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IONOSPHERIC RESPONSES TO MAGNETIC STORMS - 
GROUND AND SATELLITE-BASED PERCEPTIONS 

 

5.1  INTRODUCTION  

It is true that our world is becoming increasingly technology-dependent and is 

very sensitive to changes in solar activity, and their manifestations on the Earth’s 

environment. The performance and reliability of ground based and space-borne 

technological systems depend on the conditions on the sun, the solar wind, 

magnetosphere, ionosphere and thermosphere. ‘Space Weather’ is the study of the 

relation between the Earth environment and solar variability. In our daily life Space 

weather effects are highly relevant. Topics like risks on aircraft, problem in 

communication, passenger radiation, effects on a GPS system, and effects on radar 

system, etc. may all linked directly to Space Weather effect very seriously. Corrosion 

effects in pipe lines on Earth, failure in power-lines are the direct result of Space 

Weather induced effects. Aircraft and space have become highly advanced and the 

instrumentation they carry aboard is exceptionally technically sophisticated. The 

expansion that has made more vulnerable to the space atmosphere consisted of 

energetic charged particles and plasma populations (Babayev and Allahverdiyeva, 

2005). 

The space weather activity has many significant effects of their operation on 

many systems which are dependent on conditions of space weather. In Sweden, 

southern city of Malmoe an hour-long power outage that affected 20,000-30,000 

homes were due to a magnetic storm caused by the solar activity. In the northern USA 

and Canada the power grids limited the amount of electricity they produced, to deal 

with geomagnetically induced currents (GIC) in their electrical transmission grids.  

Also, these storms damaged the operations of 11 major satellites, together with a 

Japanese communication satellite "Kodama" and Europe's "Mars Express" spacecraft. 

In northern Canada, high-frequency voice radio communications were interrupted by 

Radio-blackouts. These radio blackouts make some airline flight routes to be 

constrained. Radio interference also impelled the USA Coast Guard to momentarily 

shut down its LORAN navigation system. Scientists, engineers, and the worldwide 

public are attracted by the solar events which occur during October and November 

2003. Study of these events, deals new vision into the high-energy processes in the 
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Sun and into the coupling mechanisms of the solar-terrestrial system. The scientific 

community has special interest on the space weather domain because effects of space 

weather influenced both technological and biological systems. 

The continuous changing magnetic behavior of the Sun changes the variation in 

solar ionizing flux. The magnetic behavior of the Sun changes on an 11-year cycle, 

passing from 'solar minimum' to 'solar maximum' and also with the quasi 27-day 

rotation of the Sun. The diurnal, seasonal and semiannual variations of the ionosphere 

depend on the solar zenith angle. The time-dependent response of the ionosphere to 

the disturbed solar wind conditions is often termed as a ‘Geomagnetic Storm’. 

Variations of the ionosphere associated with storms mainly connect with transport by 

neutral winds and electric fields, changes in the energetic particle precipitation, 

neutral compositions and structure.  

One of the significant issues related to space weather is the response of the 

equatorial ionosphere during geomagnetic storms. It has significant effects of trans–

ionospheric communications. Adverse effects of the geomagnetic storms on a 

sophisticated and advanced space-borne and ground-based systems are being 

increasingly observed. Thus, keeping in view of the impact of space weather on 

communications an attempt is made to study the storm time behavior of the 

ionosphere at two distinct longitude sectors including India and Japan during two 

magnetic storms occurred on 31 March 2001 and 20 November 2003, respectively. 

 

5.2 BRIEF INTRODUCTION OF GEOMAGNETIC STORMS 

The Earth exists in a huge magnetic cavity, known as the magnetosphere. The 

magnetospheric cavity is formed by the electro-dynamic interaction between the solar 

wind and the Earth’s magnetic field. The solar wind generates from the continual 

hydrodynamic expansion of the solar corona. It has a density of 1-10 atoms/cm3 at the 

orbit of the Earth and velocity of about 400 km/Sec during quiet days. On active days, 

the density of the solar wind may go as high as 30 atoms/ cm3 for a period of 10 hours 

or velocity reaches to as high as 1000 km/Sec. The solar wind carries with it the 

interplanetary magnetic field (IMF) along with the general solar field, which takes up 

a coiled pattern in interplanetary space.  It is the onset of the solar magnetic field, with 
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a direction which is anti-parallel to the Earth’s day side magnetic field that results 

magnetic storms.  

If there were no solar wind and the geomagnetic field was left to itself, the field 

would extend to infinity and the field strength would decline outward from Earth as 

1/r3 where ‘r’ is the radius of the Earth. The magnetic stresses, B2/8 in the field would 

decline outwards as 1/r6.  It is evident that beyond a certain distance, the magnetic 

field would have an internal stress that is weaker than the impact pressure of the solar 

wind.  Thus, in the presence of a high speed solar wind with southward IMF, 

reconnection between the magnetic field of the solar wind and the Earth compress the 

sunward side to a distance of about 5-10 RE, (RE - Earth's radii), where the stress 

density in the field balances the pressure of the solar wind.  On the night side, the 

field is drawn out in a long bundle, extending like the tail of a comet, to very large 

distances of 50 to100 Earth radii.  This process also accelerates the particles that are 

injected into the Van Allan belts.  These drifting particles create ring current around 

the Earth that has a magnetic effect on the Earth which is called Geomagnetic Storm. 

A geomagnetic storm is categorized by a main phase through which the Earth’s 

magnetic field is significantly depressed. To describe various typical storm features 

Chapman (1951) introduced well-known terms, including, ‘sudden commencement’, 

‘initial phase’, ‘main phase’ and ‘recovery phase’. The storm's progression has been 

categorized into three phases: Main phase, early recovery phase and late recovery 

phase. 

Geomagnetic Storms have been classified into two main groups: 

i. Storm sudden commencements (SSC) 

ii. Gradual commencements (GC) 

5.2.1  Storm Sudden Commencements (SSC) 

A magnetic storm is a disturbance of the Earth’s upper atmosphere brought on 

by solar flares. Solar flares are bright eruptions from the visible portion of the Sun’s 

chromospheres and these consist of protons and electrons with the energy of a few 

thousand electron volts (called plasma). The pressure of the incoming plasma is 

transmitted to the outer edge of the Earth’s magnetosphere; this causes an increase in 

the observed geomagnetic filed on the ground. During initial times, i.e., sudden 

commencement phase, the horizontal component of the geomagnetic filed increases 
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suddenly over the entire globe (geomagnetic storm). Therefore, it can understand that 

SSCs are normally associated with solar flares.        

One of the most striking features of the geomagnetic storm is its sudden onset.  

The sudden commencement storm is characterized by a rapid rise in the horizontal 

component of the Earth’s magnetic field (H), as observed in the low and mid latitude 

magnetograms, due to a sudden rise in the quiet day compression of the Geomagnetic 

field. The rise in the compression propagates into the Earth’s surface as an elastic or 

hydro magnetic waves and is recognized as the storm sudden commencement (SSC). 

The increase in the horizontal component of Earth’s magnetic field is typically 20-30 

gammas even though it may rarely be as high as 50 – 200 gammas. The unexpected 

increase has a rise time of around 1– 6 minutes. According to Burlaga and Ogilvie 

(1969), the SSC is due to the compression of the front side of the magnetosphere 

which is due to the impact of a plasma cloud from the sun. 

This storm sudden commencement is classified based on typical time variations 

as initial, main and recovery phases of the storm and the following lines will discuss a 

few basics of different phases of SSC. 

Initial Phase 

After the sudden commencement the enhanced compression of Earth’s 

horizontal magnetic field, is due to the continuation of the solar wind at high level is 

known as the initial phase of the storm. The initial phase continues for about 2 to 6 

hours. During the initial phase of the storm, the solar wind pressure increases and well 

correlates to the increase in Dst index. 

Main Phase 

The main phase of the storm is characterized by a decrease in the average value 

of the horizontal component of Earth’s magnetic field (H) attained during the initial 

phase of the storm. A characteristic value of the main phase decrease may be in the 

order of 50-200 gammas, even though larger decreases arise in extreme cases. The 

main phase of the storm lasts for 12 to 24 hours. 

The decrease in H during a main phase is caused by the flow of westward 

current surrounding the Earth at an altitude of about 3-4 Earth radii for the period of 

disturbance times is recognized as the ring current. The obtainable ground 
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measurements of the disturbance field (DR) are noted as DST values (Sugiura, 1964). 

The Disturbance Storm Time value is a sum of the disturbance field generated by the 

the magnetopause boundary current (DCF), ring current, and the tail current. Due to 

the interaction of solar wind with the geomagnetic field the occurrence of electric 

currents DR, DCF and tail currents. The boundary current enhances the Earth’s main 

field and the enhanced field depends on the magnetosphere size. On the other hand, 

the ring current and the tail current reduce the Earth’s magnetic field. 

Recovery Phase 

After reaching a minimum value of the horizontal component of Earth’s 

magnetic field (H) during the main phase, there is a slow recovery enroute for the 

initial undisturbed value with a typical time of about 24-36 hours. 

The ring current decays due to several loss processes during the recovery phase, 

e.g., charge exchange (e.g., Williams, 1985; Daglis et al., 1999) and flow-out process 

(Zong et al., 2001; Kozyra and Liemohn, 2003), leading to the recovery of Dst index. 

The two sources of the ring current ions are solar wind and the Earth’s ionosphere 

(e.g., Gloeckler et al., 1985; Gloeckler and Hamilton, 1987; Hamilton et al., 1988; 

Daglis et al., 1999). 

5.2.2  Gradual Commencement Storms (GC) 

The second type of Geomagnetic Storms are the gradual commencement type 

shows no clear indication of the onset condition and is called gradual commencement 

storms, which are characterized by the main phase. The field caused by the 

compression of the magnetosphere and the field generated by the ring current 

characterize these GC storms. The variability observed in the expansion of 

Geomagnetic Storms can be interpreted as due to the combination of these two fields 

in different ratios and with different growth and decay rates.  This is probably only 

when the two fields are almost independent of each other. These are very common 

during declining part of the solar cycle and generally weaker than the SC type storms 

and are not associated with flares. These storms tend to recur at intervals of 27 days, 

the period of solar rotation as viewed from the Earth; hence these are also called as 

Recurrent Storms (Rishbeth and Garriot, 1969).  

 GC storms are identified by two phases: Main Phase and Recovery Phase. 
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Main Phase 

Gradual commencement storms are the existence of a main phase through 

which the horizontal magnetic field at the Earth’s surface is depressed. 

Recovery Phase 

The Main Phase of the storm is followed by gradual return towards the normal 

level of the horizontal component (H) of the geomagnetic field (reflected by the Dst 

index) called Recovery Phase. This Recovery Phase lasts usually from one day to 

several days. 

5.3   GEOMAGNETIC ACTIVITY INDICES 

Based on ground-based magnetometer recordings the level of the geomagnetic 

activity is measured using various activity indices. The variability in the geomagnetic 

activity has quite a lot of sources such as: 

(1) Variability in the sun itself that is reflected in the solar wind/Interplanetary 

Magnetic Field (IMF) which has two components, (a) the 11- and 22- year 

solar cycles, and (b) the 1.3 year variability 

(2) The orientation of relevant coordinate system changes the Earth’s orbit 

around the Sun is contributing to semiannual variation. 

(3) Rotation of the sun about its axis, which can lead to periodicities at T=13-

14 days and T=27 days. 

The first two types of activities are called as transient (Feynman, 1982), whereas 

the third one is called as recurrent (Legrand and Simon, 1981; Feynman, 1982). 

The Geomagnetic activities are characterized by several Geomagnetic indices 

such as Dst, Kp, Ap, AE, PC, Ring current indices (Sym H, Sym D, Asym H and 

Asym D) etc. In the following, we describe some of the geomagnetic indices of 

importance. 

5.3.1 Dst Index:  

To study the magnetic storms the Dst and corrected Dst* indices are generally 

used (Mayaud, 1980, Greenspan and Hamilton, 2000). Dst is attained from four 

magnetometer stations near the equator by the hourly measurements of globally 

averaged horizontal component (H) of the geomagnetic field. The equatorial Dst ring 
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current index of geomagnetic disturbances is a result of an enhancement of the 

trapped particle population in the magnetosphere and the westward ring current 

encircling the Earth (Tsurutani and Gonzalez, 1997). In a typical magnetic storm, the 

Dst index shows a sudden increase, referred as “Storm Sudden Commencement” and 

as the ring current increases Dst index sharply decreases. If the IMF turns to the 

northward direction, then the ring current starts to increase, the Dst starts a gradual 

increase back to its quite normal time level. Dessler-Parker-Sckopke relation gives a 

relationship between the horizontal component of the Earth’s magnetic field and the 

energy content of the ring current as they are related as inversely proportional. 

The Dst index derivation is based on the consideration of geomagnetic variation 

is because of the ring current and independent of local time and longitude. Hence, the 

Dst index indicates the strength of variation of the horizontal geomagnetic component 

due to symmetrical ring current. 

Gonzales et al. (1994), classified the magnetic storms into three categories based 

on the Dst index values, with Dst � -100 nT as intense magnetic storm, -50 nT �Dst � 

-100 nT as moderate storm and -30 nT � Dst � -50 nT as feeble storm.  

5.3.2  Kp index:  

The Kp index is attained from a various magnetometer stations at mid-latitudes. 

The mid-latitude stations are directly under a strong horizontal current system and 

magnetic perturbations can be dominant in either the H or D component. The Kp 

index makes use of these perturbations by taking the logarithm of the largest 

excursion in H or D over a 3-hour period on a grade scale from 0 to 9. 

During geomagnetic disturbed times (Kp> 4), the rate of production and heating 

of molecular ions in the topside thermosphere are enhanced and that the location of 

the ion outpouring or the quickening process shifted to lower altitudes.  

5.3.3  Ap index:  

The Ap index is a measure of the broad level of geomagnetic activity over the 

globe for a particular (UT) day. 

5.3.4  AE index:  

AE index is known as an auroral electrojet index attained from various stations 

distributed in a typical northern hemisphere auroral zone. As magnetic activity 
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increases, AE indices do not properly monitor the auroral electrojets because, they 

expand equatorward away from the standard AE network, resulting in an 

underestimation of the intensity of auroral electrojet. It is mainly observed in the case 

of severe geomagnetic storms. 

5.4 BRIEF REVIEW OF EARLIER STUDIES ON INTERPLANETARY 
FEATURES THAT ARE RELATED TO GEOMAGNETIC STORMS 

Understanding geomagnetic storms in terms of their interplanetary (IP) causes 

and effects on the ionosphere and magnetosphere has been an out-standing problem. 

For studying the interplanetary causes of geomagnetic storms, the availability of 

satellite observations of magnetic field and interplanetary plasma parameters which 

are associated with the progress of geomagnetic storms have given a unique platform 

(Tsurutani and Gonzalez, 1997; Huttunen et al., 2002; Sushil Kumar et al., 2005, 

Vichare et al., 2005, Chi et al., 2005; Gopalswamy et al., 2005 and Mannucci et al., 

2005). Along with these studies, the problem has been overwhelmed through 

modeling studies (Feldstein, 1992; Alexeev and Feldstein, 2001), and using analysis 

of simulation (Ebihara and Ejiri, 2000; Jordanova et al., 2003) as well. However, a 

range of storm mechanisms has been declared (Gonzalez et al., 2001) because of the 

difficulty involved in every event of magnetic storms. Due to the varying nature of the 

storm sources such as coronal mass ejections (CMEs), multiple occurrences of CMEs, 

high-speed solar wind streams, and magnetic cloud structures, etc., this complexity 

arises. The response of magnetosphere to each storm is different due to various 

interplanetary causes. 

During intense geomagnetic storms, the Dst variance is due to the variation in 

large-scale electric fields in the solar wind. The fluctuations in the solar wind electric 

fields are accountable for the originating magnetospheric sub-storms. To generate 

steady southward direction interplanetary magnetic field (IMF), one was to control the 

solar wind, which results without sub-storm expansion a geomagnetic storm is 

generated. 

When the IMF experiences (more than 3 h) an intense (more than 10 nT) 

southward component, a major magnetic storm occurs (Gonzalez and Tsurutani, 

1987) as soon as the IMF turns northward, some storms recover very immediately 

while the others take a more time to recover. A northward component ceases, or 
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flattering, less southwardly directed, the IMF has been found to prompt sub-storm 

expansions (Rostoker, 1983; Lyons, 1995). 

The southward IMF plays a crucial role in triggering the storm main phase as 

well as controlling the magnitude of the storm (Vichare et al., 2005). The main phase 

interval depends on the duration of southward IMF. Due to various processes like 

charge exchange (Daglis et al., 1999) and flow-out process (Zong et al., 2001, Kozyra 

and Liemohn, 2003) the ring current increases. During the recovery phase, the ring 

current declines which results recovery in the value of the Dst index during the 

recovery phase. 

The relation between southward component (Bs) of the interplanetary magnetic 

field (IMF) and the geomagnetic storm index (Dst) is studied by Gonzalez and Echer 

(2005), for 64 intense geomagnetic storms during the period of 1997-2002 and 

reported that the delay between the peak Bs and the peak Dst values is ~ 2h, and the 

Bs value at peak Dst value is ~ 75% of the peak Bs values in the entire event. 

Wang et al. (2006) examined the peak intensity and most equator ward locations 

of field-aligned currents (FACs) in response to the storm phases separately for both 

hemispheres during extreme storms occurred in October and November 2003 and 

observed that large-scale FAC peak densities are enhanced compared to the quiet-time 

strengths FACs. They reported that with respect to the solar wind input, the equator 

ward expansion of the night side FACs is delayed. 

In the Brazilian sector related with the solar flare EUV enhancements and 

continued for about 3h and showed a simultaneous increase in the VTEC values at 

about 1100 UT which is calculated from the GPS observations during the solar flare. 

On 28 October 2003, for a period of about 1 hour between about 1100 to 1200 UT no 

ionograms were obtained at any of the two UNIVAP stations studied by Sahai et al. 

(2007). 

Dimitriev and Yeh (2008) noticed that, in the region of a South Atlantic 

Anomaly, the ion density increases intensely during the main phase of the storms and 

reaches highest values at the storm maximum phase. They concluded that two 

mechanisms were considered to be accountable for the generation of storm-time ion 

density enhancements: prompt penetration of the interplanetary electric field and 
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abundant ionization of the ionosphere by enhanced precipitation of energetic particles 

from the radiation belt. 

Wik et al. (2009) analyzed a power blackout occurred on 30 October 2003 storm 

in Sweden region and observed that the geomagnetic field fluctuations were smaller. 

Geomagnetically induced currents (GIC) of some hundreds of amperes flowed into 

the power grid during the October-2003 event. 

Liu et al. (2010) studied the time delay and duration of total electron content 

(TEC) responses to geomagnetic instabilities and reported that the relation between 

the intensity of geomagnetic instabilities and the time duration of both positive and 

negative phases show positive correlation. The periods of positive and negative 

phases are clearly dependent on the seasons, latitudes and magnetic local time (MLT). 

Long durations for the positive phase are 8–11hours noticed during the winter 

hemisphere and 12–14 hours during the daytime (20_Ap<40 and Ap_40) at middle 

and high latitudes. 

5. 5   NEED OF THE STUDY  

For the last three decades, the origin of geomagnetic storms in the interplanetary 

medium has been explored. The significant parameter accountable for the 

enhancement of the geomagnetic storm main phase is that the southward component 

of the IMF through the process of reconnection is well understood. However, little is 

known about the interplanetary and solar origins of these magnetic fields. The origin 

of the IMF Bz leading to major magnetic storms for understanding both the solar 

origin and the interplanetary evolution of the solar wind, and for attaining advanced 

warning of a forthcoming storm, hours to days, in advance by using interplanetary and 

solar observation. Keeping these aspects in view, an attempt is made to study the 

causes of geomagnetic storms and their influence on the F-layer parameters of the 

ionosphere at equatorial, low and mid-latitudes in the Indian and Japanese longitude 

sectors. 

5.6   OBSERVATIONAL RESULTS AND INTERPRETATIONS 

In this present study, we examine ionospheric responses at Japanese (~125-

1450E) and Indian (~75-850E) longitude sectors during two major geomagnetic storms 

that occurred during 30 March - 01 April 2001 and 19 - 21 November 2003 using 
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ground-based, satellite-borne measurements and model-assisted observations. The 

global TEC (total electron content) data archived from the International GPS receiver 

stations (IGS) during above storm epochs are also critically evaluated to verify the 

dynamics of EIA during the storm - time. The in-situ electron density (Ne) data, 

measured by the planar Langmuir probe (PLP) onboard a low Earth orbiting (456 km) 

satellite CHAMP (CHAllenging Minisatellite Payload) (Reigber et al., 2002), is also 

used in this study to verify the behavior of EIA on 31March 2001 and 20 November 

2003. Data of magnetic field (ΔH) at interval of a minute at Indian (770E), and 

Japanese (1250E) longitudinal  sectors, which measured as the difference between 

horizontal magnetic field at an equatorial station, Tirunelveli (TIR 8.70N, 770E, dip 

0.50N), and away from the equatorial station, Alibag (ABG, 18.50N, 72.90E, dip 

12.90), for Indian longitudes, and Davao (DAV, 7.00N, 125.400 E, dip ~ -0.650) and 

Muntinlupa (MUT, 14.370N, 121.020 E, dip 6.790) for Japanese longitudes, is used as 

a alternative to characterize the equatorial electrojet (EEJ) strength during above 

storm periods. The coordinates of the stations used in this analysis are provided in 

Table 5.1. Further, thermospheric meridional neutral wind computed with a global 

empirical wind model DWM07; (Emmert et al., 2008) during geomagnetically 

disturbed period is utilized for the first time to verify the response of the ionosphere 

during the above storms.  
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Table 5.1 Coordinates of the stations used in the present study 

 

Station 
Name& 
Symbol 

Geographic 
Latitude 

Geographic 
Longitude 

Geomagnetic 
Latitude 

Dip 

 Ionosonde data  

Wakkanai 
(WKA)   

45.20N 141.10E 35.80N 59.80 

Kokubunji 
(KOB) 

35.40N 139.290E 25.90N 49.30 

Yamagawa 
(YAG) 

31.20N 130.370E 20.40N 44.50 

Okinawa   
(OKI)   

26.40N 128.10E 15.80N 37.80 

Waltair 
(WTR) 

17.70N 83.30E 8.20N 20.00 

Trivandrum 
(TRV) 

8.50N 770E 0.30N 0.50 

 Magnetometer data  
Davao        
(DAV) 

7.00N 125.400E 1.020S -
0.650 

Muntinlupa 
(MUT)   

14.370N 121.020E 6.790N 6.790 

Tirunelveli 
(TIR) 

8.70N 770E 0.30N 0.50 

Alibag       
(ABG) 

18.50N 72.90E 10.20N 12.90 

 

5.7 Effects of 31st March 2001 storm 

5.7.1 Responses of ground-based ionosonde parameters 

One of the largest geomagnetic stroms occurred on 31 March 2001 and the 

solar origin of this storm was a coronal mass ejection (CME) (Baker et al., 2002). 

Figure 5.1 clearly shows, from top to bottom, variation of Z-component of the 

interplanetary magnetic field (IMF- Bz), auroral electrojet index (AE), Kp 

(intensity of storms) and SYM- H (symmetric geomagnetic disturbance index in 

the horizontal direction) during 30 March- 1 April 2001.  
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Fig.5. 1 Interplanetary magnetic field (IMF) Bz component, AE index, Kp index, 
and SYM- H index during 30 March-1 April 2001 

Through the Advanced Composition Explorer (ACE) science center website 

(www.srl.caltech.edu/ACE/ASC/), the interplanetary parameter such as Z-

component of the IMF in geocentric solar magnetospheric (GSM) coordinates was 

obtained.  As an alternative of sub-storm activities, AE index has been used. The 

values for SYM-H and 3- hourly Kp indices have been attained from the World 

Data Center for Geomagnetism, Kyoto, website (http//swdcwww.kugi.kyoto-

u.ac.jp/aeasy/index.html).   

The storm was characterized by a storm sudden commencement (SSC) at 

0052 UT on 31 March, is shown in Figure 5.1 in the form of a vertical dotted line. 

It is very clear from Figure 5.1 that Bz exhibited two most significant intrusions to 

the south, of which the first one continued for about 4 hours and the second one 

approximately for 8 hours. The AE index had a great rise on 31 March, and the 

increase rise was up to1317 nT at 0058 UT and later during the first and second 

peaks,  the  maximum values were noticed 1310 nT at 0339 UT and 2500 nT at 

1712 UT, respectively. On the same day 31st March Kp index showed strong 
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geomagnetic activity, attains a value of 9 and is continued for about 6 hours. The 

SYM-H index showed a second SSC at 0251 UT. The third SSC occurred at 0407 

UT and SYM-H index reached –437 nT at 0807 UT on 31 March.  

The hourly ionospheric parameters including h’F and foF2 resulting from 

ionograms recorded at WKA (LT= UT+0900 hrs), KOB (LT= UT+0900 hrs) and 

OKI (LT= UT+0900 hrs) were taken from the National Institute of Information 

and Communications Technology website (http//wdc-c2.nict.go.jp/IONO/ 

index_E.html), while h’F and foF2 at WTR (LT= UT+0530 hrs) was derived at 

every 15 minutes. Figure 5.2a depicts SYM-H index, h’F at WKA, KOB and OKI 

on 30 March 2001 (pre-storm day), 31 March 2001(during storm day) and 1 April 

2001(post-storm day) along with five day quiet-day average pattern of h’F. It is to 

be noted that the h’F pattern from 30th March to 1st April 2001 is represented by a 

thick black solid line while five quiet-day averages by gray color thin solid line. 

The same notation is used throughout this chapter to represent the individual and 

average trends of ionograms scaled parameters. The average h’F and foF2 values, 

derived from the data of the five selected quiet days (Q1-Q5) of the month with 

Kp≤ 6 at the individual stations were shown for reference. The hatched portions at 

the top and bottom panels correspond to the local nighttime period (1800–0600 

LT) at various ionospheric sounding stations and carry the same convention for 

subsequent Figures. During 30 March 2001 and 1 April 2001, a comparison of h’F 

pattern with quiet-day pattern at WKA, KOB and OKI did not reveal any drastic 

change in h’F pattern with its quiet-day average, while during storm day noticed 

sharp increases. The first one is during pre-midnight, while the second one is 

restricted to post-midnight local time of Japanese sector on 31 March. Amusingly, 

the latter height rise occurred at WKA after 1700 UT, followed by at KOB at 1800 

UT and at 1900 UT at OKI on 31 April 2001. Obviously, it is very clear from 

these observations that there was a precise height rise with a coherent time delay 

of about one hour at different stations starting from higher mid-latitude station 

WKA (45.20N), lower mid-latitude station KOB (35.40N) and low-latitude station 

OKI (26.40N), most probably because of the global thermosphere wind circulation 

connected with Joule heating in the auroral zone. During the geomagnetic 

disturbances, as previously propagated by Fuller-Rowell et al. (1997), large-scale 

waves propagate expeditiously from the remote high-latitude region, and the 
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strongest and most penetrating waves arise on the nightside, where they are less 

delayed by drag from the low ion densities. At Brazilian, Spanish and Japanese 

sectors, Sahai et al. (2004) had studied the ionospheric response for the same 

storm occurred on 31 March 2001 and reported that the abrupt height (h’F) rise at 

Japanese stations (only WKA and OKI) during night hours of 31 March 2001- 1 

April 2001 may be because of equatorward thermosphere wind generated at 

auroral zone during geomagnetically active conditions.    

 
Fig. 5.2a) SYM-H index, hourly values of h’F along with five-quiet day average over 

WKA, KOB and OKI during 30 March-1 April 2001 

A very close inspection of foF2 parameter, shown in Figure 5.2b, revealed 

varied interesting features. Due to spread F phenomena at WKA, in particular 

during storm day, we could hardly come to an exact conclusion on the possible 

effects on critical frequencies during disturbed period. On the other hand, 

immediately after onset of the storm at about 0100 UT (1000 LT) on 31March, the 

foF2 values at OKI shows the positive phase up to 0900 UT followed by a strong 

negative phase that continued till around 0000 UT on 1 April. Further, an 

interesting feature is noticed that a perceptible decrease in foF2 values (signature 

of negative storm effect) at KOB from 0900 UT to 0000 UT (foF2 value was 4 
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MHz at 1900UT on 31March 2001, while it was ~8 MHz at 1900UT on 30 March 

and 1 April 2001) in the similar trend that was observed at OKI though no positive 

storm effect is evident at KOB. 

 
 

Fig.5.2b SYM-H index, hourly values of foF2 along with five-quiet day average over 
WKA, KOB and OKI during 30 March-1 April 2001 

 

In a way of verifying the ionospheric responses of the present storm at different 

longitudinal zones, at the same time it is analyzed that the ionospheric parameters 

observed at WTR, a low-latitude station in India which is situated in the transition 

zone between the equator and the Appleton anomaly crest region. Figure 5.3 reveals 

the variation of SYM-H, foF2 and h’F during 30 March -1 April 2001 at WTR. It is 

evident that h’F during 30 March and 01April 2001 seems to follow the average 

pattern during most of the time. Nevertheless, during the disturbed day (on 31 March 

2001) the ionosphere over WTR responded differently during the main phase and 

recovery phases of the geomagnetic storm. For a chance, there was a meager height 

rise in h’F during the storm main phase and also the well-known post-sunset height 

rise was significantly inhibited during the recovery phase. Further, h’F had started to 

increase significantly from 1900 UT (post midnight for Indian sector) to reach to an 
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altitude of ~500 km. On the other hand, and at the same time positive storm signatures 

are found in foF2 values from 0445 UT followed by wavelike disturbances with 

depleted foF2 values from 1100 UT on 31March. For a magnetic storm occurred on 

April 2000 (Liu et al., 2004), the wavelike characteristics with depleted foF2 features 

during the storm recovery phase were observed at low-latitude stations. From 1600 

UT onwards a negative phase in foF2 started and persisted till 0000 UT on 1 April 

2001. 

 

 
Fig.5. 3 SYM-H index, 15-minute values of foF2 along with five-quiet day average 

over WTR, and 15-minute values of h’F along with five-quiet day average over WTR 
during 30 March-1 April 2001 

 

5.7.2  Variations of global ionospheric TEC during 31st March 2001 storm 

As a matter of fact, in order to assess the ionospheric response on 31 March and 

1 April 2001, over Japanese and Indian longitude sectors simultaneously, verified the 

global ionospheric maps (GIMs) (Ho et al., 1997, Mannucci et al., 1998, Iijima et al., 

1999) of TEC, which maintain two hour temporal resolution, obtained from the global 

positioning system (GPS) ground-based receiver stations. Since GIMs of TEC are 

constructed from a large global network of GPS receivers, these have become a robust 
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ionospheric diagnostic tool in the studies of quiet (Wan et al., 2008) and disturbed 

ionosphere (Buonsanto, 1999, Kil et al., 2003, Zhao et al., 2007). Figure 5.4 reveals 

that the deviations of TEC (DTEC or ΔTEC) on 31 March from the median values 

TECm, which are calculated from five quiet-days in the month of March 2001. Here 

ΔTEC= TEC- TECm. It is evident from this Figure that a transparent formation of EIA 

started from 0300 UT onwards and with the progress of time any widening in EIA is 

noticed over the Japanese sector. Nevertheless, an intensified, magnitude of ~140-160 

TEC units (1 TECU= 1016 electrons/m2), and latitudinally enlarged EIA is observed 

between 0500 and 0900 UT and strong northern ionization anomaly crest is located at 

around 25-300N latitude, the latitude and time range where noticed comparatively 

higher foF2 values (positive storm signature) on 31 March. Further, the Japanese 

sector is characterized with terribly low TECU (~ 0-20 only) from 1300 to 2100 UT, 

the time period during which negative storm effect is noticed at all Japanese stations. 

Further, the Japanese sector is characterized with higher TECU (around 80-100) from 

2300 UT onwards, the universal time at which the increase in foF2 is noticed. Over 

the Indian longitude sector, an intensified and latitudinal expanded EIA is noticed 

from 0700 to 1100 UT and during this period the northern anomaly crest is located at 

~ 25-300N. From 1700 UT onwards, the Indian sector is characterized by relatively 

lower TECU (around 0-40) till 2300 UT. It is to be noted that the negative storm 

effect is observed at WTR from 1600 to 2300UT on 31 March 2001. The systematic 

time delay (~2 hours) in the expansion/contraction of the EIA structure at Japanese 

and Indian longitudes during the positive/negative storm epoch is primarily due to the 

local time dependency of TEC (Fedrizzi et al., 2005). Foster et al. (2002) by using the 

ground-based instruments, noticed the enhanced density of geomagnetic storm from 

GPS TEC measurement through the early evening sector, which is in agreement with 

our results. 

 This EIA feature at Japanese and Indian longitude sectors is primarily caused 

by the storm-based effects. Since EIA structure is shown in UT, we have explained 

hereunder how it varies with respective to LT frame as well. It is well known that the 

EIA developed and maximizes at 1200-1400LT.  This is evident from the global TEC 

maps shown above and that EIA maximizes around 1300E at 0500 UT which is ~1330 

LT for Japanese longitude. With the time progress, the EIA structures move westward 

(eg., 120E at 7 UT, 100E at 9UT and 80E at 11 UT) and the same analogy will apply 
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at India sector. Interestingly, EIA is enhanced and the EIA crests shift poleward.  This 

perhaps to due to PP during the storm (which is eastward during the daytime period).   

 
Fig. 5.4. Global ionospheric TEC variations on 31 March 2001 

 

5.7.3  Variations of CHAMP in-situ electron densities during 31st March 
2001 storm 

Figure 5.5 depicts the latitudinal profiles of Ne profiles during 0521-0545 UT 

(panel a), 1836-1900 UT (panel b) over Japanese and during 2140-2157 UT over 

Indian longitude (panel c) sectors along with CHAMP satellite path (panel d). The 

latitudinal profile of Ne (panel a) over ~1400E longitudes (panel d) depicts well 

developed EIA (but asymmetric) with two peaks (crests) on either side of the equator 

(trough) between 0521-0545 UT, during which the storm main phase was in progress. 

From Figure 5.5a it is also evident  that the northern EIA crest region is found 

between 200 and 300 latitudes with maximum peak at ~ 250 and Ne around 3.8 X 

106/cm3, corroborating with ionosonde and DTEC observational results. On 31 March 

(Figure 5.5b) from 1836 to 1900 UT, Ne profile over ~1220 E longitude sector shows 

an inhibition of EIA crests and is characterized with relatively lesser values (Ne~2.3 

X 105/cm3) particularly at ~250N latitude, the time period during which a strong 
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negative phase is observed in foF2 values at Okinawa (26.40N). Also Ne profile over 

Indian longitude (near ~74 0E) sector during 2140-2157 UT shows an inhibition of 

EIA crest within the northern hemisphere and is associated with values of ~5 X 

105/cm3 near WTR (17.30 N).    

 

Fig.5.5 Electron density latitudinal profiles measured by PLP on-board CHAMP 
satellite near to Japanese and Indian longitude sectors at a) 0521-0545 UT           
b) 1836-1900 UT and c) 2140-2157 UT along with d) satellite path on                   
31 March 2001 

 

5.8  Effects of 20th November 2003 storm       

5.8.1  Responses of ground-based ionosonde parameters 

A colossal geomagnetic storm occurred with storm sudden commencement 

(SSC) at 0803UT that was indicated by the vertical dotted line in Figure 5.6, on 20 

November 2003 as a consequence of coronal mass ejection (CME) which threw 

into space on 18 November 2003. Figure 5.6, if observed  from top to bottom, 

shows the temporal variation of Z-component of the interplanetary magnetic field 

(IMF- Bz, one minute values), AE index, Kp (3-hour planetary index), and SYM- 

H (symmetric geomagnetic disturbance index in the horizontal direction, one 
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minute values) during 19-21 November 2003. Unlike in the 31 March 2001 storm, 

Bz in this case exhibited only one significant incursion to the south and 

maintained in this direction almost during the whole of main phase as well as in 

the extended recovery phase. The KP index showcases that the intense 

geomagnetic activity reached values of about 9, which is continued for about 6 

hours. The SYM-H index is characterized with a minimum value of -490 nT at 

about 1810 UT on 20 November 2003.  

 

Fig.5.6. Interplanetary magnetic field (IMF) Bz component, AE index, Kp index, 
and SYM- H index during 19- 21 November 2003.  

Figure 5.7a show diurnal variation of h’F at WKA, KOB and YAG along 

with five quiet-day average throughout 19-21 November 2003. During the initial 

phase of the storm, a significant increase in h’F has been observed to starting at 

0900 UT, 1000 UT and 1100 UT on 20 November at WKA, KOB and YAG, 

though the height variation from average trend was more at WKA (~150 km) 

followed by KOB (~100 km) and YAG (~100 km). This sudden rise occurred 

earlier at higher latitudes followed by lower latitudes, suggesting the role of TAD 

that originated in the auroral oval region during the storm time (Prölss, 1993). As 

far as the F-layer height response during the storm main phase is concerned, h’F 
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significantly deviated from its quiet-day average and abruptly elevated to higher 

altitudes (~500 km, ~520 km and ~690 km) at WKA, KOB and YAG, however 

initially at WKA (1400 UT), later at KOB (1500 UT) and YAG (1600 UT) on 20 

November. When the higher altitudes are obtained at respective locations, the 

ionosphere started to disappear, this again reappeared after about 2 to 3 hours. Yet 

another, but very important feature from Figure 5.7a is that the deviation time 

between h’F and five-day average during storm day is more at WKA (1200 hrs) 

and moderate at KOB (0900 hrs) and less at YAG (0900 hrs), implying that the 

ionosphere over WKA was heavily influenced by the storm associated effects, 

while less at KOB and further less at YAG. On the other hand, foF2 trend, shown 

in Figure 5.7b, at KOB and YAG shows nearly simultaneous enhancements at 

0900 UT, while no such features are observed at WKA during the main phase of 

storm on 20 November. This loss of foF2 at WKA could be mainly because of 

chemical processes in such a way that the molecular-rich air which was brought 

by the storm-induced circulation arrived at WKA could reduce electron 

concentration in the F2 peak. It was found that during the initial phase of the 

storm on 17 April 2002, an equatorward expansion of the decreased ratio of 

[O/N2] with a velocity of more than 600 m/s, much more rapidly than the typical 

thermospheric wind and attained ~ 300 N in 2 hours, at the forenoon sector (Liou 

et al., 2005). Further, the negative storm effect started at WKA during the storm 

main phase (1200- 1900 UT) i.e. from 1400 UT onwards and lasted until 0700 UT 

on 21 November 2003. Though the negative storm effect started at KOB with one 

hour delay, it persisted till 0800UT on 20 November 2003. Further, at YAG the 

negative storm effect results  from 1600 UT on 20 November 2003 and continuing 

up to 0800UT on 21 November 2003. The large gaps in foF2 trend referred to the 

phases where the F2 layer was not seen on the ionograms. This was possibly due 

to the presence of a blanketing Es layer (fbEs) (Pirog et al., 2007) and it 

consequently blanketed the F-region reflections.  
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                                                         5.7(a) 

 
                                                         5.7(b) 

Fig. 5.7a) SYM-H index, hourly values of h’F along with five-quiet day average 
over WKA, KOB and YAG during 19 -21 November 2003 and b) SYM-H index, 
hourly values of foF2 along   with five-quiet day average  over WKA, KOB and 
YAG during 19-21 November 2003 
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Figure 5.8a throws light on the variations of SYM-H index and h’F along 

with the quiet-day average at WTR and TRV during 19-21 November 2003. At 

the same time in this case, an enhancement in h’F is observed both at TRV and 

WTR at around 1230UT (1800UT) (since LT=UT+5. 30) during the storm main 

phase, though the deviation of height rise in h’F from average at equatorial station 

TRV is much higher (~ 200 km) than the low-latitude station WTR. This abrupt 

and coincident rise in h’F at TRV and WTR throughout during the main phase of 

the storm may be attributed to the prompt penetration electric field. A report has 

been observed that unlike during quiet times, in the region from the magnetic 

equator to a dip angle of 20 would come into the control of an eastward electric 

field through the disturbance period in the F - region, with h’F > 400 km, well 

above the quiet time values (Sastri et al. 2002). As there was no significant rise 

observed in h’F at WTR (dip angle 200) at the time of the main phase of the storm, 

possibility is that the PPEFs associated with this storm would be less efficient. Li 

et al. (2006) have also noticed that the elevation of h’F over Wuhan (30.60N, 

114.40E, 45.80N) has restricted to lower altitudes (~ 300 km) even during the 

presence of prompt penetration electric fields in the same lines with h’F elevation 

observed at WTR for 20 November 2003 storm. The presence of prompt 

penetration electric field during the main phase of the 20 November 2003 storm is 

also reported by Zhao et al. (2008) as it is obvious that the h’F has risen to 

relatively higher altitudes (around 570 km) over an equatorial station Cebu 

(10.30N, 123.90E, 1.70S), whereas at low-latitude station Chung-Li (24.90N, 

121.10E, 35.0oN) only a moderate synchronic height rise (~340 km) in h’F is 

noticed during the main phase of the storm in the same lines with  results 

identified over Indian region, which implies that only a moderate prompt 

penetration electric field is present during the main phase of the present storm 

over Japanese and Indian longitude sectors. After a while, a considerably 

significant deviation between h’F and average values for about 7 hrs (from 1815 

UT on 20 November 2003 to 0100 UT on 21 November 2003) is found at WTR, 

while the height rise in h’F is significantly deviated with the quiet day trend at 

TRV from 1900 UT onwards on 20 November. This differed and delayed rise in 

h’F at TRV (45 min later) during the start hours of the recovery phase of the storm 

may be because of a disturbance equatorward meridional wind. On the other hand, 

Figure 5.8b depicts the diurnal variation of SYM-H index, foF2 pattern at WTR 
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and TRV together with the quiet day average during 19-21 November 2003. When 

the F-layer starts to rise to higher altitudes at TRV and WTR during the main 

phase on 20 November, simultaneous depletion of ionospheric densities at TRV 

and enhancements at WTR is noticed, which may be observed from the middle 

and bottom panels of Figure 5.8b.  Later, the negative storm effect started from 

1730 UT onwards on 20 November and continued till 0200 UT at WTR on 21 

November, whereas at TRV started from 1830 UT on 20 November and continued 

up to 0000 UT on 21 November. By and large, contrary to the ionospheric 

response during the main phase of the storm, completely differed and opposite 

responses during recovery phase are noticed including the delayed enhancement 

(45 min) in h’F at equatorial station and negative storm signatures in foF2 at both 

the stations.        

 

 
Fig.5.8(a)  SYM-H index, hourly values of h’F along with five-quiet day average 

over WTR, and TRV during 19 -21 November 2003 
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Fig. 5.8(b) SYM-H index, hourly values of foF2 along with five-quiet day 

average  over WTR, and TRV on 19 -21 November 2003 

 5.8.2  Variations of global ionospheric TEC during 20th November 2003 storm 

As pictured in Figure 5.9, considering an inspection of DTEC maps on 20 

November, it is evident that a fairly clear northern EIA crest at the Japanese sector is 

observed during 1000-1200 UT between 18-350N with maximum at ~260N latitude 

and the deviations of TEC from median are found to be ~20-30 TECU, which are ~ 

40-50TECU lesser than that observed during the main phase of the 31 March storm. 

This unique observation of global DTEC confirms that the latitude region of WKA 

(45.30N) did associate with relatively less electron density concentrations, possibly 

because of less efficient BXE  drift effects during the main phase of the storm. Here, 

it is worthy to mention that higher the altitude of the layer over the equator by BXE  

drift, the higher is the latitude up to which the signatures of the EIA crest are seen. 

From 1600 UT onwards, Japanese sector is characterized with comparatively lower 

DTEC values and this trend continues till 2200 UT, the time period throughout that 

negative storm effect in foF2 is observed at Japanese stations. On the other hand, a 

clear northern EIA crest has been observed at Indian sector from 1200 UT onwards 

which continuing till 1600 UT. Over Indian stations, no distinguished TEC is 
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observed from 1800 to 0000 UT of the next day (21 November), within the same lines 

with foF2 trend that is observed with ionosonde radar.   

 

Fig.5.9 Global ionospheric TEC variations on 20 November 2003. 

5.8.3  Variations of CHAMP in-situ electron densities during 20th           
November 2003 storm 

Figure 5.10 throws light on the Ne profile data measured by the PLP onboard 

CHAMP satellite over longitude ~1360 E (near Japanese sector) during 1410-1436 

UT (Figure 5.10a) and over longitude ~ 830 E (near Indian sector) during 1715-1741 

UT (Figure 5.10b) along with the track of the satellite (Figure 5.10c). It is obviously 

evident from Figure 5.10a that a very clear and pronounced northern EIA crest has 

been observed with higher Ne values (~7-8 X105/ cm3) around between 23 and 270 N 

latitudes, when the main phase of the storm was in progress. At the same time, it is 

maintained that  the ionospheric irregularities in the form of depletions (indicated 

with open circle) are identified  to be present around the equatorial ionization crest 

region (~ 230N) over Japanese longitudinal sector during the pre mid-night period that 

correspond to the time of rapid decrease (~ -30 -35 nT/h) in Sym-H index because the 

prompt penetration of eastward electric (PPEE) fields into equatorial and low 

latitudes (Basu et al., 2001; Basu et al., 2001, 2005). Being a polar orbiting satellite 

like CHAMP, bubbles appear as field aligned in the shape of a banana. However, 
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wide declination angle between the CHAMP orbit and geomagnetic field line over 

Japanese longitude sector has enabled us to see such an unusual EIA structure and a 

plasma bubble that we have presented. Basu et al., (2001) and Basu et al., (2001, 

2005) are propagated that the onset of ionospheric anomalies are because of the 

prompt penetration of high latitude electric fields (eastward) into low latitudes even in 

the existence of back-ground disturbance dynamo induced (westward) electric fields. 

It is to be noted that from Ne profile over the Indian longitude sector (Figure 5.10b) 

that a lesser intensified northern EIA crest is observed and even lesser intensified and 

collapsed EIA crest at southern hemisphere is found (asymmetry condition), when the 

recovery phase of the storm was in progress. 

 
Fig.5.10. Electron density latitudinal profiles measured by PLP on-board CHAMP 
satellite near to Japanese and Indian longitude sectors between a) 1410-1436 UT and 
b) 1715-1741 UT along with c) satellite path on 20 November 2003 

5.8.4  Background conditions of ionosphere during geomagnetic storms 

Figure 5.11a displays the variation of ΔH parameter over the equatorial region 

in the Japan longitude sector. The EEJ strength is found to be increasing from around 

2200 UT on 30 March to reach the maximum value of ~260 nT at 0500 UT on 31 

March, after which downward tendency started to reach a minimum value of ~  -190 

nT at around 0900 UT on 31 March.  The presence of prompt-penetration electric 

field is clearly indicated during the storm main phase, by considering the same  we 

can expect maximum upward BXE drift resulting in ionospheric density 
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enhancement, particularly at anomaly crest stations and often a large latitudinal 

expansion and intensification of the EIA becomes possible (Mannucci et al., 2005). 

As a proof and in order to support, an observational evidence supporting the presence 

of strong PPEFs during the main phase of the storm is confirmed by a positive storm 

effect that was observed in foF2 trend from 0300 UT to 1000 UT at an equatorial 

anomaly crest station OKI (geomagnetic latitude 15.80 N) (Figure 5.2 right panels), 

latitudinally expanded EIA as can be seen with DTEC data (Figure 5.4) and Ne 

profiles measured by the PLP onboard the CHAMP satellite (Figure 5.5a) on 31 

March. A perusal on EEJ strength over Indian longitudes, shown in Figure 5.12a, 

brings to light that the EEJ strength starts to elevate from around at 0100 UT to reach 

a maximum value of ~220 nT at 0500 UT and this elevation continues till 0700 UT. 

Further, beyond this, it reaches to a minimum value of -90 nT at around 0900 UT on 

31 March. It can be understood that a prompt-penetration electric field is also present 

in the Indian longitude region during the main phase of the storm. As an evidence of 

observation, a positive storm effect on the foF2 trend at WTR (Figure 5.3) and 

latitudinally strengthened and expanded EIA in DTEC data (Figure 5.4) is recognized 

to exist at the time of the main phase of the storm. Consequently, the ionospheric 

electric field perturbations related to time delays longer than 4 hours can originate 

due to the disturbance dynamo (Blanc and Richmond, 1980).  

 
Fig.5.11 a) EEJ strength during 30 March- 1 April 2001 at Japanese longitude sector 
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Fig.5.11 b) Thermospheric meridional wind predicted by DWM 07 model over 

Japanese longitude sector during 30March-1 April 2001 
 

These electric fields which were disturbed have comparable magnitudes 

compared to their counterpart quiet time electric fields, during the main and recovery 

phases of the geomagnetic activity (Fejer and Scherliess, 1995, 1997; Fuller-Rowell 

et al., 2002; Huang et al., 2005b), and can last for many hours even the geomagnetic 

activity decreases. It is recognized that the perturbed electric field of disturbance 

dynamo origin has an opposite polarity to that of quiet time result (Fejer and 

Scherliess, 1997). It is high time to discuss the abrupt height rise in h’F during the 

recovery phase of the storm by attributing to the effect of electric field due to 

disturbance dynamo. The abrupt rise started initially at WKA (around 1600 UT) 

followed by at KOB (~1700 UT), and later at OKI (~1800 UT). At these stations the 

local time was night time, hence, during quiet time, the electric field at WKA, KOB, 

and OKI was in a westward direction. It is clearly noted that the EEJ strength (Figure 

5.11a) at Japanese sector changed its phase from negative to positive by around 0900 

UT and attains positive side completely by 1700 UT. Therefore, the presence of 

westward electric field at that time should lower the layer, which is contrary with the 

present results. Further, if the significant height rise in h’F (upward F-region motion) 

was because of the eastward electric field of disturbance dynamo origin, it should 

have also raised foF2 simultaneously at these stations. Contrary to above, foF2 

decreased at these locations. If it is extremely because of the electric field penetration, 
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the abrupt height rise in h’F would be simultaneous at all latitudes. Therefore, the role 

of electric fields of disturbance dynamo origin could also be excluded in the abrupt 

rise of the layer during recovery phase.     

On the other hand, recently revived emphasis has been placed on the behavioral 

role of neutral winds (Rishbeth, 1975) and thermospheric circulation (Jones and 

Rishbeth, 1971; Rishbeth, 1998) throughout magnetically disturbed times. As already 

discussed earlier, the neutral wind scenario goes as follows. The equatorward winds 

got enhanced at the time of magnetic storms, in the polar region during the process of 

heating the Joule and particle. Heating, which yet times have features of traveling 

atmospheric disturbances (TADs). The TADs, manifestation of atmospheric gravity 

waves, have the capabilities to reach to equatorial latitudes and sometimes to opposite 

hemisphere and can cause an uplift in the F-layer and simultaneous decrease in the F- 

region peak densities (Bauske and Prolss, 1997; Lu et al., 2001; Lee et al., 2002, 

2004). Further, experimental (Bauske and Prolss, 1997) and modeling (Fesen et al., 

1989) studies on TADs reported an anti-correlation between the F-layer height and 

densities. For instance, during January 1997 magnetic storm, Lu et al. (2001) reported 

that the presence of correlation statistics between the two ionospheric parameters is 

noticed. A comparative study that can be carried with ionosondes and the global 

Thermosphere-Ionosphere Electrodynamics General Circulation Model (TIEGCM). 

In the recent past, Lee et al. (2004) traced out TADs features at the Western Pacific 

using the Wuhan (30.60N, 114.40E, dip 19.00N) ionosonde, digital portable sounder at 

the National Central University (NCU-DPS) (24.90N, 121.10E, dip 14.50N) and Cebu 

ionosonde (10.30N, 123.90E, dip 2.00N) and also the simulation results of the 

TIEGCM model for 6-7 April 2000 magnetic storm. They came out with a proposal 

stating that the equatorward wind would play a pivotal role to cause a negative initial 

correlation between the F-layer height and densities at various locations starting from 

Wuhan, Chung-Li, and Cebu. Further, they gave an elaborate explanation on how a 

meridional wind could modulate the ionosphere at different latitudes. In their opinion, 

anti-correlation between the height and the densities of the layer exist and long as the 

southward wind raises the height of the layer. The outcome being, the ions get 

dragged towards the opposite hemisphere by the wind along the magnetic field lines 

and the dragged ions get accumulated where the wind effect becomes zero. In the 

process of  knowing  the state of thermospheric wind conditions, we computed 
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meridional winds by making use of a global empirical wind model DWM 07 (Emmert 

et al., 2008), which represents average geo space storm-induced perturbations of 

upper thermospheric (200-600 km) neutral winds. A follow of  Figure 5.11b, which 

shows the diurnal variation of meridional winds at 400 km altitude over the Japanese 

longitude sector for both northern and southern hemispheres (between +900N and 

900S) during 30 March -1 April 2001, reveals that robust (magnitude ~ -200 to -250 

m/s) equatorward winds were developed by around 1100 UT at northern auroral 

latitudes and reached around 250S latitude (shown by dashed thick arrow in the 

Figure) by around 1830-1900 UT on 31 March, whereas no such features were 

present on 30 March and 1 April 2001. The direct measurements of thermospheric 

wind using the MU radar and Fabry-Perot interferometer (through the Doppler shift 

of 630-nm airglow line) at Shigaraki (34.80N, 136.10E, geomagnetic latitude 25.40 N) 

during the 31 March 2001 magnetic storm has confirmed the presence of equatorward 

wind (Shiokawa et al., 2003), that conforms the present experimental results, though 

the magnitude of wind is invariably completely different between Shiokawa et al., (~ 

600 m/s) and the present results (~200-250 m/s). As far as the meridional wind 

behavior over Indian longitude is concerned, as shown in Figure 5.12b, the 

equatorward wind was also present, however at around 1300 UT at auroral latitudes 

and propagated to lower latitudes around 180N (propagation direction is shown by 

dashed lines) by around 1900 UT which is considered the start time of the rise of the 

F-layer height at WTR, on 31 March.       

 

Fig 5.12 a) EEJ strength during 30 March – 1 April 2001 at Indian longitude sector 
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Fig 5.12 b) Thermospheric meridional wind predicted by DWM 07 model over 

Indian longitude sector during 30 March- 1 April 2001 

The physical mechanisms which were considered accountable for the 

ionospheric response over Japanese and Indian longitude sectors to the 20th  

November 2003 storm are explained by an identical  approach that we follow in the 

case of the 31st March 2001 storm, that is, by evaluating ΔH and thermospheric 

meridional wind computed by the DWM 07 wind model. The EEJ strength over the 

Japanese longitude sector, as shown in Figure 5.13a, is found to vary its phase from 

negative to positive at around 0000UT on 20th  November to attain  a maximum value 

of ~50nT by around 0400 UT and, after a slight decrease, it shows another peak with 

magnitude of ~ 50 nT by around 0500 UT. Further, it is crystal clear and noteworthy 

that the EEJ strength is maintained a positive trend till around 0900 UT, representing 

the presence of PPEFs during the main phase of the storm. The experimental evidence 

for the above assertion at Japanese longitude sector is confirmed with DTEC (Figure 

5.9) and Ne profile data measured by the PLP onboard CHAMP satellite (Figure 

5.10a), although no significant positive storm effect is observed for foF2 trend at 

YAG (31.20 N) and beyond, which is possibly due to the mediocre nature of 

BXE drift during this storm. Beyond 1400 UT, EEJ changes in the negative direction 

to attain a minimum value of around -135 nT and -140 nT at around 1800 UT and 

1930 UT on 20th November. Since the utmost excursion of EEJ to the negative side is 

observed during the transition period between main and recovery phases of the storm, 
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the presence of the electric field of disturbance dynamo is quite expected during this 

case, during day and night that characterizes with a polarity opposite to the quiet time 

pattern (Fejer and Scherliess, 1997). Consequently, the ionosphere at equatorial and 

low-latitude stations over Japanese longitude sector should get elevated to higher 

altitudes simultaneously with ionization density depletions at equatorial and 

enhancements at low and moderate low-latitudes, because of the presence of an 

eastward electric field. In contrast to the assertion above, we can find a delayed height 

rise in h’F in the initial stages at WKA followed by KOB and YAG and the 

depletions in ionization densities at above stations. A close and diligent observation 

of global TEC maps shows that no significant enhancements are observed near the 

above mid-latitude stations together with anomaly crest stations (Figure5.9). Figure 

5.13a (the meridional wind plot) depicts an equatorward wind surge that was 

developed at around 0900 UT at auroral latitudes of Japanese sector and had reached 

to the latitudes of the WKA, KOB, and YAG at 1400, 1500, and 1600 UT on 20th 

November 2003 (shown with dashed arrow in the Figure), with this it is probably the 

case that the meridional wind is one of attainable source mechanisms for the 

ionospheric behavior over the Japanese longitude sector.  

 

Fig 5.13 a) EEJ strength during 19-21 November 2003 at Japanese longitude sector 
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Fig 5.13 b) Thermospheric meridional wind predicted DWM 07 model over 
Japanese longitude sector during 19-21 November 2003 

On other hand, basing on the EEJ strength over Indian longitude sector, shown 

in Figure 5.14a, it is evident that the positive phase started from 0000 UT onwards to 

reach to a maximum value of ~ 80 nT around 0900UT and another positive peak is 

identified beyond 1200 UT- one at ~1300 UT and another at ~1400 UT on 

20thNovember, representing the presence of prompt-penetration electric field in the 

process of the main phase of the storm. As a result, simultaneous enhancements in 

h’F, more at the equatorial station (TRV) and less at the low - latitude station (WTR) 

and depletions at TRV and enhancements at WTR in foF2 have been noticed, because 

of the enhanced BXE drift effect. Further, an enhancement in latitudinal expansion, 

up to ~250N notably in the northern hemisphere, the anomaly crest is also noticed 

(see Figure 5.9), most likely associated with the fountain effect intensification 

because of the stronger BXE  drift. Beyond 1400 UT, no prominent excursion either 

positive or negative sides in EEJ trend has been observed. A close observation of 

meridional wind over Indian sector on 20 November, shown in Figure 5.14b, alerts 

that an equatorward wind surge was developed at around 1100 UT  and propagated 

(shown by dashed arrow) towards the latitudes of low and equatorial regions by 

around between 1800 and 1900 UT on 20 November 2003.           
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Since the observation locations in both Japanese and Indian sectors are spatially 

separated, it is potential to determine arbitrarily the equatorward propagation speed of 

these disturbances. As such, to reach at WKA by around 1600 UT, which is the 

starting time of rise of F-layer height, from auroral latitudes, the equatorward wind 

should propagate with a velocity of around 230 m/s, that is in the similar lines with 

earlier reported results (Hocke and Schlegel, 1996). Further, because of the delay 

caused by F-layer height rise between WKA and KOB (one hour) and KOB and OKI 

(one hour) with a latitudinal separation of around 100 in the case of 31 March 2001 

storm, at the same time it is also possible to estimate the speed of equatorward wind 

to reach to the respective locations, that is, around 220 m/s. Further, the delay in 

starting time of equatorward wind over Indian longitude sector compared to Japan 

sector is quite reasonable and can be attributed to the actual fact that the initial wind 

surge was generated in a comparatively narrow longitudinal sector because of non-

uniform distribution of auroral heating (Heelis, 2004). Therefore, it took an additional 

time for WTR, a western station to the Japanese longitude sector, to move into the 

region of the wind disturbance. On the other hand, the speed of equatorward wind in 

the case of 20 November 2003 is additionally found to be around 220 m/s. 

 

 
 

Fig 5.14. a) EEJ strength during 19-21 November 2003 at Indian longitude sector 
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Fig 5.14 b) Meridional wind predicted DWM 07 model over Indian longitude sector 

during 19-21 November 2003 
 

The observations which were presented in this research show that the 

morphology of mid, low and equatorial ionosphere during magnetic storms is 

studied effectively if one considers the spatially-separated observational locations 

at comparatively larger longitude sectors by using ground-based, space-borne and 

model-assisted data. In this connection, recently developed Southeast Asian low-

latitude ionospheric network (Maruyama et al., 2007) at 1000E close to the 

Indonesian longitude sector, ground-based ionosonde radars accompanied by 

recently initiated Coherent Radio Beacon Experiment (Thampi et al., 2005) radio 

receivers at 770E longitude in India, and Digisonde network situated at 1200E 

longitude (Lee et al., 2002) in the West Pacific region along with ionosondes 

placed in Japanese longitude sector would be the ideal experimental facilities to 

study the storm time behavior of ionosphere in future. 
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5.9  SUMMARY  

The ionospheric responses during the two severe magnetic storms which 

occurred on 31 March 2001 and 20 November 2003 over Japanese and Indian 

longitude sectors are considered for the study using multi-instrument and model-

based wind data. The main results are summarized as follows: 

1. During the main phase of 31 March 2001 storm, foF2 variations show positive 

phase at OKI, an ionization anomaly crest station, and WTR, a low-latitude 

station located in the transition zone between the equatorial trough and 

anomaly crest. A large latitudinal expansion (up to ~300N) and intensification 

(~140-160 TECU) in the EIA over Japanese and Indian longitude zones is 

observed, that is possibly because of the dawn-dusk eastward prompt- 

penetration electric field and associated ionospheric dynamics.  

2. At KOB, a mid-latitude station, foF2 variations tend to point out negative 

storm effect during the storm main phase.   

3. An extended negative storm effect in foF2 variations at KOB, OKI and WTR 

and an abrupt rise in h’F at the start   WKA, followed by KOB and OKI and 

later at WTR is found during the storm recovery phase, which occurred from 

midnight to morning time in both longitude sectors, pointing out that the 

propagation of disturbed meridional wind from auroral to equatorial latitudes 

modified the ionosphere over aforesaid stations. The equatorward propagation 

of meridional winds which were derived from an empirical global wind model 

(DWM 07) confirms this assertion. 

4. As the 20 November 2003 storm is concerned, negative storm result in foF2 

variations occurs at WKA, KOB and YAG, whereas at WTR a positive storm 

and a negative storm effect at TRV is clear during the storm main phase itself.  

5. GIMs of TEC replicate above features pretty well and further depict that the 

latitudinal expansion (up to ~250 N only) and intensification (~80-100 TECU) 

of the EIA takes place though with lesser magnitudes during the main phase 

of the storm. It will therefore be understood that the presence of prompt-

penetration electric field is felt at both longitude sectors during the main phase 

of this storm, however with comparatively lesser magnitudes, the 
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observational evidence is confirmed by the ground-based magnetogram 

calculated ΔH.       

6. Though continuous observations of Ne profiles measured by PLP onboard the 

CHAMP satellite don’t seem to be available, it captured very well the 

enhanced and latitudinal dilated EIA during the main phase of both storms 

near the longitudes of Japanese sector (Figure 5.5a and 5.10a), suggesting the 

penetration of short-time electric fields into the longitudes of Japanese sector. 

The data also showed decreased and latitudinally folded EIA at both Japanese 

and Indian longitude sectors (Figure 5.5b, 5.5c and 5.10b) during the recovery 

phase of both storms.   

7. An asymmetry in h’F rise initially at WKA, followed by KOB and YAG and 

later at WTR and TRV during the recovery phase is found, suggesting that an 

equatorward propagation of meridional wind might have competed   a specific 

role for this delayed response of the ionosphere ranging from mid to low and 

equatorial latitudes.  

8. The DWM 07 derived winds corroborate the results of equatorward 

propagation through these two severe storms. 

9. The ionosphere over these two longitude sectors (Japanese and Indian) 

responded almost equally for these two severe storms, despite of prevailing 

conditions at the respective sectors. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


