical TEC. The
method is used to retrieve specific characteristics of iono-
spheric disturbances.

PPP is a positioning technique with single receiver us-
ing undifferenced dual-frequency GPS code and phase ob-
servations to obtain high-precision station coordinates. A
more detailed description of PPP has been given by Zum-
berge et al. (1997). The influences of ionospheric distur-
bances on GPS positioning at low, middle, and high latitudes
have been examined by Moreno et al. (2011), Stankov and
Jakowski (2007), and Sieradzki et al. (2016), respectively.
To study how ionosphere disturbance affects the GPS posi-
tion, we use the Bernese GNSS software developed by the
Astronomical Institute of the University of Bern (AIUB) to
calculate station coordinates.

3 Results and discussions

Ionospheric disturbances are closely associated with ac-
tive geomagnetic conditions (storms). A magnetic storm oc-
curred on 17 March 2015 in the ionosphere—plasmasphere—
magnetosphere system. Figure 2 shows various geomagnetic
conditions highlighting the characteristics of the period from
15 to 19 March 2015. The sudden storm commencement
(SSC) was recorded at about 04:45 UT on 17 March 2015.
The B, component turned southward around 06:05 UT and
reached the value of —17nT around 06:15UT. At about
09:30 UT, the B, component turned northward until about
12:00 UT. After 12:00 UT, the B, component turned south-
ward again and remained southward until about 24:00 UT.
During the first period of southward B, the Dst index
reached the minimum value of —73nT at about 09:00 UT.
During the second period of southward B, the Dst index
reached the minimum value of —223 nT at about 23:00 UT.
The Kp index was between 5 and 8 after the SSC and reached
the maximum value of 8 from 12:00 to 24:00 UT. Accord-
ing to the geomagnetic conditions, we can determine that the
storm of 17 March 2015 belongs to severe magnetic storm.
The storm had a very long compression phase from about
04:45 to 06:15 UT. Thereafter, the main phase of this storm
started.

Figure 3 shows snapshots of DROVT maps at various time
epochs from 10:30 to 12:00 UT on 17 March 2015. It is ob-
served that an obvious positive and negative ionospheric dis-
turbances are observed between longitudes of about 80 and
130° E from 45 to 30° N, and between longitudes of about
100 and 115° E from 30 to 15° N. The positive disturbances
occur from 10:30 to 12:00 UT, and the negative disturbances

www.ann-geophys.net/36/81/2018/
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Figure 5. Time series of DROVT obtained in GPS stations with Array 2 (HAQS-HBJM-WUHN) and Array 4 (HISY-QION-YONG) on

17 March 2015.

occur from 10:40 to 11:20 UT. Figure 4 shows the DROVT
maps in time and latitude at the longitude of 115°E, with
time from 08:00 to 12:00 UT and latitude from 20 to 45° N.
The peaks and troughs are clearly seen along the purple and
black lines, respectively, in this map. The disturbances propa-
gate from high to low latitude and have positive and negative
features; these are also seen from Fig. 3.

Also, we demonstrate two GPS arrays (Array 2: HAQS-
HBJM-WUHN; Array 4: HISY-QION-YONG) in Fig. 5§,
which shows time series of different satellites DROVT. The
six stations show obvious fluctuations from about 10:00 to
13:00 UT. The DROVT values of the three stations from Ar-
ray 2 have an amplitude of about 0.2 TECU min~! and those
from Array 4 have an amplitude of about 0.9 TECU min~!.
Figure 6 shows the time series of DROVT from the
PRN 19 satellite observed in GPS stations with Array 2
(HAQS-HBJM-WUHN) and Array 4 (HISY-QION-YONG)
on 17 March 2015. It can be seen that the six curves present
a wavy shape and have phase differences. This indicates that
the ionosphere at this time has a wave shape of a non-uniform

www.ann-geophys.net/36/81/2018/

structure. Due to the non-uniform wave movement of the
ionosphere, we determine that there are fluctuations in the
ionosphere at this time. In addition, Fig. 6 shows the crest and
trough arrive at the station at higher latitudes first, indicating
that the ionospheric disturbances propagate from high to low
latitude. Storm-time behaviour of TEC (e.g. the ionospheric
disturbances in general) depends on season, storm intensity,
and storm time elapsed as shown by Stankov et al. (2010).
Based on a superposed epoch analysis, consistent features in
the storm-time behaviour have been revealed during different
latitudes. During intense storms, the relative TEC deviations
have showed generally stronger positive and negative phases.

Table 2 shows maximum values of the “north, east and up”
(NEU) components from 08:00 to 12:00 UT during a storm
day of 17 March 2015 and a quiet day of 16 March 2015. For
the four arrays, the maximum values of the static PPP po-
sitioning reach 0.6, 1.3, and 1.0 cm in the NEU components,
respectively, during the storm day. Meanwhile, the maximum
values of the static PPP positioning reach 0.5, 0.8, and 0.3 cm
in the NEU components, respectively, during the quiet day.

Ann. Geophys., 36, 81-89, 2018
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Figure 6. Time series of DROVT from the PRN 19 satellite observed in GPS stations with Array 2 (HAQS-HBJM-WUHN) and Array 4

(HISY-QION-YONG) on 17 March 2015.

Table 2. Maximum values of NEU components from 08:00 to
12:00 UT during a storm day of 17 March 2015 and a quiet day
of 16 March 2015.

Station Maximum value (cm)

17 Mar 2015, 08:00-12:00 UT ‘ 16 Mar 2015, 08:00-12:00 UT

North East Up  PDOP | North East Up  PDOP
HECC 02 01 0.1 0.3 0.1 02 02 0.3
HEZJ 02 01 0.1 0.2 0.1 02 03 0.3
NMZL 02 01 0.1 0.3 0.2 02 02 0.3
HAQS 02 02 0.1 0.3 0.3 02 02 0.4
HBJM 0.3 02 02 0.4 0.3 03 02 0.5
WUHN 02 03 0.1 0.4 0.1 06 03 0.7
GDSG 0.3 02 02 04 0.5 02 02 0.5
GDST 0.6 1.3 1.0 1.8 04 06 03 0.7
GUAN 0.1 02 0.1 0.2 0.2 02 02 0.3
HISY 0.1 03 0.1 0.3 0.3 03 02 0.5
QION 0.3 02 0.1 0.3 0.2 04 0.1 0.5
YONG 0.3 0.6 0.1 0.7 0.5 0.8 02 0.9
Max 0.6 1.3 1.0 1.8 ‘ 0.5 08 03 0.9
SD 0.1 02 03 0.4 ‘ 0.1 02 0.1 0.2

The position dilution of precession (PDOP) on storm and
quiet days is 1.8 and 0.9 cm, respectively. It can be seen that
the effect of the ionospheric disturbances on elevation (“up”
component) is slightly larger than those on horizontal posi-
tion (“north” and “east” components).

Ann. Geophys., 36, 81-89, 2018

Figure 7 shows the characteristics of ionospheric distur-
bances for PRN 19 satellite on 17 March 2015 for four GPS
arrays. It demonstrates the characteristics of ionospheric dis-
turbances using GPS observations, which fully take the satel-
lite motion into account. In this paper, the propagation veloc-
ities are obtained through maximum entropy cross spectral
analysis method (Ma et al., 1998). The average horizontal ve-
locities are estimated as about 313, 676, 194, and 212ms~!
in Fig. 7a, c, e, and g, respectively. The wave front angles
are estimated as about 6, 16, 14, and 44° in Fig. 7b, d, f,
and h, respectively. It is observed that the positive and neg-
ative disturbances propagate southward along the meridian
from mid-latitude to low-latitude regions. In Figs. 3 and 4,
the positive disturbances appear before than negative distur-
bances and last longer. The fluctuation velocity increases be-
tween 45 and 30° N, then decreases between 30 and 15° N
with the reduction of latitude. The amplitudes of sector be-
tween the longitude of about 80 and 130° E from 45 to 30° N
are smaller than those between the longitude of about 100
and 115°E from 30 to 15° N. However, the velocities of the
former are greater than the latter. The disturbances mainly
propagate to the south along the meridian as well as the wave
front angles estimated in Fig. 7.

Fuller-Rowell et al. (1994) have explained that Joule heat-
ing at high latitudes raises the temperature of the upper ther-

www.ann-geophys.net/36/81/2018/
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Figure 7. The characteristics of ionospheric disturbances for PRN 19 satellite on 17 March 2015 for four GPS arrays.

mosphere and ion drag drives high-velocity neutral winds.
The heat source drives a global wind surge to propagate to
low latitudes. Previous studies have reported the fact, vali-
dated by a number of observations, that a significant source
of ionospheric disturbances and different storm-time phe-
nomenon (e.g. TID propagation) is Joule heating at high
latitudes (de Abreu et al., 2010; Nava et al., 2016; Yao
et al., 2017). Due to the impact of magnetic storms of

www.ann-geophys.net/36/81/2018/

17 March 2015, the ionosphere appeared characteristics of
peaks and troughs. The characteristics present wavelike fea-
tures at mid- and low-latitude from 10:30 to 12:00 UT. The
results show that the disturbances propagate to low lati-
tudes. To be exact, this disturbances propagate southwest-
ward. Many previous studies showed that the propagation of
TIDs was not always toward the Equator (Tsugawa et al.,
2004; Song et al., 2012). In this paper, we note that the direc-
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tions of the propagation are 6, 16, 14, and 44° southwest in
Fig. 7.

4 Conclusions

In order to understand the characteristics of ionospheric dis-
turbances and the influence of disturbances on GPS precise
positioning, we have used GPS-based measurements of the
DROVT and values of PPP from the CMONOC consisting of
about 250 GPS stations over the China mid- and low-latitude
region during the intense storm. We obtain two-dimensional
maps of the DROVT fluctuations over China and show that
the technique may be a useful research tool in periods of ge-
omagnetic storm. During the main phase of the analysed ge-
omagnetic storm of 17 March 2015, significant ionospheric
disturbances are between 10:30 and 12:00 UT. The positive
and negative disturbances propagate southward along the
meridian from mid-latitude to low-latitude regions. The wave
front is between the longitude of about 80 and 130° E from 45
to 30° N, and between the longitude of about 100 and 115° E
from 30 to 15° N. The propagation velocity estimated is from
about 200 to 700 m s~ ! and the amplitude of ionospheric dis-
turbances is from about 0.2 to 0.9 TECU min~!. In particular,
the PDOP of the static PPP positioning on storm and quiet
days is 1.8 and 0.9 cm, respectively. The standard deviation
on storm and quiet days is 0.4 and 0.2 cm, respectively. The
reliability of PPP solutions for static stations during the anal-
ysed period of the March 2015 storm has been found to be
affected insignificantly.

Data availability. The GPS data are provided by the CMONOC
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