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We will like to appreciate the time and guidance of the anonymous reviewers whose suggestions have
been very helpful during the correction of this manuscript. We have noted all the issues raised and
made effort towards improving the clarity, language, length, presentation and other vital points
included in your remark. This has guided our decision to focus majorly on the observed irregularity
pattern during the equinoxes and hopefully improve on the clarity of the discussion. Hence, the
highlighted portion (yellow) which is related to the OLR results has been deleted. We hope that you
also consider this as an improvement to the manuscript and we will appreciate further suggestions on
improving the quality of this manuscript. Thanks

Referee 1

First about the title “Spread F occurrence features at different longitudinal regions during low and
moderate solar activity”. | think as the present manuscript describes only RSF so title should be more
specific.

a)Thanks for your suggestion. This will be corrected while revising the manuscript
In the line 17-18, “at different.....2013” the meaning is not clear here.

a)This have been changed to “during 2010 and 2013 which represents the low and moderate solar
activity periods respectively”

3. In lines 24-26, “The observed features .............. of occurrence”, please rephrase the sentence.

a) Changed to “The longitudinal distribution of the RSF occurrence features include the observed
difference in the onset time, duration and seasonal occurrence peak”.

4. Please put a space between the word “widespread” in line number 38.
(a) This has been corrected

5. Line 47-48: “The pre-reversal enhancement (PRE)............ in conjunction” the vertical drift velocity of
what and how it is related with PRE?

(a) This has been corrected

6. Line 50-52: please put some references in favor of the statement “The PRE......instability
mechanism”.

(a) Relevant references have been added as suggested

7. Line 54: replace “of the” with “in”.

8. Line 57: use “conditions” instead of “condition”

(a) Both comments (7) and (8) have been corrected as suggested

9. Line 58: whenever you are using the phrase “past studies” please include some suitable references.
(a)Thank you, some relevant references have been included.

10. Lines 59-61: “The complex........... low latitude region.” Please include the references Haldoupis et
al., (2003) and Miller (1997) a. Haldoupis C, Kelley MC, Hussey GC, Shalimov S. Role of unstable
sporadic-E layers in the generation of midlatitude spread F. Journal of Geophysical Research: Space
Physics. 2003 Dec;108(A12) b. Miller, C. A, Electrodynamics of midlatitude spread F 2.A new theory of
gravity wave electric fields, J. Geophys.Res., 102(A6), 11533-11538, 1997.



38

39
40

41
42
43

44

45

46
47

48

49

50

51
52
53
54

55

56

57

58
59

60

61
62
63
64

65
66
67
68
69
70
71
72

73
74

75

(a) Thanks for your suggestion.

11. Line 103-104: “the different.............. solar activity”, please mention which seasons you are using for
your manuscript, yearly mean of SSN or F(10.7) and the longitudinal range using for this study.

(a) “the different” have been changed to “equinox and solstice”, while the yearly mean of F(10.7) was
included for each year. However, the longitudes of the considered stations have been specified under
the methodology section.

12. Line 127: Please specify the longitude range.
(a) The longitudes have already been listed in Table 1. However, we have reframed the sentence.

13. In Table 1, please refer the short forms for all ionosonde stations that you used throughout the
manuscript.

(a) Thanks for your suggestion.
14. Line 135: please delete “echo” from the statement “the recorded.....SSF”
(a) Deleted

15. In the same sentence please some references of “Bowman” e.g., a. Bowman, G. G., (1960), A
relationship between “spread-F” and the height of the F2 ionospheric layer, Aust. J. Phys., 13, 69-72.
b. Bowman, G. G., (1998), Short-term delays (hours) of ionospheric spread F occurrence at a range of
latitudes, following geomagnetic activity, J. Geophys.Res., 103(A6), 11627-11634

a) The suggested references have been added
16. Line 139: please replace the word “height” by “altitude” and delete the words “echo” and “axis”.
(a) This have been corrected as suggested.

17. Line 141: “Hereafter, we.......RSF”, if you consider both RSF and SSF as RSF then why are you
mentioning SSF separately?

(@) We have rewritten the highlighted comment.

18. Line 151-153: “the data taken................... MSA period. Since ............ solar flux unit is similar,” Not
clear, are you consider both 2009 and 2010 data for LSA and 2011, 2013 data for MSA? Because mixing
of 2009 with 2010 data, also 2011 with 2013 data is not a scientific approach to analyze equatorial
ionosphere.

(a) Thanks. The data taken during Oct, 2009 (72.14 sfu) was only used to represent the RSF occurrence
at this region during the LSA period due to the low data availability during Oct, 2010 (81 sfu) at the
Jicamarca station. We assumed that there will be negligible difference between the background
ionospheric condition and subsequently the ionospheric parameters driving the spread F initiation at
this region during both years. We also observed that Maruyama et al.,(2009) made a similar
comparison between ionospheric parameters taken during two equinox seasons (Mar 2005 and Sept
2004) of different years but similar solar flux index (fig.2). Though we are open to corrections and will
to adjust the highlighted statement if considered necessary.

19. Line 162-164: “The seasonal variation of RSF........ MSA period”. Please mention the Figure numbers
where you have shown the histogram patterns.

a) This sentence have been deleted and the preceding sentence rewritten as

2
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“Figures 4 and 5 present the hourly distribution of the RSF occurrence percentage across the different
longitude sectors during the LSA period and the MSA period, which was averaged over each month
based on the available data at these stations.”

20. Line 165-167: “while................. months” please replace “start” by “starting”.
a) This and other related words have been corrected.

21. In the same sentence please mention that the statement you have made is that true for all
longitude sectors?

a) This is true and clearly shown in Figure 4 for all longitudes, except the significantly delayed starting
time observed at the KW)J station during the June solstice.

22. Line 172-175: “Li et al., (2011)............... LSA year.” Where is the highlighted result you have
mentioned? The irregularity development at the equatorial region normally initiated around the post-
sunset period over the magnetic equator and thereby transported along the magnetic field lines to
East ward directions. The post-midnight irregularities are not always the trail of post-sunset
irregularities but some fresh irregularity bubbles may develop during late evening hours depending
on the nighttime ionospheric effects. So please discuss the statement properly.

a) This statement was based on their Figure 4 and their description of the observed EFl occurrence in
the African sector during LSA (page 5, section 3.2). The following was included as you have suggested;

“The maximum RSF occurrence percentage was mostly observed before the midnight period (around
21:00 LT) during most seasons at each longitude. However, there are months which have a significantly
larger RSF occurrence percentage near the midnight than at 21:00 LT. This could be attributed to either
the irregularity onset delayed till pre-midnight period as a result of the ionospheric condition or
multiple days with irregularities originating from distant location drifting into the ionogram’s field of
view (Balan et al., 2018; Narayanan et al., 2014).”

23. Line 176-178: “Furthermore, the.......sunset time.” Where is the supporting information against
this statement? It can’t be concluded just from the histogram plots.

a) Su et al (2009) described the relationship between the delayed zonal drift reversal, peak vertical
plasma drift, the instability growth rate and the irregularity onset time at positive magnetic declination
longitudes. Their analysis supports our observation at the KW/ station during the June solstice. The
field aligned Pedersen conductivity term in the zonal drift velocity equation is considered a major
factor influencing the seasonal difference in the zonal drift reversal.

Furthermore, we made a comparison between the average altitudinal variation of the field aligned
Pedersen conductivity during the March equinox and October equinox using the TIEGCM model (figure
was not included in the manuscript).

24. Figure 4: Please mention in the x axis that the time is taken in Local Time (LT). Also mention the
years of observations in the caption.

a) That will be corrected
25. Line 185-186: “ILR station....recorded” 100% of what?

a) This has been changed to “all the stations except at the ILR station, where the RSF occurrence rate
was already ~100 % during the LSA.”
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26. Line 195-196: “irregularity onset......onset time,” where is the supporting information regarding
this statement?

a) Though supporting information was provided initially in the discussion section but we have included
more information as suggested and edited the initial discussion.

Su et al., (2009) analyzed the zonal drift reversal control of the vertical plasma drift, instability growth
rate and irreqularity onset in the 150° - 170° longitude range. The relatively small RSF occurrence
percentage as observed at this region during the J-solstice of the LSA could be attributed to the zonal
drift reversal effect and the weak background ionospheric condition in the region. The zonal drift
reversal delay was described as being strongly influenced and indirectly proportional to the field
aligned Pedersen conductivity. Hence, an expectedly larger density and a corresponding increase in the
field aligned Pedersen conductivity during the MSA will cause an earlier zonal drift reversal and larger
occurrence rate as shown in Figure 5.

27. Line 198-200: “The largest STBA......period”, where is the supporting information against this
statement?

a) We having rewritten this part and added supporting information as suggested.

28. Figure 5: Please mention in the x axis that the time is taken in Local Time (LT). Also mention the
years of observations in the caption.

a) Thanks, it will be corrected.

29. Line 210-215: “The observed pattern ........ D-solstice period.” How can you conclude that ESF
occurrence is independent of solar activity whereas solar activity is one of the major controlling agents
of equatorial ionosphere?

a) Thanks for your observation. That was actually a wrong attempt towards highlighting the probable
contribution of other factors to the solar flux dependence of RSF occurrence in the region during the
S-equinox. However, the statement has been deleted and the preceding statements edited in order
to achieve a better illustration of our observation.

30. Line 215: what do you mean by non-occurrence of RSF?
a) This has been changed to “absence of RSF occurrence”

31. Line 218: Please rephrase “anti-solar activity” with “inverse solar activity” throughout the overall
manuscript.

a) Thanks. This has been changed

32.Line 219: Please mention the location from where Su et al., (2007) have been described the inverse
solar activity effects of RSF events during the solstice seasons.

a) This has been changed to “The inverse correlation between the solar flux intensity and the RSF
occurrence have been observed at the low ESF longitudes from 230" to 10° and 90° to 260° during the
J-solstice and D-solstice respectively (Su et al., 2007)”

33. Line 226: occurrence percentage of what?
a) Thanks. Corrected to “RSF occurrence percentage”

34. Line 227-229: “The typical ..........ESF events.” Please provide some references in support of your
statement.
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a) We have added (Dao et al., 2017; Otsuka, 2018).
35. Figure 6: Please mention in the x axis that the time is taken in Local Time (LT).
a) This has been added

36. Line 243: PRE in the equatorial ionosphere normally occurs during sunset or before but not at
evening. So please correct the statement in line 243.

a) This has been corrected

37. Line 246-247: “In case Of ....cccvvvveenenne. MSA period.” Please mention the proper Figure number in
the statement.

a) The statement refers to Figure 7(a and b) and that has been included.

38. Line 252-255: “Such zonal........ sectors”, Please put some references.

a) Thanks for your suggestion, (Abdu, 2016; Vichare and Richmond, 2005) have been included.
39. Figure 7 (a and b): Please mention in the x axis that the time is taken in Local Time (LT).

a) That has been corrected

40. Line 285-288: This section is | think not necessary for the manuscript.

a) This section has been deleted as suggested

41. Line 314-316: “The equinoX .............. entirely.” Please provide some reference.

a) (Manju and Madhav Haridas, 2015; Tsunoda, 2010b) have been added to the sentence.

42. Line 327-329: “They associated ............. On the defined h'FC.” Please rephrase the sentence.

a) This sentence has been changed to “Manju and Madhav Haridas, (2015) explored the probable
relationship between the observed equinox asymmetry in the threshold height (h'F.), the ESF
occurrence percentage and the 0 /N, ratio.”

43. Line 348-351: “We assume ......ccccceceunee during both epoch.” The meaning of the statement is not
clear.

a) Thanks for your suggestion, this section has been changed to;

“This observation is likely due to the complementary role of the major factors influencing the plasma
instability growth and their variability with the solar flux intensity. The observed large RSF occurrence
percentage during the S-equinox of the LSA at this longitudes have been earlier related to the effect of
the contracted ionospheric density. However, the increase in the bottom-side density scale length during
the MSA (Lee, 2010) and this will cause an increase in the threshold PRE the irregularity occurrence
(Smith et al., 2016).”

44. Line 359: Please replace “longitudes” by “lonosonde stations”.
a) This has been corrected.
45. Figure 8: Please put it in result section instead of discussion.

a) This has been moved to result section as suggested
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46. Line 380-401: In my opinion this paragraph is more suitable to demonstrate Figure 8 in result than
discussion section.

a) Thanks for your suggestion, this has been moved to result section

47. Line 405-412: “The relationship ......as expressed as V .....” This portion is also not necessary in the
discussion section of the present manuscript.

a) This has been removed as suggested

48. Line 413-415: Please make sure the letter front size should be same throughout the whole body
of manuscript.

a) This has been corrected

49. Line 417: What is the significance of the dust particles with this study? If you want to keep the
statement described in line 417-418, please provide some reference and relate your study with the
dust particles.

a) Thanks for your suggestion, this has been removed
Referee 2
1. The authors are requested to highlight what is new in this work.

We have presented an extensive statistical analysis of the RSF occurrence across different longitude
sectors during the low and moderate solar activity period. Our results have highlighted and discussed
factors contributing to the relevant features observed at these longitudes during the solstice and
equinox months, which includes;

The longitudinal variation in the observed equinoctial asymmetry pattern and peak during both
epochs.

The anti-solar dependence of the RSF occurrence at the South American sector during the S-equinox
season.

This observation and other related analysis presented in our study further highlights the seasonal
variation of the ionospheric density as a major factor influencing the observed equinoctial asymmetry
in the RSF occurrence.

Apart from providing supporting result to the earlier theorectical analysis of the zonal drift reversal
effect to the reduced spread F occurrence percentage at the 150° — 170° longitude range during the
June solstice. Our result have also shown that similar asymmetric effect might also exist during the
equinoctial seasons of the low solar activity period. Where a significant onset delay and smaller
occurrence percentage was observed at the March equinox of the LSA and a corresponding equinoctial
asymmetry is observed in the monthly mean vertical plasma drift at this region.

Finally we also analyzed the probable role of the GW from tropospheric source on the observed
solstitial asymmetry in the spread F occurrence in the low declination angle longitude region. We have
attempted to demonstrate the complementary role of the gravity wave (GW) in the solstitial
asymmetry observed at the low declination angle region using OLR measurement as a proxy for the
seasonal distribution of the GW activities at each region. We assume your reservation about this
approach might be connected with the results from Su et al., (2014). However, a recent study have
attributed the poor correlation at some of the regions with the averaging of OLR value over a wide



227
228
229
230

231
232
233
234

235
236
237

238

239

240
241

242

243
244
245

246
247

248

249

250

251

252
253
254

255
256
257
258
259
260
261

262
263
264

longitude range (Li et al.,2016). Furthermore, our result showed that the suggested approach does
not increase the correlation coefficient at CPN. Hence, we have presented a brief analysis of the major
factors that could have contributed to the small ESF occurrence percentage at the CPN longitude in
spite of the large OLR frequency.

We believe that the presented result and analysis have summarized the prominent features related
to the seasonal variation of the irregularity initiation and occurrence across different longitudinal
regions. These could provide the relevant to improved empirical modeling of the RSF occurrence
distribution.

2. In Fig. 4, one can see high occurrence of Spread F at llorin in all seasons, which is clearly different
to the other longitudes. No clear discussion can be found in the text. To my point of view, this is a new
result and worth to discuss further.

a) Thanks, this has been included in the discussion.
Minor comments:

Pages 13, 15-21: There are several paragraphs with the length more than one page, which made
readers confused to understand. Concise description or to divide it in sub-paragraphs will be better.

a) Thanks for your observation. This has been corrected

In Fig 4, the authors showed occurrence rate at llorin during Low solar activity. But, in Fig 7, the authors
showed monthly averaged virtual height at llorin during Medium solar activity. Why they are different
period ?

a) Thanks. We will make the necessary correction to the figure caption (Figure 7b should represent
the LSA).

Page 18, line 360, “GW”: Gravity waves ?

a) Yes, this was shown in the statement where it first appears.
Referee 3

Major comments:

1. Why the authors consider 2013 as MSA? It is almost the solar maximum of the present solar cycle.
It should be HSA, right? For ionospheric studies the solar cycle has to be considered based on sunspot
numbers and 2013 may well be considered as maximum period.

a) Thanks for your observation. The year 2013 was considered as a MSA year based on the description
of the solar flux intervals as specified by past studies including Abdu et al.,2003; Wang et al., 2017.
Furthermore, the vertical plasma drift is the major controlling parameter in the study of ESF
occurrence and the solar flux dependence of this parameter is well understood (Abdu et al., 2010;
Oyekola et al., 2007). Thus, the focus is mainly the seasonal variation of the ESF pattern across the
considered solar flux interval. We will also like to refer to recent studies (Aswathy et al., 2018; Liet al.,
2016) where year 2013 was described as MSA in a similar analysis of ESF occurrence.

2. Equation 1 is confusing and probably wrongly typed. Proper explanation on how Figures 4 and 5 are
calculated has to be given. | wonder why the authors cannot simply take ‘(no. of 15 (or 10) min points
with RSF/total no. of 15 (or 10) min points for that local time)x100’ to get the occurrence percentage.
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a) We have deleted the statement which might have caused the confusion about the considered interval.
Hence, the highlighted statements have been changed to;

“Since the ESF events are very rare during the daytime, our investigation was limited to the time
interval between 18:00 — 06:00 LT. The ionograms were examined at an hour interval for the presence
of range spread F (RSF) or strong range spread F (SSF). Subsequently, the monthly mean of the RSF
occurrence percentage variation over the defined local time interval was then estimated using the
relation:

number of ionograms in each hour with RSF

hourly occurrence % = x 100 (1)~

total number of ionograms in an hour for that month

3. For March equinox, why the authors select April instead of March. Isn’t it more appropriate if they
select March, June, September and December? Anyhow, | believe the results may not vary
considerably between March and April. They may cross check and explain.

a) Thanks for your observation. We have compared the occurrence rate during the equinoctial months
of March and September with the presented results. We found out that the occurrence rate does not
vary significantly at these longitudes as you have assumed except during March at the Brazilian
station. Where an occurrence percentage of ~70% (88.9%) was observed instead of the ~35% (~70%)
recorded during April of the LSA (MSA). However, a similar equinoctial asymmetry pattern is still
highlighted in this region during but the difference observed during the MSA will mean the asymmetry
peak will occur at M-equinox. We will make the relevant changes to the FZA station.

4. Line 184 — 186. llorin data is unavailable during MSA. So this sentence is not appropriate and there
may be variations in local time of occurrences over llorin between MSA and LSA.

a) Though, the observed large RSF occurrence during LSA means a 50% increase can not be recorded
during MSA as stated but we believe the statement is actually unnecessary and it has been deleted.

5. Line 187 — 188. But from Figure 4, during LSA, September was higher than March over Fortaleza,
and also at Kwajalein.

a) Thanks for the observation, the statement has been rewritten as;

“Unlike the inconsistent longitudinal variation of the equinox asymmetry pattern observed during the
LSA period, the M-equinox has a significantly higher RSF occurrence percentage at the CPN, JIC and
KWI stations”

6. Figure 7. Check panels a and b. Are they interchanged? As per statistics llorin do not have data
during MSA but as per this plot, it does not have during LSA.

a) Thanks. We will make the necessary correction to the figure caption (Figure 7b should represent
the LSA).

7. Line 291 — 296. Not acceptable based on result. Figure 7 shows that there is no PRE over Kwajalein
except for S-equinox of MSA. How it can be an example for control of PRE?

a) Thanks for your suggestion. This section has been reviewed and edited to give an improved analysis
of our observation.

8. Line 296 — 301. The authors explain based on results of Su et al., (2009). However, with Figure 7 the
effect of PRE and associated PSSR can be directly compared and studied. Instead of such an approach



303
304

305

306

307
308
309

310

311

312

313
314

315
316
317
318
319
320
321

322

323

324
325
326
327
328

329

330
331
332
333
334
335
336

337
338

339

340
341

why the authors explain the previously reported results herein? May be previous observations can be
moved to the introduction.

a) This section have been edited based on your suggestion.
9. Figure 8. Is the dip equator for llorin correct in this Figure?

a) Thanks for your observation, the error was made while converting geographic lat. to geomagnetic
lat. using the wdc model (http://wdc.kugi.kyoto-u.ac.jp/cgi-bin/kp-cgi). We have changed it to the
quasi-dipole latitude (deg).

10. The text sizes in the Figure labels are small. Enlarge them so that they will be easy to read.
a) Thanks for the observation, this will be corrected
Minor comments:

11. Line 18. The authors mention 2009 or 2010 and 2011 or 2013. What do they mean? Is it like 2009
to 2010’ or ‘2009 and 2010°?

a) This have been corrected. The data taken during Oct, 2009 (72.14 sfu) was only used to represent
the RSF occurrence at this region during the LSA period due to the low data availability during Oct,
2010 (81 sfu) at the Jicamarca station. We assumed that there will be negligible difference between
the background ionospheric condition and subsequently the ionospheric parameters driving the
spread F initiation at this region during both years. The highlighted statement will be deleted and the
specific season and station where data was taken in the year 2009 will be indicated during the
manuscript review.

12. For all the locations, include quasi-dip latitudes also.
a) Thanks for your suggestion. This will be added

13. Lines 47 — 50. While PRE is an important parameter for spread F occurrence, recent works indicate
that lack of PRE do not preclude formation of spread F. Spread F forms without PRE as well. This need
to be discussed and the identification of late night spread F in many of the previous works have to be
cited. Some relavent references are Sastri, Ann. Geophys., 1999; Stoneback et al., JGR, 2011; Candido
et al,, JGR, 2011; Narayanan et al., EPS, 2014.

a) Thanks for your suggestion. We have included the following sentences;

“Though, recent studies (Candido et al., 2011; Narayanan et al., 2014, Stoneback et al., 2011) have
also analyzed the probable role of several other parameters involved in the plasma irregularity
initiation over the period characterized by weak background ionospheric condition. Observation of
large ESF occurrence rate during the low solar activity have been attributed to the modulation of the
post-sunset electrodynamics by the gravity wave induced perturbation electric field (Abdu et al., 2009;
Aveiro et al., 2009). While the neutral wind intensity and direction is a dominant factor in the observed
post-midnight ESF occurrence pattern (Dao et al., 2017; Sastri et al., 1994).”

14. Line 53 — 55. Distortion of HF signal quality does not affect GPS frequencies. During spread F times,
quite often the L band signals themselves get affected. Rewrite accordingly.

a) This has been changed to “...often distort the L-band signal, thereby causing...”.

15. Lines 57, 58, 417. Singular to plural: ‘ionopsheric conditions’, ‘deliberate efforts’, ‘charged
particles’.
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a) The suggested changes have been made accordingly

16. Lines 75 — 77. Initiation depends on seeding also. Though authors are aware of it as discussed in
later part of the paper, this statement needs to be rewritten.

a) Thanks, this has been corrected.

“Hence, the large vertical drift enhances the plasma instability triggered by the seed perturbation and
subsequently the R-T instability growth rate.”

17. Line 82. The references here are not complete. The first works where STBA hypothesis had
originated are not given. Give Maruyama and Matuura, 1984 and Tsunoda, 1985.

a) Thanks, we have added the suggested references

18. Line 83. Polarization field or PRE field?

a) It has been changed to “PRE”

19. Line 116. Remove initials of Dr. Galkin in the reference.
a) This has been edited

20. Figure 1 caption. What is shown is geographic latitude longitude map, while the captions claim
‘geomagnetic location’.

a) Thanks, this has been corrected.
21. Line 208 — 209. ‘..both stations..”. Which ones? Give the names.
a) The names (JIC and FZA) have been included

22.Line 214 - 215. But Figure 6(b) shows differences between MSA and LSA in S-equinox and D-solstice
period. Particularly during S-equinox. Justify or modify the statement.

a) This statement have been deleted and the preceding statement edited as;

“The observed inverse solar flux dependence pattern at the Brazilian longitude during the S-equinox
could be an effect of the solar flux dependence of the density scale length on the RSF occurrence
percentage during this season. While, the S-equinox and D-solstice seasons are considered to have a
very conducive ionospheric conditions for the generation of ESF at this longitude region during LSA.”

23. Give expansion of PSSR in first place of occurrence.

a) Thanks for the observation

24. Line 229. “..the generation of post-midnight ESF events’.

a) Thanks, “generation of’ have been added to the sentence.

25. In Figure captions either give full station names or give abbreviations, consistently.
a) This has been corrected to full station names

26. Line 252 — 255. How zonal wind affect the vertical plasma drift? Explain briefly.

a) Thanks for the correction, the “zonal wind” has been deleted from the sentence.

27. The explanation of terms L and gamma are missing in Equation 2.

10
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a) The equation has been deleted based on the suggestion of Referee 1

28. Line 332 — 334. Give references for the sentence ‘post-sunset vertical drift was established to have
a directly proportional relationship with the neutral density’.

a) References have been added.

29. Line 363. | disagree. There are indications that ITCZ may influence ESF activity. It is not established
yet. More research is required in this regard.

a) We sincerely appreciate your observation with regards to our analysis on the probable influence of
ITCZ on the seasonal distribution of ESF activities. We have attempted to demonstrate the
complementary role of the gravity wave (GW) in the solstitial asymmetry observed at the low
declination angle region using OLR measurement as a proxy for the seasonal distribution of the GW
activities at each region. We assume your reservation about this approach might be connected with
the results from Su et al., (2014). However, a recent study have attributed the poor correlation at
some of the regions with the averaging of OLR value over a wide longitude range (Li et al.,2016).
Furthermore, our result showed that the suggested approach does not increase the correlation
coefficient at CPN. Hence, we have presented a brief the major factors that could have contributed to
the small ESF occurrence percentage at the CPN longitude in spite of the large OLR frequency.

We agree with the opinion that more study is required to fully establish the relationship between the
occurrence of OLR measurement and the observed RSF, while we hope the suggested perspective in
this paper contributes to related discussion.

30. Line 368. Briefly explain GWBA hypothesis herein. In the course of discussion the authors mention
it, but some rearrangement is needed to make the flow of paper proper.

a) This section has been re-arranged and some part moved to the result section as suggested by
referee 1.

31. Figure 8. Explanation of how the plot is made have to be given. How many years of OLR data are
used?

a) Thanks and we have added more relevant information to the description of the plotted data.
32. Lines 436 — 443. The description is confusing. May consider rewriting more clearly.
a) This section have been rewritten as suggested

“The zonal variation of PRE is relatively small across the longitudinal range 90°E — 120°E and 160°E —
240°E, which encloses the CPN and KW/ stations respectively. The weak PRE at CPN results from the
large magnetic field strength and a small field line integrated conductivities at this longitude sector.
While, the zonal E field was shown to have the minimum value at the KWJ longitude region and
consequently the generally weak PSSR observed at these regions during the LSA (Figure 7b.). Under
such circumstance, the GW induced perturbation electric field might have negligible impact on the
instability growth across these longitudes in spite of the large OLR frequency. Hence, the negative
correlation observed between the OLR frequency and the RSF occurrence percentage at both sectors is
associated with the unfavourable background ionospheric condition for the plasma irreqgularity
growth.”
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Abstract

A comparative study of the equatorial spread F occurrence was conducted at different longitudes during
2009-er 2010 and 2641-er 2013 which represents the low (LSA) and moderate (MSA) solar activity
periods respectively. The ionogram data were recorded at low latitude stations including Jicamarca
(JIC; 75.76°W, 8.17°S), Peru; Fortaleza (FZA; 38.52°W, 3.73°S), Brazil; Ilorin (ILR; 7.55°E,
9.93°N), Nigeria; Chumphon (CPN; 88.46°E, 11°N), Thailand and Kwajalein (KWA; 167.73°E,
8.72°N), Marshal Island. The range type spread F (RSF) occurrence was manually recorded at an hour
interval between 18:00 — 06:00 LT and a monthly average of the RSF occurrence was estimated for

each of the seasons. The ebserved-longitudinal distribution features—ofthe of the-RSF occurrence

features ¢ s include the observed difference in the onset

time, duration and seasonal occurrence peak ef-eceurrence. The sienificant-observations—ineludethe
seasonal asymmetryie in the RSF occurrence distribution duringthe-equinoctial season-at-meost-of-the

respeet-to-the-sunset-terminator-magnetic field-alisnmentwas analyzed in relation with the zonal drift

reversal’s effect on the plasma irregularity initiation. We believe that the inconsistent equinoctial

asymmetry pattern in the RSF occurrence is modulated by the seasonal/longitudinal variation of the

zonal drift reversal delay during both solar epochs. Likewise, the seeding effect and the background
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ionospheric condition were also considered as the major factors influencing the frequency of irregularity

generation at these regions.Fhe ineonsistent-pattern-of-the RSFE-occurrence—percentage-and-thepost-

Keywords: Equatorial Spread F; Vertical plasma drift; R-T instability; ©=Rzonal drift, EEJ.

1. Introduction
The equatorial spread F (ESF) is a nighttime phenomenon that describes the observed ionospheric F
layer electron density irregularity within the equatorial or low latitude region and it is usually depicted
as the wide spread of the echo trace on the ionogram measurement (Booker and Wells, 1938; Bowman,
1990). This echo spread along the frequency band or height range is due to the scattered signal reflection
from the multiple paths caused by the irregular ionospheric plasma density profile. The scale size of
these plasma irregularities ranges between a few centimeters and hundreds of kilometer (Basu et al.,
1978; De Paula et al., 2010). The ESF is usually initiated after the local sunset due to the rapid rise of
the F layer and this generates a steep bottom-side plasma density gradient as a result of the abrupt
reduction of the E region ionization level. The Raleigh-Taylor (R-T) instability excited in the bottom-
side is considered as the mechanism responsible for the initiation and non-linear growth of the plasma

depletion (Woodman and La Hoz, 1976). The vertical plasma drift near the local post-sunset driven by

the pre-reversal enhancement (PRE) of the zonal electric field vertical-drift-veloeityresponsibleforthe
uplift-efthe Flayerin-conjunction-with-the R-Tinstability mechanism-is recognized as the basie-drivers

major factor controlling the ESF morphology across the different seasons and longitudes (Abdu, 2001;
Dabas et al., 2003; Lee et al., 2005). The PRE rapidly elevates the ionosphere into a higher altitude
region, where the collision frequency is lower and more conducive for further plasma depletion growth
by the R-T instability mechanism_(Fejer et al., 1999; Woodman and La Hoz, 1976). Though, recent

studies (Candido et al., 2011; Narayanan et al., 2014; Stoneback et al., 2011)_have also analyzed the

probable role of several other parameters involved in the plasma irregularity initiation over the period

characterized by weak background ionospheric condition. Observation of large ESF occurrence rate
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during the low solar activity have been attributed to the modulation of the post-sunset electrodynamics

by the gravity wave (GW) induced perturbation electric field (Abdu et al., 2009; Aveiro et al., 2009).

While the neutral wind intensity and direction is a dominant factor in the observed post-midnight ESF

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

The plasma irregularity occurrence around the equatorial/low latitude region eauses—often distortion
distorts ef-the L-band HE-signal-guality, thereby indueine—causing a poor performance of the
communication or navigation systems such as the Global Positioning System (GPS) (Seifetal-2015).
Therefore, it is important to understand the role of the different precursory factors influencing the spread
F morphology under varying ionospheric conditions. This complex phenomenon has been explored
widely by past studies_(Su et al., 2009; Tsunoda, 2010a; Vichare and Richmond, 2005) and there are
presently deliberate efforts to improve the prediction accuracy of spread F occurrence distribution

pattern across the different regions.

The complex interaction between the E and F region dynamo system in the presence of conductivities
and the magnetic field are responsible for the different electrodynamic phenomenon at the low latitude
region (Haldoupis et al., 2003; Miller, 1997). During the daytime, the F region divergent current causes
an accumulation of the downward polarization electric field at the bottom-side of the region. On the
other hand, the E region polarized electric field concurrently drives a closure current mapped along the
magnetic field line into the F region that diminishes the F region vertical current (Abdu et al., 1981;
Eccles et al., 2015; Heelis, 2004). The field line integrated Pedersen conductivity shorts out the F region
dynamo electric field and significantly reduces the zonal plasma drift due to the high E region
conductance during the daytime. However, the decay and the consequent reduction of the E region
conductance during the nighttime causes a significant increase in the field-aligned Pedersen
conductivity ratio. This generates a large vertical current by the F region dynamo and the resulting
downward electric field drives the plasma in the direction of the neutral wind. Thus, the F layer dynamo
electric field created by the divergence current dominates near the sunset period and this induces the
eastward plasma motion in the F region at an E x B velocity. The PRE vertical plasma drift is associated

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

in the increased steepness of the bottom-side plasma density gradient. Hence, the large vertical drift

enhances the plasma instability triggered by the seed perturbation and subsequently the initialization-of

the-R-T instability_growth rate. On the other hand, a prolonged eastward equatorial electrojet (EEJ)

could cause a reduced field aligned conductivity gradient due to the small vertical current driven by the

post-sunset conjugate E region. Thus, the resulting zonal electric field accumulation at the F layer base

can only generates a relatively small PRE vertical drift. This ionospheric electrodynamics effect also

vield a zonal drift reversal delay which have also been shown as a strong factor influencing the

instability growth rate (Su et al., 2009).

The seasonal/longitudinal distribution of the ESF occurrence rate is dependent on the declination angle
of the magnetic field. The longitudinal gradient of the field-aligned Pedersen conductivity becomes
steepest when the sunset terminator is well aligned with the local magnetic flux tube, thereby resulting
in a simultaneous relative sunset time at the magnetic conjugate E regions that are coupled to the F
region (Abdu et al., 1992; Maruyama and Matuura, 1984; Tsunoda, 1985; Tsunoda et al., 2015). Hence,
the PRE of the eastward pelarization—electric field is maximum at such longitude and likewise the
elevation of the F layer altitude near sunset. The base of the F region gets lifted to greater heights
making it conducive for the plasma instability growth. Therefore, the longitudinal variation in the
seasonal distribution of the ESF occurrence rate is associated with the variation of the solar terminator-
magnetic field alignment (STBA) and their distinct local sunset time equatorial electric field system.
Due to the near-zero sunset time lag between the conjugate E regions during the equinox period, there
is usually a good alignment. On the other hand, the solstice months have been shown in several studies
(Hoang et al., 2010; Su et al., 2008) to have good (bad) alignments during June solstice (December
solstice) at longitudes of positive (negative) magnetic declination. The seasonal/longitudinal
distribution of the equatorial plasma irregularity has been extensively reported to be strongly correlated
with the seasonal variation of the STBA (Abdu et al., 1981; Li et al., 2008; Su et al., 2008). However,

a recent study described the significant ESF occurrence during the solstice seasons at the West African
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and Central Pacific region to be inconsistent with the defined theory of the declination angle influence
on the spread F longitudinal distribution (Tsunoda et al., 2015). Likewise, Huang, (2017) reported an
anti-correlation between the vertical plasma drift and the small amplitude irregularity during the
moderate solar activity period. These discrepancies are considered noteworthy for an improved
understanding of the features of global plasma irregularity distribution as influenced by different

background atmospheric conditionss.

The main focus of this study is to examine the salient features of the spread F local time distribution

patterns_at these longitude sectors during the equinox and solsticedifferent-seasons of the low (2010:

80sfu) and moderate (2013: 122.7sfu) solar activity period—at—the—differenttongitude—seetors.

Furthermore, the role of the zonal drift reversal time was investigated in relation to the observed

asymmetry during the equinox and solstice seasons. Though the asymmetry pattern during the

equinoxes is vet to be well defined and it varies across the longitudes during both solar epochs. This

analysis tended to understand the major phenomenon responsible for the equinoctial asymmetry of the

ESF occurrence at each region. Thus, the pessible-probable competing role of the vertical plasma drift,

virtual height and the seed perturbation were considered in_the analysis of the observed spread F

distribution at these forthe-considered-longitude sectors-will-be-diseussed.

2. Data and methods

The ESF events were recorded at the equatorial stations situated at different longitudes (Jicamarca (JIC)
station, Peru; Fortaleza (FZA) station, Brazil; Ilorin (ILR) station, Nigeria; Chumphon (CPN) station,
Thailand and Kwajalein (KWJ) station, Marshal Island), as shown in Table 1. The table lists the
geographic coordinates and the sunset time at each of the stations selected for the study of the spread F
irregularity distribution. These are stations within the Southeast Asia low-latitude ionospheric network
(SEALION) and Global Ionospheric Radio Observatory (GIRO) network as indicated in Fig.ure 1. The
observation data were taken using the digital ionosonde (DP-S 4 digisonde) and analogue type FMCW
(frequency modulated continuous wave) (Maruyama et al., 2008; Reinisch and +—A—Galkin, 2011).
Since the ESF events are very rare during the daytime, our investigation is-was limited to the time
interval between 18:00 — 06:00 LT. Theush-the-tonograms-wererecorded-at-ditferentintervalsateach
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the Fortalezastation-which-wassetat H0-mininterval—Eaeh The ionograms is-were examined at an hour

interval for the presence of range spread F (RSF) or strong range spread F (SSF) accerdingto-the defined
interval. Subsequently, the heurl=monthly mean wariation-of the RSF occurrence percentage variation

over the defined local time interval was then estimated using the relation:

number of ionograms in each hour with ERSF in-the-howr
total number of ionograms in an hour everfor thate month

hourly occurrence % = x 100 (1)

Only the quiet days (Xk, < 24) were considered for each month representing the different seasons
during the low (F107A < 100 sfu) and moderate (F107A < 150 sfu) solar activity period (Wang et al.,
2017). The seasonal variation of the ESF events across-the-differentlonsitudes was analyzed according

to the available data at each of the ionosonde stations listed in Table 1. Thus, the data taken from

ApriMarch, June, September and December months of 2010 (2013) represents the March equinox,

June solstice, September equinox and December solstice of LSA (MSA) respectively.

Table 1: Description of the stations’ geographic location and their local sunset time range.

Station Longitude Latitude Dip Declination Sunset time
(degree) (degree) Latitude angle (LT)

Jicamarca -75.76 -8.17 3.75 -3.24 18:45-19:15
JIc)

Fortaleza -38.52 -3.73 -6.89 -20.11 18:30 — 18:45
FZA

Horin 4.5 8.53 -4.27 -1.69 18:00 — 19:00
(LR)

Chumphon 99.37 11 3.76 -1.46 19:30 -20:15
CPN

Kwajalein 167.73 8.72 3.62 7.62 19:30 - 20:15
KWJ
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Figure 1: The geemasnetie-geographic location of the ionosonde stations and their corresponding
observatory network shown by the red (GIRO) or blue (SEALION) marker.

The recorded ionogram eche-spread-signatures are usually divided into frequency spread F (FSF), mixed
spread F (MSF), range spread F (RSF) and strong range spread F (SSF) (Shi et al., 2011). However,
this study considers only the RSF and SSF type during the manual observation of the plasma
irregularities across these longitudes. The RSF signature represents the instance of the main F layer

trace eche-spreading mainly along the heightaxisaltitude as shown in Figure 2, s#hile-and the SSF which

is described as a type of RSF has its with—the F-layer-main trace eche—significanthy—extending

significantly beyond the local foF2 (Bowman, G. G., 1960; Bowman, 1998). Hereafter, we will refer to

beth-types-of spread-F-as RSFE—while-the March, June, September and December seasons regarded-as

M-equinox, J-solstice, S-equinox and D-solstice respectively.
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Figure 2: Sample of the RSF (left) and SSF (right) recorded using the DPS-4 digisonde at the

Jicamarca station.

The monthly average of the scaled virtual height was taken as a representation of the seasonal variation
of the near sunset vertical plasma drift recorded at each of the ionosonde stations. The seasonal variation
of the virtual height taken during the low solar activity (LSA) and moderate solar activity (MSA) period
was then analyzed in correspondence to the RSF occurrence distribution. Based on data availability

across the considered stations as shown in Figure 3, the data taken during the year of 2069-6+2010

represents the LSA period while the year of 204} 62013 is-takenferrepresents the MSA period. Sinee

(a) LSA (b)MSA

100% 100%

80% 80%
E i m Mar E L m Mar
E 0% HJun % 0% B lun
% Sept g Sept
a a

20% N Dec 20% m Dec

0% 0%

e FZA ILR CPN KWI Jic FZA ILR CPN KWI
Stations Stations

(a) LsA (b)MSA
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£ i
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JIC FZA ILR CPN KWIJ JIC FZA ILR CPN KWIJ
Stations Stations

Figure 3: The ionogram data availability at the Jicamarca, Fortaleza, Ilorin, Chumphon and Kwajalein

stations during the (a) LSA and (b) MSA period.

3. Results

Figures 4 and 5 present the nighttime-hourly variatien-distribution of the menthly-mean-ofthe-RSF

occurrence percentage across the different longitudes during the LSA period and the MSA period,
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which were averaged over each month based on the available data at these different-stations. The

sunset-time-across-the-differentlongitudes-as-showninTable+-The monthly average-ofthemean RSF

occurrence percentage is-was higher at all the considered longitudes during the equinox months than
the solstice months of the LSA year. The percentage of RSF occurrence percentage and duration is

highest at the ILR station for all the seasons, while the average-lowest-minimum monthly mean RSF

occurrence percentage was recorded at the €PN-K'WJ station. Generally, the average duration of the

post-sunset plasma irregularity in Fig. 4. varies across these longitude sectors, while the starting time

of the spread F during the equinox and D-solstice months varies mostly between 18:00 and 20:00 LT.

The observed onset time variation of the RSF occurrence corresponds with the varying sunset time

across the different longitudes as shown in Table 1, except cases with significant delay. Hetal20HH

during the pest-sunset-pertod-Figure 4 shows that the maximum RSF occurrence percentage was mostly

observed before the midnight period (around 21:00 LT) during most seasons at each longitude.

However, there are months which have a significantly larger RSF occurrence percentage near the

midnight than at 21:00 LT. This could be attributed to either the irregularity onset delayed till pre-

midnight period as a result of the ionospheric condition or multiple days with irregularities drifting from

distant location into the ionogram’s field of view (Balan et al., 2018; Narayanan et al., 2014). is-also

Another important te—highlightobservation was the significantby—high—large probabiity—efRSF

occurrence percentage of ~70 % -at-the ILR and but relatively smaller occurrence rate of ~30 % at KWJ

stations during the J-solstice month-of the LSA year. Unlike-While the-otherlongituderegions-where

the RSF occurrence percentage iwas below 10% at the other longitude regionseuring-this-period. The

large RSF occurrence percentage recorded at the ILR stations was contrary to the expected longitudinal
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distribution based on the defined low and high ESF longitude range during the J-solstice (Su et al.,

~Likewise, the other relevant observations across

the different longitudes during the J-solstice, such as the significantly delayed irregularity onset at KWJ

will be further discussed in a later section.
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Figure 4: Occurrence rate of RSF during LSA period at the (a) Jicamarca (b) Fortaleza (c) Ilorin (d)

Chumphon and (e) Kwajalein stations.

Figure 5; shows that there was more-thanabove 530% increase in the RSF occurrence percentage across

all the stations during the M-equinox menths-of the MSA period-aeross-altl-the-stations. exeeptatthe

—The spread F equinox asymmetry

was very visible in all the regions except at the FZA station.- where Fthe hourly peak of the RSF

occurrence percentage hourbypeak-was approximately the-sameequal at both equinox seasons.-at-the

EZA-statien. Unlike the equinoctialx asymmetry-pattern, ebserved-during the LSA which showed an
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inconsistent longitudinal variation period; the M-equinox has a significantly highlarger RSF occurrence

percentage at the CPN, JIC and KW/ stations_during the MSA. On the other hand, Fig.ures 4 and 5;

show the-a similarity solstice asymmetry between-in the observed RSF occurrence percentage -during

the-selstice-menths-of both solar epochs. The RSF occurrence percentage during the J-solstice of the
MSA period was lesser than or ~10 % at all the stations except at the KW]J station. Likevwise+There
was ~30 % increase in the recerded-RSF occurrence percentage at the KWJ station during J-solstice
and the irregularity onset time was also much earlier (immediately after the local sunset) than the LSA

onset time. {Su et al., (2009) have already established a relationship between the zonal drift reversal

time and the velocity drift amplitude, instability growth rate and irregularity onset in the 150° - 170°

longitude range. Hence, the delayed onset and the relatively small RSF occurrence percentage at this

region during the LSA will later be discussed further in relation to the zonal drift reversal effect and the

weak backeround ionospheric condition in the region.

a=The largest

STBA-is-eobserved-at-the-negative declination angle region_was described as the high ESF longitude

during the D-solstice due to the strong magnetic flux tube-solar terminator alignment (Tsunoda, 1985).;

Furthermore, the large declination angle in the Brazilian region causes a relatively simultaneous local

sunset at the conjugate E region and thereby driving a stronger eastward polarization electric field at

the equatorial F region (Abdu et al., 1981; Tsunoda, 2010a). eCorrespondingly the highest RSF

occurrence percentage peak was recorded at the FZA station for both the LSA (~85%) and MSA

(~100%) -period. The pre-midnight RSF occurrence percentage peak recorded ~15% increase at the

FZA and CPN stations during the D-solstice, while there was no RSF occurrence efRSE at the KWJ

station during the MSA period. The reduced RSF occurrence percentage at KWJ during D-solstice

correlates with the described anti-solar spread F occurrence pattern at the low ESF longitudes during

the solstices (Su et al., 2007).
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Figure 5: Occurrence rate of RSF during the MSA period at the (a) Jicamarca (b) Fortaleza (d)

Chumphon and (e) Kwajalein stations.

Figures 6(a-d) shows a comparison ef-between the ESE-RSF occurrence percentages during the MSA
and LSA at each of the four stations with sufficient data. There was a significant difference between
the spread F occurrence percentage during the LSA and MSA period across all seasons at most of the
stations except at the JIC and FZA stations. The ESE-RSF occurrence percentage at both stations were

varies inversely related—towith the solar flux index during S-equinox, while-and approximately the

samecqual percentage was recorded during the D-solstice of both solar epochs. The observed negative

solar flux dependence pattern in-the-oceurrencerate-at these Brazilian-longitudes during the S-equinox

might-could be attributed to the faetthatthegrowing effect of the density scale length on the average

ESE-eccurrencepereentage irregularity growth in—thisregion—during this season as the solar flux

increasesis-typieathyhish(Suet-al2007). FurthermoreHence, the S-equinox and D-solstice seasons

offer-were described as having a more conducive ionosphericthe-meostfavourable conditions for the

generation of ESE-RSF at this longitude region during L. SA. Heneethe ESE oceurrence percentageas
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anti-selaraetivityaligament-of [he inverse correlation between the solar flux intensity and the RSF

occurrence during-theselstice-seasens-have been diseussed-observed at the low ESF longitudes from

230° to 10° and 90° to 260° during the J-solstice and D-solstice respectivelyby (Su et al., 2007)Su-et-al;

2067)-and attributed to the neutral wind effect. Their result was corroborated by the diverging neutral
meridional wind pattern observed during the J-solstice #-at this longitude and the expected effect

influenee-of the increased meridional wind on the irregularity growth suppression during the MSA. The

peak ERSF occurrence percentage at most of the longitudes during the LSA is usually around the
midnight period while in-the-ease-efthe MSA; the peak is closer to the local sunset time during MSA.

However, thorough eensiderobservation of the ebserved—ERSF occurrence features duringLSA-as

shown in Fig.ures 6(a-b) indicated that the near sunset peak and the rapid increase of the RSE occurrence

percentage were more consistent with-for the seasons hawving-with an expectedly significant post-sunset

rise (PSSR)-ratherthan-theselarfluxindex. The typical plasma irregularities formed around the sunset
period are dominated by the PRE dynamics, while some other mechanisms may play a substantial role

in the generation of the post-midnight ESF events (Dao et al., 2017; Otsuka, 2018).
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705  Figure 6: The percentage of ESF occurrence during the LSA and MSA period for (a) H<-Jicamarca (b)
706  EZAFortaleza (¢) Chumphon€PN and (d) Kwajaleink-WJ stations.

707  Figures 7(a-b)-&b)- show the local time variation of the monthly mean virtual height (%'F) during the
708 LSA and MSA period across the five longitude regions considered in this study. Likewise, the
709  corresponding annual variation of the sunset time lag was also presented in Fig.u+e 7(c). This represents
710 the difference between the local sunset times at the foot-points of the conjugate E region that connects
711  with the F layer base. The longitudinal variation pattern of the PSSR is consistent with the earlier

712 numerical simulation by Vichare and Richmond, (2005), which observed that the longitudinal PRE
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variation have its peak between 290° E and 30° E longitude region. The observed —pest-sunset
risePSSR of the A'F (representing the eveningpre-reversal enhancement (PRE) of the vertical plasma

drift near the local sunset) is generally higher during the equinoctial and D-solstice months of MSA

than the corresponding seasons of the LSA period. In the case of J-solstice months, the near sunset

enhancement of the vertical plasma drift as shown in Figure 7(a-b) was almost absent during both ESA

and-MSA-—periodsolar epochs. Though based on eurthe comparison with the annual sunset time lag
variation for each of the regions as shown in Fig.ure 7(c) , the PRE magnitude was expected to be larger
at the KWJ station than the other regions. However, the relatively large magnetic field strength in the
Asian (CPN) and Central Pacific (KWJ) region is-guite-targe-(Su et al., 2009; Vichare and Richmond,
2005)-and-this was—responsibleforcauses the weak PRE mostly observed in this regions during both
MSA-—and-ESA-periedsolar epochs. Such zonal variation of the different-factors including the zenal

wind;—eastward electric field, field-aligned Pedersen conductivity and magnetic field strength

contributes to the resultant zonal variation of the vertical plasma d+#tamplitude (Abdu, 2016; Vichare

and Richmond, 2005)-acress-the longitudeseetors, Our

The eomparison-of-the-sunset time lag was inconsistent with the correspending PSSR-of the-4F also
highlichts-an-ineeonsistent-patternin-the ferm-ef-observed solstice asymmetry in the PSSR at the low

declination angle regions. Simile

strong-magnetie-field-intensity-on-the post-sunset PRE-vertieal-drift-The equatorial electrojet (EEJ) was

has been identified as a likely controlling factor in the seasonal variation of the near local sunset PSSR;

deseribe-the-observation (Abdu et al., 1981 TFsunoda—etal;2645). The effect of the post-sunset EEJ

presence effeetis-as-a-result efrom the strong dependence of the PSSR on the longitudinal gradient of
the Pedersen conductivity. Hence, a seasonal modulation of the EEJ strength by tidal winds from the

lower atmosphere will contribute to the PRE. Apart from slow decay of EEJ due to the prolonged sunset

duration between the conjugate E regions, the seasonal ionospheric density variation could also

influence the field-aligned current and the changes in the zonal drift reversal. Similarly; Su et al., (2009)
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highlighted the influence of the prolonged eastward EEJ on the zonal drift reversal during J-solstice.-
Wwhich is expectedly to-be accompanied by a weak vertical plasma drift in the F region. On the other

hand, an equinoctial asymmetry in the PSSR was also prominent during the MSA at all the regions

except the KW/ station, where the weak E/B generally reduces the post-sunset PRE vertical drift. The

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

both equinoxes as the solar flux increases (Manju and Madhav Haridas, 2015).
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Figure 7: Monthly average of the virtual height during (a) MSA, (b) LSA and (c) The estimated sunset

time lag between the geomagnetic conjugate points for each of the longitude sectors.

There has been an extensive discussion on the geometry and coupling of the upward propagating GW

considered most suitable for the ESF initiation (Krall et al., 2013a; Tsunoda, 2010b, 2010c). The

seeding of plasma irregularity is expected to occur when the phase front of the GW becomes aligned

-

with the magnetic field line (B). This alignment condition is considered possible, only if the convective
active regions are located close to the magnetic dip equator (Tsunoda, 2010a). The geographic map of

the OLR measurement provides the longitudinal distribution of the deep convective activity (Gu and

Zhang, 2002: Waliser and Gautier, 1993). The seasonal variation of the GW occurrence across the

different regions will then be analyzed using the interpolated OLR data that are available from the

National Oceanic and Atmospheric Administration NOAA website

(http://www.esrl.noaa.gov/psd/data/gridded/data.interp OLR.html). Which will be compared with the

observed seasonal variation of the ESF occurrence percentage across these regions.Figure 8. shows the

variation of the monthly averaged OLR distribution across the five stations. The interpolated OLR data

taken during 2010 (LSA) by NOAA18 are used. With the measurement taken over 10 degrees

longitudinal range which brackets the location of the ionosonde station and + 20 degrees at both sides

of the dip equator (white line). The defined threshold OLR strength used to distinguish regions of

convective and non-convective activity was 200 W/m? in each bin per day (Gu and Zhang, 2002). The

frequency of the OLR occurrences represents the frequency of the GW occurrences in each month. In

the JIC and FZA longitude regions-where
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noticed that the GW_occurrence peak during the J-solstice is located farther from the dip equator

compared to the D-solstice. The observed pattern of the monthly GW distribution displayed a tendency

to produce a solstitial asymmetry in the expected seeding effect on the ESF occurrence. On the other

hand, an average OLR occurrence frequency was observed close to the dip equator from Janua

to November at the KWJ longitude. While throughout the year, a varying degree of large OLR

occurrence was observed around the dip equator at the [L.LR and CPN longitudes. A comparison between

the OLR occurrence frequency and the RSF occurrence percentage (Figure 4) shows a strong agreement

at all the longitudes except the CPN station. Where the observed low RSF occurrence percentage

contradicts the laree OLR frequency around the dip equator in the region.
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Figure 8: Monthly distribution of the OLR occurrence frequency plotted as a function of the geographic

latitude (dip equator indicated by a white line) for each of the stations.

4. Discussion

A-eomparisenbetween-our L he observedation longitudinal variation of the spread F occurrence during

the different seasons of both solar epoch have shown a strong similarity —and—with the earlier

investigations-studies (Klinngam et al., 2015; Pezzopane et al., 2013; Pietrella et al., 2017; Su et al.,

2007; Tsunoda et al., 2015)

. These previeus—studies have
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deployed different measurement techniques to establish a strong linear relationship between the
eastward electric field enhancement near the sunset and the seasonal/longitudinal distribution of the
spread F occurrence across the solar epoch (Fejer et al., 1999; Huang, 2018; Stolle et al., 2008; Whalen,

2002).

The PRE of the zonal electric field around the local sunset is+esponsible-for-the uplift ef-the F layer

into the altitudinal region suitable for the rapid plasma irregularity growth by the R-T instability

mechanism. Thus, PRE-the vertical drift amplitude was described as a-the dominant factor influencing

the difference in the observed features such as the onset time, occurrence rate or latitudinal extension

of the plasma irregularity across the various season or longitude.

However, other factors such as the zonal drift reversal could also make significant difference in the

post-sunset electrodynamics effect on the observed plasma irregularity features across different seasons.

AnFor example, efsuch-controlis-the ebserved-delayed (2 hours lag) in-the RSF ececurrenece-onset time

during the M-equinox and J-solstice of the LSA compared to the observed characteristics at KW J during

the corresponding seasons of the MSA period at-the KW J-statien-shown in Figures 4 and 5. This is

attributed to the delayed in-the-zonal drift reversal effect on the instability growth rate time-and-the

weakerzonal neutral-wind-magnitude-during the LSA (Su et al., 2009). The eastward reversal of the

zonal plasma drift in the upper ionosphere region causes a vertical shear motion and the initiation of the

irregularity growth (Kudeki and Bhattacharyya, 1999). As-a-result-ofthe reduetionin-thezonal-wind
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pattern-of the- two-solarepechs-Su et al., (2009) presented theia theoretical analysis ofi the zonal drift

reversal effect on the post-sunset dynamics at the F region base using the simulation result obtained at

the KW longitude during the J-solstice season. The zonal drift was expressed as;

E
Vp= —H-24 U¢+Z—;’Up—]—” (1)

Op B O'pB

Where op_and oy _represent the Pedersen and Hall conductivities respectively, B is the magnetic field.

E. U and J represent the electric field, neutral wind and current respectively, while p and ¢ _are the

components in the vertical and zonal direction. The average F region altitude near local sunset is above

200 km and Z—H tends toward nil in this altitude range, hence the first and third term in eq.1 are negligible.
P

The zonal drift reversal delay was described as being strongly influenced and indirectly proportional to

the flux tube integrated Pedersen conductivity. Hence, an expectedly denser ionosphere and a

corresponding increase in the Pedersen conductivity during the MSA will cause an earlier zonal drift

reversal and larger occurrence rate as shown in Figure 5. Likewise, the significant difference between

the irregularity onsets at both equinoxes could also be as a result of the seasonal variation of the zonal

drift reversal. This assumption is due to the disappearance of the RSF onset time delay at KWJ during

M-equinox of the MSA as shown in Figure 5. Thoughus, further investigation might be required to

eonfirm-ascertain thatwhether the same faeters-phenomenon was were-responsible for the sienificant

difference-between-the delayed onset time ebserved-during the M-equinox seasons of beth-selarepechs

sithethe LOA A2 —nbions—hormnnepee e ~Ontheother hand —the bich DU seorpeapes
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The equinox and solstice asymmetry observed in the ERSF occurrence percentage at all the longitude
regions during both solar epochs appears to be controlled by different mechanisms entirely (Manju and
Madhav Haridas, 2015; Tsunoda, 2010c). In the case of the equinox asymmetry, the occurrence
percentage is higher during the S-equinox at the JIC, FZA and KW]J stations during the LSA period.
While the-M-eguinox—is—hicherat-the CPN statien—and the ILR stations shows approximately the

sameequal occurrence percentage during both equinoctial seasons. The equinox asymmetry is most

visible at the Brazilian and Peruvian longitude during the LSA. Mestoftherecionsasshownin-Figure

7a;_shows an approximately equal /4’F peak at both equinoxes, —typically—present—a—deviation

betweenwhich is inconsistent with the observed RSF occurrence pereentase-asymmetry across these

longitudesand-the-approximatelyequal - peakat-both-equinoxes— during the LSA. In contrast, the

equinoctial asymmetry of the RSF occurrence during the MSA as shown in Figure 7(b). conforms with
the corresponding larger /’F peak during the M-equinox season at these stations. Manju and Madhav

Haridas, (2015) relatexplored the ebservation—efprobable relationship between the observed equinox

asymmetry in the threshold height (h'F,). andthe ESF occurrence percentage to-the-eguinox-asymmetry
inand the O/N, ratio. This asymmetry was shown to have a strong solar flux dependence. They
associated that with a significant difference between the expansions of the thermosphere at both
equinoxes as the solar flux increases, which expectedly reflects on the defined h'F,. Thise relationship
between the thermospheric neutral compositions and the post-sunset dynamics of the F region have also

been shown by the earlier studies (Batista et al., 1986; Qian et al., 2009).

The neutral density in the upper thermosphere is known to change with a variation in the 0 /N, ratio,
and the post-sunset vertical drift was established to have a directly proportional relationship with the
neutral density (Batista et al., 1986; Manju and Madhav Haridas, 2015). Thus, the higher O/N, ratio
during the M-equinox as reported by Manju and Madhav Haridas, (2015) is expected to correspond to
a higher vertical drift peak during this period. Figure 7(b). presents a similar pattern in the estimated

PSSR during the equinoctial months. The observed difference in the /4 'F peak is more significant during
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the MSA, while during the LSA period, the observed PRE peak was approximately equal for both

equinoxes across the different regions.-This—shews-a-comparablysimilarpattern—with-the-observed

the Brazihian region{represented-inFigures 4-and-5). From Figure 4, the Brazilian region recorded a

large difference between the occurrence rate of RSF during the equinox seasons of the LSA period. and

the-higherThe RSF occurrence percentage was larger during the S-equinox season at the KWJ, JIC and

FZA stations. This is attributed to the comparably reduced collision frequency effect on the irregularity

growth rate due to the lower neutral density at this season. Consequently, the requisite PRE for

irregularity occurrence is smaller than the threshold during M-equinox (Manju and Madhav Haridas,

2015). Hence, the threshold height for RSF occurrence in a season would be dependent on the average

neutral density during that season.

The decay of the EEJ current is relatively abrupt during equinox at the large declination angle region

and the zonal drift reversal is directly related to the zonal wind reversal as described by Eq.1. In the

absence of EEJ dependent factor (ﬁ) in Eq.1 will cause the zonal dirft reversal to occur at almost the
P

same time with the zonal wind and vield a strong background condition for the irregularity growth at

both equinoxes. However, the sunset time lag tend to change rapidly at the large declination angle region

and fig.7c show that it reaches almost twice the peak time lag at the small declination angle during the

solstice season. As the sunset time lag increases, the short circuiting effect on the post-sunset F region

dynamo persist longer. This implies that the PSSR during the later days of the season will mostly fall

below the defined threshold height for RSF occurrence during M-equinox. An unpublished result taken

at the FZA station showed that the RSF occurrence percentage reduces from March to April of the same

LSA year by ~40%. On the other hand, the threshold height during S-equinox is smaller and the rapid

change in the sunset time lag would have lesser effect on the irregularity occurrence rate. Hence, the

RSF occurrence percentage will be larger during the S-equinox at these longitude regions as described

earlier. Coincidentally, the observed equinoctial asymmetry during the LSA seem to be more prevalent

at the stations with the larger declination angle. {Madhav Haridas et al., (2015) analyzed the role of the

sunset time lag on the vertical drift peak in the Indian longitude region during the equinoxes and showed
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that the partial short circuiting effect persist longer during the LSA and MSA period. In the case of the

small declination angle regions, we assume that the larger density during the M-equinox will cause a

stronger suppression of the EEJ current effect and an earlier zonal drift reversal time. Thus, the seeding

of the R-T instability occurs under a very conducive ionospheric condition for optimal instability growth

rate than during the S-equinox. The effect of the fourth term in eq.1 on the difference between the zonal

drift at the two equinoxes might become more significant as the asymmetry in the neutral density

increases during the MSA (Manju and Madhav Haridas, 2015).

On-the-otherhand;-The PSSR during the equinoxes show a comparably similar pattern with the observed

equinoctial asymmetry in the RSF occurrence percentage for all the regions during MSA except in the

Brazilian region (represented in Figures 4 and 5). Where the RSF occurrence percentage peak was

approximately the-sameequal for both equinox seasons-during-the MSA-—period. The American sector

has the largest field—aligned Pedersen conductivity and we assume that the significant increase in the

conductivity during MSA would nullify the asymmetry in the zonal drift reversal time at this region

during equinoxes. On the contrary, this also mean a significant increase in the ionospheric density and

the threshold height. Furthermere Hence, an-the inverseanti- solar activity dependence of the RSF

occurrence percentage was-alse-observed at the JIC and FZA stations during the S-equinox as shown in

Figures-Fig. 6(a-b) are attributed to an increased density scale length. Similaranti-selaractivitypattern

tThe observed large RSF occurrence percentage during the S-equinox of the LSA #a-at theise longitudes

regions during—the ESA—was earlier related to the effect of the contracted ionospheric density.ane

However, the increased in the bottom-side density scale length during the MSA (Lee, 2010) as

compared-to-the-insignificant-differenee—n-will increase the threshold PRE for duringbeth-epochthe

irregularity occurrence (Smith et al., 2016). The inconsistentey-in-the equinoctial asymmetry pattern at

different solar flux index was also observed in the Atlantic region during the study of the global

equatorial plasma bubble occurrence (Gentile et al., 2006). Similar inverse solar activity pattern was
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observed at this longitude region by Su et al., (2007)) as shown in their Fig. 3b but less prominent than

our result due to the difference in the altitude of data observation.

During the solstice seasons, the observed asymmetry in the PRE of the F layer and the RSF occurrence
percentage at the low declination angle longitudes are inconsistent with the corresponding sunset time
lag. Unlike the FZA and KW]J stations where the asymmetry between the solstices could be explained

by the difference in the sunset time lag, these other three lengitudes—lonosonde stations have

approximately the same sunset time lag at both solstices. The results showed larger RSF occurrence

percentage during the D-solstice at these longitudes. The significant asymmetry in the ionospheric

density distribution during the solstice seasons is considered as a probable factor in this case. There is

post-sunset EEJ current due to large sunset time lag during the solstice seasons, which strongly affects

the instability erowth rate. The larger density during D-solstice indicates an earlier zonal drift reversal

and a more conducive ionospheric condition for the seeding of the R-T instability process (Su et al.,

2009).

In a similar discussion, {Tsunoda, (2010a) has attributed the observed asymmetry in the RSF occurrence

during the solstices to the seasonal variation of the convective gravity wave (GW) sources at these

longitudes and suggested the GW phase front and magnetic field line alignment (GWBA) hypothesis.

This has been discussed extensively discussed by previous studies (Li et al., 2016; Su et al., 2014;

Tsunoda, 2010a)_but further analysis are considered necessary to substantiate the correlation between

the seasonal distribution of GW and RSF occurrence across these longitudes. However, the presence of

a large GW amplitude is widely considered as a requisite condition for the generation of spread F under

a weak background ionospheric condition (Abdu et al., 2009; Manju et al., 2016). There are frequent

GW occurrence recorded in the Asian and African regions (Su et al., 2014)_and the seeding effect is

expected to have played a significant role in the observed plasma irregularity generation in this regions.

Apart from the requisite GW and B alignment, a large local electron density was described as an

important prerequisite for the large ESF erowth (Krall et al., 2013b). The large electron density is

considered necessary to support the GW induced electric field and the plasma instability growth.

Coincidentally, the peak electron density in both regions (unpublished result) shows similar seasonal
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variation with the RSF occurrence percentage during LSA. Though, these plasma irregularities will be

confined mostly to the low altitude region during this period, especially in the Asian region. The weak

PRE at CPN results from the large magnetic field strength and a small field line integrated conductivities

at this longitude sector. Under such circumstance, the GW induced perturbation electric field might be

suppressed and reduced impact on the instability growth across these longitudes in spite of the large

GW frequency. Kil and Heelis, (1998) suggested that the longitudinal distribution of the ESF occurrence

is dependent on the height of observation and the occurrence probability at the low altitude was related

to the seed perturbation from tropospheric source.

Hence, we discuss the probable role of GW in the recorded ESF occurrence percentage, especially
during the LSA. The seeding effect is considered an important parameter in the analysis of the plasma
irregularity generation during days characterized by a weak ambient ionospheric condition as observed
across most regions. A direct link was established between the GW from the intertropical convergence
zone (ITCZ) and the frequency of ESF activity using the outgoing longwave radiation (OLR) data
(Ogawa et al., 2006; Tsunoda, 2010c). The seeding of the ionospheric density perturbation is expected
to occur when the ITCZ is located near the dip equator (Tsunoda, 2010a). Which raised a discussion

about the GW phase front and magnetic field line alignment (GWBA) hypothesis. The GW induced

zonal electric field in the presence of the background density gradient enhances the plasma instability

growth along that longitude. This mechanism combined with the STBA theory was considered

important to form a complete description of the seasonal morphology of ESF occurrence across different

longitude (Tsunoda, 2010a).
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The average RSF occurrence percentage observed at the ILR station was greater than 80% by 21:00 LT

during these seasons except J-solstice, which has 60% and significantly larger than the other longitudes.

Similarlyta-the-case-of the- West- Africanseeter, past studies (Okoh et al., 2017; Yizengaw et al., 2013)
have presented-asimilardiscussedion-abeout the role of GW in the observed large RSF occurrence during

a-the solstice months.

subsequent-initiation-of the R-T-instability-preeess—The RSF occurrence on the ionogram before 21:00

LT was assumed as the locally generated irregularity (Manju et al., 2016). The large occurrence

38



1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

]1042

percentage of the locally generated RSF at ILR shows a considerable correlation with the frequent OLR

occurrence across the different months. Especially during the solstice seasons of the LSA, considering

that this period is usually characterized by a weak PRE vertical drift (mostly < 20m/s) and the small

declination angle, the seeding effect is expected to have played a significant role in the observed plasma

irregularity generation. These plasma irregularities will be restricted mostly to the low altitude region.

¢Kil and Heelis, (1998) suggested that the longitudinal distribution of the ESF occurrence is dependent

on the height of observation and the occurrence probability at the low altitude was related to the seed

perturbation from tropospheric source. The presence of a mere-frequently active ITCZ is expected to

enhance the plasma irregularity seeding in a region (Li et al., 2016). This complementary role of the
GW induced zonal E field and the observed monthly distribution pattern of the convective region is
found to be consistent with the solstice asymmetry in the ESF occurrence. Such-a-similarmechanismThe
same analogy is expected to be applicable to the other four longitudinal sectors during seasons where

intense convective activity is observed near the magnetic dip equator.—Hewever,—considering—the

ation. (L1 et al.,

(2016) have suggested that the analysis of the comparison between the locally generated ESF and the

OLR frequency data averaged over a small longitude range (5% will yield a larger correlation

coefficient than the observation in the earlier study (Su et al., 2014). However, Figure 8 shows a large

OLR frequency at CPN during the LSA. which is contrary to the monthly mean of the RSF occurrence

percentage of the corresponding months. Hence, we highlight-are considering the effect of the ambient

F region electrodynamics on the seeding of the plasma irregularity inthe-Asianthese sectors.

In order to analyze the relationship between the OLR measurement and the irregularity generation, it is

important to also consider the ionospheric electro-dynamical effect in that region. ~Apart from the

-

requisite GW_and B_alignment, a large local electron density was alse—described as an important
prerequisite for the large ESF growth (Krall et al., 2013b). The large electron density is considered

necessary to support the GW_induced electric field and the plasma instability growth. Figure 4 of

Vichare and Richmond, (2005) presented a zonal variation of PRE in comparison with the magnetic

field strength, field line integrated Pedersen conductivity and zonal E field. The sveakest-zonal variation
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of PRE wwere-is relatively small acrossrecerded—in the longitudinal range 90°E — 120°E and 160°E —

240°E, which encloses the CPN and KWJ stations respectively. The recerded-weak PRE in—theat

CPNformer longitudesectorcould-be-attributed-toresults from the eombined-effeet-of-large magnetic

field strength and a small field line integrated conductivities at this longitude sector. While-, the zonal

E field taterlongituderange-was shown to have the minimum-zenal-E-field; which-correlates-with value

at the KW1J longitude region and consequently the generally weak PSSR observed #i-at these regions

during the LSA (Figure 7b.)._Under such circumstance, the GW induced perturbation electric field

might have negligible impact on the instability growth across these longitudes in spite of the large OLR

frequency. Hence, the negative er-wealk-correlation observed in-between the OLR frequency and the

RSF occurrence percentage at both sectors is associated with the unfavourable background ionospheric

condition for the plasma irregularity growth. It is also impertantte-noteworthy that the observed
solstitial asymmetry in ESF occurrence becomes more prominent at the CPN station during the MSA,

which correlates with an expected significant increase in the local electron density. Likewise, the

observed significant increase in the ESE-RSF occurrence percentage inereases-significant-at the KWJ
during the J-solstice, which is uncorrelated with the percentage increase ef-in the PSSR in+elationte

the-selar flux-dependeneeduring the corresponding season as shown in Figure 7b. These are considered

as an evidence of improved seeding of the plasma instability growth trigsered-by—aas a result of the

substantial increase in the local electron density during the MISA.

5. Conclusion
The statistical result of the hourly variation of the RSF occurrence percentage across different longitude
sectors was investigated during the MSA and LSA period for stations close to the magnetic equator.
The manual observation of the seasonal variation of the RSF occurrence pattern using the ionogram
data revealed the distinct RSF occurrence features at each of the regions. This highlighted the complex
morphology of the ESF events and the diverse role of the different factors contributing to plasma
irregularity initiation across the different longitudes during the MSA and LSA. The West African region
(ILR) has the highest average ESF occurrence percentage across the four seasons during the LSA

period, even when the ambient ionospheric condition is less conducive for the R-T instability growth.
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Other important observations included the varying longitudinal pattern of the equinox asymmetry

during the LSA and MSA. The probable role of the zonal drift reversal time was associated with the

observed inconsistency in the asymmetry pattern

respensiblefor-thechanges-during the equinoctial season maximum-duringthe-different-of both solar

epochs. Likewise, an anti-solar activity variation of the ESF occurrence percentage was also observed
at the JIC and FZA stations during the S-equinox. This was attributed to the possible role of an expected

increase in the bottom-side density scale length with the solar flux index. Finalhythe-observedsolstice
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