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Anghel, Adela Florina (Ph.D., Department of Elezdtiand Computer Engineering)
Studies of the Thermosphere, lonosphere, and Pfrmaee using Wavelet Analysis,
Neural Networks, and Kalman Filters

Thesis directed by Professor Albin J. Gasiewski

This thesis presents a series of studies investg#te Earth’s thermosphere,
ionosphere, and plasmasphere using continuous &taaehlysis techniques, multi-
layer feedforward neural networks, and Kalman rfilfelong with extensive datasets
of satellite and ground-based observations coliedteing the solar cycle 23.

It is widely accepted that the overall ionosphand thermospheric variability
is primarily influenced by the solar activity, geagmetic activity, and meteorological
processes originating at lower atmospheric layéfisile the solar activity influences
mostly the long-term variability of the thermospi@wnosphere system, the
geomagnetic activity and meteorological procesgesatly induce oscillations with
periods ranging from several days to minutes araheseconds. Stemming from the
need to understand and predict the behavior otlteemosphere-ionosphere system
and its deviations from normal climatological patte during both quiet and
disturbed geomagnetic conditions, recent modelind experimental studies have
shown an increased interest in the short-periochftes-to-hours) and day-to-day
variability, or weather aspects of the Earth’s upggenosphere and ionosphere. In this
context, one of the main objectives of our curretudies is to investigate the
geomagnetically forced multi-day periodic variagan the thermosphere-ionosphere

system, especially those associated with the restigeomagnetic activity at the



declining and minimum phases of the solar cycle 28t this purpose, several
ionospheric, thermospheric, and solar wind parameget@along with different
geomagnetic and solar activity indices are analymeshg a wide spectrum of
wavelet-based analysis technigues.

A large part of this thesis is also dedicated tespnting a variety of neural
network-based models developed (1) for estimatimgy daytime equatorial zonal
electric fields using magnetometer observationsfd@ quantifying the relationships
between the interplanetary electric field and thgtiene penetration electric fields at
equatorial latitudes, and (3) for investigating #iéelding effect of the ring current at
different longitude sectors. In addition, we alsamine the periodic variations in the
magnetometer-inferred equatorial ionospheric dtedtelds using wavelet analysis,
and relate these variations to periodic fluctuationthe dawn-to-dusk component of
the interplanetary electric field, showing that gemmagnetic activity is an important
source of periodic oscillations in the ionosphere.

A significant part of this thesis is also dedicategresenting a Kalman filter-
based data assimilation algorithm developed fomimer-real time estimation of both
the ionospheric and plasmaspheric contributionthéoGPS measurements of total
electron content (TEC), by combining GPS-TEC obsions with background
information from an ionospheric model and from asphaspheric model. It is shown
that the newly-developed algorithm represents aaldé remote sensing technique

for investigating both the ionosphere and plasmeaspim near-real time.
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Chapter 1

Introduction

1.1 General Aspects

This thesis consists of several individual studies relate to scientific topics
of great relevance to the upper atmospheric sc&granel at the same time carries a
uniform theme within the general context of ionasd dynamics and composition.
Since the thesis has been developed within anriel@icand computer engineering
department, our studies are also complemented lmanadd signal processing
techniques and backed by a suite of originally teped software in MATLAB and
C/C++. The content of the thesis is based on napegs that have been written over
the last three years. Four of the papers havedlreaeen published in peer-reviewed
journals, three of them have been submitted teewdfft journals, and the other two
are currently in a manuscript form. In the follogjrwe outline some general aspects

regarding the topics covered in this thesis.



1.1.1 The Thermosphere, lonosphere, and Plasmaspleer

The Earth’s upper atmosphere consists of the uppersosphere,
thermosphere, and ionosphere, and is the regidhechtmosphere where the energy
input is dominated by solar extreme ultraviolet {BUadiation, electric fields and
currents, and energetic particles, and where thigomof the neutral atmosphere is
strongly influenced by the motion of plasma. Theerthosphere, the neutral
component of the upper atmosphere, is a dynamiwal maulti-constituent system,
coupled to the mesosphere at the lower boundamugir turbulent mixing and
upward propagating atmospheric waves, to the magpkere at the upper boundary
through particle precipitation and convective eiectields, and directly to the Sun
through absorption of solar EUV radiation by therthospheric constituents.

The ionosphere is the ionized component of the upprosphere. It extends
roughly within the 90-1000 km altitude region asdhe result of interaction between
the solar radiation and the Earth’s atmospherenaagnetic field. In the ionosphere,
the electron density is determined by the relatretio of recombination and
ionization, and is approximately equal to the i@nsity at any altitude. However,
even at ionospheric heights where the ionosphdasnm coexists with the neutral
atoms and molecules of the thermosphere, the efectnd ions are only a minor
atmospheric constituent and represent about 0.4%eototal atmospheric material
(Tascione, 1994). The ionosphere is horizontaltsitdted and consists of a number
of distinct layers, known as the D, E and F regiavith the bulk of plasma typically

residing in a relatively thin altitude layer betwegbout 200 and 400 km. The layers



are located at different altitudes and form duethe fact that the atmosphere
composition and density change with height (e.gelld, 1988; Kivelson and
Russell, 1995; Schunk and Nagy, 2000).

Located above the ionosphere, the plasmaspheraststhe high-altitude
extension of the ionosphere, with which is in ddfaligned diffusive equilibrium at
the ends of the magnetic flux tubes. It is a t@ligped plasma cloud confined by the
Earth’s magnetic field that surrounds the EartHoat and mid-latitudes, between
about +60 geomagnetic latitude, and extends to equatorsahdces of several Earth
radii, from the O/H" transition height up to about 35,000 km. The plkasphere is
primarily populated by ionospheric plasma flowsjraghis region of the atmosphere
the production and loss processes are essentiabné (e.g., Kersley and Klobuchar,
1978), and consists of relatively dense, cold hgdmedominated plasma distributed

along the corotating geomagnetic field lines.

1.1.2 The Impact of the lonosphere and Plasmaspheosm GPS Signals

Both the ionosphere and plasmasphere impact thepagation of
electromagnetic waves in a wide range of frequandi@ey impart a group delay on
space-to-ground radio transmissions, which canradiye affect the performance of
the technological systems that depend on them, asatlavigation, communication,
and deep space tracking radars (e.g., Carrano, 0aB). For the Global Positioning
System (GPS) signals, which must travel throughakyggen-dominated plasma of

the ionosphere and tenuous hydrogen-dominated pla$itihe plasmasphere on their



way to the ground-based GPS receivers, the twaeohregions form a dispersive
medium which introduces a frequency dependent gelidty proportional to the total
electron content (TEC) along the propagation paimfwhere valuable temporal and
spatial information about the electron densityrdbstion can be retrieved.

Over the last two decades, several algorithms $timating the ionospheric
TEC from GPS observations have been developed kingtaadvantage of the
dispersive nature of the ionosphere for the GP8atig(e.g., Sardon et al., 1994;
Komjathy, 1997; Hansen et al., 1997; Mannucci et E#98; Spencer et al., 2004).
The GPS system currently consists of a consteflatb 31 active satellites that
broadcast coded radio signals at the L1 (1675.42z)M&hd L2 (1227.60 MHz)
frequencies and more than 2000 dual-frequency G&Rivers in continuous
operation worldwide and onboard many Low Earth @rbi(LEO) satellites, and is
considered a unique and reliable source of ionaspheEC data. It is thus not
surprising that monitoring the contribution of thenosphere to the GPS
measurements of TEC has become a widely used arateth remote sensing
technique for investigating the ionosphere behasiming both quiet and disturbed
geomagnetic conditions (e.g., Mendillo, 2006; RuB®well et al., 2007).

However, most of the techniques currently usecestimating the ionospheric
TEC from GPS observations implicitly assume thdt thk measured TEC is
ionospheric in origin and employ thin-shell approations for the ionosphere or
even more complex ionospheric models that are nmogpjate for the plasmasphere,
which GPS signals also traverse. As a result, tlessenation techniques tend to

distribute the group delay imparted by the plasmasp between the instrumental



biases and the total path delay, which can leadacuracies in the estimation of the
biases and total TEC. On the other hand, a numbetudies have shown that

although the electron densities in the plasmasplereseveral orders of magnitude
less than in the ionosphere, due to the long pratpayg distances of the GPS signals
through the tenuous plasmasphere compared to ldie/etdy short paths through the

ionosphere, the plasmaspheric contribution to tfRS Gneasurements of TEC can
become significant under certain conditions andukhaot be ignored (e.g., Lunt et

al., 1999a; Balan et al., 2002).

As shown by Lunt et al. (1999b, c) and Mazellale{2002, 2007), to be able
to determine the contribution of the plasmaspherehe GPS-derived TEC, it is
important that the dynamics and geometry of thesmksphere, which are
inappropriately represented by the models usuatipleyed for the ionosphere, are
properly captured by the estimation procedure.dwotig on these ideas, Carrano et
al. (2008) and Anghel et al. (2009a) have developged Kalman filter-based
algorithms for estimating both the ionospheric qtdsmaspheric TEC (PEC) by
including in the observation equation an additigplasmaspheric term and estimating
a scaling factor for this term. In both cases,fgl@smaspheric term was obtained by
integrating the electron density along GPS ray$#tlough a plasmaspheric model.

Based on the results reported by Anghel et al. aR0in this thesis we
present the Kalman filter-based data assimilatigorahm, named WIinTEC-IP. The
algorithm was originally designed for the near-igake estimation of the ionospheric
TEC from ground-based, dual-frequency GPS datalated extended to explicitly

account for the PEC. WInTEC-IP is a Windows appicawritten in Borland C++



Builder and features a user-friendly graphical us#erface (GUI) based on a
Multiple Document Interface (MDI) design. The apgglion can automatically
download hourly/daily observation and navigatiotedi from the Internet in the
Receiver Independent Exchange Format (RINEX) fortmatestimate slant and
vertical TEC values by processing GPS data fromngles site or from several
receivers simultaneously in a Kalman filter apptoac

In the WInTEC-IP algorithm, the ionosphere is assdrto consist of a set of
thin spherical shells located at arbitrary fixedghés, and the vertical TEC on each
shell is approximated as polynomials of differemtiess in a solar-geomagnetic
reference frame. The satellite and receiver biasesincluded in the model as
additive terms, with no elevation angle dependeaey] the plasmaspheric term is
obtained by integrating the electron density predidoy the Gallagher's empirical
plasmaspheric model (Gallagher et al., 1988) alactyal GPS ray paths from the
O'/H" transition height up to the GPS orbital altitud®0,200 km. The Kalman filter
then estimates, in a single site or network sahytibe coefficients of a local fit to the
vertical ionospheric TEC and a scaling factor foe PEC predicted by the model, as
well as the combined receiver and satellite biases.

To evaluate the effect of the plasmaspheric compiome the estimated biases
and total TEC and to assess the performance ohetdy developed algorithm, we
compare the WInTEC-IP results, with and without gi@smaspheric term included,
at three GPS receivers located at different lagiguith the American sector, during a
solar minimum period characterized by quiet to nmatée geomagnetic conditions.

We also investigate the consistency of our plasimasp results by taking advantage



of the specific doughnut-shaped geometry of thesmésphere and applying the
technique at twelve stations distributed roughlgrofour geomagnetic latitudes and
three longitude sectors.

In addition, as a preliminary validation of our heaue, wealso examine the
seasonal changes in the morphology of the GPSaterREC by applying the
algorithm to GPS data collected from four magndiaonjugate sites located at low
and mid-latitudes, within the 8®0°W longitude range, over two geomagnetically
quiet solar minimum periods in August and Novemp@07. It is shown that the
predicted PEC displays diurnal and latitudinal &&oins which are imposed by our
selection of the background plasmaspheric modetl@adanner in which it has been
incorporated into our estimation algorithm, and e@as®nal variation and a
hemispheric asymmetry which originate from the meaments themselves and are
not imposed by the plasmaspheric model. We inteithee variations in the PEC in
terms of the ionosphere-plasmasphere interaction$ath local and conjugate
hemispheres and in terms of the geometry of thenpdapheric flux tube and tilt of
the Earth’s magnetic dipole, and show that ourltesuie in excellent agreement with

results reported by previous plasmaspheric studies.

1.1.3 Periodic Variations in the Thermosphere-longshere System Induced by

Recurrent Geomagnetic Activity

Intimately linked through collisional interactionghe ionosphere and

thermosphere form a highly complex and variabletesyscharacterized by: (1)



inherent internal interactions occurring inside gystem, (2) interactions with the
magnetosphere above, where space plasma procasset® anagnetosphere-solar
wind couplings provide an interface with highly sdole inputs of electrodynamic

energy and energetic particles, (3) interactionth whe middle atmosphere below,
itself modulated by the tropospheric weather anthsa topology, and (4) variability

of the external sources driving the system. In @aldi because the ionosphere is
closely coupled to the thermosphere via compositiwimds, and electrodynamics
(e.g., Crowley et al., 2008), changes in the thejheric composition and dynamics
have strong effects on the ionospheric variabditg vice versa.

Over the last few decades, there has been an sicgeiaterest in the behavior
of the thermosphere-ionosphere system and its u@wsa from the normal
climatological patterns mainly because most of cbexmunication and information
systems in our society are based on satellite tdoby, and space weather plays a
critical role in the satellite communication syste@nd space technologies (GPS,
navigation, TV, telephone, information links). # widely accepted that the overall
variability of the thermosphere-ionosphere systeith \weriods ranging from long-
term secular changes to days, hours and even reiantd seconds, is influenced by
the solar activity, geomagnetic activity, and meddmgical processes originating at
lower atmospheric layers. While the solar activitfluences mostly the long-term
(months and years) variability, the geomagneticviigtand the lower atmospheric
processes can induce oscillations with periods ingn§om about few seconds or

minutes to several days or even weeks (e.g., Lat@ayv2006).



One of the main topics of our current studies fesusn examining the multi-
day (2-30 days) periodic variations in the thernmasp-ionosphere system, especially
those associated with the recurrent geomagnetiwitgictat the declining and
minimum phases of the solar cycle 23. For this psep several ionospheric,
thermospheric, and solar wind parameters, alonly efferent geomagnetic and solar
activity indices are analyzed using a variety ofvelat-based analysis techniques.
Recent studies (e.g., Lei et al., 2008a, b, c; €hayal., 2008) suggest that, although
the recurrent geomagnetic storms are in generabctaaized by weak-to-moderate
geomagnetic activity levels, due to their recurreature and characteristic long
recovery phases, they can produce significant cativel effect on the state of the
thermosphere-ionosphere system. Our studies arefthe very important and have
the potential to provide relevant information abogeomagnetically forced

periodicities in ionosphere and thermosphere.

1.1.4 Daytime, Equatorial Zonal Electric Fields

The equatorial zonal electric fields are fundamignianportant ionospheric
parameters that play a significant role in therdistion of ionization from middle to
equatorial latitudes and in the dynamics of themtosphere-ionosphere system at
equatorial and low latitudes. They drive the equakelectrojet (EEJ) and the F-
region vertical plasma motion, and affect the motphy of the equatorial
ionosphere, the development and evolution of theatial ionization anomaly

(EIA), also known as the Appleton anomaly, the cosifion and dynamics of the
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low-latitude ionosphere, thermosphere, and plashesp and the generation of the
equatorial E and F-region plasma irregularities arsfabilities (e.g., Kelley et al.,
1989; Fejer, 1997; Anderson et al., 2002; Fejaal.e2005; Jensen and Fejer, 2007).
The equatorial ionospheric electric fields and #ssociated F-region ExB plasma
drifts are also considered important inputs to spieeric, thermospheric, and
plasmaspheric models (e.g., Anderson et al., 19839; Preble et al., 1994; Heelis et
al., 2004; Fejer et al., 2005; Anderson et al.,6H)0 Pavlov et al., 2008), and are
essential for the development, validation, and owpment of numerical ionospheric
models, for testing the predictions of the ionosmghand convection models, for
investigating the effects of geomagnetic stormstt@nionosphere, and for reliable
space weather forecasting.

Currently, there are only sporadic measurementsgofatorial ExB plasma
drifts, mostly at the Peruvian longitude sectorwdwer, even at these longitudes the
drifts are measured only a few times per monthquéie Incoherent Scatter Radar
and the Jicamarca Unattended Long-Term lonosphénsogphere (JULIA) radar
located at Jicamarca, Peru (e.g., Chau et al.,)260%ing in view though that the
vertical ExB plasma drifts are so critical for i@pberic studies, over the years
different techniques for estimating them have be®posed, numerous models have
been developed, and several theoretical and expetahstudies have investigated
their local time, day-to-day, seasonal, longitudifegtitudinal, altitudinal, solar cycle,
and magnetic activity dependency using a variety radlar, satellite, rocket,
ionosonde, magnetometer, ground-spaced receiver,oatical imaging technique

observations (e.g., Richmond et al., 1980; Sche=rland Fejer, 1997, 1999; Fejer and
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Scherliess, 1997, 1998; Abdu et al., 1998; Immehlet2004; Arruda et al., 2006;
Manoj et al., 2006; Kishore and Mukherjee, 20079 4ad Makela, 2007; Fang et al.,
2008b; Alken, 2009).

Recent studies have shown that realistic daytingeiaterial vertical ExB
plasma drifts can be accurately inferred on a dagiaty basis from the difference in
the horizontal H component,H, between a magnetometer placed on the magnetic
equator and one displaced a few degrees away (8madegt al., 2002). Based on
these previous results, here we present severst-dgaares regression and neural
network-based algorithms for estimating the daytieguatorial vertical ExB drifts
and the corresponding zonal electric fields fromgneiometer observations. The
algorithms are developed by combining drift measwets from the Jicamarca ISR
and JULIA radars with magnetometer H component miagiens collected at the
Peruvian sector between November 2000 and Feb2@9, and can be applied at
any longitude where appropriately-placed magneteraeaixist.

We also study the short-period (minutes-to-hours) day-to-day variability,
or the weather aspects of the equatorial zonalraldtelds, Ey, at three longitude
sectors, Peruvian, Philippine, and Indian, duringnet intervals of increased
geomagnetic activity, and relate this variability thanges in the dawn-to-dusk
component of the interplanetary electric field, {E¥. For this purpose, continuous
Morlet wavelet and cross-wavelet amplitude speatrigh different frequency
resolutions are employed to analyze and comparedtiélation activity in the Ey and
IEF-Ey spectra in the 10 minute-10 hour and 1.2%ldy period ranges. For the 1.25-

12 day period range, the periodicities in the Egcium are compared with similar
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periodicities in the IEF-Ey spectrum during 9 Febiyu- 9 June 2001, our wavelet
results indicating the geomagnetic activity asrapartant source of Ey variability in
this period range. For the 10 minute-10 hour peradge, four case studies are
examined. We show that the wavelet transform remtssa powerful tool to study the
frequency dependence of the two specific mechanisimenospheric electric field
variability which are dominant during geomagnetiorsis, namely penetration and
disturbance dynamo.

Penetration of the IEF to the low and mid-latitud@osphere has been
extensively studied for more than four decades wakar and magnetometer
measurements and numerical simulations (e.g., 8BsHi968; Gonzales et al., 1979;
Kelley et al., 1979; Huang et al., 2005, 2007). ldwer, due to the sporadic nature of
the ionospheric electric field measurements, mdsthe previous studies have
primarily focused on correlating the ionosphericsp@nse to changes in the
orientation of the Bz component of the interplanetaagnetic field, IMF-Bz, for
some particular case studies. Very little attentioas been given though to
establishing quantitative relationships exceptsimme recent reports by Kelley et al.
(2003), Huang et al. (2007), and Nicolls et al.020 Expanding on their work, in
this thesis we present several least-squares sgnesind neural network-based
empirical models developed to quantify the relalip between IEF-Ey and the
daytime penetration electric fields at equatoriaitldes and to investigate the
shielding effect of the ring current in both timedafrequency domains. The models
are developed based on several years of simultaneloservations of IEF-Ey data

derived from Advanced Composition Explorer (ACE}eHldte measurements and
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daytime magnetometer H component observations ggitHfeom equatorial stations
in Peru and Indonesia. We assess the performanmoa ehodels by applying them to
IEF-Ey observations and to numerically simulateghals. It is shown that our results

are in good to excellent agreement with resultentep by previous studies.

1.2 Outline of Thesis

In what follows, the reader will find a collectiomf ionospheric,
thermospheric, and plasmaspheric studies that cembivariety of techniques and
data sets. Chapter 2 is based on the work of An{2@09f) and presents multi-
instrument observations and spectral studies otltbemosphere-ionosphere system
over the 2-30 day period range, during the fourn-yimae interval between 2004 and
2007, which covers a large part of the declining amnimum phases of the solar
cycle 23. The spectral analysis techniques emplayeldis chapter are based on the
continuous wavelet method presented by Anghel .e2808a) and form a unitary
collection of wavelet-based spectral analysis tablst include the cross-wavelet
analysis, filtering in the wavelet domain, and wavdispectral analysis. Chapter 3
describes several least-squares regression andal neatwork-based algorithms
developed for estimating the equatorial zonal eledtelds from magnetometer H
component observations. This chapter is primardgdal on the works of Anghel et
al. (2007) and Anghel et al. (2009d). Chapter 4tes the short-period (minutes-to-
hours) and the day-to-day variability of the magnatter-inferred equatorial zonal

electric fields at different longitude sectors ttanges in the dawn-to-dusk
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component of the interplanetary electric field, idgrtime intervals of increased
geomagnetic activity, using a wavelet analysis aagh, and is based on the results
presented by Anghel et al. (2008a). Chapter 5 ptedbe analysis of seven years of
magnetometer data using finite impulse responsi)(klters and neural networks-
based algorithms. The algorithms are designed \testigate the dynamics and the
frequency dependence of the storm-time electridd fipenetration mechanism
between high and low latitudes. This chapter iam the work of Anghel (2009e).
Chapter 6 introduces a Kalman filter-based datarélssion algorithm developed to
estimate the ionospheric total electron contentQ)YE&long GPS ray paths by
processing dual-frequency GPS data from a singée @i from a network of GPS
receivers, and is based on the work of Anghel et(2008b) and Anghel et al.
(2009c). Chapter 7 describes a newly developed Hmalfiiter-based algorithm for
estimating both the ionospheric and plasmaspheantributions to the GPS
observations of TEC and is based on the resultighealol by Anghel et al. (2009a).
Chapter 8 examines the morphology of the GPS-d#rREC and is based on the
work of Anghel et al. (2009b). Chapter 8 provideswemmary of our studies and

highlights some concluding remarks and possiblaréutvork.



Chapter 2

Periodic Modulation of the Thermosphere-lonospheresystem by
Solar Wind High-Speed Streams and Corotating Interation Regions
at the Declining and Minimum Phases of the Solar Gyte 23

2.1 Background

The sources of variability in the thermosphere-gptere system are in
general classified into three categories: solateorelogical, and geomagnetic (e.g.,
Rishbeth and Mendillo, 2001). The solar sourcegrréd variations in the solar
ultraviolet and extreme ultraviolet (UV/EUV) radmt and generate long-period
variations in the neutral composition, neutral tenapures, neutral winds, and
ionospheric conductivities. The meteorological sesr on the other hand, refer to
upward propagating atmospheric (infrasonic, gratital, and planetary) waves with
periods spanning a range from a few seconds tw avBeks, which originate at lower
atmospheric layers and propagate to ionospheriegien heights via indirect

mechanisms (e.g., Forbes et al., 2000; Panchewv@); 20astovika, 2006). The
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upward propagating waves and their interactionsrandulations play an important
role in the variability of the thermosphere-ionosghsystem and also in the vertical
coupling of the atmosphere by transporting energyyraomentum from below to the
Earth’s upper atmosphere (e.g., Parish et al., ;1B@acheva and Mukhtarov, 2000;
Pancheva et al., 2006). They can produce modifinatiof the turbulent mixing,
changes of the E-region conductivities, modulatiohghe temperature and wind
structures of the thermosphere, and generationleaftrie fields through dynamo
processes (e.g., Forbes, 1996; Altadill and Aposto2003; Haldoupis et al., 2004;
Pancheva and Mitchell, 2004). Finally, the geom#grsmurces refer to geomagnetic
disturbances which are ultimately caused by distacbs on the Sun that modulate
the solar wind and propagate through the interpggemedium to the geospace
environment where they affect the geomagnetic @égtand, in turn, impact the state
of the upper atmosphere. In this case, variatiorthe state of the upper atmosphere
are primarily linked to changes in the electridds neutral composition, neutral
densities, neutral temperatures, neutral winds egeagetic particle precipitation.
Short-period, multi-day variations in the solar diparameters, especially in
the solar wind velocity and magnetic field strendtave been shown to represent an
important source of planetary wave-like oscillaidperiods in the 2-30 day range) in
ionosphere and thermosphere (e.g., Rishbeth andliNern2001; Pancheva et al.,
2006; Lastovika, 2006). Multi-day periodic variations in the aolind are primarily
caused by coronal magnetic structures with a cedpatial distribution, which are
passed on to interplanetary medium as temporahtians due to the solar rotation

and the outflow of solar wind originating from tleestructures. Several factors can
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also affect the periodic fluctuations in the solaind, including (1) temporal
evolution of the dominant polarity regions of thelas magnetic field, (2)
heliolatitudinal excursion of the Earth, (3) diatial rotation of the Sun, and (4)
overlapping effect of the transient solar wind stowes (e.g., Nayar et al., 2001;
Russell, 2001). In addition, we will show througtawelet bispectral analysis that
nonlinear processes in the solar wind, probablp@ated with the compression of
the high-speed solar wind plasma and with waveisihderactions between fast and
slow solar wind flows, can also affect the multisggeriodic fluctuations in the solar
wind parameters. In either case, as the modulatied wind impinges on the Earth’'s
magnetosphere, it modulates the geomagnetic actwvid causes fluctuations in the
direct forcing of the Earth’s upper atmosphere,ahn turn modulates the dynamics
and composition of the thermosphere and ionosphere.

Variations in the solar wind parameters have beangily associated with
three types of solar wind structures: transierdwstpeed streams, and high-speed
streams (HSS). These structures are known as iargattivers of recurrent and non-
recurrent geomagnetic activity if they reach thetlEavith a southward deflection of
the interplanetary magnetic field (IMF) (e.g., Emet al., 2009). The major drivers
of non-recurrent geomagnetic activity are the plaretary extensions of coronal
mass ejections (ICMEs) that are Earth-directedJemiie main drivers of recurrent
geomagnetic activity are the HSSs and the relatedtating interaction regions
(CIR) that form as the fast solar wind overtakes @imbient slower solar wind. The
ICME-driven storms are more frequent around solaximum, when the sunspot

activity reaches its peak and active region congderandomly distributed on the
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solar surface occupy most of the solar corona. CTHRYHSS-driven storms, on the
other hand, are more frequent during the decliind minimum phases of a solar
cycle, when the sunspot activity is at its lowestels and the coronal holes (CH)
cover a large part of the solar surface.

The history of the recurrent geomagnetic storms thed solar origin goes
back more than a century ago (Tsurutani et al.6BpOMaunder (1904) noted a 27-
day recurrence in the geomagnetic activity and @péad to be caused by streams of
particles emanating from the Sun. Chree (1912) upasimely established, for the
first time, a 27-day periodicity in the geomagneditivity using superposed epoch
analyses. Bartels (1934) associated the recurrentnggnetic storms with unseen
“M-regions” on the sun (M standing for “magnetigadictive”), while the first in-situ
solar wind measurements obtained from Mariner 2akd a 27-day modulation of
the solar wind speed (Snyder et al., 1963). Nowsddne M-regions are identified as
CHs, areas of low density and temperature in th&'sSwpper atmosphere,
characterized by open magnetic field lines and idened the source of the HSSs in
the solar wind (Krieger et al., 1973). A more coetel historical account on this
subject is given by Crooker and Cliver (1994).

Periodic variations in the solar activity and thelated changes in the
interplanetary medium and terrestrial environmeawehbeen studied extensively ever
since the discovery of the solar rotation and l1dryperiodicity in the sunspot
activity. Several authors have shown that both sbéar wind parameters and
geomagnetic activity indices exhibit a variety @ripdicities in the range spanning

from a few day to several years (e.g., Fraser-Sniif}¥2; Hauska et al., 1973;
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Svalgaard and Wilcox, 1975; Mursula and Zieger,619%rma, 2001; Nayar et al.,
2001; Emery et al., 2009). Recently, using GOESXP/images, Vrsnak et al.
(2007) and Temmer et al. (2007) brought compelbnglence that linked a 9-day
periodicity in the solar wind parameters (velocitdgnsity, temperature, magnetic
field) and geomagnetic activity index Dst in 2005 & triad of CHs distributed
roughly 12G apart in solar longitude. Based on their findingsyeral authors have
investigated the solar-terrestrial connection betwetating solar CHs and multi-day
periodic variations in the ionosphere and thermesphFor example, Emery et al.
(2009) found exceptionally strong 7 and 9-day gegmeéically forced oscillations in
the 2005 and 2006 time series of global electranisigheric power which is the area-
integrated electron energy deposition and a promy the electron auroral
precipitation. Mlynczak et al. (2008) also reporege®-day periodicity in the 2005
data of infrared emissions from carbon dioxide gCé@nd nitric oxide (NO) in the
Earth’s thermosphere at altitudes between 100 0@ Kn, derived from the
Sounding of the Atmosphere using Broadband Emisstadiometry (SABER)
instrument on the NASA Thermosphere lonosphere BEsere Energetics
Dynamics (TIMED) satellite. Furthermore, Crowleyagt (2008) determined 7 and 9-
day periodic variations in the column GQ/Nensity ratios, O/N,, measured by the
Global Ultraviolet Imager (GUVI) on the NASA TIMEBpacecraft during 2005 and
2006. Lei et al. (2008a,b) and Thayer et al. (2088p found 5, 7 and 9-day
periodicities in the thermospheric neutral densitiat 400 km derived from
accelerometer measurements on the Challenging Metite Payload (CHAMP)

satellite between 2004 and 2007, and Lei et aD&2Preported 7 and 9-day periods
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in global observations of ionospheric total elestrcontent (TEC) derived from
Global Positioning System (GPS) measurements andutral temperature and wind
observations between 2005 and 2006. These prestadges showed that there exist
strong correlations between the ionospheric andrbgpheric parameters and both
solar wind speed and Kp index, during the declirind minimum phases of the solar
cycle 23. In consequence, they attributed the garichanges in the ionosphere and
thermosphere to recurrent geomagnetic activity taedassociated high-speed solar
wind streams that modulate the high-latitude Jaulé particle heating and, in turn,
produce a periodic response in the thermosphe@sprere system.

Expanding on these previous studies, our main tlge this chapter is to
investigate the multi-day (2-30 days) periodic batons in the ionosphere and
thermosphere, especially those associated withetti@rrent geomagnetic activity at
the declining and minimum phases of the solar cgdeFor this purpose, several
ionospheric, thermospheric, and solar wind parameet@along with different
geomagnetic and solar activity indices are analyasidg different wavelet-based
analysis techniques. For our studies we use twaia& wind parameters measured
by the Solar Wind Electron, Proton, and Alpha Monit(SWEPAM) and
magnetometer (MAG) instruments on board the AdvdnCemposition Explorer
(ACE) satellite, four geomagnetic activity indic@3st, Kp, AE, PC), and two solar
activity indices (SSN, F10.7) between January 1888 December 2007. In addition,
we also use global ionospheric maps of TEC providgdthe Center for Orbit
Determination in Europe (CODE), CHAMP thermosphediensities, and GUVI

SO/N2 ratios between January 2001 and December ZD@7results, along with the
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datasets and the techniques employed, are presentss second part of the chapter

after outlining some general theoretical aspedevaamt to our studies.

2.2 Theoretical Considerations

2.2.1 Solar Wind-Magnetosphere Interaction

In its motion around the Sun, the Earth is embeddethe solar wind, a
continual supersonic outflow of magnetized plasmaitted by the Sun’s upper
atmosphere and consisting mainly of protons andtreles. Enclosed in the solar
wind is a “frozen in” interplanetary magnetic fietdl about 3-30 nT, at 1AU, which
displays a corotating spiral pattern and certaincttiral properties. Near Earth, the
solar wind velocity has a radial component of ab4@®-1000 km/s and the solar
wind density ranges from about 0.1 to 100%rhe two parameters being in general
inversely correlated.

As it flows past the Earth, the solar wind distatsl confines the terrestrial
magnetic field into a cavity, the magnetospheree Buiits interaction with the solar
wind, the magnetosphere displays a bullet-shapefigtmation with an elongated tail
that expands hundreds of Earth radii in the amiagard direction and a shock front
where the solar wind is decelerated, heated, anfectied. The terrestrial
magnetosphere is therefore a complex system whithas a buffer and mediator
between the variable solar wind and the Earth’soaphere (Kivelson and Russell,

1995). Although, to a large extent, the magnetosphkields the Earth from the solar
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wind, some of the solar wind mass, momentum, andrggn enter into the
magnetosphere powering current systems, geomagtetias, and auroral displays.

Several mechanisms (e.g., Echer et al., 2008) haea proposed to explain
the transfer of mass, energy and momentum betwéen sblar wind and
magnetosphere, among them being the magnetic recbon of the IMF and
geomagnetic field (Dungey, 1961). Nowadays, it ceepted that the solar wind
energy transfer into magnetosphere is controllethbyorientation of the IMF, being
more efficient for a southern IMF-Bz component, adodulated by the solar wind
speed, density, and magnetic field strength, afjhoother parameters such as
temperature are important as well.

The energy flow into magnetosphere is controlledhstangential stresgor
drag) exerted by the solar wind on the magnetosplearity, whereas the size and
shape of the terrestrial magnetosphere and its botendary, the magnetopause, are
primarily determined by th@ormal stressexerted by the solar wind dynamic and
thermal pressures. While the normal stress detesnine overall size and shape of
the magnetosphere, the tangential stress playscatrole in its dynamics, providing
the driving force for most magnetospheric processes

As mentioned previously, the tangential stressassed by the merging or
reconnection of the IMF with the terrestrial fieddd is controlled by the orientation
of the IMF-Bz. However, while the reconnection rasestrong when IMF-Bz is
southward and weak when IMF-Bz is northward, therealways reconnection
somewhere as the magnetopause has regions of djuéese field directions, the

reconnection site thus depending on the orientatiothe IMF-Bz. It is also worth
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mentioning that the stresses exerted on the magpletoe by the solar wind are
transmitted to the ionosphere via current systdrasftow along magnetic field lines
and close in the ionosphere across field lines,Gamdlead to substantial changes in
the thermosphere-ionosphere system.

The magnetospheric response to a southward IMFSBamplex and involves
several processes, including: magnetic reconneciiothe IMF and geomagnetic
field lines, erosion of the magnetopause, contactf the dayside magnetosphere,
equatorward movement of the polar cusp, enlargenoénthe polar cap and
geomagnetic tail, increase of the energetic pasicprecipitation, and overall
enhancement of the geomagnetic activity which daa gse to geomagnetic storms
and substorms.

Both geomagnetic storms and substorms are aspegesomagnetic activity
associated with southward IMF-Bz. The substormgally arise in connection with
short variations in the IMF-Bz. They are characidli by increased high-latitude
currents and involve a rapid release of energy ractated mostly in the tail,
accompanied by a loss of the ring current energhil&the substorms do occur
during storms, they do not cause storms and thength is not predictive of storms
either. They occur over intervals of several hooften repeating every few hours,
and produce beautiful and colorful auroras at nighe geomagnetic storms, on the
other hand, have longer durations and are chaiaeteby extremely large ring

currents caused by prolonged magnetospheric canmect
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2.2.2 Predicting the Magnetosphere Activity from Skar Wind Parameters

To predict the magnetospheric response to varyitgrplanetary conditions,
previous studies have used different geomagnetigitgdndices in conjunction with
in-situ solar wind observations, in a regressioalysis approach, and treated the
magnetosphere as a black-box whose transfer funcéimained to be determined.
The most commonly used input parameters in suchetmgdstudies were the solar
wind density, velocity, and magnetic field strengihd direction, while the output
was usually taken to be one of the geomagneticasdie.g., Arnoldy, 1971, Garrett
et al., 1974).

Historically, solar wind density, velocity, and d&ymic pressure were among
the first solar wind parameters used to descrilgeikeractions between the solar
wind and magnetosphere (Chapman and Ferraro, 1@34gr the years though,
especially after the published work by Dungey (19@e importance of the solar
wind electric field and magnetic merging in preoigt the behavior of the
magnetosphere has become more appreciated. Theréfioan attempt to derive
suitable analytical expressions that accuratelgnilas the solar wind-magnetosphere
coupling, various combinations of the basic solardwyarameters, including the solar
wind electric field, have also been tried (e.g.rtBn et al., 1975; Perreaullt and
Akasofu, 1978; Kan and Lee, 1979; Papitashvilil et2®00; Stauning et al., 2008).

A widely used parameter in magnetospheric studies lbeen the
interplanetary “geo-effective” or “merging” eleatrfield E,=VswBr-sirf( /2), which

is a combination of the solar wind velocitys,, transverse component of the IMF,
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Bi=(B’+ B,)"? and the IMF clock angle,=arctan(B/B,). Akasofu (1979) also
tested different other combinations of solar wiradgmeters to describe the energy
coupling function in the solar wind-magnetospheystem. They found that the
auroral disturbance level correlated the best withVs,|B[*-sin’( /2)-l,>, wherel, is
about7-Re, with Re being the radius of the Earth, g is the strength of the IMF.

In a similar effort, Newell et al. (2007) also istgated various combinations
of solar wind parameters and showed tthat;p/dt = Vs> |B[*>-sirf3( /2), which
represents “the rate at which the magnetic fluspiened at the magnetopause”, works
significantly better in predicting the magnetospherctivity than other solar wind-
magnetosphere coupling functions. They showed sbaeral geomagnetic activity
indices that characterize the state of the magpbk#ws, including Dst, Kp, and AE,
can be predicted by \p/dt alone without any knowledge of their time histofjne
apparent physical interpretation is that the meygate on the dayside magnetopause

correlates well with the magnetospheric activity.

2.2.3 Response of the lonosphere and Thermosphece@Geomagnetic Storms

Geomagnetic storms are large disturbances in thmggnetic activity caused
by enhanced solar wind-magnetosphere energy casplend associated with
different solar and interplanetary phenomena, sashsheath magnetic fields,
interplanetary coronal mass ejections, corotatinggraction regions, high-speed
streams, and Alfvén wave fluctuations. The ionosiplsorms represent the response

of the ionosphere to geomagnetic storms. Theya@msidered extreme forms of space
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weather as they can drastically affect the grouaskd and space-based technological
systems, disrupting satellite communications andriapting the flow of electrical
energy over power grids. The ionospheric storms enaracterized by large
disturbances in the ionospheric currents and dessiand are driven by variable
magnetospheric energy inputs to the Earth’'s uppaosphere. There are two main
sources of magnetospheric energy input to the upperosphere, the energetic
particle precipitation and the convective electfield. The two energy sources
increase dramatically during the driven phase ofje@magnetic storm and are
considered key drivers in ionospheric and couphletmhosphere-ionosphere models
(Fuller et al., 1994, 1996; Buonsanto, 1999).

During geomagnetic storms, the disturbed solar vaioshpresses the Earth’s
magnetosphere producing changes in the geomagdimetc In this process, for a
southward IMF-Bz, solar wind magnetic field lineenge with geomagnetic field
lines allowing mass, energy, and momentum to besteared from the solar wind to
the Earth’s magnetosphere. As a result of magmettonnection, intense electric
fields map along the connected field lines to Hagliudes where they produce a rapid
plasma convection that drives the ionosphere amahugjh collisions, forces the
thermosphere into motion. At times, the high-lat@uconvection electric fields can
even penetrate to low latitudes until an oppodiielding electric field develops in
the inner magnetosphere. Meanwhile, energetic ghastiprecipitate to the lower
thermosphere expanding the auroral zone and inogedke plasma density, and
hence the ionospheric conductivity. The strong ective electric fields and the

increased conductivities produce substantial eteaturrents and, through Joule
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effects, cause considerable heating and increasagetratures of the ionized and
neutral gases over large geographic areas as tie f6tates. The heating effect can
be interpreted as a frictional heating caused Udijsmms between the accelerated
plasma and ambient neutrals (e.g., Buonsanto, 1999)

As a result of the high-latitude Joule and partitieating, the neutral
atmosphere undergoes a rapid thermal expansionhwtacises departures from
diffusive equilibrium and increases in the meaneuolar mass, i.e., increases in the
ratio of molecular nitrogen Nand oxygen @ concentrations to atomic oxygen O
concentration (Rishbeth et al., 1987). The expansfdhe heated neutral atmosphere
produces pressure gradients which drive signiflgadivergent neutral winds and
modify the global thermospheric circulation. Theedgent wind field, in turn, drives
upward vertical winds which carry air rich in maldéar species across pressure levels
to higher altitudes, a process known as upwellingating a composition change with
increased ratio of molecular to atomic species. ihbeease in the neutral molecular
species at F-region heights increases the recominate of O and, consequently,
reduces the F-region plasma densities, the recatibmrate being proportional to
[N2] and [], and the production rate to [O].

Once created, the composition disturbance zonacréased mean molecular
mass is redistributed to lower latitudes by enhdrglebal-scale equatorward winds
driven by the high-latitude heating. Meanwhile, @bwinds develop at mid-latitudes
due to the Coriolis effects, and they partially dvele the meridional pressure
gradients restricting the continuation of the eqonaard winds and reducing their

divergence, hence limiting the buildup of the cosipon bulge. In addition,
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transport of air parcels from high latitudes alsamg@ens meridional pressure
gradients and limits the equatorward winds. When rikutral atmospheric heating
events at high latitudes are impulsive, the equatol winds often take the form of
equatorward wind surges or traveling atmospherstudoances (TAD). These large
scale acoustic gravity waves (AGW) can penetrateuwolatitudes and even into the
opposite hemisphere where they drive poleward wifodsa few hours. In the

ionosphere they manifest as large-scale travebngspheric disturbances (TID) and
have been identified as sequential rises in thé& p&alayer height by meridional

chains of ionosondes.

The equatorward winds are stronger at night whey guperimposed on the
background day-to-night circulation and are reioéar by antisunward ion drag due
to magnetospheric convection ExB plasma drifts. the dayside, the equatorward
winds compete with the prevailing poleward circudat while at night the two wind
systems work together. Consequently, the compaositisturbance zone rich in
molecular species reaches lower latitudes at ragttthen rotates with the Earth into
the morning sector. Equatorward of this zone andnduthe afternoon hours,
poleward winds may occur producing a decrease eintean molecular mass. As a
result of this local time dependency of winds amditral composition changes, at
mid-latitudes, negative ionospheric disturbanceth wliepleted plasma densities are
more prevalent in the morning sector, while positignospheric disturbances with
increased plasma densities are more prevaleneiaftarnoon and evening sectors.

The composition bulge can also penetrate to loatgutles in summer than in

winter due to the fact that the total wind includgsprevailing trans-equatorial
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summer-to-winter flow which limits the equatorwandotion of the composition
bulge in winter, but expands it further equatorwand summer. In winter the
composition bulge is thus mostly confined to higlitbdes by the flow from the
summer hemisphere, while in summer the bulge i®aéd to lower latitudes and
even to the opposite hemisphere. At equinox thgebid advected to mid-latitudes in
some longitude sectors, its diurnal migration besggatorward at night and poleward
during the day. As a result of the storm-inducedngfes in the neutral composition,
at mid-latitudes, positive storm effects are mofeero seen in winter, whereas
negative storm effects are more common in summiger Ahe storm, the background
wind field continues to move the bulge polewardinyirthe day and equatorward
during the night, thus introducing a diurnal vaaatin the response. A number of
observational and modeling studies have investudtee diurnal and seasonal
variations of the positive and negative ionosphstocm effects and of the associated
storm-induced composition and ionization pertudraiusing TEC and NmF2 data.

It is thus clear that the response of the ionospl@rgeomagnetic storms is
guite complex, the ionosphere being affected bygba in the neutral composition,
neutral density, and thermospheric dynamics asnrédional winds push the F-layer
to new heights, as well as by plasma convectioneartgetic particle precipitation.
Neutral composition changes alter the balance letvpeoduction and loss rates in
the ionosphere, as increased neutral densitieerhabe ion recombination and
increase the loss rates, depleting the ionosplreregion plasma density and leading
to the characteristic negative storm effects, whalduced neutral densities lead to the

characteristic positive storm effects.
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Positive and negative storm effects can also beserhiby a disturbed
thermospheric circulation, not only by altering thkemical composition of the
thermosphere, but also by moving the ionosphersmb up and down along the
magnetic field lines, which then modulates the dleaimoss rates by changing the
production and loss rates of the ionized specie¢snid-latitudes, equatorward winds
cause positive ionospheric disturbances by upfjftime plasma to heights where the
recombination rates are low, while poleward windsise negative ionospheric
disturbances by pushing plasma to lower altitudesrevincreased molecular species
hasten the ionospheric decay.

A disturbed thermospheric circulation also producksturbance dynamo
electric fields which in addition to the penetratielectric fields of magnetospheric
origin can affect the production and recombinaticates in ionosphere by
redistributing the plasma and by producing plasmegularities and instabilities.
Elevated neutral temperatures at storm time caniatsease the recombination rates
due to the rapid conversion of the @ NO', depleting the ionospheric plasma
densities. Additionally, another possible chemiltds mechanism, not driven by
dynamics, is the production of vibrationally exditenolecular nitrogen (e.g.,
Buonsanto, 1999).

To summarize, at high latitudes, the initial uppgmospheric response is
thermospheric heating, thermal expansion, waveesuyrgigh velocity winds, and
changes in the global thermospheric circulation aedtral composition. At low
latitudes, the initial response is driven by pestein electric fields of magnetospheric

origin. They cause poleward expansions of the egahtionization anomaly and
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enhanced F-region plasma densities at low and atitiidles, as the equatorial plasma
moves upward at heights where the recombinatiogsrate low and then diffuses

downward along the magnetic field lines to higtagitlides. In the later stages of the
storm, the ionospheric plasma responds to changdsei neutral composition and

global thermospheric circulation and to disturbadgeamo effects.

Several observational and modeling studies havécated that multiple
physical processes are involved in the responsigeahermosphere and ionosphere to
geomagnetic storms, the relative importance ofelm@ecesses being determined by
the latitude, local time, season, phase of tharstand time elapsed since the storm
onset. However, due to their complexity, the ioft@sfc storms and their underlying
physical processes are still not fully understoad, at times, are even difficult to

interpret (e.g., Fuller-Rowell et al., 2007; Schamd Zhu, 2008; Mansilla, 2007).

2.2.4 Recurrent and Non-recurrent Geomagnetic Stors

The solar wind is a major driver of space weathearrEarth. As mentioned
before, it consists of three basic types of flogly: ambient slow solar wind flows
emitted by regions in or around helmet streamedsaaive regions on the Sun, (2)
high-speed streams originating from solar coror@éd) areas of low density and
temperature in the solar corona, and (3) transegedta which consist of material
emitted during coronal mass ejections (CME), spmetéa solar events in which large
amounts of solar material are ejected into therswiad. In addition, the corotating

interaction regions, CIRs, are large-scale strestf compressed magnetic field and
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plasma in the solar wind that form as corrotatirtg3d (750-800 km/s) overtake the
ambient slower solar wind streams (300-400 km/s).

The CIRs are therefore closely related to the Isigéed solar wind streams
and are typically characterized by: (1) high plasmé#ocities and densities, which
make them highly geoeffective over long periodstiofe, (2) enhanced magnetic
fields, and (3) large amplitude Alfvén waves witlighly fluctuating IMF-Bz
components that propagate radially away from the @ug., Tsurutani et al. 1995).
Their front or leading portion consists of compezssand accelerated slow solar
wind, while their trailing portion consists of comgsed and decelerated fast solar
wind. The *“frozen-in” condition of the solar windlgsma prevents the
interpenetration of different streams in a CIR afnee, and hence interface
boundaries separate the fast streams from the atla@sma streams. Away from the
Sun, the CIRs are bounded by fast forward (FS)fasidreverse (RS) shocks, and the
fast and slow stream material inside the CIR stmest are separated by a stream-
stream interface surface (IF). Closer to the Swh mear Earth, at 1 AU, the CIRs
typically do not have neither forward nor reversecks (Tsurutani and Ho, 1999).

From a space weather perspective, the CIRs andethted HSSs are very
important drivers of geomagnetic activity, espdgiat solar minimum and during the
declining phase of a solar cycle. They are statilerplanetary structures that usually
recur for several solar rotations, triggering reeat geomagnetic storms of weak-to-
moderate intensity (Dst > -100 nT). When the interptary Alfvénic fluctuations
within CIRs and HSSs are in the north-south digegtithere are significant

geophysical consequences as the magnetic recommdmtween the IMF and the
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terrestrial field allows a significant amount ofaowind energy and particles to enter
the magnetosphere/magnetotail system. This resuléporadic energy and particle
injection into ionosphere in the form of substoram&l auroral particle precipitation.
Thus, by impinging upon the Earth’s magnetosphehe periodic CIR/HSSs
modulate the energy transfer into the magnetosphiede in turn, the geomagnetic
activity and the state of the thermosphere-ionosplsgstem, producing chains of
consecutive substorms that lead to unusually l@egwery phases, known as high-
intensity long-duration continuous AE activity (HDICAA) (e.g., Lavraud et al.,
2006; Gonzalez et al., 2007; Echer et al., 2008).

The left panel of Figure 2.1, taken from Tsurutand Ho (1999), shows the
schematic diagram of a CIR structure (looking ddwam the north pole), where the
CIR region is shown as a shaded area and the ehtfeegions and interfaces are
marked with their corresponding symbols. This paalso illustrates the large
amplitude Alfvén waves present in the trailing portof the CIR structure, and the
low amplitude Alfvén waves that fill the fast stregroper (B). The schematics of
different solar wind parameters and the resultaontagnetic activity, represented by
the Dst and AE indices, before and during a CIR/H&&val, are shown in the right
panel of Figure 2.1, which is taken from Tsurutahal. (2006a). In both panels, the
different phases of a CIR/HSS-driven geomagneticnstand the corresponding
interplanetary structures that drive them are iaid by numbers, where (1)
corresponds to the quiet phase before the stormaf&EDst near zero) and the slow
stream (low speed, low B magnitude, low Bz valué®) represents the initial phase

of the storm and the leading portion of the CIRjalhs characterized by increased
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plasma densities, (3) indicates the main phasdefstorm (low Dst and high AE
values) and the trailing portion of the CIR, witirde amplitude Alfvén waves and
highly-fluctuating Bz components, and (4) correggto the recovery phase and the

associated fast stream, characterized by continduénic fluctuations.

CIR ® ® ® ®
slow v \E_
stream fast :
stream !
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Figure 2.1: (left) Schematic of a CIR/HSS struct(frem Tsurutani and Ho, 1999),
and (right) schematics of some solar wind paramedad the resultant geomagnetic
activity before and during a CIR/HSS interval (frdsurutani et. al, 2006a)

Unlike the CIR/HSS events which drive recurrent rgagnetic storms, the
ICME events drive non-recurrent geomagnetic stoithe. ICMEs are more frequent
at solar maximum and typically do not persist bey@solar rotation. They are
interplanetary extensions of the CMEs and consistage amount of solar and
coronal material catastrophically ejected from tBen. Figure 2.2 taken from
Tsurutani et al. (2006a) shows schematic profilegemmagnetic storms driven by
ICME (left) and CIR/HSS (right) solar wind struodgt It is clear from this figure that

both the CIR/HSS and ICME-driven storms are charastd by initial, main, and

recovery phases, but, as discussed in Tsurutaal. ¢2006a) and as schematically
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shown in Figure 2.1, different solar and interptang causes are involved during
each phase of the two types of storms. The diftaxerbetween the CIR/HSS and
ICME-driven storms are further discussed in thetsextion. Here we only conclude
that the geomagnetic activity during the declinangd minimum phases of a solar
cycle, when the CIR/HSS activity is dominant, idsiantially different than during

solar maximum, when the ICME activity is dominant.
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Figure 2.2: Schematic profiles of geomagnetic stoanven by (left) ICME and
(right) CIR/HSS structures in the solar wind (fr@isurutani et al., 2006a).

2.2.5 Differences between CIR/HSS-driven Storms an€ME-driven Storms

Several differences between the ICME and CIR/HS®drstorms have been
summarized and discussed by Borovsky and Dentdd6§2n a nutshell, the ICME-
driven storms are characterized by high geomagetivity levels (Dst < -100 nT)
and relatively short recovery phases, are brief,ndb persist more than a solar
rotation, occur randomly, are very different in urat since they depend on the
morphology and properties (size, structure, density.) of the associated solar wind
structures, are more frequently at solar maximuayehdenser plasma sheets and

stronger ring currents, and are typified by intesislar energetic particle events. They
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can generate new radiation belts, great aurorad, damgerous geomagnetically
induced currents (GICs), being thus more hazardowgound-based systems (e.g.,
Gonzalez et al., 1994; Kamide et al., 1998; Dergbral., 2006; Xie et al., 2006;
Pulkkinen et al., 2007; Kataoka and Pulkkinen, 2008

On the other hand, the CIR/HSS-driven storms arakvie-moderate storms
(Dst > -100 nT), recur periodically, are similarnature since CIRs have consistent
structures, have initial phases with gradual onaesed by increased ram (dynamic)
pressure, have highly-irregular main phases duehighly-fluctuating IMF-Bz
components, are epitomized by long recovery phédegsusually last for several days
or even weeks, display broad and slowly-varying -lotensity diffuse auroral
displays covering all local times, prevail duritg tdeclining and minimum phases of
a solar cycle, are characterized by higher plagmatgemperatures, have higher and
more persistent magnetospheric electron temperatme produce higher fluxes of
relativistic “killer” electrons, bursts of plasmand energy injections into
magnetosphere, low but long-lasting subauroral @éGvity in the local pre-noon
sector, longer periods of magnetospheric convecpooionged periods of energetic
particle precipitation, continuous high-latitude@al displays, and severe spacecraft
charging which makes them hazardous to space-baseets, particularly at the
geosynchronous orbit (e.g., Borovsky and DentorQ620rsurutani et al., 2006a;
Vrsnak et al., 2007; Longden et al., 2008).

Although the CIR/HSS-driven storms are characterizg weak-to-moderate
geomagnetic activity levels, their overall conttibua to the geomagnetic activity has

been shown to be on average comparable to thdteolGME-driven storms mainly
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due to the fact that they usually last much lonidpan the storms induced by the
ICME events. It has been also argued that thesyésm greater average solar wind
energy introduced in the magnetosphere during ¢éoérdng and minimum phases of
a solar cycle when the CIR/HSSs are the dominamttsires in the solar wind than at
solar maximum when the ICMEs are dominant (Tsuiugaral., 2006a). It can thus

be concluded that the space weather effects assdarath the CIR/HSS events and
their related recurrent geomagnetic activity asm alery important to mankind (e.qg.,

Lavraud et al., 2006; Thayer et al., 2008) and deseareful investigation.

2.2.6 Coronal Holes

Coronal holes are solar features detectable asrdgrans in X-ray and EUV
images of the Sun, but not in visible light, angresent the Bartels’ mysterious M-
regions (e.g., Chapman and Bartels, 1940; Crooker @liver, 1994). They are
characterized by very low densities and temperaiuoempared to the typical
background corona, and by open and divergent miagfietd configurations. In
general, they prevail during the declining and mimm phases of a solar cycle and
can persist for several solar rotations. CHs arg wraportant for heliospheric and
space weather studies since they are the sourdhe bigh-speed solar wind streams,
interplanetary structures that give rise to reaqurrgeomagnetic storms. In the
literature, they have been known under differemh@st M regions (Bartels, 1932),
unipolar magnetic regions, and ghost unipolar magmegions in the photosphere

(Wilcox and Ness, 1965). Figure 2.3, taken fromruitani et al. (2006a), shows a
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Yohkoh image of the Sun taken in soft X-rays on 8&M992. It illustrates a large
polar CH extending over the solar north pole ankinbe streamers, which are the
sources of the ambient slow solar wind, dominatihg solar corona at lower

heliographic latitudes.

Figure 2.3: Yohkoh image of the Sun taken in softays on 8 May 1992 (from
Tsurutani et al., 2006a).

The parameters usually used to characterize the &é&ldocation, size, and
magnetic field polarity. According to their locatioCHs have been grouped into
three broad categories: polar, non-polar, and igahgHarvey and Recely, 2002).
Each category represents certain latitude rangedifetime span. The polar coronal
holes are located at high heliographic latitudes lzave a lifetime that is a significant
fraction of the solar cycle, persisting for seveyahrs. They are largest at sunspot
minimum, when they represent about 15% of the slaface area, decrease in size
during the rise of a cycle, disappear at sunspotiman around the time of the
magnetic field polarity reversal, and reform frondratitude isolated coronal holes
after the polarity reversal of the magnetic fiekl completed. Before the solar

minimum, the CHs are typically situated at the pa@aps but present some tongue-
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like extensions into the equatorial regions. Tha-polar CHs exist as isolated
features within the +60latitude range. They are associated with actiygoreand
remnant active region magnetic fields and havefetirie of one to several solar
rotations. The transient CHs, on the other handg laatypical lifetime of several days
and are associated with solar eruptive events.

Figure 2.4 illustrates the configuration of the @mal magnetic field lines at
solar minimum (left) and at solar maximum (right)can be seen in this figure that,
at solar minimum, the polar CHs are the most dontif@atures of the solar corona
and the activity belt is confined to a narrow ladihal band at low heliomagnetic
latitudes, forming a separatrix between the posimd negative magnetic field lines
that originate from CHs of opposite polarity anceonpgnto interplanetary space. At
solar maximum, the helmet streamers are the dormieatures of the Sun’s upper

atmosphere and are spread all over the solar surfac

Figure 2.4: Configuration of the coronal magnetgtd (a) at solar minimum and (b)
at solar maximum (from Prolss, 2004; Bronshtén 01 8&ekhsvjatsky, 1963).
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2.2.7 Solar Cycle 23

A solar cycle is an 11-year cycle, with periodsywag between 7 and 13
years. It starts with a solar (sunspot) minimum &msts until the following solar
minimum. A typical cycle takes about 4 years te fitsm minimum to maximum and
about 7 years to fall back to minimum. During aasalycle, the magnetic polarity of
the Sun’s poles reverses just after the solar maxinThe polarity reversal begins to
become apparent within two years following the sofeaximum (e.g., Tascione,
1994). The change in the magnetic polarity prodiec@2-year solar magnetic cycle,
known as Hale cycle (Hale and Nicholson, 1925). #eécycle starts with an even
cycle and ends with an odd cycle, the geomagneticity being in general strongest
in the middle of a Hale cycle (e.g., Emery et @009). Figure 2.5 shows the
configuration of the coronal magnetic field linagridg different phases of an 11-year

solar cycle and clearly illustrates the polarityaesal process.
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Figure 2.5: Configuration of the coronal magnetad lines during different phases
of a solar cycle.
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According to Ishkov (2005), the main developmestaljes of the solar cycle
23 are the following: May 1996 - minimum of the aotycle 22; September 1997 -
beginning of the growth phase; April 2000 - maximainthe smoothed relative
sunspot number; July to December 2000 - polarityengal of the solar magnetic
field; November 2001 - the second maximum of thespot number; February 2002 -
maximum of the 10.7 cm radio flux; October 1999tme 2002 - maximum phase;
July 2002 - beginning of the declining phase; amdoB®er to November 2003 - the
most powerful flare events. The declining phas¢hefcycle extended from 2002 to
2006, and the solar minimum was reach in 2007. déneslopmental stages of the
solar cycle 23 can be easily identified in Figure6,2 obtained from
http://www.swpc.noaa.gov/SolarCycle/, which shohe sunspot number progression

from January 1994 to December 2007.

ISES Sclar Cycle Sunspot Number Progression
Data Through 31 Oct 07
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Figure 2.6 Sunspot number progression during solar cycle 23.
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2.3 Dataset Description

2.3.1 Global lonospheric TEC maps

For our studies, we used global ionospheric mapEa? provided by CODE
and available at ftp:/ftp.unibe.ch/aiub/CODE/. Thaps have a spatial resolution of
2.5° x 5 (latitude x longitude) and are generated everp@ré based on data from
about 200 GPS stations distributed worldwide. Tdreosphere is approximated as a
thin spherical shell at a fixed height of 450 kna &ine vertical TEC is modeled using
spherical harmonics, in a solar-geomagnetic reterérame. The global vertical TEC
is represented with 3328 (13x256) parameters améh#trumental biases for all GPS

satellites and ground stations are assumed corstanbne day.

2.3.2 Thermospheric Neutral Density Data

The neutral densities were derived from CHAMP amweheter
measurements of non-gravitational accelerationsgusiandard methods described by
Sutton et al. (2007). The data are available e&frykm (10 seconds) along the
satellite orbit, between 2001 and 2007, and can dmevnloaded from:
http://sisko.colorado.edu/sutton/. Since the asiogndnd descending orbit data are
very similar, here we used only the ascending atbia. CHAMP was launched into
a near-circular orbit with an inclination of 87.8n 15 July 2000 (Reigber et al.,

2000) and the spacecraft orbital altitude decayenhfits initial value of 456 km to
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about 340 km by the end of 2007. Therefore, to aetéor changes in the CHAMP
orbital altitude, the measured neutral densitigbatsatellite altitude were mapped to
a constant altitude of 400 km using the NRLMSISEed@pirical model (Picone et
al., 2002). The primary objectives of the CHAMP s were to map the gravity
and magnetic fields of the Earth and to monitorltiveer atmosphere and ionosphere.
More information about the mission can be found hatp://www-app2.gfz-

potsdam.de/pbl/op/champl/.

2.3.3 GUVI O/N2 Column Density Ratio

It is known that the daytime electron density n#a F-region peak is
proportional to the local O/Ndensity ratio, as the electron production is primdy
photoionization of atomic oxygen O and the electoss is proportional to molecular
nitrogen N and oxygen @concentrations. For our studies though, we uséadroo
O/N; density ratios SO/N,, defined as the column density of O above théudk
where the M column density is 6 cm? (at about 135 km) which are only indirectly
related to the electron density at any given aléte.g., Meier et al., 2005). The
SO/N; ratios are measured by the GUVI instrument onTtED satellite and are
available online at http://guvi.jhuapl.edu/guvi_hahtml. GUVI was launched on the
NASA TIMED satellite on 7 December 2001 (Christens¢ al., 2003) and provides
a detailed multi-spectral view of a 2000 km-wideadiwin a fixed local time every
100 min. The satellite is in a 630 km circular odmnd a 74.1 deg. inclination, and its

orbit precesses at a rate Sfir day.
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2.3.4 Solar Wind Parameters

To describe the interplanetary conditions, we ussgfged interplanetary
magnetic field and solar wind 64-second averagevdl-2 data) available at the
Advanced Composition Explorer (ACE) Science Centexvebsite
http://www.srl.caltech.edu/ACE/. The solar wind graeters are measured by the
Solar Wind Electron, Proton, and Alpha Monitor (SW&V) and Magnetic Field
Experiment (MAG) instruments on board the ACE siéelwhich is located at L1
(~1.4 million km from Earth). To fill in the gaps ite solar wind parameters, we

applied a linear interpolation procedure.

2.3.5 Geomagnetic Activity Indices

For our studies, we used the following geomagreattovity indices: AE, Dst,
Kp, and PC. The AE index, or the auroral electrapekex, is the most commonly
used geomagnetic index at high-latitudes and iaindtl from north-south magnetic
perturbations recorded at more than ten aurorabetain the northern hemisphere. It
is considered a substorm activity index and measthie strength of the currents
flowing in the ionosphere over the selected aurstations. The Dst index, or
disturbance storm time index, also known as the rourrent index, is more
appropriate for low-latitude regions and is obtdifeom magnetometer stations
located near the equator, where the horizontal khpoment of the magnetic

perturbation is dominated by the intensity of thagmetospheric ring current. It is
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usually used as a proxy for the ring current intgnsalthough it contains

contributions from both ring current and magnetggawurrent. However, in a
majority of applications, the magnetopause curcemtribution is neglected and the
magnitude of the Dst index is assumed to repres@gtthe kinetic energy of the ring
current particles. Dst is expressed in units of with high values indicating a calm
magnetosphere and large negative values indicgtognagnetic storms. This index
strongly correlates with the solar wind electrigldiand dynamic pressure.

The Kp index is more representative for middletlaes and is derived from
twelve selected magnetometer stations located eén4#+-63° geomagnetic latitude
range. It is a 3-hour quasi-logarithmic index amkks integer values in the 0-9 range.
Kp is sensitive to both ring current and aurordivity, and is commonly used to
characterize the general level of geomagnetic iagtbaused by the solar wind, with
low Kp values indicating quiet geomagnetic condisip and high Kp values
representing disturbed conditions. Both Kp andddstfrequently used to indicate the
severity of disturbances in near-Earth space. Tkg Rp, and AE indices are
available at the World Data Center for GeomagnetisKyoto, Japan
(http://swdcwww.kugi.kyoto-u.ac.jp).

The polar cap index, PC, characterizes the polameagnetic activity and is
indicative of the power input from the solar wimdd magnetosphere. In statistical
sense, it is equal to the interplanetary geoeffecelectric field. This index is
considered a measure of the strength of the sheesnt flowing sunward across the
polar cap and of the penetration of the solar wildctric field into the

magnetosphere. Here we use the PC index corresgptalithe northern polar cap,



46

PCN. This index is calculated based on data froenxhnish near-polar geomagnetic
observatory in Thule (now Qaanaaq), Greenland (g@gontat. 85.48N) and is

available at http://wdccl.dmi.dk/pcnu/pcnu.html.

2.3.6 Solar Activity Indices

For monitoring the solar activity, we used the yl&il0.7 index (units of It
Wm?Hz "), which represents the 10.7 cm radio flux emissisna proxy for the solar
extreme ultraviolet (EUV) radiative flux, and thail¢ sunspot number values, SSN,
available at ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA is important to mention
that SSN has no direct relationship with the Fwagelectron density, but is
occasionally used as a convenient index that isnasd to represent the solar EUV
emission, although this is not always true. Evea H10.7 index is not always
representative of ionizing emission levels, andckeextreme care must be taken in

interpreting the correlations between these twacesland the ionospheric response.

2.4 Analysis Techniques

2.4.1 Wavelet Analysis

To examine the periodic fluctuations in our datasete employed the Morlet

continuous wavelet technique described by Anghell.ef2008a) and presented also

in Chapter 4. The method is appropriate for notiestary signals, i.e., signals with
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variable spectral content, and provides a timeegerrepresentation of the
“instantaneous” amplitudes and phases of the sglemimponents in a time series. In
addition, to perform filtering in the wavelet domand reconstruct signals from their
continuous wavelet transforms, we developed an régvecontinuous wavelet

transform algorithm. The inverse transform is perfed by first analyzing different

reconstructed harmonics and determining their speding correction coefficients.
The correction coefficients are then used to cateul through interpolation, a
correction profile which is subsequently includadhe inversion algorithm.

It is important to mention that, in all the wavelgbts presented in this
chapter, the confidence levels are calculated based“background” auto-regressive
(AR) power spectrum determined individually for kaanalyzed signal, and the
intrinsic frequency, ., of the Morlet wavelet function is 40. The slahick lines in
the wavelet plots mark the cone of influence, tegian where the edge effects

become significant, and the contour lines indithéedominant spectral components.

2.4.2 Cross-wavelet Analysis

The cross-wavelet transform is an important toal determining similar

periodicities that are simultaneously present & Wavelet spectra of two or more

signals. For the two signal case, the cross-waueasform is calculated as:

CWT, (¢, w) =WT, (¢, W) WT, (£, w) (2.1)

Xy y
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where WT, (¢, w) andWT, (¢, w) represent the wavelet amplitude spectra(ofand

y(t), respectively, is the time, and is the Fourier angular frequency.

2.4.3 Fourier-based and Wavelet-based Bispectral Atysis

The probability density function of a Gaussian aigs entirely characterized
by its first two moments. For a non-Gaussian sigoalthe other hand, the first two
moments are not sufficient to define the signal higher-order statistics (HOS), or
equivalent higher-order polyspectra, can revealemoformation than second order
statistics can reveal. Among the higher-order gudgsra, the bispectrum is the most
commonly used frequency-domain HOS measure. Itleas applied in a variety of
areas of science and engineering, including theatien of quadratic phase nonlinear
couplings in plasma fluctuations and atmospherigesathe nonlinear interactions
between atmospheric waves being a common featutheotmospheric dynamics
(e.g., Hinich and Clay, 1968; Elgar and Guza, 1988)cheva and Mukhtarov, 2000;
Larsen et al., 2002). The advantages of using @& ldnd the Fourier and wavelet-
based polyspectra in signal processing and andhgsie been highlighted in several
research papers and include the ability to rec&gm@aussian and non-Gaussian
signals, linear and non-linear systems, minimum aod-minimum phase systems,
and (quadratic, cubic, etc.) phase couplings.

Theoretical studies of the nonlinear wave-waveratgons have shown that a
nonlinear coupling between two primary waves witbgfiencies , and , and

wavenumbersk, and k, yields two secondary waves whose frequencies and
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wavenumbers are the sum and difference of the émecgjas and wavenumbers of the
primary waves (e.g., Teitelbaum et al., 1989). €fwe, in a nonlinear wave-wave
interaction process the frequencies,( n, s and the wavenumber&.{k,,ks) must

satisfy the following selection rules or resonaocgeditions:

(2.2)

However, in a system, the same selection ruleg (h2 andk can also be
satisfied by spontaneously-excited normal modesth&f system. One way to
discriminate between the two cases is through btsgleanalysis, known also as
guadratic spectral analysis, as the nonlinear coggplbetween waves induce non-
Gaussian effects that can be captured in genertiditt/order moments. In principle,
the bispectrum permits one to distinguish betwgemtaneously-exited independent
modes and coupled modes in a self-excited fluaoaspectrum by measuring the
degree of phase coherence between the interactavgsw(e.g., Kim and Powers,
1979; Nikias and Raghuveer, 1987).

Mathematically, the bispectrum is the two-dimenaloRourier transform of

the third order auto-correlation function:

R (t:.2,) = Elx(t)odt +2,)x(t +2,)] (2.3)

where E is the expectation operator, and is giwen b
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¥
Bxx(Wm’ M/n) = Rxx(fl’f2)>(ej(wm[1+%[2) >dl'l >d1-2 (24)

-¥

In practice, the bispectrum is usually calculated a

B, (1, ) = X (7,) %X (g, ) <X (wy, + wy,) (2.5)

m?7'n

where X () = ' x(t)xe ™ xdt represents the Fourier transform of the sigigland
-¥
can be easily determined by means of fast-Fouaeistorm.

It is thus clear from Equation (2.5) that the bidpem is zero unless the
following two conditions are met: (i) waves mustgresent at the frequencieg, n
and n+ ,, and (ii) a phase coherence must exist betweese thaves. In physical
terms, waves at,,, ,and .+ , are spontaneously-excited normal modes if they
exhibit statistically independent random phasesl, am this case, the bispectrum is
expected to be zero. Conversely, waves gt , and n+ p, are generated through
nonlinear interactions if they present phase cafeseln this case, the bispectrum is
thus expected to take a non-zero value.

Therefore, a non-zero value at the frequency tple ) in the bispectrum is
an indicator of phase-coherent couplings betweendemowith characteristic
frequencies ,, and .. However, a non-zero value in the bispectrum caggprovide

any information about the physical nature or originthe couplings, nor does it

reveal anything about the underlying physical psses. It should be also emphasized



51

that a harmonic generation process is a partiatdge of nonlinear couplings that
corresponds to the case whep equals ,, as their nonlinear interactions produce
waves with frequency 2y,

While Equation (2.5) is more appropriate for cadtulg the bispectra of
stationary signals, for nonstationary signals wednt take also into consideration
the fact that the spectral properties of the ndiwstary signals change with time.
Therefore, because the signals we deal with inamalyses are nonstationary, here
we employed a wavelet-based bispectral analysibnigae to investigate the
guadratic nonlinear couplings between the spectiaiponents of a time series and
their temporal evolution. The wavelet bispectrunswaroduced by van Milligen et
al. (1995) and by Dudok de Wit and Krasnosel'sk{kB95) as a valuable tool for
studying the nonstationary behavior of the nonlirgasma fluctuations in chaos and

turbulence. Similar to the Fourier bispectrum, waelet bispectrum is calculated as:

WB, (¢, i, ) =W (£, i WT (£, PWT (e, + ) (2.6)

where WTX(z‘, W) represents the wavelet amplitude spectrum of idpeabx(t). It is

clear according to Equation (2.6) that the wavelspectrum provides information
about the non-Gaussian behavior of the nonstayotrae series, and, in addition, it
also shows how this behavior and the associatedirgti@ nonlinear couplings

between the spectral components evolve over time.
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2.5 Multi-day Periodic Variations in the Solar Wind Parameters during Solar

Cycle 23

In this section, we investigate the multi-day pdmofluctuations present in
different solar wind parameters and their tempaablution using the Morlet
continuous wavelet transform. For this study, wedusvelve solar wind parameters,
at a 3-hour temporal resolution, measured by thé& AGtellite between 1998 and
2007. The solar wind parameters used here are:omprokensity, Np; proton
temperature, Tp; longitude in radial tangentialmak (RTN) coordinates, Long; root
mean square (RMS) variation of the solar wind mégrfeeld, dB; Bx, By, and Bz
components of the solar wind magnetic field; magngeld strength, |B|; proton
velocity, Vp; VX, Vy, and Vz components of the soland velocity. The solar wind
velocity and magnetic field components are givegancentric solar magnetospheric
(GSM) coordinates, where the x-axis is along the-Barth line with the origin at the
center of the Earth and is positive towards the, S y-axis is the cross product of
the x-axis and the magnetic dipole axis and istpestowards dusk, and the z-axis
completes the right-hand coordinate system.

Figure 2.7 shows the twelve heliospheric parametsrd their wavelet
amplitude spectra (=40) for the 2-35 day period range, over the tipansbetween
January 1998 and December 2007. This time intexoaérs most of the solar cycle
23, which started in 1997, reached maximum in 20001 and minimum in 2007. In
all the wavelet plots displayed in Figure 2.7, toatour lines delimit regions of high

confidence level, as compared to a background ARRtapm, and the slant lines mark
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the cone of influence, where the edge effects aeifeant. The most striking

features in these spectra are the predominantlaigmils with periods around 5.4,
6.75, 9, 13.5, and 27 days, which are present istmabthe solar wind parameters
shown in Figure 2.7 except probably in IMF-Bz whageectrum exhibits a high
degree of randomness. However, this is not sungisonsidering that IMF-Bz is

caused by waves and disturbances in the solar wind.

As illustrated in Figure 2.7, the 27-day periodasnd in most of the solar
wind parameters and corresponds to the equatartation period of the Sun as
viewed from the Earth (e.g., Emery et al., 2009isTperiodicity appears as a
dominant and persistent feature in the wavelet angad spectra of the Long
parameter and of the radial, Bx, and azimutal, &mponents of the IMF over the
entire ten-year interval. The three spectra aregaa, very similar over the entire
period range, with Bx and By being anti-correlagetl representing the large-scale
dominant polarity of the Sun. The 27-day periogidg also significant in the Bz
spectrum, where it manifests as a quasi-periodaspoer a wide range of periods
during the ascending, maximum, and descending phatehe solar cycle, but
vanishes in 2006 and 2007. In the other solar wiadmeters shown in Figure 2.7,
the 27-day period seems to be of lesser signifeard is not continuous over the
considered time interval. It appears during diffenghases of the sunspot cycle, when
it persists for several months or even years.

Another relevant spectral component that can beergbd in the wavelet
amplitude spectra presented in Figure 2.7 is th&-d8y period. This periodicity

appears as a distinctive feature in the Bx, By lamag spectra, persisting for almost
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the entire ten-year interval, except during 20002Q0vhen it fades away. This
temporal evolution of the 13.5-day period is prdpadissociated with the polarity
reversal of the solar magnetic field that occurst jafter the sunspot maximum,
known to be accompanied by a complete disappearahtee CHs, which reform
only after the polarity reversal is completed. @esults seem to confirm previous
reports that the 13.5-day period might be due ¢oatcurrence at 1 AU of two high-
speed streams per solar rotation, originating ftam CHs located roughly 18@part
in solar longitude (e.g., Mursula and Zinger, 198@yar et la., 2001). The 13.5-day
period appears also in the Np, Tp, and dB spectstlynduring 2001-2004, but also
during other time intervals. It is also presenttie spectra of Vx and |B| during
different phases of the solar cycle, when it p&dr several solar rotations.

As shown in Figure 2.7, oscillations with periodsabout 5.4, 6.75 and 9 days
occur occasionally in the Np, Tp, dB, |B|, Bx, Byng, Vp, and Vx spectra
throughout the entire ten-year interval, but argeneral stronger and more persistent
during the declining and minimum phases of thersojele. The 9-day periodicity
appears in the Bx, By, and Long spectra during 28025, in the dB spectrum, it is
almost continuously present from 2001 to 2007heNp, Tp, Vp, and Vx spectra, it
is present mostly between 2005 and 2007 but alsmglwther phases of the solar
cycle, and in |B| spectrum, it shows up intermttteduring different phases of the
sunspot cycle. The 5.4 and 6.75-day periods are madent in the Np, Tp, Vp, VX,
and dB spectra and more pronounced near the saofamom. In fact, a careful

inspection of Figure 2.7 indicates that the Np, ¥p, VX, dB, and |B| spectra present
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several common features over the entire analyzedgrange, with Vp and Vx being
almost identical to each other.

Our results are consistent with previous spectiadliss of the solar wind
parameters (e.g., Temmer et al., 2007; Emery et2809) and indicate that the
occurrence of the 5.4, 6.75, 9 and 13.5-day pesiels in the solar wind is not
restricted to the declining and minimum phases dafotar cycle, when rotating
CIR/HSS structures dominate the solar wind andedr@acurrent geomagnetic activity
at Earth, but they can be occasionally observetduwther phases of a solar cycle.
In addition, these periodicities, which show upeaact fractions of the solar rotation
period and persist for several solar rotationsseme specific temporal evolutions in
each solar wind parameter. This seems to suggastdtlihough stable patterns of
CHs may explain in a straightforward manner thesgnee of multi-day periodic
fluctuations in the solar wind parameters, othecpsses might be also involved, as it

will be discussed later in this chapter.
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Figure 2.7: Time series and wavelet amplitude spect,=40) of twelve solar wind
parameters, over the 2-35 day period range, dd@®8-2007.
2.6 Multi-day Periodic Variations in the Geomagnett Activity Indices during

Solar Cycle 23

For our studies, we used four 3-hourly geomagreattwvity indices, PC, AE,
Kp, and Dst, and two solar activity indices, SSNI &1.0.7. They are plotted in
Figure 2.8 along with their wavelet amplitude spedt ,=40) for the 1.25-35 day
period range, over the time interval 1998-2007.s&en in this figure, the wavelet

spectra of AE and Kp present several common festtiagorominent 9-day period
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during 2004-2007, a distinct 6.75-day period in2@@d 2007, and a 13.5-day period
during 1999-2000, 2004, and 2007. In addition,2helay period in the AE spectrum
is distribute over a wide range of periods, whiledhe Kp spectrum is confined to a
narrower period band. The two spectra present séseral similarities with the
wavelet spectra of the Np, Tp, Vp, VX, dB, andg8jameters of the solar wind. This
is in agreement with the fact that the geomagreattovity is strongly influenced by
the solar wind dynamic pressure and interplanatagnetic field.

The Dst spectrum displays several similarities vite Bz spectrum. It is
dominated by periodicities distributed around thled2y period and by short-lived
periodicities, with periods less than about 13.§sddhat coincide with enhanced
geomagnetic activity events. Regarding the PC index results indicate that it does
not show any similarities, over the analyzed perantge, with any other geomagnetic
activity index or solar wind parameter. PC is usuaked to characterize the polar
geomagnetic activity resulting from the solar wimagnetosphere interaction, and is
considered to approximate, in statistical sensejrterplanetary electric field.

The wavelet spectra of SSN and F10.7 are displaydtie last column of
Figure 2.8. It is clear from this figure that, th&o spectra present similar
characteristics: dominant periodicities with pedaddnger than about 10 days during
the ascending, maximum, and descending phasesg sbtar cycle, and no significant
periodicities with periods less than 35 days at mear solar minimum, in 2006 and
2007. This is somehow expected considering thasuinspot activity peaks near solar

maximum and vanishes at solar minimum.
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Figure 2.8: Time series and wavelet amplitude spe€t, = 40) of (first two

columns) four geomagnetic activity indices and t(laslumn) two solar activity

indices, over the 2-35 day period range, during3i2007.

2.7 Short-period Oscillations in the Thermosphere rad lonosphere and Their
Relationship to Similar Variations in the Schr Wind Parameters and

Geomagnetic Activity Indices at the Decliningind Minimum Phases of the

Solar Cycle 23

The period of interest to our current studies edsefrom January 2004 to
December 2007, and covers a large part of therdegliand minimum phases of the
solar cycle 23. It has been shown that during tinie interval, the solar wind was
dominated by periodic HSS and CIR structures, kn@gnimportant drivers of
recurrent geomagnetic activity (Emery et al., 2008) describe the interplanetary
conditions over this time interval, we used theas@lind parameters shown in Figure

2.7, and to represent the geomagnetic and soliaitgctve used the indices plotted in
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Figure 2.8. Their wavelet amplitude spectra over 4hl4 day period range during
2004-2007, at a temporal resolution of 3 hoursjlargtrated in Figure 2.9.

Clearly distinguished in the solar wind spectravaman Figure 2.9 are
oscillations with periods of about 5.4, 6.75, 9 43 days, which show up as higher
harmonics of the solar rotation period and whichially persist for several solar
rotations and even years. While these periodicisesm to have similar temporal
evolutions in most of the solar wind parametersrdhare some particularities about
them, from case to case, which are discussed yirethe following paragraphs.

First, it should be noted in this figure that tH&, &p, VX, and Tp spectra are
very similar, the Vx and Vp spectra being in falch@st identical. These spectra are
dominated by a 9-day period that extends over ftigeetime interval, except for a
short time in 2004, which is strongest in 2005 detreases to lower amplitudes in
2006 and 2007. Another dominant feature of thegetsp is a 6.75-day period. This
periodicity is present vaguely for several solatations in 2004 and 2005, and
reappears reinforced at the beginning of 2006, whparsists until the end of 2007.
A significant 5.4-day period can also be observedhiese spectra throughout the
entire 2004 and 2007, and occasionally for shdmee intervals in 2005 and 2006,
but which displays slightly different temporal extibns in each parameter. The 13.5-
day period is also a significant feature of thegectra. It has larger amplitudes in
2004, 2006, and at the beginning of 2007, but ssnalnplitudes in 2005. In addition,
an 8-day period can also be observed in the dBigmeauring 2005. It also appears

in other solar wind parameters but for shorter tintervals.
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The spectrum of |B| is very similar with that of,diit displays a much higher
noise level. It presents a 9-day oscillation whishkdominant in 2005 and part of
2004, but which has much lower amplitudes in 206é 2007. Like the dB spectrum,
the spectrum of |B| presents a 6.75-day period 0062 which also appears
sporadically over shorter time intervals in 200002, and 2007, a weak 5.4-day
period in 2004 and 2007, and a 13.5-day periodi¥2and at the beginning of 2007.

The Bx, By, and Long spectra are also very simil&aey are characterized by
an exceptionally strong 13.5-day period that exseoner the entire time interval and
a significant 9-day period that has the largest laoges in 2004 and 2005.
Significant periodicities at 5.4 and 6.75 days e#so be observed in these spectra,
but they have smaller amplitudes and persist fdy anfew solar rotations. These
periodicities are more distinctive in the By andhigsspectra than in the Bx spectrum,
where the level of the background noise is muchénig

The Vy and Np spectra also exhibit significant 5475, 9, and 13.5-day
periods that display similar temporal evolutionsl amerge from noisy background
spectra. The Vz spectrum, although very noisy,entsssignificant 6.75 and 13.5-day
periods, in 2005 and at the end of 2006, and weélabd 9-day periods that appear
ocasionally throughout the entire interval. Thedpectrum, on the other hand, shows
a clearly distinguished 9-day period in 2004 an@328nd a weak 6.75-day period in
the first half of 2005.

A visual inspection of the wavelet plots displayedhe last column of Figure
2.9 indicates that the AE and Kp spectra presergrabcommon features. The two

spectra display a dominant 9-day period that exemder the entire time interval,
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from 2004 through 2007, a significant 6.75-day @erin 2006, a 5.4-day period
during most of 2007 and for short intervals in 2@ 2006, and a large 13.5-day
period in 2004 and at the end of 2006-beginningG#f7. It can also be noted that the
two spectra present many similarities with the Vg, dB, Tp, and |B| spectra but not
with the F10.7 spectrum, which exhibits a very w&a#tay period during the first
three quarters of 2004 and for a very short timgv@xmiddle of 2005. Additionally, it
can be remarked that the Dst spectrum present®rgs®-day period at the end of
2004 and in 2005, which becomes very weak in 2006 2007, while the PC

spectrum does not show any resemblance with argy sffectra shown in Figure 2.9.
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Figure 2.9: Wavelet amplitude spectra£40) of twelve solar wind parameters, four
geomagnetic indices, and two solar activity indiaager the 4-14 day period range,
during 2004-2007.
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Figure 2.10 shows, from left to right, the wavedetplitude spectra (=40)
of the mean values of the CHAMP neutral density DEQonospheric TEC (at 0000
UT), and GUVISO/N; ratio at low (6-30°), middle (36-60°), and high (66-90°)
latitudes in the southern and northern hemispheresy, the 4-14 day period range
and during the time interval between 2004 and 200iése wavelet spectra are used
to examine the latitudinal dependency and tempesadlution of the multi-day
periodicities in the three types of observationd emcompare these periodicities with
similar fluctuations in the solar wind parametand geomagnetic activity indices.

As seen in Figure 2.10, the wavelet spectra o2 HAMP neutral density are
very similar at all latitudes. There is an excepdilly strong 9-day period in 2004 and
2005 which also appears in 2006 and 2007 but athmlower amplitudes, a
significant 13.5-day period which is stronger in020but much weaker during the
other years, a 6.75-day period at the end of 2@@fAming of 2007 and for shorter
time intervals in 2004 and 2005, and 5.4, 10, eéddy periods at the end of 2004. It
can also be remarked in this figure that the 9-dsgillation is slightly stronger at
high latitudes than at low latitudes and displayemispheric asymmetry, with larger
values in the northern hemisphere than in the soathemisphere, the same being in
general true about the other periodicities in tkeatral density spectra. The results
presented here are consistent with those repoytéeitet al. (2008a,b) and Thayer et
al. (2008), where they also observed a similatudinal dependency for the 7 and 9-
day periods in the CHAMP neutral densities duri@g2 and 2006, by using a band-

pass filtering technique.
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Comparing the neutral density spectra with the tspeof solar wind
parameters, geomagnetic activity indices, and Fidéx, it can be observed that
most of the short-period oscillations in the thesplweric neutral density are
simultaneously present in several solar wind patareeand in the AE, Kp, and Dst
indices, but not in the F10.7 index. The most stgkesemblance is with the Kp, Dst,
and |B| spectra, especially regarding the 5.4,,@7%and 13.5-day periodicities and
their temporal evolution. Our results thus indiciat these multi-day periodicities in
the thermospheric density are a direct responseciarrent geomagnetic activity and
the associated CIR/HSS solar wind structures, whighmpinging on the Earth’'s
magnetosphere modulate the energy transfer intanihgnetosphere-thermosphere-
ionosphere system, and are definitely not indugedabiations in the solar EUV flux.

Previous studies have shown that the recurrent ggoeatic activity can
produce periodic variations in the high-latitudelldcand particle heating and, in turn,
can drive global changes in the thermospheric @tmn and global increases in the
neutral density at F-region heights, larger changeshe thermospheric density
occurring at high latitudes than at low latitudegy(, Thayer et al., 2008). This is in
agreement with our results which clearly show tladthhough the CIR/HSS-driven
storms are characterized by weak-to-moderate geostiagactivity levels, they can
have a significant impact on the global state efttlermosphere.

In addition to recurrent geomagnetic activity, @tary waves propagating
from lower atmospheric layers represent an alter@aource of periodic fluctuations
in the neutral density in the 2-30 day period rarigbas been shown though that the

planetary waves cannot propagate directly beyomditab00-110 km (e.g., Borries et
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al., 2007), and although some indirect mechanisave lbeen proposed (e.g., Forbes,
1996; Thayer et al., 2008), the manner in whiclm@iary waves can drive periodic
oscillations in the thermosphere and ionospherstils unknown. These aspects
further support the idea that the oscillations obsg in the CHAMP neutral
densities, persisting over several solar rotatenms even years, regardless of season
and latitude, are a direct response to recurreminggnetic forcing.

As shown in the middle column of Figure 2.10, thavelet spectra of the
mean TEC values (at 0000 UT) at low, mid, and Haghudes, in the northern and
southern hemispheres, display prominent oscillatwith periods of 5.4, 6.75, 9 and
13.5 days and a significant latitudinal dependeidylow latitudes, the TEC spectra
in the northern and southern hemispheres are werilag but also very noisy. They
present a significant 9-day period which extendsnfr2004 to 2007, has larger
amplitudes in 2005 and at the beginning of 2004 20d7, and displays a weak
seasonal variation; a strong 13.5-day period abdgenning of 2004 and at the end of
2005; a significant 6.75-day period in 2007 and,dcshort time, in 2004 and 2005;
and 10 and 11.75-day periods at the end of 2004flynia the southern hemisphere.

At mid and high latitudes, the TEC spectra in tbetsern hemisphere are
quite different than those in the northern hemisphn both hemispheres, the 9-day
periodicity displays a seasonal variation with &rgmplitudes in summer than in
winter. It can also be observed in this figure tihahe southern hemisphere, the TEC
oscillations are stronger at high latitudes thamat latitudes, while in the northern

hemisphere, they seem to be stronger at mid |atttioan at high latitudes.
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It is evident from Figures 2.9 and 2.10 that seMeatures in the TEC spectra
are similar to features in the spectra of differsoliar wind parameters and of the Ap,
Kp, and Dst geomagnetic indices. This thereforegests that most of the spectral
features in the TEC spectra are in fact a direspoase to recurrent geomagnetic
activity driven by high-speed solar wind streanmsadidition, a closer inspection of
Figure 2.10 indicates that, despite the fact thestre are significant latitudinal
differences between the TEC spectra and only sdiffdirences between the neutral
density spectra, there are several similaritiesvéenh the TEC and neutral density
spectra. They show a strong 9-day period in 20@42805, a 6.75-day period in the
second half of 2006 and occasionally in 2004 arfeb2@ 13.5-day period mostly in
2004 and 2005, and 5.4, 10 and 11.75-day periotheand of 2004.

The fact that there are similarities between theCT&nhd neutral density
spectra is not surprising considering that the naétihermosphere is closely coupled
to the F-region ionosphere via composition, wiralsj] electrodynamics, which can
all play a significant role in the ionospheric \auility. In fact, variations in the
neutral density and the accompanying changes ineb&al winds, temperature, and
composition, along with penetration electric fieldduced by the transverse Alfvén
waves in the CIR/HSS structures and disturbanceamgn electric fields, can
modulate the F-region plasma densities by altetimg chemical loss rates, the
vertical transport, and the height of the ionosjghEflayer, and by redistributing the
ionospheric plasma (e.g., Lei et al., 2008c). Theeee direct ways of modulating the
ionosphere can thus explain in a straightforwarchmea most of the periodicities

observed in the TEC spectra displayed in Figuré.2.1
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The third column in Figure 2.10 shows the spectith® mearSO/N, ratios at
low, mid, and high latitudes in the northern anditeern hemispheres. The most
prominent periods in these spectra are at 6.75109,11.75, 13.5 days. These
periodicities display a significant latitudinal dsmency, with much larger
amplitudes at high latitudes than at low latitudasboth hemispheres, and a
significant hemispheric asymmetry with larger amyales in the northern hemisphere
than in the southern hemisphere. It can also bedntbiat at high latitudes, the 9-day
periodicity in SO/N, exhibits a seasonal variation with larger amphsidn winter
than in summer, which is different than the sealseoa@ation of the 9-day periodicity
in TEC, which is stronger in summer than in wint€he 9-day oscillation in the
SO/N; ratios correlates very well with similar variat®om solar wind parameters and
geomagnetic activity indices, but not with variagoin F10.7. This basically
demonstrates that the 9-day periodicity $®/N, is most probably induced by
recurrent geomagnetic activity and not by variationthe solar EUV flux.

It is also interesting to remark in Figure 2.10ttltue to seasonal differences
in the TEC andO/N, responses to recurrent geomagnetic activity, Ghddy period
present in the spectra of the neutral density dntleoKp and Dst indices at the end
of 2004-beginning of 2005, appears in t8®/N, spectra only at high and mid
latitudes in the northern hemisphere, while inTi&C spectra, it appears only at high
and mid latitudes in the southern hemisphere. Hewethe origin of the 10-day
periodicity cannot be completely elucidated at fhint as this periodicity does not

appear as significant in the solar wind parameters.
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Figure 2.10: Wavelet amplitude spectra,¥40) of the mean values of CHAMP
neutral density, CODE-TEC, and GUA O/N; ratio at low (6-30°), middle (36-
60°), and high (68-90°) latitudes in the southern and northern hemisghereer the
4-14 day period range, in 2004-2007.

2.8 Cross-wavelet Analyses between lonospheric aiitiemospheric Parameters

and Solar Wind Parameters and Geomagnetic Activity Indices

To investigate the correlations between the dontin@eriodicities in the
ionospheric and thermospheric parameters and sipaodicities in the solar wind
parameters and geomagnetic activity indices, wel@yed the cross-wavelet analysis
technique presented earlier in this chapter. Thescwavelet spectrum is a complex

number. Here we use its magnitude to determinesiimdar periodicities that are
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simultaneously present in two time series and sesstheir significance in the cross-
wavelet spectrum, and we use its phase to studyconeslations between these

periodicities. In all the cross-wavelet spectrasprged here, the contour lines indicate
the significant periodicities in the cross-wavedpectrum, and the slant lines, at the
edges, mark the cone of influence.

Figure 2.11 shows the absolute phases (valueifi-thrange) corresponding
to the cross-wavelet spectra between (a) Kp (a0 Q0D) and (b) F10.7 and the mean
values of (left) CHAMP neutral densities, (midd@PDE-TEC (at 0000 UT), and
(right) GUVI SO/N, ratios, at low (8-30°, middle (36-60°), and high (6890°
latitudes in the southern and northern hemisphenesy, the 4-14 day period range,
during 2004-2007. It is clear from this figure thbtting the phase rather than the
magnitude of a cross-wavelet spectrum provideslegaat and straightforward way
to visualize the correlations between similar s@gctcomponents that are
simultaneously present in two signals.

A visual inspection of Figure 2.1la reveals that tberiodicities in the
thermospheric density correlate very well with #has Kp at all latitudes, Kp being a
proxy for the magnetospheric energy input. By cast{rthe periodicities in tH&O/N,
ratios correlate well with those in Kp only at Idatitudes, while at high and mid
latitudes they are anti-correlated. On the otherdh#he periodicities in TEC and Kp
display quite complicated relationships, but ing@hthey correlate relatively well at
low latitudes and are anti-correlated at high lak#s. Our results are consistent with
theoretical and observational studies of the respai the thermosphere-ionosphere

system to geomagnetic storms (e.g., Burns et 885;1Mansilla, 2007; Crowley et
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al., 2008), which indicate that an increase in glg@magnetic forcing produces a
global increase in the thermospheric density andes high-latitude depletions and
low-latitude enhancements in the QMtdtios and F-region plasma densities and TEC.

It is clear from our results that small and contusi changes in the
geomagnetic forcing associated with recurrent gepr@c activity have global
effects, which are restricted not only to hightlades but spread all over the globe,
producing continuous changes in the neutral densauytral composition, and TEC.
While there are some similarities between the nese® of the neutral density, neutral
composition, and TEC to recurrent geomagnetic agtithere are also significant
differences. Specifically, the neutral density masge appears to be global, with small
differences between high and low latitudes, and e@trelated with Kp. Th&O/N;
response, on the other hand, is much strongergat lhtitudes than at low latitudes
and is well correlated with Kp at low latitudes lariti-correlated at high and mid-
latitudes. The TEC response is also anti-correlatétt Kp at high latitudes and
relatively well correlated with it at low latitudel the following, we discuss what
could cause these differences.

During geomagnetic storms, enhanced high-latituwidgeJand particle heating
causes a rapid thermal expansion of the neutrabsgihere and drives significant
vertical winds. Both the thermal expansion anduwbeical winds lead to an increase
in the neutral density at high latitudes, whichsidsequently redistributed globally
within about 3-4 hours (e.g., Crowley et al., 2008pwever, because here we use
only daily values of thermospheric densities, igufes 2.10 and 2.11, the effect

appears as “simultaneously” at all latitudes.
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Figure 2.11: Absolute phases of the cross-wavelettsa ( ,=40) between (a) Kp (at

0000 UT) and (b) F10.7 and the mean values oflg#fe CHAMP neutral densities,

(middle) TEC (at 0000 UT), and (right) GUBO/N; ratios, at low, middle, and high
latitudes in the southern and northern hemisphenesy, the 4-30 day period range,
during 2004-2007.
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While the thermal expansion does not cause sigmfichanges in th80O/N,
ratios, since both O and;Nire equally affected by the increase in scalehhethe
upward vertical winds create a composition charfgeduced O/Nratio in the polar
regions by carrying molecular-rich air across pnesdevels to higher altitudes, the
large parcels of heated gas from the lower therimergpdrastically altering both the
neutral and ion compositions. Strong trans-polardaithen carry the uplifted parcels
towards the nightside of the polar cap and out i latitudes, creating a disturbance
zone in the midnight and early morning sector (€2gblss, 1997).

As the storm progresses, the composition distudaone extends to lower
latitudes and corotates onto the dayside, wheredhgosition recovers diffusively.
In an isolated storm event, the composition recower a timescale of several hours,
but with continuous high-latitude forcing the reeoy can last indefinitely. Also, as
the geomagnetic forcing increases or decreaseslishegbance zone correspondingly
extends to lower latitudes or retreats to highgtudes. In addition, zonal winds that
develop at mid-latitudes due to the Coriolis efemstrict the continuation of the
equatorward winds driven by the high-latitude hegatand reduce their divergence,
limiting thus the buildup of the composition bulgé reduced O/M ratio at these
latitudes. Therefore, unlike the neutral densitytyrbations, the region of reduced
SO/N; ratio is not a global effect and extends to equattatitudes only during large
storms. At low latitudes, the rapid upward motidntlee O ions associated with
enhanced zonal electric fields causes an increatieeielectron density and, in turn,
leads to an increase in the thermospheric density gesult of the ion-neutral drag

(e.g., Mansilla et al., 2007). It can thus be coded that the global response of the



72

neutral density to recurrent geomagnetic actigtyhie result of the cumulative effect
of the thermal expansion and vertical winds, wtileSO/N, response is the result of
the vertical winds, which act mostly at high ladiés (e.g., Crowley et al., 2008).

In addition to recurrent geomagnetic forcing, viéoias in the solar EUV
radiation can also affect the neutral and plasmmeites. Figure 2.11b shows strong
correlations between F10.7 and the neutral andnaadensities at periods near 27
days during 2004 and 2005, which suggests thasdle EUV radiation, for which
F10.7 is a proxy, could be the main source of thpsegodicities. This is not
surprising given that the thermosphere and ionagphbsorb solar EUV radiation
and respond by increased neutral and plasma densilihe high correlations
observed between the 27-day periodicities in FAdd neutral and plasma densities
during 2004-2005 can then explain the reduced ladimas observed in Figure 2.11a
between the 27-day oscillations in Kp and neutrad plasma densities during the
same time interval. However, further studies neetleé conducted to determine the
relative contributions of the recurrent geomagnieticing and solar EUV radiation in

driving the 27-day oscillations in the neutral god@sma densities.

2.9 Cross-wavelet Analyses between dB and Differe8blar Wind Parameters

and Geomagnetic Activity Indices

As mentioned previously, during the declining andimum phases of a solar
cycle, the CIR/HSS structures fill much of the soland and are characterized by

large amplitude Alfvén waves with highly-fluctuagiBz components, which play a
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significant role in the weak-to-moderate recurrgadbmagnetic activity at Earth. The
Alfvén waves, known also as traveling magnetic vgawhstinguish themselves by a
high correlation between the magnetic field andoo®y vectors, the sign of the
correlation indicating their direction of propaguatj parallel or anti-parallel to the
magnetic field (e.g., Tsurutani et al., 1995; FpI2004). In the solar wind, the
Alfvén waves propagate predominantly radially avirmyn the Sun along B, and are
largely the evolved remnants of fluctuations thagiinate inside the point where the
solar wind flow becomes Alfvénic. The Alfvénic fluations are also believed to
contribute substantially to the heating and acegilem of the solar wind.

Calculated as the RMS variation of the underlyintaswind magnetic field
vector over a 16-second time interval, the dB patamdescribes more or less the
strength of the Alfvénic fluctuations in the sol@ind. We show here using the cross-
wavelet analysis that this parameter correlatey well, over a large period band,
with several solar wind parameters and with theindx. For this purpose, in Figure
2.12 are displayed the absolute phases of the-wragslet spectra between dB and
different solar wind parameters and between dBABJKp, Dst, and F10.7 indices,
over the 4-30 day period range, during 2004-200i8. ¢lear from this figure that the
dominant periodicities in dB correlate very wellthvsimilar periodicities in |B|, Vp,
Tp, solar wind dynamic pressure (SWDP), and Kp,dratin general anti-correlated

with similar periodicities in Dst.
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Figure 2.12: Absolute phases of the cross-wavelettsa ( ,=40) between dB and
(left and middle columns) different solar wind paeters and (right column)
different solar and geomagnetic activity indiceserothe 4-30 day period range,
during 2004-2007.

To better illustrate the excellent correlationswesn the periodicities in dB,
Vp, Tp, and Kp, Figure 2.13 shows the normalized#udes in the [-1,1] range)
27-day periodicities over the 2004-2007 intervafiracted from these parameters
using the wavelet-based filtering technique desdilearlier in this chapter. The
figure clearly shows that the four waves not ordyrelate very well, but also display
similar amplitude modulations over the entire tim&rval. Our results thus indicate
that dB could be an excellent candidate for préaicthe magnetospheric response to

varying interplanetary conditions, and hence forsatibing the solar wind-

magnetosphere interactions. Furthermore, havingew that dB correlates very well
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with the thermospheric densities at all latitudesl avith the ionospheric TEC at
equatorial latitudes, we suggest that dB could beiraportant parameter for
predicting the behavior of the thermosphere-ionesphsystem in response to

recurrent geomagnetic activity.
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Figure 2.13: Normalized 27-day periodicities in 8, Tp, and Kp, for 2004-2007.

2.10 The Origin of the Short-period Oscillations inthe Solar Wind Parameters

Several studies have reported the presence of-dayltiperiodic fluctuations
in different solar wind parameters and geomagresttovity indices (e.g., Hauska et
al., 1973; Verma and Joshi, 1994; Nayar et al. 1200ut far too little has been done
to investigate their underlying physical mechanisings in general assumed that the
multi-day periodic oscillations in the solar windrameters are primarily caused by
complex magnetic features on the solar surfacdy avitertain spatial distribution, that
are passed on to the interplanetary medium as tehpariations due to solar
rotation and outflow of solar wind (e.g., Naya®aét 2001).

During the second half of the declining phase aokr cycle, the CHs are
among the most important magnetic structures ofstilar corona and are typically

situated near the polar caps, presenting some ¢slilgl extensions to equatorial
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latitudes. The streamer belt is confined at lowidsgheric latitudes and forms a
warped separatrix between magnetic field linespifasite polarity that open into the
interplanetary space carrying an electric curr&ngwn as the heliospheric current
sheet (Figure 2.4a). Near solar minimum, the stezatmelt narrows and the
heliospheric current sheet loses its warps becorfi@gn close alignment with the
solar equatorial plane.

Previous studies (e.g., Nayar et al., 2001, Emegt.e2009) have suggested
that the multi-day periodicities in the solar wipdrameters are associated with the
evolution of the warping of the heliospheric cutreheet, itself modulated by the
spatial distribution of the CHs on the solar sugfatypically, there are two CHs of
opposite polarity that give rise to a two-streamgn®dic sector structure in the
ecliptic plane. The two-stream structure producagmetic disturbances on Earth that
recur every 13.5 and 27 days (e.g., Emery et @Q9R When there are more than two
CHs, the magnetic sector structure in the solardwoecomes more complex and
produces geomagnetic disturbances that recur nitme. o

The spatial distribution of the CHs has been shdwndepend on the
underlying large-scale patterns of the coronal reéigrfield, which are related to
regions of “giant convective cells” (e.g., Temmeimak, 2007). Thus, the convection
layer which completes the transport of energy ftbe nuclear furnace at the center
of the Sun to its radiation into space by the phphbere is considered responsible for
setting the temporal and spatial scales of therarmagnetic field structure, which

in turn control the properties of the solar windy(eRussell, 2001).
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Recently, Temmer et al. (2007) related in a sttéogtvard manner the
periodic longitudinal distribution of three CHs @ad-day periodic modulation of the
solar wind speed, for a time interval in 2005. ke¢ial. (2008b) re-examined the
relationship between the longitudinal distributimf the CHs and the 9-day
periodicity in the solar wind and geomagnetic attiover the same time interval.
They suggested that, in addition to the spatiatitigtion of the CHs, other sources
are also required to explain the presence of taydperiodicity in the solar wind and
geomagnetic activity.

The results reported earlier in this chapter indidaat the 5.4, 6.75, 9, and
13.5-day periods in the solar wind and geomagreatitvity, which appear as exact
fractions of the solar rotation period, have sped¢émporal evolutions in each solar
wind parameter and their occurrence is not restli¢b the declining and minimum
phases of a solar cycle, when the CHs are impofeattires of the solar corona.
These results also seem to suggest that, althdaghle SCH patterns can explain in a
straightforward manner the presence of the mulyiqlriodicities in the solar wind
and geomagnetic activity, other processes maydweiavolved.

It has been shown that in addition to large amgéturansverse Alfvénic
fluctuations, low intensity mirror modes, presunyaldenerated from a local
instability driven by compression of the high-spessdar wind plasma, and other
modes, generated by wave-shock interactions betfestrand slow flows and even
transients, have been also observed in the CIRAtH8 wind structures (Tsurutani
et al.,, 1995). We therefore suggest that nonlinei@raction processes, as well as

turbulent features and instabilities in the solandy associated with the compression
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of the high-speed solar wind plasma and wave-shotdactions, may be also
responsible for the presence of multi-day peridigisiin the solar wind.

To test our hypothesis and examine the nonlindactsfin the solar wind, we
use the wavelet-based bispectral analysis techrpgesgented earlier in this chapter.
The method allows one to detect phase-coherent lingsp between spectral
components in non-Gaussian and non-stationary Isigaad to track the temporal
evolution of the couplings. In general, the phaseetent couplings in a signal are
mainly caused by nonlinear interactions betweersfigetral components. We remind
the reader that a non-zero value at the t{ipl€l,} in a bispectrum is an indicator of
phase-coherent couplings between modes with cleaistat periodsT; and T, but it
does not reveal anything about the physical naiutbe origin of the couplings.

Investigations of the solar wind using bispectradlgsis are rather sparse, and
to our knowledge this is actually the first time tivavelet bispectral analysis, in the
form presented here, has been applied to study otigin of the multi-day
periodicities in the solar wind parameters. For studies, we applied the wavelet
bispectral analysis to the following solar wind graeters: |B|, Bx, and Vp. The
purpose of this analysis is to detect the phasereoih couplings between the multi-
day periodicities in each considered parametert@amuvestigate whether or not some
of the periodicities are caused, at least parti@jynonlinear processes.

The left column of Figure 2.14 shows, from top tottbm, the wavelet
amplitude spectra (=40) of the |B|, Bx, and Vp parameters (at 0000 oMér the 4-
30 day period range, during 2004-2007. It is clram this figure, that all four

wavelet spectra display significant 5.4, 6.75, 8,51 and 27-day periodicities. One
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way to determine if there are any phase-coheramplocws between these harmonics
is to calculate the wavelet bispectrum for eachampeter. The normalized

magnitudes, values between 0 (dark blue) and 1),(refdthe wavelet bispectra

calculated from the three wavelet spectra for udan 2005, 2006, and 2007, for
periods in the 4-30 day range, are shown in theth@se columns of Figure 2.14.

In order to interpret these bispectra, we assuraé dhnon-zero point in a
bispectrum is indicative of a quadratic nonlineauging between two waves with
periods corresponding to the coordinates of thattpand that the value of that point
is proportional to the strength of the couplingwen the two waves. It is also
noteworthy that a bispectrum is symmetric with ezggpto the main diagonal. The
main diagonal terms are indicative of harmonic gatien processegT1,T:} Ti/2,
while the off-diagonal terms are indicative of mgeneral phase-coherent couplings,
{To T} TaTo/(To+To).

It can be remarked in the bispectra shown in FiQuid that there are several
points with non-zero values, including (27, 27)7,(23.5), (27, 9), (13.5, 13.5), and
(13.5, 9). This thus proves that the 5.4, 6.7%@] 13.5-day periodicities in the solar
wind parameters could be generated, at least [partiarough nonlinear interaction
processes. In addition, the fact that the valueghm bispectra display specific
temporal evolutions indicates that these nonlirezaplings evolve in time. It then
remains to be established what is the relativertmrtton of the nonlinear interaction
processes to the generation of these periodicitisthis is beyond the scope of our
current studies. It is though possible that thepdxtral values might be a good

starting point for this purpose, and we plan tolesgthis idea in future studies.
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Figure 2.14: (left) Wavelet amplitude spectra,<40) of the |B|, Bx, and Vp
parameters for the 4-30 day period range, durin@422D07, and (right) their
corresponding bispectra =40) for 1 January 2005, 2006, and 2007, over 36 4
day period range.

2.11 Conclusions

Several datasets have been used to study the agaylperiodic oscillations in
the solar wind, geomagnetic activity, and thermesphonosphere system using
different wavelet-based analysis techniques. Weehahown that dominant
oscillations with periods of 5.4, 6.75, 9, and 18l&ys occur frequently in the
thermosphere density, ionospheric TEC, &@/N, ratios during 2004-2007, and
correlate very well with similar periodicities ihg geomagnetic activity indices and
solar wind parameters. Overall, our results strprsgipport the idea placed forward

by Mlynczak et al. (2008), Lei et al. (2008a,b;thayer et al. (2008), and Crowley et
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al. (2008), of the existence of a strong solaretgrial connection between rotating
solar coronal holes, solar wind, recurrent geomtgnactivity, and periodic
fluctuations in the thermosphere-ionosphere system.

There are several important implications of our kvdiirst, the wavelet-based
techniques developed here form a set of very pawspectral analysis tools that can
be used to study the periodic features in nonestaty signals and examine their
temporal evolution. Then, the periodic nature @& tonnection determined between
solar coronal holes, solar wind, geomagnetic agtiand thermosphere-ionosphere
system suggests some element of predictability, Gamdbe used to investigate and
predict the behavior of the thermosphere-ionosplsgitem and to identify and
isolate its energy sources (solar, geomagnetic,eonefogical). This may have
important advantages for various communication, igeion, and surveillance
applications that require accurate predictionefdtate of the ionosphere.

In addition, our results provide valuable informoati about the periodic
behavior of the thermosphere-ionosphere systenghaten be used to improve and
validate the existing coupled magnetosphere-thephere-ionosphere models and to
test their ability to replicate the observed vaitigbh Furthermore, our bispectral
analysis results suggest that the periodic osaitiatin the solar wind parameters,
mostly rooted in rigidly rotating solar coronal B8] may also originate from
nonlinear processes taking place in the solar wipchbably as a result of
compression of the high-speed solar wind plasmanaw-shock interactions.

Our results also indicate that, although the CIRBHBiven storms are in

general characterized by weak-to-moderate geomiagaeivity levels, due to their
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recurrent nature and characteristic long recovéasps that can last for several days
or weeks, they can produce a significant cumulatiect on the state of the
thermosphere-ionosphere system. Finally, we alsm rie mention that additional
data sources and model simulations are requirexkamine the processes at play in
modifying the state of the thermosphere-ionosplsgstem in response to recurrent
geomagnetic activity and to evaluate the relatiostigbution of the periodicities in
the neutral density, neutral composition, neutexhperature, neutral winds, and
electric fields associated with recurrent geomagnattivity in driving periodic

oscillations in ionosphere.



Chapter 3

Drift-Net: Neural Network-based Algorithms for Estimating the
Daytime, Equatorial Vertical ExB drift Velocities from Ground-
based Magnetometer Observations

3.1 Background

Recent studies (e.g., Anderson et al., 2002) haweodstrated that realistic
daytime, equatorial vertical ExB plasma drifts ¢enaccurately inferred on a day-to-
day basis from the difference in the horizontal bmponent, H, between a
magnetometer placed on the magnetic equator andispkced 6 to 9 degrees away
(e.g., Kane, 1973; Yacob, 1977; Gonzales et al91Rastogi and Klobuchar 1990).
Since during daytime the magnetometers respondto ionospheric currents and
remote currents, carrying out this subtraction esessary in order to separate the
equatorial electrojet (EEJ) contribution to theibontal H component. The resulting

H then provides a direct measure of the EEJ amt;dheof the vertical ExB plasma

drifts in the ionospheric F-region.
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Using different approaches based on linear leastsg regression analysis
and neural networks, Anderson et al. (2004, 200ésiablished quantitative
relationships between H observations and vertical ExB drift velocities te
Peruvian longitude sector. They showed that theesatationships can be applied to
estimate the vertical ExB drifts at any longitudenere appropriately-placed
magnetometers exist. In addition, Anghel et al.0@0suggested that it is also
possible to establish quantitative relationshipgvben H component observations
and vertical ExB drifts at Jicamarca, Peru, whigbrgually can be used to estimate
the vertical drifts at other longitude sectors.

Expanding on these previous studies, in this chapte present several least-
squares regression and neural network-based d&lgwjtnamed collectively Drift-
Net, developed for estimating the daytime, equatorertical ExB drifts and the
corresponding zonal electric fields from magnet@nebservations. The algorithms
were developed by combining vertical drift obseiwvas from Jicamarca Unattended
Long-term lonosphere Atmosphere (JULIA) radar ammdrdarca Incoherent Scatter
Radar (ISR), with magnetometer H component obsemnstfrom Jicamarca and
Piura, Peru, available between November 2000 amduBey 2009. In this chapter,
we also present vertical ExB drifts obtained bylgipg the Drift-Net algorithms to
magnetometer data collected by stations locatéadia, Philippines, and Indonesia.

As a first step towards validating our results, e@mpare the quiet-time
magnetometer-inferred drift patterns with drift teats predicted by the global drift
model developed by Scherliess and Fejer (199%eataur sites, for three seasons. In

addition, since under certain conditions the tinaiability in the interplanetary
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electric field (IEF) (minutes to hours) should beflected in the low-latitude
penetration electric fields, we also study the ratdriven penetration effects by
examining the relationships between variationhiendawn-to-dusk component of the
IEF, IEF-Ey, and those in the daytime, equator@aha electric fields, Ey, under
disturbed geomagnetic conditions characterized dly d\p values greater than 20.
The zonal electric fields are obtained from vetti€aB drifts knowing that 1 mV/m
corresponds to a vertical drift of ~40 m/s in ther?®ian sector, ~28 m/s in the
Philippine sector, and ~20 m/s in the Indian sector

Specific questions that will be addressed are:hdy well the quiet-time
magnetometer-inferred ExB drifts compare with thidtg predicted by the Fejer-
Scherliess model at the four longitude sectors, @)dwhat are the relationships
between the IEF-Ey and the equatorial zonal etedtalds Ey during disturbed
conditions? Before proceeding to describing ourhoé$ and presenting our results,
we first review some theoretical aspects regarthegsources of ionospheric electric

fields and the low-latitude electrodynamics.

3.2 Theoretical Considerations

3.2.1 Sources of lonospheric Electric Fields and Crents

The primary sources of electric fields in the igolosre have been identified

as: (1) the neutral winds which blow across the me#ig field lines and generate

electric fields through the E and F-region dynamechanisms, (2) the interaction
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between the solar wind and Earth’s magnetic fiekdclv drives the magnetospheric
plasma into a large-scale convection pattern andyme a plasma motion equivalent
to an ExB drift, and (3) the Earth’s rotation whiclluces corotational electric fields
in a reference frame that does not rotate witt=tueh.

The neutral winds result from the diurnal varyinglas heating, upward
propagating atmospheric waves, and Ampere forc8)(&nd Joule heating (J-E)
caused by electric current flows, especially ahHagitudes. The Ampere force is the
sum of the Lorentz forces on ions and electrons d@ha transmitted to the neutrals
through collisions. Under quiet conditions and he totating reference frame of the
Earth, the dynamo-driven electric fields are domtret geomagnetic latitudes lower
than about 69 while the convection electric fields are dominanhigher latitudes.

At high latitudes, the geomagnetic field lines aearly vertical and the
ionospheric currents are joined by field-alignedrrents flowing along the
geomagnetic field lines into magnetosphere. AteHastudes, the electrodynamics is
thus strongly dominated by magnetospheric procemseghe total current flow is of
the order of 10A. Associated with these currents are strong newsshjzontal electric
fields of the order of several tens of mV/m or mar&l an electric potential of about
20-200 kV, with a high on the morning side andwa tm the evening side. However,
the strength and the pattern of the high-latitudeeptial are strongly dependent on
the direction and strength of the interplanetargnaic field (IMF).

At low and mid Ilatitudes, owing to an increased toag E-region
conductivity, the solar tidal winds cause curreitglow in the 100-130 km altitude

region, where the electron mobility is much largen the ion mobility. This is the
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so-called solar quiet (Sq) current system. As showhigure 3.1, taken from from
http://geomag.usgs.gov/images/ionospheric_curpnt.the Sqg current system is
spread within the +60geomagnetic latitude range and presents two duv@tices
on the sunlit side of the Earth, counterclockwisethe northern hemisphere and
clockwise in the southern hemisphere, with cenétrabout +30 dip latitudes. The
total current flow in each vortex is of the ordéri®® A, and the associated electric
fields have typical values of a few mV/m during efyperiods. At equatorial latitudes,
the two current vortices produce an intense easdtwarrent that flows within a
narrow latitudinal band along the dip equator, Bi&). The two hemispheres are also
electrically coupled by currents flowing along tin@gnetic field lines whenever there
is an imbalance in the dynamo forcing betweenwtehemispheres.

The global characteristics of the Sq current sysaegnin general derived from
its magnetic signature on the ground. During quietes, the Sq magnetic
perturbations are of the order of 30 nT at midakes and display local time, day-to-
day, seasonal, and solar cycle variations. Theg@momger at solar maximum than at
solar minimum due to an increased ionospheric comdty and stronger
atmospheric winds at sunspot maximum. It is algeworthy that due to the fact that
the F-region conductivity is low, the correspondmgrents are also very small for
their effects to be observed on the ground, sucit the ground magnetic

perturbations are in general associated with theusignts.
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Figure 3.1: lonospheric currents flowing in the 48D km altitude range.

3.2.2 Low-latitude Electrodynamics

At low latitudes, the F-region plasma distributio;n determined by the
combined physical processes of (1) production byarsBUV radiation, (2) loss
through charge exchange with Binhd Q, and (3) transport parallel and perpendicular
to the geomagnetic field lines by diffusion and tn@luvinds and respectively by ExB
drifts (Anderson et al., 2002). Figure 3.2 showschematic diagram of the F-region
transport processes in a plane perpendicular toEtdmeh’s surface and along the
geomagnetic field lines. As illustrated in thisurg, the upward plasma transport,
caused by the dayside electrodynamics, and foraesl@l to geomagnetic field lines,
due to gravity and plasma pressure gradients, peduplasma “fountain effect”
responsible for the development and evolution ef élquatorial ionization anomaly
(EIA). The EIA consists of ionization crests onheit side of the magnetic equator at

about +18 dip latitudes. At times, the ionization crestspthy asymmetries as a
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result of the trans-equatorial neutral winds thrangport the ionization from one

hemisphere to the other (e.g., Tascione, 1994; fsodeet al., 2002).

E-region

Magnetic Equator

Figure 3.2: Schematic diagram of the daytime Fenegpnization transport processes.
The forces parallel to B are due to gravity, pressgradients, and collisions with
neutrals, while the forces perpendicular to B are th the ExB drifts.

The morphology and dynamics of the low-latitudeosphere are primarily
controlled by electrodynamics. During quiet timéise E and F region dynamo
processes produce electric fields which are trattschiunaltered along the highly-
conductive magnetic field lines, with the E-regidgnamo being more effective
during daytime and the F-region dynamo being mdfectve at nighttime and
around sunset and sunrise (e.g., Heelis, 2004). rigteresult is: (1) an eastward
electric field during daytime responsible for trmnhation of the EEJ at E-region
heights and of the upward ExB plasma drifts at diene heights, and for the
development and evolution of the EIA, (2) a westivalectric field during nighttime
responsible for the formation of the downward Fweagplasma drifts, and (3) a

prereversal enhancement of the F-region vertic&d Buifts near sunset and sunrise.
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During disturbed geomagnetic periods, the lowda electric fields are
significantly altered by high-latitude magnetosphieronvection electric fields that
penetrate instantaneously to low latitudes (e.gjeret al., 1990) and by disturbance
dynamo electric fields caused by drastic changéisdarglobal thermospheric winds as
a result of enhanced energy deposition at higtul#ds (e.g., Blanc and Richmond,
1980; Fejer and Scherliess, 1995, 1997).

Typically, under quiet geophysical conditions, teytime equatorial zonal
electric field Ey is about 0.5 mV/m and drives aste&vard Pederson current along the
dip equator. In addition, at equatorial latitudebere the geomagnetic field lines are
horizontal, the eastward electric field in combioatwith the geomagnetic field
drives a downward Hall current at E-region heiglais,in this region the electrons
drift upward and the ions are locked into the reugas. Since the E-region
conductivity is bounded in the vertical directi@m upward polarization electric field
Ez is established in this region. This verticatdie field is about 5-10 times stronger
than the eastward electric field that generatexhd drives an eastward Hall current
that augments the original Pederson current, piaduan increase of the E-region
conductivity in the eastward direction. The combifeederson and Hall conductivity
is known as direct or Cowling conductivity and nmakes at E-region heights. At
latitudes just off the magnetic equator, the slighof the magnetic field lines allows
the polarization charges to drain, significantlglueing the Cowling conductivity
(e.g., Tascione, 1994, Schunk and Nagy, 2000; Bpd#81; Onwumechili, 1997).

Therefore, the unique horizontal configuration loé geomagnetic field lines

at the dip equator favors an abnormal increasé@fB-region conductivity and the
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formation of the EEJ, which consists of the eastWRederson and Hall currents. The
EEJ is an intense eastward current with a pealesudensity of the order of f0
A/mZ. It flows in the 100-120 km altitude region, witha +2 latitudinal band above
the magnetic equator, on the sunlit side of thehE#@ schematic diagram of the EEJ
electric fields and current systems is shown iruféd3.3a, taken from Anderson et al.
(2002). While mostly eastward, the EEJ can chatgelirection during both quiet
and disturbed conditions. The rapid reversals dudisturbed periods are primarily
attributed to magnetospherically-driven changeshm ionosphere, while the quiet
time reversals are mainly due to lunar-driven agphesic tides. Several studies have
investigated the EEJ using ground-based, soundicket, and low-orbiting satellite
observations, and a variatity of EEJ models haen lokeveloped (e.g., Forbes, 1981,

Reddy, 1989; Richmond, 1989).

B 200 [
110 km — -
E Pederson current
% 100 |-
= Hall current £ -
t T
m 0
100 km T . :
6LT 12LT 18 LT -
-100 1 1 1 1 1 1
20 0 -
Ey~ 0.5 m\W/m Geomagnetic Latitude
a. b.

Figure 3.3: (a) Schematic of the EEJ electric 8edohd current systems, and (b) the
latitudinal profile of the noontime H componentofint Anderson et al., 2002).

Near the geomagnetic equator, the EEJ producesragstnhancement in the
horizontal H component of the Earth’s magnetiadfjelith a peak of ~100 nT around

the local noon. Figure 3.3b illustrates a typiditudinal profile of the noontime H
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component, where the magnetic signature of thedaB.be clearly observed near the
dip equator. While the strength of the EEJ is diyggroportional to the magnitude of
the magnetic field perturbation it produces, inteting the daytime magnetometer
observations is a difficult task since magnetonsetespond to both ionospheric
currents and remote currents, such as the ringertuand magnetopause current.
Several studies though have indicated that thegtneof the EEJ can be determined
by calculating the difference in the horizontal lngonent, H, between a
magnetometer placed on the magnetic equator andispkced a few degrees away
(e.g., Kane, 1973; Yacob, 1977; Gonzales et al91Rastogi and Klobuchar, 1990;
Doumouya et al., 1997; Alex and Mukherjee, 2001démson et al., 2002; Manoj et
al., 2006). This procedure is necessary in ordetitoinate the contributions in H due
to the Sq field and remote currents. The resultirgis then related only to the EEJ,
and hence to the equatorial zonal electric fielt tienerated it, and provides a direct
measure of the EEJ and of the F-region vertical Bois.

As mentioned previously, at equatorial latituddse tlaytime zonal electric
field drives both the EEJ at E-region heights amel E-region vertical ExB plasma
drifts. The relative efficiency with which the EER&hd the vertical ExB drifts are
driven varies with the time of the day, from daydty, with season, solar cycle, and
longitude, and during periods of enhanced geomagaetivity, it is strongly affected
by magnetospheric and ionospheric disturbance dgreffacts.

For a steady magnetosphere, the low and mid-l&itadosphere is shielded
from the high-latitude magnetospheric convectioackic fields by polarization

charges in the Alfvén layer at the inner edge @ timg current (e.g., e.g., Wolf,
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1975; Sakharov et al., 1989). However, during distd periods, sudden increases in
the convection electric field, associated with smddouthward turnings of the Bz
component of the IMF, IMF-Bz, cause the polarizatibharges in the Alfvén layer to
get temporarily out of balance. In this case, tightatitude dawn-to-dusk electric
field can leak through the shielding layer and piggte instantaneously to equatorial
latitudes until a shielding dusk-to-dawn electreld has time to develop in the inner
magnetosphere, a process known as undershieldithgn\Whe convection electric
field decreases, due to a sudden northward tumiitige IMF-Bz, the shielding dusk-
to-dawn electric field can promptly penetrate toaqrial latitudes until the shielding
layer readjusts, a process termed overshielding.

Besides fast-propagating electric field perturbagioaused by sudden changes
in the high-latitude convection electric fields)algeed electric field perturbations that
lag the auroral inputs by several hours are pradlatdow latitudes during disturbed
periods as a result of drastic changes in the tbspimeric neutral winds. The
disturbed neutral winds affect both the E and Remgdynamo processes and,
consequently, alter the normal electric field paseof the equatorial ionosphere,
producing predominantly westward electric field tpdvations on the dayside and
eastward electric field perturbations on the niglesit is thus clear that both the
penetration and disturbance dynamo mechanismsaptaycial role in modifying the

electrical structure of the equatorial ionosphearerdy storm times.
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3.3 Data Sets and Methodology

3.3.1 Data Sets

Several algorithms based on least-squares regressialysis and neural
networks were developed for estimating the equaltorertical ExB drifts from
ground magnetometer observations. To determingdfeession coefficients and to
train the neural networks, we used vertical ExBtslmeasured by the Jicamarca ISR
and JULIA radars between November 2000 and Febr2@09, and magnetometer H
component observations from Jicamarca (1°65926.87W, geom. 0.8\) and Piura
(5.18’S, 80.64W, geom. 6.8N), Peru, at a 5-minute temporal resolution.

Like in Anghel et al. (2007), the input paramettershe neural networks are:
year, day of the year (DOY), F10.7 cm flux valu@;day average F10.7 cm flux
(F10.7A), daily Ap, interpolated 3-hourly kp, loctne (LT), DH or H, and solar
zenith angle (SZA). Because only Peruvian data wesed for training the neural
networks, the SZA was included as an input to tsvarks in order to account for
the seasonal variations attributed to the displargnbetween the geographic and
geomagnetic equators. The SZA is the Sun’s anglistance from the vertical,
calculated based on the geographic latitude ofsitee declination angle, and hour
angle, and depends on season and local time.

To test the algorithms at other longitude sectovs, used magnetometer
observations, at a 5-minute temporal resolutiommfrstations in Philippines,

Indonesia, and India. At the Philippine sector, thagnetometer observations were
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obtained from Davao R, 125.4E, geom. 1.3%8) and Muntinlupa (14.3K,
121.02E, geom. 6.3WN), at Indonesian longitudes, from Yap (980 138.08E,
geom. 1.48N) and Biak (-1.08 136.05, geom. 9.7%5) (Yumoto, 2001), and at the
Indian sector, from Thirunelveli (8N, 76.9E, geom. 0.%5) and Alibag (18.9\,
72.9E, geom. 1€N).

The procedure to calculateH is detailed in Anderson et al. (2002).
Specifically, at any longitude where two appromiatplaced magnetometers exist,
one on the magnetic equator and the other displ&é away, the nighttime
baselines calculated as a 10-hour average betw86@ and 0500 LT are first
determined at each station and then subtracted tinendaytime values. These latter
values are then further subtracted between thestatmns to obtain thBH values.

To describe the interplanetary conditions, we u6desecond averages of
merged ACE MAG-SWEPAM Level 2 interplanetary magndéeld and solar wind
velocity data. The magnetic field experiment MAG the ACE satellite provides
continuous measurements of the local magnetic fielthe interplanetary medium,
and the solar wind experiment SWEPAM on ACE prosidelar wind velocities. The
two measurements are used to calculate the dawlnsio-component of the IEF (in
GSM coordinates), IEF-Ey = B, which can promptly penetrate to equatorial
latitudes, during storm times, until a shieldingskhto-dawn electric field has time to
develop in the inner magnetosphere. To analyzestitren-driven penetration effects
at equatorial latitudes, we time-shifted the IEF+#Bgasured at the spacecraft using

the solar wind velocity and added a 10-minute tifakay.
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3.3.2 Multilayer Feedforward Neural Networks (MLFF-NN)

The multilayer feedforward neural networks (MLFF-N&te a particular class
of neural networks with powerful function-approxitima capabilities (e.g., Masters,
1993; Haykin, 1994; Bishop, 1995; Demuth and Be2a0$)1). They are widely used
in mapping, modeling, regression analysis, pattecognition, classification, control,
and several other types of applications. A mulglapetwork consists of a set of
processing units called neurons which are logicathanged into two or more layers,
with the layers being interconnected through ao$eteights. There is an input layer
and an output layer, each containing at least @ueam, and there are usually one or
more hidden layers sandwiched between the inpubatplt layers. The nodes of the
input layer are passive, which means that theyatonodify the data. They receive a
single value on their input, and duplicate the gato their multiple outputs. In
comparison, the nodes of the hidden and outputdagee active, which means that
they modify the data and have associated a nomlatevation function.

Due to their distributed form of processing, thes@ctures are able to learn
highly nonlinear mappings between the input anguuspaces. In general, a network
with one hidden layer can learn most types of maggi while a network with two
hidden layers can also learn discontinuous mappamgsis considered a universal
function approximator. It is usually recommendedtth any of the nonlinearities
between inputs and outputs are known in advan@n & functional link network

should be employed in order to improve the learmpragess.
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The neural networks store information within theigi#s on the connection
links. Therefore, training a network consists iguating the weights according to a
learning algorithm. A MLFF-NN is trained in a supeed way in the sense that
several training samples, consisting of a set ptiis and the corresponding desired
outputs, are used as exemplars and presented t@tWwerk. For training, a subset of
the original training set is selected randomly anelsented to the network. After all
the samples from the selected subset are presemti® network, the weights are
adjusted according to a learning algorithm in otdeminimize the mean-square error
(MSE) between the outputs predicted by the netvemidk the desired outputs. Thus, a
learning algorithm uses the training samples taudate an optimized set of weights
based on the statistics of the exemplars. One thmesigh the subset of training
samples along with an update of the weights isedadin epoch, and the number of
samples in the subset is called the epoch size. |d&ming and generalization
capabilities of MLFF-NNs are impressive. In generidw hidden neurons are
required and with proper design of the network éeckure and of the training set,

the training time is manageable.

3.4 Estimating the Equatorial Vertical ExB Drifts at the Peruvian Longitude

Sector

In this section, we present the Drift-Net algorigand provide analytical
formulas, derived via multiple regression analydis; estimating the daytime,

equatorial vertical ExB drifts from magnetometesetvations. Figures 3.4a and 3.4b
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show the scatterplots of theH (Jicamarca-Piura) observations and, respectily,
the Jicamarca H component (after subtracting thghttime baseline), F
observations as functions of the vertical ExB drifteasured by the Jicamarca ISR
(red dots) and JULIA (blue dots) radars. The pletse produced based on about
60,000 samples of concurrent daytime (0700-1700 imBgnetometer and radar
observations between November 2000 and Februar9, 2@firesponding to about
600 days of JULIA drifts and 150 days of ISR drif&hown in these figures are also
the linear least-squares straight lines throughddwa points and the corresponding
regression equations and correlation coefficieRtdt is clear from these figures that
the correlation coefficients are about the samealinfour cases, which further
suggests that Jlike DH, could be an excellent candidate for estimathegdaytime,
equatorial vertical ExB drifts, as previously p@dtout by Anghel et al. (2007).
Therefore, to estimate the vertical ExB drifts ati®ian longitudes, we used
both H; observations from Jicamarca abi observations from Jicamarca and Piura,
and employed techniques based on the least-squegesssion analysis and neural
networks. The regression analysis was performedtterfour cases presented in
Table 3.1, where the regression equations deriwethé data sets displayed in Figure
3.4 are shown along with the corresponding rootnysgpuares (RMS) errors. In all
four cases presented in Table 3.1, we applied thgnpmial regression analysis in
order to capture the nonlinearities between the and H observations and the
vertical ExB drifts. It is also important to mentithat, as discussed in Anderson et al.
(2006a), the derived equations are general andbeansed to estimate the vertical

ExB drifts at any longitudes where appropriatelygeld magnetometers exist.
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Figure 3.4: Scatterplots of (&H and (b) H versus ExB drift observations from
Jicamarca ISR (red) and JULIA (blue) radars betwdemember 2000 and February
20009.

ExB = 14.47 - 0.0342810.7 + 0.02824ailyAp - 0.44436.T + RMS = 4.7410 (m/s)
0.2469 H + 0.0001196 H? - 0.00000379 H® [1
ExB = 1290.378 - 0.634%ear — 0.0032®0Y - 0.0332310.7 — RMS = 4.6943(m/s)

0.030810.7A + 0.0104ApDaily + 0.1865kp - 0.42708.T —
0.01648ZA + 0.24496 H + 0.0001055 H? - 0.0000036 H®  [2]

ExB = 4.63376 - 0.0518910.7 + 0.050®ailyAp + 0.0806LT + RMS = 5.3378 (m/s)
0.149981 + 0.000213H? - 0.000001323° 3

ExB = -1299.32517 + 0.645/ear + 0.00166®0Y - 0.041607F10.7 - RMS = 5.0210 (m/s)
0.001087610.7A + 0.011432pDaily + 0.9486%p + 0.1199.T +
0.121946ZA + 0.1665H + 0.00031H? - 0.00000169%> [4]

Table 3.1: Analytical formulas for estimating thaytdme, equatorial vertical ExB
drifts.
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For the Drift-Net algorithms, we chose MLFF-NN stiwres with 15 hidden
neurons. As mentioned before, these types of newg@lorks are known for their
powerful function approximation capabilities, beiagle to learn highly nonlinear
mappings between input and output parameters witaoy prior knowledge about
the nature of the input-output relationships. Cutitig Drift-Net consists of two
MATLAB neural networks trained in a supervised weaing the data sets shown in
Figure 3.4. The main difference between the twavogks lies in the fact that they
have either H or H as inputs. Training the networks was perfednfor 200 training
epochs, at the end of the training process the RM& reaching a value of 4.0611
m/s when H was used as input, and a value of 4.2694 m/s Wwhemas used as input.

Figure 3.5 shows the daytime (0700-1700 LTH and H-inferred vertical
ExB drifts at Jicamarca between 2001 (top) and 20@8o0m) as a function of day
number and local time. The blue bands of even aaldhe plots indicate periods of
missing data. It is clear from these plots that thieand H-inferred drifts share many
features and display a significant short-term aagH-day variability similar to that
of the magnetometer data used for their calculafftrey are mostly upward during
daytime, maximize at late morning hours around 110@n most days, have a large
day-to-day variability, and display a seasonal atash with peaks at equinox, but
they do not exhibit a significant solar cycle v#éga, which is consistent with
previous studies (e.g., Fejer et al., 1991, 198%)reover, the excellent agreement
between the estimated ExB drifts and the Jicam8& and JULIA drifts during

2001-2008 is clearly illustrated in Figure 3.6, wthe drifts are plotted versus LT.
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Figure 3.5:Daytime (0700-1700 LT) vertical ExB drifts inferrécbm (left) DH and
(right) H; observations as a function of day number and @if2001-2008.
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Figure 3.6:Daytime (0700-1700 LT) vertical ExB drifts inferrébm DH (red) and
H, (blue) observations, and measured by JULIA (cyend) ISR (green) radars, during
2001-2008.
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As part of the validation process, we compare trerage quiet-timéH and
H-inferred drift patterns with the correspondingefescherliess drift patterns, for
three seasons: December solstice (January, FebrdNamember, and December -
JFND), Equinox (March, April, September, and OctobMASO), and June solstice
(May, June, July, and August - MJJA). For each aedise averages were performed
over about 400 quiet days, characterized by daiyw&lues less than 10.

The comparative results are presented in Figurevthére the average quiet-
time drift curves are shown versus local time. Vhgical bars in the plots represent
the standard deviations associated with the avedaffepatterns and indicate the
variability in the drifts caused by changes in ti@ophysical conditions over the
eight-year time interval. As shown in this figutbere is an excellent agreement
between the H and H-inferred ExB drift patterns, which furthemggests that the
Jicamarca H component can be successfully usedpag parameter to ExB drift
estimation algorithms. The comparative results with Fejer-Scherliess quiet-time
drift curves are also excellent for the Equinox daode solstice conditions and good
for the December solstice, which is in agreemerth whe results reported by

Anderson et al. (2006a) and Anghel et al. (2007).
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Figure 3.7:Quiet-time vertical ExB drift patterns versus LTr fupper panel) June

solstice, (middle panel) Equinox period, and (botipanel) December solstice.

3.5 Global Models of Daytime, Equatorial Vertical ExB Drifts

In their recent studies, Anderson et al. (2006a) amghel et al. (2007)
showed that the same neural network-based driftemtdined only with Peruvian
data can also be used to estimate the vertical &t at other longitude sectors. To
test their hypothesis, they trained a neural nétwath magnetometer H and ExB
drift observations from Jicamarca, between Augu¥i1?and February 2005, and
applied the trained network tdH observations from Peruvian, Philippine, and India
longitudes. They compared then the seasonal, tjmetdrift patterns predicted by

their algorithm at each site with drift patterngdicted by the Fejer-Scherliess model.
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Figure 3.8, taken from Anghel et al. (2007), shdles H-inferred drifts and
the corresponding seasonal drift patterns (thiak liees) at the three longitude
sectors, while Figure 3.9 taken also from Anghedle{2007) shows theH-inferred
seasonal drift patterns (thick red lines) and thgoeaiated standard deviations. The
Fejer-Scherliess drift patterns are displayed it igures as thick blue lines and the
number of days used in each averaging is indicatethe panels. As seen in these
figures, an excellent agreement between theinferred and Fejer-Scherliess drift
patterns was found at the Peruvian sector andyageard agreement at the Philippine
and Indian sectors. The implications of their resalre significant, suggesting that
realistic daytime, equatorial vertical ExB plasmdtsl can now be obtained globally

and on a day-to-day basis wherever appropriatelggal magnetometers exist.
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Figure 3.8: H-inferred vertical ExB drifts at the Peruvian, iaa, and Philippine
sectors (from Anghel et al., 2007).
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Figure 3.9: Vertical ExB drift patterns at the Ream, Indian, and Philippine sectors
(from Anghel et al., 2007).

3.5.1 Quiet-time Studies

Like in Anderson et al. (2006a) and Anghel et 20Q7), we applied the Drift-

Net algorithms trained with Peruvian data to magmetter observations from
Peruvian, Indian, Philippine, and Indonesian lamdgs. Then, to investigate the
performance of our algorithms, we calculated thesseal patterns of the quiet-time
H and H-inferred drifts at each site by binning thits into three seasonal periods,
namely December solstice (JFND), Equinox (MASOY dane solstice (MJJA), and

compared them with seasonal drift patterns predibtethe Fejer-Scherliess model.
Figure 3.10 shows the seasonal drift patterns atftlur longitudes as a
function of local time, with the number of days dsm each averaging being

indicated on the panels. In this figure, the soéid lines represent the quiet-timel-
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inferred drift patterns, the solid green lines te quiet-time H-inferred drift patterns,

and the solid blue lines are the quiet-time FegheBliess drift patterns. The vertical

bars represent the standard deviations associatedhese average drift patterns and
reflect the day-to-day variability of the estimathufts.

As seen in Figure 3.10, the standard deviationgesponding to the
magnetometer-inferred ExB drift patterns are clasé m/s around the noontime
hours and to about 2.5 m/s at early morning arel dftfernoon hours. It can also be
observed in this figure that there is excellenteagrent between theH and H-
inferred drift patterns at the Peruvian and Indaresiongitudes, but a large
discrepancy at the Indian and Philippine sectordamje discrepancy can also be
observed between the magnetometer-inferred driftepes at the Philippine and
Indonesian sites. This is somehow surprising gitvext the two sites are only about
10° apart in longitude.

We suggest that the factors responsible for thervbs differences between
the magnetometer-inferred drift patterns at the tlosely-spaced sites could be the
relative location of the stations with respectte magnetic equator, the amount of
data used for calculating each pattern, and thétgud the data used in each case.
However, further studies including model simulai@re necessary to systematically
investigate the causes of the observed differebetgeen the magnetometer-inferred
drift patterns, but this is beyond the purposewfaurrent study.

As illustrated in Figure 3.10, at the Peruvian litudes, there is an excellent
agreement between the magnetometer-inferred daiieps and the drift patterns

predicted by the Fejer-Scherliess model for Equiana June solstice conditions, and
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a good agreement for December solstice conditidbhghe Indian and Philippine
longitudes, the best agreement is obtained at Bguiwhile at the Indonesian site
there is in general a poor agreement between tlgnebameter-inferred and Fejer-
Scherliess drift patterns. At this latter site, tiiéerences between the magnetometer-
inferred and Fejer-Scherliess drift patterns arh ho amplitude and shape. However,
this is not surprising given that the Fejer-Sclesdi model was developed based on
Jicamarca ISR drifts and a limited number of sigelbbservations, while the
magnetometer-inferred drifts follow closely the ghaand variability of the
magnetometer observations they were derived frormote complete discussion on
the ExB drift patterns predicted by the Fejer-Skhbss model and those estimated
from DH magnetometer observations can be found in Anghal. (2007).

The results presented in this section are in excelagreement with those
reported by Anderson et al. (2006a) and Anghel.g2807) and further demonstrate
that the H andDH versus ExB drift relationships developed for tReruvian
longitudes can also be used to obtain realistiticarExB drifts at other longitude
sectors. This is an important and significant rgsulhich means that we now have the
ability to investigate the day-to-day, “weather’pasts of daytime ExB drifts at

different longitudes and relate them to the IEFdibons.
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Figure 3.10: Vertical ExB drift patterns at the iRean, Brazilian, Indian, Philippine,
and Indonesian longitude sectors.

3.5.2 Disturbed-time Studies

Compared with the quiet-time ExB drift patternse tlow-latitude plasma
drifts and currents respond quite differently dgrigeomagnetically disturbed
periods, as magnetospheric and ionospheric distaebalynamo effects become
significant under such conditions. As mentionedbefthere are two major sources
of low-latitude electric field perturbations durimisturbed periods. One originates
from the magnetosphere and the other is due tootiaspheric disturbance dynamo.
The latter results from the dynamo action of tleerattime winds driven by enhanced
energy deposition at high-latitudes.

Under steady-state conditions, the low and midddg ionosphere is shielded
from the high-latitude convection by shielding aes at the inner edge of the ring

current. However, during disturbed periods when thigh-latitude convection
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patterns are undergoing large changes, the highdatelectric fields “leak through”
the shielding layer. In this case, the cross podgr potential suddenly increases as a
result of an increase in the dawn-to-dusk, cro#setactric field, and this electric
field can promptly penetrate to the equatorial sagundershielding) until a shielding
dusk-to-dawn electric field develops in the innemgmetosphere. The dusk-to-dawn
electric field shields the inner magnetosphere fistnang convection fields. When
the strong convection field decreases, due to ¢hward turning of the IMF, the
dusk-to-dawn electric field can promptly penetragelow-latitudes (overshielding)
until the shielding layer and the overall magneblesjc configuration readjust.

In the following two figures, we compare the IEmddions observed by the
ACE satellite with the low-latitude zonal electriields Ey inferred from
magnetometer observations in the Peruvian, Philgind Indian longitude sectors.
For each figure, the various quantities are plotieda function of universal time
(UT). In the Peruvian sector, 0000 UT is 1900 ldrthe Philippine sector, 0800 LT,
and in the Indian sector, 0500 LT. In each figutee orange line represents the
daytime (0700-1700 LT)DH-inferred vertical ExB drift and the correspondmgnal
electric field in the Peruvian sector. The red looeresponds to the daytime values in
the Philippine sector, while the light blue linepresents the daytime values in the
Indian sector. The green line represents the Jiami&R drift and zonal electric
field observations. In the two figures the notatioithe legends of the panels are: ISR
- Jicamarca ISR drift/electric field observatiofst.(DM) - estimated drift/electric
field values at the Philippine sector using magmetier observations from Davao

and Muntinlupa, Est.(TA) - estimated drift/electfield values at the Indian sector
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using magnetometer observations from Thirunelvaiid Alibag, and Est.(JP) -
estimated drift/electric field values at the Peamvisector using magnetometer
observations from Jicamarca and Piura.

Figure 3.11 illustrates the IEF conditions and Bieinferred drifts for 17-19
April 2001. The thin lines in the second panel liktfigure represent the Fejer-
Scherliess drifts for this period, at the threegitude sectors. During April 17, the
IEF conditions are quiet, with daily Ap less thah and the Peruvian, Philippine and
Indian sectors reflect quiet-time drifts of aboQtra/sec. As shown in Figure 3.11, at
0100 UT on April 18, IMF-Bz suddenly turns southdeading to a strong, positive
value for IEF-Ey of about 10 mV/m. This occurs whie Philippine sector is in
daylight and théH-inferred ExB drift begins to respond to the IEff-&onditions.

Referring to the bottom panel of Figure 3.11, bev@200 and 0400 UT on
April 18, marked by two black arrows, the low-latie zonal electric field in the
Philippine sector matches the IEF-Ey/10 curve atneosctly for the entire period.
This is a period of extended IMF-Bz south conditibat corresponds to an extended
penetration electric field (e.g., Huang et al., 20@uring this period, when IMF-Bz
turned southward and remained stably southwardrfore than 2 hours, the low-
latitude zonal electric field at Philippines maintgd enhanced and stable amplitudes.

At 0430 UT on April 18, which is a fairly disturbethy with a daily Ap of 50,
there is a sudden northward turning of the IMF-B @ sudden decrease in the
upward ExB drift velocity in both Philippine anddian sectors (second black arrow).
Simultaneously, in the nighttime Peruvian sectberé is a sudden increase in the

vertical ExB drift. This is consistent with the aé&hat, for overshielding, the electric
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fields at low latitudes are directed from dusk-soweth which means that the daytime
ExB drifts are downward and the nighttime ExB drdire upward.

The third black arrow at 29 UT, points to the sudderning of the IEF-Ey
from negative to positive values and to the propgnetration electric fields in the
Peruvian, Philippine, and Indian sectors. For tiaise, the penetrating electric field is
dawn-to-dusk, which means that, in the Peruviahttiige sector, the electric field is
westward and the ExB drift is downward and, in tlagitime Philippine and Indian
sectors, the electric field is eastward and the BrB is upward. The fact that the
daytime drifts are so small in the Philippine amdlidn sectors implies that the
disturbance dynamo electric fields are fairly sgy@nd act to cancel the penetration
electric fields at these two longitude sectors.

Figure 3.12 shows the IEF-Ey and the low-latitudaal electric fields Ey for
6 July 2002. It is clear from this figure that tlid=-Ey fluctuations between 0200 and
0600 UT, with amplitudes in the £5 mV/m range, i@ierored in the Ey values at the
Indian sector. Also, the positive increases of almV/m in the IEF-Ey, between
1500 and 1900 UT, are reflected in the Ey increadeabout 0.3 mV/m at the
Peruvian sector. Both Figures 3.11 and 3.12 demaestthat the “weather”
signatures in the vertical ExB drift velocities che realistically studied at any

longitude sector where appropriately placed magneters exist.
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3.6 Algorithm for Estimating the Evening ExB Drifts Using lonosonde Data

In the previous sections, we have presented diftexkgorithms for estimating
the daytime, equatorial vertical ExB drifts from gn@tometer observations. Since the
magnetometer data can be used to calculate onlgiaygme (0700-1700 LT) drifts,
to estimate the vertical drifts at evening hours, developed an algorithm based on
Jicamarca digital sounder data. In this algorittihe vertical ExB plasma drifts
between 1700 and 2100 LT are determined as theraiteeof change of the height of
the 2x18 el/cn? contour density (~4 MHz) at the bottomside ionasgh(e.g.,
Fagundes, 2004). We tested the algorithm for thi#reer2000-2007 dataset of
Jicamarca ISR vertical ExB drifts and the resulésimpressive, showing an excellent
agreement between the measured ISR drifts andstimated drifts.

As an example, Figure 3.13 displays the estimat#ts dor 10-12 November
2004 as a function of LT. This is a highly distuitbgeriod, with daily Ap values
ranging between 23 and 181. In Figure 3.13, therglaes represent the vertical
drifts predicted by the Fejer-Scherliess model, lthee lines are th®H-estimated
drifts, the red lines are the Jicamarca ISR dritisgd the gray dots are the drifts
estimated using ionosonde data from Jicamarca.clear from this figure that, for all
three days, there is an excellent agreement betwezrevening (1700-2100 LT)

drifts measured by the ISR radar and those estthfeden ionosonde observations.



114

- MM - Drift [JP) - ISR - Drift - F5- Orift 1narzede  [315)

[=]

Dwrifts [mnia]

Dirifts [mis]
BEEsocosHMES

==

Drifts [mis)

1 B - 10 4 16 -} i ad F. |

12
LT [haurs)

Figure 3.13: The vertical ExB drifts versus LT fd}-12 November 2004.

Using an ionospheric model, Yue et al. (2008) itigased the local time
dependency of the relationship between the verfied drifts and the time rate of
change of the peak height of the F-layer, dHmF2dadtiwo seasons and three solar
activity levels, under quiet geomagnetic conditioAs shown in Figure 3.14, taken
from Yue et al. (2008), they obtained the bestalations around sunrise and sunset.
Their results are in agreement with statisticaleotational studies reported by other
authors (e.g., Bertoni et al., 2006; Oyekola et2dl07a, b; Woodman et al., 2006).

Woodman et al. (2006) showed that the ionosonderetevertical ExB drifts
include the actual vertical drifts but they areoaddéfected by changes in the shape of

the electron density profiles caused by photochahpicocesses. Speciffically, during
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daytime, the ionosphere reaches an equilibriune statler the combined effect of
electrodynamics and chemistry, such that the slofgbe electron density profiles
does not undergo significant changes, and conségube derived plasma drifts are
small. An equilibrium state is also reached dumighttime, when the vertical drift is
downward and the recombination processes domifratbis case, the derived drifts
are also small. However, during sunrise, sunset,eanly evening hours, the strength
and direction of the zonal electric fields undetg@e changes, such that the above
mentioned ionospheric equilibrium is disrupted #mel dynamics becomes dominant.

In consequence, at these hours, the ionosondeededliifts are also more accurate.
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Figure 3.14: The Fejer-Scherliess drifts (blue) #reldHmF2/dt-inferred drifts (red)
versus LT (from Yue et al., 2008).
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3.7 He-inferred Vertical ExB Drifts as Inputs to lonospheric Models

Previous studies have shown that the accuracydnahospheric parameter
specification can be significantly improved by usmore realistic vertical ExB drifts
as inputs to ionospheric models (e.g., Preble.ei@984). In a recent study, Anderson
et al. (2006b) used H-inferred vertical ExB drifts as inputs to the Ldwtitude
lonospheric Sector (LLIONS) model and found a lvetigreement between the
theoretically calculated electron densities andie@r total electron content (TEC)
values and the ground-based and satellite obsenstithan when using drifts
predicted by the Fejer-Scherliess model. LLIONSaissingle-sector ionospheric
model capable of incorporating data-determinededsivand can be used to calculate
electron and ion densities as a function of algt@@0-1600 km), latitude (x8Xlip
latitude), and local time (24 hours) for specifiexB drift values.

Similar with the results presented by Anderson let{2006b), Figure 3.15
shows the LLIONS results for 28 October 2003 olgdiby applying the H-inferred
and Fejer-Scherliess vertical ExB drifts as inptasthe model. The H-inferred
(blue) and Fejer-Scherliess (green) drifts for thay are shown in Figure 3.15a, while
the theoretically calculated vertical TEC valuestfte two types of drifts are plotted
in Figures 3.15b and 3.15c as a function of loraétand geomagnetic latitude. The
vertical TEC values predicted by LLIONS were ob&airby integrating the electron
densities along vertical ray paths from 90 to 1k@0altitude, every 2in latitude and
every 15 minutes in local time, over a 24-hour @erin running the model, the drifts

were assumed independent of latitude. Figure 3shavs the actual TEC values for
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the same day obtained from a chain of ground-badeal;frequency GPS receivers.
It can be concluded from Figure 3.15 that the TEEUes predicted by the LLIONS
model are very sensitive to and critically dependenthe drift values used as inputs
to the model. Our results are consistent with thoresented by Anderson and et al.
(2006b), and support the idea that by incorporatingre realistic drifts into
ionospheric models the theoretically calculatedogpheric parameters show in

general a better agreement with the observations.
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Figure 3.15: (a) H-inferred and Fejer-Scherliess vertical ExB drifs) LLIONS-
calculated TEC using Fejer-Scherliess drift, (C)QNS-calculated TEC usingH-
inferred drift, and (d) the observed GPS-derivedTi&r 28 October 2003.

3.8 Conclusions

We have presented several least-squares regremsibneural network-based

algorithms, named Drift-Net, for estimating the tiane, equatorial vertical ExB

drifts from magnetometer observations. The Drift-Nagorithms represent a
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successful attempt to use MLFF-NNs for the develapnof empirical drift models.

We chose the neural network approach, since theaheatworks have the ability to
learn nonlinear, complex relationships between itiut and output parameters
without any apriori knowledge about those relatiops. Another major advantage of
employing a neural network is the relative easd wihich it can be retrained should
more data become available.

The validation results reported in this chapter vehthat, at Peruvian
longitudes, théH and H-inferred drift patterns are very similatiwihe drift patterns
predicted by the Fejer-Scherliess model. Thesdtsesuicate that the Jicamarca H
component, likeDH, can also be used to estimate the daytime veiExB drifts at
Peruvian longitudes. However, at this point it ist rclear whether or not the
algorithms trained with Hobservations can be applied at other longitudeosgcand
further experimental and theoretical studies agpiired in this regard. Using H as
input parameter to drift estimation algorithms abbk very important given that, as
shown by Richmond et al. (1973) and Fang et al0§a), the H component away
from the magnetic equator is much more affecteddnal neutral winds than the H
component on the magnetic equator. This could be aéry useful at longitudes
where a single equatorial magnetometer statiowvadable, and could also eliminate
the uncertainty surrounding the position of theaffiatorial station.

From our quiet-time studies, the fact that thereaiseasonable agreement
between the magnetometer-inferred and Fejer-Selkerlidrift patterns at the
Peruvian, Philippine and Indian longitudes sugg#ss realistic, vertical ExB drifts

can be obtained from ground-based magnetometemaimms at any longitude
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where appropriately placed magnetometers exist. édew the large discrepancies
between the magnetometer-inferred and Fejer-Selkerlidrift patterns at the
Indonesian site, which is only about®lfway in longitude from the Philippine site,
require further studies. The large differences ketwtheDH and H-inferred drift
patterns at the Philippine and Indian sectors &e mexplicable at this point and
may also constitute an interesting research teyocthy of further investigation.

The disturbed-time studies presented here deméagsirat we now have the
capability to investigate the “weather” aspectshef daytime, equatorial vertical ExB
drifts at different longitudes and to relate theEF conditions. Our results indicate
that promptly penetrating and overshielding elediglds produce opposite day/night
effects in the equatorial vertical ExB drifts tlsatbstantiate current magnetosphere-
ionosphere coupling theories (e.g., Kelley et79; Gonzales et al., 1979).

In addition, since the ground-based magnetometserohtions can be used to
estimate only the daytime (0700-1700 LT) drifts, mée also presented an algorithm
for estimating the evening (1700-2100 LT) vertiExB drifts using digital sounder
data. It is noteworthy that, although the resulsspnted here are based on Jicamarca
sounder observation, the algorithm is general aard e applied to any equatorial
station. We have also shown that using more realisifts as inputs to ionospheric
models can in general improve the predictions frittase models, which is in

agreement with results reported by other previtudiss.



Chapter 4

Relating the Interplanetary Electric Field with the Low-Latitude
Zonal Electric Fields under Disturbed Geomagnetic ©nditions

4.1 Background

Stemming from the need to understand and prediet kibhavior of the
ionosphere under both quiet and disturbed condifiorecent modeling and
experimental studies have shown an increased gttier¢he short-period (minutes-to-
hours) and day-to-day variability of the upper aspitere and ionosphere (e.g.,
Mendillo and Schatten, 1983; Forbes et al., 20@hcReva et al., 2002; Mendillo,
2006). As mentioned in Chapter 1, the thermosplwresphere system is a highly-
variable and complex system, its complexity beirggedmined by: (1) inherent
internal interactions, (2) interactions with thegnatosphere above, (3) interactions
with the middle atmosphere below, and (4) varigpiif the external sources driving
the system. Consequently, the ionosphere displaysations from its normal

climatological pattern that affect the ionosphgsfedictions on time scales ranging
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from secular to days, hours and even minutes andnsgs. These variations have
been observed in different ionospheric parameeg,(Parish et al., 1994; Rishbeth
and Mendillo, 2001; Pancheva et al., 2006; Faguetied., 2005; Abdu et al., 2006;
Hocke, 2008) and are in general induced by waveigcoriginating in the lower
regions of the atmosphere, quasi-periodic osailietiin the geomagnetic activity, or
periodic variations in the solar EUV flux. While aifiges in the solar EUV flux
influence mostly the long-period, secular (montles yiears) variability of the
ionosphere, the geomagnetic activity and the loatsrospheric processes induce in
general oscillations with periods ranging from abfew seconds or minutes to
several days or even weeks (e.g., Lastai 2006).

The main purpose of this chapter is to investigatevariability of the low-
latitude zonal electric fields (LLZEF) in respont&e changes in the dawn-to-dusk
component Ey of the interplanetary electric fiel@R-Ey) during time intervals of
increased geomagnetic activity. During storm timagge ionospheric electric field
and current perturbations travel from high to equat latitudes, changing the
ionization distribution over large areas and cdhitrg the storm-time dynamics and
electrodynamics of the low and mid-latitude ionasgh The most important sources
of low-latitude electric field disturbances undbese conditions are: (1) the prompt
penetration electric fields of solar wind/magnetosic origin, and (2) the
disturbance dynamo electric fields caused by hagibide Joule and particle heating.
The penetration electric fields are associate withnges in the field-aligned current
system, which is responsible for shielding the immeagnetosphere and the low and

mid-latitude ionosphere from the high-latitude metgispheric convection electric
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fields, and propagate instantaneously to equattaidlides in response to changes in
the high-latitude convection (e.g., Fejer and Sakss, 1997; Huang et al., 2005). On
the other hand, the disturbance dynamo electrlddiare associated with enhanced
deposition of energy and momentum in the aurorakz@t equatorial latitudes, they

are predominantly westward on the dayside and @adtan the nightside (e.g., Blanc

and Richmond, 1980; Scherliess and Fejer, 1997).

Equatorial electric field measurements are ratperadic, but as shown in the
previous chapter, realistic vertical ExB drifts ar@hal electric fields can be inferred
on a day-to-day basis from ground magnetometemreagens at any longitude sector
where appropriately placed magnetometers exisadtiition, we also showed in the
previous chapter that the magnetometer-inferrefisdran be used to investigate the
variability of the F-region drifts at different Igitudes and to relate this variability to
the IEF-Ey conditions. Expanding on these studiethis chapter we use wavelet and
cross-wavelet spectral analysis techniques to coantbee oscillation activity in the
LLZEF and IEF-Ey spectra in the 10 min.-10 hour arzb-12 day period ranges.

The purpose of this chapter is therefore twofold:t¢ study the variability of
the LLZEF in the 1.25-12 day period range at tHoegitudes, Peruvian, Philippine,
and Indian, over a time interval of relatively ieased geomagnetic activity, 9
February-9 June 2001, and relate this variabi@itgimilar changes in the IEF-Ey, and
(2) to analyze and relate the oscillation activitythe LLZEF and IEF-Ey in the 10
min.-10 hour period range for three case studiearadterized by enhanced
geomagnetic activity, 17-19 April 2001, 15-18 A@002 and 9-12 November 2004,

using concurrent observations of Jicamarca ISR |zeleatric field and IEF-Ey data.
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A fourth case, 29 March - 2 April 2004, is also sioiered for comparison purposes
and is used as a quiet-time reference.

The chapter is organized as follows: in the nektise, we describe the data
sets and the wavelet analysis approach, then wmiegathe 1.25-12lay and 10
min.-10hour periodicities in the LLZEF and IEF-Ey wavedgtectra, and finally, we

present succinctly our conclusions.

4.2 Data Sets and Analysis Techniques

4.2.1 Data sets

For our studies, we used magnetometer data, with-nainute temporal
resolution, from three pairs of equatorial statidosated in Peru, Philippines, and
India. The magnetometer observations at the Perusector were obtained from
Jicamarca (11, 283.2E, geom. 0.8\) and Piura (535, 279.4E, geom. 6.8\), at
the Philippine sector, from Davao®(, 125.4E, geom. 1.3%5) and Muntinlupa
(14.37N, 121.02E, geom. 6.3%N) (Yumoto, 2001), and at the Indian sector, from
Thirunelveli (8.7N, 76.9E, geom. 0.%5) and Alibag (18.8\, 72.9E, geom. 18N).
The daytime LLZEFs at the three longitudes wereaioled using the neural network
drift model presented by Anderson et al. (2004pviing that 1 mV/m corresponds to
a vertical drift of ~40 m/s at the Peruvian sect@8 m/s at the Philippine sector, and

~25 m/s at the Indian sector.
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To describe the interplanetary conditions, we u6desecond averages of
merged ACE MAG-SWEPAM Level 2 interplanetary magnéeld and solar wind
velocity data. First, we calculated the dawn-tokdoesmponent of the IEF (in GSM
coordinates), IEF-Ey = -%B,, at the spacecraft location (~1.4 million km). heve
time-shifted the IEF-Ey values to the magnetopaisseg the solar wind velocity and

included an additional 10-minute time delay (e<gelley et al., 2003).
4.2.2 Continuous Morlet Wavelet Analysis

Over the last several years, the continuous wawgesform (e.g., Kumar and
Foufoula-Georgiou, 1997; Torrence and Compo, 19983 become one of the
favored tools to analyze oscillations that occurthe atmosphere (e.g., Pancheva,
2000; Abdu et al., 2006). The wavelet transforreugable for non-stationary signals,
signals with variable frequency content, like thee® we deal with in our analysis.
For our current studies, we use the continuous éavhvelet transform. The Morlet

wavelet is a complex-valued function of the form:

1 t? .
1/4 exp - E >‘exdjW0t) (4-1)

y(t)=p

where , is the intrinsic frequency of the wavelet functiamd controls the frequency
resolution in the wavelet domain, larger valuesresponding to an increased

frequency resolution.
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As mentioned in Chapter 2, an important advantdgte wavelet method
used in our studies consists in its ability to agtrithe “instantaneous” amplitudes and
phases of the periodicities present in a signatekiee also use the method for cross-
wavelet spectral analysis. The cross-wavelet spacts calculated as the geometric
mean of different wavelet spectra and providesrmédion about similar periodicities
that occur simultaneously in those spectra (e.gnddn et al., 2005).

It is important to mention that, in all the wavelgibts presented in this
chapter, the slant lines mark the cone of influetice region where the edge effects
are significant, and the contour lines indicatedigmificant spectral components. The
statistical significance levels are calculated Hasa a first order auto-regressive
(AR) parametric spectral estimate of the power spat (Roberts and Mullis, 1987),
considered as a background spectrum.

In the following, we present three examples of datad wavelet amplitude
spectra in order to familiarize the reader with ouavelet technique. The first
example refers to Figure 4.1a, which shows the \eawnplitude spectra of a 1-year
long signal obtained by superimposing harmonicaroplitude one at different time
intervals. The wavelet spectrum shown in the lafig of this figure was obtained for

=6 and is characterized by a relatively low frequyeresolution. In this case, as a
result of the reduced frequency resolution, the elgtvspectrum presents strong
beatings between the relatively close spectral @omapts, which appear as amplitude
modulations. On the other hand, in the wavelet tspercshown in the right panel of
this figure, ,=12, the frequency resolution is higher, and cousatly the spectral

components appear as distinct lines well localipeime.
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The second example refers to Figure 4.1b and reptesan amplitude
modulation case. In this case, a 30-day long sighatday period is modulated by a

5-day period signal:

x(t) = cos(2pt /T, )2 [1 + cos(2pt /T, )| =
(4.2)
= cos(2pt /1 T,,)+ 0.5xcos(2pt /T, )+ 0.5xcos(2pt /T, )

where ;=1 day and J>=5 days are the primary periods, angTh:- T/ (Tp1+Tp) =
0.833 days andETp1-Tpd (Tp2-Tp1) = 1.25 days are the sum and difference secondary
periods.

In the wavelet spectrum shown in the left pandFigure 4.1b, =6 and the
two secondary periods beat with the primary 1-dewqol, producing a 1-day period
modulated in amplitude by a 5-day period. Convgrsble wavelet spectrum shown
in the middle panel of this figure was obtained fge30 and consists of three distinct
spectral components that correspond to the twonskeey periods and to the primary
1-day period. For this latter case, the wavelet ldaoges of the three spectral
components on day 15 are displayed in the rightlpahthe figure, which clearly
illustrates that our wavelet method is able to wetee the exact amplitudes of the
spectral components in a signal. An important assioh that can be drawn from
these two examples is that, in a wavelet spectrutim i@duced frequency resolution,
two simultaneous and relatively close periodsamd T, can beat with each other,
with the beating period T =q1T,/|T;-T,|, and produce an amplitude modulation

effect, which may appear as distinct and unrelatedts of oscillation activity.
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The third example refers to Figure 4.1c. In thise;dhe signal is given by:

x(t) =2>cod2at /T, ) cod2m /T, ) = cod2m / T,) + cod2et / T,) (4.3)

where T,,= 1 day, T= 10 days, ¥ 0.9091 days, andqFE 1.11 days. The wavelet
spectrum of this signal for,=6 is shown in the left panel of Figure 4.1c andsists
of two periods, Tand T, that beat with each other with a 5-day beatingope
Therefore, the beating between the two secondarpdse produces, like in our
second example, a 1-day period modulated in anadity a 5-day period, although
different spectral components are present in the tases. The middle panel of
Figure 4.1c shows the wavelet spectrum of the s$ifpra ,=30, where the two
periods appear as distinct spectral components noplisude one. To further
demonstrate that our method is able to determime cthrrect amplitudes of the
spectral components in a signal, the wavelet aoges of the two periodicities on
day 15 are displayed in right panel of the figure.

It is thus clear from the examples presented Heag tn most situations, a
time domain analysis of a non-stationary signaitbglf, which is very similar with
our wavelet analysis for,=6, might not be sufficient. At the other extremEaurier
analysis might not help much either, as in thigdhg time information is completely
lost. We therefore conclude that a better choicaf@lyzing non-stationary signals is
to use the wavelet analysis, which provides an rateuway of representing a signal

in the time-frequency domain, over a large freqyerand.
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Figure 4.1: Wavelet amplitude spectra for the (est,f (b) second, and (c) third
example.

4.3 Low-latitude Zonal Electric Field Perturbations of Geomagnetic Origin

4.3.1 LLZEF Perturbations in the 1.25-12 day PeriodRange

Previous studies have shown that the geomagnetilitpds an important
driver of planetary wave-like oscillations (periods the 2-30 day range) in the
ionosphere (Altadill and Apostolov, 2001; Forbes at, 2000; Rishbeth and
Mendillo, 2001; Pancheva, 2002). Therefore, in Hastion, we relate periodicities in
the 1.25-12 day range that are present in the LLZRe#¢tra at Peruvian, Philippine,
and Indian longitudes, with similar periodicities the IEF-Ey spectrum, using the

continuous wavelet approach presented in the pusvséection. The LLZEFs at the
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three longitude sectors were obtained from magnetem H observations via a
neural network-based vertical drift model (Andergoml., 2004).

Figure 4.2a shows the daytimél observations from the Peruvian, Philippine
and Indian sectors as a function of local time dagt number, for the entire year
2001, indicating a large day-to-day variability aseasonal changes, with peaks at
equinox. The wavelet spectra of thel observations at the three sectors, for the 0.2-
1.8 day and 1.5-33 day period ranges, are showsigares 4.2b and 4.2c. Similar
wavelet spectra for the LLZEF are displayed in Fegd.3. It can be seen in Figures
4.2 and 4.3 that the main spectral features of tHedata in the 0.2-33 day period
range are in general preserved by the neural nktywoocessing procedure of
inferring the LLZEFs.

Referring to Figure 4.3b, some general charactesistre worth mentioning:
(1) oscillations with periods in 1.5-33 day rangethe LLZEF spectra at all three
longitudes during 2001, (2) continuous and stroarsts of oscillation activity with
periods less than about 5 days throughout theeegéiar at all three locations, (3)
enhanced oscillation activity over a wide rangepefiods, mostly at the equinoxes,
(4) intense oscillation activity at the Indian secand low activity at the Philippine
sector, and referring to Figure 4.3a, (5) stron§ell2, and 24-hour periods at the
Philippine sector than at the other two sectors.

Figure 4.4 shows the wavelet spectrum=6) of the IEF-Ey/15, over the
entire year 2001. A scaling factor of 15 was ugedltain comparable amplitudes in
the IEF-Ey and LLZEF spectra. The main features ¢ha be remarked in this figure

are: (1) continuous and strong bursts of oscilfataztivity with periods less than
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about 5 days throughout the year, (2) enhancedaigm activity over a large range
of periods during November, December and at eq@eoX3) small amplitude
periodicities with periods less than about 5 daysindg January, February, and

summer solstice, and (4) significant periodicitiath periods less than about 10 days.

Figure 4.2:(a) H observations at the three longitude sectorsfasaion of LT and
day number, over the entire year 2001, (b) waveheplitude spectra (=6) for the
0.2-1.8 day period range, (c) wavelet amplitudecspe( ,=6) for the 1.5-33 day
period range.

Figure 4.3:Wavelet amplitude spectra {=6) of the H-inferred LLZEF for the (a)
0.2-1.8 day and (b) 1.5-33 day period ranges,eatttee longitude sectors.
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Figure 4.4: Wavelet amplitude spectrum of the IBFfr the 1.5-33 day period
range.

Subsequently, we focus our discussion on periodkarnl.25-12 day range in
the LLZEF and IEF-Ey spectra, during the 9 Februa@yune (40-160) 2001 interval
characterized by enhanced geomagnetic activity.Wadeelet spectra of the LLZEF at
the three longitudes and of the IEF-Ey/15 are showthe left ( ,=6) and middle
( o=30) columns of Figure 4.5, and their cross-wavsfmctra (,=30) in the right
column of this figure. As shown in the left panélFagure 4.5a, in the 70-120 day
interval, the IEF-Ey spectrum displays ongoing st activity, which appear as
amplitude modulations of the 1.25-5 day periodsabj0-day period. However, the
plots shown in the middle panel of this figure ra@vihat the IEF-Ey spectrum is in
fact relatively constant over this interval andganets distinct spectral components.

Figures 4.5b, 4.5c, and 4.5d show the LLZEF spewtraesponding to the
Peruvian, Philippine and Indian sectors. It is cleam these figures that the LLZEF
spectra (,=30) at the three sectors present some commonrésatiihis is more
evident at the Philippine and Indian sectors, wlaitd separated by only 3 UT hours.

To relate the oscillation activity in the LLZEF alelF-Ey spectra, we employed the
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cross-wavelet method described in the previoussecthe cross-wavelet spectra are
shown in the right column of Figure 4.5. The uppanel of this column shows the
global cross-wavelet spectrum between IEF-Ey/15ahthree LLZEFs. It indicates
similar periodicities that are simultaneously preésen the IEF-Ey and LLZEF
spectra. Several periodicities can be observelddrttoss-wavelet spectra mostly near
the 3, 4, 6, 7, and 9-day periods. We suggestliese periodicities in the LLZEF are
most probably induced by geomagnetic disturbanodsage probably associated with

the penetration of the IEF-Ey to equatorial latésd

Figure 4.5: Wavelet amplitude spectra of the LLZEFshe three longitude sectors,
and of the IEF-Ey/15, in the 1.25-12 day periodgeand during the 40-160 day time
interval in 2001, for (left) =6 and (middle) ,=30, and (right) cross-wavelet spectra
for ,=30.
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4.3.2 LLZEF Perturbations in the 10 min.-10 hour Peiod Range

In this section, we analyze the oscillation acyivit the LLZEF and IEF-Ey
spectra in the 10 min.-10 hour period range, foedhstorm-time cases and a quiet-
time case. The three storm events examined aré® 1&piil 2001, 15-18 April 2002
and 9-12 November 2004, and the quiet-time ca28 idarch-2 April 2004, which is
included here for comparison purposes, as a quite-teference. In all four cases,
concurrent observations of Jicamarca ISR zonakréeiield and IEF-Ey data were
available for at least three days. Time and frequedomain analyses of the three
storm events have been reported previously initeeature (e.g., Kelley et al., 2007;
Nicolls et al., 2007; Maruyama et al., 2007; Angbehl. 2007), but this is the first
time, to our knowledge, when the wavelet analysishie form presented here has
ever been used to study the relationships betweehltZEFs and IEF-Ey conditions.

During storm times, the most important sourcesoobspheric electric field
disturbances are the prompt penetration electeiddi of solar wind/magnetospheric
origin and the disturbance dynamo electric fieldased by the dynamo action of the
storm-time winds. To identify the sources of ionosipc electric field perturbations
during disturbed conditions, previous studies hased different Fourier-based
spectral analysis techniques. Earle and Kelley 71@®rformed Fourier analyses in
the 1-10 hour period range, to identify the sourck#onospheric electric fields at
equatorial latitudes and to study the frequencyeddpnce of the penetration of the
high-latitude convection electric fields to low itatles. They found that for Kp

greater than 3 and periods less than about 5 htheanagnetospheric electric field
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sources dominate the atmospheric sources, theeesystem acting as a high-pass
filter with a peak in the 3-5 hour period range anll-off near the 10-hour period.

More recently, Nicolls et al. (2007) using large¢adsets of concurrent IEF-Ey
and H-inferred LLZEF data, studied the frequency demgere of the electric field
penetration mechanism using a frequency respoassfar function approach. They
showed that the system, with IEF-Ey as input an@EE as output, behaves as a
band-pass filter, which passes periodicities in3@enin.-5 hour range, attenuates the
longer periodicities, drops off at periodicitiesosfer than about 30 min., and peaks
near the 2-hour period. In this section, we shoat the wavelet analysis is a better
tool for identifying the sources of period fluctigets in the LLZEFs, and that the
filtering effect of the ring current is more compléhan predicted by a time or a
Fourier domain analysis, the wavelet analysis favgan each of our case studies
some peculiarities regarding the relationships betwthe IEF-Ey and LLZEFs.

Figure 4.6a shows the wavelet results for the 18I 2001 storm event. The
upper panel displays the LLZEF (red line) and IBF{Blue line), scaled by a factor
of 5, as a function of local time, during 17-19 At07-109) 2001, when concurrent
Jicamarca ISR zonal electric field and IEF-Ey datae available for several days.
This storm event, characterized by a daily Ap vatiB0, commenced and developed
mostly during the nighttime at Jicamarca on Ap#| Which explains the strong anti-
correlation between the two time series. The dagferb and after the event were
quiet, with a daily Ap value of 7. This storm petiwvas also analyzed in the previous
chapter, and here we compare the correspondingedeBnd LLZEF spectra in a

wavelet domain with increased frequency resolution.
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The wavelet amplitude spectra,€£30) of the IEF-Ey and LLZEF, for periods
ranging from 10 min. to 10 hours, are plotted ie thiddle and bottom panels,
respectively, as functions of local time and peribde ratio between the maximum
amplitudes in the two spectra is about 7, but fotting purposes we used a scaling
factor of 5. The wavelet spectrum of the IEF-Eyw&io(1) strong periodicities with
periods less than about 1-hour confined to a timerval of increased IEF-Ey
activity, (2) significant periodicities in the 1%hour range developing few hours in
advance to the onset of increased IEF-Ey actipgrsisting over the entire time
interval of increased IEF-Ey, and then fading awhgut 4 hours after the increased
IEF-Ey activity halts, and (3) a less significanhdur period persisting for several
hours. As seen in the IEF-Ey spectrum, periodgikager than about 1.5 hours form
a background spectrum on which high-frequency carapts, with periods less than
about 1-hour, superimpose during the interval ofeased IEF-Ey activity.

The LLZEF spectrum presents some significant specdomponents with
periods less than about 3 hours that appear alsloeilEF-Ey spectrum. There are
two significant spectral components near the 1-tpmriod and one near the 2-hour
period, each having a correspondent in the IEF{gctsum. Of lesser significance
are two spectral lines near the 3-hour period hadr period, a 5-hour period, and an
8-hour period. The 2.75-hour period seems to becased with a strong and similar
periodicity in the IEF-Ey spectrum, while the 3.Bda5-hour periods cannot be
directly linked with similar periodicities in theEF-Ey spectrum. They stretch over

long time intervals and may be caused with distacbadynamo effects. The 4-hour
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period is very weak and narrow banded, but appaisis in the IEF-Ey spectrum,
while the 8-hour period has relative constant atugé over the entire interval.

The results for the 17 April 2002 storm event arespnted in Figure 4.6b.
The upper panel shows the Jicamarca zonal eldattct (red line) and the IEF-Ey
(blue line), scaled by a factor of 10, as a funcid local time, for 15-18 April (105-
108) 2002. During this time interval, the daily Apried from 7, on April 15, to 41
and 54, on April 17 and 18. The storm commenceddaveloped on April 17 during
the daytime hours at Jicamarca, which explainsstheng correlation between the
two signals. We have, in this case, a scenario vido#im IEF-Ey and LLZEF evolved
from quieter to more fluctuating values.

The IEF-Ey and LLZEF spectra are shown in the nadeiid bottom panels,
respectively, the ratio between their maxima bebgut 7. The IEF-Ey spectrum
presents several significant periods less thantabbwur during daytime on April 17
when the IEF-Ey is highly fluctuating. Some predoamt spectral components with
periods longer than 1-hour can also be distinguishehe IEF-Ey spectrum: a 1.5-
hour period, a 2-hour period, a 3.5-4 hour periad-hour period, and a 9-hour
period. The 1.5-hour period is present in the spetfor about 24 hours, between the
midnights on April 17 and 18, and the 2-hour penpmisists between noontime on
April 16 and midnight on April 18, both periodi@s being very strong during these
time intervals. The other periodicities have smadieplitudes and extend from early
morning on April 16 to noontime on April 18. Consely, the LLZEF spectrum is
dominated by a strong 8-hour period over the eritiree interval. It can be also

remarked that on April 17, the periodicities lelart 1-hour in the LLZEF spectum
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appear also in the IEF-Ey spectrum. Other sigmtigaeriodicities in the LLZEF
spectrum are the 1.5, 2, and 4-hour periods, whrehalso present in the IEF-Ey
spectrum, where they extend over wider period bands

Our third case is presented in Figure 4.6¢ andsdtethe 9 November 2004
event, which is part of a more complex storm evkat commenced on 7 November
2004. The upper panel shows the LLZEF (red line) i&F-Ey (blue line), scaled by
a factor of 10, for 9-12 November (314-317) 200heTdaily Ap values for
November 9 and 10 were 120 and 181, respectively, the ratio between the
maxima of the IEF-Ey and LLZEF spectra is abouTfie wavelet spectrum of the
IEF-Ey is displayed in the middle panel and shoigsiicant periodicities less than
about 2 hours, mostly confined to an interval obrsgy and highly fluctuating IEF-Ey.
A dominant 3-hour period is also observed betwesty dours on November 9 until
about noon on November 10. There are also otheifisignt spectral components in
the IEF-Ey spectrum, which extend over long timenvals of more than 4-5 days,
but possibly developed even earlier on Novembeara o

The LLZEF spectrum for this storm event is not pscsacular as the IEF-Ey
spectrum and does not show any significant perntescin the 4-8 hour period band.
There are some significant periodicities less taAbaut 2-hours and a strong 3-hour
period, similar with those in the IEF-Ey spectruemd two less significant and
narrow-banded 4 and 6-hour periods. The LLZEF spettis dominated by two
strong and persistent 8 and 9.5-hour periods. Wuoederiods might be associated
with disturbance dynamo effects and/or upward pgapiag waves since they do not

have a direct correspondent in the IEF-Ey spectriitme 8-hour period, most
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probably attributed to the terdiurnal tide, appearall three storm events and also in
the quiet-time case shown in Figure 4.6d. Singeresents different amplitudes in
each case, this might suggest that its magnitugerdkents on the strength of the
storm, although seasonal variations might be algolved.

It is thus clear from Figure 4.6 that, for the 1BriA2001 and 17 April 2002
storm events, characterized by daily Ap values lmbua 50, the IEF-Ey spectra
display significant periodicities with periods legdgan about 4 hours that emerged
from a noisy background spectrum. For the 9 Nover@b84 event, characterized by
daily Ap values greater than 120 for three conseeways, the IEF-Ey spectrum also
presents distinct period bands of large amplitutdes superimpose on a noisy
background spectrum.

In the storm cases considered here, some of thdisant periodicities in the
IEF-Ey spectrum, especially those with periods lésmn about 4 hours, are also
present in the LLZEF spectrum, but as very narrcands compared to their
counterparts in the IEF-Ey spectrum. Also, the LEZ&pectrum for the 9 November
2004 event does not show any significant periaegitn the 4-8 hour range, except
for two weak and narrow spectral bands, althougheths a quite strong oscillation
activity in the IEF-Ey spectrum in this period ren@ur results also indicate that, in
general, periodicities with periods longer thanwthh5 hours appear in both IEF-Ey
and LLZEF spectra several hours in advance ofialgistorm onset, as in the case of
the 17 April 2002 event, and usually persist foresal hours after the main phase of

a storm, as in the case of the 18 April 2001 ahtb®ember 2004 events.
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Figure 4.6:.The LLZEF (red line) and IEF-Ey (blue line), aneithwavelet amplitude
spectra, over the 10 min.-12 hour period range(d»rl7-19 April 2001, (b) 15-18
April 2002, (c) 9-12 November 2004, and (d) 29 Met@ April 2004.



140

We conclude that, in the 10 min.-10 hour periodgerthe system with IEF-
Ey as input and LLZEF as output behaves as a highihjinear time-varying filter,
which seems to attenuate more periodicities lotiggm about 4 hours, as seen in the
9 November 2004 event. Also, we suggest that sinpleriodicities that occur
simultaneously in both LLZEF and IEF-Ey spectra arest probably caused by
penetration effects, while periodicities with pelsolonger than ~3 hours, which are
present in the LLZEF spectrum but not in the IEFsgctrum, might be attributed to

disturbance dynamo effects, although some othergsses may be also involved.

4.4 Conclusion

In this chapter, we have used the Morlet wavekstdform in order to relate
the oscillation activity in the LLZEF and IEF-Eyesgra, in the 10 min.-10 hour and
1.25-12 day period ranges, during time intervalefianced geomagnetic activity.
The wavelet method described here provides acclird&antaneous” amplitude and
phase values for the periodicities present in aadigind can be easily tuned to
different frequency resolutions in the wavelet dom@hree examples of simulated
wavelet spectra have been presented to familiinzeeader with the method.

We have shown that the continuous wavelet transtepnesents a powerful
tool to study the frequency dependence, in the k0-b® hour period range, of the
two specific mechanisms of equatorial electricdighriability which are dominant
during disturbed periods, namely penetration arstudbance dynamo mechanisms.

In separating out the two contributions, we asgedia periodicity longer than about
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3 hours in the LLZEF spectrum with disturbance dgoaeffects if it were not
simultaneously present in the LLZEF and IEF-Ey $@gcand considered that a
periodicity in the LLZEF spectrum was due to eliectreld penetration effects if it
were simultaneously present in both LLZEF and IBFdpectra, although other
processes could also be involved. In doing so, wesidered that fact that previous
studies associated a periodicity in the LLZEF speatwith the penetration effects if
it were present in both LLZEF and IEF-Ey Fourieedpa (e.g., Earle and Kelley,
1987; Nicolls et al., 2007), although there wasimformation about its occurrence
time in the two spectra. It is also important tonten that our wavelet-based
techniques described here can also be used to Stagenetration efficiency and the
characteristic time scales of the electric fielahgteation effects via wavelet-based
transfer function approaches.

We have also shown that wavelet and cross-wavelatyses indicated
significant periodicities that occurred simultansiguin both LLZEF and IEF-Ey
spectra in the 1.25-12 day period range, duringeBrirary-9 June 2001. It is thus
possible that these periodicities may have beesethby electric field penetration
effects, but it is not excluded that other processrild have been also involved.

We conclude that wavelet analysis in conjunctiothvphysics-based models
and ground and satellite observations can providdeeper understanding of the
sources of variability in the LLZEF and of the st that links the IEF-Ey and
LLZEFs. Here we have provided new methods of amalgsd presented a few case
studies, but separating out the sources of ionagpletectric field variability still

remains a task that requires further investigations



Chapter 5

Empirical Models of the Penetration Electric Fields
at Peruvian and Indonesian Longitudes

5.1 Background

The equatorial ionospheric electric fields are imgat ionospheric
parameters that play a crucial role in plasma ibistion at low and mid-latitudes.
Their quiet-time and storm-time behavior has beedied for decades using radar,
magnetometer, ionosonde, and satellite observategs Fejer and Scherliess, 1995;
Batista et al., 1996) and useful models descriltivegr morphology under different
geophysical conditions have been developed (eighnkond et al., 1980; Fejer and
Scherliess, 1997; Scherliess and Fejer, 1997, 199%)is context, our main purpose
in this chapter is to investigate the storm-relatkdnges in the electrical structure of
the equatorial ionosphere caused by the penetrafitne interplanetary electric field

(IEF) to equatorial latitudes, namely the peneatraglectric fields.
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The penetration electric fields are electric fietddssolar wind/magnetospheric
origin observed equatorward of the shielding layecated at the inner edge of the
ring current. Under geomagnetically quiet and sgeashditions, the shielding layer
acts to shield the low and mid-latitude ionosphdrem the high-latitude
magnetospheric convection electric fields througl &ction of the region-2 field
aligned currents (e.g., Huang et al., 2005). Comsetly, during quiet times, the low
and mid-latitude ionospheric electric fields aramarily generated through the
dynamo action of the neutral winds.

During disturbed conditions though, two main soaro€perturbation electric
fields have been identified at equatorial latituddy the penetration electric fields
caused by the penetration of the high-latitude tetecfields of solar wind/
magnetospheric origin to equatorial latitudes, g)dhe disturbance dynamo electric
fields, caused by the dynamo action of the stometwinds. The latter have long
lifetimes, of up to 30 hours, and usually manifasiew hours after a storm onset.
Their net effect is to suppress the normal quieetpattern of the daytime, equatorial
ionospheric electric fields during the main phata storm. On the other hand, the
former operate on relatively short time scaledes$ than a few hours, and propagate
instantaneously to equatorial latitudes. They amidant during the main phase of a
storm and are in general attributed to the devetyrnf asymmetric ring currents, to
the undershielding and overshielding effects, fogsgnds, and magnetospheric
reconfiguration (e.g., Fejer and Scherliess, 1995).

Of relevance to our current studies is the pernietradf the dawn-to-dusk

component of the IEF, IEF-Ey, to equatorial latéadAccording to the physics of the
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solar wind-magnetosphere-ionosphere coupling, #reefpation of the IEF-Ey to the
low and mid-latitude ionosphere is mainly contrdlley the sign and magnitude of
the north-south component of the interplanetary metig field, IMF-Bz, as more

negative (southward) IMF-Bz values imply a fastaterof reconnection and flux
transfer into magnetosphere, while positive (nodtdy IMF-Bz values cause a
reduction in the reconnection rate.

Two mechanisms have been proposed to explain thetqagion of the IEF-Ey
to the equatorial ionosphere: the undershieldind) thie overshielding mechanisms.
The undershielding effect is produced by polar@attharges that accumulate at the
inner edge of the ring current during enhanced retogpheric convection associated
with a sudden southward turning of the IMF-Bz (whioorresponds to a dawn-to-
dusk IEF-Ey). The role of the shielding chargesoisreate a dusk-to-dawn electric
field in order to cancel out the effect of the paiy dawn-to-dusk electric field.
Conversely, the overshielding effect occurs whem rtlagnetospheric convection is
suddenly weakened as a result of a sudden northinemthg of the IMF-Bz (which
corresponds to a dusk-to-dawn IEF-Ey). In thisslattiase, the dusk-to-dawn electric
field generated by the shielding charges producesastward electric field on the
nightside and a westward electric field on the dig/s

It is important to remark that an eastward (westlivalectric field on the
dayside and a westward (eastward) field on thetsigdg are both in the dawn-to-dusk
(dusk-to-dawn) direction in a sun-fixed system, lsdbat the fluctuations in the
equatorial zonal electric field Ey and IEF-Ey aosifively correlated during daytime

and anti-correlated during nighttime. It is alsaaveorthy that besides penetration
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effects associated with fluctuations in the IEF-Eye substorms are also important
sources of magnetospheric electric field pertudvatiwhich can as well penetrate to
equatorial latitudes.

An important aspect regarding the electric fielthgteation mechanism is the
penetration efficiency, defined by Huang et al.Q(20as the ratio between the change
in the IEF-Ey and the corresponding change in theHtiang et al. (2007) conducted
statistical studies of the IEF-Ey penetration édfacy using vertical ExB drifts
measured by the JULIA system at Jicamarca, Peuidanved an empirical linear
formula based on 73 daytime (1000-1300 LT) evebttween 2001 and 2005,
characterized by rapid (0.5-1 hour) southward ngsiin the IMF-Bz. They
determined an approximate ratio of about 10 betwbkerfluctuating IEF-Ey and the
penetration electric fields at equatorial latitudassimilar value for the penetration
efficiency was determined by Burke (2007) using Waland-Stern model, while
Kelley et al. (2003) found a value of 15 in a ssagtorm event study.

Spectral studies of the ionospheric and interpkyetlectric fields using
Fourier and continuous wavelet transforms showed tine penetration mechanism
and hence the penetration efficiency are in faaguiency dependent (e.g., Earle and
Kelley, 1987; Nicolls et al.,, 2007; Anghel et a2008a). Nicolls et al. (2007)
determined an average frequency response funcétwelen IEF-Ey and the daytime
Ey at Peruvian longitudes, with a broad maximumtexad near the 2-hour period.
Earle and Kelley (1987) also presented a measutieedtfransfer function for electric
field penetration between high and low-altitudeheks, with peaks in the 3-5 hour

period range and roll-off near the 10-hour period.
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Another important aspect regarding the electrilcfpenetration mechanism is
the characteristic time scale within which IEF-Egncpenetrate to low latitudes
without significant shielding. Previous theoretiGaid modeling studies provided
estimates of the shielding time ranging from abb@t30 min up to about 5 hours
(e.g., Jaggi and Wolf, 1973; Senior and Blanc, 198#er and Scherliess, 1995).
More recent studies, though, showed that IEF-Eyicdact continuously penetrate to
low latitudes for several hours without effectiveedding during the main phase of a
magnetic storm as long as IMF-Bz remains southward., Huang et al., 2005;
Huang et al., 2007).

In this chapter, we present several least-squandsnaural network-based
algorithms developed to quantify the relationshgiween IEF-Ey and the daytime
penetration electric fields at equatorial latitudmsd to investigate the shielding effect
of the ring current in both time and frequency doreaThe models were developed
based on several years of IEF-Ey data derived #@#& satellite measurements and
on daytime (0700-1700 LT), equatorial H observations collected from
magnetometers in Peru and Indonesia. We asseggtftgmance of our models by
applying them to IEF-Ey observations and to nunadigcsimulated signals. We show
that our results are in good to excellent agreemattit results reported by previous

studies (e.qg., Earle and Kelley, 1987; Huang e2807; Nicolls et al., 2007).
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5.2 Dataset Description

5.2.1 Equatorial Zonal Electric Field Data

We showed in Chapter 3 that the equatorial zonadtet field Ey can be
inferred from the difference in the horizontal Hngamonent, H, between two
magnetometers, one located on the magnetic eqamatbthe other located slightly off
the magnetic equator. In the two-site magnetommiethod, the concept is that the
magnetic field perturbations produced by the ringrent affect both sites equally,
whereas the magnetic field caused by the equateleatrojet is confined to the near
equatorial site. The main contribution tdd is then attributed to the equatorial
electrojet, although other sources, such as wingedrcurrents and other current
systems, can become significant under certain wistances and add some
limitations to this approach. This idea has beeocasssfully extended to other
longitudes, assuming that any remaining ring curedfects are removed from the
neural network output since it learns from the meead electric field at Jicamarca.

For our studies, we used concurrent observationEBfEy and H-inferred
Ey fields from Peru and Indonesia, at a temposbltgion of 5 minutes. The daytime
(0700-1700 LT) Ey fields were obtained by applyittge neural network-based
algorithm described in Chapter 3 toH observations collected from Peru and
Indonesia between 2001 and 2007 and, respectivmtyween 2001 and 2004,
knowing that 1 mV/m corresponds to about 40 m/®atuvian longitudes and to

about 28 m/s at Indonesia. The network consistsl®fhidden neurons and is
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parameterized in terms of year, day of the year YRDOF10.7, 90-day average
F10.7A, daily Ap index, 3-hourly Kp index, localnte (LT), solar zenith angle
(SZA), and H. It was trained with daytime vertical ExB plasmdafts from the
Jicamarca ISR and JULIA radars and with magnetometeservations from
Jicamarca (113, 283.2E, geom. 0.8\) and Piura (5.25, 279.4E, geom. 6.8\),
Peru, between 2000 and 2009. At Indonesia, the etagreter data were obtained

from Yap (9.5N, 138.08E, geom. 1.4%) and Biak (-1.08 136.05, geom. 9.7%).

5.2.2 Solar wind data

To describe the inteplanetary conditions, we usétE Asatellite data and

calculated the IEF-Ey based on the formula:

E, =-V, B, +V, xB, (5.1)

where V and B are the solar wind velocity and mégngeld, respectively, in

Geocentric Solar Magnetospheric (GSM) coordinatesasured by the MAG and
SWEPAM instruments on ACE. In the GSM system thaxis-is along the Sun-Earth
line and is positive towards the Sun, the y-axighés cross product of the x-axis and
the geomagnetic dipole axis, being positive towdh#sdusk, and the z-axis is the
cross product appropriate for a right-hand coongirsystem, being positive in the
same sense as the magnetic north. The IEF-Ey etdculat the spacecraft was

delayed by the transit time from the ACE sateliitehe magnetopause using the solar
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wind velocity, and an additional 10 minute timeajelvas added to account for the

solar wind travel through the magnetosheath.

5.3 Modeling Techniques

To quantify the relationship between IEF-Ey anddtem-induced equatorial
electric field perturbations and to investigate shéelding effects associated with the
ring-current, we have developed several algorithbesed on multiple linear
regression (MR) analysis, finite impulse resporid&] filters, and neural networks.

The methods are described subsequently.

5.3.1 Multiple Linear Regression (MR) Analysis

In this approach, the purpose is to establish duadint relationships between
a set of inputs and an output variable. For outipdar case, the inputs are Kp, LT,
IEF-Ey, and IEF-ES; and the output is the deviation of the equataraaial electric
field Ey from a quiet-time reference, dEy. The noetltonsists in determining some
regression coefficients from a set of input/outpalrs by casting the problem into a

simple algebraic equation and applying the lineast-squares algorithm.
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5.3.2 Finite Impulse Response (FIR) Filter Approach

We use an FIR filter as a system identification fncorder to investigate the
dynamics of the shielding mechanism associated thighring-current. The method
assumes that the system to be identified is linedrtime-invariant. Although, this is
not quite our case, we use an FIR filter to obtgameral information about the
system’s dynamics.

An N" order FIR filter is a type of digital filter charrized by a difference

equation of the form:

y(n) = b, () + b oox{n- 1)+ x+b,xx(n- N)= b ox(n- k)= B"xx(n) (5.2)

k=0

wherex is the inputy is the output{b;}i-o.n are the coefficients of the filter, aBdis
the vector containing the filter coefficients. ¢t thus clear from Equation (5.2) that
the output of an FIR filter is just the weightedrsaf the inputs. In our case, the input
is IEF-Ey and the output is dEy.

The impulse responsef an FIR filter can be determined by settx(@) =

(n), where (n) is the Kronecker data impulse:

h(n) = " b xd(n- k) =b, forn=0,..,N (5.3)

k=0
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Therefore, the impulse response of dhdtder FIR filter is represented by the set of
coefficients{bi}i=o.. n and can last for only (N+1) samples. The Z-tramsfo@f the

impulse response is tiansfer functiorof the FIR filter:
¥
H(z)=z{h(n} = KK xz*= b x* (5.4)
while its Fourier transform represents thequency response functiofthe filter:

H(im=rlib} = Ko = "boe™ 69

k=-¥

where is the Fourier angular frequency.

Both the impulse response and frequency respomszidn contain complete
information about the system. Therefore, the mairppse is then to determine the
filter coefficients from a set of input/output pairAccording to Equation (5.2), once
the training samples are selected and the ordethef filter established, the
coefficients of the filter can be easily calculateda straightforward manner by
solving the algebraic equatioi = B'-X in a least-squares sense, wh¥réds the
output vector anK is a matrix whose rows contain the current andNhgrevious

input values for each componentYin
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5.3.3 Neural Network (NN) Approach

The neural networks have been employed here sihregedo not impose any
constraints on the linearity of the system to heligid. Hence, they are expected to
provide more accurate solutions to the system ifileation and regression problems
at hand than the methods discussed above.

Two multilayer feedforward neural network structyrechematically depicted
in Figure 5.1, have been chosen: one to quantdye¢hationship between IEF-Ey and
the penetration electric fields at equatorial latés (Figure 5.1a), and the other to
investigate the system’s dynamics (Figure 5.1bhdth casesy is IEF-Ey andy is
dEy, at the time instaikt In the first case, shown in Figure 5.1a, the oekvg inputs
are Kp, LT, and IEF-Ey, while in the second casmve in Figure 5.1b, the inputs
are the current and the N previous values of IEFHEy interesting to remark that in

the second case the network acts as a nonlifarder FIR filter.

Figure 5.1: Schematics of the neural networks usé¢de analysis.

For our studies, N is 120 since we use 10 hourtagfime Ey observations,
between 0700 and 1700 LT, at a temporal resolfdminutes, which corresponds

to 120 samples of Ey values.
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5.4 Selecting the Training Samples

The training samples used in our studies consistrofiltaneous observations
of IEF-Ey and dEy, corresponding to Kp values geeahan 4. This selection
criterion was imposed by the fact that accordindg-éole and Kelley (1987), for Kp
values greater than 4, the fluctuations in the ketectric field at Jicamarca with
periods less thanl0 hours are primarily causedlutuations in the high-latitude
magnetospheric electric field, while for Kp valuess than 3, the equatorial field
fluctuations are primarily due to fluctuating atrpbsric winds.

The dEy values were obtained by detrending theteqgahelectric field using
representative quiet-time values. Such a quiet-field component was determined
for each training sample by averaging the Ey valabkaracterized by Kp values less
than 3 and same local time as the training sanopier, a 21-day interval centered on
the day corresponding to the training sample. Thwgse of this procedure is to
isolate the penetration electric fields from theetjlbbackground conditions and to
correct, up to some extent, for the disturbanceathm effects. It needs though to be
specified that this procedure is not effective Immating the substorm-induced
penetration effects and the effects of the grawtwves, which too are considered
important sources of periodic fluctuations in tlygi@orial zonal electric fields in this

period range.
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5.5 Modeling the Relationship between IEF-Ey and th Penetration Electric

Fields at Peruvian Longitudes

For the studies presented in this section, we ss@n years of IEF-Ey
observations andH-inferred zonal electric fields from the Peruviangitude sector,
between 2001 and 200Figure 5.2 shows, from top to bottom, the wavehepktude
spectra (,=40) of the Ey predicted by the Fejer-Scherliessdeho(Fejer and
Scherliess, 1997) and inferred fronH observations, only for those days with
available H observations, and of the IEF-Ey/10, for the 1hb@ir period range and
between 2001 and 2007.

It is clear from the spectra shown in Figure 5.attthe most dominant
features in the modeled and observed equatorifiekls are the 6 and 8-hour periods
corresponding to the quarterdiurnal and terdiutitlds. The two dominant spectral
components display significant annual and semidnmaaations over the entire
seven year interval and amplitudes of up to ~0.08nm Other significant spectral
components but of much smaller amplitudes can $®rabticed near the 3 and 4-hour
periods, and they too may represent some highendracs of the diurnal tide.

In general, the two Ey spectra are similar and ldisplominant horizontal
features. However, there are also significant dkfiees between the two Ey spectra
which motivate the chosen detrending procedure tadojp calculate dEy, instead of
using the drifts predicted by the Fejer-Scherliegxlel. The vertical features in the
Fejer-Scherliess Ey spectrum are caused by gaipe idata, which means that some

of the vertical features in theH-inferred Ey spectrum are also caused by data. gaps
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Other vertical features in the H-inferred Ey spectrum are due to solar
wind/magnetosphere phenomena and gravity wave itgctiwwhich are also

responsible, at least partially, for the randomeaspf this spectrum. By contrast to
the Ey spectra, the IEF-Ey spectrum exhibits a higigree of randomness and
dominant vertical features, which are probably eisded with sudden variations in
IEF-Ey. Several of the vertical features in the dEfFspectrum coincide with those in

the H-inferred Ey spectrum and are most probably irtdiesof penetration effects.

Figure 5.2: Wavelet amplitude spectra$40) of the equatorial Ey (top) predicted by
the Fejer-Scherliess model and (middle) inferredmfrDH observations at the
Peruvian sector, and (bottom) of IEF-Ey/10 for 1th&0 hour period range, from 2001
to 2007.

To investigate the dynamics of the system thatlB&sEy as input and the

variations in the equatorial zonal electric fielly, as output, we employed an FIR

filter and a neural network approach. We remindrédsler that an FIR filter assumes
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that the system is linear and time-invariant, whileeural network does not make any
assumptions about the system to be identified. ,Timsising an FIR filter we obtain
information about the general linear behavior & slystem, while by using a neural
network we can also capture non-linear featureh®fsystem’s dynamics. However,
given that the neural networks are very sensitovéhe quality of the training set,
some caution is required in interpreting their tesswas it will be shown later. In both
approaches, the filter and the network have 120tsponsisting of the current and
the previous 10 hours of IEF-Ey values. This allovesto determine the impulse
response of the system over a 10 hour intervalchvis exactly the length of our
daytime observations.

As discussed earlier, dEy is calculated for Kp grethan 4 by subtracting a
quiet-time component from Ey. About 37000 of suély drialues were obtained and
used to build the training set. Both models weatned with the same training set,
and the training root mean square (RMS) errorsfiemeural network model and FIR
filter were about 0.1709 mV/m and 0.1780 mV/m, exdpvely. To assess the
consistency of our results, and also for comparmmposes, we developed additional
FIR filter and neural network models with IEF-Eyiaput and the variations iDH,
d(DH), as output. In this latter case, the training &RMrrors associated with the
neural network model and FIR filter were 33.723 ald 33.819 nT, respectively.
Once trained, we tested the models for differemusated signals in order to extract
information about the system’s dynamics. The resaié presented in the following.

The frequency response functions and the impulggoreses of the FIR filters

(green lines) and neural network models (red lirsgs) shown at the top of Figures
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5.3a and 5.3b. In these plots, the normalized nhagd@s of the frequency response
functions are plotted as a function of period other 10 min-24 hour period range,
while the impulse responses are plotted as a fumaii local time, for 0700-1700 LT.
In addition to the frequency and impulse responsegure 5.3 also shows the
models’ responses, as a function of local timejxsimulated inputs that resemble to
some degree the types of fluctuations usually ofeskein the IEF-Ey. The first,
second, and third cases correspond to 10, 4 amii2ibng pulse waves of amplitude
one, starting at 0700 LT. The fourth and fifth casee ramp and triangular waves,
respectively, and the sixth case is a sinusoidaewaith a 2-hour period. It is clear
from these plots that the FIR filters predict samibehavior whether dEy or[@l) is
used as output, while the neural network modeldiprslightly different responses.
To determine the sources of these differences, eee no take a look at the
frequency response functions of the FIR filters aadral network models. First, it is
important to remark that the frequency responsetions of the FIR filters indicate a
band-pass filter with a roll-off just before the-6ur period and peaks near the 4 and
6-hour periods, periodicities shorter than abobbdr and longer that about 10 hours
being attenuated by the system. For the case showigure 5.3b, the frequency
response functions of the FIR filter and neuralwoek model, and also their
responses to all six test signals, are very simHar the case shown in Figure 5.3a
though, the frequency response functions of theatewetwork model and FIR filter
display large discrepancies in the 3-5 hour peratye and so do their responses to
some of the test signals. In this case, the freqpueesponse function of the neural

network model shows a suppression of the perioégcin the 3-5 hour range, which



158

may explain the gradual decay in the pulse and rasponses, which settle to zero
after about 6 hours. We suggest that the obsemeprassion of the periodicities in
the 3-5 hour range may be due to the nonlinearacher of the neural network model
and also to the quality of the training data sedredHwe will explain the dynamics of

the system based on the FIR filter responses $imgeare in general more consistent.

a. b.
Figure 5.3: (top) The frequency response functemms the impulse responses of the
FIR filters (green) and neural network models (nih IEF-Ey as input and (a) dEy
and (b) dDH) at the Peruvian sector as outputs. (bottom) rfEsponses of the FIR
filters (green) and neural network models (redjitterent test signals.

As shown in Figure 5.3a, the impulse and step mesgm® of the FIR filter
indicate an oscillatory system with a natural pgrad about 6 hours, a rise time less
than 30 minutes, a settling time of about 6 hoarsjamping ratio of about 0.2

corresponding to about 50% overshoot in the stepomse, and an amplification

factor of about 1% of the input for steady-stataditbons. Our results are consistent
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with those reported by Nicolls et al. (2007), whéney explained that the weakly
resonant behavior predicted by the models may ateithat, in addition to the self-
inductance of the ring current and the resistaridbeionosphere, there exists some
capacitance in the system, but the physical meshanibehind such an equivalent
circuit have not been investigated.

The long-duration responses to pulse and ramp Isigihso support the notion
that the response of the equatorial zonal eledteld to long-duration IEF-Ey
polarities can last for many hours, which is inemgnent with the long-duration
penetration events presented by Huang et al. (20018 also interesting to remark
that both rising and falling edges of the pulse aamup signals produce enhanced
responses, which in our case are symmetrical dtieetéact that FIR is a linear phase
filter. This basically means that the equatoriadaspheric electric field responds to
both southward and northward turnings of the IMFuBxery similar ways, which is
consistent with the results reported by Nicollglet(2007). It can be also added that
the system’s response to a triangular wave is &mtan oscillatory system and the
response to a sinusoidal wave is a sinusoidal wavke same frequency and phase
as the input wave.

To assess the validity of the two FIR filters diseed above, we calculated the
average standard deviations associated with tlo&fficients. The values we found
are around 0.0011 and 0.22 nT/mV/m. They were deterd by estimating the FIR
filter coefficients for 20 individual cases, andeth by calculating the standard
deviation and the mean values for those 20 casesadh case, the coefficients were

estimated based on two-thirds of randomly selestdples from the total training
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set. It was found that the coefficients of the ®IR filters were almost identical with
the mean values of the estimated coefficients fer PO cases. The estimated
coefficients for each individual case along witke ttoefficients of the two FIR filters
(thick cyan lines) are shown in Figure 5.4. Givkattthere is a high variability in the
penetration events from case-to-case, we condiderthe observed variability in the

coefficients of the two filters is reasonable.

a. b.
Figure 5.4: Distribution of the FIR filter coeffamts for the (a) dEy and (b) 2H)
inputs.

Besides analyzing the behavior of the system ipaese to different input
signals, our purpose here is also to establishtdaave relationships between IEF-
Ey and the penetration electric fields. The modigscribed above can serve such a
purpose but they require much more information thaaeded to establish an input-
output mapping. In consequence, two additional oukhbased on multiple
regression analysis and neural networks are emgldge this purpose. In both
approaches the inputs are Kp, LT, and IEF-Ey, &edoutput is either dEy or Q).

The first approach consists in determining songgession coefficients in a

least-squares sense, and the latter approach tomsisdjusting the weights of a
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neural network according to a learning algorithnsdzhon a training set. For the
neural network approach the training RMS errorsewabout 0.17887 mV/m and
33.2571 nT, while for the multiple regression a@uty the regression equations and
the training RMS errors are given in Table 5.1.idt noteworthy that these
relationships apply to penetrating electric fieldsd were developed based on
samples characterized by Kp values larger than darl be also remarked that the
training RMS errors are very similar with those aabed with the FIR filters and
neural network models discussed above. This inglic#ttat using only the current

IEF-Ey value should be sufficient to predict theresponding dEy and BH) values.

dEy = -0.0764 - 0.0031-kp + 0.0062-LT + 0.0148-F5F+ 0.0002-[EF-Ey | 0.1800 [mV/m]

d(DH) = -20.2978 - 0.1842-kp + 1.5281-LT + 2.9152-IEf+ 0.0447-IEF-Ey | 33.9836 [nT]

Table 5.1: Regression equations and the assodwitlerrors.

5.6 Case Studies

Figure 5.5 illustrates the Ey fields inferred fr@h observations (thick black
lines), the Ey fields predicted by the FIR filtahiCk green lines) and the neural
network model (thick red lines) that have the cotri@nd the past 10 hours of IEF-Ey
values as inputs, along with the Ey predicted ley Fejer-Scherliess model (dashed
blue line) and IEF-Ey/15 (thin blue line), for etgiays characterized by Kp values
greater than 4. As seen in this figure, some ofdhents are more oscillatory in

nature, others are characterized by square wawgtsnwhile others are quite unique.
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These storm cases were also examined by Nicodk €007), where they provided a
more complete description of each event. Overally mesults are in excellent
agreement with their results and many of their tgions apply to our Ey estimates.
As seen in Figure 5.5, the Ey fields predicted by EIR filter and neural
network model are in general smoother than thergbddields. The predicted fields
are also able to capture the equatorial responsés \gell although the edges on the
data are a bit sharper than predicted by our mpdbt®vying a rise time of about 30
min. Both effects are due to the suppression ohtk-frequency components in the
frequency response functions shown in Figure 58 dattenuation of the high-
frequencies might be due to the fact that the kidhictuating fields display large
variability from one penetration event to anothand hence they are not well
represented by the training samples. Another ream@ht be that the training
samples were selected based on the Kp index, wkialot quite appropriate to
identify penetration events. A more appropriate emdwould be obtained by
calculating the integrated power within a certagmiqd range in the wavelet domain,
which is similar with the integrated fluctuationvper index defined by Nicolls et al.
(2007). This procedure then provides index values desired sampling rather than
on a daily basis. However, given that the substimhaiced penetration electric fields
and the gravity waves are important sources of -fighuency electric field
fluctuations, and the existing indices are notisight to fully isolate their effects, an
even better approach would be to investigate tigh-frequency components on a

case-by-case basis as shown by Nicolls et al. (280F Anghel et al. (2008a).
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Another aspect that can be observed in Figure $that both southern and
northern IMF-Bz turnings cause the Ey field estiesatio overshoot, which is typical
of an oscillatory system. Other features of thevested fields consist in their ability
to reproduce oscillatory and ramping effects, sheeays in the ionospheric fields,
and long-duration penetration effects. Also, likeNicolls et al. (2007), there is a
general tendency our models to underestimate thesgheric field fluctuations by a
factor of about 2-3, although many of the featuses recovered. This is kind of
expected given the quality of the data, the waytthaing samples were selected
based on the Kp index, the effect of the gravityveg and substrom-induced
penetration fields, and also the fact that bothregghes tend to learn the most
significant and frequent patterns embedded in theihg set. It is also worth
mentioning that similar results like those in Fig&.5 are obtained with the multiple
regression equation given in Table 5.1 and withralenetwork algorithm that has

Kp, LT, and IEF-Ey as inputs and dEy as output.
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Figure 5.5: A series of eight case studies whezdhltk black line is th®H-inferred
Ey at Jicamarca, the thick red line is the Ey priedi by the NN, the thick green line
is the Ey predicted by the MR algorithm, the thinebline is the IEF-Ey divided by
15 and the dashed blue line is the Ey field predidty the Fejer-Scherliess model.
5.7 Modeling the Relationship between IEF-Ey and th Penetration Electric

Fields at Indonesian Longitudes

Magnetometer observations from Yap and Biak, Ind@eéetween 2001 and
2004, have been used to estimate the zonal eléelds at these longitudes using the
neural network approach described in Chapter 3. &3tenated Ey fields are used

here: (1) to establish quantitative relationshipsseen IEF-Ey and the penetration
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electric fields, and (2) to investigate the electfield penetration mechanism
associated with the ring-current, using the metltbsisussed earlier in this chapter.

The wavelet amplitude spectra,€40) of the Fejer-Scherliess Ey andH-
inferred Ey at Indonesia, calculated only for thdssgs when H observations are
available, and of the IEF-Ey/10, over the 1-10 hperiod range and between 2001
and 2004, are shown in Figure 5.6. Here again th&t slominant features in the two
Ey spectra are the 6 and 8-hour periods, corresporniod the quarterdiurnal and
terdiurnal tides. It is clear from this figure thhe two spectral components are much
stronger than at Peruvian longitudes and reachiamdes of up to about 0.2 mV/m.
Other higher harmonics of the diurnal tide can ls® aistinguished but they have
much smaller amplitudes. As shown in this figutee 8-hour period in the H-
inferred Ey spectrum exhibits a distinct seasoraliation, while in the Fejer-
Scherliess Ey spectrum the amplitude of the 8-lpaniod is constant over the entire
interval. On the other hand, the 6-hour periodhie two Ey spectra does not display
any seasonal variation and maintains high amplgukeughout the entire interval.

It is thus clear from the two Ey spectra that theargity obtained by
subtracting the Ey predicted by the Fejer-Scheslm®del from the observed Ey is
not quite appropriate for studies that involve equal electric fluctuations with
periods less than 10 hours. As stated previoukly,vertical features in the two Ey
spectra are due to missing data records. Buten thinferred Ey spectrum, they are
also due to solar wind/magnetospheric phenomengemdty wave activity, which
are in addition responsible for some of the randeatures in this spectrum. The IEF-

Ey spectrum displayed in Figure 5.6 is the samefimme Figure 5.1.



166

Figure 5.6: Wavelet amplitude spectra$40) of the equatorial Ey (top) predicted by
the Fejer-Scherliess model and (middle) inferrednfDH observations at Indonesia,
and of (bottom) of IEF-Ey/10 for the 1-10 hour perirange and for 2001-2004 time
interval.

We further analyze the penetration mechanism ofl@eEy to equatorial
latitudes by investigating the dynamics of the eysthat has IEF-Ey as input and
dEy as output. For this purpose, we also employeBIR filter and a neural network
model with 120 inputs, that represent the curredtthe previous 10 hours of IEF-Ey
values. The training set in this case consisteaboiit 26000 samples and the training
RMS errors for the neural network model and FIEfilvere about 0.1727 mV/m and
0.1806 mV/m, respectively. The responses of the maxdels to different input
signals are shown in Figure 5.7a. Again, for corapae purposes and also to test the
consistency of our results, we developed additidgA& filter and neural network

models with IEF-Ey as input and@l) as output. Their responses to the same test

signals are shown in Figure 5.7b. In this lattesecathe training RMS errors
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associated with the neural network model and Flierfwere about 22.650 nT and
23.544 nT, respectively.

The plots in Figure 5.7 are in the same formahasd in Figure 5.3, with the
impulse responses and the frequency response duscat the top of the figure and
the responses to the six test inputs describettearlthe chapter in the lower part of
the figure. It is clear from these plots that twe FIR filters predict similar behaviors
whether dEy or djH) is used as output with the exception of a negatiffset in the
responses to pulse, ramp and triangular waves wiignis used as output. The
observed offset might be due to the neural netvedgkrithm employed to estimate
the vertical ExB drifts fronDH observations, having in view that only Peruviatad
were used for its training. The frequency respduaeetions of the two FIR filters are
also very similar and indicate a band-pass filtéthva roll-off near the 10-hour
period, peaks near the 4 and 6-hour periods, asdraficant attenuation of the
periodicities outside the 1-10 hour period range.

As compared to the frequency response functionsisho Figure 5.3, there is
a significant attenuation of the 5-hour period tigkato the 4 and 6-hour periods,
which may be due to the fact that there are stnoigd 8-hour tidal components at
Indonesian longitudes than at Peruvian sector. \fMecidate that this relative
suppression of the 5-hour period with respect ®4hand 6-hour periods could be
responsible for the gradual decay in the step mesg® which settle to zero in one
case and to a negative value in the other afteutabbours from the beginning of the
step signal. A similar situation is observed inUfegy5.3a, where the neural network

response to a step input also reaches zero afbert 2bhours. In that case too, the 5-
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hour period is significantly attenuated relativehe 6-hour period. However, further
investigations are required to clarify the role ygld by the strength of the tidal
components and the relative suppression of they5pdeod in the rapid decay of the
pulse responses.

As shown in Figure 5.7, the pulse responses of FtR filters are
characterized by a rise time less than 30 min@elanced responses to both rising
and falling edges, and a settling time of aboub8rs, while the impulse responses
are slightly oscillatory and reveal a natural péraf about 6 hours. The FIR filter
responses to triangular waves are also typicalnobscillatory system, and their
responses to sinusoidal waves are sinusoids afahee frequency and phase as the
input waves. It can be also remarked that the resg® predicted by the neural
network models slightly overestimate the respomseslicted by the FIR filters and
exhibit some peculiarities.

Comparing Figures 5.3 and 5.7, it is clear thatetse significant differences
between the FIR filter responses to pulse signalducation longer than 2 hours, at
Indonesian and Peruvian longitudes. Also, the HiBrfresponses at Indonesia have
slightly lower amplitudes than at the Peruvian geawvhich is more evident for the
sinusoidal input. All these point out that therésexa longitudinal dependency of the

penetration effects which remains to be furtheestigated in our future studies.
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a. b.

Figure 5.7: Same as Figure 5.3 but for Indonesia.

Using multiple regression and neural network apghea, we also established
simple quantitative relationships between IEF-Ey diy and between IEF-Ey and
d(DH). For the multiple regression approach, the regjom equations and the RMS
errors associated with the training set are shawmable 5.2, while for the neural
network approach the training errors are aboutd®%7mV/m and 23.986 nT. The
relationship can be used to estimate the penetralectric fields at Indonesian

longitudes directly from IEF-Ey measurements.

dEy =0.0687 - 0.0191-kp - 0.0008-LT + 0.00BE-Ey + 0.0003-IEF-Ey | 0.1871 [mV/m]

d(DH) =2.9579 - 2.9945kp + 0.4974-LT + 1.5906-IEF4E0.0310-IEF-Ey | 24.1963 [nT]

Table 5.2: Regression equations and the assodidkierrors.
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5.8 Conclusions

In this chapter, we have investigated the shieldiffigct of the ring current, in
both time and frequency domains, and establishadtdative relationships between
IEF-Ey and the fluctuations in the zonal componEgtof the daytime equatorial
electric fields at both Peruvian and Indonesiargituales. Several techniques based
on neural networks, multiple regression analysis, RIR filters have been employed
for this purpose and have been discussed in tligteh

We have shown that our models developed for thevRar sector predict
smoother responses as compared to the observaimhsdisplay a tendency to
underestimate the fluctuations in the observed iElg fby a factor of 2-3. Their
frequency response functions are very similar amticate a band-pass filter with
peaks near the 4 and 6-hour periods, roll-off nlearlO hour period, and a significant
attenuation of the periodicities outside the 1-birhperiod band. Our results thus
support the ideas that the ring current behavea hand-pass filter and that the
shielding effect is more effective for periods lenghan about 10 hours (e.g., Earle
and Kelley, 1987). Their step responses are typpéah weakly resonant system
characterized by a natural period of about 6 haursysitive and negative overshoot
of about 50%, that corresponds to a damping rat@.2f a rise time less then 30
minutes, a settling time of about 6 hours, andrapldéication factor of about 1% of
the input for steady-state conditions. As explaibgdNicolls et al. (2007) the self-
inductance of the ring current coupled with sompac#ance and the ionospheric

resistivity may provide such oscillatory responskst the physical mechanisms
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behind such an equivalent circuit have not beeeshgated. In addition, their long-
duration responses to pulse signals are in agrdemigm the results reported by
Huang et al. (2007) and Nicolls et al. (2007) andp®rt the notion that the response
of the equatorial field to long-duration IEF-Ey paties can last for many hours.

We have also shown that the models developed &lnthonesian site present
some particularities, especially regarding thespmnse to long-duration pulses, as
these responses settle to zero in one case andhégadive value in the other after
about 2 hours from the beginning of the pulse. \Mecalate that the observed decay
in the pulse responses may be caused by the peesérstrong 6 and 8-hour tidal
components in the Ey field at these longitudesllastiated in Figure 5.5. The two
tidal components are also deemed to be resporfsibthe relative suppression of the
5-hour period with respect to the 4 and 6-hour qukxiin the frequency response
functions shown in Figure 5.7. However, further @stigations are needed to
elucidate the impact of the 6 and 8-hour periodsterpreting the penetration effects
at these longitudes. In addition, the pulse respoi$ these models are characterized
by a rise time less than 30 minutes, enhanced meggoto both rising and falling
edges, and a settling time of about 3 hours, whiéd& impulse responses are slightly
oscillatory and reveal a natural period of abouno@rs. Overall, our results indicate
that the penetration mechanism presents a longéldiependency which remains to

be further investigated in future studies.



Chapter 6

WINTEC - A Kalman Filter-based Algorithm for Near R eal-Time
Monitoring of the lonosphere Using Dual-Frequency &S Data

6.1 Background

Consisting currently of a constellation of 31 aetisatellites that broadcast
coded L-band radio signals at the L1 (1675.42 Midnd L2 (1227.60 MHz)
frequencies and more than 2000 dual-frequency GlBbaitioning System (GPS)
receivers in continuous operation worldwide andaamtd many Low Earth Orbiting
(LEO) satellites, the GPS system represents a anigod reliable source of
ionospheric total electron content (TEC) data. Tibeosphere is the ionized
component of the Earth’s upper atmosphere that céispahe propagation of
electromagnetic waves in a wide range of frequen@ey., Tascione, 1994). For the
GPS signals, the ionosphere is a dispersive medavhioh introduces a frequency
dependent path delay proportional to the integratedtron density along the signal

path from where valuable temporal and spatial mfaton about the electron density
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distribution in the ionosphere can be retrievedeiOthe last two decades, several
algorithms for estimating the ionospheric TEC fr@a®S observations by taking
advantage of the dispersive nature of the ionogphethe microwave region of the
electromagnetic spectrum have been developed &agdon et al., 1994; Komjathy,
1997; Mannucci et al., 1998; Spencer et al., 204)his context, the main purpose
of this chapter is to introduce the mathematicsirzelour GPS-TEC estimation
algorithm, named WInTEC, developed for near reakti monitoring of the
ionospheric TEC using ground-based, dual-frequésie$ data.

WINTEC has been developed as a Windows applicatioBorland C++
Builder and features a user-friendly Graphical Ubgerface (GUI) based on a
Multiple Document Interface (MDI) design. The apgglion can automatically
download hourly/daily observation and navigatidediin the Receiver Independent
Exchange Format (RINEX) format from Internet, asdable to estimate slant and
vertical ionospheric TEC values by processing GB& drom a single site or from
several receivers simultaneously in a Kalman filegproach. The estimation
procedure in WInTEC consists of two phases. Tts fihase is a data pre-processing
phase where, at each epoch, the algorithm calsuldie coordinates of all the
satellites in view (e.g., Grewal et al., 2007), thierential pseudoranges and carrier
phases, and then, after checking and correctingh®rpotential cycle slips in the
differential carrier phases within a 30-minute alsadon arc centered on the current
epoch, the phase-leveled slant TEC for each datailiview. In the second phase, the
phase-leveled TEC values are fed to a Kalman fdfeer detecting and eliminating

the anomalous data points. To detect and correcthi® bad data points, at each
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iteration step, the algorithm compares the measure€ with the previously
estimated TEC and eliminates those values thatexaeertain threshold.

To assess the performance of our algorithm, we igegogome comparative
results between the vertical TEC values predictgdthie WIinTEC and USTEC
techniques (Spencer et al., 2004) at five North Ata@ stations and for three time
intervals, 5-11 November 2004, 2-11 January 200% &0-26 August 2005,
characterized by enhanced geomagnetic activity itond. We selected USTEC for
our validation studies, since it employs a more glex TEC estimation technique
than the one used in WIinTEC. USTEC produces iorerspffEC estimates over the
contiguous United States (CONUS), within the®-&0°N latitude range and 50
15°W longitude range, with a spatial resolution &t1f in latitude and longitude, at
a latency of 15 minutes. It uses dual-frequency @B& from about 100 ground-
based receivers in a data-assimilation schemedbrabines Kalman filtering and
tomography, with IRI95 (Bilitza, 1995) as a backgrd ionospheric model. As
reported by Minter et al. (2007), the USTEC undetyais of about 2-3 TECU for
quiet geomagnetic conditions, and possibly highar ihoderate and enhanced
geomagnetic activity levels. For our studies, we WSTEC data available at
http://www.ngdc.noaa.gov/stp/IONO/USTEC/products/.

In the following sections of the chapter, we intwod the mathematical
formalism behind the WInTEC algorithm by: (1) prowig relevant information
about the ionospheric effects on the GPS sign2)ssXamining the GPS observables,
(3) reviewing the thin-shell ionospheric model, af#) describing the sequential

Kalman processor and its governing equations. Véa firesent several comparative
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results between WINTEC and USTEC and conclude trepter with a succinct

description of our results.

6.2 Estimation Strategy

Several authors have already published the basibemetical equations that
describe the impact of the ionosphere on the GBiSals and the GPS observables
(e.g., Komjathy, 1997; Hoffmann-Wellenhof et al998, Haykin, 2001; Grewal et
al., 2007). Here we include these fundamental éopusmfor completeness along with

the Kalman filter equations (Tapley et al., 2004).

6.2.1 lonospheric Refraction. GPS Observables. ThiBhell lonospheric Model.

The ionosphere is a dispersive medium for the GB&als, which presents
frequency dependent phasg, and group,ng, refractive indices. Neglecting the
collision and magnetic field effects)n, and ny for an electromagnetic wave

propagating through the ionosphere are in genembaimated as:

c fy o 403X\,

Ny =——=1- 5 @- ———= (6.1a)
ph
c fZ  403xN,

Ny =7 1+?@_+ 2 (6.1b)
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wheref is the carrier frequency, is the plasma frequencfy, andfy are the phase
and group frequencies, respectivaly,is the electron density, amdis the speed of
light. It is clear from Equations (6.1a) and (6.1t the ionosphere impacts the GPS

signals by introducing a frequency dependent gaerlay given by (in meter units):

403

f2

Dono —

XTEC (6.2)

whereTEC is the total electron content along the propagagath, in TEC units (1
TECU =10°electron/mi and corresponds to a time delay of 0.54 ns andaarahge
delay of 0.16 mat the L1 frequency).

For a receiver-satellite (RS) pair, the quantityEiquation (6.2) affects both
the measured codeand phase ranges. The two ranges are in general expressed in

distance units as:

P(L)=r +c>xDt +D°°(L)+ D™ + b, +bS, +m,, +6&, (6.3a)

F(L)=r+cDf +/ XN - D°(L)+ D™ +h% +0° +m.  +e (6.3b)

where is the actual satellite-receiver geometric rangejs the satellite-receiver
clock error,L is the carrier frequency,is the wavelengtlt is the speed of light\ is

an integer phase ambiguity numbef™ is the frequency dependent ionospheric path
delay, "™ is the non-dispersive tropospheric path debfy,, b% ., b® |, andb® |

are the satellite and receiver instrumental biasgs, andm | are the multipath
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errors, andp, and | are random noise processes. Since the two measamgds
are affected by both random and systematic ertbey, are usually known as code
and phase pseudoranges, or simply as pseudoradgeaaier phase, respectively.
Also, having in view that there are different trenck loops for the code and phase
measurements, the receiver and satellite instruahbiztses foP and are different.
By combining Equations (6.2), (6.3a), and (6.3b)y the L1 and L2
frequencies, one can express the differential pgandeTEG> and the differential

carrier phas@EC observables, in TECU, as:

TEC, = 952:(P, - P) (6.42)

TEG = 9525(F,- F,) (6.4b)

whereTEG is a noisy and biased measure of the actual TEC@wmultipath effects
and instrumental biases, whillEC is a very precise but ambiguous measure of it
due to the phase-cycle ambiguifyeC is less sensitive to multipath thBEG-> and
has a noise level of about 2-3 orders of magnituelew the noise level ITEG:.
Taking advantage of the properties of the two imtelent TEC estimates given by
Equations (6.4a) and (6.4b), here we use a phasbrg technique that combines
TEC and TEG measurements collected over phase-connected &rdata The
technique consists in adjusting tHEEC measurements by a constant value
calculated as the elevation-weighted average ofTth€ -TEG measurements for

each phase-connected arc. Although still affectgdthe satellite and receiver
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instrumental biases, the new line-of-sight phaselsl TEC observable is a precise

and unambiguous measure of the actual TEC and;exta@n epoclk, is given by:

" p ATEG) - TEG))
TECK, =TECK - 20 . b, = (el (6.5)
P;

j=i-n

where €gs is the elevation angle at epoghIn our analysis, the summation in
Equation (4) is performed over a 30 minute arctlervgntered at the current epdch
after detecting and correcting the cycle slip§EC within this time interval. Also,
in the results presented here, the cutoff elevatingle is chosen at 1@nd the
sampling time is 30 seconds, which is also the tgtiae in our Kalman filter-based
algorithm.

Moreover, to estimate the actual TEC from the pHeseled TEC
measurements, we employed a thin-shell model feritmosphere and a bilinear
spatial representation, in a solar-geomagnetiaeate frame, for the vertical TEC
above the monitoring stations. In the thin-shelldelahe ionosphere is approximated
as a thin spherical shell at a fixed height, assutoecorrespond to the peak electron
density in the ionosphere. In WInTEC, we choselarsgeomagnetic reference frame
based on sun-fixed longitude and geomagnetic titoecause the ionosphere is the
result of interaction between the solar radiatiod ahe Earth's atmosphere and
magnetic field, and is assumed to vary more slawlg Sun-fixed reference frame

than in an Earth-fixed one (e.g., Tascione, 1984inathematical model is then set
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up that takes into account that the ionospherib platay is a function of elevation
angle, whereas the satellite and receiver biasesekvation angle independent,

according to the following observation equation:

TEC};S =M (eIF(es' h) xl_ag,R + aik,R xD/ l;es + aIZ(,R XDy ;s]"' b; + bls( (6.6)

In Equation (6.6), the additive terni¥s and bz are the slowly varying
satellite and receiver instrumental biases, thamatersa®, g a4 r anda®, g are the
coefficients of a first-order polynomial fit to tivertical TEC above the receiver kRsis
the difference between the longitude of the ionesighpiercing point (IPP) and that
of the mean sun, and “zsis the difference between the geomagnetic latitofotbe
IPP and that of the receiver. Finallyl(€‘rs ,h) is an elevation angle-dependent

mapping function that relates the line-of-sight aedical TEC values at the IPP:

M (e, h) = sec arcsin ReRi . xcodel) (6.7)

whereR; is the radius of the Eartbgsis the elevation angle, amds the ionospheric

shell height, taken here at 350 km. It is notewpttiat by using Equation (6.6), the
satellite and receiver biases cannot be determsegérately unless an additional
assumption is made, and consequently here we dstiomdy the combined satellite

and receiver biases. It is also important to mentiat, as it will be shown in the next
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chapter, the WIinTEC algorithm can also accommoftatenulti-shell representations

of the ionosphere and for more elaborated polynbstiactures for the vertical TEC.

6.2.2 Kalman Filter

The Kalman filter provides an alternative way afnfoilating the least-squares
filtering problem using state-space methods (ek@lman, 1960;Haykin, 2001,

Tapley et al., 2004), with the dynamical systerhaestimated being modeled as:

X =F e Xy T Wy g (6.8)

Y, =H, %X, +V, (6.9)

where Xy is the state vector, k.1 iS the state transition matriwy is the process
noise (a zero-mean white Gaussian noise with thvar@nce matrixQ), Yy is the
measurement vectoy is the measurement matrix, andis the measurement noise
(a zero-mean white Gaussian noise with the covesianatrixR). The main idea
behind the Kalman filter is that, as new measurésmbacome available, both the
state estimate and the error of that estimate pdatad or refined. The recursive
equations of the Kalman filter, grouped as time ar@hsurement update equations,
are given below for convenience:

1. time update equations

Xk = F oo X1 (6.10)
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Pk =F i P F L+ Q=E X, - Xk x X, - X« (6.11)

2. measurement update equations

1

K, =PoH] x H, ®PoH] +R (6.12)

U _ _

Xk =Xk+K, xY, - H xXXk (6.13)
_ U u T

Po=(-K H)P=E X,- Xk xX, - Xk (6.14)

where “V indicates estimated values and “-* agriaiues at th&™ iteration.

In the Equations (6.10)-(6.14p, is a symmetric positive-definite matrix and
represents the estimation error covariance mabeing thus usually used as a
measure of the estimation accuracy. Instead ofgusguation (6.14), in WinTEC we
use the equivalent Joseph’s formulation which abwaglds a symmetric result f&

during the estimation process regardless of thedaif computer errors:

Po=(I- K, H, )@l - K, H, )T +K, R, K] (6.15)

Also, as indicated by Equation (6.13), the KalmamdK provides a relative
weighting between the apriori data and the new mbsens. Basically, when the
measurements are very noisy with respect to thierapstate, as reflected by the
andP matrices, the Kalman gain makes the estimatioaréhgn less sensitive to the

new observations, and vice versa, when the agsiate is less accurate relative to the
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measurements, the Kalman gain makes the estimalgonithm more sensitive to the

new measurements (e.g., Tapley et al., 2004).
6.2.3 Single-site and Multi-site Estimation Procedes

In the following, we further detail the WInTEC pexsing algorithm for the
single receiver case and for the case of an arpimamber of receivers. For the
single-site case, according to Equation (6.6), $tete vector consists of three

ionospheric fit coefficients that describe the malt TEC above the site, one receiver

bias, and N satellite biases:

X, = [aks aky akq b bt bk [ (6.16)

and the measurement vector contains the slant pbesied TEC observations:

v, = [TEC, TEC, .. TECL [ 6.17)

In WInTEC, the state transition matrixyx.1 is the identity matrix and the state
variables are modeled as stochastic random walkepses, while according to

Equation (6.6) thél, matrix is given by:



183

M(ehe,h) Mg h)Orsy  Meh Dk, 1 1 x 0
Hk = M(e%?’h) (R%’Z)xD/k (RQ’Z)XD/ RS 1 : (3( (618)
M(ele ,h) Mg h)Orks Mgl hpDk, 1 0 x 1

It can be remarked in Equations (6.17) and (6.48) éach component ¥y and each
row in Hy correspond to a particular GPS satellite, anthef gatellite is not in view
then its corresponding componentsrinandHy are set to zero.

Also, in WInTEC, bothQ andR are diagonal matrices and are kept constant

throughout the entire estimation process. For iingles-site case, they are taken to be:

1000.0
0100.0
0010.0 i

Q= 0000 .0 X10 and R = 004> (6.19)
0000.0

wherel is the identity matrix. As seen in Equation (6,18)the specification o,
we imposed non-zero values for the diagonal elesnardrresponding to the
ionospheric state variables and zero values forelbenents corresponding to the
instrumental biases, having in view that the iomesp varies on much shorter
timescales than the instrumental biases.

For the network approach, the state vector contdiratellite biases and a set

of three ionospheric fit coefficients and a recei@s for each station. Thus, for a
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network of M receivers and N satellites there aM+N state variables. In this case,
Equations (6.16)-(6.19) modify accordingly, and #tate and measurement vectors

become:

k

X, =[ake aky ab, b ...k, Al al. b bl bk (6.20)

v, =[TECS, TECY, . TEC., ...TECL. TEC.. .TEC. .| (6.21)

The algorithm can also use predefined satellitedsiaand in this case the size
of the state vector reduces to 4-M (e.g., Carrdral.£2008, 2009). Several studies
conducted with the WInTEC algorithm, for differersiolar and geomagnetic
conditions, have indicated that both single andtirsite approaches are robust with
the Kalman filter stabilizing after about one dag,the geometry of the GPS satellite

configuration repeats every 24 hours.
6.2.4 Validation Procedure using Simulated Data

During its first stages of development, we validat&/inTEC by using
predefined ionospheric coefficients and instrumleriiases, while using actual
configurations of the GPS satellites. Specificallye tested the algorithm for
predefined ionospheric coefficients that captutes diurnal variation of the vertical
TEC and constant instrumental biases, but alsdiftarent process and measurement

noise levels and for state variables with sophastid temporal evolutions. We found
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that, in most of the considered cases, the alguarittas able to produce accurate

estimates of the state vector.

6.3 Results

In this section, we present several comparativeliedetween WinTEC and
USTEC with the purpose of assessing the performénad of our algorithm. The
two algorithms are compared in terms of the rocamsguare error (RMSE) between
vertical TEC values predicted by WInTEC and USTEGi#erent North American
sites and for different geomagnetically disturbedqds. As mentioned earlier in the
chapter, we chose USTEC for validation since it lygp a more complex TEC
estimation technique than WinTEC, combining Kalrfitaring and tomography in a
data assimilation scheme that uses IRI95 in th&dyaand. For the comparative
studies presented here, we used data from fivenNamerican dual-frequency GPS
receivers from the Continuously Operating Refere®iaions (CORS) network. The
codes and names of the stations are listed in T&hlealong with their geographic
coordinates. For our analyses, the DSRC station avbgrarily chosen, while the
other stations were selected since they also peadada for USTEC.

The comparisons were conducted for three solarmum periods, 5-11
November 2004, 2-11 January 2005, and 20-26 Aug@0€5, characterized by
increased geomagnetic activity levels. During theee time periods, the daily Ap
values were greater than 20 for most of the tinseclaarly shown in Figure 6.1,

where the corresponding daily Ap values for eatérual are plotted as a function of
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day of the month. We selected these periods bedd83&C data are only available
starting with October 2004 and also because theseds have been among the most
disturbed periods since then. During the threeopesti USTEC produced regional
maps of vertical TEC over the 260°N latitude range and 6A30°W longitude
range, with a spatial resolution ofx1° (lat. x long.) and at a latency of 15 minutes,
by using GPS data from about 60 North Americaniagtatincluding the first four
stations given in Table 6.1. Conversely, the WinTd&Cived vertical TEC values for
the three periods were obtained, at a 30-secondlsggmrate, by individually
processing the GPS data from each receiver list8@ble 6.1, for a cutoff elevation
angle of 10 and for an ionosphere approximated as a thin-sbedited at a fixed
altitude of 350 km.

Before proceeding with presenting our results, eedito mention that several
sources of RMSEs between the vertical TEC valuedigted by the two algorithms
have been considered. One main source of errors anag from the fact that,
although based on Kalman filter estimation, the tagorithms are substantially
different as they imply different processing tecjuds. While USTEC assumes the
satellite biases and solves for the receiver biasek for the coefficients of three
IRI95-based empirical orthogonal functions (EOFs)keach latitude-longitude grid
point (Spencer, et al., 2004), WinTEC estimatesdabmbined satellite and receiver
biases and the ionospheric coefficieotsaa polynomial fit to the vertical TEC at each
site. Also, since neither algorithm accounts explicittgr the plasmaspheric
contribution to the GPS measurements of TEC, taempaspheric TEC is distributed

differently by each algorithm between the estimagedntities, the two algorithms
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being thus prone to producing different ionosph@iitC estimates. In addition, the
WInTEC algorithm in a single-site approach may berensusceptible to corruption
from the plasmasphere, whereas errors due to ptgdraee may partially cancel in
USTEC due to the fact that it uses observationsifeonetwork of GPS receivers
located over a large range of latitudes. On therotiand, in a network solution the
estimated state variables for a certain receivey also be strongly influenced by
measurements from other receivers nearby. Othecaeswf errors may be related to
the fact that different types of receivers are useg@rovide GPS data for the two
estimation techniques, and also to the simpletfadtthe comparisons are performed

by taking the closest grid points in the USTEC mapshe GPS receivers listed in

Table 6.1.
GPS Stations - WInTEC/USTEC Latitude Longitude
CCV3/CCV4 (CAPE CANAVERAL, FL) 28.46 279.45
CME1/CME2 (CAPE MENDOCINO, CA) 40.44 235.60
ANP1/ANP2 (ANNAPOLIS, MD) 39.01 283.39
SPN1/SPN2 (SPOKANE,WA) 47.62 242.58
DSRC (BOULDER, CO) 39.99 254.74

Table 6.1: List of CORS stations used in the asialy

Figure 6.1: Daily Ap values for 5-11 November 202411 January 2005, and 20-26
August 2005, plotted as a function of day of thentho
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a. 5-11 November (310-316) 2004

Figure 6.2a displays the vertical TEC values ptedidy WInTEC (red lines)
and USTEC (blue lines) at the five stations, forll5-November 2004, the
corresponding RMSE being indicated on each partek i an extremely disturbed
period and, as shown in Figure 6.1, the daily Apreéased to values of about 180 on
two occasions during this time interval. Overdfle tplots in Figure 6.2a indicate a
good agreement between the two algorithms, althaudbéw discrepancies can be
also remarked. For instance, during the daytimesom November 10, there is a
relatively large difference of about 6 TECU betwaha estimated TEC values at
CMEL, although on the previous days the two tinteesdrack each other quite well.
A similar situation can be also noticed at SPN1 B8RC. In all three cases the
vertical TEC values predicted by WINTEC are smallean those predicted by
USTEC. To examine the causes of the observed diféas, in Figure 6.3, we show
the WInTEC plots for CMEL1 over the entire seven-ddgrval. The figure displays,
from top to bottom, the slant phase-leveled TE@, ¢stimated slant and vertical
(thick red line) TEC, and the combined satellitel aaceiver biases as a function of
day of the year and universal time (UT), the s[BBC values and the biases being
color-coded. As seen in this figure, the estimdiees are relatively constant over
the entire period, whereas the measured TEC valodsrgo a decrease on November
10. This basically demonstrates that the decrea$&C at CMEIon November 10 is
not an artifact of the WinTEC algorithm and cormrasgs to an actual depletion of the
TEC at this site which is not captured by USTECdiidnally, the WIinTEC plots for

DSRC and SPN1 (not shown here) also confirm ouclcsion.
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Another aspect that can be remarked in Figure $.that there are slight
variations in the estimated biases at early UT siaur November 8. The variations
are caused by the fact that the strong gradientiseirmeasured TEC are not properly
captured by the thin-shell linear ionospheric moelelployed here, which is more
appropriate for a quiet ionosphere with smooth temalpvariations. Several solutions
can be adopted in order to eliminate the biasidgfeffect. Here we suggest the
following: (1) keep the biases constant over tl@nstinterval, (2) eliminate those
measured TEC values from the estimation procedaeexceeded a certain gradient
threshold, or (3) represent the vertical TEC abtive stations as higher order
polynomials.

It is also important to mention that, as shown iguFe 6.2a, during the
positive phase of the November 7 storm event, cienzed by large TEC values and
gradients, the two algorithms predict similar veatiTEC values. Moreover, as seen
in this figure, the RMSESs between the vertical T€dicted by the two algorithms
are about 2.5-4 TECU, being thus comparable wghdBTEC quiet-time uncertainty
values. These indicate that there is a good tollexteagreement between WIinTEC
and USTEC over the entire time interval, and sugthed the WIinTEC algorithm is a

reliable TEC estimation technique even during sttme conditions.
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Figure 6.2: Vertical TEC values predicted by WIinTEEd lines) and USTEC (blue
lines) at five GPS stations, for three time intésvdhe codes of the stations, the time
intervals in day of the month and UT, and the RM&ltues are indicated on each
plot.
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Figure 6.3: WInTEC plots at CME1 for 5-11 NovemRé&04: (top) the biased slant
TEC, (middle) the estimated slant and verticalcithied line) TEC, and (bottom) the
combined instrumental biases as a function of dalgyeoyear and UT.
b. 2-11 January 2005

The WInTEC and USTEC comparative results for 2-ahuary 2005 are
illustrated in Figure 6.2b. This is a moderatelgtdibed period and, as shown in
Figure 6.1, the daily Ap values during this timeemval were between 20 and 40,
except for three days, January 6, 9 and 10, wherddily Ap values were less than
10, and for January 11, when the daily Ap value Wés The results presented in
Figure 6.2b indicate that there is an excelleneagrent between the two algorithms
at DSRC, SPN1 and ANP1, with RMSEs less than aRodiECU, and a good
agreement at CCV3 and CMEL1, with RMSEs of 3.83 2168 TECU, respectively.
Some systematic differences can be also observeceée the vertical TEC values

predicted by the two algorithms and are discussbdexjuently.
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It can be observed in Figure 6.2b that, at CCV3nWVHEC systematically
underestimates the USTEC-derived vertical TEC \satheoughout the entire period,
except on January 2 and 7, which are two storm teveimaracterized by increased
TEC values. The differences are around 2-5 TECU @erdist during both daytime
and nighttime, larger differences being recordedingu daytime than during
nighttime. Like in the previous case, to examine ttauses of the observed
differences, we need to look at the WInTEC-estinhateases for this station. The
WINTEC results for CCV3 are displayed in Figure,6rl the same format as in
Figure 6.3, and show that the estimated biasesgpeoximately constant over the
entire ten-day period. Therefore, the fact thathtsses are nearly constant and the
WInTEC and USTEC algorithms predict similar daytimertical TEC values on
January 2 and 7, suggests that the estimated pbmsgé$hence the WIinTEC-derived
TEC values, are correct. A similar situation is @ngered at CME1. As shown in
Figure 6.2Db, at this station, WIinTEC underestim#éitesdaytime vertical TEC values
predicted by USTEC throughout the entire time wa&rexcept on January 7, while
the nighttime vertical TEC values predicted by twe algorithms are very similar.
Figure 6.5 displays the WInTEC results for CME1 asfbws that the estimated
biases are relatively constant over the entireoperhgain, the fact that the biases are
almost constant and the two algorithms predictlainmighttime vertical TEC values,
suggests that the estimated biases at CME1, anckhbe WInTEC-derived TEC
values, are also correct. Since the WINnTEC estisnate good in both cases, we
speculate that the main cause for the observedréiftes between the WIinTEC and

USTEC-estimated vertical TEC values is the backgdouonospheric model in
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USTEC. However, other factors may be also involseth as variations in the biases
that are not correctly account for by the two eation algorithms and differences in
the measured TEC at CCV3 and CCV4.

Another interesting aspect that can be observdegare 6.2b is the double-
crest TEC feature (e.g., Mendillo, 2004) on Januaryith enhanced TEC values
during late morning and early evening hours. Ttauie is predicted by WINTEC at
four of the sites, except at CCV3, and by USTEG/@lCME1L. At SPNL1, it is most
pronounced during early evening hours, when thécaTEC values predicted by
WINTEC exceed those predicted by USTEC by abouteCU. To show that the
predicted TEC enhancement at SPN1 is a real feandenot an artifact of our
algorithm, it is sufficient to look at the WinTEdops in Figure 6.6. The plots clearly
indicate that the estimated biases are relativehstant over the entire period, thus
proving that the WInTEC-predicted TEC enhancematthough not captured by
USTEC, is a real feature. Similar results (not shdwere) were also obtained for the
CMEL, ANP1, and DSRC stations. Overall, our ressiiiggest that WinTEC could be
a better choice for applications that require fihEIC values than those predicted by a

regional or global TEC algorithm.
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Figure 6.4: Same as Figure 6.3 at CCV3 for 2-11dgn2005.

Figure 6.5: Same as Figure 6.3 at CME1 for 2-11idgn2005.
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Figure 6.6: Same as Figure 6.3 at SPN1 for 2-1lialgr2005.

c. 20-26 August (232-238) 2005

Our last set of comparative results between WinBB@ USTEC is shown in
Figure 6.2c and corresponds to 20-26 August 200%& B a very disturbed period
and, as shown in Figure 6.1, the daily Ap reachedlae of 110 on August 24.
Figure 6.2c indicates that there is an excellente&gent between the two algorithms
at all five stations, throughout the entire perath RMSESs less than about 2 TECU.
An example of WINnTEC results for this period is givin Figure 6.7, which shows
the WINnTEC plots for the DSRC station. Specific tars station during all three
periods are the predominantly negative line-of-sigphase-leveled TEC
measurements, which for 20-26 August 2005 are alspl in the upper panel of
Figure 6.7. It is important to remark that, as shaw Figure 6.2, at this station the

two algorithms are in excellent agreement duringhmke periods, although USTEC
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does not use GPS data from DSRC to produce TE@walthis further confirms that,
although based on a simple estimation techniqueyT®& is a powerful tool for
estimating the ionospheric TEC from GPS observatithat can rise to the

performance level of a more complex algorithm WK8TEC.

Figure 6.7: Same as Figure 6.3 at DSRC for 20-26uAt2005.

6.4 Conclusions

In this chapter, we have introduced the Kalmanerfihlased WInTEC
algorithm developed for near real-time estimatiéhe ionospheric TEC using data
from a single site or from a network of ground-lwhdeal-frequency GPS receivers.
In WInTEC, the ionospheric TEC and the combine@l8t and receiver biases are
estimated at the sampling rate of the GPS datas€80nds) by using hourly/daily

RINEX observation and navigation files. The estiorafprocedure assumes a simple
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model for the ionosphere, approximated as a thireisgal shell at a fixed height of
350 km, and a first-order polynomial fit for thertreal TEC above the monitoring
stations. Although these approximations are mop@piate for a quiet ionosphere
with smooth variations in the electron densitié® tesults presented here show that
our estimation algorithm provides accurate TECnestés even during disturbed
periods characterized by enhanced geomagneticitgctevels. In addition, the
excellent comparison results between WIinTEC and E£STonfirm that, although
based on a simple mathematical formalism, WinTECaispowerful tool for
ionospheric studies that can reach the performdewe of a more complex and
computationally expensive algorithm like USTEC, rgpiable to retrieve accurate

TEC values in near real-time, during both quiet distlurbed periods.



Chapter 7

WInTEC-IP: A Kalman Filter-based Algorithm for Moni toring the
lonosphere and Plasmasphere with GPS in Near-realifie

7.1 Background

The ionized atmosphere surrounding the Earth @tddts beyond about 90
km represents a dispersive medium for the GPS Isigvtaich must travel through the
oxygen-dominated plasma of the ionosphere and éhaous hydrogen-dominated
plasma of the plasmasphere on their way to thergkdnased GPS receivers. The
ionosphere extends from about 90 to 1000 km iudk, with the bulk of plasma
typically residing in a relatively thin altitudeyler (~200-400 km) in the F-region. On
the other hand, the plasmasphere, denoted alsora@snpsphere due to its
composition, is just the continuation of the iornos@ into the magnetosphere and
and consists of relatively dense (~100-1000°%gmcold (~1-2eV) hydrogen-
dominated plasma distributed along the corotatiegngagnetic field lines (e.g.,

Proélss, 2004). It is a torus-shaped plasma cloudireed by the Earth’s magnetic
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field that surrounds the Earth at low and mid-lmtés, between about f6Magnetic
latitudes, and extends to equatorial distanceseérsl Earth radii, from the *0H”
transition height, where the concentration of hgabecomes comparable with that
of oxygen, up to about 35,000 km, the height ofglasmapause.

In the plasmasphere, the diurnal motion of plassneontrolled by an electric
field induced by the Earth’s rotation which forctbe plasma to corotate with the
Earth, while at higher L-shells the plasma motisrdiiven by a convection electric
field caused by the solar wind interaction with tBarth’s magnetic field. The
plasmapause, the outer boundary of the plasmaspisetee boundary that forms
between the regions dominated by corotation angexion. It encloses the magnetic
flux tubes that corotate with the Earth and isemeyal characterized by sharp density
gradients and plasma densities of about 10-106 dte position of the plasmapause
changes with the strength of the convective electield, such that a strong
convection moves the plasmapause to lower L-sheligde a weak convection moves
the boundary to higher L-shells. In the absenceg@dmagnetic disturbances the
plasmapause is located at L~5.6 (e.g., CarpenrAaiderson, 1992; Gallagher et
al., 1995).

Several studies have investigated the azimuthalsierprofile of the
plasmapause in the magnetic equatorial plane teagorboth symmetric and
asymmetric shapes (e.g., Gallagher et al., 200(pebéer et al., 2004). In general, the
plasmapause is considered to be roughly circuldr aipronounced bulge of plasma
at larger radial distances (L>3), at dusk, whichses a dawn-dusk asymmetry of the

plasmapause in the magnetic equatorial plane (&gllagher et al., 1995).
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Traditionally, the plasma bulge is considered péathe plasmasphere, resulting from
the opposition at local dusk of the corotation flogar the Earth and the sunward
solar wind-driven convection of the magnetospherg.( Lunt et al, 1999a). But,
recent studies (e.g., Kotova, 2007) suggest thatbtlige and the plasmasphere are
distinct regions, as the bulge plasmas are mosflyanced by convection and the
plasmasphere is mostly influenced by corotation.

During quiet geomagnetic conditions, the corotatiominates the near-Earth
plasma flow and the plasmasphere becomes gradsatlyrated with upflowing
ionospheric plasma which accumulates in the cangetux tubes until a diffusive
equilibrium is established with the underlying ispbere. Conversely, during
disturbed geomagnetic conditions, the enhanced emtion erodes the outer
plasmasphere by transporting the plasma outward smiward toward the
magnetopause, causing a reduction in the size efplasmapause and a rapid
depletion of the plasmaspheric flux tubes on the afahe storm. The replenishment
of the plasmasphere by upward ionospheric plasmadl is a very slow process that
usually last longer than the recurrence time betwatorms, such that the
plasmasphere is in general considered as in a sfapartial replenishment (e.g.,
Kersley and Klobuchar, 1980; Lunt et al. 1999c;eBeki et al., 2004). Also, during
disturbed periods, the plasma bulge rotates sunwwaedrlier hours and decreases in
size, whereas for decreasing magnetic activitybtiige moves antisunward.

Although the electron densities in the plasmasplaeee several orders of
magnitude less than in the ionosphere, due todhg propagation distances of the

GPS signals through the tenuous plasmasphere cethpathe relatively short paths
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through the ionosphere, the plasmaspheric contoibub the total electron content
(TEC) along the entire signal path can become Bogmt under certain conditions
(e.g., Lunt et al., 1999a; Balan et al., 2002).réhere several studies that investigate
the plasmasphere using GPS data (e.g., Ciraol&palia, 1997; Lunt et al., 1999c,d;
Law, 1999; Mazzella et al., 2002; Otsuka et alQZ2®Belehaki et al., 2004; Izengaw
et al., 2008; Manju et al., 2008; Carrano et &08). Lunt et al. (1999a) used model
simulations to examine the plasmaspheric electamtent (PEC) at European and
North American mid-latitude sites for solar minimwand maximum conditions and
quiet geomagnetic activity levels. At dDgeographic latitude and for solar minimum
conditions, they determined vertical PEC valuesabbut 2 TECU at European
longitudes and of about 0.5 TECU at American lamdgis, the lesser significance of
the plasmasphere to GPS-TEC observations in theridamesector being attributed to
the tilt of the Earth’s magnetic dipole. Their mbdg studies also indicate that the
vertical PEC displays a latitudinal dependency, rel@sing with increasing
geomagnetic latitude of the monitoring station, &émat the slant PEC at mid-latitude
stations exhibits a latitudinal asymmetry due te geometry of the plasmaspheric
flux tubes and distribution of the plasmaspher@spia (e.g., Lunt et al., 1999d). In
addition, Lunt et al. (1999c) and Belehaki, et (@004) observed a weak diurnal
variation in the vertical PEC derived from GPS dattaome European sites, with a
morning minimum around 0800-1200LT and an evenirximum around 1800-
2000 LT. For solar minimum conditions, Ciraolo aBgalla (1997) reported an
average slant PEC of 2-4 TECU at sites in southiaty, Lunt et al. (1999c)

estimated slant PEC values of 1-2 TECU on ray ptthbe south at a mid-latitude
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European station, but negligible PEC values abbgestation and on ray paths to the
north, and Kersley and Klobuchar (1978) determisiatit PEC values of 3-5 TECU
at a European site. For solar maximum conditionaz2élla et al. (2002) presented
GPS-derived PEC results at a near-equatoriallddaeever, while very important, the
previous studies provide only limited statistigalormation about the plasmaspheric
contribution to the GPS measurements of TEC onicarand slant ray paths, at a
limited number of sites and for specific geomagnatid solar conditions.

In this chapter, we show that the GPS system reptesan important source
of PEC and a useful remote sensing technique foritorang the plasmasphere. For
this purpose we use the WInTEC algorithm presentedhe previous chapter.
WINTEC estimates the ionospheric TEC values aldvegGPS signal paths and the
combined satellite and receiver biases using a Kalfiiter approach in a single-site
or network solution. In the original version of thkgorithm, we adopted a thin-shell
model for the ionosphere and a spatial linear appration for the vertical TEC
above the monitoring stations, but we did not aotdor the plasmasphere. As
shown by Lunt et al. (1999b, c¢) and Mazella et(2002), to be able to estimate the
contribution of the plasmasphere to the GPS-deriVE®, one needs to explicitly
account for the PEC by properly capturing in thiéengstion procedure the dynamics
and geometry of plasmasphere which are inappratyiaépresented by the models
usually employed for the ionosphere. Based on tligas, Carrano et al. (2008)
extended the WInTEC algorithm by explicitly accaogt for the plasmasphere
contribution to the GPS-TEC measurements. Theyruéted the plasmasphere

contribution by integrating the electron densitegicted by the Carpenter-Anderson
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plasmaspheric model (Carpenter-Anderson, 1992)gafeiS ray paths and allowing
the Kalman filter to scale the PEC predicted byrtiaeel to fit the observations. In a
similar approach, we extended the WIinTEC algorithhmncorporating the Gallagher
empirical plasmaspheric model (Gallagher et al88)9nto our data assimilation
scheme and estimating a scaling factor for the PELlicted by the model. We
named the newly developed algorithm WIinTEC-IP beeatiis able to estimate both
the ionospheric and plasmaspheric TEC.

Since it is important to have an adequate modelttierionosphere before
explicitly accounting for the plasmasphere contiiiruto the GPS-TEC observations,
in the first part of the chapter we present sev8¥@hTEC results obtained by
employing different models for the ionosphere aadthe vertical TEC above the
monitoring stations. For this purpose, we testad ftifferent ionospheric modeling
techniques and compare them in terms of postdiduals using GPS data from the
low-latitude station Managua, Nicaragua, for twdasaninimum and maximum
periods, 8-17 August 2000 and 15-24 November 206&.four modeling techniques
are: (1) the single-shell linear, (2) quadraticgd 48) cubic approaches, and (4) the
multi-shell linear approach. These approaches Hamen also adopted by other
authors to model the ionosphere in different GPS&8arEC estimation techniques
(e.g., Juan et al., 1997; Rho et al., 2002; Komgjathal., 2002) and have proven to
provide reliable TEC estimates. Here we show thatsingle-shell cubic approach is
more appropriate for describing the ionospheri¢giegr TEC and that the multi-shell
linear structure does not improve significantly tberformance of the algorithm

compared to the single-shell linear approach, imseof post-fit residuals. Like in the
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previous chapter, as part of the validation process also present comparative
results between WInTEC, with the single-shell cudpproach, and USTEC (Spencer
et al., 2004) at the five stations listed in TaBlg, for 15-24 November 2007, which
is a relatively quiet solar minimum period.

The second part of the chapter is dedicated tcepte®) some results obtained
with the WInTEC-IP algorithm. First, we compare tlesults of the algorithm, with
and without the plasmaspheric term included in dbservation equation, for three
stations located at different geomagnetic latitudethe American sector, for 15-24
November 2007. It is shown that the algorithm ifedfve in retrieving both the
ionospheric and plasmaspheric TEC from the GPS umeaents, and that the
combined satellite and receiver biases are onjy8\i affected by the plasmaspheric
term. Then, to test the method and assess thestemsy of our results at different
latitudes and longitudes, we took advantage of diametric, doughnut-shaped
geometry of the plasmasphere and applied the #hgorio data collected during 15-
24 November 2007 from twelve GPS stations distabutroughly over four
geomagnetic latitudes and three longitude secWis.show that the estimated PEC
patterns are similar at all three longitude seatlonsng this period, with vertical PEC
values decreasing with increasing geomagneticutigit large PEC values at mid-
latitudes on ray paths to the south, but much smea#llues overhead and to the north,
and comparable slant and vertical PEC values atlodvequatorial latitudes.

The chapter is organized as follows: (1) in thetraection, we present the
WINTEC-IP algorithm and the four ionospheric modglitechniques, then (2) we

introduce our PEC estimation technique and bri¢BY describe the Gallagher
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empirical plasmaspheric model, and finally, (4) weesent succinct results and

conclusions.

7.2 The WIinTEC and WIinTEC-IP Algorithms

As mentioned before, the WINnTEC algorithm is a Vwd application
written in Borland C++ Builder, developed to estimahe slant and vertical
ionospheric TEC and the combined satellite andivecanstrumental biases by
processing GPS data from a single site or fromrs¢veceivers simultaneously in a
Kalman filter approach. The application is solehiwen by GPS data and assumes a
simple structure for the ionosphere and for thdiecar TEC above the monitoring
stations. Four ionospheric modeling techniques Hmaen adopted for WinTEC and

are presented in the following:
1. single-shell linear approach the ionosphere is approximated as a thin spdleric

shell located at a fixed height and the verticalCTis represented as a first order

polynomial in a solar-geomagnetic reference frame:

TECRS =M (eRS7 h) >{aO,R + a'.LR XD/ RS + a'2,R XD/ RS] + bR + bS (71)

2. single-shell quadratic approachthe vertical TEC is represented as a second orde

polynomial:
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aO,R + al,R X[)/ RS + aZ,R XD/ RS +

TECss = M (646, h)x +b,+b, (7.2)

8,5 XD/ 2Rs +a,, X0/ és + a5, XD/ g XD/ s

3. single-shell cubic approach the vertical TEC is represented as a third order

polynomial:

aO,R + al,R X[)/ RS + aZ,R XD/ RS +

2 ;2 ;
a3,R XD/ RS + a4,R X[)j RS + aS,R X[)j RS X[)/ RS +

TECqs = M (64, h)x +b, +b, (7.3)

s r XD/SRS +a,, X0y gs +ag, X0/ és XDf g +
Ay XD s XD/ st

4. multi-shell linear approach- the ionosphere is assumed to consist of thriee th
spherical shells located at fixed heights and tical TEC corresponding to each

shell is represented as a first order polynomial:

M

TEGs= M (eRSm' hm)"{ao,R,m A g XD rgm t Aprm XDf RSm] +by + b (7.4)

m=1

In Equations (7.1)-(7.4ps andbg are the slowly varying satellite and receiver
instrumental biase4a;r}j-o,..9 are the coefficients of a polynomial fit to thertieal
TEC, rsis the difference between the longitudes of thr@spheric piercing point
(IPP) and the mean sun, andgsis the difference between the geomagnetic latitudes
of the IPP and the station. In all the above ols@n equationdVl(ersh) represents

a standard mapping function that relates the sadt the vertical TEC at the IPP
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(e.g., Mazzella et al., 2002), whesgs is the elevation angle ardis the ionospheric
shell height, and is given by Equation (6.7).

In the single-shell approaches adopted here, thasjghere is approximated as
a thin shell located at the fixed altitude of 35@,kwhereas in the multi-shell
approach, the ionospheric electron content is densd to be distributed on three
thin shells located at the fixed altitudes of 200, B50 km, and 500 km. A similar
multi-shell approach was adopted by Juan et aB{),9vhere they included a second
shell at 5000 km in order to account for the etmwirin the outer part of the
ionosphere. We also tested the WInTEC algorithmdifierent numbers of shells
located at different heights. However, our resinticate that the estimated TEC for
an individual shell does not represent the actiaC Tor the respective shell, and in
fact, it does not have any significance by itséfe thus concluded that by using our
TEC estimation algorithm, it is not possible to irestte the plasmaspheric
contribution to the total TEC along GPS ray patrst py including additional shells
at heights above the transition height, therebythine-shell models usually adopted
for ionosphere are not adequate to describe tlsenaisphere.

However, to be able to determine the PEC, we efigliaccounted for the
plasmasphere by including an additional teagisPEC in the observation equation
(7.3). sPEC represents the slant PEC obtained by integratiegelectron density
predicted by the Gallagher’'s plasmaspheric modallé@her et al., 1988) along GPS
ray paths from the @H" transition height, taken here at 1000 km (Balaal e2002),
up to the GPS orbital altitude of 20,200 km. Theapzetera,, on the other hand, is a

scaling factor for thesPEC predicted by the model and is estimated by themidal
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filter along with the other state variables. Thes@tvation equation in this case is

given by:

5. single-shell cubic approach + Gallagher plasmaspttemodel - WinTEC-IP

Aor T XD gs A, XD/ s +

e = Mo e B 0 T D #2200t
S~ RS? . .
aG,R XD/PI;QS + a?,R XD./ SS + a8,R XD./ ;S XD/ RS +

Ay XD s XD/ 2Rs
(7.5)
a, XSPEG; + by +bg

As previously mentioned, the new algorithm thatomorates the observation
equation (7.5) has been named WInTEC-IP, where t#nds for lonosphere-
Plasmasphere, since it is able to estimate bothaihespheric and plasmaspheric

electron contents along the GPS ray paths.
7.3 Gallagher's Empirical Plasmaspheric Model

The empirical plasmaspheric model presented byaGladir et al. (1988) was
developed from measurements taken by the Retatdmlylass Spectometer (RIMS)
on the Dynamics Explorer 1 (DE 1) and consists rofaaalytical expression that
describes the plasmaspheric electron density ametién of magnetic local time
(MLT), height, and geomagnetic coordinates. The ehaxdapplicable to a wide range

of altitudes, from the bottom side of the ionosgher beyond the plasmapause, and is
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able to reproduce the large scale features of kenmasphere and plasmapause, for
low to moderate geomagnetic activity levels. Thedelcequations are given below

for convenience:

Log,o(n) = a, 4 (L)>G(L)H (L)

F(L)=a,- e*F>""™) with L=(1+h/R)/co(/) and R=6370km

(7.6)
G(L)=a;xL +a,

-
L 2a,-1) 7 51
H(L)= 1+ —
3
a,=14 a,=153 a,=-0036 a,=3076 a;=1599, a, =627

MLT, for 0- 12 MLT

a, =- 087+012x ¥’ with x=
MLT - 24, for 12- 24 MLT

a; = 0.7>c0q2>p > (MLT - 21)/24) + 44

a, =15.3xc0q2 %0 XMLT /24) +197

where L is the Mcllwain parameter (Mcllwain, 1961, is the height above the
Earth's surface, and is the geomagnetic latitude. In the mod®],represents the
slope of the logarithmic plasmaspheric density @aikes from -0.87 at noon MLT to
-0.75 at midnight MLT ag defines the location of the midpoint of the plapmase

falloff, andag controls the plasmapause gradient.
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Figure 7.1:a. Plasmaspheric electron density predicted byGakagher model in a
plane containing the Earth’s rotation axis. Thetetbiine represents the base of the
plasmasphere, taken here at 1000 km. b.-d. Mode#d as a function of northward
and southward-viewing elevation angles, #&NgBXEN, and 6 geomagnetic latitudes.
Figure 7.1a illustrates the spatial distributiontbé& plasmaspheric electron
densities predicted by the Gallagher model. It rtfyeshows that the plasmasphere
predicted by the model displays an approximate athial symmetry at lower
distances (L<3) and an extension at larger radsthdces (L>3), at dusk. Figures
7.1b-d show the modeled PEC as a function of natbwand southward-viewing
elevation angles for receivers located atNgOB’N, and @ geomagnetic latitudes.
The plots indicate that, at mid and high latitudeghe northern hemisphere, the
modeled PEC presents a meridional asymmetry witfetavalues on ray paths to the

south than to the north, while at equatorial lak#s, it is independent of the

northward/southward-viewing direction and exhibigs weak elevation angle
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dependency. It can be also observed in Figurehatithe vertical PEC decreases with
increasing geomagnetic latitude. This is due tof#loe that there are shorter vertical
path lengths through the plasmasphere at highéudas than at lower latitudes and,
in addition, at higher latitudes, higher L-shellsthvconsequent lower electron

densities are encountered at lower altitudes otice¢éray paths.

7.4 Results

7.4.1 lonospheric Modeling Techniques - ComparativResults

In this section, the four ionospheric modeling t@ghes described in Section
7.2 are compared in terms of post-fit residuals. thts purpose, we used GPS data
collected during 8-17 August 2000 and 15-24 Noveni@)7 from the MANA
station (12.08N, 273.86E) located at Managua, Nicaragua. The post-fitdresi,
calculated as the difference between the measmetthe estimated biased slant TEC
values, are used here as an indicator of modebogracy. The daily Ap values for
the two periods are plotted in Figure 7.2 as a tfancof day of the month, and
indicate that 8-17 August 2000 was in general argametically disturbed period
with Ap values over 100, while 15-24 November 20@@&s characterized by

relatively quiet geomagnetic conditions.
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Figure 7.2: The daily Ap values for 8-17 August Q0(R21-230) and 15-24
November 2007 (319-328).

Figure 7.3 displays the WInTEC results for MANA ainied with the linear,
guadratic, cubic, and multi-shell linear approacties 15-24 November 2007. In all
four panels of this figure, the plots representfrimp to bottom: the biased slant TEC
observations, the unbiased slant and vertical s@d line) TEC values obtained
after subtracting the biases from the TEC measunsnére combined satellite and
receiver biases, and the post-fit residuals. Asideethis figure, the biases are
relatively constant over the entire interval in &ur cases, but there are slight
differences between individual biases from caseae. It is clear from these plots
that, in terms of post-fit residuals, the worst mlath results are obtained with the
single-shell linear approach, while the best rasate obtained with the cubic
approach, the standard deviation of the residumthe cubic approach being about
four times smaller than in the linear approach. tBa other hand, the standard
deviation of the residuals in the multi-shell lin@gproach is only slightly small than
in the single-shell linear approach, and in thedgatc approach is about two times

smaller than in the linear case.
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Similar conclusions can be drawn from Figure 7.4 8e17 August 2000,
where the best results in terms of post-fit redslaae also obtained with the cubic
approach. However, during this time interval, alifjlo expected to be constant, the
biases exhibit a relatively large variability inckaof the four cases, which may
indicate a poor modeling quality, and from one dasanother. Also, the residuals in
Figure 7.4 are much larger than those in FigureirY @ach of the considered cases.
This may be due to the fact that there are larggt Values during August 2000 than
during November 2007, but it may also reflect arpmodeling accuracy, indicating
that the storm-time ionospheric TEC gradients aur@il7 August 2000 are not
correctly represented by the ionospheric modelsl.ube Figures 7.3 and 7.4, the
WINTEC plots were produced at a 30-second samplatg and after one day of
simulation to allow the Kalman filter to stabilize.

It is thus clear from our analysis that a multilsk&ucture does not improve
significantly the modeling results in terms of pbstresiduals as compared to a
single-shell structure, for the same representatibthe vertical TEC, but on the
contrary, it can make the Kalman filter algorithmngoutationally more expensive
and eventually numerically unstable due to theaased size of the state vector. For
example, in the single-shell linear approach thare only three ionospheric
coefficients to be estimated, whereas in the nshléH linear approach there are nine,
but, as seen in Figures 7.3 and 7.4, the resudtshar much improved in terms of
post-fit residuals. Much better results, in ternfspost-fit residuals, are obtained
though with the single-shell quadratic and cubiprapches, where there are six and

respectively ten coefficients to be estimatedsltaliso found that, in the multi-shell
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approach, the estimated TEC for an individual stiedls not have a clear significance
by itself, but only when considered together whk tontributions from all the other
shells in the structure. This further indicated thiging the WIinTEC algorithm, it is
not possible to estimate the contribution of thecebns in the outer part of the
ionosphere by placing shells at protonospherichisjgand more complex approaches
need to be employed for this purpose.

Our comparative studies between different ionogph@odeling techniques
suggest that, when using GPS data from a singleatileast a third order polynomial
is needed to model the vertical TEC in the WinTHE@bathm in order to obtain an
improved modeling accuracy with reduced post-f#ideaals, especially when dealing
with solar maximum conditions and increased georatgractivity levels. Using
higher order polynomials though reduces the pésteBiduals even more but also
produces a substantial increase in the size dfttte vector, which in turn can lead to
the instability of the estimation algorithm. Thexed, for our current studies, from
both computational efficiency and modeling accuraeyspectives, we selected a
third order polynomial to represent the verticahaspheric TEC above the

monitoring stations throughout the remainder ofdhapter.
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Figure 7.3:WInTEC results at MANA, for 15-24 November 2007ingsthe single-
shell linear, quadratic, and cubic approaches hedrtulti-shell linear approach.
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Figure 7.4:WIinTEC results at MANA, for 8-17 August 2000 (22368, using the
single-shell linear, quadratic, and cubic approaclkad the multi-shell linear
approach.

7.4.2 Comparative Results between WIinTEC and USTEC

For validation purposes, in this section, we corapgae WIinTEC-estimated
vertical TEC values obtained with the cubic apphoatth those predicted by USTEC
(Spencer et al., 2004), for 15-24 November 2007.dww analysis, we selected the

same five North American stations that were alsedua the previous chapter, their
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codes, names, and geographic coordinates beieg,lifgir convenience, in Table 7.1.
Four of the stations were selected since they @iswvide data for USTEC, while the
DSRC station was chosen arbitrarily. Also, as iathd by the daily Ap values
plotted in Figure 7.2, this solar minimum period sweharacterized by quiet to

moderate geomagnetic conditions.

GPS Stations for WINnTEC/USTEC Latitude Longitude
CCV5/CCV4 (CAPE CANAVERAL, FL) 28.46 279.45
CME5/CME2 (CAPE MENDOCINO, CA) 40.44 235.60
ANP5/ANP2 (ANNAPOLIS, MD) 39.01 283.39
SPN1/SPN2 (SPOKANE,WA) 47.62 242.58
DSRC (BOULDER, CO) 39.99 254.74

Table 7.1List of GPS stations used for the WIinTEC - USTE@parative analysis.

Figure 7.5 displays the WIinTEC results for fourtloé stations after one day
of simulations, for the Kalman filter to stabilizehereas the results for DSRC are
included in the ensemble of plots in Figure 7.7.sAswn in these plots, the daytime
vertical TEC values (the solid red curves in theiased TEC plots) were in general
less than 15 TECU and the slant TEC values wesethes 40 TECU, but larger TEC
values were obtained during the positive phasehef dtorm that commenced on
November 20. Displayed in these plots are alsoctimabined satellite and receiver
biases, which appear relatively constant over theres period, and the post-fit
residuals, with standard deviations less than E&U. Together they indicate that
there is a high modeling accuracy in all five cagd®e upper panels in the WinTEC

plots show the biased slant TEC values prior tckialenan filter processing.
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The vertical TEC values predicted by WINTEC (rexddl &) STEC (blue) at the
five stations, for 15-24 November 2007, are dispthyn Figure 7.6, with the
corresponding root mean square errors (RMSE) beiagked on the panels. As
shown in this figure, the largest RMSE values, bbwt 2 TECU, are obtained at
CCV5 in Florida and CMES5 in California, but thesalues are below the USTEC
uncertainty level, estimated to be about 2-3 TEGUduiet geomagnetic conditions
(Minter et al., 2007). It can thus be concluded tih@re is an excellent agreement
between the two algorithms at all five stationsgrothe considered time interval. The
excellent comparative results between WIinTEC an@BELS bring also new evidence
that, although based on a simple mathematical flismaWinTEC is a powerful tool
for estimating the ionospheric TEC, which can tséhe performance level of a more
complex and computationally expensive algorithme likKSTEC. With WInTEC
providing accurate ionospheric TEC estimates, anribxt two sections, we present
some results obtained with WIinTEC-IP, which is bally a modified version of the
WInTEC algorithm with an additional plasmaspheemt included in the observation

equation.
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Figure 7.5WInTEC results at CCV5, ANP5, CME5 and SPN1, for2Zd5November
2007 (319-328), using the cubic approach. The selitilines in the unbiased slant
TEC plots represent the estimated vertical TEC alibg stations.
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Figure 7.6:WIinTEC and USTEC-estimated vertical TEC values V8, ANP5,
CMES5 and SPN1, for 15-24 November 2007.

7.4.3 Comparative Results between WIinTEC and WIinTEGP

GPS measurements collected by three ground-basabfrdquency receivers
located at different geomagnetic latitudes in tmeefican sector are used to compare
the WInTEC-IP results, with and without the plasptesic term included in the
observation equation, for 15-24 November 2007. Tiree stations are MANA,
CCV5, and DSRC, and are listed in Table 7.2. Thepgae of this analysis is
twofold: (1) to evaluate the effect of the plasntesic term on the estimated biases
and TEC, and (2) to assess the performance of ¢ndyndeveloped algorithm in
estimating both the ionospheric and plasmasphei€ Tor stations located in the

American sector.
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GPS Stations Latitude Longitude
MANA (MANAGUA, Nicaragua) 12.08 273.86
CCV5 (CAPE CANAVERAL, FL, USA) 28.46 Q45
DSRC (BOULDER, CO, USA) 39.99 254.74

Table 7.2:List of GPS stations used for the WIinTEC - WinTHZC¢omparative
analysis.

The discussion in this section is centered on [eigu7, which shows the
WInTEC (upper row) and WInTEC-IP (bottom row) rdsulat a sampling time of 30
seconds, for the stations listed in Table 7.2. ploés were produced using a cutoff
elevation angle of 1D an ionospheric shell height of 350 km, and adthirder
polynomial approximation for the vertical ionospbefEC. To interpret the results
shown in this figure, we consider the post-fit desils and the stability of the
estimated biases as indicators of modeling accukeEgeen in this figure, at the low-
latitude station MANA, the post-fit residuals adgistly larger than at CCV5 and
DSRC, probably because at this station the estintital and ionospheric TEC
values are also larger at the other two statioatsthere is still not a clear dependency
of the residuals on latitude. It is also evidenthis figure that, at all three stations,
the changes in the residuals and their standarchttews are negligible when the
plasmaspheric term is included in the observatiQnaBon compared to the case
when it is not, and the instrumental biases es@thatith the two algorithms are
relatively constant over the entire interval. We ¢hus conclude that by explicitly
accounting for the plasmasphere, the modeling acguof our technique is not
affected, but there are slightly changes in themitades of the estimated biases and

total TEC.
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Minor changes in the estimated biases can be odd@mfFigure 7.7, when the
PEC is taken into account compared to the case whemot, but they amount less
than 3 TECU at MANA, about 1 TECU at DSRC, andamost negligible at CCV3.
At MANA, the WInTEC-estimated vertical TEC is alsss by about 3 TECU than
the vertical total TEC predicted by WInTEC-IP, thederestimation of the vertical
TEC by WINnTEC being most possibly caused by an estenation of the biases at
this station. Since WinTEC does not explicitly amcbfor the PEC, at low latitudes,
where PEC exhibits a relatively weak elevation andgépendency, the estimation
algorithm distributes the plasmaspheric contrinutlmetween the biases and TEC,
thereby leading to an overestimation of the biasek in turn, to an underestimation
of the total TEC. At CCV5 and DSRC, the verticalatoTEC values predicted by
WINTEC exceed those predicted by WInTEC-IP by ablbMECU. Our results are
consistent with those reported by Carrano et @082, where they also found a
decrease of about 3 TECU in the estimated verTiE&l at a low-latitude station and
an increase of less than 1 TECU at two mid-latitsi@ions when the plasmaspheric
term was not included compared to the case wheastincluded. In their studies, the
receiver bias was also estimated to be 3.4 TECUbdnigt the low-latitude station and
0.7 TECU smaller at the most poleward of the tlate¢ions when the plasmaspheric
term was not included compared to the case whemag included, but no clear
changes in the estimated bias were observed athkee station.

Another aspect to be remarked in Figure 7.7 isttmatertical PEC predicted
by WINnTEC-IP (solid black lines) presents a latihad dependency, as it decreases

with increasing geomagnetic latitude. The largesttidhe vertical PEC values are
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recorded at MANA with values around 2 TECU, while GCV5 and DSRC the

daytime vertical PEC values are about 1 TECU a@dT&CU, respectively. A small

diurnal variation is also observed in the vertiedC at all three stations, with a
daytime minimum and an evening maximum, around 2000reaching values of

about 4 TECU at MANA, 2 TECU at CCV5, and 0.5 TEGUDSRC. In percentage
values, the vertical PEC represents about 10%efitytime and about 50% of the
nighttime vertical total TEC at MANA, while at CCVand DSRC the percentage
contributions are slightly smaller. It is importatd remark that, although the
latitudinal and diurnal variations of the vertidAEC are mainly imposed by the
background plasmaspheric model, our vertical PEGult® are in reasonable
agreement with results reported by previous expamtal and modeling studies (e.g.,
Lunt et al., 1999a; Mazzella et al., 2002; Balaalgt2002; Behelaki et al., 2004).

As shown in Figure 7.7, following the November 20rs event, there is a
slow decrease in the vertical PEC, which is moident at MANA than at the other
two stations. This seems to be in agreement wighféct that, following a storm
event, magnetospheric convection currents erodeuter plasmasphere producing a
depletion of the plasmaspheric flux tubes (e.grsks and Klobuchar; 1980, Lunt et
al., 1999a, c). Following the increase in the gegme#ic activity on November 20, a
slight decrease in the evening plasma bulge at MAt&h be also observed.
However, our plots do not show any changes in twimwence time of the plasma
bulge as the geomagnetic conditions change, mosiapty because the background
plasmaspheric model used here is more appropratetfiet-time conditions. It is

though possible that plasmaspheric models that itaikeaccount the geomagnetic
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activity dependency of the plasmaspheric electmsidy distribution (e.g., Gallagher
et al., 2000; Webb and Essex, 2004) might be mppeopriate for studies focusing
on the storm-time response of the plasmaspherdhisuis beyond the purpose of our
current research.

It can be also seen in Figure 7.7 that the estunatant PEC at the three
stations exhibits a meridional asymmetry, with &ar§EC values on ray paths to the
south than to the north, which is more evident @6 and DSRC. The hemispheric
asymmetry in the estimated PEC is mainly imposethkybackground model and is
associated with the geometry of the plasmasphknctéibes. At CCV5, the vertical
PEC values are closer to the slant PEC values abyg@aths to the north, which is
consistent with the model results shown in Figufiee.7The daytime slant PEC varies
between about 0.2-7 TECU depending on the elevatngie and on the north/south
position of the satellite with respect to the statibut also on the geomagnetic
conditions, as after the storm event on NovembettZ0daytime slant PEC decreases
gradually to values below 6 TECU. At DSRC, whichthe most poleward of the
three stations, the daytime slant PEC reaches valfiep to about 4 TECU during
the pre-storm period, while after the storm it @ases to values below 2 TECU. Like
at the CCV5 station, the vertical PEC values ase aloser to the slant PEC values
along ray paths to the north. The evening bulgdmut 2 TECU during the pre-storm
period, but drops to values below 1 TECU afterdteem. At the low-latitude station
MANA, the slant PEC is less dependent on the vigwangle than at mid-latitudes,
which is consistent with Figure 7.1, and varieshimitthe 0.5-4 TECU range around

the vertical PEC, decreasing to values below 3 TH@Idwing the increase in the
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geomagnetic activity. In this case, the plasmadidgabout 2 TECU, but presents a
small decrease after November 20. It can be als@anieed in Figure 7.7 that, at all
three stations, there is more variability in thens|PEC along ray paths to the south
than to the north. The largest variability is poteld at DSRC possibly because at this
site the slant PEC on ray paths to the south amhtaiostly contributions from upper
plasmaspheric layers which are under direct infb@ssf magnetospheric processes.
To summarize, our results show that the plasmasplentributions to the
daytime vertical TEC at the three northern hemisplgtations listed in Table 7.2,
during 15-24 November 2007, are about 0.2 TECUSROD, 1 TECU at CCV5, and
2 TECU at MANA, while the plasmaspheric contribatoto the daytime slant TEC
are about 4 TECU at DSRC, 7 TECU at CCV5, and 4 UEE MANA. A small
diurnal variation is observed in the PEC at aleéhstations, with a daytime minimum
and an evening maximum around 2100 LT, which isnigaimposed by the
background plasmaspheric model. It is also showan Iy explicitly accounting for
the PEC, there are no significant changes in thedstrd deviation of the post-fit
residuals and the biases remain relatively consteatighout the entire period, which
therefore indicates that there is no degradatiorihan modeling accuracy of our
algorithm. However, there are small changes inestemated biases and total TEC
when the plasmaspheric term is include in the ofag®en equation, particularly at
low latitudes, but they amount less than about TWEat MANA and are even
smaller at higher latitudes. Overall, our resuiltggest that WinTEC-IP is a reliable
tool for estimating both the ionospheric and plaspharic TEC, although further

validation studies for different solar and geomagneonditions are still required.
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7.4.4 Longitudinal Variability of the PlasmasphericElectron Content

To assess the consistency of the plasmaspherittsresiotained with our
algorithm, we applied WInTEC-IP to twelve statidinem the International Global
Navigation Satellite System Service (IGS), Contusly Operating Reference
Stations (CORS), and GPS Earth Observation Netw@EONET) networks,
distributed roughly over four geomagnetic latitudesl three longitude sectors. The
codes, names, and geographic coordinates of therstare listed in Table 7.3, and
their WInTEC-IP results for 15-24 November 2007 sinewn in Figures 7.8 and 7.9.
The first four stations in Table 7.3 (AREQ, MANAQY5, and GALB) are located
within the 278-289 longitude range and their WinTEC-IP results amspldiyed in
the first row of plots in Figures 7.8 and 7.9. Tiext four stations (ADIS, DRAG,
CRAO, and MOBN) are situated in the°3®° longitude range and their WinTEC-IP
results are shown in the middle row of plots inUfes 7.8 and 7.9. Finally, the
WINTEC-IP results for the last four stations (GUAKIRA, 001, and YAKT) listed
in Table 7.3 and distributed over the 3295 longitude range are presented in the
last row of plots in Figures 7.8 and 7.9. It shokdremarked in this two figures that
at all the stations considered here the estimatsed are relatively constant over the
entire analyzed interval and the post-fit residusse standard deviations less than
0.3 TECU, which indicate that there is a good miodebkccuracy in each of the

twelve cases.



GPS Stations Latitude Longitude
AREQ  (Arequipa, Peru) — IGS -16.46 288.50
MANA (Managua, Nicaragua) — CORS 12.0 273.86
CCV5 (Cape Canaveral, FL, USA) — CORS 28.4 279.45
GALB  (Cincinnati, Ohio, USA) — CORS 39.12 271
ADIS (Addis Ababa, Ethiopia) - IGS 9.03 38.76
DRAG (Metzoki Dragot, Israel) — IGS 31.59 3.
CRAO  (Simeiz, Ukraine) — IGS 44.41 33.99
MOBN  (Obninsk, Russian Federation) — IGS 55.1 36.56
GUAM (Dededo, Guam) — CORS 13.5¢ 144.84
AIRA (Aira, Japan) — IGS 31.82 130.59
0001 (Japan) — GEONET 45.40 141.75
YAKT (Yakutsk, Russian Federation) — IGS (2 129.68
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Table 7.3: List of GPS stations used to study dmgikudinal variability of the PEC.

Figure 7.8a shows the WInTEC-IP results for the SRADIS, and GUAM

stations, which are located within the®#geomagnetic latitude range. At all three

sites, the estimated slant PEC varies within a wentyow range around the vertical

PEC, which is consistent with the model resultssiitated in Figure 7.1d, and

displays a diurnal variation with an evening plasinédge at about 2100 LT. The

maximum daytime PEC values vary between 1-4 TECU the plasma bulge is

about 1-2 TECU. Over the considered time interscular increasing and

respectively decreasing trends can be distinguishétle estimated PEC at AREQ
and ADIS, superimposed on the diurnal variationcdbed by the Gallagher model,
whereas there is more stability in the estimate@ REGUAM. Different factors can
be responsible for the observed trends in the estithPEC at AREQ and ADIS.
First, apart from the fact that AREQ is about sbuth of the geomagnetic equator
while ADIS and GUAM are about’@nd 4 north, respectively, the three stations are
also separated by more than 400 longitude. It is thus possible that the slight

differences between the estimated PEC patterns rshowFigure 7.8a may be
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associated with the displacement between the gpbigrand geomagnetic equators,
which can produce specific seasonal variationqw@ionosphere and plasmasphere,
and with local variations in the equatorial plasdrdts at these longitudes (e.g.,
Horvath and Essex, 2003). In addition, the tremdghe estimated PEC patterns may
be also associated with a reduction in the modelr@iracy of the algorithm, which
is in general reflected by variations in the estadabiases. As shown in Figure 7.8a,
there is indeed a small increasing trend in themeséd biases at ADIS and a small
decreasing trend at AREQ, especially after Novenitfr which may indicate a
possible reduction in the modeling accuracy. A otida in the modeling accuracy
can be due to a mismodeling of the storm-time exgigtionosphere and also to the
weak elevation angle dependency of the equato&& Predicted by the Gallagher
model.

The WInTEC-IP results for the MANA, DRAG, and AlRgtations located
within the 2£-27° geomagnetic latitude range are shown in Figuré.7t8can be
observed in this figure that, over the entire aredy period, the estimated PEC
patterns at the three stations are very similapiteslifferences in the geometry of
the GPS satellite configuration at these statidhg. estimated, daytime slant PEC at
these stations reaches maximum values of about@UTén ray paths to the south
and minimum values of about 0.5 TECU on ray paththé north, and the evening
plasma bulge amounts about 2 TECU. Also, the \@rB&EC is about the same at all
three stations, with values varying from about ZZUEfor the most part of the day to
about 4 TECU at dusk. Similar results were repoligdtsuka et al. (2002). They

used GPS-derived TEC observations and incoherettesaadar electron densities
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integrated in altitude between 100 km and 1000 komfShigaraki, Japan (348§
136.10E, geom. 27.8\), a site near AIRA and 0001, and determined agrame
vertical PEC of about 2 TECU during a period cheaazed by low solar and
geomagnetic activity. At MANA, our results are ircellent agreement with those
reported by Carrano et al. (2008) for Roatan, Hoasl|{16.28N, 273.42E, geom.
27°N), where they determined a vertical PEC of aboufELU and a slant PEC
varying from 1 to 5 TECU, depending on the viewamgle.

For the CCV5, CRAO, and 0001 stations, which amatied within the 35
41° geomagnetic latitude range, the WinTEC-IP resalésdisplayed in Figure 7.9a.
As shown in this figure, typical for these statioasa strong meridional asymmetry
with larger PEC values on ray paths to the souéim tto the north. The estimated
vertical PEC at these stations is about 1.5 TEQUrfost part of the day and reaches
about 2.5 TECU at dusk. Slightly larger verticalPKalues are obtained at 0001,
which are consistent with the results reported byua et al. (2002). At CCV5 and
0001, the estimated slant PEC varies between d@ba@uand 7 TECU, depending on
the viewing angle, and reaches a maximum of abOuUTECU at dusk, while at
CRAO the estimated slant PEC values on ray pathsetsouth are larger by about 3-
5 TECU than at the other two stations. A graduarelese in the estimated PEC can
also be observed in all three cases following tioeeiase in the geomagnetic activity
on November 20. Overall, the estimated PEC pattatnthese stations are quite
similar indicating a consistency of our resultshivitthis geomagnetic latitude range.

The WINnTEC-IP results for the GALB, MOBN, and YAKStations located

near 50 geomagnetic latitude are presented in Figure 7A8bshown in this figure,
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there is a strong latitudinal asymmetry in thereated PEC at these stations, with
larger PEC values along ray paths to the south tihéime north. This is in agreement
with the fact that, due to the geometry of the plaspheric flux tubes, the ray paths
to the north from these stations encounter mokikytiubes outside the plasmasphere,
and consequently the PEC values along these rég pa¢ expected to be very low,
while the ray paths to the south traverse long adsts through a denser
plasmasphere. The estimated vertical PEC at thasiers is about 0.05 TECU and
reaches values of 0.5 TECU at dusk, while the edgchslant PEC is as high as 10
TECU at GALB for most part of the day, with slighemaller values at MOBN and
YAKT, and displays an evening enhancement of al@®& TECU. It is also
interesting to remark that the maximum slant PEQespredicted by WInTEC-IP at
GALB are very similar with those at CRAO, althoutite estimated vertical PEC
values at GALB are much smaller than at CRAO.

Our results at GALB, MOBN, and YAKT are in good egment with those
reported by other authors. Using concurrent GPS-T&@ Navy lonospheric
Monitoring System (NIMS)-derived TEC data, Luniaét(1999c) determined vertical
PEC values at Aberystwyth, Wales (54 4.1°W, geom. 48N) of about 0.05
TECU, and values of about 0.75 TECU around 2000Hdwever, they found only a
small plasmaspheric contribution of 1-2 TECU aloayg paths to the south from the
station. Kersley and Klobuchar (1978) and Webb &w$ex (2004) found at
Aberystwyth, using observations from the ATS-6 Kigderadio beacon, average slant
PEC values of 5 TECU and respectively 7 TECU, whach consistent with our

results. In a recent study, Carrano et al. (20@8)mated the vertical PEC for two
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sites located near GALB, Westford (4281288.52E, geom. 52N) and Greensboro
(36.08N, 280.23E, geom. 48\), to be about 0.7 and 1.3 TECU, respectively,clvhi
are higher than the values predicted by WinTECtIBALB. Also, in both cases, the
maximum slant PEC predicted by their algorithmdssl by about 3 TECU than at
GALB. A main cause for the observed differencedade that in our studies we use
a different background plasmaspheric model thanae used by Carrano et al.
(2008). However, it is also possible that theransactual longitudinal variability in
the slant PEC, as is the case at GALB (Figure 7a@l) DSRC (Figure 7.7), where
the estimated vertical PEC values are about the shuat there is a large difference of
about 6 TECU between the estimated slant PEC atwtbestations, which are only

about 20 apart in longitude.
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Figure 7.8\WInTEC-IP results for the six equatorial and lowvitlade stations listed in
Table 7.3, for 15-24 November 2007 (319-328).
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Figure 7.9 WInTEC-IP results for the six mid-latitude statidisded in Table 7.3, for
15-24 November 2007 (319-328).
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7.5 Conclusions

Using the WINnTEC algorithm, we have explored d#f@r ionospheric
modeling techniques with the ionosphere approxithatea single-shell or multi-shell
structure and the vertical TEC modeled as polyntsmoé different orders. We have
found that out of the modeling approaches examima@, WIinTEC produces the
lowest post-fit residuals when the single-shell icubpproach is employed to
represent the ionospheric TEC above the monit@iagons. Throughout the chapter,
the post-fit residuals have been used as a measuredeling accuracy together with
the stability of the estimated biases, modeledoastants, as variations in the biases
may indicate unmodeled systematic errors or ionespleffects propagating into the
bias solutions. To further test the performancetled algorithm for the cubic
approach, we have also compared the TEC valuescprddy WIinTEC and USTEC
at five North American stations during 15-24 NovemB007, which is a relatively
guiet solar minimum period, and have found an d&nelhgreement between the two
algorithms with RMSEs less than about 2 TECU. Qalidation results complement
those reported in the previous chapter, where we peovided excellent comparative
results between WIinTEC and USTEC during three gemetzcally disturbed periods
at the declining phase of the solar cycle 23.

Based on previous plasmaspheric studies (Mazzedh,€002, Carrano et al.
2008), we have developed the WInTEC-IP algorithmcWlrexplicitly accounts for
both the ionospheric and plasmaspheric contribatimnthe GPS measurements of

TEC by using the single-shell cubic approximation the ionospheric TEC and the
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Gallagher plasmaspheric model (Gallagher et aB81%s a background model for
the PEC. Comparative results between WinTEC andlM&/@IP have shown that by
including the new data assimilation module to aotoler the PEC, there is no
degradation in the performance and modeling acguoAdNinTEC-IP in terms of
post-fit residuals and bias stability, although sominor changes in the estimated
biases and total TEC can be observed, particuéadgw-latitude stations. It has been
shown that, for 15-24 November 2007, by not exiiiaccounting for the PEC, the
total vertical TEC is underestimated by about 3 UEA&Z MANA and overestimated
by about 1 TECU at CCV5 and DSRC, while the changeghe estimated
instrumental biases are less than 3 TECU at MAN#gua 1 TECU at DSRC, and
almost negligible at CCV3.

To further investigate the consistency of our plaspheric results obtained
with WInTEC-IP, we have calculated the PEC pattelmsng 15-24 November 2007
at twelve stations distributed roughly over fourogmagnetic latitudes and three
longitude sectors, separated by about’180milar latitudinal PEC patterns have been
obtained at each longitude sector consistent vighgeometry of the plasmaspheric
flux tubes and plasma distribution in the plasmasphbut also with results reported
by other authors (e.g., Lunt et al., 1999c; Mazzel al., 2002; Otsuka et al., 2002;
Carrano et al., 2008). Overall, our results sugtiedtWIinTEC-IP is a reliable remote
sensing technique for estimating the contributiontie GPS-TEC from both the
ionosphere and plasmasphere. However, further figag®ns and validation studies
still need to be carried out to test the poterdfalhe method in estimating the PEC

for different geophysical conditions and at differéocations.



Chapter 8

Investigations of the Plasmasphere Morphology
with GPS

8.1 Background

The ionosphere is a conductive, partially ionizedion of the Earth’s upper
atmosphere that extends roughly within the 90-1k@Qaltitude range, with the bulk
of plasma typically residing in a relatively thitimde layer in the F-region, between
about 200 and 400 km. The plasmasphere, on the b#mal, is a doughnut-shaped
plasma cloud confined by the Earth’s magnetic fasd located above the ionosphere
in the inner magnetosphere. It surrounds the Earttow and mid-latitudes and
extends to equatorial distances of several Eadif, feom the G/H" transition height
up to about 35,000 km. Together the ionosphereptagmasphere form a dispersive
medium for the Global Positioning System (GPS) aiginwhich must travel through
the tenuous hydrogen-dominated plasma of the plsysinesie and oxygen-dominated

plasma of the ionosphere on their way to the grelnemkd receivers. The two ionized
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regions of the Earth’s atmosphere affect the GBBats by introducing a frequency
dependent path delay proportional to the total tedeccontent (TEC) along the
propagation path from where valuable temporal gatial information about the
electron density distribution in both the ionosgheand plasmasphere can be
retrieved. However, as shown in Chapter 7, to e abdetermine the ionospheric
and plasmaspheric electron contents (PEC) alon@#® signal paths, one needs to
take into account the specific properties of the twedia and make use of relevant
knowledge about their specific dynamics and geogmetr

Over the past two decades, several algorithmsdtimating the ionospheric
TEC from GPS observations have been developedepadted in the literature (e.g.,
Hernandez-Pajares et al., 1998; Spencer et al4;208rrano et al., 2006; Rideout
and Coster, 2006; Anghel et al., 2008). But, thegerithms implicitly assume that
all the measured TEC is ionospheric in origin antbey background ionospheric
models that do not correctly represent the plashesp As a result, these algorithms
tend to distribute the PEC between the instrumdmntaes and TEC, which can lead
to inaccuracies in the biases and total TEC esisad@n the other hand, numerous
studies have indicated that the contribution of flasmasphere to the GPS
measurements of TEC can become significant und&iceonditions and should not
be ignored (e.g., Law, 1999; Lunt et al., 1999&;, lal; Balan et al., 2002; Belehaki et
al., 2002). Using GPS observations and model simonls, Mazzella et al. (2002,
2007) showed that more accurate TEC estimates @moliained when the
plasmasphere is also explicitly accounted for.dwaithg on these ideas, Carrano et al.

(2008) and Anghel et al. (2009a) extended the W{Td&gorithm presented in
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Chapter 6 by incorporating a background plasmaspheodel and estimating an
amplitude coefficient for the PEC predicted by thedel.

In our current studies, we use the WIinTEC-IP alyanideveloped by Anghel
et al. (2009a) and presented in Chapter 7. Theriigo estimates both the
ionospheric and plasmaspheric electron contentgaléRS ray paths by combining
GPS data from one or several ground-based, dugddrcy receivers with
background information from the Gallagher's emgiricplasmaspheric model
(Gallagher et al., 1988) in a Kalman filter apptoato assess the performance of the
algorithm, in the previous chapter, we applied WECGFIP to data obtained from
several GPS receivers and showed that our reseltsoasistent with results reported
by others. Expanding on these studies, in an attéiprrther validate our technique,
here we examine the morphology of the plasmaspbgrapplying WIinTEC-IP to
data collected from four magnetically conjugatesibcated at low and mid-latitudes
within the 65-90°W longitude range, for two quiet solar minimum pes in August
and November 2007. We show that the estimated R§jflagls a seasonal variation,
with larger values in November than in August, andemispheric asymmetry (e.g.,
Park et al., 1978; Guiter et al., 1995; Clilverchkt 1991, 2007) which originate from
the measurements themselves and not from the baakdjiplasmaspheric model. We
also show that the estimated PEC displays a diuvaalktion, with a daytime
minimum and an evening maximum, which is imposeddoy selection of the
Gallagher model and the manner it has been incatpadrinto our data assimilation
scheme. Our results also indicate that the verfaC decreases with increasing

geomagnetic latitude and that the slant PEC presemheridional asymmetry with
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larger values on ray paths towards the equator tbaards the poles, these traits
being also mainly inherited from the backgroundspiaspheric model.

The chapter is organized as follows: (1) in thetneaction, we provide
relevant information about the plasmasphere, wen theefly (2) introduce the
WInTEC-IP algorithm, (3) outline the ionosphericdaplasmaspheric modeling
techniques, and (4) review the Gallagher's emgirglasmaspheric model, and

finally (5) present succinct results and conclusion

8.2 Theoretical Considerations

The plasmasphere is the high-altitude extensighefonosphere, with which
is in a field-aligned diffusive equilibrium at trends of the magnetic flux tubes. In
consequence, since in the plasmasphere the produetid loss processes are
essentially absent, the plasmasphere is primaolyulated by ionospheric plasma
flows (Kersley and Klobuchar, 1978). Specificallyere is an exchange of plasma on
a daily basis between the topside ionosphere aasimasphere. During daytime,
oxygen-dominated plasma from the underlying ionespliffuses upward along the
magnetic field lines and charge exchanges with @mtdmgdrogen at some “0H"
transition height, producing hydrogen-dominatedspla above this height. After the
ionospheric sunset, hydrogen-dominated plasma fr@nplasmasphere returns along
the field lines to lower altitudes and charge exdes with atomic oxygen, producing
oxygen-dominated plasma that contributes to maimtgithe nighttime F layer. The

O'/H" transition height is usually defined as the afttuwhere the Oand H
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densities are equal. Its position depends on thmmggnetic activity level and
exhibits a diurnal, seasonal, solar cycle, latitadli and longitudinal variation (e.g.,
Marinov et al., 2004).

The plasmasphere thus acts as a reservoir of tomzavhich is replenished
during the day by upfluxes of ionospheric plasma isrcapable of maintaining the F-
region at night through downward plasma transparinfplasmasphere, the coupling
between ionosphere and plasmasphere in both cagelving a charge exchange
between hydrogen and oxygen. At lower latitudes3{l.<the plasmasphere also
facilitates a direct coupling between conjugateogpheres through significant
interhemispheric flows of thermal plasma that dawt®i along the magnetic flux tubes.
Several features of the ionosphere and plasmaspinerbnked with these flows of
plasma (e.g., Bailey et al., 1987) including themispheric asymmetry of the
plasmaspheric densities, which manifests mainlyinguthe December solstice
(Guiter et al., 1995). The interhemispheric flowe @aused by differences in the
atmospheric parameters and ptessure across the equatorial plane, primarig/tdu
different winter/summer conditions at the feet bé fflux tubes, and are meant to
maintain continuity in the plasma concentrationmmtthe plasmasphere. Hence, the
flux tubes can be regarded as closed systems whtehact with the underlying
ionosphere in both local and conjugate hemispherasations in both local and
conjugate ionospheres being thus expected to gignify affect the behavior of the
plasmasphere that links them. Moreover, the ionespplasmasphere interactions
depend on the geomagnetic latitude of the footpriritthe magnetic flux tubes, the

short flux tubes with bases at low geomagnetictudés being in approximate
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equilibrium with the underlying ionospheres in airdial average sense, while the
large tubes with bases at higher geomagnetic d#being in a partial equilibrium
with the ionosphere below.

The outer boundary of the plasmasphere, the plasmsap encloses the
magnetic flux tubes that corotate with the Eartll & characterized by a rapid
decrease in the plasma density. To a first appratan, the plasmapause is
considered to be circular in the magnetic equdtptane, with a pronounced bulge of
plasma at larger radial distances (L>3), at duskweler the size, shape, and
dynamics of the plasmasphere and plasmapause ramglgt dependent on the
geomagnetic conditions, geomagnetic latitude, awll time. In the absence of
geomagnetic disturbances, the corotation domirthesiear-Earth plasma flow, and
the plasmapause moves outward to higher L-shetlsbacomes gradually saturated
with ionospheric plasma. Conversely, during distgrlzonditions, the plasmapause
moves towards the Earth, causing the contractioth@fplasmasphere. Meanwhile,
the enhanced sunward convection of the magnetospleeodes the outer
plasmasphere and transports the plasma outward samivard towards the
magnetopause. In the period following the storne ttepleted flux tubes are
gradually refilled by upflows of ionospheric plasnagprocess that can last for several
days. The recovery time of the plasmasphere depamtise L-shell value and ranges
from about 2 days at L = 2 to about 8 days at L (®.4., Park et al., 1978; Kersley
and Klobuchar, 1980; Lunt et al., 1999a).

Previous observational and modeling studies hage/shhat, in addition to a

diurnal variation and geomagnetic activity depemngethe plasmasphere also
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displays a seasonal variation at American longgudeth larger plasma densities
during the December solstice than during the Joistise by a factor of about 1.5-3
at L = 1.5-5, which increases with decreasing lugal(e.g., Clilverd et al., 1991,
2007). As discussed by Guiter et al. (1995), pdssitechanisms responsible for the
seasonal variation of the plasmaspheric densitydiec
(2) the tilt of the Earth’s magnetic dipole, whican lead to a seasonal
variation in the total solar flux illuminagrthe conjugate ionospheres and
different wind-induced vertical plasma drifthis is especially true at
American longitudes where the displacemetwéen the geographic and
geomagnetic equators is largest and wherertts of the flux tubes are
thus longer exposed to sunlight in Decemban in June, as illustrated in
Figure 8.1 which shows the geometric configion of the magnetic flux
tubes at ~7?0N.
(2) seasonal variations in the chemical equilibriexels of H in the middle
lonosphere;
(3) seasonal variations in thé Bcale height caused by seasonal variations in
the plasmaspheric temperatures;
(4) seasonal variations in the production and/ss iates of Hin the upper
atmosphere caused by seasonal variatiome indutral atmosphere and/or
O levels;

(5) seasonal variations in thé @vels in the upper ionosphere.
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Figure 8.1: Configuration of the geomagnetic fieles at the American longitudes
(~70W) (adapted from Kersley and Klobuchar, 1978).

8.3 The WInTEC-IP Algorithm

WInTEC-IP is a Borland C++ Builder application dgsd for estimating
both the ionospheric and plasmaspheric TEC by geicg GPS data from a single
site or from several receivers simultaneously irKalman filter approach. In
WInTEC-IP, the ionosphere is approximated as afstin spherical shells located at
arbitrary fixed heights, and the vertical TEC oncleashell is represented as
polynomials of different orders. For our currenudies, we used a single shell
approximation for the ionosphere and a third oqt#@ynomial representation for the
vertical TEC. More details about WIinTEC-IP are pded in Chapter 7, where we
compared four different ionospheric modeling tegmes and showed that smaller
post-fit residuals are obtained with the cubic apph than with the linear, quadratic
and multi-shell linear approaches. Subsequentlyalse tested the method for higher
order polynomials and found that while the postdisiduals decrease by increasing
the order of the polynomial, the biases fail to a@mconstant as desired. This

indicates that for polynomials of order greatemtliaree the Kalman filter solution
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becomes less well-conditioned in a numerical selugeto the large size of the state
vector relative to the number of observations. Hmve while this is true when
processing data from a single station, the sitnati@y change when processing data
from several receivers simultaneously as more obsens become available.

As described in the previous chapter, to explicitigcount for the
plasmasphere, we included in the observation eguatn additional ternsPEC and
a scaling factor for this termg,. The plasmaspheric ternsPEC is obtained by
integrating the electron density predicted by amplaspheric model along actual GPS
ray paths from the @H" transition height, taken here at 1000 km, up ® &PS
orbital altitude of 20,200 km. The observation dopm at epoclk, for a receiver-

satellite (R,S) pair is then given by:

k k k :
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(8.1)
als XSPEGys + b + bl

which is similar with Equation (7.5). In EquatioB.1), bs andbg are the satellite and
receiver instrumental bias€sg, r}j-o,...9 are the coefficients of the polynomial fit to the
ionospheric vertical TEC, rs is the difference between the longitudes of the
ionospheric piercing point (IPP) and the mean supsis the difference between the
geomagnetic latitudes of the IPP and the sta8BEC is the slant PEC predicted by

the background model, aray is the scaling factor fosPEC M(ersh) is given by
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Equation (6.7) and represents a standard mappmgidun that relates the slant and
the vertical TEC at the IPP, wheggsis the elevation angle aris the height of the
ionospheric shell.

According to Equation (8.1), the state vector cmstaten ionospheric
coefficients, one plasmaspheric scaling factor, meeeiver bias, and one bias for
each satellite. For the multi-site case, in additto the satellite biases, the state
vector contains one receiver bias, one plasmasplsealing factor, and a set of
ionospheric coefficients for each receiver. In WEHT-IP, the biases and the
plasmaspheric scaling factor(s) are approximatedoastants, and the ionospheric

coefficients as random walk processes.

8.4 Gallagher’'s Empirical Plasmaspheric Model

WINTEC-IP incorporates the empirical plasmasphenicdel developed by
Gallagher et al. (1988). As mentioned in Chaptethé, model was developed from
measurements taken by the Retarding lon Mass Spetdo on the Dynamics
Explorer 1 and consists of an analytical expres$anthe plasmaspheric electron
density. The plasmasphere predicted by the modebegx an approximate azimuthal
symmetry at lower radial distances (L<3) and areesibn at larger radial distances
(L>3), at dusk (~2100 LT). Also, as discussed inafdkr 7, the vertical PEC
predicted by the model decreases with increasinognggnetic latitude, the slant PEC
at low, mid, and high latitudes exhibits a latituali asymmetry with larger values on

ray paths towards the equator than towards thespealed the PEC at equatorial
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latitudes is independent of the northward/southweaegving direction and displays a

weak elevation angle dependency.

8.5 Results and Discussions

To investigate the morphology of the plasmaspher applied WIinTEC-IP
to the data collected from five low and mid-latiéustations located at magnetically
conjugate points, within the B890°W longitude range. A map showing the
approximate locations of the stations used inghusly is provided in Figure 8.2, and
the codes, names, and geographic coordinates aitétiens are listed in Table 8.1.
We used data from both MANA and GUAT due to datailability, the two stations
being located very close to each other. Two solarmum periods are considered in
our studies, 14-18 August 2007 and 15-19 Novemb87 2which are characterized
by low geomagnetic activity levels. The daily Aplues for August and November
2007 are displayed in Figure 8.3. As shown in tigsre, during the two periods of
interest, marked with vertical dashed lines, thdydap was less than 10 and the
geomagnetic activity was moderate prior to Augustafhd low, for many days, prior
to November 15. Having in view that the replenishimef the plasmasphere after
disturbed periods can last for several days, thiddcbe relevant to our studies, as it
is possible that the plasmasphere was slightlyede@lin August 14-18, especially at

mid latitudes, and saturated with ionospheric pesiring November 15-19.
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Figure 8.2Map of the GPS stations used in the analysis

GPS Stations Geog. Geog. Geom. | Geom.
Lat. Long. Lat. Long.
NDBC, Mississippi, USA 30.21 89.36 40.99 337.21
MANA, Managua, Nicaragua 12.08 86.14 23.06 342.49
GUAT, Guatemala City, Guatemala 14.35 90.31 25.20337.76
ANTC, Los Angeles, Chile -37.20 71.31 -25.94 358.4
RIO2, Rio Grande, Argentina -53.47 67.45 -42.3p 641.

Table 8.1List of the GPS stations used in the analysis.

Figure 8.3: Daily Ap values for August and NovemB607 as a function of day of
the month.
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Figure 8.4 illustrates the WInTEC-IP results, aemporal resolution of 30
seconds, for RIO2, ANTC, MANA/GUAT, and NDBC, forugust 14-18 (upper
panel) and November 15-19 (lower panel), after dag of simulations to allow the
Kalman filter to stabilize. The plots show, fromptoto bottom, the total
(ionospheric+plasmaspheric) TEC, the ionospheri€ TiBe plasmaspheric TEC, the
combined satellite and receiver biases, and thefggassiduals as a function of day
of the year, in universal time (UT). In all thedetp, the thick lines are the vertical
TEC values and the thin lines are the slant TEQeallt is clear from these plots that
the estimated biases are nearly constant ovemtbdime intervals and the post-fit
residuals have standard deviations less than 0GUTEbeing slightly larger at the
northern hemisphere stations than at the southemmsphere stations. The post-fit
residuals and the stability of the estimated biagesused here as a measure of the
modeling accuracy, as variations in the biasesaandfge post-fit residuals may
indicate unmodeled errors in the estimation alaritin addition, the average values
of the estimated scaling factors for the plasmaspherm at the four latitudes, for
both August and November, are given in Table 8tyTcan be used as correction

factors for the Gallagher’s plasmaspheric model.
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GPS Stations | August November
NDBC 0.45 0.65
GUAT/MANA |0.40 0.78
ANTC 0.42 1.25
RIO02 1.10 1.85

Table 8.2 Estimated plasmaspheric scaling factors for Augast November 2007.

Like in the previous chapter, to evaluate the eéftédhe plasmasphere on the
GPS-TEC, we applied the algorithm, without the plaspheric term included in the
observation equation, to the stations listed inl@@&ol and found no evident changes
in the post-fit residuals whether the plasmaspheoatribution was explicitly
accounted for or not. The biases were also constahie two cases, although small
differences of about 1 TECU and 2-3 TECU could bseoved between the biases
estimated with the two algorithms at NDBC and respely at MANA/GUAT,
ANTC, and RIO2. The total and ionospheric vertitBIC values predicted in the two
cases are plotted in Figure 8.5a, for August 14ab@, in Figure 8.5b, for November
15-19. As seen in Figure 8.5a, at NDBC and RIO2toha vertical TEC values are
larger by about 0.2 and 1.5 TECU, respectively, wthee plasmaspheric term is not
included in the observation equation compared ® ¢hse when it is included.
Conversely, at GUAT and ANTC the total vertical TE&lues are larger by about 1
TECU when the plasmaspheric contribution is exgji¢aken into account compared
to the case when it is not. As shown in Figure 8celiing November 15-19, the total
TEC values at MANA and ANTC are larger by about ZFECU when the
plasmaspheric term is included compared to the wdwes it is not, while at NDBC
and RIO2 they are larger by about 0.4 and 2 TEGi$pectively, when the

plasmaspheric term is not included compared ta#se when it is included.
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It can thus be concluded that, by not explicittycamting for the
plasmasphere, the total vertical TEC is undereséichdoy about 3 TECU at low
latitudes and overestimated at mid latitudes inntwhern and southern hemispheres
by about 0.4 and 2 TECU, respectively, compareithéccase when the plasmasphere
is explicitly accounted for. These values are madraracteristic for November and
are slightly larger than the values obtained foigéat. Our results are in excellent
agreement with those reported by Mazzella et &0T2, where they also showed
using model simulations that by not explicitly agnting for the plasmasphere the
total TEC is underestimated at low latitudes anerestimated at mid latitudes. It can
be also observed in Figure 8.5 that, at low la@gjdthe vertical TEC estimated
without explicitly accounting for the plasmaspheapproximates quite well the
ionospheric vertical TEC. This is in agreement with fact that, since the PEC has a
weak elevation angle dependency at equatorial amd latitudes, the estimation
algorithm tends to attribute most of the PEC toitls¢rumental biases.

It is evident from Figures 8.4 and 8.5 that theosgpheric TEC displays a
seasonal variation, with larger values in summemtin winter, which is also
responsible for the observed hemispheric asymmatityre ionospheric TEC, with
larger values in the summer hemisphere than inwtimter hemisphere. Also, as
illustrated in these figures, the diurnal pattemntlte ionospheric TEC at RIO2
presents some anomalies in November. This may beadalthe fact that, during the
December solstice, the completely sunlit Antaraboosphere has an abnormal
behavior with relatively high plasma densities aenkersed diurnal patterns, which in

turn can affect the diurnal patterns of the plaghasc electron densities in both
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local and conjugate hemispheres. As shown in Fi§utk, the estimated slant PEC at
NDBC also displays a peculiar diurnal variation fibky associated with the
anomalous behavior of the sub-Antarctic ionospherde conjugate hemisphere, at
RIO2. In addition, the PEC values at NDBC are loweAugust than in November
although the ionospheric TEC values in August eddbese in November. A similar
situation is encountered at low latitudes in thehmern hemisphere, the PEC values at
MANA in November being larger than those at GUAT August, while the
ionospheric TEC values at GUAT in August exceedimase at MANA in November.
However, at the southern hemisphere stations that&in is different, as both PEC
and ionospheric TEC values in November exceed thos&ugust. These results
suggest that at the southern hemisphere statidres,idnosphere-plasmasphere
interactions in the local hemisphere tend to domeirthe effects in the conjugate
hemisphere, while at the northern hemisphere sisitithe ionosphere-plasmasphere
interactions in the conjugate hemisphere tend tmidate the effects in the local
hemisphere, which is consistent with results reggbliy other authors (e.g., Kersley
and Klobuchar, 1978).

It is thus clear from Figures 8.4 and 8.5 that@#S-derived PEC presents a
seasonal variation, with larger values in Novemtan in August, similar with the
seasonal variation of the predicted ionospheric T&Che southern hemisphere
stations. Although risky to imply seasonal trendglee basis of only 10 days of data,
we suggest that the gross differences observdteipriedicted PEC are primarily due
to seasonal changes. We suggest that the main lyndephysical mechanism

responsible for the seasonal variation of the PE&Y e the tilt of the Earth’'s
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magnetic dipole, but, as discussed in Section£2eral other mechanisms may be
also involved. Specifically, the southern hemisphstations being located farther
away from the geographic equator than the northemisphere stations due to the
Earth’s dipole tilt, the ionospheres above themewgresumably longer exposed to
sunlight in November than in August. This couldrtHead to substantial seasonal
variations in the ionospheric plasma densities alibem, which could then map into
the plasmasphere as a consequence of the diffegjudibrium, producing annual
changes in the PEC.

It can also be observed in Figures 8.4 and 8.5thwapredicted PEC displays
a significant hemispheric asymmetry in Novembethuarger values in the southern
hemisphere than in the northern hemisphere. Thespéeric asymmetry of the PEC
in November could be attributed to large interhgréic plasma flows from the
southern hemisphere to the northern hemispherebaplp caused by large
differences in the atmospheric parameters and ldsspire across the equatorial plane
(e.g., Bailey et al., 1987). The fact that the hsggheric asymmetry of the predicted
PEC is negligible in August may indicate that thesma flows between hemispheres
were low during this period. It is important to rark that, while the diurnal variation
and the meridional asymmetry of the estimated PEECmposed by the Gallagher’s
model, the seasonal variation and the hemisphegmaetry of the PEC originate
from the measurements themselves and are not impbge the background

plasmaspheric model.
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Figure 8.5: Vertical TEC estimates with and withthe plasmaspheric term included
in the observation equation for (left) 14-18 AugR807 and (right) 15-19 November
2007.

To better illustrate the seasonal variation of tBBS-derived PEC, the
estimated vertical PEC values are also plottedignré 8.6. For each site, the ratio
between the average vertical PEC for November 1&rtbAugust 14-18 is indicated
on the corresponding panel. As shown in these lioéesPEC ratios are greater at the
southern hemisphere stations than at those in dhtbarn hemisphere and decrease
with increasing L-shell. At ANTC and MANA/GUAT theEC ratios are about 3 and
2, respectively, while at RIO2 and NDBC the ratiase about 1.7 and 1.4,
respectively. It is though possible that, at thed4atitude stations, where the
replenishment of the plasmasphere is expectedstddaseveral days, the ratios may
be slightly affected by the increased geomagneticditions prior to August 14.

Although, in the current studies we use integrakettron densities on vertical ray
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paths, our results are consistent with those reddoly several other studies using
equatorial plasmaspheric electron densities derifredn whistler and satellite
observations and from model simulations. For examgliiverd et al. (2007)
determined, using satellite observations, a Decerttbdune density ratio of about
2.7 at L = 2.5-3.5 for solar maximum conditionsmiar results were reported by
Clilverd et al. (1991) using whistler measuremeiitsey determined a density ratio
of 3 (2) for solar minimum (maximum) conditions lat= 2.5. Based on numerical
simulations, Guiter (1995) also reported a densatyo of 1.5 at L = 2 for solar
minimum conditions. This further proves that our GPEestimation technique
represents a valuable new approach for separdtenghospheric and plasmaspheric
contributions to the GPS observations of TEC andefgloring the morphology of

the plasmasphere.

Figure 8.6: Estimated vertical PEC for 14-18 Augursd 15-19 November 2007.
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8.6 Conclusions

In this chapter, we have presented a Kalman fileesed algorithm for
estimating both the ionospheric and plasmasphéeictren content along GPS ray
paths by combining GPS data with information froackground ionospheric and
plasmaspheric models. The estimation techniqubus &ble to distinguish between
the ionospheric and plasmaspheric contributionshteo GPS-TEC observations by
exploiting the differences in the spatial distribas of electron densities in the two
regions. In our algorithm, named WInTEC-IP, thedgphere is approximated as a
thin spherical shell located at the fixed heighB60 km and the ionospheric vertical
TEC above the monitoring stations is represented #sird order polynomial. To
explicitly account for the plasmasphere, we useé tBallagher's empirical
plasmaspheric model and set thgHD transition height at 1000 km. Having in view
though that the @H" transition height can display strong diurnal, sea$ and
latitudinal variations, we also tested the alganitfor a transition height of 600 km,
but found no significant changes in the predict&CRsalues. It is expected that by
explicitly accounting for the plasmasphere, one @atain more accurate estimates of
the instrumental biases and ionospheric TEC, aglglshown in the results reported
by Mazzella et al. (2007) using model simulations.

Given the vast amount of GPS data readily availdiméh globally and
continuously, this new technique could offer ampudev opportunities to remote sense
the plasmasphere and hence to explore differenecéspof the plasmasphere

morphology including those which are difficult @entify using other techniques. As
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an example of how our algorithm can be used toagpthe morphology of the
plasmasphere, here we have shown that the seasmmion and the hemispheric
asymmetry of the PEC can be inferred from GPS mieasents and these inferences
agree with results from previous investigators.sTini turn supports the validity of
our technique, although further validation studst#l need to be carried out for
different geophysiscal conditions using both ab®olualues of PEC and model

simulations.



Chapter 9

Summary and Future Work

This thesis has covered a diverse set of topicshasdntroduced a variety of
advanced signal processing techniques. Since thelusions on individual studies
have been included at the end of each chapterweemply provide a summary of
our work, highlight some concluding remarks, angfty summarize some future

work that pertains to the ideas related in thisithe

Geomagnetically forced periodicities in the thermgshere-ionosphere system

Using different wavelet-based techniques, we havews that dominant
oscillations with periods of 5.4, 6.75, 9, and 13l&ys, that appear as higher
harmonics of the solar rotation period and pefsisseveral solar rotations and even
years, occur frequently in the thermosphere densityospheric TEC, and GUVI

SO/N; ratios during 2004-2007, and correlate very wathvgimilar periodicities in
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the solar wind parameters and geomagnetic actimdyces. Overall, our results
provide compelling evidence that these periodisiiee a direct response to recurrent
geomagnetic activity and associated high-speed sofal streams. We suggest that
all these results regarding the geomagneticallgefdmperiodic variations in different
ionospheric and thermospheric parameters can ka tosenprove and validate the
existing coupled magnetosphere-thermosphere-iomospimodels and to test their
ability to replicate the observed variability.

In addition, our bispectral analysis results sugtes the periodic oscillations
in the solar wind parameters, primarily rootedigidly rotating solar coronal holes,
may also originate from nonlinear processes takiage in the solar wind, probably
as a result of compression of the high-speed ssiad plasma and wave-shock
interactions. However, further investigations a¥quired to explain the origin of the
observed phase-coherent couplings between diffspadtral components in the solar
wind parameters.

Finally, we need to mention that additional dataurses and model
simulations are still needed to thoroughly exantiveprocesses at play in modifying
the state of the thermosphere and ionosphere pomss to recurrent geomagnetic
activity, and to evaluate the relative contributiohthe periodicities in the neutral
density, neutral composition, neutral temperataeytral winds, and electric fields
associated with recurrent geomagnetic activity rividg periodic oscillations in

ionosphere.
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Drift-Net algorithms

We have developed and presented several leastesqueagression and neural
network-based algorithms for estimating daytimejatgrial vertical ExB drifts from
magnetometer observations. We have shown thatuglthdrained only with data
from Peruvian longitudes, the models can be apphedany longitude where
appropriately-placed magnetometers exist. We h#&e shown that the seasonal H
and DH-inferred drift patterns present an excellent agrent at Peruvian and
Indonesian longitudes, but at Indian and Philipdimegitudes, the H-inferred drift
patterns underestimated ttH-inferred drift patterns by about 2-5 m/s, mostly
during the morning and noontime hours. Howeverthiemr experimental and
theoretical studies are needed to explain the wbdedifferences between the
seasonal H andH-inferred drift patterns and to test the applitgbiof the
algorithms at other longitude sectors. It is cliugh that being able to estimate the
ExB drifts using only the H component at the magneiquator could be very
important considering that, as shown by Richmondlet(1973) and Fang et al.
(2008a), the H component away from the equator ushmmore affected by zonal
neutral winds than the H component at the magmefiator. This could be also very
useful at longitudes where a single equatorial retgneter station is available, and

could eliminate the uncertainty surrounding theitpms of the off-equatorial station.
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Relating the periodic variations in the LLZEFs andIEF

The disturbed-time studies presented in Chaptead demonstrated that we
now have the capability to investigate the “wedtlampects of daytime, equatorial
vertical ExB drifts at different longitudes, and relate them to IEF conditions. In
Chapter 4, we have used the continuous Morlet veavednsform in order to relate
the oscillation activity in the LLZEFs and IEF sprecat three longitude sectors, in
the 10 min.-10 hour and 1.25-12 day period randesng time intervals of increased
geomagnetic activity. For periods in the 10 min.HoQr range, we have shown that
the continuous wavelet analysis represents a pawaybl to study the frequency
dependence of the two specific mechanisms of eqahtelectric field variability
which are dominant during disturbed conditions, agnpenetration and disturbance
dynamo. For periods in the 1.25-12 day range, wee hfwund that there are
significant periodicities that occur simultaneousiyooth LLZEF and IEF spectra and
which are most probably caused by geomagnetic riistices associated with
enhanced geomagnetic activity. We suggest thatduihvestigations using wavelet
analysis in conjunction with physics-based modgisund-based and satellite data
sets are needed to get a deeper understanding aotirces of periodicities in the

LLZEF and of the system that links the IEF andebaatorial zonal electric fields.
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Penetration electric fields

In Chapter 5 we have investigated the shieldingaefof the ring current in
both time and frequency domains, and have est&digfuantitative relationships
between IEF-Ey and the fluctuations in the equat@onal electric field at Peruvian
and Indonesian longitudes. Several techniques basedeural networks, multiple
regression analysis, and FIR filters have been eyepl for this purpose and have
been discussed in this chapter. However, whilentoglels work relatively well at
both longitudes, the physical properties are sl understood, which suggests that
further investigations of the penetration electfields are needed. Further
investigations are also needed to clarify the inpzicthe 6 and 8-hour periods,
corresponding to the quarterdiurnal and terdiutialgs, on interpreting the effects of
the penetration electric fields at Indonesian ltudgs. Additionally, our results have
also indicated that the electic field penetratioachanism presents a longitudinal

dependency which remains to be further investigatddture studies.

WInTEC algorithm

In Chapter 6, we have introduced the Kalman filtased data assimilation
algorithm, named WInTEC, developed for near reakti estimation of the
ionospheric TEC using data from a single site omfra network of dual-frequency
GPS receivers. In WInTEC, the ionospheric TEC dmel ¢combined satellite and

receiver biases are estimated at the samplingofatee GPS data (30 seconds) by
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using hourly/daily RINEX observation and navigatidas. The estimation procedure
assumes a simple model for the ionosphere, appet&dnas a thin spherical shell at
350 km, and a first-order polynomial representafmmthe vertical TEC, in a solar-
geomagnetic reference frame. Our excellent comiparaesults between WINnTEC
and USTEC reported in this chapter, have indic#ted although based on a simple
mathematical formalism, WIinTEC is a powerful toof fonosopheric studies that can
reach the performance level of a more complex amahptitationally expensive
algorithm, being able to retrieve accurate TEC @alin near real-time during both
guiet and disturbed periods.

In Chapter 7, we have explored different ionosgheniodeling techniques
with the ionosphere approximated as a single-sirethulti-shell structure at fixed
heights and the vertical TEC modeled as polynonoéldifferent orders. We have
found that out of the different modeling techniqgudanTEC produces the lowest
post-fit residuals when the cubic approach is eygaoto represent the ionospheric
TEC above a monitoring station. For higher orddympamials, the size of the state
vector increases considerably and, in the singéecse, the Kalman filter becomes

numerically unstable.

WInTEC-IP algorithm

In Chapter 7, we have presented the WINnTEC-IP #hgar WIinTEC-IP

explicitly accounts for both ionospheric and plaspteeric contributions to the GPS-

TEC measurements by using a single-shell cubicexpiation for the vertical TEC
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in ionosphere and the Gallagher model (Gallaghealet1988) as a background
model for the plasmaspheric TEC. Comparative resbktween WIinTEC and

WInTEC-IP have shown that, by including the plaspmesic term in the observation
equation, there is no degradation in the perforrmaacd modeling accuracy of
WINTEC-IP in terms of post-fit residuals and bidabdity, although some minor

changes in the estimated biases and total TEC eavbberved, particularly at low-
latitude stations. The estimation technique in VAQTIP is able to distinguish

between the ionospheric and plasmaspheric conwimit to the GPS-TEC

observations by exploiting the differences in thmatgl distributions of electron

densities in the two regions. It is expected thatelplicitly accounting for the

plasmasphere, one can obtain more accurate essimftbe instrumental biases and
total TEC. This was also clearly shown in the resuéported by Mazzella et al.
(2007) using model simulations and in the recestite by Carrano et al. (2009)
using ALTAIR measurements.

To investigate the consistency of the plasmasphestilts obtained with
WINnTEC-IP, we have calculated the PEC patternswative stations distributed
roughly over four geomagnetic latitudes and threegitude sectors separated by
about 100, during a quiet interval in November 2007. Similatitudinal PEC
patterns have been obtained at each longitudersemtsistent with the geometry of
the plasmaspheric flux tubes and plasma distributiothe plasmasphere, but also
with results reported by other authors (e.g., Lemnal., 1999c; Mazzella et al., 2002;
Otsuka et al., 2002; Carrano et al., 2008). Ovenallresults suggest that WinTEC-IP

is a reliable remote sensing technique for estimgatne contribution to the total TEC
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from both the ionosphere and plasmasphere. Howdudher investigations and
validation studies need to be undertaken to testpgbtential of the method in
estimating the PEC for different solar and geom#gneonditions at different
locations, in particular at equatorial and lowtladies.

Given the vast amount of GPS data readily availdiméh globally and
continuously, this new technique could offer ampudev opportunities to remote sense
the plasmasphere, and hence to explore differepecés of the plasmasphere
morphology including those which are difficult @entify using other techniques. As
an example of how our algorithm can be used toagpthe morphology of the
plasmasphere, we have shown that the seasonaltimariand the hemispheric
asymmetry of the PEC can be inferred from GPS mieasents and these inferences
agree with results from previous investigators.sTini turn supports the validity of
our technique, although further validation studst#l need to be carried out for
different geophysical conditions using absoluteeobations of PEC and numerical
simulations. In the end, we also suggest that kperithm in WinTEC-IP should be
tested for different background plasmaspheric n®dsd should be modified to

estimate parameters in imposed plasmaspheric @sofil
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