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Abstract

Two-dimensional (2D) horizontal structures of midlatitude spora@iqEs) are
studiedby usingtotal electron content (TE@)bservationsvith a dense array of Global
Positioning SysteniGPS)receivers in Japar2-D TEC mapanade it possible to study
morphological properties of horizontal shapes of Estelve focuson 2-D structure
and time evolution ofionospheric irregulanés caused bymidlatitude Es over the
Japaese Islands

In chapter 2, we try to appthe GPSTEC techniqueas a new observation method
of Es, performing a case study walstrong Espatchobservedn thelocal evening of
21 May 2010, over TokyalapanAs a result,m the slant TEGime seriesEs showed
characteristic pulskke enhancementof ~1.5 TEC units lasting for ~10 minutes. We
plotted these positive TEC anomalies on the -isabspheric points (SIP) of
stationsatellite pairs to study the hooiatal structure of tls Es. Wefound that the
irregularity residedat the altitude of ~100 km by comparing d&t@m multiple GPS
satellitesand confirmed that this heiglstconsistent with local ionosonde observations.
The horizontal shapes tife Es iregularity showea frontal structurelongated in BV,
spanning ~150 km in length and ~30 km in widthd wascomposed of smapatctes.
Similar TEC signatures of Es were detected by other GPS satellitestinhgggnature
did not appear for onsatellte that had linef-sight (LOS) in NS directionwith a
northwarddip of 40~50 degreesThis corresponsito the local geomagnetic field, and
the plasma transportatioresponsibldor the Es formatiomayhave occurre@long ths
direction. We also presenta few additional observation results of strong Es

irregularities.



In chapter 3, morphological characteristics of daytime midlatittslpatche are
studied By analyzing over 70 cases we found thattheir horizontal shapes are
characterized by frontal strture typically elongatedn E-W by ~100 km.They are
observed to migrate mainlyorthwardin the morning and mainlgouthwardin the
eveningwith speeds rangingip to 100 m/s This may reflectthe velocitiesof neutral
winds controlled by atmospheritdes. Such fontal structures are also found to often
includesmaller-scalesub-structures.

In chapter 4suchsubstructures arstudied with raw slant TEC dat@maller scale
structuresare often found toaccompany the main frontal structurand they are
characterized byuastperiodic QP) TEC signaturs Trailing edges oimoving frontal
structuresoften show steep gradient of electron densiyd detached plasmalobs
following the main structureSuchplasmablobs seem t@wause QP TEC fluctuatiomns
the TEC time seriesThe spatial separation of theapma blobgs 10-25 km, which is
consistent with previouseportsbased on QP echodSradientdrift instability and kear
instabilities such asKelvin-Helmholtz instability are possible candidatesfor the

generation and localization of plasma patches responsiliesf@P TECsignatures
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Chapter 1: Introduction

1.1 Midlatitude sporadic-E

1.1.1 General introduction

SporadieE (E9) is adensely ionized plasma patch whicbcasionallyappearsat
altitudes around 100 km in theE-region of the ionosphere. It is characterized by
anomalously highelectrondensities thabften exceedhose inthe F-region (alt. ~300
km). Since the era oftelecommunication utilizingionospherg Es has been a
long-standing puzzling problem for the society of radio communications. Its
unpredictable ap@eanceoften causes irregular propagatiorhggh frequencyKF) and
very high frequency\(HF) radio wavesNowadays.the means of telecommunication
shifted from HF tosatellite communicatios with microwaves NeverthelessEs still
remains an important $se because it oftecausesscintillations in microwavesand
degra@sthepositioningaccuracy ofslobalNavigation Satellite&System (BISS).

Es is often divided into three categories by geographical regions; -polar
midlatitude, and equatoriatypes. The® are also characterized by differgeineration
mechanisms. Ithe polar region,Es istriggeredand acompanied by aurora activities
during nighttime. Equatorial Es occus near the magnetic equator during daytime
[Whitehead, 190, and references ther¢iMidlatitudeEs the main target ahe present
work, is formed in the midlatitude regions of both hemispheres primarilyelbtycal
shears in the neutral winds in the lower thermosphiatghead, 1989

Figure 1.1 shows two electron density profildstaned by Global Positioning
System radio occultatiofGPSRO) observations withthe FORMOSAF3/COSMIC

satellite systenfdata processebly the author Figure 1.1a represents geomagneticall
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Figure 1.1 Electron density profilesrom GPSRO of (a) dayime (black) and
nighttime (gray) ionosphere withouEs and (b) daytime ionosphere withtypical
Eslayer at midlatituds. The profiles are measured over central Japan in May
(Figl.1a) and northern Pacific Ocean in May 2012 (Figl.1b), respectively.

quiet time ionosphere witholds The profiles were obtained ew the central part of
Japan in May 2009, the early summer in the Northern Hemisphere Btk and

gray lines show daytime and nighttime prddjleespectively. There we can see clear
peaks bothn daytime and nighttime. During daytimgEl- and E-regons are evident
between altitudes ~100 km and ~200 km, which almost disappear in nighttime. In
Figure 1.1b, a densely ionized thin layer can be seen at an altitude of ~1TMhdm.
profile is obtained over the northern Pacific Ocean in May 20h®s is atypical
electron density profilef a midlatitudeEs layer. The peak electron density of this thin

layer reaches 8.0 10° el/cn? which is equivalent to the critical frequency (foEs) of 8.0
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Figure 1.2 Typical Es trace in an ionogram obtained at Kokubunji ionoso
Courtesy of National Institute of Informatioand Communications Technolo¢
(NICT).

MHz. As shown in Figure 1.1b, the electron densityrirEalayer oftenexceed that of
the F-region. The mean thickse of layers is reported to bethe range 00.52.0 km
[Kantarizis 1971, and thisis extremely thin compared tbat ofthe F2 layer.

Figure 1.2is an ionogram showingypical example of intensglionized Es
observed by an ionosonde at Kokubunji, Tokyo, Japan6 June 2013Such an
ionogram is routinely published online byNational Institute of Information and
Communications Technology (NICTAs seen in Figure 1.1, the peak electron density is
dominated byF2 layer during daytime. In the ionogram, howeJez, layer is absent,
being blanketed bihe EslayerunderneathThis is called blanket Esndindicates that

the layer is uniformly formed to cover thentire horizontal field of view of the
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ionosonde. If the layer is patchy, thenF#htrace can be seen together with Es trace, i.e.,
transparent Es. The ionosonde, or bottom side sounding, is one of the oldest observation
methods ofEs which provide a number of parameters such as foEs, flidanketing
frequency),and hées (height of Es) Blanketing/transparent signatures are also read
directly from the backscatter tradesthe ionograms

In the present study, we will focus on midlatitugle In the next sectionye will

reviewour currentknowledgeof midlatitudeEs
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1.1.2 Seasonal variation &soccurrence

Midlatitude Esis characterized bthe strongoccurrence peak in local summer, i.e.,
May-Aug, in theNH. Figure 1.3 showshe seasonality of the Es monthdgcurrence
rate seen in thefoEs datafrom Kokubunji (geographical latitude of 35°N) and
Wakkanai (45.18N) ionosonde stations during 20@812. It is clear that occurrence
rate peaks in June at Kokubunji and in July at Wakkanasd@$trongsummerpeaks
are pealiar to midlatitude Es and the peak months are known to reverse in the

Southern Hemisphere (SH) [Smith, 1968].

50 R L ] [ ] 50
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Figure 1.3 Occurrence rate of Es (foEs > 10 MHz) at (a) KokubunjfNgZand (b)

Wakkanai, 48N. foEs data during 2003012 and 2002012 are useth (a) and (b),

respectively.
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1.1.3 Global distribution ofEsoccurrences

Es occurrences also exhibit clegrographical preferensgSmith and Matsushita,
1962] Global distribution of Es has been revealed by (&observations (see section
1.3.5.1for the details on thebservationrmethod) [Wu et al., 20055arciaFernandez
and Tsuda200§ Arras et al., 2008]. Figure 1.4 shows the geographical distribution of
Es derived fromGPSRO measurementby low Earth orbiting(LEO) satellites[Arras
et al., 2008 Es occurrences aearly distributed in midlatitude regions of the world
i.e., Fareast to northern Pacific and northern AtlarticEuropein the summer ofhte
NH, and Indian Ocean adjacent to Australia and southern Pacific snitm@er ofSH.

Such geographicalespecially longitudinaldeviation has long been one of the
unsolved questions. In recent years, howe@eoundto-topside model of Atmosphere
and lonosphere for Aeronomy(GAIA) developed by NICT has succeeded in
reproducing such global distribution, indicating lower atmospheric effectEsn
occurrences through a coupling between linger atmosphere and the ionosphere

[Shinagawa et al., 2014]. Thayso showed well reproduced daily occurrences of Es.
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occurrence rate [%]

Figure 1.4 Global distribution of Es occurrencesretrieved from GPSRO
measurementdy low Earth orbiting satellites, such &HAMP, GRACE, and
FORMOSATF3/COSMIC [Arras et al., 2008 Panels represent autumn, wint
spring, and summer (in the Northern Hemisphere) in clockwise from top lef
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1.1.4 Wind shear theory

westward wind northward wind
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Figure 1.5 Principal ion convergence mechanisms in (a) zonal and (b) maald
wind shear node [Haldoupis, 2012]. In the lovizeregion (alttudes below 115 km)
zonal windshear ighe primary driver of ion convergence.

Vertical wind shear is a widely accepted mechanism that explains the formation of
midlatitudeEs[Dungey, 1959; Whitehead960,1961] Figure 1.5 shows the lsematic
illustration of ion convergence in thE-region of the ionosphere by zonal and
meridional wind shears in the presence of inclined geomagnetis. figlithough the
possible shear nodes can dmused byboth zonal and meridional winds, the primary
driver of ion convergence in the altitude below 115 km is considered to be zonal winds
[Haldoupis, 2012]. Associatedwith the convergence process of positive iom® ia
thin layer, electronsnove along the geomagnetic field lines to neutralize the positive
charge. Consequently, a densely ionized layer is foratatie altitude of windhear
null. It should be noticed that this wind shear thearly @xplains the principle dayer

formation in thevertical plane buhot in the horizontal plane.
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What is thesource of the positive ion@ the daytimeE-region, N and Q are the
dominant molecules faonization. However, their rapid recombination le&dsegion
ionization to photeequilibrium, which is the reason why a norntallayer almost
disappeas at night On the other handgs often occurs at night and it is common that
their appearances lagkir several hours. These facts immediately contradict with the
normal E-region photeequilibrium and exclude it from the possible sourceaditive
ions responsibléor theEsionization.

Later on, rocket observations have directly measured the electron and ion density
profile to confirm thatmetallic ions, e.g., Feand Md, are the primary source &s
ionization [e.g., Roddy et al., 2004is the theory predist recombinatiorrates of these
metallic ions are much lower than those of N&hd Q'. Metallic ions have long
lifetimes depending on altitudes, e.g., a f@ays at ~120 km ana fewhours at ~95 km
[Haldoupis, 2012]In Figure 1.6, it is evident that twipeak of electron density at the
altitudes of 103105 km and 117418 km well corresporgito those of Feand Md.
Thesemetallicatoms are considered lb@ ofmeteoric origin andtiis natural taconsider
thatthe formationof these thin layers is attributéo the ion convergence by the neutral
wind shearsn the presence a@feomagnetic field.

It should be noticed thalthoughmeteor is the source of the metallic ions, it does
not immediately mean that meteor itself is thieect cause ofes Although in some
observations, meteor is observedhe trapped in the wind shear node to produce
enhancd Es (Figure 1.7 and 1.8)the primary mechanism is considered to be the
existence ofhears in the neutral windslaruyama et al., 2002008 Malhotraet al,

2009.

10
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Figure 1.6 Vertical profile of electron and ion density obtained by a rocket that f
throughan Edlayer [Roddy et al., 2004].
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Initial meteor trail Sporadic E patch

Wind shear » k_ * _ .

Figure 1.7 A schematidllustration of meteortrail, its condensatiomto a thin layer
by wind shearand development of Es patillaruyama et al., 2(§]
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Figure 1.8 Rangetime-intensity (RTI) plda of meteorinduced enhancement i
sporadieE ionization[Malhotraet al., 2008 SNR stands for ignalto-noise ratio
(in dB).
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1.2 Unsolved poblems on midlatitude sporadicE

There ae a number oissueshatremainunsolved regarding midlatitudes They
are classified inteeither of thetwo categoriesi.e., morphology andlynamics. The
former is about the shapef Es plasma patches. The morphological properties such as
length, width, alignment azimuthnd structugs are yet to be investigatethe latter is
related tothe generation mechanistemporal evolution, and mewmentsof dense Es
patches Although several hypotheses have been proposed, insuffroieniberof Es

observations prohibits conclusidescussions
1.21. Morphology

Since its discovery, structuref Es ha been drawing attention afesearches.
Neverheless, ts two-dimensional (2D) horizontal shape Isdong beenambiguousdue
to the lack of appropriateobservationmeans In recent yeatstheir 2-D horizontal
shapeshave beensuccessfullyimaged withgroundbased radar observatiowlsiring
nighttime [Hysell et al., 2002; 2004; Larsen et &007. For exampleHysell et al.
[2009 usedacoherent scatter radar (CSR) at St. Croix, US Virgin Id4d&VI) in the
Caribbean Sea, to obsenosv- andmid-latitude Es. They revealedoatchy structuresf
Es elongated in E-W andor NW-SE, and their movementsin the directions
perpendicular to the elongation azimaturiharaet al.[2010 revealedhe 2-D image
of an Es patch by the magnesium ion imagbtil) on board a rocket ying over
southwestern Japan. &lpatch had a horizontdlmensionof 30 x 10 km and showed

elongationin NW-SE.

13



Chapter 1: Introduction

Numerical simulatios suggested thds patchesare preferabhaligned inNW-SE
and propagat southwesward in the NH [Cosgrove and Tsunoda, 2002004
Yokoyama et al, 2009. However there have not beensufficient number of
observations o the horizontal structuretemporal evolutionand movementof Es to
substantiate such simulation resulffwus morphological properties midlatitude Es

have remaineglague to a large ¢ant until now

1.2.2 Dynamics

Widely acceptedtructuringmechanisms of Egnder the presence of vertical wind
shear includeatmospheric gravity wage[Woodman et al., 1991; Didebulidze and
Lomidze, 2010; Chu et al., 20113hear instability [Larsen2000; Bernhardt, 2002;
Larsen et al., 2007; Hysell et al., 2008ihd Edayer instabilityfCosgrove and Tsunoda,
2002; 2004] The atmospheric gravity waves are suggested to modulate Es layer
vertically, which would causequasiperiodic QP) radar echoesHowever, even the
intensiverocket experimestcombined with groundbased radar observatiodsring the
SporadieE Experiment over Kyushu (SEEK) campaign failed to confthair effect
[Larsen et a).1999.

The shear instabilities such as Keklelmholiz (K-H) instability in the neutral
atmosphere are also proposed to create a densely ionized billow structure [Bernhardt,
2002]. In fact, such billow structure in tlieregion of the ionosphere immagedas a
trimethyl aluminum (TMA) trail in the wpeg potion of a rocket experimemonducted
in the SEEK2 campaig [Larsen et al., 2005].

Eslayer instability hasa unique characteristic thahaximum growth rates

14
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achievedwhen theionized patctesarealigned inthe NWSE and is also characterized
by prefered southwestwargropagation in the NHCosgrove and Tsunoda, 2002].

At the moment,it is difficult to tell which mechanism isdominant for Es
structuringbecause of the scarcity observationsHence,studies ofmorpholoy and
dynamics of Ese.g., hozontal shapes and movemgnare indispensableo discuss
thar generation mechanismshe morphological properties of Eguld serve aa key
to evaluatethe proposed theories. This is the primary motivation of the present woork

study2-D imagesof midlatitudeEs plasma patches.

15
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1.3 Current observation methods and instruments

In this section, we briefly introduce current observation instruments and methods.

1.3.1 lonosonde

As mentionedn the previous sectiomne ofthe oldest observationethod of Es
is the bottomside sounding by ionosondes. In Japan, four ionosonde stations are
currentlyoperational i.e., Wakkanai, Kokubuniji, Yamagawa, and OkingaadNICT
conductroutine observationsvery 15 minFigure 19 shows the gture ofthe antenna
site of the Okinawaionosonde lonograms (Figure 1.)btained by these ionosondes
are made available onlinbt{p://wdc.nict.go.jp/ionog/js_viewer/js_01.himThese four

ionosondes perform oblique incidence sounding as well as vertical incicemuirgy.

""‘.‘

Figure 1.9 Deltaloop antennaof ionosonde station at Ohgimi, Okinawa.

16
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1.3.2 Coherent scatter radar

A coherent scatter radar (CSR) is a grobwaded radarCSR is often usedo
obsenre plasma irregularities with radio imaging technique. InHsetudy, CSR at St.
Croix, USVirgin Island (USVI) is well known. The radar transmits 29.8 MHz (HF
wave with a peak output power of 8 kWsingan array of eight ®lement YagilUda
artennas (Figure 1.)0This CSR isoften operated in combination with incobet
scatter rada(ISR) at Arecibo, Rerto Rico, to condu simultaneous observatioms
plasma structureand various parameters oplasma ofthe low and mid-latitude Es

irregularities [Hysell et al., 2004; 2009].

Figure1.10.Part of the arraycomposed o€ight YagitUda antennaof the CSRat St.
Croix, USVI [Cornell Universityhttp://landau.geo.cornell.equ/

17
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1.3.3 Incoherent scatter radar

An incoherent scatter radar (ISR) is a radar usabtain verticalelectrondensity
profiles. A clear differencefrom ionosondes that ISR can observalasma agltitudes
higherthan the pealelectrondensity(ionosonde is not sensitive to plasma abthe
altitude of maximum electron dengjityThe targetof observation, i.e., the scattering
regions, can be selected agjustingthe beam directionwhich is made possible his
high gainantenna array. The scattered signals prowiftemation on the verticgrofile
of electron density, electron and ion tesmgtures, and ion velocity aloniget magnetic
field lines [Zolesiand Cander, 2014]. There are seveaérationallSRs around the
world, e.g., Arecibo(Puerto Rco), Jcamarca(Peru) Millstone Hill (USA), Tromsa
(Norway), Svallard (Arctic), and Japan. Idapan, the middle and upper atmosphere

(MU) radarin Shigaraki, Shigahas been imperation since 1984 (Figure 1)11

Figure 1.110Oveniew andthe antenna array of MU radar at Shigare&higa,Japan
[Research Institute of Sustaible Humanosphere (RISH), Kyoto Universi
http://www.rish.kyoteu.ac.jp/mu/radar.htrhl

18
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1.3.4 Rocket experiment

Rocket experiments are one of the most
useful in-situ observation methods of measuring
vertical pofiles on winds, shears, electron and ion
densities, and so on. Among a large number of
rocket observations conducted around the world,
SporadieE Experiment over Kyushu (SEEK)
campaigns (SEEK in 1996 and SER2Kin 2002)
arethe largestones dedicated tBs observations.
The series of SEEK and SEEKused sounding

rockes to measure various profiles in and around

Figure 1.12 S520 rocket the plasma irregularities associated with nighttime

launched  from Uchinoura, gg
Kagoshima, Japamg obsene Es
[JAXA,

http://www.isas.jaxa.jp/jlenterp/t measurement of the neutral winds beeatise
ockets/sounding/s520.shfml

Rocket experiments play a crucial role in the

E-region of the ionosphere, especially altitudes
above 90100 km, is too high for the grourzhsed sensors, e.gFabryPerot
Interferometer(FPI), ISR, and middle frequency (MF) radars, to observe. Since the
neutralwind shears are considered toka key role in the generation BEand in the
plasma structuringheir direct measurements are still in high demadndlapan, several
sounding rockets have been launched from Uchinoura Space Center (USC) in

southwestern Japan by Japan Aerospace EatgnrAgency (JAXA) (Figure 1.12

19
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1.3.4.1 Trimethyl aluminum release experiment

In addition to the measurement of vertical profiles, trimethyl aluminum (TMA)
release experiments have been conducted to provide pictorial images of neutral winds in
the E-region of the ionosphere. With a triangular survey, the @etatructure of TMA
trails can provid information on e.g.,wavelength opertubationsin neutral wind The

results of TMA release experiments are discussed in the section 4.4.

1.3.4.2 Magresium ion imager

Magnesium ion imager (MIl) was launched on board a rocket from 10S8e
summerof 2009 to image the horizontal structure &S irregularities. Since the
magnesium ions are one of the dominant {bfggmetallicions that are responséfor
Es ionization (Figure 1.6) MIl capturesthe scattering from Mgions to enable 2D
mayping of Es patchesThis is currently the only observation methegcept GPSEC,
that directly images the horizontal shapeEsf The results of an MIl experimeare

discussed in the chapter 3.1.

1.3.5 Remote sensing of the ionosphere from space

Top-side soundings by satellites were conducted in the earlier period back in the
1980s, which may be the first remote sensing ofiehespherdrom space. Inecent
years, ionospherebservations have come to see a new remote sensing method, that is,
Global Navigation Satellite SystefGNSS. Using such navigation satellites, the

Earth® ionosphere can be observed more globatigt continuouslyhan previous days.
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The majority of studiesareon F-region phenomendyut Es has alsdecome a target of

the studieswith remote sensing technicgie

1.3.5.1 GPS radio occultation observation

The GPS radio occultatiofGPSRO) observations performedwith receivers on
board low Earth orbiters(LEOs) (Figure 1.13. It has been successful obtaining
various profiles of the worldide atmosphere including those of the ionospheric
electron density (Figure 1.1The profilesoften exhibit Es signatures, and helped us
investigatediurnal [Arras et al, 2009] and seasonal [Wu et al., 2005arciaFernandez
and Tsuda2008 Arras et al., 200Bchanges of the global distribution B& However,
the horizontal resolution of GPSO data is nothigh enoughto image individualEs
patche. Their temporal resolution is not high enougteither, to see the temporal

evolution of Es patches

Figure 1.13 A schematic image of GPBO observation [COSMIC/CDAAC].
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1.3.5.2 GNSS total electron content observation

In recent yearsyariousGNSShas beeraunched Althoughtheir primary purpose
is positionng and measurments of crustal deformationthey arealso useful to
investigate the Earth ionosphere.

GNSS satellites use microwave carriers in two diffié frequencies. Since the
ray-path, or lineof-sight, between a satellite and a grodnased receer go through the
ionosphere, GNSS signal reaches the receiver with phase delays depending on the
carrier wave frequencieSuchionospheric delay is inversely proportional to the square
of the frequency as the first approximatigteflar et al.2003] ard thetemporal change
of the phase difference between the two carrier waves is proportionlaé tochange in
total electron content (TEC) along the loksight. In short, this method can measure
the total number of electrons along the-pagh between satellite and a receiver.

Global Positioning System (GPShe American GNSS)as beerwidely used for
TEC measuremest and thetechniqueis often called GPSEC. Since the TEC is
dominated by the electrons in theregion of theionosphereand has a vertical
resolution in principle, ihas beerusedmostlyto study ionospheric phenomena in the
F-region.If the GNSSreceivemetwork is dense enough, it can perforD Znappingof
TEC and enables us to investigate horizontdistributions of various knds of
ionospheric irregularities, e.g., meditsoale traveling ionospheric dishances
(MSTIDs) [Saito et al.,1998,2002] spreadF [Mendillo et al., 2001]plasma bubbles
[Otsuka et al., 2002yla andMaruyama 2004, ¢orm enhanced densities (SE[Bpger
et al., 2002Jand so onHowever,Es have never beestudiedwith this methodIn the

present study, eapply ths method tostudy Es and perform systematic investigations
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of its 2-D horizontal structures$or the first time Further details of this obsvation

technique and its application Esobservations argivenin the next chapter.

1.4. The objectives of the present work

With the backgrounéxplainedn the previous section, this study aims to
(1) establish GPSTEC as anew observation methdd image2-D horizontal structures
(2) reveal morphological properties of horizontal structures

(3) provide insights ito the dynamic®f the generation and time evolution

of midlatitude Es irregularities above the Japanese Islands.
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Chapter 2

Application of GPS total electron content

observation on sporadic-E detection

The contents of this chapter have beepublished in Radio Science

Maeda, J. and K. Heki (2014), Twamensional observations omid-latitude
sporadieE irregularities with a dense GPS array in Jap@adio Sci.,49, 28-35,
doi:10.1002/2013RS005295
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Chapter 2: Application of GRBEC observation on sporaehc detection

2.1 Global Positioning System

Global Positioning System (GPS) is a sateliitssed navigation system that covers
the whole Earthlt provides information on location (e.g., longitude, latitude, and
altitude)of the ground antenrendprecisetime. GPSis the Global Navigation Satellite
System (GNSSilevelopedn USA, and became fully operational ihe 1990s Forthe
accuratepositioning, at least four satellites should bbserved in the sky abovbe
receiver. Currently, over 30 GPS satellites including fundamental 24 and additional
backups are in orbét an altitude of ~200 km. Four satellites apat intoeach of the
6 orbitalplanes to provide worldwide coverage.

GPS satellites use two microwave carriers, namely 1575.42 MHz (L1) and 1227.6
MHz (L2). The microwave signalare modulated by pseudo random noise (PRN) to
discernindividual satellites. The same PRN codese generad in a receiveron the

groundto distinguishthesesatellites.

Figure 2.1. A schematic view of GPS [National Institute of Standards
Technology (NIST)http://www.nist.gov/pml/div688/grp40/gpsarchive.d¢fm
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Chapter 2: Application of GRBEC observation on sporaehc detection

2.2, Total electron content (TEC) observation

In this study, we used GPS satellites déimel Japanese nationwidensearray of
continuousGNSSreceives, called GNSSarth Observation Netwk (GEONET) to
measure ionospheric total electron content (TEC) theedapaese IslandsTEC isthe
nunber of electrons along the pabietween aGNSS satelliteand a groundbased
receiver GEONET iscomposed of ~1200 stations throughout Jegachis oprated by
Geospatiallnformation Authority of JapanGSl). Its high spatial densitytypical
horizontal separation of GNSS stations1s25 km) and time resolution (regularly
sampled every 30 secondshables imaging ofhe two-dimensional (2D) horizonta
structure and temporal evolution gariousionospheric irregularities. Since we mainly
use GPS talerive TEC, this method is often referred tadG#8STEC observationlt has
beenappliedto investigatdravelling ionospheric disturbanceBIDs) [Saito & al., 1998,
2002; Tsugawa et al., 2004; Hayashi et al., 2G@] plasma bubbles [Otsuka et al.,
2002; Ma andMaruyama 2004. Figure 23 shavs the propagation ai mediumscale
traveling ionospheric disturbance (MSTID). It propagated southwestwardheittave
front running in NW-SE. GPSTEC observations have also been used to study the
lithosphereatmospheréonosphere coupling, such @mnospheric disturbancesaused
by earthquakes [Heki and Ping, 2005; Astafyeva et al., ;2089gawa et al., 2011
volcanic eruptionsHleki, 2006} and tornado [Nihioka et al., 2013]. Figuref2shows
the example oionospheric disturbancter the 2011 March 11 Toholaki earthquake.
These disturbances are caused by various wavedngegial gravity wave and acdics

wave, excited in the lower atmosphere.
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Figure2.2. 2-D TEC maps showinghe southwestwardpropagationof MSTID with
the wave front running in NVBE [Saito et al., 1998].
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27



Chapter 2: Application of GRBEC observation on sporaehc detection

2.3. Basic idea of sporadieE detection with GPSTEC

With its high spatial and temporal resolution of GEONET, GQIEE® observation
has a high potentiahs a new methodo studyEs It will enable 2D mapping of
horizontal structure of Esa long-standing issue in ionospheric physi@ss already
shown in Figure 2.2 and 2.Bigh temporal resolution makes GH&C also useful to
studytemporal evolution of ionospheric irregularities.

When applying this method taletectEs, there isone problem,i.e., the lack of
vertical resolution. BasicallyGPSTEC observatios let us knowthe number of
electronsintegratedalong the lineof-sight between a satellite and a receiwdhout
recognizing Hitudes whereelectrons exisfsee Figure 2)6 Generally speakingTECis
dominated by electrons in tlkeregion of the ionosphere. Hence BESTEC method
has little been used to study phenomena in the ionospherieregion. Strong Es
irregularities arehowever, expected ghow TEC signaltarge enough to be detected in
its time seriesIn fact, the critical frequency d&s often exceeds thadf F-region and
sometimes reaches ~20 MHz.

In Figure 24, the principle ofEs detection with GPSEC techniques sketched.
An intensely ionized plasma patch associated ®#hwvill cause sudden and localized
TEC enhancement when the ho&sight penetrates it. This can becognized as
transientpositive TECpulseif the F-region is calmenough However, we sbuld verify
that the electron density enhancementurredin the E-region of theionosphere
BecauseGPSTEC only givesverticaly integratednumber of electrons, we have to rely
upon a special technigue constrain the altitude of TEC anomadly the pesent study,

we used multiple TEC maps derived from different satellifé®en we superimpose
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Chapter 2: Application of GRBEC observation on sporaekc detection

them, changing the ionospheric pierce point (IPP) altitudes. IfEthegion height
(typically ~100 km)gave the best coincidence for TEC anomaly maps fromrelifte
satellites,we cantell that the positive TEC anomaly originates fr&a The details of

this altitudeverificationare described in the section 2.6.

Slant TEC change

time

Slant TEC change

time

Figure2.4. Schematic images and correspondifepsTEC time seriega) without
Es and (b) with EsProvided thatF-region electron density is spatially ar
temporally constant during the observation, strong Es appears as localizelikpu!
TEC enhancemeim slant TEC time series
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2.4, GPS data collection

Before looking for Es signatures in the GIPEC datawe searcheé Esevents in
automatically scaled foEs datawdc.nict.go.jp/IONO/HP2009/ISDJ/auto_txt.hjml
obtained bythe three ionosonde stations in Japan, i.e., Wakkanai (geographical latitude
of 45.16N), Kokubunji (35.72N), and Yamagawa (31.28), operated by Nainal
Institute of Information and Communications Technology (NICT). The data are
recorded every 15 min. We s$ed outstrongevents with foEs over 20 MHz which are
expected to be observable by GPEC techniqueThen we downloaded GPS data from
GEONET (erras.gsi.go.jp ard processed time

In this chapter, waliscuss the GRIEC observation of a particular intengs

eventthat occurred on 21 May 2010 over Tokgentralpart of Japan.

130E 135E 140E 145E
45N $— /ﬁakkaral ! 7
S = ':.'. 24
Z j 0\\‘?:,9,. a{{/ﬂ‘;
40N -
A
35N & 2 Kokubuniji
o
Ty Yamagawa
30N _'.?; g

Figure2.5. Locations of ionosonde (black stars) and distribution of GNSS statiol
Japan (red dots) [Modified from figure published by GSI].
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2.5, GPS data processing

2.5.1 Derivation of TEC and model fitting

GLONASS

GPS satellite -
o e

BeiDou

7 ’_,)
\\_

f,=1.575 GHz
(L1)

it (TEC Unit = 10 elim?)

~100 km

Figure2.6.A schematic diagram of GRBEC observation.

We analyzedGPSdata of GEONETo deriveTEC along thdine-of-sights between
GPS satelliteand grounebased receiver Raw data at each GPS receiver are available
online (terras.gsi.go.jph areceiverindependent ex@nge format (RINEX) file.

GPS satellites transniitvo L-bandcarrierwaves namely1575.42MHz (L1) and
1227.6 MHz (L2), and theyare received by the growtxhsed receivers after passing
through theEarths ionosphereThe phase differende4 between théwo carrier waves

(L1, L2)is expressed in lengths,
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, TP, 0

whose changes angroportional to tbsein TEC alongthe line-of-sight (slant TEC)

Slant TEC is calculated from the following formula,

31 At &y

o o 'P ¢
wheref; andf; represent the frequeles of L1 and L2 microwave casrs (Figure 2.6.
Provided thathe F-layer isspatially and temporallgalm during the measuremengrg
TEC time series show {8haped curvekbecausehe incident an@ of line-of-sights into
the ionosphere changasthe satellitanoves inthe sky(Figure 2.7.

Next we draw a model curve bgssunng thetemporal change ofertical TEC as a
polynomial of timet which is determined by leastjuares methofOzeki andHeki,

2010]

N A~ s~

I 'AOAV ~ 7
31 A% — 0

wheret, g, andd represent time, the zenith angle at IPP altitude, and constant bias
specific to each satelliteceiver pairs, respectively. Vertical TEC chamyer a few

hours period can be well approximated with a gagc function of timd,
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wherea, b, andc are the variableto be estimated using leastjuares adjustment. A
model curves shown as gray curven Figure 2.7

Thetypical Es signature irslant TEC (blue awe in Figure 2.7) appearsat around
08:11 UT (17:11 LT) as a relatively sharp positive pulse of ~1 TECU (TEC Unit, 1
TECU t 10™ electrons rif) lasting for ~10 minutes. At this time, thiee-of-sightis
considered to have passed througie ofthe Es patches of v high electron density.
Almost at the same time (08:15T'), the Kokubunji ionosonde statioacordeda strong
Es with the maximumfoEs of 22 MHz (Figure2.8a). The positions ofionospheric
penetration point (IPP) dine-of-sights are calculated by assimg a thin layer at the
height of 106 kmyhich correspondto the h6Es valueobserved at the ionosondehe
subionospheric point (SIP), the ground projectionlPPR is close to the ionosonda
gray circle inFigure 2.8b), suggeshg that the ionosondand GPSTEC detected the
same patch oEs This comparison with a local ionosonde stationpsufs that the

pulselike positive TEC anomalgriginates from the E-region of the ionosphere.
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Sat29 <——> 0048

Slant TEC change (TECU)

8 9
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Figure2.7. An example of slant TEC time series including positive TEC enhance
caused by an intensely ionized Es (foEs > 20 MHz). Blue and graxesshow
observed and modelethst TEC change, respectively.
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Figure2.8. (a) lonogram observed at 08:15 UT at Kokubunji ionosonde also cani
the existence of strong Es layer. The foEs value reaches 22 MHz. (b) Locat
ionosonde (black star) arnlde SIP between Satellite 29 and GPS receiving station |
at 08:11 UT (gray circle). SIP is plotted by assuming IRRedt(Es altitude of 106 km.
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Figure2.9. (left) Time series of slant TEC anomalies recorded at five different !
stations and their SIPs (right). Black star represents the location of Kokt
ionosonde. GPS statidd609 does not show positive TEC amaly while other four
stations show clear puldie signatures.
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The leftpané of Figure 29 showstime seriesof slant TEC anomalies observed at
five differentGPS stationswith whichwe canconfirm the geographical localization of
the TEC anomalyFour of themshow positiveTEC anomalies, includinghe one with
SIP near the ionosonde (3073he GPS statins with pulsdike anomaliesare located
to the south of 38N. Thestation 0609locatedto the north of the boundargoes not
showsuchananomay. Suchhighly-localized nature of th€ EC anomaly is peculiar to
Es and rules oubther possibilities suchs TIDs and solarflares TIDs would have
much largerspatialscales andonger periodsandsolar flares would have left similar
signatures ovethe whole sudit hemispheret a certain timéthere were no reports of a

solar flare at this time)'hus weconsider this a signature Bt

2.5.2 Derivation and mapping of vertical TEC anomaly

In this section we describe how the vertical TEC anomalydlculated and
mapped to its ground projectiofrirst, the vertical TEC anomaleare derived by
multiplying the residuabf slant TEC with the cosine of the incident angle., the
zenith angle o& line-of-sightat an IPP point assumirggthin layer atinaltitudeof 100
km. Navigation files that contaiarbital elements of GPS satellitase used to caltate
IPPs. SIP positions are calculated by assuming dRiide also at 100 km. Then
vertical TEC anomalies are mapped onto them, which will consequently showDthe 2
horizontal structure oEs Figure 2.10showsthe snapshot ofertical TEC anomalies at
0811 UT around the central Japdmawn with the IPP height of 100n. In Figure 2.10
we can see several red d@p®sitive anomaly) in the region where green dots (normal

region) aredominant. As previously discussed,opitive anomaly is attributed to a
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plasma patch associated wiEk Thus the overview of the red datisould represerhe
2-D horizontal shape oEs patchesFigure 2.10shows thattlie Es irregularity has a
frontal structure elongatead the eastvest E-W) directionwith the dimension of~150
km in EW and 30 km innorth-south (NS).

Since the distances between GEONET stations a5 1n,the spatial resolution
of the verticalTEC anomaly maps @pproximately ~25 kmrhis map shows relatively
largescale structurenaving a horizontalscale size of tens to several hundreds of
kilometers with a typical spatial resolution of-25 km. Hence smalcale structures

with a horizontal scale size less than that are not included in the map.
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Figure 2.10 An example of TEC map showing vertical TEC anomalies plottec
correspondingIPs assumim IPP altitude at 100 km.
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2.6. Altitude constraint of vertical T EC anomaly

In Figure 2.1, anong the majority of SIP points of green color indicating no
anomalies, there are some red and blue points indicating positive and negative
anomalies, respectivelythe posiive anomaly (red dots) at 08:11T observed with
Satdlites 29 and 31 shows simple linear structures runnmghe E-W direction an
ideal situation to make giossible to constrain the altitudéthis linear anomaly.

In Figure 2.12 we mapped theertical TECanomaliesat 08:00 UT using two
different sagllites. There we assunfieur differentIPP heightsin orderto constrain the
altitude of theTEC anomalies. IPPeight of 80 km corresponds tiee D-region of the
ionosphereand 1@ km, 150 km and 20 kmcorrespond to thE-, F1-, andF2-regiors,
respedwely. In Figure 2.12 two linear structures obtained from the two satellites
coincidewith each other whethe IPP heightis assumed as00km. On the other hand,
large gaps emergewith higher and lowerdPP heights. Considering that the &&s at
Kokubunjiionosonde was 106 kmwe canconcludewith confiderce that the observed

TEC anomaliesre the signature afregularities at thé&-region of the ionosphere
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Figure 2.11 A schematic diagram ofconstraining altitudes of anomalies b
comparing maps drawn usibgo differentsatellites.
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Figure 2.12 Vertical TEC anomaly map at 08:00 UT. Two satellites are use
constrain the altitde ofthe anomaly. Squares and stars represent the SIPs of £
and 31, respectively. IPP altitudes shown in tpyeu left corners are 80 km, 1R,

150 km, and 250 km which correspond to the typical altitudds-pE-, F1-, and
F2-region of the iongshere.
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2.7. Spatial resolution: comparion with ionosonde

observation

Here we compare the Es movements shown in vertical TEC anomaly maps with
ionosonde observatisnFigure 2.12 shows time series of vertical TEC maps in the left
panel, and ionograms athe corresponding timeepocls obtained atthe Kokubuniji
ionosonde in the right pahelhe ionosonde observatioare much more sensitive to
avealOEs layers sincéheytransmit highfrequency (HFradio wavesup to 30 MHzat
these stationsOn the other hand, GPS satellites usegabhd microwaves, i.e., 1.2 and
1.5 GHz, which isnot much affected by weak Es layers, e.gith foEs less than ~10
MHz. Therefore TEC and ionosonde observations should nobiogared directlyand
one shoulgay attention tahefoEs values.

With our observation experiences, the threshold of foEs for the tEsatde with
GPSTEC observatiomseems to baround16-17 MHz. If the foEs value exceeds the
17 MHz, we can expect positive TEC pulse signatures in slant TEC time series (e.g.,
Figure 2.6) andwe can draw theie-D mays. Provided theantenna pattern ihe same
asdesignedthe horizontal coverage of ionosonde observation, projected at an altitude
of 100 km, is assumed to be ~80 km in diameter. From that point of view, the TEC
observations and ionosonde observations coineitte each othein Figure 2.3, i.e.,
thepositive TEC anomaly regions asgthin the horizontal scope dfieionosonde.

This comparison shasvnot only thebetter spatial resolution of thEEC map
compared to ionosonde observation, but #feousefulness of GFEEC observations

on knowing what causedthe foEs time variation. For example, without GFEC
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observations, # ionograms shown in Figure 2.08ly show the temporal change of
foEs and canndell why theychangedWe cannot rule outhe possibility of appearance
and disappearge of Esabovethe ionosonde. However, with GAEC observation,
the temporal change of folean be interpreted simply #se southwardpassage oén

Espatch
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Figure2.13 (left) Vertical TEC anomaly maps &t time epochsseparated byl5

minutes The intersection of the gray thin vertical and horizontal lislkesws the
location of the Kokubunji ionosonde. (rightjonograms athe corresponding time
epahs White vertical bars represertte foEs of 5, 10, 15, and 20 MHz.
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2.8. Estimation of the thickness of sporadieE

The peak electron density ohé&s patch can be inferred by cparingfoEs and
the amplitude of the TEC changes. The former is observed by ionosondes, and the
vertically integrated number of electrons of the same Es patch can be inferred from the
latter. For the Esirregularity of Figire 2.6, the peakioEs was ~20 MHz at 08:15 UT
(Fig. 2.73. This corresponds to the peak plasma density ofx510" electrons it

according to the equation Reddy and Rafl1968], i.e,

fod 8.981 A&\,

wherefo is the crittal frequency (Hz) antle is the electron densitfelectrons rif). As

the TEC enhancement above the ionosonde wasFECU (1.0x10" electrons rif),

the thickness oEslayer is estimated as ~2 km. This is consistent with earlier reports by
GPS radio oadtation observations@arciaFernandez and Tsud2006] and rocket

experiments\[Vakabayashi and On@005].
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2.9. Advantages and limitations of GPSTEC method

on sporadic-E observations

One of theadvantage of GPSTEC over conventionatadar obsrvatons is its
high spatial (185 km) and temporal (30 seconds) resolution. This technique is useful
to detect relatively large Es irregularities with spatial scale of a few hundreds of
kilometers as well as small Es patches of a few tens of kilométerslso important to
note that the 3@econd time resolution of GPIEC is useful to study their dynamjcs
i.e.,, movements of Es patcheBy using multiple satellites to cover largarea
GPSTEC couldcapture the whole processEéformation and dega

One of the limitations of GRSEC technique oits observations would be that we
can see only stronBs i.e.,with foEs more than 16.7 MHz. Because the background
TEC is dominated by the electrons in theegion, evena small perturbdion in the
F-region electron density can easily mask thesigaatures irthetime series.

While a number of observations and theoretical models suggedstghayer is
modulated in altitudeWWoodman et al., 1991; Larsen, 2000; Bernhardt, 2002; Cosgrove
and Tsunoda, ZI2; Yokoyama et al.,, 2009the GPSTEC technique is not good at
detecting such smadicale vertical structure§his may be anothepotential limitation
of this technique

In Figure 2.12 we demonstrated that the Bgight could be constrained by
GPSTEC techniqgue by match@ the frontal structure of Esvith using multiple
satellites. The height resolution depends on thielémt angles of théne-of-sightinto

the Eslayer, i.e., lagr incident angles give higher height alegion. In the case of
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Figure 2.12 the incident angles arel5 degrees for &ellite 29 and ~70 degrees for
Satellite 31 Thenthe height resolutiowould be~20 km, i.e, changing the Ekeight by
this amount results in significant inconsistemd the ground projections of Esom the
two satellites. In other words, GFEC has height resolution sufficient thstinguish
the irregularities at altitudes &- (80 km), E- (100 km),F1- (150 km), and~2-layer
(250 km) without relyingupon ionosonde observations. This suggests the lpligsof
automatic detection of Hsy GPSTEC in the future.

Further densification o8IP with GEONETwill be realized by incorporating data
from GNSSother than GPS, which is under progress now by GSI by replacing receivers
to new models compatible witmultiple GNSS. Hybrid observations by GH&C
combined with the radio tomography techueqe.g, Bernhardt et al.2005] or rocket
experiments [e.gKurihara et al.2010] wouldenable3-D mappingof Esstructure in

the future
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2.10 Concluding remarks

In this chapter we have evaluated the GEC method as aewmean to observe

Es Here we will conclude this chapter as follows:

(1) Es can be detected by GPEC observatiornif the foEs exceedl 16-17 MHz. In
slant TEC time series, Es signatusecharacterized by a puli&e positive TEC
anomaly.

(2) TEC map can be generated to image the faogdée horizontal structure of Es. TEC
maps can also be uséal constrain itsaltitude. With this techniqueye confirmed
that theEsexists at thaltitude~100 km theE-region of the ionosphere

(3) GPSTEC observation can provide additional informationtbe movementof Es
patches This helps us interpret the change in foEsibgosonde i.e, whether it
shows development amtttcayor justpassingby of an Es patch

(4) Layer thickness can be inferred by comparing the magnitudes of TEC anomaly and
foEs.We found that thewre in the range of 1-8.5 km, which igoughly consistent

with the previous studies.
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Morp hology and dynamics of

midlatitude sporadic -E

Large-scale structure

The contents of this chapter have been submitted ®arth, Planets and Space.
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3.1 Introduction

Two-dimensional (2D) horizontal stucture of midlatitude sporadi (Es) had
long beerenigmaticbeforeradio imaging technique using coherent scatter radar (CSR)
and magnesium ion imager (MWere developed recdgt Radio imagingconducted
over Puerto Ricgprovided 2-D horizontal shapes of patchy structure of nighttisen
low- and midlatitudes (the Caribbearsea)[Hysell et al., 2002, 2004, 2009; Larsen et
al., 2007 (Figure 3.1) A rocket experiment conducted in midlatitu@suthwestern
Japan provided acompositeimage of MIl observations showing 3® 10 km scale
pachy structure in evening twilight hours [Kurihara et al., 2QF)jure 3.3. Saito et al.
[2006] revealed D structure of nighttime Es duringcuastperiodic QP) echoevent
by using the MU radain JapanAll these pioneer studiegere done for nighiine Es
andtherehave beeffiew observation®f daytime Es.

Cathey [1969] found Es cloud sizes-1000 km, with a mean of 170 km, by the
Explorer satellite observatisiover the souttrn Argentina. The observation was made
using high frequency (HF) radioawes. Tanaka [1979] conducted backscatter radar
observations to investigate the morphology of Es structure over the central part of Japan.
In his results, largscale backscatter regions, i.e., Es structure, are evident. The regions
are estimated to elonga~300 km in winter and ~500 km in summe&hese reports
suggest thaEs clouds are often formed over large horizontal sc@le the other hands,
previous imaging resultseem tashow only a part of such largeale structure. To our
knowledge, theréhawe beenno reports, i.e., - imaging results, on thentire Es
structure over several hundesaf kilometers.

Hence the principal objective in this chapter is to reveal the-Ergke structure of
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Es cloudsas a wholeSeveral examples of2 horizontalstructures are presented. Also,
the morphology of the structures is analyZesim statisticalpoint of view Possible

interpretatios onthedynamicbehaviors oEswill alsobediscussed.
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Figure 3.1 Two-dimensional image of nighttime Es patches over Puerto |

observed by CSR at St. Croix, USVI [Larsen et al., 2007].
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Figure 3.2. Two-dimensional image of Es patches raidlatitude in theevening
twilight hours observed by MII [Kurihara et al., 2010].
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3.2 Definition of sporadic-E

As Mathews[1998] pointed out, the terndsporadieE6 has been in semantic
difficulties in that the word includes various layénsthe ionosphericE-region caused
by wind sheaandatmospherigides. It make€sa general ternfior mixed phenomena.
One of such phenoma is a tidal ion layer (TIL) that prefers relatively higher altitudes
above ~110 km an less ionized than dominafds TILs are oftenreferred to as
intermediatdayers or descending ion layers (DILs) from the temporal changes in
altitude. Field ayned irregularities (FAIs) are also weakly ionized and appear at higher
altitudes with a different generation mechanism from that of TIL. Both phenomena are
often obseredby radarobservationsiuringEsevents.

In addition, Kelly [2013] have pointed out that slaethaes which are often
observed in QP radar echo do not actually represent the layer d&&oevus kinds of
groundbased radarshave long been observing these phenomena, and different
sensitivities oftheseinstrumentsgave differentdefinitions of what is spordic among
various types ofhe E-region echoes. Howevehe sporadic nature shoutet depend
onthetype of observation instruments.

We have totake particularcare on this problem. Hre westudy Es layers usg
GPSTEC observations, which is heensitve to weakly ionized layers or irregularities
in the E-region of the ionosphere.g.,TILs and FAIls This methodhelpsus exclude
confusing layers and irregulariti€s/hich are generallyweakly ionized, andisolate
only and truly&poradiélayers(which areintensely ionizd, i.e, foEs > 1617 MHz) to

be investigated
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Figure 3.3 Range time intensity (RTIplot derivedby the duatbeamincoherent
scatter radafISR) observationst Areciboin which a descending ion lay@pIL)
can be seerGreenand redshading correspond tdhe two differentoeans of the
radar[Larsen et al., 2007].
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3.3. Frontal structure

1 1 1
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Figure 3.4 A snapshot of vertical TEC anomaly map showing a patchy fro
structure over the central part of Japan. TH& Elongation is evident. The lengl
is ~300 km. The horizontal separation of #meallpatches is 125 km.

As shown in Figure 3.4, a horizontal structure often elongates a few hundreds of
kilometers n the horizontal plane. Here we call such a long-liedt shape a frontal
structure. In Figure 3.4, it can be seen that the frontal structure consists of several
smaller Es patches with densely distributed patches in the eastern part of the elongation.

The EW length and NS width are ~300 km and 43D km, respectively. This would be
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the first successful imaging of the whdis irregularity with a largescale EW frontal
structure.

Similar structures have been observed for stiéagregularities (ith foEs > 20
MHz) observedon other dayse.g, 14 May 2010 (Fig.3.5b), and 13 May 2012
(Fig.3.5¢). There we can see similar frontal structutesiing roughly ENEWSW.
These anomalies have also been confirmed tdEddy constraining the anomaly
altitudes in he same way agescribed in ta chapter 2, i.ecomparison of vertical TEC
anomaly maps from two satellites an@E&from ionosonde. The lengths of the positive
anomalies are ~ 350 km for the case on 14 May 2010, and ~150 km for the other two

cases.
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3.3.1 Latitudinal independence

Figure 3.6 shows verticalEC anomaly map®f the three areas indifferent
geographic latitudesnamely (a) Wakkanai, ~4H, (b) Kokubunji, ~38N, and (c)
Yamagwa, ~30N. Theae, National Institute of Inform@on and Communications
Technology (NICT) operates ionosond@é¢e first searcledintense Es event (foEs > 16
MHz) in their foEs data to be studied witthe GNSSTEC method In Figure 36, at
least three satellites are uskm the extensive spatiatovelmge. Red dots represent
positive TEC anomalpossibly showing D horizontal structures ds patchesFigure
3.6 suggestghat frontal structure is commdior the three latitude ranges as far as
intensely ionized daytimgs patchesare concernedl'he Es pathes in Figure3.6b are
elongated irE-W with a gentle curvaturelts lengthreaches ~500 kmwhile the other
two cases (Figur8.6a, c) show éngthsof ~150200 km. Their NS widths are in the
range of 1680 km.

No frontal structures elongated in complateth-south direction have bedaund
in our obsenations At the moment, thenechanismsesponsible fostruduring E-W
frontal shapeare not clear, butzonal winds may have something to do with the
elongationazimuths Vertical wind shear ithe most accepted generation mechanism for
Es formatios at midlatitudes [Whitehead, 1989&nd zonal windsre considered to
play a key role in producing vertical sheardetdong-life metallic ions converge into a
thin layer [Larsen et gl1998; Larsen2002 Haldoupis, 201R The E-W elongdion of

frontal structures maseflectthe horizontal distribution bsuchlarge zonal wind shear
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3.3.2. Length, width, and azimuth alignment

Figure 3.7comparesnumber ofoccurrencs of (a) elongation azimuthand (b)
length fa the 70 Es casesbservedn 2010.We counted one Es patch several times
(with 5 minutes intervals) because it changes its shape rapiyrose diagrarashows
preferredelongation inthe E-W direction The hisbgram showshat thelengths of the
frontal structuresare distributed overa wide rangg50-500 kn) with the average of
~160 km Althoughthe medians ~100 km,smaller distributiorpeaksexist around50
km and450 km.

The average length in the present study is ~160 km, whidonsistent with
Cathey [1969]who used 57 MHz HF radiowavefor the backscatter observation. Our
observatios, on the other hand, use microwave that sensitiveonly to intensely
ionized Es (foEs 26-17 MHz). Thus our results show the morphological properties of
intensely ionized Es

Numerical simulatioa predict NWSE aligned frontal shapeCpsgrove and
Tsunoda, 20022004 Yokoyama et a). 2009. Although the Es imagesfrom our
GPSTEC observationsshowed preferred elongation in-EV/, our observationsvould
not contradict withthee works becauseve discuss here the morphology of largeale
structures. Thespatialresolution ofour TEC maps (125 km) isnot fine enougho
imagesuch smalscale plasma pateldealt with in the numerical simulatian®n the
other hand, Maruyama el. [2000] inferredlarge scalefrontal structureelongatedn
E-W from an analysis of QP scintillation, which is consistent with those presented in
this study. Their results are more supportive in that the observatimomésn Japan. At

this moment we can concludeath as far as the largeale structuresn Japanare
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concerned, the frontal structures prefer th&/[elongation.
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Figure 3.7 Histograms showing the distributions ¢d) elongation aimuth and (b)

length of Es patches wittirontal structires observed in 201@hey are typically
elongatedn E-W with themedian length of ~100 km.
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3.4. Dynamics of frontal structure

3.4.1 Simultaneous occurrence

Figure 3.8a shows-Bninute snapshots of vertical TEC anomaly map generated for
08:0008:35 UT. Two separate frontal structures, labeled as A and e third
snapshot,are evident over southwestern and central Japan, respectiMaedyr
elongationdirectionsat 08:10 UT ardlifferent i.e., the structureA elongates ire-W
while the structure B elongasan NE-SW. The structureA is the longest~200 kn) at
08:03 UT (Figure 3.8b) whil¢he structure Bis the longest~400 km) at 08:12 UT
(Figure 3.8c).

The twostructures show different temporalolution During 08:0008:10 UT,the
two structureshange like sesaw i.e.,the structure Adecayswhile the structure Bgets
conspicuousAs for frontalstructureA, it intermittently repeatsycles ofappearance
anddecay e.qg.,it is clear in 08:0808:10 UT but becomes obscure 5 min |d@8:15
UT). The elongatn of thestructureA changed from BV to NW-SE around 08:20 UT
and thento WNW-ESE during 08:3008:35 UT. After08:35 UT it became obscure in
shape The structure Bwas more stablduring 08:0508:25 UT.Its elongation aimuth
remained ENBNSW, and its éngth changed little After 08:30 UT, howeverthe
structureB dissolved into small patcheAt 08:35 UT,it split into two smaller frontal
structures with the boundary at ~2B&eepingthar elongationazimutrs.

Simultaneous occurrence ardifferent temporal evolution ofthe two frontal
structuresn Figure 3.8&uggestiversityin the developingprocessandthe structuesof

Es patchesThere thestructure Ais shorterin length and lifetime thathe structure B.

63



Chapter 3: Morphology and dynamics, Lasgpale structure

Thestructure Achanged its shapaorerapidy than B i.e.,its frontal structur@appered
intermittenty with unstableelongationazimuth. Tle wind shearin the region around
the structure A may have beenore unstablehan that of the diicture B In the
snapshots during 08:6@B:10 UT(Figure3.8a), it is clear thathetwo frontal structures
were in the oppositphase i.e.,the structure Awas decayingwhile the structure Bwas
growingin length. Thetwo structuresvould have beewreatedby two different wind
shearsystens which werestrongenoughto form intensely ionizedes patchesSince
zonal winds are the pnary driver of vertical shears below an altitude of 115 km
[Haldoupis, 2012], the horizontal scale sizes of zonal wind shearsfareed to be
several hundreds of kilometersiEAW and a few tens of kilometers hS.

In addition, GPSTEC resultsprovide a better understanding of ionosonde data.
Although ionosondes arseparatedrom other ionosondes byver 1000 km in Japan,
they often observe simultaneous occurrences of Es. It has long been a puzzling problem
whether the simultaneous rise of foEs atffeient observatries represents the
appearance obne Es patch or simultaneous emergence of muliplpatchesIn the
latter case, it would Iso be aninterestingissue if there is angausalrelationship
between the emergences of the two patchEE€ naps can distinguisthese cases, and

will enablemore realistianterpretation of ionosonde data.
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Figure 3.8 (a) 5minutessnapshots of vertical TEC anomaly map in ffexiod of
08:0008:35 UT (T = UT + 9). Simultaneou®ccurrenceof two frontal structures
can be seen over southwestern and central part of , Japa are labeled as A ani
B in the snapshoat 08:10 UT, respectively. The enlarged images of each frc
structure at their maximum length are show(bjnand(c).
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3.4.2 Movement

Figure 3.9 showsnapshots at four time epochs and the movement of an Es patch
with afrontal structurealigned in EW direction Althoughits eastern angvestern ends
are out othe GEONET coveragéeg., 03:45 UT), its northward migratioman be seen.
Such movemestperpendicular to the elongation are often observed.

Next we have a look @hevertical TEC anomat magson 21 May 2010, at various
time epochs (Figure 3.10), dstudy the time evolution of the horizontal structure of the
Esirregularity The frontal structureare clearly seen at 08:00, 08:10, and at 08:20 UT.
The Es patches line up irthe ENE-WSW direction at 08:00 UT and irnthe E-W
directionduring 08:10 ~08:@ UT. In the snapshots aftéB:25 UT, the characteristic
E-W frontal structureseems to have dissolved into smaller pataies size of ~80 km
aligned in the NW-SE direction These snapshots suggest that the liketioh this
frontal stricture of Esirregularities was not much longer than a few tens of minutes.
After 0825 UT, the EW frontal structure broke into smallgratchesand moved
southwestward at the speed of ~80 m/s. These southwestward movementsSiE NW

aligned patches are tyjailly seen at 08:35, 08:40 and 08:50 UT.
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Figure 3.11 shows norttesd migration of Es in the early afternoon over
southwestern Japatt.took almost 2 hourfr the Es tanigrateby ~400 km. During the
migration, the Es keeps-W frontal structure althougthe shapeslighty changs. It
should be noticed that the changehe elongation azimutlccompanieshe change in
the migration direction. For example, before 03:35 UT, the frontal structure is elongated
in E-W direction. Afer that time, theelongation azimuth rotated to becoMeNW to
E-SE At the same timethe migration directiorappeardo have banged from precise
northward to toward NNE Then, after 04:20 UT, the frontal structure moved
northeastwardnaintaining theelongation in NWSE. Thissuggests thathe migration
tends tanoveperpendiculato the elongation direction.

Figure 3.12 also shasithe migrationin the directionnormal to the elongation. In
this case, anfV elongated frontal structure moved southwardrdfae northern part of
Japan. It decays just before the local noon. In the decay process imaged-B¥EGPS
the structure seems to have kepfrontal shape, e.g., those shown in 0202055 UT.

On the migration speeds, it is-80 m/s in Figure 3.10 arFigure 3.11, and0-50 m/s
in Figure 3.12

Actually, substantial portionof the observed Eglid not show significant
moveaments In thepresenstudy, 24 out of 71 cases showed clear movements, while the
others stayed@bovethe same places until thelisappear. We analyzed these 24 cases
observed over Wakkanai, Kokubunji, and Yamagaaval inferredhe migration speesl
of Es patches

Figure 3.13shows thedistribution of migration speed normal to the elongation
azimuths. There we neglected tm®vemats in the elongation directiobecause they

cannot beclearly distinguished from thetemporal growthof Es patches in the
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elongationdirection Because the structures are elongated preferably-\i, Eheir
migration speeds are either northward or soutdwale also considered Es speed less
than 25 m/s as stationary, so only the velocities larger than that value are ¢barged
Figure 3.13suggests that thepeeds rangepto 100 m/s withtheaverageof ~60 m/s for
both directiongthe velocity is meased every 15 minutes, often multiple times for a
single Es patch)which is consdered to reflecthe speed of neutral winds in the

E-region of the ionosphere.
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Figure 3.11 Vertical TEC anomaly map sequenskowinga northwardnovement of
a frontal structure over southwestern Jagdastal time (T) is ahead of universa
time (UT) by nine hours
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Figure 3.13 Histogram showing the migtion speed of24 Es patches witfrontal

structures observeth the vicinity of the Wakkanai, Kokubunji, and Yamagaw
ionosondesin 2010. Only those moving faster &m 25 m/s are presentedror

long-lived Es patches, the velocity was measured multiple times with 15 mil
intervals. NS conponents of the migration velocitiese shown Theyrange up to
100 m/s withtheaverage of 60 m/s.

As already described in thetiaduction (section 3.1)2-D horizontal images of
nighttime Egpatcheshave been studied KYSR Hysell et al., 2002, 2004, 2009; Larsen
et al., 2007 androcketexperimentgKurihara et al., 2010 Larsen et al[2007 showed
30-100 km scale banded sttuces aligned typically ithe E-W or NW-SE directions
They also analyzetheir motions byconsecutiveradar imagesand found dominant
northward and southward movem&ritheir observations are consistent with our results
on thelargescale structure moweens. Kurihara et al[201Q0 showed frontal shape of
plasma patches aligned in NBE direction with a width of ~10 km. The width of
frontal structure is consistent with those presented in this study.

In the sense of horizontal scale size, the frosttactureshown byKurihara et al.
[201Q0 would correspond to a single dot of SIP shown in TEC maps. This indicates that

largescale frontal structures shown in TEC maps consist of smaller plasma patches that
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have individual structure. Hence it is naturattmsiderdargescale frontal structuseas
an assemblage o$uch small scalgatches Larsen et al[2007 reported complex
propagation of multiple smat#icale structures in handedstructure e.g., one small
patchmovedtoward NNW while another moved stward simultaneouslylhe spatial
resolution ofour TEC maps 15-25 km)is not high enougho studymovements ouch
smallscale plasma patel Further morphologal analyses of smalcale plasma

structureshould be donwith enhancedpatial resolution.
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3.43. Atmospheric tidal effect on Es movement
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Figure 3.14Local timedependencef the directions of NS movemens of Espatches
observed in 201@histogram) We only showobservations maden central Japan
where GPSTEC datahave a better spatial coverage and resolutiof€urves show
occurrence rateof Es fromfoEs data during@3-2012(dashed) and 2010 (solid) b
the Kokubuniji ionosondéwe show only the cases withEs > 10 MH3.

Figure 3.14 shows local time dependencethaf numberof dongatiorrnormal
movemens (either northward or southward) of the Eental structure observed in
201Q Northward and southward components are colored in orange and gray,

respectivelyThere we also compatke houly occurrence rates atrongEs (foEs > 10
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MHz) observedoy the Kokubunji ionosonde during 2010 auldring 20032012.Here
we exclude Es observed in the maitn and southern Japan, and disc2Zéases
observed over theentral part of Japan wherelagerlatitudinal coverageof denséy
distributedGPSstations enables us émalyzethe migration of Es pates(Figure 3.®).
The Kokubunji ionosonde (35.7N, 139.49E) is includedin this region. As stated in
the caption of Figure 3.13, the velocities are measured multiple times (with 15 minutes
interval) for longlived Es patches.

The histogram irFigure 3.14suggests thdEs patches move mainhorthward in
10-14 LT and mainly southward in 1719 LT. The Es occurrencerates from the
ionosondeduring 20032012show maximaaround 10 LT and 17 L&nda minimumin
1315 LT. The peak in northward moing Es from GPSTEC lags behindthe
morningpeak of theEs occurence ratdrom the ionosondéy ~2 hours.The samas
true for the minimum occurrencehour in the afternoanThe peak of southward
movement from GPSTEC coincides with that of the occurrence rédt®em the
ionosonde Thedistribution of theoccurrenceénourfrom the ionosonde during010,the
same period as the GHEC study shows morning peaks at 10 LT and 12 LT followed
by a drop in 1315 LT and the evening peak at 17 [he peaks of northward and
southwardmovemeits coincide with those of theorningandeveningpeaks of thés
occurrencéioursin 2010.

In Figure 3.14, northward movementdominate from late morningto early
afternoon and southward movementiominatefrom late afternoon taevening The
reversalfrom southward to northward seems to occurmya~6 hourperiod at night
This transition is, however, unclear becauseh# lack ofEs observationgluring that

period. Tanaka [1979] investigated Es movemédoysdackscatteradar observations
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central JaparHis results show dominant northward and southward mewmésrat 1214
LT and 1621 LT, respectivelywhich are consistent with those presented in our study.

Between theperiodsof northward and southward movemgrthere isa Gilent
period at ~15 LT. This periodwould represent the transition of meridionaing
direction from northward to southward. In fact, Tanaka [1979] has found a clockwise
rotation of Es drift vectors in the local time variation, i.e., northward to westward, and
then to southward. The westward drifts peataround 15 LT whichroughlycoincides
with the silent periodh Figure 5 (please note that we negledéVEnovementsere)

The northward Es migration in the local morning is consisiétit the E-region
horizontal wind vectors at midlatitudes inferred frodiurnal ¢ geomagnetic
variation [Kato, 1956]. SouthwarBls movements in the local evening mightdsen
by semidiurnal tide [Maeda, 1957; Elford, 1959], althotlgtidal winds argenerally
slowerthan the Es migratiospeedsobservedin our study The whole wind system,
including the wind shear regiomesponsible for Es generatiomight have moved
together withthe globalscaleatmospheric tidal winds.

ThefoEs dateover a teryear period in gure 5suggesB hour periodicities in the
Es occurrence According toHaldoupisand Panchevi2006], foEs data show peaks at
6 and 8hour periods in the Es occurrence. Thisund the8 hour periodicity more
regular and significantandattributed it to atmospheridides. Both the reversal oEs
migration directionsand 8 four Es occurence periodicity in Figure 3.14 suggest
atmospherididal wind in the neutral atmosphenmmay control theoccurrence and drifts

of Es patches
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3.44. Estimationof direction of plasm#&ansportation

In this section, we try to estimate the directioh plasmatransportationby
comparing signatures witmultiple satellites. Because the incident angles and azimuth
of the lineof-sight are different among satelliteamplitudesof the positive TEC
anomalyassociated with Es patelisolook different to sme extentlnvestigating such
differenceswould help usestimatehow plasmahas been transported form the Es
structure.

Figure 3.15shows the verticalTEC anomaly maps at 08:07 UT, 08:21 UT, and
08:35 UT derived with five different GPS satellites aafalié during the period of thes
appearanceln Figure 3.15, we can see that the sdaseirregularity looks fairly
different when viewed with different satellites. Satellite 29 provides the clearest image
of the whole horizontal structure of tEsirregularity. One of the reasons that Satellite
29 gives the best image is that the dofesight passes through the Bsucturewith a
low elevation angle from the same direction of the frontal structure elongats.
causegshe largest phase delayghichwould resultin clear and large TEC anomaly.

The temporal evolution of its horizontal structure also looks fairly different with
different satellites. For example, Satellite 16 capturéfl Eontal structure at later time
epochs, e.gat 08:35 UT. On the ber hand, Satellite 31 seems to have lost sight of the
E-W frontal structure after 08:21 UT. Such satellite dependemtlitudesof the Es
signaturesseem to reflect itsthreedimensional 3-D) structure. The Kokubunj
ionogram at 08:15 UT (Fig. ) shovs dlanketEsj i.e, the highly ionizedEs layer
makes a continuous flat plane, which seems inconsistent with the highly patchy

structure suggested by the GIPEC observations. We consider that such patches may
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correspond to regions with very high elecatrdensity (i.e foEs > 20 MHz) for which
only GPSTEC observations are sensitive.

It is noteworthy that only Satellite 14, among the five satellites, failed to deeect
Esfrontal structure in the period 08:008:35 UT. Although the ionosonde at Kokuligu
show thatstrongEs signaturesat 08:15 UT and 08:30 UT, Satellite 14 does not show
positive TEC anomalies anywhere in the enhetwork includingstatiors with SIP
close toKokubuniji. Such a lack of th&s signature may reflect the direction of plasm
transportation responsible for tesformation. Since TEC corresponds to the integrated
number of electrons along thiee-of-sight no anomaly would be seen if the plasmas
have moved along tHae-of-sight In this case, plasmas might have been traneg in
the direction close to the Satellite lide-of-sight, that is, nearly N5 in azimuth with
the dip of 40~50 degrees toward north.

This suggests that the transportation may have occurred along the local
geomagnetic field directiorglthoughfurther studies are necessary geeif this is a
general phenomenoRur result showshat GPSTEC can be used to infer the plasma
movements thatausedthe Es formation. Owing to spatial density of ground GPS
stations and availability of multiple satellitestire sky, GPSTEC has a strong potential
of investigating the dynamics of formation and deca¥sfrregularities throug8-D

observations of the plasma movements.
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3.45. Role of gravity waves

In Figure 3.912, Esmovemens normal to thelengation azimuth are evident. As
shown in Figure 3.13, their speedsige upo 100 m/s, which i@ often foundn those
of the neutral winds in thé&-region of the ionosphere. Zonal wind profiles were
obtained froman experimentcalled the Sporadec-E Experiment over Kyshu (SEEK
[Larsen et al., 1998Jand the wind speeds at an Es altitude is consistent with those
presented in this study. Es movements are considered to rafarteral tendency of
the neutral wind direction in the ionosplheiE-region [Tanaka, 1979JAlthough the
neutral wind data are not available for estudied here, it may be possible to estimate
the approximate neutral wind velocity from the velocity of tHesgatches.

In Figure 3.10, after the dissipation of theWE frontal structure, at least two
smaller bandike patches that aligned in N\BE appeared and moved southwestward at
~80 m/s (typically seen in the snapshots at 08:35 and 08:40 UT in Figure 3.10).
Previous studies have reportdtht suchsouthwestward movemenof NWSE aligned
band structurefrequently occur fomidlatitude Es in the Northern lemispherg NH)
[Tsunoda and Cosgrove, 2001; Cosgrove and Tsunoda, 2002; Tsunoda et al., 2004]. In
the snapshot of vertical TEC map at 08:35 UT and 08:40 UT in Figlfk tBe two
individual Es bandsseem to forma wavelike structure.In fact, he bands @
horizontally separated by 3® km, which issimilar to thewave length ofinternal
gravity waves observed at an altitude of 100 km in this region. Cosgrove [RadF]
pointed out that the polarizatioelectric field modulated by gravity wavem the
F-region can modulate thE-region backgroundplasma through the electrodynamic

coupling. This suggests that the observed southwestward movements SENWgned
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Esirregularities might be driven by the atmospheric gravity waves.

In the midatitude region of theNH, mediumscale traveling ionospheric
disturbances (MSTIDs) often appear at night and propagate southwekesgrd) the
phase front aligned in NW-SE[Saito et al., 2002]Considering the electrodymac
coupling between the- andE-region of the ionosphere, Tsunoda and Cosgrove [2001]
suggested the influence of TIDs dis generation in thenighttime midlatitude
ionosphere. Bowman §60, 1968] pointed out that an Band is often accompaniéy
TIDs, and this was true in 11 cases out of 13 (85 percent). Although we did not find
simultaneous MSTID activities with all Es events detected by-GES, we found
MSTID followed Es activities 30 mimteslaterin the case of Figure 3.1 this case,
the wave fonts of the MSTIDs are typically aligned in NV®E and propagated
southwestward.Because MSTIDs frequently appear at night in this regiotne
subsequent MSTIDnay not have ha@ny causal relationshipiith the E. Because
GPSTEC can observe both Ed MSID, we could perform stadtical studies on
evening type E&regularities in the future in order to examine tdasal relationship
between Esind MSTIDs.

The possible relationship of Es and MSTID suggests that we should take gravity
waves into account discussinghe evening southward movemeaftEs patchesliu et
al. [2014] have reported that the large winds and shears are produced by the migrating
tidal background winds by an interaction with gravity waves. As mentioned aleve,
foundthe fragmentiaon of frontal structure preceding MSTID passaige, Es with an
E-W elongatedstructuredissolvedinto smaller wavdike pieces aligned ilNW-SE
[Maeda and Heki2014]. The horizontal separation of sepiecess 30-40 kmand they

moved southwesward by ~80 m/s in the local evening. These observatismggest
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possible interaction of gravity waves in the destruction of aogde frontal structure
and following southwardmigration of smaller pieces Such interaction of two
ionospheric phenomenaas ben found in the F-region For exampleOtsukaet al.
[2012] showedlisappearancef equatorial plasma bubbles aftbe interaction withan
MSTID.

As shown in Figure 3.13, speeds of frontal structure moveagnee wellwith
neutral winds and gravity wase Further investigations on Es movement, such as
simultaneous measurement Bfregion winds and Es movement usindd 2napping,
are needed to reveal the detdil dynamics of the E-region neutral
atmosphes/ionosphere The result shown in Figure 3.14 wouldserve asthe
obsevational evidence thatemonstratesoupling between the neutral atmosphere and

plasma movement in tHeregion of the ionosphere.
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3.5, Concluding remarks

In this chapter, we have shown morphological properties of -Eugle Es

structures andiscussed their dynamicshis chaptecan be concludeds follows:

(1) In the vertical TEC anomaly mapss Bften shows largscale frontal structures
elongated in BW direction and spanning more than 100 km.

(2) Intensely ionized daytime Es patches show frostiaictures with typical elongation
in E-W over thelatituderangeof 30°N-45°N.

(3) Lengths and width®f Es fontal structure range in 56600 km and 1€80 km,
respectively.

(4) Northward and southward movements, perpendiculdragelongationazimuths are
observedTheyrange up td00 m/s with the average of 60 nmsothdirections

(5) We also observed the fragmentation of th&VEfrontal structure into smaller
patches and its migration.

(6) Tidal winds inneutral atmosphenmay controlthe migrationdirection d Es frontal
structure.

(7) Observations with multiple satellites suggested that the plasma transportation
responsible for thees formation in the case of 21 May 2018ppears to have

occurred in a direction close to the local geomagnetic field.

84



Chapter 4

Morphology and dynamics of

midlatitude sporadic -E

Small-scale structure

The contents of this chapter have been submitted téarth, Planets and Space.
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4.1 Introduction

Existence of ptches forming smabcale structures suggestedby quastperiodic
(QP) echoes in the traditional back#ter radar observatioffBigure 4.1) Yamamoto et
al. [1991, 1992] discovered QP echoes from field aligned irregularities (FAIS) in the
nighttime E-region of the ionosphere by using the Middle and Upper atmosphere (MU)
radar. This finding gave rise to terestsin the dynamics in the Epatches and
instabilities responsible for generating such QP echdruyama[1991, 1995]
analyzed QP scintillations in 136 MHz radio waves transmitted from a geostationary
satellite(Figure 4.2)and showed that linear gpedEs structures driftedn the direction
perpendicular tohe elongation.

Maruyama et al. [2000] found morphological similarity between QP echoes
observed with the MU radar and QP scintillations in 136 MHz radio wave from a
geostationary satelliteThey propoed a model that the gradient drift instability
produces secondary shaie irregularities alond fields, possiblyresponsible for the
generation of QP echoes. The wavelengths of ssgalke irregularities inferred from QP
echoes at lowand mo-latitudes areeported in the range &30 km [Tsunoda et al.,
2000; Hysell et al., 2004; Saito et al., 200&}h typical time periods of2-10 min
[Larsen et al., 2007Radar imaging experiments over Arecibo together with numerical
simulation have alscevealedkilometer-scale fine structues in Es [Hysell et al, 2013;
Huba et al., 2014].

Among various kinds of observation methods, Maeda and Heki [2014] dekected
layers by analyzing Global Positioning System (GRi&ja They found positive

anomalies in the total electr@wontent (TEC) causduay Es irregularitiesandsucceeded
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in mapping ther two-dimensional 2-D) horizontal structures Several Es patches
observed in the local evenings stemargescale frontal structures elongated in the
eastwest (EW) direction withthe averagelength andtypical width of 160 km and
10-30 km, respectively. Although largeale structuretiave been revealed by such
GPSTEC observationsdetection of smallescale irregularities withthe GPSTEC
techniquehas been ahallenge.In this chapter we will present the first GRSEC

observations of smaficale QP structuresithin daytime midatitude Es.

32 MHz Backscatter Radar — — Tanegashima, Japan
3 August 2002
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Figure 4.1 An example of typical quageriodic (QP) radar echoes in :
rangetime-intensity (RTI) plot [Saito et al., 2005].
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Figure 42. Examples ofQP scintillationsobserved in 136 MHz radio wave from
geostationary satellittMaruyama 1991]. (a)(e) represent type 1, type 2, typ@ .
type 3, and type 4, QP scintillations, respectively.
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To reveal horizontal structures &s Maeda and Heki [2014] first performed
detection and imaging dargescale stuctures of Eswvith GPSTEC observations. A
dense array of GNSS receivers in Japan, GEONfB&apled ugo draw 2D maps
covering the whole Es irregularitgxtending byseveral hundreds of kilometers with
spatial resolution of ~25 km. However, Maeda and H2Ril4] did not performthe
detection of smallescale structuresSuch substructures areof great interest and
importance considering a number of previous studies that report QP echoes or
scintillation. Further detailed analyses based on morphologitaiacteristics as well as
guantities from conventionalbservationssuch as electron density and wind profiles
will provide better understandingf the formation and development processgslasma
structures irEs

For the detection of smadicale structwes, wewill simply use raw slant TEC time
seriesinstead of 2D TEC maps In this method,he spatial resolutiors determined by
the sampling interval of GPS data and the speed of a satetlitermVith 30 seconds
sampling interval,spatial resolutionwould typically be less than~2 km. This is
sufficient for the detection of smadkaleplasmastructuresrepresented by QP radar

echaes.
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4.2, Quastperiodic (QP) TEC signature

In slant TEC time seriesks signature is principally represented by a positive
pulselike TEC enhancement with a single peak. Howeves, gftenseen that the main
pulse isaccompaniedoy a few smaller positive TEC pulses They are smadr in
amplitudethanthose ofthe main pulse, e.g., ~0.5 TEC&I much lessvhenthe main
pulse is ~1.0 TECU. What § more characteristic is that they often appear
quastperiodically in time. This suggests quasriodical separation of less ionized
plasma blobs lined up in a certain direction.

Such signature is very similar to those reported by traditional radarvatises
[Tsunoda et al., 2000; Hysell et al., 2004; Saito et al., 20@&@)ever, our observations
are in daytime and most of the previous studies are during nighttime. According to
Maruyama [1991], QP scintillation in 136 MHz radio wave from a geostationa
satellite also concentrates in nighttime. Thus QP echo and scintillation are considered to
occur more frequently in nighttimghenE-region plasma irregularities are unstable.

The electron density gradient in the plasma blobs are thought to be tharyprim
cause of QP scintillation [Maruyama 1991; Maruyama et al., 2000]. QP echoes are at
first considered to originate from fielligned irreglerities (FAI) by Yamamoto et al.
[1991, 1992]. On the other hand, Kelly [2013] pointed out that slant QP edimdsd s
be understood considering the horizontadpsh of plasma blob. Descending layass
characterized bglant QP echoes, catsobe seen when the blob azimuthally aligned
rather thanit actually descending in altituddue to the ambiguity in the radblocus of
theperpendicularityThis suggests that horizontal shepesmallscale plama blob can

providebetterinsights into th&P echo/scintillation evesit
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