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Abstract

A comparative study of the equatorial spread F occurrence was condudiféerent longitudes during

2010 and 2013epresentinghe low (LSA) and moderate (MSA) solar activity periods respectively.
The ionogram data were recorded at low latitude stations including Jicamarca GIQW, U@ xS);
Fortaleza (FZAp @ ¢W, o& 0S); llorin (ILR; x& UE, a0 aN); Chumphon (CPNy & ¢@E,p pN)

and Kwajalein (KWA;p ¢& oE, U& ¢N). The range type spread F (RSF) occurrence was manually
recorded at an hour interval between 18:@®5:00 LT and a monthly average of the R$Ewrence

was estimated for eac®easonThe longitudinal distributiorof the RSFoccurrencdeaturesncluded

the observed difference in the onset time, duration saasonaloccurrencepeak The seasonal
asymmety in the RSF occurrence distributiomas analyzed in relatiotot he z onal dri ft
effect on the plasma irregularity initiatio/e believe that the inconsistent equinoctial asymmetry
pattern in the RSF occurrence is modulated by the seasonal/longitudinal variation of the zonal drift
revesal delay during both solar epochgewise, the seeding effect and the background ionospheric
condition were also considered as major factafteencing the frequency of irregularity generation

these regions.

Keywords: RangeSpread FVertical drift; R-T instability, Zonal drift, Seasonal asymmetry
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1. Introduction
The equatorial spread F (ESF) is a nighttime phenomenon that describes the observed ionospheric F
layer electron density irregularity within the equatorial or low latitude region and iiddlydepicted
as the widespread of the echo trace on the ionogram measu(Boekdr and Wells, 1938; Bowman,
1990) This echo spmad along the frequency band or height range is due to the scattered signal reflection
from the multiple paths caused by the irregular ionospheric plasma density profile. The scale size of
these plasma irregularities ranges betwaésw centimeters and hdreds of kilomete(Basu et al.,
1978; De Paula et al., 2010}he ESF is usually initiated after the local sunset due to the rapid rise of
the F laye and this generates a steep botgide plasma density gradient as a result of the abrupt
reduction of the E region ionization level. The Ralei@ylor (RT) instability excited in the bottom
side is considered as the mechanism responsible for théi@mtéand noHdinear growth of the plasma
depletion(Woodman and La Hoz, 1976lhe verticaplasmadrift near the local postunset driven by
the prereversal enhancement (PRB) the zonal electric fields recognized as thmajor factor
controlling the ESF morphology acrase different seasons and longitudésdu, 2001; Dabas et al.,
2003; Lee et al., 2005)The PRE rapidly elevates the ionosphere into a higher altitude region, where
the collision frequency is lower and more conduciveftiother plasma depletion growth by theTR
instability mechanism(Fejer et al., 1999; Woodman and La Hoz, 1978)ough, recent stlies
(Candido et al., 2011; Narayanan et al., 2014; Stoneback et al.,[20&Lalso analyzed the probable
role of several other parameters invalven the plasma irregularity initiation over the period
characterized by weak background ionospheric condition. Observation of large ESF occurrence rate
during the low solar activity sbeen attributed to the modulation of the pastset electrodynamics
by the gravity wave (GW) induced perturbation electric filddu et al., 2009; Aveiro et al., 2009)
While the neutral wind intensity and direction is a dominant factor in the observechidosght ESF

occurrence patter(Dao et al., 2017; Sastri et al., 1994)

The plasma irregularity occurrence around the equatorial/low latitude refigrdistorts the L-band
signal, therebycausingpoor performance of the communication or navigation systems such as the

Global Positioning System (GP$Mharons et al., 1997; Jiao and Morton, 201%herefae, it is
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important to understand the role of the different precursory factors influencing the spread F morphology
under varying ionospheric conditi@nThis complex phenomenon has been explored widely by past
studies(Su et al., 2009; Tsunad 2010a; Vichare and Richmond, 20G5)d there are presently
deliberate effogto improve the prediction accuracy of spread F occurrence distribution pattern across

the different regios

The complex interaction between the E and F region dynamo siystlm presence of conductivities

and the magnetic field are responsible for the different electrodynamic phenomenon at the low latitude
region(Haldoupis et al., 2003; Miller, 1997uring the daytime, the F region divergent current causes
an accumulation of the downward polarization electric field at the besiol® of the region. On the

other hand, the E region polarized eledietd concurrently drives a closure current mapped along the
magnetic field line into the F region that diminishes the F region vertical cAkdu et al., 1981;
Eccles et al., 2015; Heelis, 200%Fhe field line integrated Pedersen conductivity shorts out the F region
dynamo electric field and significantly reduces the zonal plasma drift due to the high E region
conductance during the ytame. However, the decagnd the consequent reductiohthe E region
conductance during the nighttime causes a significant increase in thealifigldd Pedersen
conductivity ratio This generates a large vertical currdayt the F region dynamo and thesulting
downward electric field drives the plasma in the direction of the nautndl Thus, the F layer dynamo
electric field created by the divergence current dominates near the sunset period and this induces the
eastward plasma motion in the F regidanE x B velocity. The PRE vertical plasma drift is associated

with the enhanced eastward electric field caused by the significant decay of the E region conductivity.
This combined with the rapid chemical recombination rate dE thger around the sset period results

in the increased steepness of the botswe plasma density gradieience, the large vertical drift
enhances the plasma instability triggered by the seed perturbatisnbsequentlyhe RT instability

growth rateOn the other hand prolonged eastward equatorial electrojet (EEJ) could cause a reduced
field aligned conductivity gradient due to the small vertical current driven by theyostt conjugate

E region. Thus, the resulting zonal electric field accumulation at the Fhage can only generate a

relatively small PRE vertical drift. This ionospheric electrodynamics effect alscsyaetdnal drift
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reversal delay which hadso been shown as a strong factor influencing the instability growtfSate

et al., 2009)

The seasonal/longitudinal distribution of the ESF occurrencésrdépendent on the declination angle

of the magnetic field. The loitgdinal gradient of the fieldligned Pedersen conductivity becomes
steepest when the sunset terminator is well aligned with the local magnetic flushereby resulting

in a simultaneous relative sunset time at the magnetic conjugate E region® tbatigled to the F
region(Abdu et al., 192; Maruyama and Matuura, 1984; Tsunoda, 1985; Tsunoda et al., Behs

the PREof theeastward electric field is maximum at such longitaddlikewise the elevation of the F
layer altitude near sunsdthe base of the F region gets lifted to grebegghts making it conducive for

the plasma instability growtlTheefore the longitudinal variation in theseasonal distribution of the
ESF occurrence rais associated with the variation of the solar terminatagnetic field alignment
(STBA) andthetr distinctlocal sunset timequatorial electric field syster@ue tothenearzerosunset

time lag between the conjugate E regidansng the equinox period, there is usually a good alignment
On the other hand, the solstice months have been simogeveal studiegHoang et al., 2010; Su et

al., 2008)to have good (bad) alignments during June solstice (December solstice) at longitudes of
positive(negativemagnetic declination. The seasonal/longitudinal distribution of the @tgigilasma
irregularity has been extensivalgportedto be strongly correlated with the seasonal variation of the
STBA (Abdu et al., 1981; Li et al., 2008; Su et al., 2008)wever a recent study described the
significantESF occurrence during the solstice seasotisedlVest African andCentral Pacific region

to beinconsistentvith the defined theory of the declination angle influence on the spread F longitudinal
distribution (Tsunoda et al., 2015 hese discrepancies are considered noteworthgrfimproved
understandingf the features ofglobal plasma irregularity distribution as influencley different

backgroundatmospheric conditian

This study ismainly focused omxaminng the salient features of the spread F local time distribution
patterns athesdongitude sectors during tleguinox and solstice seasongh# low(2010: 80sfuand
moderatg2013: 122.7sfupolar activityperiod Furthermore, theole of the zonal drift reversal time

was investigated in relation to the observed asymmetryglthnequinox and solstice seasons. Though



114 the asymmetry pattern during the equinoxes is yet to be well defined and it varies across the longitudes
115 during both solar epochs. This analysis tended to understand the major phenomenon responsible for the
116 equincatial asymmetry of the ESF occurrence at each region. Thus, the probaigeting role of the

117  vertical plasmadrift, virtual heightand the seed perturbatievere considereth the analysis ofhe

118 observed spread F distributiahthesdongitude sectors.
119 2. Data and methods

120 The ESFevents were recorded the equatorial stations situated at different longitudes (Jicamarca (JIC)
121  station, Peru; Fortaleza (FZA) station, Brazil; llorin (ILR) station, Nigeria; Chumphon (CPN) station,
122 Thailand and Kwajalein (KWJjtation, Marshal Island), as shown in Table 1. The table lists the
123  geographic coordinates and the sunset time at each of the stations $etd¢bedtudy othe spread F

124  irregularity distribution. These are stations within Baitheast Asia lovatitude ionospheric network

125 (SEALION) andGlobal lonospheric Radio Observato@IRO) network as indicated in Fid.. The

126  observation dateveretakenusingthe digital ionosondéDP-S 4 digisonde) andnalogue typ&MCW

127  (frequency modulated continuous waiéaruyama et al., 2008; Reinisch and Galkin, 20$i)cethe

128 ESF events areery rare during the daytime, our investigatieaslimited to the time interval between
129 18:00i 06:00 LT.Theionograns were examinedat an hour intervdbr the presence of range spread F
130 (RSF) or strong range spread F (SSKHubsequently, thenonthly meanof the RSF occurrence

131 percentage variation ovére definedocal timeintervalwas then estimatagsing the relation:

132 "B 61 &6 1 IPQEHO prr (1)

133  Only the quiet days (Q 24) wae considered for each month representing the different seasons
134  during the low (F107A < 100 sfu) and moderate (F107A < 150 sfu) solar activity jeraty et al.,

135 2017) The seasonal vatian of the ESFevents wasanalyzed according tilve availabledataat each

136 of the ionosonde stations listed Table 1 Thus,the datataken from MarchJune, September and
137 Decembemonths of 2010 (2013) represents the March equinox, June solsticenBepégjuinox and

138 December solstice of LSA (MSA) respectively.

139 Tabl e 1: Description of the stationsd® geographic
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Station Longitude Latitude Dip Declination  Sunset time
(degree) (degree) Lat. angle (LT

Jicamarca JIC) -75.76 -8.17 3.75 -3.24 18:4571 19:15

Fortaleza (FZA) -38.52 -3.73 -6.89 -20.11 18:3071 18:45

llorin (ILR) 4.5 8.53 -4.27 -1.69 18:001 19:00

Chumphon (CPN) 99.37 11 3.76 -1.46 19:301 20:15

Kwajalein (KWJ) 167.73 8.72 3.62 7.62 19:301 20:15
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Figure 1: The geographic location of the ionosonde stations and their corresponding observatory
network shown by the red (GIRO) or blue (SEALION) marker.

The recorded ionogram signatures are usually divided into frequency spread F (FSF), mixed spread F

(MSF), range spread F (RSF) and strong range spread F(&#€} al., 2011) However, this study

considers only the RS&knhd SSF type during the observation of the plasma irreguéasgnts recorded

by the ionogramacross these longitudes. The RSF signature represents the instanaerdiftry F

layer tracespreading mainly along thatitudeas shown in Figure 2ndthe SSRvhichis described as

a type of RSHhas itsordinarytrace extending significantly beyond the local fqBdwman, G. G.,

1960; Bowman, 1998Hereatfter, we will refer to thiglarch June, September and December seasons

as Mequinox, Jdsolstice, Sequinoxand Dsolstice respectively.
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Figure 2: Sample of the RSF (left) and SSF (right) recorded using th€ dB&onde at the

Jicamarca station.

The monthly average of tlsealedvirtual height was taken as a representation of#taesonal variation

of thenear sunsatertical plasma drift recorded at each of thhedsonde stations. Tlseasonal variation

of the virtual height takeduring thelow solar activity(LSA) andmoderate solar activifMSA) period

wasthen analyzed in correspondence to the RSfmence distributionBased on data availability

across the considered stations as shown in Figure 3, the data taken during the year of 2010 represents

the LSA period while the year of 2013 represents the MSA period.

(a) LsA (b)msA

= 100% > 100%

% 80% :__E 80%

% 60% g 60% B Mar
a 0% E 40% ® Jun
E 20% ‘ £ 20% Sept
0 o% a 0% W Dec

Jic FZA ILR CPN KWIJ JIC FZA ILR CPN KWJ
Stations Stations

Figure 3: The ionogram data availdl at the Jicamarca, Fortaleza, llorin, Chumphon and Kwajalein
stations during the (a) LSA and (b) MSA period.

3. Results

Figures 4 and 5 preserthe hourly distributionof the RSF occurrengeercentagecross the different
longitudes during the LSAperiad andthe MSAperiod, which vasaveraged over each month based on

the available data at these statioFise monthlyneanRSF occurrencpercentage wahigher at all the

7



168 considered longitudes during the equinox months than the solstice months of the LSAhgea
169 percentage of RSF occurrenuercentag@nd duration is highest at tHeR station for all the seasons,
170  while the minimum monthly mean RSF occurrence percentage was recrded KWJ station.
171 Generally, he average duration of the pasinset plawa irregularityin Fig. 4.varies across tlse
172 longitudesectors while the staihg time of the spread F during the equinox anddlstice months
173  varies mostly between 18:00 and 20:00 LT. The obsammedttime variationof the RSF occurrence
174  correspondsvith the varying sunset time acroge different longitude as shown in Table, lexcept
175 cases with significant delayFigure 4 shows that the maximum RSF occurr@eceentage&vasmosty
176 observedbefore the midnight period (around 21:00 LTyuring most seasonsat eachlongitude.
177 However, thee aremonths which have a significiyntargerRSF occurrence percentagearmidnight
178 thanat 21:00 LTThiscould be attribwgd toeitherthe irregularityonset delayed tippre-midnightperiod
179 as a result of theohospheric condition omultiple days withirregularitiesdrifting from a distant

180 locationintothei o n o g r a ofiGiew (Balaneet a2018; Narayanan et al., 2014)

181  Anotherimportantobservation wathelargeRSF occurrencpercentage of ~70 &t ILR butrelativdy

182 smaller occurrence rate of ~30 & KWJ during the &olstice of the LSA yeatWhile the RSF

183  occurrencepercentagevas below 10% at theother longituderegiors. The large RSF occurrence

184 percentage recorded at the ILR stations was contrary to the expected longitudinal distribution based on
185 the defined low and high ESF longitude range during-astice(Su et al., 2007 Likewise, the other

186 relevant observations across the different longitudes during-shéstice, such as the significantly

187 delayed irregularity onset at KWJ will be further discussed in a later section.

o
"
=]
=3

(b)‘lﬂﬁ

Mar Jun Sept Dec Mar Jun Dec

o
L=}

80 -

Sept
L 60 L
40
I L I |I ) I I
o n. ... | ” n . | et g 5 By s o . »

182022 0 2 4 1820220 2 4 1820220 2 4 1820220 2 4 6 182022 0 2 4 1820220 2 4 1820220 2 4 1820220 2 4 6
Local Time (hr) Local Time (hr)

=)
=)

RSF Occurrence (%)
s
=]

RSF Occurrence (%)

n
=

188



189

190
191
192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

o
=
2
o
=
=
o
o

Mar Jun Sept Dec

|||I Mar || Sept Dec

1820220 2 4 1820220 2 4 1820220 2 4 1820220 2 4 6 182022 0 2 4 1820220 2 4 1820220 2 4 1820220 2 4 6
Local Time (hr) Local Time (hr)

™
S
@
=

o
=3
@
=

B
S

»
=]
RSF Occurrence (%)

RSF Occurrence (%)

Xy
=3
[N}
S

[
~—=
=)
=]

Mar Jun Sept Dec

S @ @
o =3 =]

RSF Occurrence (%)

[
=]

182022 0 2 4 1820220 2 4 1820220 2 4 1820220 2 4 6
Local Time (hr)

Figure 4: Occurrence rate of RSF during LSA period at the (a) Jicamarca (b) Fortaleza (c) llorin (d)

Chumphon and (e) Kwajalein stations.

Figure 5 shows that there wabove 30% increase in the RSF occurrenpercentagecross all the
statiors during he M-equinoxof the MSA period The spread F equinox asymmetry was wagjble

in all the regions except at th& A station wherethe hourly peak of the RSF occurrence percentage
was approximatelgqual at both equinox seasohiilike theequinoctialasymmetry, duringthe LSA

which showed arinconsistent longitudinal variatiothe M-equinoxhas a significantly laey RSF
occurrenceercentagat the CPN, JIC and KWJ statiodaring the MSA On the other hand;ig. 4

and5 showa similar solstice asymmetiiy theobserved RSF occurrenpercentageluring bothsolar
epochs The RSF occurrengeercentageluring the Jsolsticeof the MSA periodvas less than or ~10

% at all the stations except at th&WM station. There was ~30 % increase in the RSF occurrence
percentage at the KWJ station duringalstice and the irregularity onset time was also much earlier
(immediately after the local sunset) than the LSA onset Bueet al., (200%ave already established

a relationship between the zonal drift reversal time and the velocity drift amplitude, instability growth
rate and irregularity onset ingl 5@ - 170 longitude range. Hence, the delayed onset and the relatively
small RSF occurrence percentage at this region during the LSA will later be discussed further in relation

to the zonal drift reversal effect and the weak background ionospheriti@omad the region.
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The negative declination angle regimas described as the high ESF longitddeing the Dsolstice

due to the strong magnetic flux tubelar terminator alignmeKitsunoda, 1985Furthermore, the large
declination angle in the Brazilian region causes a relatively simultaneous local sunset at the conjugate
E region and thereby driving a stronger eastward polarization electdafithe equatorial F region

(Abdu et al., 1981; Tsunoda, 2010&prrespondingly the highest RSF occurrepesentagpeak was
recorded at the FZA station for both the LSA (28%and MSA (~100») period.The premidnight
RSF occurrace percentage peak recorded %dtncrease at the FZA and CPN stations during the D

solstice, wile there was no RSF occurreratethe KWJ station during the MSA period. The reduced

RSF occurrence percentage at KWJ duringoltice correlates with the stxibed antsolar spread F
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Figure 5: Occurrence rate of RSF during the MSA period at(#) Jicamarca (b) Fortaleza) (c

Chumphon and (dKwajalein stations.

Figures 6(ad) show a comparison between the RSF occurrence percentage during the MSA and LSA
at each of the four stations with sufficient data. There was a significant difference between the spread
F occurrence peentage during the LSA and MSA period across all seasons at most of the stations

except at the JIC and FZA stations. The RSF occurrence percentage at both stations varies inversely

10
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with the solar flux index during-8quinox, whilethe approximately equal peentage was recorded

during the Dsolstice of both solar epochs. The observed negative solar flux dependence pattern at these
longitudes during the-8quinox could be attributed to the growing effect of the density scale length on

the irregularity growthduring this season as the solar flux increases. Hence,-¢la@iSox and B

solstice seasons were described as having a more conducive ionospheric condition for the generation of

RSF at this longitude region during LSA.

There wasanabsence of RSF occur@mat the JIC station duringsdlstice of the MSA. The inverse
correlation between the solar flux intensity and the RSF occurrence have been observed at the low ESF
longitudes from 230- 10° and 96 - 26 during the Jolstice and Bsolstice respectivel(Su et al.,
2007@mnd attributed to the neutral wind effect. Their result was corroborated by the diverging neutral
meridional wind pattern observed during theolstice at this longitude and the expectddatdf the
increased meridional wind on the irregularity growth suppression during the MSA. The peak RSF
occurrence percentage at most of the longitudes during the LSA is usually around the midnight period
while the peak is closer to the local sunset tilmeng MSA. However, through observation of the RSF
occurrence features as shown in Fig-tB@ndicated that the near sunset peak and the rapid increase of
the RSF occurrence percentage were more consistent for the seasons with an expectedly significant
postsunset rise (PSSR). The typical plasma irregularities formed around the sunset period are
dominated by the PRE dynamics, while some other mechanisms may play a substantial role in the

generation of the poshidnight ESF eventao et al., 2017; Otsuka, 2018)

11
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249  Figure 6: The percentage of ESF occurrencénduhe LSA and MSA period for (a) Jicamarca (b)

250 Fortaleza (c) Chumphon and (d) Kwajalein stations.

251 Figures 7(ab) showthe local time variation of the monthly mesintual height b Nj&uring the LSA

252  and MSA period across tlige longitude regions considered in this stulditewise, the corresponding
253 annual variation of the sunset time lag was also presented in Fig. 7(c). This represents the difference
254  between the local sunset timat the foopoints of the conjugate E region that connects with the F layer
255  baseThe longitudinal variation pattenf the PSSR isonsistent with the earlier numerical simulation
256 by Vichare and Richmond, (20Q5) hich observed that the longitudinal PRariation have its peak
257 betweeng w TE ando 1 E longitude regionThe observed PSSR of the N{Fepresenting there

258 reversal enhancement (PRE)he vertical plasma drift near the local sunigegjenerally higher during
259 the equinoctial and Bolstice months of MSA than the corresgding seasons of the LSA period. In
260 the case of-3olstice months, the near sunset enhancement of the vertical plasnas dtidwn in
261  Figure 7(ab) was almost absent during batblar epochsThough based otine comparison with the
262  annual sunset timedavariation for each of the regions as shown in Fig) , thePRE magnitude was
263  expectedo be largeat the KWJ statiothan the other regionslowever, theelativelylarge magnetic
264 field strength in the AsiaflCPN) and Central Pacifi¢KwWJ) region (Su et al., 2009; Vichare and
265 Richmond, 2005¢auseshe weakPREmostly observed in this regions during bethar epochsSuch

266  zonal variatiorof the factorancludingthe eastward ettric field, field-aligned Pedersen conductivity
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and magnetic field strength contributes to the resuttamal variation of theertical plasmaamplitude

(Abdu, 2016; Vichare and Richmond, 2005)

The sun®t time lagwasinconsistentwith the observedsolstice asymmetrin the PSSRat the low
declination angle region3.he equatorial electrojet (EEBpas beendentified as a likely controlling

factor in the seasonal variation of thear local suns&SSRAbdu et al., 1981)Theeffect of the post
sunseEEJpresenceesult fomthe strong dependence of the PSSR on the longitudinal gradient of the
Pedersen conductivity. Hence, a seasonal modulation of the EEJ stretigéi Wwynds from the lower
atmosphere will contribute to the PRE&part from slow decay of EEJ due to the prolonged sunset
duration between the conjugate E regions, the seasonal ionospheric density variation could also
influence the fielealigned currentand the changes in the zonal drift reversabu et al., (2009)
highlighted the influencef the prolonged eastward EEJ on the zonal drift reversal dwsotstice

which is expectdg accompanied by a weak vertical plasma drift in the F re@arthe other handn
equinoctialasymmetryin the PSSRvasalso prominent during the MSA at dtle regions except the

KWJ stationwheretheweakE/B generally reducethe postsunsePREvertical drift. The asymmetry

is mainly attributed to the increasing difference between the neutral density components at both

equinoxes as the solar flux increafdanju and Madhav Haridas, 2015)
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