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TOPSIDE IONOSPHERE He DENSITY DEPLETIONS: LONGITUDINAL
OCCURRENCE PROBABILITY FOR VERNAL AND WINTER SEASONS
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Abstract. The idea of an equatorial origin of the He" density depletions was validated once again. For this aim their
longitudinal occurrence distributions (Pe+) Were obtained for vernal equinox and winter solstice in the different
hemispheres. The detailed comparative analysis with the same occurrence distributions of the equatorial F region
irregularities (EFI, Pssos%, Pss0519, Ps>0.3%), equatorial spread F (EFS, Prsr) and equatorial plasma bubbles (EPB,
Pgeso) Was made. The best conformity was obtained for vernal equinox. Rather different longitudinal Pye. pictures
were revealed in the different hemispheres during winter solstice. It was found, however, that the Py, variations of
the Northern Hemisphere are the most similar t0 Prsr, Ps>05100 @nd Psso595 Variations. Other part of the equatorial
plots (Psso.3%, Pseso) has surprisingly good similarity with Py, in the Southern Hemisphere. The obtained results

may be considered as new evidence supported the idea about plasma bubble origin of the He' dens ty depletions.
1. Introduction

He" density depletions were repeatedly observed by many investigators from the first decade of spacecraft
observations. They were observed in the low- and mid-latitude regions (L=1.3-3.5, +20°-58°L) of the topside
ionosphere. Firstly these structures were mentioned by Taylor et. al. (1971) based on the OGO-4 data. Taylor and
Cordier (1974) called them as subtroughs and identified as plasma depletions distinctly observed equatorward of the
light ion troughs. Subtroughs were seen by (Ershovaet al., 1977; Sivtsevaet al., 1982) based on the Oreol-1,-2 data.
They were detected either under disturbed conditions (or several hours after storm) in the external plasmasphere or
under completely quiet geomagnetic conditions deeply inside of plasmasphere (L~1.3-3.5). Worthy note that until
1996 the subtroughs were observed in case-to-case basis only (~100 cases). The huge subtrough dataset was
presented by Sidorova and Ruzhin (1996) on the 1SS-b observations (RRL, 1983, 1985). Subtroughs were detected
in the latitude interval from ~20° up to 58°L (L~1.3-3.5) during high solar activity (1978-1979, F1,,~200) at the
topside ionosphere altitudes (~1100 km). There were ~700 cases in ~4000 satellite passes. It was shown that the He"
density subtroughs are not so unique and seldom structure as it was supposed earlier. Later the subtrough statisticsin
respect to season, LT and longitude was obtained by Karpachev and Sidorova (1999, 2000a, 2000b, 2003). It was
pointed (Karpachev and Sidorova, 2002) that the subtroughs can be divided into two groups. One group (~256
cases) is usually detected during the magnetic disturbances (or immediately after them) within +45-58°L . Another
group (~400 cases) appears during the prolonged magnetically quiet periods within £20-50°L . It was suggested that
these groups are of different origin (Karpachev and Sidorova, 2002).

An examination of the theoretical works reveals that as usualy the subtroughs were interpreted as "plasmatails"
resulting from earlier storm time depletions. According to the magnetospheric convection model (Chen et al., 1975)
the “plasmatails” would tend to be frozen in the outer layers of the external plasmasphere. Apparently, only one part
of the subtroughs observed during storms could be interpreted in this way. As to the subtroughs, observed deeply
inside the plasmasphere without any connection with disturbances, it was proposed by Sidorova (2004) to consider
them of an equatorial origin. This idea was put forward after comparative analyses of He" density depletion
(subtrough) and equatoria spread-F (ESF), plasma bubble, vertical plasmadrift characteristics. It was suggested that
ESF/plasma bubbles and He" density depletions may be considered as phenomena of the same plasma bubble origin
(Sidorova, 2007). It means that plasma bubbles, reaching the topside ionosphere altitudes, are mostly seen not in Ne
density but in He" density. Why? Plasma bubbles are not "visible" in Ne (O") since surrounding Ne density becomes
comparable with the same bubble density. Meanwhile, the plasma bubbles become "visible" in minor species (i.e. in
He") since the background in He" density strongly increases in the topside ionosphere and shows contrast with
insignificant small He" density content inside of plasma bubble (Sidorova, 2007, 2008).

Satement of the problems. According to (Sidorova, 2007) there is a good enough correlation (R~0.67) between ESF
and He" density depletion occurrence rates plotted as functions of a season and local time. ESF statistics were
derived from ground-based ionograms obtained over Brazilian regions (Abdu et a., 2000) during similar solar
activity (1980-81, F17~230). It is reasonable to ask: why the regional map (ESF statistics) and the global map (He"
density depletion statistics) are so good correlated? Probably, the cause is hidden in the features of the longitudinal
distributions of the both phenomena. Obviously, the validation of the obtained results is possible if we have the
detailed longitudinal statistics of the He' density depletions and can compare with the same statistics of other
equatorial plasmairregularities.
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Comparable data

It should remind that He" density depletions are considered as originating from equatorial middle-/large-scale
plasma bubbles or as possible fossil bubble signatures (Sidorova, 2007, 2008). It was supposed that plasma bubbles,
produced by collision Rayleigh-Taylor instability at the bottomside of the F-layer, could rise up to the topside
ionosphere and plasmasphere altitudes and seen as He" density depletions. Namely, equatorial plasma and separate
irregularities uplift (due to vertical plasma drift) to the topside ionosphere. Large irregularities like plasma bubbles
spread (due to diffusion processes) along the magnetic tubes. Their spreading becomes more and more significant in
process of their uplifting. So extended bubbles look like ‘bananas’ with the extremities reaching the ionosphere
heights (may be) in both the hemispheres (e.g., Abdu et al., 2000). Such structures could be detected by satellites as
subtroughs or depletions not only above the equator but also in the low-latitudinal region. In the other hand, ESF
registered as spread of traces of F region echoes on ionograms results from small-scale (small-amplitude) equatorial
ionosphere irregularities. There are indications (McClure et al., 1998) that the detection of the small-amplitude
irregularities (as ESF) usually means a bubble is nearby. According to Aggson et al. (1992) a~100 km halo of such
irregularities typically surrounds each plasma bubble. These irregularities could exist not only around and within the
bubbles but also along the wake that plasma bubble produces (Woodman and La Hoz, 1976). Tsunoda (1980) point
that ESF observed at equatorial latitudes represent bottomside irregularities that may be or may not be associated
with plasma bubbles that grow into the topside ionosphere, whereas the spread F observed in low latitude ionograms
can be indicative of equatorial topside plasma bubble irregularities. (ESF observations used in this study are
registered within +20° DIPLAT). So, if we suppose that the observed He" density depletions are of equatorial origin,
it means that the main features of the equatorial F-region irregularities should be reflected in the features of the
plasma bubbles, seen as the He' density depletions. Hence it seems reasonable to assume that the
seasonal/longitudinal (/1) variations of the He" density depletion statistical plots will be similar enough to the same
statistics of the typical equatoria phenomena as ESF, equatorial F region irregularities (EFI) and equatorial F region
plasma bubbles (EPB). Let’ s verify this assumption.

He" density depletions. Some ¢/l dtatistical characterigtics of the He' density depletions were obtained earlier
(Karpachev and Sidorova, 2000b; Sidorova, 2004). 1SS-b spacecraft (35° orbital inclination) observations were used
(RRL, 1983-85). The available statistics has been revised and added. The data taken within £20-50° INVLAT and
gathered in each geomagnetic longitudinal interval of 15° were considered for Northern and Southern Hemispheres
separately. Each season has been presented by four-month intervals, which were centered around a sol stice/equinox
accordingly. For example, spring season was considered for the period of two months before and after spring
equinox day (March 22), i.e. from January 22 to May 22. Evidently, such season fractioning implies partial data
overlapping. However this approach has been caused by peculiarities of the available dataset: there were many gaps
in the 1SS-b measurement dataset. Note that the He™ density subtroughs with density depletions from two times to
two orders of magnitude of the background plasma density (Karpachev and Sidorova, 2002) were taken into
account. The obtained P, histograms with spline smoothing curves (factor 2.2) are presented in Fig. 1(top and
bottom).

Equatorial F region irregularities (EF1)._EFI statistics was taken from the different satellite observations (Tables
1). The most valuable patterns were taken from (McClure et al., 1998), where all results were presented in very
convenient form. (It was favorable case to find this study!). Note that the most of these plots have been obtained for
1978-80 or for the years of the same solar activity. The brief data characteristics are shown below.

a) S/l occurrence patterns were derived by McClure et a. (1998) from ion number density (N;) data from ion drift
meter on AE-E (19.76° orbital incl.). N; data from 19 to 06 LT and within £20° DIPLAT, where most bubbles are
found, were under consideration. Only values with s>0.5% were taken into account. (s is normalized irregularity
index; s=DNi/N;, where N; is the average of ion density, DN; is a standard deviation of the background density.) The
device characteristics and used experimental technique allowed to detect the irregularities space-sized from 50 to
1000 km. EFI statistics (Ps>o50) has been calculated as average for three-month intervals. (These intervals entirely
coincide with the intervals used in present work.) S/l variations of EFI statistics are shown in Fig. 1by thin black
Ccurves.

b) Sl variations of EFI statistics were obtained by Su et a. (2006) on the base of N; data from ROCSAT (circular
orbit, 35° orhital incl.). Calculations were made within | +15° DIPLAT for one month of each season (e.g.,
December, March). The statistical occurrence distribution of EFI has been studied for many years (1999-2004). The
data were obtained during high (1999-2003, F;,,=140, 190, 23™ cycle) and moderate (2003-2004, F;o,=110, 130)
solar activity. High solar activity period was dominated that is why it was possible to use the obtained EFI statistical
results for comparison. lon irregularity values with s>0.3% were taken into account. Due to high spatial resolution it
was possible to detect the ion irregularities in characteristic scale length between 7.5 km to 75 km. However Pssq.ay
for the ROCSAT observation is noted to be about half of that derived from (e. g.) the AE-E data (McClure, 1998)
because of different selection criteria. The g/l variations of the EFI statistics are shown in Fig. 1 by dotted curves.
The scale of the plotsis on the right.
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Table 1. Comparable studies, data sources, geophysical parameters and space/time coverage.

Study Data Parameter | LT interval Altitudes Latitudes Years Fio7
Presentstudy | 1SSb Prcs 20-04LT | ~1100km ;:'38,&); 1978-80 | 150, 220
mﬁﬁafggo 1SS-b Prsr 1806LT | ~1100km DfF?L()/:T 1978-80 | 150, 220
2”932' ueeta. | AEE | Pooe 19-06LT | 300-475km DfF?LO/:T 1978-80 | 150, 220
\(’Dvya;arl‘gg% Hinotori |  Passo 1906 LT 650 km DIiF?LO,;T 1081 ~200
E&s‘é etdl, 0GO-6 | Paogsie | 18-06LT | 400-500 km D|iP2LO:\T 1969-70 | ~150
Suetd., 2006 | ROCSAT |  Progms 1806LT | ~600km DIJ-“F:}E/:T 1999-04 | 110, 190

Study Data Parameter | LT interval Altitudes Latitudes Years Fio-

¢) The results derived by Basu et a. (1976) from N; data from the OGO-6 spacecraft (90° orbital incl.) were also
used for comparison. Longitudina variations of EFl statistics were calculated for one winter season (November-
December, 1969-70) in the interval £20 DIPLAT. Only ion irregularities with s>0.51% from 400, 500 km altitudes
were taken into account. EFI statistics (Ps-o519) are shown in Fig. 1 by thick dark grey curve.

Equatorial spread F. Asit iswell known the small irregularities (1, 10 km) or so called “noise” are simply detected
as equatorial spread-F (ESF). ESF statistics as function of longitude was found by Maryama and Matuura (1980).
The authors have used the data from 1SS-b spacecraft. They have used RSF parameter defined as range-spreading
parameter: an occurrence probability Prs= of one and more range gates darkened on single ionogram by topside
bubbles and irregularities. Prsr values, obtained in the interval of +20 DIPLAT, have been divided into three 4-
month seasonal intervals. Unfortunately, these intervals have not been centered around a solstice/equinox, i.e. there
is ~80% overlapping intervals used before. S/l variations of the RSF statistics (Prse) are shown in Fig.1 by thin grey
curves.

Equatorial plasma bubbles of F region (EPB)._Since the present work is devoted to the problem of plasma bubble
evolution at the topside ionosphere heights, it is extremely desirable to have an information about the equatorial
plasma bubbles (EPB) in F region. These information has been found in (Watanabe and Oya, 1986) based on N;
measurement data obtained from Hinotori spacecraft (31° orbital inclination) during high solar activity year (1981,
F107~200). Longitudinal EPB statistics were calculated in the interval £20 DIPLAT. Each season is presented as
average for three-month interval. Seasonal intervals fall within our 4-moths intervals and approximately centered
around a solstice/equinox. S variations of the EPB probability (Pgeso) are shown in Fig. 1 by thick light grey curve.

3 Thecomparative analysis

It is necessary to note that all results used for comparison were received under the same solar and geophysical
conditions (local time, season, solar activity level). F region observations were made during the same LT interval
18(19)-06 LT. However LT interval of the He" density depletion observations has been intentionally chosen more
narrow (20-04 LT). To our mind, this choice is more adequate for sunset-night time at the topside ionosphere
heights (~1100 km). The longitudinal occurrence rates for two different seasons (winter and vernal) were under
consideration. Firstly, let's focus on the equinox period, when there are approximately egqua conditions for the
different hemispheres.

Vernal conditions. Asit was expected, studied the P, variations appear to be the most similar to the Pgg- variations
(Maryama and Matuura, 1980), derived from ISS-b data (Fig.1). Really, if the hypothesis about an equatorial origin
of He" density depletions is true, the results received from the data of one satellite should be similar as much as
possible. In other words, an equatorial picture (x20° DIPLAT) of the longitudinal occurrence probability (Prse)
should be as much as possible similarly projected in the latitudinal intervals £20, 50° INVLAT of the different
hemispheres. (Certainly, it is fair if we bear in mind the magnetic field differences in the different hemispheres.)
And redlly, this assumption is validated (Fig.1). So, the Py, variations of the both hemispheres are similar to the
equatorial statistical plots. Moreover, note that the P... peaks appear approximately at the same longitudes as Prg:r.
Comparison with Pssgs (McClure et a., 1998) and Pssg30. (Su €t al., 2006) also reveas good similarity in the
shape of the longitudinal variations. The similarity becomes the most convincing if we examine minor and “thin”
details of the plots. So, according to the EFI data the local maxima (longitudes ~180° and ~270°) are well visible.
Moreover, they are distinctly pronounced in the P, plots.
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Let’s consider another fact. It is easy to notice that bifurcation of the main EFl probability maximum only slightly
pronounced in statistics of Su et al. (2006) is clearly visible in the statistics of McClure et al. (1998).

Fig. 1. Longitudinal distributions of Py (histograms and smoothing curves) calculated for VERNAL and WINTER from the
ISS-b data within £20-50° INVLAT in the Northern (a, d) and Southern (c, f) Hemispheres. Longitudinal distributions of Pssq 59,
Ps>0.3%, Prsr, Paeso Obtained within the equatorial region (£20° DIPLAT) (b, €). Pssos% (McClure et al., 1998) is shown by thin
black line. Pggso (Watanabe and Oya, 1986) is shown by thick light grey line. Prsr (Maryama, Matuura, 1980) is shown by thin
grey line. Pssq.30 (Su et al., 2006) (dotted line) is presented by right scale. Psso 510, (Basu et al., 1976) is shown for WINTER (€)
by thick dark grey line.

According to Maryama and Matuura (1980) the bifurcated maximum is aready very well pronounced structure
which is distinctly reflected in the P, plots of the both hemispheres. Comparison with the longitudinal statistics of
the plasma bubbles (Pggs0) shows no so good similarity. Nevertheless, the main tendency takes place as before.
According to the theory the major cause for the longitudinal irregularity occurrence is an alignment of the sunset
terminator with the magnetic meridian (Abdu et al., 1981; Tsunoda, 1985). Maximum uplift of irregularities is
expected in so called “node seasons’ (equinox seasons), when the sunset terminator and magnetic meridian are
nearly parallel. It seems this conclusion is also fair for He" density depletion occurrence, if we suppose that EFls
and He" density depletions are of the same equatorial origin. That is why the P plots of the different hemispheres
are of almost the same intensity and practically equally developed. What about some discrepancy in the shape of the
Pue+ curves in the different hemispheres? Apparently, it can be explained by superposition of some factors. First of
all, the light differences in the shape of variations are caused by features of the magnetic field of the different
hemispheres or so-called “magnetic declination effect”.

Winter conditions. The most dramatic insolation differences take place for the different hemispheres during winter
solctice. Apparently, it should expect the significant differences of Py, in the different hemispheres. Let’s consider
the plot in the Northern Hemisphere (NH). It is easy to notice good enough similarity between the Py, curve and
the most part of the equatorial plots. It is possible to see the clear tendency of the distortion of the main maximum
of the equatorial plots, which finally “develops’ in the Pye, plot. So, the main maximum appeared as widened peak
in Psso5100 (Basu et al., 1976) is seen with sightly outlined bifurcation in Prsr (Maryama and Matuura, 1980) and
with twin peaksin Pssos0, (McClure et al., 1998). At last this bifurcated maximum turn into the Pye. maximum with
two separate crests and deep internal valley. The main Ps.o519, maximum covers the longitudes of 240°-30°. The
main bifurcated P, maximum appears almost at the same longitudes however with light shifting in respect to other
main equatorial peaks. Worthy note that the “thin” details of the EFI statistical plots are also “developed” in the
Puer curve. The minor local Pssos0, and Prse maxima near 60° longitude also appear in the NH as minor local
maximum of Pye.. Local Pher maximum near 150°, 180° longitude needs in special comments. It is possible to
doubt about areliability of this second Pye. peak. However, any doubt disappears when we see the similar second
maximum in the Ps 519 pattern (Basu et a., 1976) and the small but clear amplitude growth of Pssose, (McClure et
al., 1998).

Another part of the equatorial plots (Pssoz% (Su €t a., 2006), Pseso (Watanabe and Oya, 1986)) has surprisingly
good similarity with the Pye, curve in the Southern Hemisphere (SH) (Fig. 1). The main maxima of the Ps.o.3%,
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Paeso Statistics are more narrow and less intensive; their tops are of simple form like the Py curve in the SH.

Moreover, the main maximum of Pgesp Near 360° longitude appears in Py, at the same longitudes. And again the
local Psso510, maximum (Basu et a., 1976) near 180° longitude is still clearly visible in Pye. curve of the SH.

Thus we should conclude that there are the most significant differences in the Py, distributions of the different
hemispheres for solstice periods. The Py variations in one hemisphere are strongly deformed in comparison with
the Pye+ variations of other hemisphere. Moreover some Py peaks appear with longitudinal shifts. However, even
so different P pictures have the common features with the equatorial irregularity occurrence distributions. Note
that the comparison was done not for one dataset but for several datasets (EFI, ESF, EPB) obtained by the different
investigators on the base of the different observations. It seems this fact is the most valuable one for this study.
Availability of the sufficient statistics supplies not only reliability but also the “repeatable’ results. Moreover, this
fact allows to see atendency in the EFI dynamics subsequently developed in the Pye: curves of the SH and NH. We
should conclude once again that al data involved in comparison show that the main geophysical characteristics of
the equatorial F region irregularities really repeat in new results. The obtained results have all main features repeated
even in the details.

Apparently, the seasonal factor should be considered as a factor of the first approximation. Due to seasonal factor
only the more favorable conditions for plasma bubble "survival™ can appear in one hemisphere and, on the contrary,
less favorable conditions can appear in other hemisphere. The thermosphere meridional winds, depending on a
season, play the important role in these processes. They can suppress the irregularity development in F region during
irregularity generation due to inhibiting the growth of Reyleigh-Taylor instability and flux tube integrated
conductivity (e. g., Abdu, 2001). As result they can "lock" the plasma bubble development in one hemisphere and,
on the contrary, favor them in another hemisphere (e.g., Abdu, 2001; Sidorova, 2008). The magnetic declination
effect also makes significant amendments to the processes above equator and low latitudes. In particular, there are
indications that the magnetic declination effect control the seasona occurrence probability of EFl and ESF
(Tsunoda, 1985; Abdu et a., 1992). In other words, the occurrence probability of EFI and ESF essentially increases,
when there is a small angle between the sunset terminator and magnetic meridian. It seems the combination of two
main factors (seasonal peculiarities and the magnetic declination effect) generates the preference/suppression mode,
which "works" for some longitudes in one hemisphere and for other longitudes in other hemisphere. As aresult, the
plasma bubble occurrence distribution can be minimally deformed and shifted in one hemisphere in relation to
primary equatorial picture and more strongly deformed (or absolutely "suppressed”) in other hemisphere under the
"bad" conditions.

2. Conclusions

The longitudinal occurrence distributions of the He" density depletions were obtained for vernal and winter seasons
in the different hemispheres. The obtained characteristics were compared with the longitudinal occurrence
distributions of the equatorial F region irregularities (EFI), equatorial spread F (EFS) and equatorial plasma bubbles
(EPB).

1. It was found for vernal equinox_that: (a) The Py plots of the different hemispheres are of almost the same
intensity and practically equally developed. The light shape difference of the Py plots of the different hemispheres
can be explained by superposition of some factors. First of all, it is caused by magnetic declination effect. (b) The
main longitudinal occurrence probability maxima of the equatorial F region irregularities (EFI, ESF, EPB) are well
enough reflected in the Py, plots of the both hemispheres.

2. It was found for winter solstice that: (a) Rather different longitudina Pye. pictures appear in the different
hemispheres. It was suggested that at least two major factors are responsible for discrepancy of the Pye. plots. The
deviations are caused by seasonal peculiarities of the different hemispheres (insolation and meridional winds) and
by magnetic declination effect. (b) The Py, variations have the common features with the equatorial irregularity
occurrence distributions. Prsr (Maryamaand Matuura, 1980), Ps-os10, (Basu et al., 1976) and Ps»o50 (McClure et a.,
1998) are the most similar to the Py, plot in the Northern Hemisphere. Other part of the equatorial plots (Psso.3y% (Su
et al., 2006), Pgeso (Watanabe, Oya, 1986)) has surprisingly good similarity with the Py, plot in the Southern
Hemisphere.

3. All mentioned results obtained in this study may be considered as new evidence supported the idea about the

plasma bubble origin of the He' densi ty depletions.
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