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Abstract

In this paper we present the results of a study on the characteristics of large scale wave
structure in the equatorial ionospheric F region that serve as precursor to post sunset
development of the spread F/plasma bubble irregularities. The study is based on analysis
of Digisonde data from three equatorial sites in Brazil (Fortaleza, Sao Luis and
Cachimbo) for a period of about two months at a medium solar activity phase. Small
amplitude oscillations in the F layer heights, extracted at a number of plasma frequencies,
present characteristics as them being generated from upward propagating gravity waves.
They represent wave structures in polarization electric field having zonal scale of a few
hundred kilometers. Their amplitudes in the afternoon hours undergo amplification
towards evening, leading to post sunset development of ESF/plasma bubble irregularities,
on a statistical basis. On the days of their larger amplitudes they appear to occur in phase
coherence on all days, and correspondingly the evening prereversal vertical drift
velocities are larger than on days of the smaller amplitudes of the wave structure that
appear at random phase on the different days. The sustenance of these precursor waves
structures is supported by the relatively large ratio (approaching unity) of the F-region-to-
total field line integrated Pedersen conductivities as calculated using the SUPIM
simulation of the low latitude ionosphere. The significant amplification in the wave
structure towards sunset and the “phase coherent” nature of their occurrences on different

days, are explained tentatively on the basis of the spatial resonance mechanism.
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1- Introduction

The plasma structuring of the nighttime equatorial F region, widely known as equatorial
spread F (ESF), is an important topic of investigation because of its impact on space
application systems as well as of the scientific challenge presented in explaining its
spatial structure and occurrence variability at different time scales, especially, at day-to-
day and short term scales. The instability leading to the plasma irregularity formation
develops typically through the Rayleigh-Taylor interchange mechanism, operating at the
steep bottom side gradient region of a rapidly rising post sunset F region. The enhanced
vertical drift of the layer (the post sunset rise) is due to the evening prereversal
enhancement in the zonal electric field (PRE), which therefore is a primary driver of the
ESF. Statistical as well as case studies have shown that the ESF occurrence depended on
the PRE vertical drift attaining a certain threshold value that varied with season and
longitude (Abdu, et al., 1983; Fejer et al., 1999; Kil et al., 2009; Carter et al., 2014).
Another requirement for the instability growth is the presence of a precursor seed
perturbation in the ambient electron density with associated polarization electric field.
The nature of the precursor seed perturbation is an important question especially in the
context of identifying the causes of the day-to-day variability widely observed in the ESF
occurrence. Wavelike patterns in the irregularity spatial structure, as observed by HF
radars, were attributed to upward propagating gravity waves originating from
tropospheric convective activity (Rottger, 1973). On a statistical basis the seasonal and
longitudinal patterns of the ESF occurrence have been attributed in part to gravity wave
generation sources associated to the ITCZ (Inter Tropical Convergence Zone) (McClure
et al., 1998; Tsunoda, 2010). Case studies have identified precursor signatures to
ESF/plasma bubbles development in the form of large scale wave structures (LSWS) in
the background electron density, as diagnosed from east-west scan incoherent scatter
radar measurements over Kwajelein (Tsunoda and White, 1981) or as additional F layer
traces (satellite traces) in ionograms, as observed by ionosondes (Lyon et al., 1961, Abdu
et al., 1981a, 2013; Tsunoda 2008; Li et al., 2012). A number of recent papers have
discussed the roles of the precursor conditions for the development of the ESF/plasma
bubble irregularities (see for example, Hysell et al., 2005; Abdu et al., 2009; Taori et al.,
2010; Li et al., 2012; Patra et al., 2013; Sridharan et al., 2014). Observations show also that
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the verifiability of the role of a gravity wave precursor seed is subject to the dominance
of the other preexisting conditions. For example, Abdu et al (2009a) showed, based on
diagnostics by a Digisonde and a VHF radar, that the amplitude of the gravity wave
induced wavelike structures in the F layer heights during pre sunset hours that continued
their development into post sunset ESF growth, was dependent on the amplitude of the
PRE vertical drift. Such precursor wave structures are identifiable as the LSWS that have
also been observed in the form of longitudinal wave structure in ionospheric TEC as
observed from measurements on C/NOFS satellite passes discussed, for example, by
Thampi, et al., (2009), Tulasi Ram et al., (2012, 2013) and Tsunoda et al., (2011). In the
study by Abdu et al (2009a) the amplitude of the precursor wave structure required for
the ESF growth, was found to be larger (smaller) when the PRE vertical drift was smaller
(larger). An evaluation of the importance of a precursor seed for ESF development in a
given situation is therefore dependent, obviously, on the prevailing vertical drift as well
as other background conditions. In any case an important question concerns the day time
sustainability near the dip equator of a gravity wave induced structure in polarization
electric field, with its corresponding wave structure in electron density, that may continue
in strength to evening hours and onto post sunset ESF instability growth. In this paper we
address this important question for the first time, discussing the nature of the precursor
wave structure, its production by gravity waves, its relationship to the PRE and the nature
of the background ionospheric conductivity distribution that contributes to its sustenance

into the post sunset hours, leading to ESF development.

2- Data Analysis

The study is based on Digisonde data from three equatorial sites in Brazil. The F layer
heights selected at specific plasma frequencies (from 5 MHz to 8§ MHz) from
measurements made at 5 to 10 minutes cadence are used in the study. Height values were
band-pass filtered to extract their oscillation amplitudes, as wave structures, within a
period band from 0.5 to 1.5hrs. The heights were also used to calculate the vertical drift
velocity as dhF/dt whose enhancement at sunset, due to the PRE, is evaluated in relation

to the corresponding precursor wave structure characteristics.
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3- Results

Fig. 1(a) shows the band-pass filtered height oscillations between midday (15 UT =12
ST) and midnight mass plotted for the entire month of October 2001 over Fortaleza (3.9°
S, 38.45° W, dip angle: -9°). Although results are available at 4 frequencies (5, 6, 7 and 8
MHz) only those of 5 MHz and 8 MHz are shown here. The vertical drifts calculated as
the mean of the drifts at the four frequencies are also mass plotted in the bottom panel.
We note the presence of oscillations of significant amplitude (DhF) in the fixed plasma
frequency heights (reaching up to ~ 20 km peak-to-peak) starting from near midday and
increasing in amplitude towards sunset, a feature clearly seen at both 5 MHz and 8§ MHz,
but better defined at the latter frequency, which represent a higher height. The
oscillations appear to present a dominant period in the range of ~1 to 1.5 hours (than in
the neighboring period bands that were also tried). In most cases the oscillations
continuing to post sunset hours evolve into spread F development as indicated by the grey
segment of each DhF curve. Only on five nights (02, 03, 11, 21 and 22 October) there
was no spread F occurrence till midnight; these are highlighted as continuing color curves
(without the grey segment). The vertical drift shows (bottom panel) that the prereversal
enhancement in its values peaked near 21:15 UT (18:43 LT), the mean drift velocity at
this time being ~ 50 m/s. The statistical onset time of the ESF for this period (October
month) indicated by the grey segment of the DhF curves, is found to be around 21:45
UT/19:13 LT. This onset time is close to and at the descending phase of the PRE vertical
drift, in good agreement with previous results (see for example, Abdu et al., 2014). It may
be noted that in the case of the five non spread F nights the PRE vertical drifts were
significantly smaller than on the SF nights, except on 21 October when the PRE drift was
large but did not cause any ESF development due to an intense magnetic disturbance that
occurred during the hours of normal SF growth. So we will not include this night in our
discussion. To make the comparison easier, we present in Fig. 1b the wave oscillations
and the vertical drift only for the non SF cases. We may note, between Fig. 1(a) and (b)
that the non SF days have generally lower wave structure amplitudes suggesting that the
lower amplitude of the seed perturbation is a key factor in the non occurrence of the

instability. Additionally, we note that the PRE vertical drifts are also significantly smaller
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on these days. Thus, we find that clearly, both of these precursor conditions control the
ESF instability growth. An evaluation of the relative importance of either of these
precursor factors should necessarily involve instability modeling, which is considered for

a future study.

The results obtained from similar analysis performed for Sao Luis (2.33° S, 44.2°W, dip
angle: -.5°), located some 600 km westward of Fortaleza, are shown in Fig. 1(c). We
may note that the major features of the DhF oscillations over Sao Luis are similar to those
over Fortaleza, but the amplitudes appear to be a bit smaller with the exception of one
day. The vertical drift amplitudes are also similar at the two sites. Over Sao Luis there are
six non SF nights for which the relative amplitudes of the wave structure and the PRE
vertical drift are similar to that presented over Fortaleza. We point out here one specific
case of 03 October for which SF did occur at 23 UT (20 LT) which is a very delayed
occurrence. For this case also the wave structure amplitude (the yellow curve running on
top in the upper two panels of Fig. 1c) is smaller than on the days of SF, and so was the
PRE vertical drift (shown in blue curve in bottom panel of Fig. 1¢). Thus, the results are
consistent between Fortaleza and Sao Luis, for the cases of spread F non occurrence for

entire night, as well as for the case of SF delayed occurrence as late as 23 UT/20 LT.

Additional characteristics of these oscillations are presented in Fig. 2(a), which shows the
oscillations at all the four frequencies plotted, for some specific days, and in a way to
reveal any vertical phase propagation in these oscillations. In the top panel (25 October
2001) we note that, before sunset hours (near 21UT), the oscillation phase propagates
downward, thereby confirming the upward propagating gravity wave nature of these
height oscillations. It is important to note that the downward phase propagation feature is
not present any more with the onset of post the sunset SF, indicated by the beginning of
the shaded area (at 21:50 UT/ 19:18 LT) LT. This change occurred as a result of the
dominance of the polarization electric field associated with the ESF bubble development.
In other words, the downward phase propagation that is a characteristic of the GW
induced height oscillation in the neutral background will not be present in the plasma

density height when a dominant role in driving such oscillations is played by polarization
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electric field, which in this case did develop with the growth of the plasma bubble
instability. In many cases, the polarization electric field appears to control the height
oscillations even before the SF onset as can be noted from the absence of any downward
phase propagation near sunset in the example of 29 October (in the lower panel). In fact
the polarization electric field appears to control the height oscillation during the entire
period before sunset as seen from the total absence of the downward phase propagation
characteristics in the examples of 17 and 06 Oct, presented in the lowest two panels.
Upon checking all the individual days of October 2001 we found that the downward
phase propagation feature was absent on most of the days (similar to the two days
illustrated here). The reason for this can be explained as follows. The polarization electric
field driving these oscillations is subject to being field line mapped to the plasma
frequency heights at all the four frequencies and further to the underlying E region as
illustrated in Fig. 2(b). The situation depicted here is for the case of a gravity wave that
propagate zonally with its wave front aligned in the magnetic north-south so that its
wavelength in that direction is long enough, compared to the magnetic field line
curvature to a degree that the iso density lines of the radio wave reflection heights can be
considered as approximate straight lines. The dashed lines drawn horizontal represent the
corresponding reflection levels at the four plasma frequencies. As a result of the field line
mapping connecting these levels with the underlying E region of significant Pedersen
conductivity (during daytime), the polarization electric field can maintain the same phase
in an extended height region of F region flux tubes, depending upon the vertical wave
length of the GW. This situation can cause the different, but close by, reflection heights at
the four plasma frequencies to oscillate in the same phase. In this way a downward phase
propagation that might be present in the GW oscillations of the neutral background will
not be present in the resulting plasma density oscillations, as observed here. The height
oscillations that are due to vertical plasma motion should be produced by a zonal
polarization electric field that is induced by vertical perturbation wind of the gravity
wave. Thus, these results clearly demonstrate the generation of zonal polarization
electric fields by the vertical perturbation winds of a GW propagating zonally. In a more
general case we may expect to observe also vertical polarization electric field if the GW

propagation is in zonal and also slant upward directions.
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For a different propagation direction the gravity wave front projected in the magnetic
meridian may correspond to the iso density surfaces presenting significant curvature.
When that curvature is nearly comparable to that of the field lines the polarization electric
field mapping will not connect the different density surfaces at the different plasma
frequencies in the region of our observation. This situation can be accompanied with a
possibly significant presence of perturbation meridional wind (depending upon the
magnetic field inclination of the observing location). In this case a downward phase

propagation feature should be observed, as seen in some of our results of Fig. 2a.

In Fig 2(a) we further note that the amplitude of the oscillation increase from midday
towards sunset. A clear example of this feature is illustrated in Fig.2(c) for 19 October
2001. Besides the clear increase of the oscillation amplitude towards post sunset hours
we note also that in this case the amplitude is smaller at the higher frequency (8 MHz)
that corresponds to a higher height, as compared to the 5 MHz that corresponds to a
lower height. The height difference varied from ~100 km to 60 km during this period.
But the examples of Fig. 2(a) present an opposite tendency. The significance of these
features will be discussed later. It may be argued here that the photochemistry of the F
layer that includes the ionization production (during daytime) and recombination could
be thought to affect the oscillation amplitude. However, since the contribution of these
factors to the plasma frequency (iso-density) height, as measured by the Digisonde, varies
at a relatively slow rate, without involving any oscillatory component, they are unlikely
to modify the measured oscillation amplitude. For example, the degree of any possible
effect can be thought of as being dependent on the value of the recombination time at a
given height relative to that of the wave oscillation period at that height, keeping in mind
that the effect of recombination is to cause upward displacement of an iso-electron
density height. It may be noted that the F region recombination time varies by 1-3 hours
in the height region (around 300 km) where these height oscillations (with period range
of 1-1.5 hours) are measured. A smaller recombination time than the oscillation period
will have the effect to make the measured oscillation amplitude to be an under-estimation

of the real downward height displacement in the negative phase of the oscillation cycle,
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while being an over-estimation of its upward displacement in the positive phase of the
cycle, thus tending for a cancellation of the net effect in a complete oscillation cycle as
measured by the Digisonde. Therefore, we consider it very unlikely that the oscillation
amplitude in this study has been affected in any significant way by the photo-chemistry
of the F layer.

Sixty six days of data over the equatorial site Cachimbo (9.47° S, 54.83°W; dip: - 4.25°)

during the COPEX campaign period (Oct-December 2002) (Abdu et al., 2009b) was
analyzed, by separating the data into two groups. Group 1 (G1) consisted of all the days
selected by verifying that the DhF oscillation presented nearly the same phase (phase
coherence) on all the days. This is plotted in the upper panel in Fig. 3. The remaining
days constituting the Group 2, (G2), are mass plotted in the middle panel, which
obviously shows random phases on the different days. The mean of the F layer vertical
drift for the two groups G1 and G2, are plotted as red and blue curves, respectively, in the
bottom panel. The vertical drift on the individual days of the two groups was calculated
as the average of the d(hF)/dt values at all the four frequencies. We may point out here
that the vertical drift values as deduced from the hF variation during the day hours are not
sufficiently reliable because of the dominant role of the photo-chemistry at these hours,
but approaching the sunset enhancement in the height, when it exceeds 300 km, (due to
the PRE), the drift velocities are very reliable (Bittencourt and Abdu, 1981). The results
in Figure 3 appear to be very interesting but also somewhat intriguing. The “coherent”
height oscillations of the G1 days clearly shows a period of ~1-1.5 hours, with amplitude
increasing towards the sunset, which leads to post sunset SF development in most cases
(as was noted also in Fig 1). The G2 days also show similar periodicity, but the
oscillation amplitudes are smaller with generally lower rate of amplification towards
sunset, which also lead to SF development in most cases. We note that the average
vertical drift peak near 22:30 UT/18:50 LT is significantly higher (by ~20 m/s) on the G1
days than on the G2 days. We may further note that around the period of the PRE peak
the oscillation phase on the G1 days (in top Panel), showing descending DhF values in
most cases, suggests an average vertical drift that is negative, which would add more

significance to the larger PRE vertical drift values for this case.
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4- Discussion

The wave structure, manifesting itself as the height oscillations of the bottom-side F layer
during daytime, becomes amplified towards post sunset hours leading to ESF
development. This result, reported here for the first time, represents a unique feature of
the evening equatorial ionosphere that can offer important insight to a better
understanding of the conditions governing the post sunset ESF development. Although
the GWs driving the height oscillations may have perturbation winds in any of the three
cardinal directions depending upon its propagation vector, a meridional component, if
present, will not produce any electric field under the low inclination magnetic field
configuration characterizing the present observations. It is the vertical and zonal winds
associated with a GW propagating zonally, and in slant upward direction, that can
produce the polarization electric fields. Particularly, a vertical perturbation wind (AUy)
can produce the zonal polarization electric field (Ey), through the relationship Ey = - AU,
x By, that is responsible for the observed height oscillations. By is the magnetic field
intensity. The zonal scale sizes of the wave structures can be estimated from their period
range (which is ~1-1.5 hrs.) and the corresponding phase velocity, which is not available
for this measurement. If we use phase velocities in the range of 100- 300 m/s, based on
the measurement of the TID (Travelling Ionospheric Disturbance) velocity made in a
nearby equatorial region by MacDougall et al. (2011) for October 2010, the zonal scales
come out to be in the range of 400-1200 km. The study based on Digisonde observation
by Abdu et al. (2009a) yielded a zonal scale length of the order of 400 km. These values
are compatible with the ranges of zonal wavelengths of the “large scale wave structure —
LSWS” as reported by Tsunoda and White (1981) and as obtained from the TEC
longitudinal variations measured from C/NOFS passes, mentioned previously (Thampi et
al., 2009; Tsunoda, et al., 2011; Tulasi Ram et al., 2012). Thus the large-scale wave
structure, which we call here also as precursor wave structure, appears to be a constant
feature of the equatorial F region in these measurements. An important question here
concerns the sustenance of the polarization electric field generated by gravity waves in

the daytime F region that is field line mapped to an E region of large daytime
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conductivity, and how that can grow in amplitude towards sunset to impact on the post
sunset ESF development. The sustenance of a gravity wave wind induced polarization
electric field (of zonal direction in this case) in the F region (Ey) should depend upon the

ratio of the field line integrated conductivities of the E and F regions as given by:

Ey=-AUZ0 B[ /A Xr+26)] (1)
Where ) rand ) ¢ are the field line integrated Pedersen conductivities, respectively, of the
E - and F region segments of a field line (see also, Abdu and Brum, 2009). We calculated
the values of the field line integrated conductivity segments, > »and ) g, using an ion
density distribution in altitude versus latitude (the latitude extending from dip equator to
+20° magnetic latitude). Such ion density distribution as a function of local time (or UT)
was calculated using the Sheffield University Plasmasphere-lonosphere Model (SUPIM)
simulation runs (Bailey et al., 1997). For this calculation we used a SUPIM version that
was modified to extend the lower height limit of calculation from its original 120 km
down to 90 km. The conductivity ratio, Y #(> r+Y ) that resulted from this calculation is
plotted in Figure 4 (top panel) as a function of magnetic field line apex height up to 800

km over equator versus local time.

In the lower two panels are plotted the local time variations (LT= UT- 3hours) in the
following parameters: Negmmz, the electron density at the plasma frequency of 8MHz
(corresponding to the wave structure plotted in Fig. 3), the monthly mean values of its
heights (hFgmm,) and that of the E layer peak density (NmE) for October 2001 over
Fortaleza as well as the ratio Negwmp,/(NegsmuTNmME) (in the bottom panel). This latter
parameter can serve as a rough indicator of the LT variation in the integrated conductivity
ratio. We may note here that the height of the 8MHz plasma frequency (hFgmy,) increases
steadily during the post noon hours till it reaches a peak at 550 km after sunset (21:40
UT). During this period the decrease in NmE results in an increase in the ratio of
Nesmaz/(NegsmizNmE) (bottom panel). We notice a corresponding trend also in the
model simulation results as explained below. The modeled values of the integrated
conductivity ratio (upper panel) during the post noon hours is generally quite significant

being around 0.8 for the height region of our interest, around 280 km as judged from the

10
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hFgmp, values, thereby guaranteeing the sustenance of a major proportion (80%) of the
zonal polarization electric field produced by the perturbation wind as per Eq.1. If we
follow the conductivity ratio in the upper panel along a height variation similar to that of
the observed hFgyp, variation, we notice that the ratio clearly increases towards sunset.
This feature appears to contribute to the sustenance of the polarization electric field, and
further, to some extend, to its amplification towards sunset such as that observed in Figs
1 and 3. It is not certain, however, if this factor (the conductivity ratio, that increase by a
factor of ~20%)) alone could explain entirely the observed degree of amplification in the

wave structure amplitude that appears to be roughly close to a factor of two in Fig. 3.

There are two important, at the same time intriguing, aspects to the results in Fig. 3: (1)-
There appears to be a connection between the oscillations/wave structure amplitude and
the PRE vertical drift, a larger average evening vertical drift following a larger oscillation
amplitude; (2)- The oscillations of the G1 case are generally of larger amplitude, occur
coherently in phase on the different days, and have a larger rate of amplification towards
sunset. We do not have at this stage a definitive explanation for these rather intriguing
features, but a tentative/speculative one can be proposed as follows. The evening vertical
drift enhancement is known to arise from the sunset electrodynamic processes in which
the thermospheric zonal wind (directed eastward) and the local time/longitudinal gradient
(across the terminator) in the E layer conductivity play the major roles (Rishbeth, 1971;
Heelis et al., 1974, 2012; Farley et al., 1986; Batista et al., 1986, Eccles, 1998; Abdu and
Brum 2009; Richmond et al., 2015). While the longitudinal conductivity gradient at
sunset is dependent on the degree of alignment between the sunset terminator and the
magnetic meridian (Abdu et al., 1981b; Batista et al., 1986), it is also significantly
controlled by the E layer zonal winds arising from different upward propagating tidal
modes. Specifically, calculations of the E layer density variation at sunset under the
action of a tidal zonal wind have shown that the density longitudinal/local time gradient
can be modified significantly by such winds, and the corresponding modification in the
conductivity gradient can in turn modify the PRE vertical drift (Abdu et al., 2003; 2006;
Abdu and Brum 2009), a steeper gradient producing larger vertical drift.

11
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The result in Fig.3 shows that the gravity wave induced polarization electric field wave
structures/oscillations occur nearly in a phase coherent way on the different days (for the
G1 group of days), which may point to some kind of interaction between the upward
propagating tides and gravity waves in their encounter probably at the base of the
thermosphere, or even higher up in the F region. As discussed by Fritts, et al. (2008) the
superposition of tidal and GW fields can produce regions in which eastward and
downward winds and electron density gradients become correlated and enhanced.
However, the nature of the interaction that can result in a coherent occurrence of the GW
oscillations, as observed in these results, is not clear at this time. Alternatively we can
imagine that interaction can occur through the well-known spatial resonance mechanism
(Klostermeyer, 1978; Huang and Kelley, 1996) by which a density or polarization electric
field perturbation can grow in amplitude when the phase speed of the gravity wave
becomes equal to the drift speed of the ionization. As discussed by Huang and Kelley
(1996) this mechanism can contribute to the growth of a seed perturbation that might
further lead to instability growth by the Rayleigh-Taylor mechanism under favorable
conditions of the post-sunset hours. The daytime increase of the wave amplitude in Fig.3
may as well be considered as an amplification of a precursor seed perturbation towards
sunset under the spatial resonance mechanism as discussed in the literature. The need to
invoke such a mechanism is two-fold: (a) as an additional factor to explain the wave
amplification towards sunset due to the fact that the field line integrated conductivity
ratio of Eq. 1 alone appears to be inadequate to explain the observed degree of
amplification in the polarization electric field during the same period; (b) The “phase
coherence” of the oscillations on the different days appears conceivable if the interacting
tidal mode wind field maintains the local time of its maximum nearly invariant on the
group of days that shows the coherence feature in the precursor wave structure. Even
though the spatial resonance condition should be similar on these different days the
precise nature of a tidal-gravity wave interaction in this case is unknown at this stage. It
appears relevant to point out in this context that Taori et al (2010) found in their case
study that wave amplification at tidal as well as gravity wave periods occurred between
86 km and 94 km (emission heights of OH and O2 lines, respectively) on two nights of

EPB occurrence as compared to EPB non occurrence nights. This may perhaps imply

12
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some kind of connection between the tidal mode winds and the PRE, which is a key
factor (besides the gravity wave induced polarization electric field) in determining the

ESF instability growth.

The height variation in the amplitude of the polarization electric field wave structure (as
verified from the results at different plasma frequencies in Figs 1(a) and (c)) may be
explained on the basis of the possibility that the condition for spatial resonance can vary
with height depending upon the height variations in the plasma zonal speed and the GW
phase speed. We may note here that a relationship between the wave structure amplitude
(at the height of the 8MHz) and PRE vertical drift stands out clearly in the statistical
results of Fig.3 for the range of drift values varying from ~ 40 to 80 m/s (in their average
values) for the two groups considered. We have not verified here how well such a clear
relationship could be present if we consider days of smaller amplitudes for the PRE
vertical drift. It will be the focus of a follow up study. We may further point out here that
in investigations on the complementary contributions from the seed wave structure and
the PRE vertical drift for the ESF/bubble instability growth, we may expect to see
contrasting types of relationship between them on a case by case basis. For example, in a
case study of ESF instability growth under gravity wave seed perturbations and vertical
drifts, Abdu et al (2009a) found that for the PRE vertical drift peak values less than 30
m/s, the amplitude of the GW seed perturbation required for the instability growth was
larger (smaller) when the vertical drift was smaller (larger). Thus, further studies need to
be undertaken to establish the detailed nature of the connection between the precursor
wave structure (or the LSWS) and PRE vertical drift in the context of their competing
roles in the ESF development. It is to be emphasized here, on the basis of this study. that
an attempt to evaluate the role of a seed/precursor perturbation in ESF instability growth
should be based on the recognition that the role of the evening PRE vertical drift is a
complementary, and often dominating one, so that any study based only on one of these
precursor factors may lead to misleading results. We may make a comment here that the
wave structure phenomenon observed in this study over Brazilian equatorial region

should be observable with similar characteristics at other equatorial longitudes as well.

13
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5- Conclusions

We have analyzed 1 to 2+ months of Digisonde data from three equatorial sites in Brazil
at a medium solar activity period epoch, seeking to understand better the nature of the
precursor wave structure (also known as LSWS) in the F layer heights that usually plays
important role, together with the PRE vertical drift, in the post sunset development of
spread F/bubble irregularities. The analysis is based on extracting the small amplitude
oscillations in the F layer heights at a number of plasma frequencies during the local time
period from midday to evening, that is, well before the sunset and the PRE development.
Very interesting results on the nature of the wave structure, its amplification towards
sunset and its relation with the PRE vertical drift were obtained, whose explanation is in
part tentative at present. The main conclusion of this study may be summarized as
follows: (1)- Gravity wave induced wave structures in polarization electric field in the
form of F layer height oscillations produced by the vertical or zonal perturbation winds is
a common feature in the equatorial region over Brazil during the period of the present
investigation; (2) The amplitudes of the wave structure, which we here call precursor
wave structure, also known in the literature as large scale wave structure (LSWS)
undergo systematic amplification during the afternoon till post sunset hours, leading to
spread F/plasma bubble irregularity development, on a statistical basis; the cases of non
occurrence of post sunset spread F are associated with lower amplitudes of the precursor
wave structure as also to lower values of the PRE vertical drift; (3) The sustenance of the
wave structure amplitude during the daytime is made possible by the significant value
(approaching unity) of the ratio of the field line integrated Pedersen conductivities of the
F region segment to the total field line including the E region segment, while the degree
of its amplification towards sunset appears to be partially dependent on the increase of
that ratio towards sunset; (4) There is a clear connection between the polarization electric
field wave structure amplitude and the PRE vertical drift velocity for average values of
the drift velocity in the range of 40 m/s to 80 m/s, larger wave structure amplitude
preceding larger vertical drift values (5) The wave structures having larger amplitudes
and larger degree of amplification towards sunset tend to occur nearly in-phase on the

different days considered; (6) As a tentative explanation, a significant part of the
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amplitude growth towards sunset and the “phase coherence” of the wave structure on
different days are attributed to tidal- and gravity wave interaction involving possibly the
well known spatial resonance mechanism. Studies are underway for further elucidating
more detailed features of the precursor wave structure, including the nature of its
connection with the PRE vertical drift and the complementary roles they play in the post

sunset spread F/bubble development
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Fig. 1(a): Mass plots of the band-pass filtered the F layer true height (hF) oscillations
(DhF) at 5 MHz and 8 MHz plasma frequencies for October 2001 over Fortaleza (top and
middle panels). The gray segment of each DhF curve, starting on an average near 21:30
UT, represents range spread F (ESF) in progress. The cases of non occurrence of spread F
are highlighted by the continuation of color coded curves into the night. These days are
listed in top panel with the same color coding as that of the plotted curves. Bottom panel
shows the corresponding mass plot of the vertical drift, with the mean value shown as a
white curve.

Fig 1. (b): Plots of DhF and PRE vertical drift only for non spread F days.

Fig. 1 (¢): Plots similar to Fig. 1 (a) but for the site Sao Luis. Please note that the results
for 03 October are shown in yellow curve (running on top) in the upper two panels and in

blue curve in the bottom panel.

Fig. 2(a): Band-pass filtered (with period band 0.5 — 1.5 hrs.) height oscillation at four
plasma frequencies, 5, 6, 7 and 8 MHz, plotted with each frequency cumulatively
displaced upward by 5 km with respect to the 5 MHz (green) curve.

Fig. 2(b): Dipole magnetic field lines in meridian plane and illustrative reflection heights
in the F region of the four plasma frequencies 5, 6, 7, and 8 MHz, as expected for the
case of a zonally propagating gravity wave whose wave front is aligned with the
magnetic north-south. The E layer is shown connected to the F region by field lines.

Fig. 2(c): An example illustrating the amplification of the oscillations from midday
towards post sunset hours, (indicated by the shaded area). In this example the
amplification appears to be larger at the lower frequency SMHz (lower height) and

decreases as height increases.

Fig. 3: Band-pass filtered oscillations in F layer height at 8MHz over Cachimbo, from
midday to midnight, mass plotted for a group of days that shows near-coherence of the
oscillation phase on these days (upper panel), and those showing random phases (middle

panel). The grey segment of the individual curves represents spread F occurrence. The
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bottom panel shows the F layer vertical drifts averaged for the two groups of days, the

red and blue curves corresponding to the first group and second group, respectively.

Fig. 4: The upper panel shows the field line integrated conductivity ratio, L/ (ZI;JrZZ),
plotted as a function the magnetic field line equatorial apex height versus local time. The
lower panel shows the monthly average values of the parameters Negvy, (the electron
density at 8MHz plasma frequency, thick red line), the height of S8MHz plasma frequency
(blue curve), the NmE (thin red line) and the ratio Negvp,/(Negmuz +NmE) (bottom black
curve) for October 2001 over Fortaleza. Please note the upper and lower plots are aligned

in time, although the upper panel is in LT (45 °W) =UT- 3h
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