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Abstract. Observations from the South African TrigNet during geomagnetic storms as ionospheric storms. Numerous
global navigation satellite system (GNSS) and vertical totalscholars have conducted research on such storms, but defini-
electron content (VTEC) data from the Jason-1 satellite werdive findings have yet to be obtained. Studies on ionospheric
used to analyze the variations in ionospheric electron densitgtorms remain a challenge for ionospheric researchers (Zhao,
profiles over South Africa before and after the severe geo2006).
magnetic storms on 15 May 2005. Computerized ionospheric Considerable research has revealed the fundamental laws
tomography (CIT) was used to inverse the 3-D structure ofof ionospheric storms. Generally, ionospheric storms at high
ionospheric electron density and its response to the magnetiatitudes are mainly negative-phase storms (i.e. the iono-
storms. Inversion results showed that electron density signifspheric electron density is significantly lower than the av-
icantly increased at 10:00 UT, 15 May compared with thaterage ionospheric state), whereas those occurring at low
at the same period on 14 May. Positive ionospheric stormdatitudes are primarily positive-phase storms (i.e. the iono-
were observed in the inversion region during the magneticspheric electron density significantly greater than average
storms. Jason-1 data show that the VTEC observed on déenospheric state). Whether a specific ionospheric storm is a
scending orbits on 15 May significantly increased, whereagositive- or negative-phase storm is determined by the local
that on ascending orbits only minimally changed. This find- time at which the main phase of the storm occurs. At mid-
ing is identical to the CIT result. dle latitudes, if the main phase occurs in the morning, then
the ionospheric storm is classified as of positive-phase type.
If the main phase occurs in the afternoon, the ionospheric
storm is categorized as a weak positive-phase storm; an in-
1 Introduction tense negative-phase storm occurs the following day. The oc-
currence of the main storm phase at nighttime typically gen-
A geomagnetic storm is a complex process that originategrates a negative-phase storm the next day (Balan and Rao,
from solar wind and the magnetosphere. It is one of the1ggp). Kelley et al. (2004) suggested that daytime eastward
most important phenomena related to solar wind and soprompt penetration electric field (PPEF) that produces nega-
lar energetic particles. Geomagnetic storms can cause Sevefge storms iNNmax and TEC at equatorial latitudes through
global ionospheric disturbance and affect the neutral atmogznhanced plasma fountain (Balan et al., 2009) could also be
sphere, including the troposphere and middle atmospherene main driver of the positive storms at higher latitudes.
Accompanied by magnetic storms, ionospheric total elecowever, modeling studies later revealed that the PPEF alone
tron content (TEC), ionospheric F2 layer critical frequency, is ynlikely to produce the positive storms and equatorward
and other ionospheric parameters exhibit drastic changes thfeytral winds alone (Balan et al., 2009) or together with

can last for several hours to a few days. Appleton and In-ppgF (Lin et al., 2005; Lu et al., 2012) can produce the
gram (1935) first defined strong ionospheric disturbances

Published by Copernicus Publications on behalf of the European Geosciences Union.



376 Y. B. Yao et al.: Temporal and spatial variations in ionospheric electron density profiles

positive storms. The physical mechanisms of why the eastGNSS-based computerized ionospheric tomography (CIT)
ward PPEF is unlikely to produce the positive storms, andtechnology was then gradually developed to aid the under-
how the neutral winds produce the positive storms have beestanding of the full range of temporal and spatial distribu-
reported recently (Balan et al., 2010, 2011). tions of ionospheric electron density. New CIT technology
Early ionospheric storm research was based primarily orenables the 3-D and 4-D reconstruction of the spatial struc-
single-station observations, later gradually developing intoture of the ionosphere. Using GPS data from Chinese GNSS
studies that feature local area observations from multiple stastations and CIT, Wen et al. (2007) studied the temporal
tions and global station networks. Paul et al. (1977) usedand spatial changes in ionospheric electron density profiles
observations from 35 ionospheric stations and seven geosver China during the magnetic storm on 18 and 21 Au-
magnetic stations in the Asia-Pacific region to investigategust 2003. Thampi et al. (2009) used CIT to investigate sum-
the ionospheric storm that occurred on 4-5 August 1972mer night ionospheric anomalies that occur at middle lat-
The results showed that electron density sharply increasedudes. Yao et al. (2012a) used CIT technology to inverse
after the initial phase of the magnetic storm, and the peakhe 3-D variations in ionospheric electron density before the
occurred between geomagnetic latitudes aad 43. Us- JapanMy, = 9.0 earthquake on 11 March 2011. The authors
ing observations from 40 ionosonde stations and TEC dataxcluded the effects of magnetic storms in their study. The
from 12 GPS stations, Yeh et al. (1994) investigated theresults showed that significant positive anomalies in the iono-
global ionospheric response during the strong geomagnetispheric electron density profile could be detected before the
storm in October 1989. Szuszczewicz et al. (1998) used obearthquake. Yao et al. (2012b) investigate the unusual iono-
servations from 53 global ionosonde stations to investigatespheric total electron content (TEC) variations which oc-
the ionospheric response during three strong geomagneticurred before the globall = 7.0+ earthquakes in 2010, and
storms in September 1989. The results showed that the hmF@onfirmed that the earthquake-related ionospheric anomalies
and NmF2 were related to the local time, latitude, and timediscussed in the paper occurred 0-2 days before the associ-
of occurrence of geomagnetic storms. Mannucci et al. (2005ated earthquakes and in the afternoon to sunset. Yizengaw et
studied the ionospheric changes during the “Halloween” su-al. (2005) used ground-based and satellite data to investigate
per magnetic storm in 29-30 October 2003. The daysidethe ionospheric response in the Southern Hemisphere during
ionospheric TEC on 29 and 30 October increased by 40 %¢he magnetic storms on 31 March 2001. The authors used
and 250 %, respectively. The significant ionospheric changehe chain of GPS receiver stations near<15Qo inverse the
may have been caused by the eastward equatorial electrionospheric electron density variations at 1&0longitude
field during the storm. Essex et al. (1981) used data fromduring the storms. Mai and Kiang (2009) used CIT technol-
18 global stations to study the ionospheric response after thegy to inverse the ionospheric anomalies that occurred after
geomagnetic storm on 17 June 1972, and compared it withthe 2004 Sumatra tsunami.
the ionospheric response after the magnetic storm on 17 De- To compensate for the lack of GNSS tracking stations in
cember 1971. marine areas, researchers used altimetry satellite data to di-
A number of studies focused on the statistical properties ofrectly access TEC trends over the global ocean (Dumont et
ionospheric storms. Balan et al. (2010) used TEC Apgx al., 2009; Fu et al., 1994; Jee et al., 2004).
data to investigate the time of occurrence and strength of the In the current work, data derived by GNSS CIT technology
ionospheric response at low latitudes after the 60 magneti@nd the Jason-1 ocean altimetry satellite were used to ana-
storms that occurred from 1968 to 1972. Mendillo and Nar-lyze the spatial and temporal variations in ionospheric elec-
vaez (2009, 2010) usedmax data to study the ionospheric tron density before and after the severe magnetic storm on
changes after the 206 magnetic storms that occurred fronl5 May 2005. The response of ionospheric electron density
1964 to 1976. Lekshmi et al. (2011) used data from twoto magnetic storms is also discussed.
ionosonde stations in Japan and the United States to de-
termine the ionospheric response characteristics of the 584.1 Geomagnetic environment in solar and
magnetic storms of two solar cycles that occurred from 1985 interplanetary space
to 2005. Some scholars used models to simulate the gener-
ation of ionospheric storms and study the physical mechaSolar activity was intense after 10 May 2005. From 10 to
nisms of such storms (Burns et al., 1995; Fuller-Rowell et13 May, sixM-class flares were observed, among which an
al., 1994; Lin et al., 2005; Lu et al., 2008; Richmond and M = 8.0 flare occurred on 13 May at 16:13 UT to 17:28 UT.
Matsushita, 1975). The giant storm on 15 May was directly caused by the
The late 1970s saw the rise of GNSS, which improvedcoronal mass ejections produced by ife= 8.0 flare. Fig-
ionospheric sounding technology. Since then, ionosphericire 1 shows the satellite records of interplanetary mag-
research has gone through rapid development. GNSS remetic field strength, the Bz component of the interplane-
resents a new technology that obtains accurate TEC valtary magnetic field, and solar wind speed, as well as the
ues from satellites and receivers, and continuously moniKp, Dst, and AE indices recorded by geomagnetic stations
tors ionospheric changes over a wide geographical rangeon Earth. An intense magnetic storm occurred on 15 May,
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and the Dst variation showed that this storm was a sudden-
commencement magnetic storm. Solar wind speed drasti- 513 514 515 5116 517 518 519 520
cally increased at 00:00UT on 15 May. At 10:00 UT, solar

wind speed exceeded 900 kmis twice the speed of that E 22 [ AN

occurring at the same period the day before. The Bz com-jg 4 | |\

ponent of the interplanetary magnetic field reacheth nT - —— - . : : —~ ]
at around 06:00 UT on 15 May. The signature of the subse- a8 . A

guent Bz component rapidly changed to north and continuedE 28 - TN

on this course for a while, then shifted between the north N 30 E
and south directions. The dramatic changes in the interplan- 40 |
etary magnetic field triggered a magnetic storm with a sud- @
den commencement time at 06:12 UT. Dst rapidly increasedg
from 4nT to 45nT at 03:00 UT on 15 May, then quickly de- 7
creased at 06:00 UT. The main phase of the storm occurred
at 08:00 UT, when the Dstindex wa263 nT and the Kp in-

dex was &. Simultaneously, the AE index rapidly increased,
representing the considerable solar energy injected into thex
ionosphere. The Dst index then gradually increased, and the
magnetic storms reached the recovery phase. On 20 May, theE
Dst index returned to the normal state before the magnetic=

B

storm occurred. a
1.2 Selection and processing of GNSS observation data = -

o A ]
To study the temporal and spatial distributions of the iono- < S0 VA | 4 VU TN VVANUNWA Ty 3
spheric disturbances at low-latitude regions in the Southern ol VWV N MWVLLE
Hemisphere during the magnetic storm, we used data from 513 514 515 516 517 5/18 518 5/20
the South African TrigNet network data to inverse the 3- Date (2005)

D distribution of local ionospheric electron density before

and after the magnetic storm on 15 May 2005. We then anafig. 1. Solar and geomagnetic field parameters on 13 and
lyzed the temporal and spatial variations in ionospheric elec20 May 2005. The satellite records of interplanetary magnetic field
tron density in the abnormal space environment. TrigNet isstrength, the Bz component of the interplanetary magnetic field, and
a continuously operating GNSS network that covers Souttsolar wind speed, as well as the Kp, Dst, and AE indices recorded
Africa; the distance between the base stations of TrigNet i?Y geomagnetic stations are shown from top to bottom.

200 km to 300 km. In 2005, TrigNet was a network compris-

ing 23 continuous tracking stations. The distribution of these . .
g g parameters. To derive precise results, we used two-day data

tracking stations is shown in Fig. 2. We inverted the vari-t ve receiver hardware del nd then obtained the ab
ations in ionospheric electron density during the magnetic c:)lsu?e gTeECg er hardware defays a €n obtained the ab-

e o oo o) o0 onosphers TEC s e ine negral et cens

the dual-frequency GPS observation data is 30s. on the signal propagation path. Itis expressed as
When CIT technology is used to inverse the temporal and

spatial variations in ionospheric electron density in anoma- EC= /Ne(r’t)dS’ @)

lous space environments, the first step is to preprocess orig- l

inal observation data. We used the Turbo Edit method (Ble- . . . .
whereNe is the electron density along the signal propagation

witt, 1990) to detept and repair the errors and cycle slips in athl. GNSS-based ionospheric CIT uses a series of TECs
the GPS observation data. Then, the geometry-free pseudofr- . T
. . .~ “along! to inverse the temporal and spatial distributions of

ange and carrier phase were used to come up with basic ob- . ; . L )

i . . onospheric electron density. After discretizing Eq. (1) in the
servations. Finally, the STEC was calculated along the S|gnai . ;

) ) . JInversion process, we obtained

propagation path between each satellite and receiver. In this
paper, the cut-off angle used was’ 1 accordance withthe  y, — A.x 4 ¢ )
influence of system hardware delays, we employed a typica
approach, in which we constructed a single-layer ionospheriavhere A is the coefficient matrix constituted by intercepts
model, resolved satellite hardware delays, and used modethen GNSS signals pass through the ionosphggnotes

parameters to solve receiver hardware delays as unknowthe observation vector constituted by the TEC along each
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present the electron density distribution at different altitudes
at 10:00 UT on 14-15 May 2005.

Figure 3 compares the ionospheric electron density at dif-
ferent altitudes at 10:00UT on 14 and 15 May. The elec-
S tron density at each altitude at 10:00 UT on 15 May signifi-
cantly increased compared with the 14 May value, indicating
that a positive-phase storm occurred in the ionosphere of the
inversion region during the magnetic storm. The maximum
electron density at each altitude at 10:00 UT on 15 May in-
creased to 79.3 % on average compared with that on 14 May,
during which the electron density at an altitude of 800 km
........... S increased to a maximum of 84.9 %. The minimum electron
density increased to 30.7 %, similar to that at 800 km, which
reached a maximum of 38.4%. The peak electron density at
an altitude of 300 km increased from 8.43.0" elm3 to
WS e E e 1.36x 10'?elm™2. The electron density distributions during

the two days both decreased with increasing altitude.
Figure 4 shows a schematic of the temporal and spa-
tial variations in electron density at an altitude of 350 km
and a time interval of 2 h from 04:00UT on 14 May to

GNSS signal propagation path;represents the parameter 20:OO_UT on 15 May. Electron dens_ity significantly cr_la_nged
vector constituted by the electron density of each pixel in theover time. For 40 h, electron density generally exhibited a
image of the ionosphere; is the noise vector of observa- high-to-low trend, significantly increased, and then gradually
tions. decreased. On 14 May, geomagnetic field activity was rela-
Using Eq. (2) for ionospheric CIT indicates that coeffi- tively calm, the electron density in the inversion region pre-
cient matrixA is a huge sparse matrix and usually rank de-sented normal diurnal variations over time, and the changes
ficient. The most common approach is to use an empiricaln nprmal ionospheric electron density were _influenced pri-
model (e.g. the international reference ionosphere model) agarily by the sun. The peak electron density was k75
the initial iteration value to obtain the electron density of the 10"*elm=3 at 04:00 UT, increased to 3.4510'*elm~2 at
inversion region. 06:00UT, then gradually increased and reached a maxi-
Given the non-negativity of electron density, we inverted it mum of 6.85x 10t elm~3 at 12:00 UT. The maximum elec-

by the multiplicative algebraic reconstruction technique. Thetron density lasted 2h, then gradually decreased tox4.4
iterative formula can be written as 10'1elm=2 at 16:00 UT. It presented a minimum of x5

10 elm3 at 02:00UT on 15 May before beginning to
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Fig. 2. Distribution of TrigNet sites.

104 ; . .
) A increase again. On 15 May, a strong magnetic storm oc-
*k+1) _ (k) Yi . N S .
j =x; k ) 3) curred in the geomagnetic field, after which ionospheric
<ai,x( )> . . .
electron density presented significantly abnormal changes.

At a similar period on 14 May, the peak electron density
) . . . at 06:00UT increased by an insignificant rate of 15.9%,
is thei-th row of A; yo denotes the relaxation factor of each ie. 4x 10t elm 3. At 08:00 UT, peak electron density in-

iteration, with O< yo < 1. . o creased to 7.3 10! elm~3, a value 52 % higher than the
To elucidate the features of the ionospheric disturbances S "

. . - “Increase on 14 May. It presented significantly positive ab-
during the magnetic storm, we used the GNSS observanorr\]ormzle chanaes at 10:00 UT and reachedsd 112 el m—3
data provided by the South African TrigNet. These data were 9 | '

: . . . -7 7a value 81.8% higher than the increase on 14 May. At
also used to process the inversion. The inversion region is beiZ'OO UT peak electron density continued to present positive
tween 16 E to 32 E and 22 S to 36 S at a height of 100km =" P y b P

i 0,
t0 1000 km. The size of the grid, which is 50 km high, fs 2 2romalies at 31.4% greater than those on 14 May. However,
) . . . : the ionospheric electron density in the inversion region pre-
both in latitude and longitude regions. Thus the ionosphere . .
L LS : . sented negative anomalies at almost 6 % less than those on
over South Africa is divided into 8, 7, and 19 grids along . K el densi d
longitude, latitude, and height 14 May. At 16.00 UT, peak electron density presented pos-

' ' ' itive anomalies at 37.5 % greater than those on 14 May. At
18:00UT and 20:00 UT, the anomalies increased to 73.6 %
2 CIT results during storms and 22.2 %, respectively.

Figure 5 shows the temporal and spatial variations in elec-
To study the temporal and spatial variations in ionospherictron density on the 24 profile from 04:00 UT on 14 May

electron density before and after the magnetic storm, weo 20:00UT on 15 May. Similar to Fig. 4, Fig. 5 shows that

wherex® is the unknown parameter of theth iteration;a;
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Fig. 3. Electron density at different altitudes at 10:00 UT (13:00 LT) = ' o
on(a) 14, (b) 15 May 2005 (unit: 18t elm=3). s - 2
. -
ionospheric electron density presented normal diurnal vari-* - ’“
ations over time on 14 May; it presented violent abnormal ,ﬂ bz s
changes on 15 May because of the magnetic storm. Electro
e e #E mE g

density began to increase at low latitudes first at 06:00 UT or. *%e == 2= 2=
14 May, then reached a maximum of 4590 elm3 at _ _

an altitude of 250 km between 28 and 24 S. At 10:00UT, ~ F19- 3. Continued.

the electron density at any altitude was roughly consistent

with that at longitude 24E when peak electron density was

8.04x 10! elm~2 at an altitude of 300 km. At 14:00 UT, the 15 May. The anomaly also increased with the continuous
ionospheric maximum electron density remained unchangedjevelopment of the magnetic storm. At 06:00 UT, the iono-
but slightly declined to 7.6& 101elm3 at high latitudes.  spheric maximum electron density was 30 elm~2 at an

At 18:00 UT, the electron density significantly declined to altitude of 260 km without significant anomalies compared
2.47x 10 elm=3. The electron density further decreased with the same period on 14 May. At 10:00 UT, however,

to 1.6x 10 elm3 from 22:00 UT on 14 May to 02:00UT electron density significantly increased to .30 elm—3,

on 15 May. The ionosphere began presenting significantlywhich is 61.7 % higher than that on 14 May. This value is
abnormal changes with the magnetic storm at 06:00 UT orparticularly significant between 28 and 30 S. The results
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Fig. 4. Map of the electron density changes at an altitude of

350km from 04:00UT on 14 May to 20:00UT on 15 May (unit:
10t elm=3).
results. The manner by which the vertical resolution of the
inversion results is improved is a key issue for further study.
indicate that the ionosphere has apparent positive anoma- On the basis of the temporal and spatial distribution map
lies. However, Fig. 5 shows that the peak altitude of iono-of electron density at high altitudes and longitudes (Figs. 4
spheric electron density changed little. The slight change isand 5), we can determine the strong ionospheric disturbances
attributed to the fact that the ground-based GNSS observatioduring the magnetic storm and the changes in the character-
data and the small volume of radio occultation data used onlyistics of ionospheric electron density at the middle and low
minimally improved the vertical resolution of the inversion latitudes of the Southern Hemisphere. lonospheric activity
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Fig. 5. Map of the electron density changes on thé B4pro- ——
file from 04:00UT on 14 May to 20:00UT on 15 May (unit: Fig 5 Continued.

10t elm=3).

in ionospheric activity, especially the characteristics of the

exhibited a strong relationship with latitude, and total elec'spatial and temporal distributions of the ionosphere during
tron density decreased with increasing latitude. At a rela-pe magnetic storm.

tively calm space weather, the ionospheric electron density

over the inversion region initially changed from low to high,

then from high to low with time, indicating that the changes 3 Jason-1 satellite VTEC

in ionospheric electron density are related to time. On the

basis of the discussion of above, we inverted the ionospheridhe Jason-1 satellite is an ocean altimetry satellite jointly

electron density in South Africa by CIT and regional high- developed by the French Space Agency (CNES) and the US
precision GNSS observation data to determine the changeSpace Administration (NASA). The Jason-1 satellite covers
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20°E 40°E

Fig. 6. Ascending orbit data image taken by the Jason-1 satellite,

from 13 to 18 May 2005. Fig. 7. Descending orbit data image taken by the Jason-1 satellite

from 13 to 18 May 2005.

up to 66 N to 66 S, with an orbit altitude of 1336 km. The 10°s Mim Ma;M Ma-y.,15 May.le ikl May.la
satellite takes 112 min to run a cycle. The radar altimeter on ¢ . R & Y 0
the Jason-1 satellite has dual-band transmission frequency. _ 20'si—f .,‘f‘-' % o i s
The major frequency is ku-band and the minor frequency is g 4 {? q.: g J k.
C-band. The radar altimeter can directly determine TEC in § 30°s :’ . ‘._ ,. - ".3
the vertical direction, and has high credibility for low-latitude 3 .3" . ° -’_ 3.
and equatorial regions. § s % . e % .. .
Using VTEC data obtained by the Jason-1 satellite from § Ji : 5. i
13 to 18 May 2005, we analyzed the changes in ionospheric S0°s .. i .
electron density during the magnetic storm and compared s '13 ° 2 ' "ﬁ

data on VTEC ascending and descending orbits. Figures 6 B0 S e e o a0 o a0 v o T is
and 7 show the tracks of the Jason-1 satellite in ascending TEC TEC TEC TEC TEC TEC

and descending orbits and the spatial distribution of the data

used. Because of the large amount of data generated by tH:é'g. 8. Changes in the VTEC data obtained by the Jason-1 satellite

1 Hz sampling rate of the Jason-1 satellite, we used the me? the ascending orbit from May 13 to 18.

dian in 18 s to smooth the data; the satellite can advance to

about 2 during this period. From 13 to 18 May, the period at at 11:00UT. 13:00UT. 15:00UT. 16:45UT. and 19:00 UT.

which the Jason-1 satellite’s ascending orbit went throughth%ompared with the VTEC obtained in the descending orbit
region near South Africa was 21:00 UT to 04:00 UT the next¢. 011310 18 May, the one obtained on 15 May significantly

day at 03:00 LT to 04:00 LT; the period at which the satellite’s ;, -raased at certain periods. The expanded area coves 10
descending orbit went through South Africa was 10:00UT 0+, 35 5 and the related VTEC data were obtained by the
18:00UT at 15:00LT to 16:00LT. Figure 6 shows poor data g4ie|lite at 11:00 UT and 16:00 UT. At 11:00 UT, the satel-
on the satellite’s ascending orbit, and that data distributionj;o orpit was in the area from°® to 20 S and 74E to
is sparse after smoothing. By contrast, the figure shows fingy £ At 15:00 UT, the satellite orbit was in the area from
data on the satellite’s descending orbit, and that data distri-100 St0 45 S and 74E to 10 E. The results of the CIT in-
butlpn Is dense after smoathing. version also revealed that significant positive anomalies oc-
Figures 6 and 7 show the VTEC changes when the Jasory a4 in the ionosphere at these periods. The VTEC data
1 satellite is in ascending and descending orbits from 13 tQ,},i-inaq by the satellite at 13:00 UT and 15:00 UT only min-
18 May 2005. _Compared with the VTE_C on 1‘?’ May, when imally changed. Figure 10 shows the VTEC observations and
space was at its calmest, the ascending orbit VTEC fromy, ¢ of the Jason-1 satellite in the descending orbit model

14 to 18 May showed no significant changes. On 15 May.,, 15 May. The analysis of VTEC data is consistent with the
when the magnetic storm’s maximum main phase occurredcn— analysis.

the Jason-1 satellite in the ascending orbit model appeared in
the study region at 00:30 UT, 02:30 UT, 04:30 UT, 21:00 UT,
and 23:00 UT. The analysis of the Jason-1 satellite data is
consistent with the CIT analysis. On 15 May, the Jason-1
satellite in the descending orbit appeared in the study region
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Fig. 9. Changes in the VTEC data obtained by the Jason-1 satellite
in the descending orbit from 13 to 18 May. &

Fig. 10.The descending orbit of the Jason-1 satellite and the VTEC

4 Conclusions observations on the study region on May 15.

We used the GNSS observations of the South African

TrigNet to inverse the 3-D temporal and spatial variations AcknowledgementsThe authors thank the IGS for providing
in ionospheric electron density in South Africa during the GNSS observations, TripNet for providing observations on South
strong magnetic storm on 15 May 2005. We compared theAfrica, IUGG for providing Kp and Dst indices, NASA for provid-
electron density distributions at different altitudes and lon-"g IRI2007 model data, CNES for providing Jason-1 observations,
gitudes on 14-15 May 2005. The electron density at any allNOAA OSTM for providing Jason-2 observations, and NASA
titude at 10:00UT on 15 May significantly increased com- OMNIWEB for providing solar and geomagnetic indices. This

. I " work was supported by the Foundation for Innovative Research
pared with that on 14 May, indicating that a pOSItIVe'phas’eGroups of the National Natural Science Foundation of China

_storm occurred .in the ionosphere O_f the inversion regiop dur'(40721001) and the National Natural Science Foundation of China
ing the magnetic storm. The maximum electron density at(41174012 and 41274022).

each altitude at 10:00 UT on 15 May increased to 79.3 % on

average compared with that on 14 May, at which the electroredited by: A. Costa
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84.9%. This increase is similar to the changes in electron

density at any longitude.

To describe the process by which ionospheric electron
density changed with time during the magnetic storm, we
presented the electron density distribution at an altitude of )
350 km and a longitude of 24 at a time interval of 2h from  APPIeton, E. and Ingram, L., Magnetic storms and upper atmo-

) . . . spheric ionization, Nature, 136, 548-549, 1935.

04:00 UT on 14 May to 20:00 UT on 15 May. The inversion
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