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Abstract. From global soundings of ionospheric electron 1 Introduction
density made with FORMOSAT 3/COSMIC satellites for

September 2006—August 2009, day-night variations in ver-Recently reported longitudinal four-wave structures in the
tical and longitudinal structures of the electron densities injgyy |atitude ionospheric density distributions as observed by
equatorial E- and F-regions for different seasons are iny number of satellite measurements have been attributed to
VeStigated for the first time. The results reveal that thethe eastward propagating non_migrating diurna' tides W|th
wavenumber-3 and wavenumber-4 patterns dominated th@avenumber-3 (DE3) (Sagawa et al., 2005; Immel et al.,
nighttime (22:00-04:00 LT) F-region longitudinal structures 2006; England et al., 2006a, b; Lin et al., 2007), which are
in solstice and in equinox seasons, respectively. In daytimgyelieved to be originated from the convective activities in
(08:00-18:00 LT) F-region, the wavenumber-4 patterns gov-the troposphere and propagating upward (Hagan and Forbes,
erned the longitudinal structures in the September equinoX002). Owing to the wavenumber-4 longitudinal structure
and December solstice, and wavenumber-3 in March equinoxf DE3, when viewed in the local-time fixed reference, the
and June solstice respectively. A comparison of the day{ongijtudinal four-wave structures will be produced in the
time and nighttime longitudinal electron density structuresgyerlying ionosphere by these DE3 tidal waves at their four
indicates that they are approximately 1&ut of phase with  peaks. In an elaborative sense, the regular tidal wind system
each other. It is believed that this out of phase relation isqrives ionospheric plasma at dynamo layer height00—
very likely the result of the opposite phase relation between 70 km) and pushes it against the geomagnetic field. lons
daytime and nighttime nonmigrating diurnal tidal winds that anq electrons are affected differently by these winds. While
modulate background E-region dynamo electric field at dif-the jons being massive still move essentially with the neu-
ferent places, leading to the day-night change in the locationgra|s, the geomagnetic field already controls the motion of
Of the equatorial plasmafountains that are responsible fOI‘ th%e e|ectrons_ The differentia| motion Of ions and e|ec_
formation of the F-region longitudinal structures. Further, atrons is responsible for horizontally flowing electric currents.
good consistency between the locations of the density strucyjoreover, charge separation generates an electric polariza-
tures in the same seasons of the different years for both dayion field. The generated polarization fields, eventually, will
time and nighttime epochs has been noticed indicating thahe connected via magnetic field lines to the equatorial F-
the source mechanism for these structures could be the sam@gion where they enhance the accompanyhg B ver-

tical drifts to produce equatorial ionization anomaly peaks.

When viewed at one fixed local time from satellite, this fea-
Keywords. lonosphere (Electric fields and currents; Equa- ture exhibits as a four-peak structure, which was noted as
torial ionosphere) wavenumber-4 component in the overlying F-region by the
above workers. However, the aforementioned studies (for ex-
ample, Immel et al., 2006; England et al., 2006a, b; and Lin
et al., 2007) pertained to either vernal or autumnal equinox
months in one year, during these periods the DE3 is char-

Correspondence to: acterized with significantly enhanced amplitude (Forbes et
P. S. Brahmanandam al., 2008). Hence, it was generally conceived that the east-
BY (anand.potula@gmail.com) ward propagating non-migrating diurnal tide could play a
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role in the four-wave structures in electron densities via thetures. Questions immediately arise as to what the vertical
E-region dynamo mechanism. Immediately questions will structure of the longitudinal electron density pattern is. How
be raised about the relative importance of other tidal wavesloes it change with season and from day to night? It will defi-
(for example DE2, SE3, SE2 and DW1, DW?2 etc.) particu- nitely be an interesting study to verify the vertical structure of
larly when the DE3 tidal wave significance is less i.e., dur-the longitudinal electron densities in three-dimensional per-
ing winter solstice (Forbes et al., 2008). Based on their lat-spectives in different seasons. To attain these goals, the mea-
itudinal extent, vertical wavelength, hemispheric symmetry surements of global electron density profiles with sufficiently
and wave amplitude, the relative importance of tidal waveshigh resolutions in space and time for a long period of time
in generating electric fields appears to be DE3, DE2, SW4are required. With the aid of low orbit satellites performing
and SWa3 (in the order of importance) respectively (ForbesGPS radio occultation observations, it has been shown possi-
et al., 2008) which means during the absence of DE3, otheble to obtain global soundings of the electron density profiles
tidal waves should play an effective role in generating elec-in the height range from lower E-region to topside ionosphere
tric fields, which may eventually govern the wave-3, wave- with vertical resolution of about 1 km (Schreiner et al., 2007;
2 and wave-5 longitudinal ionospheric structures. To verify Yang et al., 2009).

these aspects, studies on seasonal variations of ionospheric An attempt is made in this article to employ the globally
structures with advanced data analysis methods will be carGps-retrieved electron densities for more than three years
ried out as it is believed that these may provide clues onspan of time made with the FORMOSAT-3/COSMIC satel-
the possible role of tidal winds in the modulation of elec- |ite system, which consists of 6 small satellites deployed at
tric fields in order to produce longitudinal structures in the 800 km altitude to form a constellation with orbit planes of
overlying ionosphere. As a matter of fact, both observa-equal separation, to investigate the vertical structure of the
tional and modeling studies, though very few, on the seasonabngitudinal electron density pattern in equatorial E- and F-
variations in longitudinal ionospheric structures have beel’}‘egions_ Note that the electron densities in the ensuing sec-
documented particularly after the Immel et al. (2006) report,tions are shown in different seasons (the March and Septem-
who postulated for the first time that the fate of Iongitudinal ber equinoxes and the June and December solstices, respec-
structures would be dictated by the upward propagating tidatively) in a year and each season contains a 3-month period.
waves. For instance, after careful inspection of TEC datajt is found that, in addition to seasonal variation, there are
measured by the TOPEX/Poseidon altimeter for more thansignificantly day-night changes in the vertical and longitudi-
13 years (between August 1992 and October 2005), Schehga| electron density structures. This article is organized as
liess et al. (2008) found that the wavenumber-4 |OngitUdina|f0||ows_ In Sect. 2, data ana|ysis and methodo]ogy that we
structure is observed during equinox in daytime as well asadopted in this study will be presented. The salient results of
in nighttime and is prominent only during nighttime in June thjs study are given in Sect. 3. The plausible physical mech-
Solstice, while wavenumber-3 longitudinal structure is ob- anisms responsible for these features are discussed in Sect. 4

served during December Solstice. Ren et al. (2008) analyzegnd summary and conclusions are given in Sect. 5.
ion density and electron temperature measured by the De-

fense Meteorological Satellite Program (DMSP) F13 Satel-

lite at the local time around 1745 for the period 1995-2005

and showed that the longitudinal variations in the electron2 Data analysis and methodology

temperature and total ion density in the equatorial topside

ionosphere exhibit salient seasonal dependence, in which th8ix-micro satellites constellation FORMOSAT-3/COSMIC
wavenumber-4 longitudinal structures prevail in equinox and(F3/C in short) was lunched successfully at 01:40 UTC on 15
two and three peaks structures are, respectively, dominant iApril 2006 into a circular low earth orbit at an inclination of
December and June solstice seasons. Ren et al. (2008) hav&°. The ionospheric electron density profiles employed in
argued that the wavenumber-4 longitudinal structures duringhis study were retrieved by the F3/C satellites in terms of ra-
equinox epochs may be due to DE3, while three and twodio occultation inversion technique for period from Septem-
wave structures during June and December solstice induceler 2006 to August 2008. The core of the radio occultation
by both the longitudinal variation of geomagnetic declina- technique is to perform the transformation from the measured
tion and DE3. Further, series of simulations of the Nationalexcess phase of the GPS signal to the ionospheric electron
Center for Atmospheric Research (NCAR) Thermosphere-density over the tangent point of the GPS ray (Schreiner et
ionosphere-mesosphere general circulation model (TIME-al., 1999). In general, 1500-2200 soundings of the electron
GCM) indicated that the wavenumber-4 longitudinal struc- density in the height region from 100 km to 800 km, which
tures in the equinox nighttime equatorial ionization anomalyare distributed approximately uniformly around the globe,
(EIA) can be explained by the effects of an eastward propacan be collected in 24h by the F3/C satellites. For com-
gating non-migrating diurnal tide with wavenumber-3 (DE3) plete details of the GPS radio occultation technique for iono-
(Hagan et al., 2007). Nevertheless, these studies focusespheric electron density inversion, the reader is referred to
only on two-dimensional perspectives of longitudinal struc- Schreiner et al. (1999).
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Fig. 1. Example of height versus longitude distributions of original (upper panels) and background-removed (lower panels) ionopsheric
electron densities along the equator for the period September—November 2007, in which daytime (08:00-18:00 LT) (left panels) and nighttime
(22:00-04:00 LT) (right panels) averages were, respectively, demonstrated for comparison.

A number of factors, such as thermal noise fluctuations oflongitudinal variation patterns can thus be obtained after
the received signals, sharp gradients of the ionospheric rethe fitted polynomials are subtracted from the original lon-
fractive index in vertical and horizontal directions, system gitudinal variations, which are considered to be the back-
bias of the excess phase, inaccurate position of the satelliteground values along the equator. Figure 1 presents examples
and so on, may influence the accuracy and precision of the resf height versus longitude distributions of original (upper
trieved bending angle in terms of radio occultation technique panels) and background-removed (lower panels) ionopsheric
causing physically erroneous inversion results (Schreiner etlectron densities for the period September 2007—-November
al., 2007). In addition, the presence of plasma irregulari-2007, in which daytime average (08:00-18:00LT) (left pan-
ties in the GPS ray path may cause significant fluctuationsls) and nighttime average (22:00-04:00 LT) (right panels)
of the retrieved electron density profile, giving rise to large electron density distributions along the geomagnetic equa-
uncertainty of the estimation and impairment of the data re-tor are, respectively, demonstrated for comparison. Note that
liability (Yang et al., 2009). In this study, we use the criteria the GPS-retrieved electron densities in the latitudinal region
of data quality control developed by Yang et al. (2009) to re-within 0+ 5° with respect to the geomagnetic equator were
move questionable and unreliable data from original data setemployed to construct Fig. 1 and the remaining figures in
Moreover, the retrieved electron densities for the conditionsthis article. As shown, a one-to-one correspondence between
of geomagnetic Kp index greater than 3 are also not includedhe peaks (or troughs) of the background-removed electron
in the data analysis to limit effects from geomagnetic distur-density fluctuations and those of the original electron den-
bances. sity variations is seen, especially for the data around peak
electron density height. It is obvious that the background re-
moval procedure can indeed highlight the signatures of the

3 Results longitudinal electron density variations with relatively small
amplitudes compared to the background values.

In order to underscore the longitudinal patterns of the equa- A careful observation of Fig. 2, in which left (right) pan-
torial electron density variations in different seasons andels show daytime (nighttime) height distributions of the lon-
heights, we employ a three order polynomial to best fitgitudinal electron density variations along the geomagnetic
to the longitudinal electron density variations at different equator for September equinox (September, October and
heights. The vertical structures of the background-removedNovember) in 2006 (top panels), 2007 (middle panels), and
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Fig. 2. Longitude versus altitude electron densities (residuals) during September equinox 2006 (upper panels), 2007 (middle panels), and
2008 (bottom panels) for both daytime (08:00—18:00 LT) and nighttime (22:00-04:00 LT).

2008 (bottom panels) respectively, revealed that the fourand ~150° E and the four-wave structure can also be no-
wave structures at160° W, ~60° W, ~0° E, and~120° E ticed during the September equinox of 2008~a50° W,
prevailed during nighttime F-region from around 200 km to ~20° W, ~10Q E with another weak structure at160° E
topside ionosphere during 2006. Another noticeable find-longitude. Further, by comparing both the daytime and night-
ing from this figure is that the locations of four peaks during time longitudinal density structures during 2006, 2007 and
nighttime in the September equinox of 2006 have maintained008, one can find an interesting relationship that the’ 180
pretty well consistency with their counterpart nighttime four- out of phase between their locations. Figure 3 depicts the
peaks in September equinox of 2007 and 2008. This consislongitudinal density structures during daytime (nighttime) in
tency behavior in the locations of four-peaks in longitudinal the left (right) panels of top, middle, and bottom panels for
electron densities is not only implying the source mechanisnDecember solstices (December, January, and February) of
for these structures is the same and it occurred repeatedI®006, 2007, and 2008. On contrary to the density struc-
during that particular season so as to produce the four-wavéures in September equinox of 2006, 2007 and 2008, only
longitudinal structures. It is worthwhile to mention here that three-wave longitudinal structures are present in December
the DE3 tidal wave has the capability to produce four-wavesolstices and the locations of nighttime structures are found
structures as mentioned in the introduction of this articleto be at~170° W, ~20-40 W, ~15C E in 2006,~170 W,

and it is known to experience a clear seasonal variation ir20-40 W, ~120-150 E in 2007, and~170° W, 20-40 W,
terms of its amplitude and phase (Oberheide et al., 2006)130-150 E in 2008, respectively. Though the daytime longi-
On the other hand, the daytime longitudinal structures durtudinal structures are showing relatively irregular behaviour
ing September equinox of 2006 is also showing four-wavein 2006 and 2007, a close perusal of density structures dur-
structures at-150° W, ~0° E, ~9(° E, and~15C E, while ing winter season of 2008 it is possible to know the exact
September equinox of 2007 is also characterized with fourdocations of density structures in this season during differ-
wave structures that located att50° W, ~30° W, ~90° E, ent years. For instance, one can find a four-wave structure
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Fig. 3. Same as Fig. 2 but for December solstice in 2006, 2007 and 2008.

and the average locations of this structure is found to be asphere at~120° W, ~60° W, ~80-110 E and the density
~140-150 W, ~90-100 W, 40-60 E, 90-120E in 2006,  structures during 2009 are located~at20® W, 30° W, and
~140 W, ~90° W, O° E, 90~120° E in 2007 and~150" W, ~80-110 E. Further, the out of phase relation between day-
~90° W, ~0° E, 90-120E in 2008. It is obvious that the time and nighttime structures in 2007, 2008 and 2009 is also
structure at 140-150V longitude during winter season of existed particularly in the F-region. Figure 5 shows the lon-
2006 is seemed to merge with the adjacent one, that is logitudinal density structures in June solstice (June, July, and
cated at~90-100 W, and the structure at 40-6H is not  August) in 2007, 2008, and 2009 for both day and nighttime
present either in 2007 or 2008. The out of phase relation beperiods. Though a clear three-wave structure is dominated in
tween daytime and nighttime structures, particularly in the F-the daytime as well as in nighttime during June solstice sea-
region, is also prevailed during this season in the same lineson in 2007, 2008 and 2009, the nighttime three-wave struc-
with the September equinox season. tures are present only starting from around 250 km altitude
Figure 4 shows the longitudinal density structures for day-t0 topside ionosphere during 2007 and 2008 and the average
time and nighttime in March equinox (March, April, and locations of these structures during nighttime and daytime
May) of 2007, 2008 and 2009. A striking feature from are found at between 950’ W, ~30° E, ~80-120 E and
this figure that a clear four-wave structure during night- ~90-150 W, ~0° E, ~90-1210 E, respectively. Another
time is found in three years starting fror250 km to top-  interesting observation during this season is that, contrary
side ionosphere and their respective locations-at6° W,  to other seasons shown before, the 180t of phase rela-
~90° W, ~2(° E, ~110-120 E in 2007,~150° W, ~90° W, tion between day and nighttime structures did not observe
~20° E, ~13C° E in 2008, and~14C0 W, ~90° W, ~2(° E, particularly between 90and 150 W longitude zone. The
~120° E. On the other hand, the daytime densities are charpPlausible physical process responsible for the in-phase rela-
acterized with three-wave structures-at2®® W, ~30° W, tion between daytime and nighttime longitudinal structures
~80-110 E in year 2007 March equinox season while densi- during December solstice and the anti-phase during the rest
ties during 2008 equinox season seem to have also characte?f seasons is discussed in the ensuing section.
ized with three-wave structures from 200 km to topside iono-
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Fig. 4. Same as Fig. 2 but for March equinox in 2007, 2008 and 2009.

Although the global patterns of the longitudinal F-region 4 Discussion
electron density have been extensively investigated, longi-

tudinal variations of the vertical structures of electron den- ] )
sity in equatorial E- and F-regions simultaneously have notT e global soundings of the radio-occultated electron den-

been well documented in literature and their day/night andSity retrieved by the F3/C satellites allow for the first time

seasonal variations are also not fully explored. More impor-& detailed analysis of the day-night and seasonal variations
tantly, the vertical structures are very essential to understand the vertical and longitudinal electron density structures

the physical mechanism that is responsible for these varial? €quatorial E- and F-regions. The present results sug-
tions. Keeping above in mind, we also present for the firstgest that in nighttime F-region above 250km the longi-

time the day/night and seasonal variations of vertical elec{udinal wavenumber-4 patterns prevail in equinox and the
tron density structures of equatorial E- and F-regions simul-vavenumber-3 structures dominate the longitudinal electron
taneously during different seasons in three continuous yeard€nsity variations in boreal solstice. The appearance of the
and discussed the observational results in the following lineglighttime F-region wavenumber-4 structures in equinox pre-
concisely. As shown in Figs. 2 to 5, the daytime longitudi- S€ntéd here is generally consistent with that obtained by
nal structures are almost extended vertically throughout thPr€vious investigations (England et al., 2006a, b; Immel

E-region, while the nighttime structures are relatively weak &t &l., 2006; Lin et al., 2007; Ren et al., 2008; Scher-

and disorganized compared to the daytime structures. Ovefi€ss et al., 2008). However, appreciable differences be-
all, as the daytime longitudinal structures in E-region arefween present and other experimental results in the day-
concerned, the wavenumber-4 patterns are discernible in Ddlight/seasonal variations in the longitudinal structures are
cember solstice only. For the nighttime structures, relatively2/S0 found. For example, Ren et al. (2008) observed the
weak wavenumber-3 patterns are present in the Decembdpanifest wavenumber-2 structures in December solstice with

solstice, and wavenumber-4 patterns appear in the MarcR&aks located at 40V and 120 E. However, the nighttime
equinox. data presented in Fig. 4 show that, in addition to these two

peaks, a third peak at around 2% is occurred consistently
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Fig. 5. Same as Fig. 2 but for June solstice in 2007, 2008, and 2009.

during December solstice of 2006, 2007, and 2008. More-roposphere by latent heat release of water vapor condensa-
over, Wan et al. (2008) reported that the wavenumber-4 pattion (Hagan et al., 2007; Immel et al., 2006; Forbes et al.,
terns are weak in nighttime December solstice and intense i2008). Specifically, the nonmigrating eastward wavenumber-
daytime June solstice and October equinox. However, ouB3 diurnal tide (DE3) is thought to be responsible for the lon-
results show that the wavenumber-3 patterns are dominant igitudinal four peak structures in F-region, which modulates
nighttime December solstice, but also prevalent in day andhe off-equator background E-region dynamo electric fields
nighttime F-region in June solstices. The causes of the disthat transmit upward into equatorial F-region along the mag-
agreements between present and other experimental resultgtic field lines to create the F-region longitudinal electron
on the seasonal and day-night variations in the longitudinaldensity structures throughi x B effect (Sagawa et al., 2005;
patterns in E- and F-regions are not clear, and more data froimmel et al., 2006; England et al., 2006a, b; Hagan et al.,
other sources are needed to investigate these disagreemenf007; Kil et al., 2007; Ren et al., 2008). It is evident that,
when they are viewed in different local time reference frames
with 12 h separation, the longitudinal variation in the ampli-
tude of a nonmigrating diurnal tide in daytime is expected to
be opposite in phase to that in nighttime (Kato, 1989). As a
r}esult, the polarized electric field caused by the convergence
of the daytime poleward tidal wind-induced Pedersen cur-
. . . rent in E-region will be out of phase with that induced by the
that measured with the ROCSAT-1 satellite (Kil etal., 2008), nighttime diurnal tidal wind. If the eastward polarized elec-

gnd equ:atp r'c?E x B drlftz traésmtilafedz\(/)vitg al;[heoretlcaln tric fields are larger than the nighttime westward background
ionospheric dynamo model (Ren et al., ). Itis genera ydynamo electric field, the ionizations in equatorial F-region

believed that the nonmigrating tidal waves play a critical role are able to be uplifted by thE x B drift effect and the elec-

in the generation of the longitudinal electron density patternstron density in the lifting region are expected to be larger than
in equatorial E- and F-region, which are excited in tropical

In general, an approximately 180ut of phase relation be-
tween the daytime and nighttime longitudinal electron den-
sity structures is found in most part of the equatorial F-region
above 200km. This out of phase relation is also seen i
the diurnal variation of the longitudinal TEC distributions in
equatorial region (Wan et al., 2008), equatofiak B drifts
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that in neighboring region (Kil et al., 2007). Consequently, sphere yet to be determined which may be realized by using

the out of phase relation between the daytime and nighttimea realistic and tested dynamo model studies such as Hagan

F-region longitudinal structures can be explained. et al. (2007) and Jin et al. (2008) and through exhaustive
It is evident from the bottom panel of Fig. 5 that, ex- seasonal longitudinal studies of ionospheric structures using

cept for their out of phase relation, the daytime longitudinal available satellite measurements as well as future missions.

structure in longitudinal region 9GW-150 W for June sol-
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