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Abstract Equatorial spread F observations have been categorized into three categories based on ionograms
recorded over Sriharikota. First category comprised cases where the onset of equatorial spread F (ESF) was
concurrent with the peak h'F time. Second and third categories comprised cases where the onset of ESF
happened with a delay of 30 min and more than 30 min, respectively, with reference to the peak h'F time.
Average peak h'F in the first category was more than 35 km higher than that in the second and third categories.
Also, the peak vertical (upward) plasma drift was higher in the first category. Assuming the genesis of F region
irregularity to have happened at or before the time of F layer attaining the peak height, late onset of ESF
indicates the genesis of irregularities to have happened westward of Sriharikota. The fact that the peak h'F
values were remarkably different in the three categories indicates a zonal variation of eastward electric field
and postsunset height rise of F layer. The relative magnitude of the F layer height rise in the three different
categories over Sriharikota has also been found to be significantly different than that over Thumba, an
equatorial (magnetic) station located ~360 km westward of Sriharikota longitude. This scenario points toward
the existence of a large-scale zonal standing wave in the F layer and its important role in F region instability
process. Results presented in the manuscript have been discussed in the light of current understanding on the
large-scale wave structure.

1. Introduction

Day-to-day variability of the equatorial spread F (ESF) continues to be a puzzle even decades after the first
scientific investigation was carried out to reveal its existence and behavior. It refers to the unusually large
spread in the F region echo trace seen on the ionosonde, a swept frequency pulsed radar. It constitutes

an important aspect of ionospheric weather and affects satellite based navigation and communication
applications. Although we know that the main cause of this enigmatic phenomenon is the generation of the
equatorial plasma bubble (EPB), several interesting aspects of it have not been fully understood. One such
aspect is the large-scale spatial modulation in its occurrence. Large-scale wave structure (LSWS), originating
in the F region during the evening hours has been considered to be the main cause of it [Tsunoda and White,
1981]. It is being believed that the day-to-day variability of the ESF is controlled by the occurrence and the
behavior of the LSWS.

LSWS and its role in the formation of plasma bubble have been studied using a variety of observational tools,
which include incoherent scatter radar [Tsunoda and White, 1981], ionosonde [Tsunoda, 2008, 2009], airglow
photometer [Patra et al., 2013], and satellite measurement [e.g., Thampi et al., 2009; Huang et al., 2013].
Investigations carried out so far to study the role of LSWS in the formation of plasma bubble have mostly
been in the form of case studies based on limited number of events [e.g., Tsunoda and White, 1981; Tsunoda,
2008, 2009; Patra et al., 2013; Thampi et al., 2009; Huang et al., 2013; Tsunoda and Ecklund, 20071, except
the investigation by Tulasi Ram et al. [2014a], comprising ~70 days of observations from the African sector
and 99 days of observations from the Asian sector. In fact, the actual role and importance of the LSWS in the
onset of the ESF can only be ascertained by examining a long-term and continuous data set.

ESF not only remains to be a matter of scientific quest but also poses as a technological challenge in the field
of satellite-based navigation and communication [Shume et al., 2013; Bagiya et al., 2013; Oladipo et al., 2014].
Several investigations in the recent times have highlighted the day-to-day variability in the ionospheric
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irregularities [e.g., Whalen, 2007] and its impact on the satellite-based navigation through L band scintillation
[e.g. de Lima et al., 2014; Zhang et al., 2010; Sreeja et al., 2011, 2012; Aquino and Sreeja, 2013]. Recently,
Kelly et al. [2014] have highlighted how ESF can critically hamper real-time UHF communication. Thus,
investigations on the causative mechanisms of the ESF are required, also from the technological perspectives.
One of the potential causes of the ESF is the LSWS.

One of the most interesting features of the LSWS is the lack of zonal propagation with time [Tsunoda and
Ecklund, 2007]. LSWS originates as a standing wave of plasma density in the F region, gains amplitude with time,
and believed to result in the formation of plasma bubbles. This paper deals with the relation of the onset time of
the equatorial spread F and the peak height attained by the F layer in the evening hours. If the postsunset
height rise of the F layer is purely time dependent, the onset time of spread F and the peak height attained by
the F layer will have no relationship. However, if the postsunset height rise of the F layer depends on time as
well as the zonal location, spread F onset time can be related to the peak height attained by the F layer. Later
scenario points toward the existence of the LSWS. This aspect has been discussed in details in this paper.

2, Data and Methodology

lonosonde observations made during 15 February 2004 to 2 April 2004 period (48 days) from Sriharikota
(13.7°N, 80.1°E, and 6.7°N magnetic latitude) and Thumba (8.53°N, 76.87°E, and 0.2°N magnetic latitude) in India
have been used for the study presented in this paper. KEL IPS-42 digital ionosonde has been used for making
the observations. Observations were made once every 15 min. Range resolution of the ionosonde was ~3 km.
Observations were recorded digitally and were analyzed using the software supplied by the instrument
manufacturer (KEL Aerospace), to derive the standard parameter like h'F. Vertical plasma drift of the F layer has
been inferred by calculating the rate of change of F layer height (V= dh'F/dt). During the entire observational
period, the average F;q7 was 110 solar flux unit. Of all the spread F nights discussed in this manuscript, two
nights belonged to geomagnetically active period (2 and 11 March). A geomagnetic storm has also occurred on
9 March 2004 (refer to Tulasi Ram et al. [2008] and Tulasi Ram et al. [2014b]). Thus, the observation recorded on
the night of 9 March 2004 has been excluded from the analysis presented in this manuscript, so as to focus
primarily on the quite time variability of ESF. For detailed study we have divided the spread F cases based on
ionograms recorded over Sriharikota into three categories: Category 1 (24 February and 6, 8, 19, 23-25, and
27 March), Category 2 (22 and 23 February and 11, 16, and 26 March), and Category 3 (21 February and 5, 13, 14,
20, 22, and 29 March). Basis for this categorization has been mentioned in details in subsequent sections.

3. Results
3.1. Time of F Layer Attaining the Peak Height and Spread F Onset Time

Zonal electric field is eastward during the day and westward during the night. Prior to its reversal during the
evening hours, from eastward to westward, the zonal eastward electric field shows an enhancement. This
enhancement of eastward electric field, prior to its reversal to westward, is termed as prereversal enhancement
(PRE) of zonal electric field. Magnitude of this enhancement displays a day-to-day, seasonal, and solar cycle
variations. This phenomenon has been studied in details, and several mechanisms have been proposed to
explain its cause [e.g., Farley et al., 1986; Haerendel and Eccles, 1992]. Enhancement in the eastward electric field
cause the postsunset height rise of the F layer. Height of the F layer in the postsunset hours rises till the time of
zonal electric field turns westward, after which it descends. This height rise plays an important role in the
generation of equatorial plasma bubble by enhancing the growth rate of the Rayleigh-Taylor (RT) instability.
Also, the eastward electric field enhances the growth of the RT instability. Thus, the genesis of F region
irregularity is expected to happen either at the time of F layer attaining the peak height or before it [Abdu et al.,
1983; Sastri et al,, 1997].

Figure 1 presents the distribution of peak h'F timing based on Sriharikota ionosonde observations corresponding
to those nights when spread F has occurred. Out of the total 48 nights of continuous observations, spread F
occurred on 30 nights (thus, the occurrence of spread F was ~62%). The time of F layer attaining the peak height
varied between 19:00 IST and 20:30 IST. Here IST stands for the Indian Standard Time (UT + 5:30 h), which lags
by ~8 min with respect to the local time at Sriharikota. Number of cases where the onset time of ESF coincided
with the time of the F layer attaining the peak height is shown in green color in the histogram. In most of the
nights, peak h'F was attained at or before 19:45IST. In 10 out of 30 cases peak h'F was attained at 19:30IST.
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Distribution of peak h'F time . - L. .
. . . Growth of RT instability maximizes at a time

when F region reaches peak height. Thus, the
genesis of F region irregularities happens close
to the time of F layer attaining the peak height. It
becomes important to examine the time of
spread F onset in the ionosonde observations.
Figure 2 presents the distribution of the spread F
onset time. It is interesting to see that distribution
of spread F onset timing is quite different than
that of the F layer attaining the peak height.
While the peak height was attained by the F
layer before 19:45IST in most cases, spread F
onset in the ionograms were observed after that.

No. of Events

- > = % 3.2. Height Migration of F Layer in Early and
IST (h) Late Spread F Onset Cases

Figure 1. Histogram of the time of F layer attaining the peak As.presented earlier in Figures 1 and 2., Iitis
height (peak h'F time), based on the ionosonde observations on ~ €vident that the onset of ESF always did not
spread F nights. coincide with the time of F layer attaining the

peak height. On a few cases onset of spread F
was observed at the time of F layer attaining the peak height. On the other hand, there were cases where the
onset of spread F was delayed by 15, 30, 45 min or even more than that, with respect to the peak h'F time.
Height migration of F layer has been investigated in details corresponding to three different categories: early
spread F onset cases, where the onset of spread F happened at or before the time of F layer attaining the peak
height, moderately delayed spread F cases, where onset of spread F was observed after 30 min of F layer
attaining the peak height, and late spread F onset cases, where the onset of spread F was delayed by 45 min
or more with respect to the time of F layer attaining the peak height. Cases where the onset of spread F
has been delayed by 15min have not been considered for the detailed analysis. This is because of the fact
that the soundings were made every 15 min, and with this sampling rate it will not be possible to really
characterize those cases into early or delayed spread F onset cases.

Figure 3a presents the h'F observed over Sriharikota corresponding to the early spread F onset cases.

Here blue color line and symbol have been used to indicate the observation of classic F layer echo trace.

Observation of spread F has been indicated by red color line and symbol. Average h'F value has been

indicated by thick black line. One can see that the transition from blue to red color occurred at the time of F

layer attaining the peak height (peak h'F). Here

Distribution of spread F onsettime the peak h'F was attained at ~19:301ST in

most cases. Another interesting aspect is the

enhanced level of F layer height rise. In most

cases the peak h'F was more than 350 km, while

8t 1 the average peak h'F was ~350 km. Vertical

plasma drift velocity has also been obtained

£ using the ionosonde measurements. Vertical
& i plasma drifts (V) for the cases discussed above
:zé is presented in Figure 3b. Maximum Vzin all the
at 1 cases exceeded 20m s~ ', and it became zero
around 19:301ST, indicating the reversal of
electric field.

F layer height variation and the V; corresponding

to the moderately delayed spread F cases are

18 19 20 21 22 23 o0 indicated in Figures 3c and 3d, respectively. Peak
ST h'F values in this category were in general less

Figure 2. Histogram of the time of onset of ESF recorded in the than those for the cases discussed in Figure 3a.
ionograms. Also, the peak vertical plasma drifts, Vz, were in
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Figure 3. The (a) h'Fand (b) V, respectively, for early spread F onset cases. (c and d) The same as for Figures 3a and 3b but
for the moderately delayed spread F onset cases. The (e) h'F and (f) V, respectively, for the late onset cases. Blue color
symbol/line has been used to indicate the presence of classical F layer trace, while red color symbol/line indicates spread F.

general less than those for the early spread F onset cases. Average peak h'Fand peak V; in this case was also less
than that corresponding to early spread F onset cases.

F layer height migration and the V; corresponding to the late spread F onset cases (where the onset of spread
F was delayed by 45 min or more with respect to the time of F layer attaining the peak height) are presented
in Figures 3e and 3f, respectively. Peak h'F for all the cases in this category was less than 350 km. Also,
the average value of peak h'F was ~300 km. This value is ~50 km less than that for the early spread F onset
cases. Also, the V7 was quite less than that in the previous categories. However, on an average, the time of
reversal of electric field (zero V) was nearly similar in the three categories. Thus, in the second and third
categories, the onset of spread F in the ionograms was observed during a time when zonal electric field was
westward (V7 negative). One can note that in a few nights corresponding to the second and third categories,
the ESF has occurred despite insignificant height rise of the F layer. This is in accordance with the report
by Tsunoda et al. [2010], of the ESF in the absence of F layer height rise but in the presence of LSWS. The peak
height attained by the F layer and the peak V associated with the prereversal enhancement of zonal field
in the early (Category 1) and late (Category 3) spread F onset cases are also indicated in Table 1. For the early
onset cases the peak V; and h'F

Table 1. Peak Vertical Plasma Drift (V) and Peak h'F in Early and Late ~We€re significantly larger than those

Spread F Onset Cases for the late onset cases.

Date Peak Vz (m/s) Peak h'F (km) | Figure 3, while the mean Vs in the
Early Spread F Onset Cases three categories varied smoothly

24 Feb 2004 25 322 with time, individual cases show

6 Mar 2004 25 325 large fluctuations in V. Particularly,

8 Mar 2004 36 350 he fl . in the V. d

19 Mar 2004 30 365 the fluctuations in the Vz occurre

23 Mar 2004 35 360 after the onset of ESF. It needs

24 Mar 2004 43 385 mention that after the onset of the

25 Mar 2004 35 355 ESF, height of the F layer in the

27 BT T = =52 ionosonde is basically represented by
Late Spread F Onset Cases the minimum range of the F region

21 Feb 2004 8 255 irregularity. These irregularities are

5 Mar 2004 13 269 gularity. 9

13 Mar 2004 20 298 not spatially homogeneous and also

14 Mar 2004 21 310 drift eastward. As a result, it produces

20 Mar 2004 22 310 fluctuations in the F layer height

22 Mar 2004 24 328 measurement, which in turn creates

29 Mar 2004 28 328

fluctuations in the Vz; measurements.
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Table 2. lonogram Satellite Traces in Early and Late Spread F Onset Cases

Date

Satellite Trace Timing (IST)

2F Satellite Trace Timing (IST)

24 Feb 2004
6 Mar 2004

8 Mar 2004

19 Mar 2004
23 Mar 2004
24 Mar 2004
25 Mar 2004
27 Mar 2004

21 Feb 2004
5 Mar 2004
13 Mar 2004
14 Mar 2004
20 Mar 2004
22 Mar 2004
29 Mar 2004

Early Spread F Onset Cases
18:45, 19:30
19:15
19:00
Nil
19:15
18:45
19:00, 19:15
19:30

Late Spread F Onset Cases

Nil
Nil
Nil

19:30, 19:45

18:45, 19:30
Nil
Nil

18:45
Nil
Nil
Nil
Nil
Nil

19:00
Nil

Nil
Nil
Nil
Nil
Nil
Nil
Nil

3.2.1. Observation of Satellite Traces in the lonograms
LSWS manifests in different forms in different observational techniques. Satellite traces in the ionograms and
their relation to the formation of ESF have been evaluated by Abdu et al. [1981]. It has been found that the ESF is
often preceded by the observation of satellite traces in the ionograms. Satellite traces appear different from
the spread F. Often the satellite trace appears just above the 2F trace in the ionogram [Tsunoda, 2008], and it
has also been regarded as a manifestation of the LSWS. Thus, ionosonde can enable one to observe the

(@)

400
380

Height (km)

180 -

(b)
60

40

Vz (m/s)

18 19

Figure 4. The (a) h'F and (b) Vz on 18 non-spread F nights during 15

February to 2 April period.

20

21 22 23
IST (h)

24

precursors of the ESF with ease and
without much experimental complexities.
Occurrence of satellite traces in the
ionograms recorded at Sriharikota has
also been analyzed. Table 2 presents the
occurrence time of the satellite traces

in the early (Category 1) and late
(Category 3) spread F onset cases. Except
on one night, satellite traces were
observed prior to the ESF in the first
category cases, while the satellite traces
were observed only in two nights
corresponding to the third category.

3.3. F Layer Height Migration in
Non-ESF Nights

Although, several investigations have
highlighted the importance of LSWS in
the formation of ESF, some investigations
suggest the LSWS to be a necessary, may
not be a sufficient condition for the
formation of ESF [e.g,, Li et al., 2012]. It
thus makes sense to also evaluate the
height migration of F layer in non-ESF
nights. Out of 48 nights of observations,
ESF did not appear for 18 nights. F

layer height migration (h'F) and the V,
corresponding to the 18 non-ESF nights
are shown in Figures 4a and 4b,
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respectively. Although the F layer was found to attain the peak height as high as 340 km in some cases, in most
nights, the F layer height rise was quite insignificant. Also, the V values in the non-ESF nights were, in general,
lesser than those for the ESF nights.

4, Discussion

This paper basically relates the onset time of the equatorial spread F and the post sunset height rise of the F
layer. While the F layer was found to attain peak height (peak h'F) before 19:45 IST in most cases, the onset of
spread F have not been observed to happen at that time in most cases. Kelley et al. [1979] discussed the
generalized RT instability, where, in addition to the ion-neutral collision frequency and plasma density
gradient, the zonal electric field also influences the growth rate of the RT instability. Eastward electric field
acts similar to gravity in destabilizing the plasma; however, its contribution to the linear growth rate of the
instability does not vary with the altitude. Thus, the genesis of the EPB is expected to happen either at a time
when F layer reaches its peak altitude (peak h'F) or before that. Late onset of spread F most dominantly
indicate the genesis of the EPB over a westward longitude, though fresh evolutionary type plasma bubble
is also likely to be observed with a delay. Once originated, EPB drift eastward. Onset of spread F in the
ionosonde depends whether the irregularities are present in the field of view of the ionosonde or not.
Irregularities originating at a westward location will manifest as spread F at a time when they reach within
the field of view of the ionosonde. Assuming the genesis of F region irregularities to have occurred at the
peak h'F time, late onset of spread F indicates that the irregularities were not freshly generated. In fact, this
is the most likely assumption, as the eastward electric field favors the onset of the RT instability; however, if
the onset of the RT instability happens at a time when the zonal field is westward (i.e., after the F layer
attaining the peak height), even a locally generated EPB will be observed with a delay with respect to the
peak h'F time. Results presented in this manuscript are, however, discussed assuming that the onset of RT
instability happens before peak h'F time.

Height migration, as well as vertical plasma drifts of the F layer, has been presented in Figure 3 for the early,
moderately delayed, and late spread F onset cases. In the early onset cases the peak h'F over Sriharikota
was, in general, more than that in the moderately delayed and late onset cases. Also, the average peak h'F
corresponding to the first category was found to be ~35 km higher than that in the second category and ~50
km higher than in the third category. However, the time of F layer attaining the peak height was more or less
similar in the three categories. The significant difference in the average peak h'F in the three categories
can lead one to think of a zonal variation of peak h'F. This indicates the presence of a large-scale wave
structure [Tsunoda and white, 1981]. It is quite plausible to think that in the early (moderately delayed

and late) onset cases the crest (trough) of the standing large-scale wave structure was located above the
ionosonde, i.e., over Sriharikota longitude. Irregularities, however, originated only close to the crest region
and drifted eastward. Thus, in the second and third categories, the spread F irregularities were observed
with a significant delay with respect to the time of F layer attaining the peak height. Tsunoda and Ecklund
[2007] suggested that the extra eastward electric field component (in addition to the eastward electric field
associated with the PRE of zonal field) associated with the LSWS can be the missing link in explaining the
variability of ESF. Larger values of V/; observed in the early spread F onset cases further corroborate the results
of Tsunoda and Ecklund [2007]. In addition to it, the large-scale wave can produce a tilt in the ionosphere and
can become unstable to wind-driven cross-field instability [Kelley et al., 1981; Tsunoda, 1983].

Previous investigations have indicated that the LSWS can originate much before the F region sunset time
[Thampi et al., 2009; Tsunoda et al., 2011]. Thus, its detection was also made much before the onset of the
ESF. Average vertical plasma drift (V) in the early onset cases was slightly greater than that in the late
onset cases, in the 18-191IST periods itself (as shown in Figure 3). Thus, the observations presented in this
manuscript are in compliance with those reported earlier. Also, Tulasi Ram et al. [2012, 2014a] have shown
that the LSWS can be observed spatially a few degrees west of the E and F region sunset terminators (i.e., before
the E and F region sunset times).

Several investigations have revealed that plasma bubble could also be of evolutionary type appearing around
midnight [e.g., Huang et al., 2010; Nishioka et al., 2012]. However, such observations have been found to occur
during the summer months (June, July, and August) of low to moderate solar activity periods. Also, the
midnight spread F is often preceded by F layer height rise. In this manuscript, only the equinox period
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Figure 5. (a—c) The h'F recorded by Thumba ionosonde corresponding to the days discussed in Figure 3.

(February, March, and April) observations have been considered. During the equinox period, plasma bubbles
are known to be generated at the time of the F layer attaining the peak height, when the ionosphere is most
unstable under the RT instability. This is based on an assumption that the RT instability maximizes with

the intensification of the zonal electric field associated with the prereversal enhancement. However, this
assumption is likely to fail if the genesis of the EPB happens after the electric field reversal from eastward to
westward. In such a scenario, locally generated fresh EPB will also be observed with a significant delay with
respect to the peak h'F time. Results presented in this manuscript are indeed consistent with irregularities
generated to the west and then drifting into the field of view of the Sriharikota ionosonde, but this cannot
be proven for all cases considering the experimental limitations. This assumption can be verified using
simultaneous Airglow imager and ionosonde observations as the longitudinal origin of the EPB can be
exactly determined using the airglow imager, while ionosonde can be utilized to measure the F layer height.

Another important aspect related with the early manifestation of the LSWS is the appearance of the satellite
traces in the ionograms. Timings of the appearance of satellite traces in the ionograms, in the two cases,
have been indicated in Table 2. One can note that, while satellite trace was not seen only on one night in the
first category, it was observed only on two nights corresponding to the third category. Lesser appearance
of satellite traces in the third category also gives some indication that the corrugations in the F layer
responsible for satellite traces were not located overhead (within the field of view of the ionosonde). It gives
an impression that in the third category cases it was the trough of the large-scale wave that was located
over Sriharikota, while in the first category the soundings were made of a region located in the vicinity of the
crest of the large-scale wave.

Observations corresponding to 18 non-ESF nights have also been presented in Figure 4. The F layer height
rise in non-ESF cases (Figure 4a) has some resemblance with the late spread F onset cases (Figure 3e). Five

of the non-ESF cases have the peak h'F comparable to or larger than the average peak h'F of late spread

F onset cases. This implies that, while the F layer height plays the most dominant role in the EPB genesis, it
alone does not determine the occurrence of the EPB. Might be, in the five non-ESF cases with significant

F layer height rise, bottomside sinusoidal zonal plasma density variation capable of seeding the RT instability
was absent. Thus, the seeding is likely to be as important a factor as the F layer height. Recently, Li et al. [2012]
have indicated that the seed perturbation alone is not the sufficient criterion for the ESF to occur, as the

F layer height rise plays a dominant role. Thus, the results presented in this manuscript are in good accordance
with Li et al. [2012]. Occurrence of the EPB is likely to depend on more than one parameter, including the F layer
height, seed perturbation, and the LSWS.

4.1. F Layer Height Migration Over Thumba

Spatial observation of F layer height rise can play an important role in resolving the spatial LSWS features.
However, it will be limited by the spatial separation between the observing stations and the scale size of the
LSWS. Thumba (8.53°N, 76.87°E) is an equatorial (magnetic equator) station in India and is located ~360 km
west of Sriharikota and houses a digital ionosonde. Although there exists a latitudinal difference of ~7°
between Sriharikota and Thumba, simultaneous ionosonde observations from these locations can still be
used to observe the longitudinal differences in the postsunset height rise of F layer. Thus, to study the
longitudinal feature of the F layer height rise, the height migration of the F layer over Thumba (based on
Thumba ionosonde observations) has been examined for the cases discussed in Figure 3. Figure 5 shows the
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h'F observed over Thumba corresponding to the nights discussed in Figure 3. Figure 5a shows the h'F over
Thumba corresponding to the early onset cases discussed in Figure 3a; h'F over Thumba corresponding to the
moderately delayed spread F cases discussed in Figure 3b has been indicated in Figure 5b. The h'F over
Thumba corresponding to the late spread F cases discussed in Figure 3c is shown in Figure 5c. Two of the
important aspects of the Thumba observations are as follows: (1) spread F onset in all the three categories
occurred mostly at the time of F layer attaining the peak height and (2) the relative magnitude of F layer
height rise in the three categories differed from that in Figure 3. As far as the onset time of ESF is concerned,
ionosonde located at magnetic equator is more likely to observe the bottom type spread F prior to the
occurrence of topside spread F (which may not be the case with the low-latitude observation). Coming to
the F layer height rise over Thumba; unlike in Figure 3, where category 1 cases attained the maximum height,
in Figure 5, the maximum height was attained by the category 2 cases. The cases belonging to the third
category displayed the least average height rise over Thumba, as shown in Figure 5c. Thus, it gives us
some indication that in the first category cases, the crest (trough) of the large-scale wave was located in the
vicinity of Sriharikota (Thumba) longitude, whereas in the second category cases, the trough (crest) of the
large-scale wave was located in the vicinity of Sriharikota (Thumba) longitude, as supported by the fact that
average height rise of Category 1 (Category 2) cases was maximum in Figure 3 (Figure 5).

Another important aspect is that the average peak h'F over Sriharikota, corresponding to the third category
(where the onset of the ESF over Sriharikota was delayed by more than 45 min with respect to the peak h'F
time), was ~50 km less than that corresponding to the first category (as can be seen in Figure 3), whereas over
Thumba, the average peak h'F difference between the first and the third categories was just ~10 km (as can
be seen in Figure 5). Possibly, in the third category cases, the zonal separation of the crest and the trough of
the concerned large-scale wave was significantly larger than the zonal separation between Thumba and
Sriharikota (i.e., 360 km). This possibility is further corroborated by the fact that spread F onset over Sriharikota
in the third category happened after a larger delay with respect to the peak h'F time than that in the second
category. This is just one possibility, which cannot be verified by just two zonally separated ionosondes.
Continuous observations using three or more zonally separated ionosondes will be required to derive the exact
structure of the LSWS; however, such a network of ionosonde does not exist. Nonetheless, the difference in
the Sriharikota and Thumba h'F observations, corresponding to the three different categories, still indicates that
the height rise of the F layer was not zonally uniform. This in turn gives some indications of the presence of
large-scale wave.

5. Summary and Concluding Remarks

The time of F layer attaining the peak height (peak h'F), the onset time of spread F and its relation with

the peak h'F have been investigated using the Sriharikota ionosonde observations of 15 February 2004 to
2 April 2004 (48 days) period. The distribution of peak h'F time and spread F onset time differed significantly,
indicating that the time of spread F onset in many cases differed from the time of F layer attaining the peak
height. Average peak h'F in the early spread F onset cases was found to be ~50 km, more than that in the
late spread F onset cases. This can be explained if a standing large-scale wave structure is assumed to exist in
the bottomside of F layer. However, the exact magnitude of the large-scale wave on a particular evening
can only be inferred using the zonal measurement of F layer height. Other popular techniques like satellite
traces, multireflected echo traces, scanning airglow photometers, and total electron content measurements
using C/NOFS (Communication and Navigation Outages forecasting system) can also be used to monitor
the presence of large-scale waves. However, these techniques provide an integrated picture and scarcely
reveal the precise structure of the large-scale waves in terms of its amplitude and F layer height. Thus, the
continuous zonal measurement of F layer height will be required to infer the exact structure of the large-scale
wave (amplitude, phase, and height) and its impact on the stability of the evening F layer.
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