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Statistical analysis of low latitude spread F is presented for three different
longitudinal sectors from Jicamarca (12°S, 76.8°W, −2.5° declination angle) from
2001 to 2016, Ascension Island (7.9°S, 14.4°W, −15.09° declination angle) from
2000 to 2014, Kwajalein (8.71°N, 167.7°E, 7.5° declination angle) from 2004 to
2012. Digisonde data from these stations have been processed and analyzed to
study statistical variations of equatorial spread F, a diagnostic of irregular plasma
structure in the ionosphere. A new automated method of spread F detection
using pattern recognition and edge detection for low latitude regions is used
to determine solar and seasonal variation over these three sites. An algorithm
has been developed to detect the foF2 and hpF2 parameters and this has been
validated by comparisons with manually scaled data as well as with SAMI2 and
International Reference Ionosphere models showing good correlation. While
significant variation is not observed over the solar cycle, the different longitudes
and declination angles contribute to the variations over the seasonal cycle.

KEYWORDS

digisonde data, longitudinal variation, low latitude spread F, spread F statistical study,
foF2 and hpF2 detection

1 Introduction

Plasma density irregularities in the ionosphere are often observed as a spread pattern
in data from radio sounding techniques such as digisondes and are commonly referred to
as Spread F. This can be caused by a number of different instability mechanisms, which
are controlled in part by the angle of the magnetic field relative to the ionospheric plasma
layer. In all cases, the height of the F layer increases before the spread F occurrence
(Fejer et al., 1999 and references therein]. Potential mechanisms that influence the growth
of spread F include gravity waves (Kil, 2022; Candido et al., 2011; Bowman and Mortimer,
2002; Bowman 2001; Fejer et al., 1999) as well as larger-scale waves (e.g., Takahashi et al.,
2021; Aa et al., 2023), and disturbances from geomagnetic storms (e.g., Carter et al., 2014;

Abbreviations: ESF, Equatorial Spread F; EPBs, Equatorial Plasma Bubbles; RTI, Range-Time-Intensity;
IRI, International Reference Ionosphere; SAMI2, Sami2 is another model of the ionosphere.
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FIGURE 1
Map showing the location of the three sites globally.

TABLE 1 Detailed Information for the three stations.

Stations Latitude Longitude Declination angle Inclination angle Data processed

Jicamarca, Peru 12° S 76.8° W −2.5° −0.714° 2001–2016

Ascension Island 7.9° S 14.4° W −15.09° −43.68° 2000–2014

Kwajalein 8.71°N 167.7° E 7.5° 7.39° 2004–2012

Cherniak and Zakharenkova, 2022). The various irregularities
or spread patterns may be associated with multiple types of
plasma structures, such as plumes, patches, bubbles, and blobs
(Aarons, 1993). This study focuses on low-latitude regions, where
Equatorial Spread F is typically caused by equatorial plasma
bubbles (EPBs) that are often observed as spread F plumes in
radar echoes. Equatorial spread F has been observed for nearly
80 years (Booker and Wells, 1938), but we are still seeking to
understand the physical mechanisms for why it forms on a given
night (Carter et al., 2014; Klenzing et al., 2023).

Equatorial spread F has been measured using various
instruments such as satellites, ionosondes, scintillation
measurements, incoherent scatter radars, rockets and GPS.
Afolayan et al. (2019) compared digisonde data for different
longitudes to study spread F variation for different solar activities.
Gonzalez (2022) used ionosonde and GPS data to study spread
F characteristics over Tucuman. Sripathi et al. (2018) used a
chain of ionosonde and GPS receivers to study characteristics
of equatorial and low latitude plasma irregularities over India.
Shi et al. (2011) and Rao et al. (2022a) did correlation studies
between spread F from digisonde data and ionospheric scintillations
over Hainan, China and Hyderabad, India respectively. Saito
and Maruyama [2007] conducted a study of equatorial spread F
using ionosondes in south-east Asia. Aarons [1993] did a study of
equatorial region sites for 2 years of data. The equatorial electric

field pre-reversal enhancement is an essential condition to the
development of large-scale irregularities at the equatorial region
(Candido et al. 2011, Abadi et al. 2022).

An ionosonde transmits radio waves in a series of varying
frequency signals in the ionosphere and receives them back, thereby
providing us with the knowledge of density variations present in
the ionosphere. The waves are reflected back on Earth when the
wave frequency matches the plasma frequency it encounters. The
information from the reflected waves, such as time and frequency is
used to obtain plots known as ionograms. A smooth, skinny trace on
an ionogram will represent a smooth ionosphere while a thick, and
a ragged trace will represent disturbances or density irregularities
in the ionosphere. This is referred to as the spread condition and is
known as spread F when present in the F layer of the ionosphere.

Previous studies on midlatitude spread F by Bhaneja et al.
(2009) Bhaneja et al. (2018) determined solar and seasonal cycle
variation. The methodology and the algorithm used previously
has been modified for these low latitude sites for spread F
detection and to determine solar and seasonal cycle variation. The
algorithm also detects the F2 layer critical frequency (foF2) and
peak height of F2 layer (hpF2) values from an ionogram and
this has been validated with comparison with the manually scaled
values of foF2 which was done using SAO Explorer: “Interactive
ionogram scaling technologies” software created by UMass Lowell
and available online. Manual scaling is an important tool for
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FIGURE 2
(A) A non-spread F event on 6 January 2012, at 0 UT. Different kinds of Spread F event; (B) Range Spread on 30 April 2014 at 1:45 UT; (C) Range and
Frequency Spread on 6 January 2011 at 7:30 UT; (D) Spread in a form of a big blob on 1 January 2010 at 4:15 UT. The left axis is the virtual height in km
and the bottom axis is the frequency in MHz. The dotted lines are the boundary boxes and the solid line box is the box selected by the algorithm for
determining Range (RS, Box 1tbox1) and Frequency (FS, Box 2tbox2) spread F for an individual ionogram. The corresponding numbers with RS and FS
are the pixel counts in each box which determine the spread F. The red star and the corresponding number is the foF2 value determined for the
individual ionogram.

validating the values detected by the algorithms and Rao et al.
(2022a) discusses validating the critical layer parameters by manual
scaling. Comparisonswith Sami2 is anothermodel of the ionosphere
(SAMI2) and International Reference Ionosphere (IRI) 2010models
have also been made to validate the algorithm.

Other auto-detection algorithms for detecting spread F have
been developed by Lan et al. (2020) with data from Wuhan
and Rao et al. (2022a) used CADI data from Hyderabad, India.
Lan et al. (2020) defined an automated method using machine
learning tools to determine spread F on monograms. Rao et al.
(2022a) and Rao et al. (2022b) developed algorithms to detect
sporadic E and spread F on ionograms for the CADI instrument
data and automatic scaling software respectively. Lynn (2018)
used histogram techniques on clean ionograms to develop auto
detection for foF2 and h’F2 parameters produced by the IPS5D
ionosonde developed and operated by the Australian SpaceWeather
Service (SWS).

Section 2 discusses the ionosonde database and the algorithms
used to distinguish between spread andnon-spread events. Section 3
presents the statistical results. Section 4 discusses these results
for both solar cycles 23 and 24 and the seasonal variation of
ESF events. Section 5 summarizes the conclusions and suggests
possible future paths of inquiry.

2 Data presentation

The data used in this study has been obtained from digisondes
(Digisonde Portable Sounder-4D and DGS 256) at three different
low latitude regions; Jicamarca, Ascension Island, and Kwajalein.
Figure 1 shows the map with the locations of these stations and
Table 1 gives all the detailed information on these sites from
latitude, longitude, declination and inclination angles and the years
of data processed. This paper uses a previously established pattern
recognition algorithm (Bhaneja et al., 2009; Bhaneja et al., 2018)
with modifications to automatically detect spread F and determine
the foF2 and hpF2 values from ionograms.

2.1 Spread F

Equatorial spread F is a nighttime phenomenon and thus,
the data for nighttime is processed for spread conditions. The
measurements taken from the ionosonde include the reflected signal
frequency and the time between sending and receiving of the signal.
This time is used to calculate the virtual height by using the formula
ct/2 where c is the speed of light used for wave travelling in
plasma.Theplot showing thesemeasurements is called an ionogram.
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Figure 2A shows an ionogram with a single trace indicating a
quiet ionosphere. Figures 2A–D shows three different ionograms
with multiple traces or thickness indicating a disturbed ionosphere.
Note that there may be multiple traces visible at higher altitudes
in the ionograms, which is due to the double reflection of the
pulse (from the ionosphere to the ground, back to the ionosphere,
and back to the receiver). These second hop traces contain no
additional information, and these are ignored in the analysis
conducted here.

Ionogram traces have a finite thickness due to the finite
bandwidth of the ionosonde. This is an instrument effect. The
thickness or spread indicating spread condition is an ionospheric
effect.The equatorial spread F observed on the ionograms generated
from Jicamarca data is of three different types: range, range and
frequency spread F and spread F in the form of a big blob as
observed in Figures 2B–D respectively. Equatorial plasma bubbles
or EPBs cause spread F and the ionograms show an extended
frequency and flat range spread echoes as shown in Figure 2B
(Candido et al., 2011; Sahai et al., 2000). The spread signatures
vary from early in the evening 2b with huge plumes and intense
spread to 2d with spread reducing later in the evening to 1c
where spread signatures are as observed for mid latitude regions
later in the night. Range spread F refers to a condition in which
there are multiple echoes at different ranges for each frequency.
Frequency spreading is the case in which there are multiple
echoes at different frequencies around the critical frequency for
same height.

There are unusual F region traces as seen in the plots and can
be classified into strong, weak and multi trace echo (Saito and
Maruyama, 2007). Figures 2B, D refer to the strong spread F where
the F region trace is not visible. Afolayan et al. (2019) refers to
spread in 2b as strong spread F, while Shi et al. (2011) refers to
it as strong range spread F. Weak spread F is where the F region
peak is slightly visible as in plot c. These spread events are also
defined as bottom-type spread F, bottomside spread F and topside
spread F for the 3 different types of spread we see in ionograms
(Hysell, 2000; Whalen, 2002; Chapagain et al., 2009). Topside or
radar plume goes all the way up and is elongated over F region
like plot 2b. This is mostly observed for Jicamarca. High solar flux
levels and geomagnetic activity are conducive for the formation of
very high-altitude plumes. Plots 2 c and 2 d are also observed at
Ascension Island.

Figure 3 shows Range-Time-Intensity (RTI) plot alongside
ionograms for three equatorial spread F events. The red line in the
RTI plot corresponds to the time of the ionogram. The RTI data
has been obtained using JULIA data fromMadrigal. All 3 days show
radar plumes and corresponding intense spread signatures on the
ionograms. The top plot is from October 29–30th night in reference
to a rocket launch during midlatitude spread F event observed
during a huge hurricane and a high kp observed few hours before
midnight (Earle et al., 2010). It is interesting that intense spread
signatures are also observed at Jicamarca at the same time. The
other two plots also show huge plumes and corresponding intense
spread F signatures in the ionograms. Aol et al. (2020) drew similar
comparisons observing plasma plumes coinciding with spread F
signatures on ionograms between the JULIA radar data and the JRO
ionosonde.

2.2 Data analysis-methodology

This study includes data from Jicamarca (2001–2016), Ascension
Island (2000–2014) and Kwajalein (2004–2012). Raw digisonde data
are available in binary format and has to undergo various data
processing steps to obtain ionograms and then identify spread F
events and detect foF2 and hpF2 values for statistical analysis. First,
the raw data are converted to a text format using the SAO explorer
by doing Bulk Processing of ionograms for each day which gives the
amplitude echoes of the ionograms. The amplitude threshold in the
SAO explorer is set to 6, 8, and 10 for Jicamarca, Ascension Island
and Kwajalein respectively to filter out the background noise. The
amplitude echoes are then processed using a pattern recognition
algorithm for the ordinary mode (O-mode) data because the O-
mode does not require knowledge of the magnetic field, therefore
it is trivial to incorporate this data into the pattern recognition
algorithm.

Figure 2A shows a quiet ionogram where the foF2 can be
determined easily. Figures 2B–D shows the spread F identified by
two boxes. The heavy spread events like in plots 2b and d, a clear
trace is not present and so foF2 cannot be measured accurately for
such ionograms. Edge detection is done on both the boxes (solid line
boxes) to determine their location; this is done to find the bottom
side of box 1 and right side of box 2.

The box 1 (dotted lines) boundary is between 200–500 km and
1.5–4 MHz.The bottom edge for the box is determined by counting
the pixels for each altitude starting at 200 km and when the pixel
count exceeds 6, the corresponding altitude is chosen as the bottom
edge of box 1. The height of this box is fixed at 100 km. Manual
inspection of numerous ionograms was conducted to determine the
boundaries and heights and widths of the boxes. The limits on the
box have been chosen to cover the spread F at night-timewhile being
careful not to include sporadic E and second hop traces.

The height and width of box 2 (dotted lines) is changed for
varying ionospheric conditions for the equatorial region as visible
on the ionograms. Box 2 has been conditioned for different times
of the day; seasons and years; dawn, day, dusk and night; winter
and summer season; solar min and solar max years. This has been
done to obtainmore accuracy for the spread F, foF2 and hpF2 values.
The box 2 boundary varies between 400–800 km and 2–15 MHz for
dawn, day and dusk times and 300–500 km and 1.2–8 MHz for night
times. The right edge for box 2 is determined by counting the pixels
for each frequency starting at 6 MHz, and when the pixel count
exceeds 6, the corresponding frequency is chosen as the right edge
of box 2. Bhaneja et al. (2018), gives the detailed methodology for
box 2. Additionally, box 2 was introduced in these plots to obtain
a more accurate pixel count for frequency spread F and was taken
from the left edge of box 2 with 1.5 MHz width and same height
as the boundary box. The average pixel count of both these boxes
was taken as the total pixel count for determining frequency spread
F. It was necessary as the spread types vary very differently for low
latitude regions. The right most edge is taken as foF2 value and is
used to determine hpF2_frq = 0.834∗ foF2. The location of hpF2_
frq is hpF2 (UAG, 1972). By assuming a parabolic electron density
profile, hpF2 = hmF2 (Bullett, 2012; McNamara, 2008).

The total number of pixel count in the boxes is used to
determine the spread condition by comparing it to a set threshold
value. These pixel counts are shown in the plots for range spread
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FIGURE 3
Spread events for 3 days. The (A) shows Range-Time-Intensity plots using JULIA data while the (B) shows ionograms using Jicamarca digisonde data.
The red line in the RTI plot corresponds to the time of the ionogram.

FIGURE 4
Monthly summary plot for Jicamarca data for July 2011 showing range (black bars) and frequency (white bars) spread F duration and their onset time
(cross symbols for range and square symbols for frequency) for night-time hours between 0–10 UT. Panels c and d show the daily foF2 and hpF2 values.
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FIGURE 5
foF2 values plot for an entire day 0–23 UT and corresponding local time (LT) for the three stations. The values shown are algorithm developed
(PB-code) in comparison with manually scaled (SA1).

(RS) and frequency spread (FS) for the two boxes respectively.
The pixel counts of 6 for the edges and the thresholds were set
by randomly choosing ionograms and checking their threshold
counts. Spread events have been quantified, and type of spread
is distinguished.

As spread F is a night-time phenomenon, only the data between
7 PM and 7 AM local time is considered. The digisonde produces
ionograms every 15 min, 24 h a day. Thus, for our study, around
48 ionograms/night are analyzed. foF2 and hpF2values are however
taken for the whole day which is 96 ionograms. A spread event is
counted as continuous spread detected across multiple ionograms
without interruption of more than 30 minutes (or no more than
two ionograms without spread). If more than one event is observed
for a night, the longer event is saved and if two equal events are
observed the first one is saved for further analysis. On determination
of spread F, the onset time, duration, and type of spread F event
are recorded and archived for each night. This process is done
for the entire set of data. Using this database, statistical analysis
is performed to determine seasonal and solar cycle patterns for
equatorial spread F. A prototype of a monthly summary plot for
July 2011 is shown in Figure 4. The black bars and crosses represent
range spread F while the white bars and squares represent frequency
spread F. Top panel shows the start time and the second panel
shows the duration of spread events for a particular day.The bottom
two panels show the foF2 and hpF2 values for each day. The
outliers are the values for the noisy and spread ionograms as seen
in Figures 2B, D.

3 Statistical results

Once the daily and monthly plots for spread F were made,
the methodology was used towards the entire data set. Figures 5,
6 validates the foF2 detection algorithm by comparisons with
manually scaled data and SAMI2 and IRI models values,
respectively. Figures 7, 8 show the solar activity variation and
Figures 9, 10 show the seasonal variation of equatorial spread F.
Figures 11, 12 shows the pre-sunset hpF2 and foF2 vs. spread
duration. Figure 13 shows the solar activity variation with
spread duration.

3.1 foF2 comparison with manually scaled
values and with SAMI2 and IRI models

Figure 5 shows comparison between the algorithm developed
(PB-code) and manually scaled (SA1) values. Random days and
years are chosen to show the comparison of the values. The manual
scaling of foF2 was done using SAO software created by Lowell. The
plots show some values incorrectly detected by the algorithm but
with the intense spread F detected in the low latitude regions the
detection of F trace is not easy and at times not possible.

Figure 6 shows foF2 values for an entire day (0–23) UT at the
three sites. The plots show the PB_code values in comparison with
foF2 values as calculated by the IRI model (Bilitza et al., 2014)
and the SAMI2 model (Huba et al., 2000; Klenzing et al., 2022).
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FIGURE 6
foF2 values plot for an entire day 0–23 UT and corresponding local time (LT) for the three stations. (A) shows comparison of Jicamarca values using the
algorithm developed (PB-code) in comparison with both SAMI2 and IRI models. (B,C) show the PB-code values for Ascension Island and Kwajalein
respectively in comparison with IRI model values.

Figure 6A shows comparison of PB_code for Jicamarca data with
both SAMI2 and IRI models. Figures 6B, C only show comparison
of PB_code for Ascension Island and Kwajalein respectively with
IRI model. IRI provides an empirical model of the ionosphere,
similar to a monthly average. SAMI2 provides a two-dimensional
physical simulation of the ionosphere driven by empirical models
of the neutral atmosphere (MSIS, Picone et al, 2002), neutral winds
(HWM-14, Drob et al., 2015), and ExB electric fields (Scherliess and
Fejer, 1999).

3.2 Solar cycle variation

Figures 7, 8 show the solar cycle variation of spread F for
the three sites. The top panel shows the solar flux for all
the years covering both solar maximum during 2000–2002 and
2011–2015 and solar minimum during 2003–2010 and 2016. The
bottom three panels show the three sites from Jicamarca (2nd

panel), Ascension Island (3rd panel) and Kwajalein (4th panel).
The right axis shows the percentage of available data represented
by the x symbol. Black and white bars represent range and
frequency spread F.

Figure 7 shows the number of spread F days for each year of
available data between 2000–2016 for Jicamarca, Ascension Island
and Kwajalein. The left axis shows the number of spread F days.

The ESF events for Jicamarca does not follow any particular pattern
for the solar cycle and has spread F events throughout. Ascension
Island does not havemuch spread F during the solarminimum years
(2007–2008, 2010). Kwajalein data is only available from 2004 to
2012 and has spread F for almost all those years.

Figure 8 shows the average duration (in hours) of spread F days
for each year of available data between 2000–2016 for Jicamarca,
Ascension Island and Kwajalein. The left axis shows the average
duration of spread F. The total number of longest spread F hours
for each month is summed over a given year and then divided
by the number of months to obtain average for each year. The
average duration of the spread F events for Jicamarca also does
not follow any particular pattern and shows long duration events
throughout. Ascension Island shows longer duration events during
solarmaximumyears (2001–2002 and 2011–2014). Kwajalein data is
only available from 2004 to 2012 and shows longer duration spread
F for almost all those years.

3.3 Seasonal cycle variation

Figures 9, 10 show the seasonal cycle variation of spread F
for the three sites. The three panels show the three sites from
Jicamarca (1st panel), Ascension Island (2nd panel) and Kwajalein
(3rd panel). Black and white bars represent range and frequency
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FIGURE 7
Solar cycle variation of Equatorial Spread F for the three sites from 2000 to 2016 for the available data. The top panel shows the solar flux and the rest
three panels show the three sites: Jicamarca, Ascension Island and Kwajalein. The left-hand side shows the number of spread days for range (black
bars) and frequency spread F (white bars). The right-hand side shows the percentage of available data (cross symbols).

FIGURE 8
Solar cycle variation of Equatorial Spread F for the three sites from 2000 to 2016 for the available data. The top panel shows the solar flux and the rest
three panels show the three sites: Jicamarca, Ascension Island and Kwajalein. The left-hand side shows the average duration (Hours) of spread days for
range (black bars) and frequency spread F (white bars). The right-hand side shows the percentage of available data (cross symbols).

spread F and the x symbol represents the years of data available for
each month.

Figure 9 shows the average number of spread F days for each
month for all the years of available data between 2000–2016 for

Jicamarca, Ascension Island and Kwajalein along with the angle
between declination and terminator. The left axis shows the average
number of spread F days for each month for all the available years.
The right axis shows the angle along with the years of data available
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FIGURE 9
Seasonal cycle variation of Equatorial Spread F for the three sites from 2000 to 2016 for the available data. The panels show the three sites: Jicamarca,
Ascension Island and Kwajalein with declination angles of −2.5°, −15.09° and 7.5° respectively. The left-hand side shows the average number of spread
days for range (black bars) and frequency spread F (white bars). The right-hand side shows the angle between the declination and the terminator (red
line) and the years of data available for each month (cross symbols).

FIGURE 10
Seasonal cycle variation of Equatorial Spread F for the three sites from 2000 to 2016 for the available data. The panels show the three sites: Jicamarca,
Ascension Island and Kwajalein. The left-hand side shows the average duration (Hours) of spread days for range (black bars) and frequency spread F
(white bars). The right-hand side shows the years of data available for each month (cross symbols).

for each month. The average is calculated by first obtaining the sum
of spread F nights for eachmonth for each available year.These sums
for each year are divided by the number of available years of data to

obtain the averages. The red line represents the angle between the
magnetic declination and the solar terminator and is plot to compare
its variation with spread occurrence around the different seasons.
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FIGURE 11
–Pre-sunset variation of hpF2 vs. duration for the three sites in three panels. The (A) shows solar maximum while (B) shows solar minimum. The red
cross represents range spread F while blue circles represent frequency spread F.

Jicamarca has more spread events during fall and winter months
while Kwajalein has more spread for summer months. Ascension
Island shows no specific pattern except less spread during July-
August months.

Figure 10 shows the average duration (in hours) of spread F for
each month for all the years of available data between 2000–2016
for Jicamarca, Ascension Island and Kwajalein. The left axis shows
the average number of spread F duration for each month for all
the available years. The right axis shows the number of years of
data available for each month. The total number of longest spread
F hours for each night for each month are counted and then divided
by the total number of spread F nights. These monthly averages
are then divided by the number of available years of data to obtain
the averages. The duration of the spread F events is similar to the
occurrence of spread F events; longer duration during fall andwinter
for Jicamarca and Ascension Island and longer duration during
summer for Kwajalein.

3.4 hpF2 and foF2 variation for solar
min and solar max

Figures 11, 12 shows the pre-sunset hpF2 and foF2 vs. duration
of spread F for all the available data between 2000–2016 for
Jicamarca, Ascension Island and Kwajalein. It shows the duration of
each spread day versus the pre-sunset hpF2 of that day. The average
foF2 and hpF2 for 3 hours from 4–7 PM is obtained for each day

and is plotted versus the duration of both types of spread F for that
night. It shows how foF2 and hpF2 varies for spread F days for both
solarmaximumand solarminimum.The three panels show the three
sites.The left-hand side shows solarmaximumwhile right-hand side
shows solarminimum.The red cross represents range spread Fwhile
blue circles represent frequency spread F.

3.5 Solar activity variation

Figure 13 shows the distribution of spread F onset times for all
the stations for solar maximum (2000–2002, 2011–2015) and solar
minimum (2003–2010, 2016) plotted versus solar local time.

4 Discussion

Figure 1 shows the three low-latitude stations from different
longitudinal sectors from which digisonde data was obtained and
processed. The different types of spread F for low-latitude regions
have been shown in Figure 2. This has also been compared with
the Range-Time-Intensity plots using JULIA coherent scatter radar
data in Figure 3. The life cycle of spread signatures observed start
with huge plumes and intense spread to reduced spread later in the
evening down to spread signatures similar to mid latitude spread
F characteristics. New methodology has been used to determine
spread F characteristics for low latitude sites and to determine solar
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FIGURE 12
–Pre-sunset variation of foF2 vs. duration for the three sites in three panels. The (A) shows solar maximum while (B) side shows solar minimum. The red
cross represents range spread F while blue circles represent frequency spread F.

and seasonal cycle statistical variations for a database spanningmore
than a decade of data. Figure 4 shows a prototype of monthly plot of
spread F, foF2 and hpF2 values.

Comparison and Validation of foF2 data- The data from the
detection algorithm has been compared withmanually scaled values
obtained using the SAO explorer as well as with SAMI2 and IRI
models as shown in Figures 5, 6 respectively. The detected values
show a good comparison with both manually scaled and model
generated values. Both themodels provide an average behavior of the
ionosphere and are not expected to capture small-scale day-to-day
variation. Detailed analysis and further comparisons for validation
of foF2 will be addressed in a future paper.

Solar Cycle Variation – It is particularly instructive to compare
the rates of ESF at the three sites during the deepest part of the
solar minimum (2007–2010). Both Jicamarca and Kwajalein have
consistent ESF signatures throughout this period. Ascension Island
has low rates of ESF during this time, although the larger dip
angle for this site may be the limiting factor, with the ESF events
constrained to near the dip equator. For periods of stronger solar
activity, we tend to seemore frequent ESF events at Ascension Island.

We note that these events are not necessarily all the result of
plasma depletion plumes. Candido et al. (2011) observed strong
spread F signatures during solar minimum and during solstices
June and December months over Cachoeira Paulista in Brazil in
the apparent absence of plasma bubbles. The spread F signatures

were attributed to medium scale traveling ionospheric disturbances
propagating from the mid-latitude region. Similar events are shown
in this paper in Figures 2C. The strong range spread F in Figure 2B
is associated with equatorial plasma bubbles and is mainly observed
during solar maximum years. More plasma bubbles occur during
high solar activity during October and March (Sahai et al., 2000).
Spread F is mostly consistent throughout solar minimum and
maximum and does not show significant change except maybe
radar plumes are more observed during solar minimum (Hysell and
Burcham, 2002).

Seasonal Variation - The three stations at different longitudes
exhibit varying seasonal patterns in Figures 9, 10. For Jicamarca
most spread F is observed during months of November to March;
Ascension Island during months of September to December;
and Kwajalein during months of March to August. This may
be due to the local angle of declination. When the terminator
aligns with the magnetic field line, both the ends of the tube
are in dark, leading to maximum magnetic eastward wind and
maximum longitudinal gradient in integrated conductivity. This
causes maximum amplitude of pre-reversal enhancement in the
vertical drift and thereforemaximum irregularity or ESF occurrence.
Tsunoda (1985) and Aarons [1993] show similar results with
scintillation data. Abdu et al. (1992) mentions how the declination
angle affects the sporadic E and F layers. Abdu (2001) discusses
similar results with angle of declination and its effects on ESF

Frontiers in Astronomy and Space Sciences 11 frontiersin.org

https://doi.org/10.3389/fspas.2024.1421733
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Bhaneja et al. 10.3389/fspas.2024.1421733

FIGURE 13
Distribution of Spread-F onset times for observed events versus F10.7 for High Solar Activity (2000–2002, 2011–2015) and Low Solar Activity
(2003–2010, 2016) years.

variation. Afolayan et al. (2019) have similar seasonal variations for
Jicamarca and Kwajalein.

An interesting observation from this study and Bhaneja et al.
(2018) is that places located at negative declination (Jicamarca and
Ascension Island) tend to have most spread F conditions during
northern winter seasons (December-February) while places at
positive declination (Kwajalein) havemost spread F during northern
summer seasons (June-August). Jicamarca has similar seasonal
pattern asWallops Island (Bhaneja et al., 2009; Bhaneja et al., 2018),
because both Wallops 75.5°and Jicamarca 76.8° are on close
longitudes. This suggests that same or close longitude locations
have similar spread F occurrence statistics irrespective of their
latitude locations. EPBs or Radar Plumes shown in Figure 2B
occur more frequently during equinoxes during the low angles for
Jicamarca. Burke et al. (2004) analyzed in situ densitymeasurements
from DMSP data and found that the EPBs maximize at low angles
and mostly occur during April and Aug-Sept periods.

ESF is almost always observed near dusk for all seasons and
levels of solar activity and thus we see longer duration of spread
F for Jicamarca data. For Jicamarca, less spread F during northern
summer (May-August) is observed, probably due to downward drift

velocity caused by westward electric field. Evening upward drift
velocity and early reversal time causes increase in spread F during
equinoxes and Sept-April time. More spread F over Jicamarca is
observed betweenmonths of September and April and has also been
observed by Fejer et al. (1999), Chen et al. (2006), Chapagain et al.
(2009) and Aol et al. (2020). During December strong post sunset
spread F is observed for Jicamarca.The spread F during the equinox
and December months occur mostly during quiet geomagnetic
times, and similarly for May-August months (Chapgain et al. 2009).
Aarons [1993] observes similar spread F patterns for Kwajalein and
Ascension Island. Tsunoda et al. (2015) used satellite and digisonde
data and found more spread F during months of May-August for
Kwajalein.

foF2 and hpF2 variation - Figures 11, 12 show variation of
hpF2 and foF2 for the three stations for spread days for solar
minimum and solar maximum years. Saito and Maruyama [2007]
observe the variation of hpF2 for spread F events at two stations
longitudinally separated by 738 km. They discuss large-scale wave
structures as a potential mechanism for the differences in hpF2
between stations. Here we examine stations separated by much
longitudinal distances. Potentially, the differences in hpF2 presented
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here could be modulated by a much larger structure such as a
planetary wave [e.g., Liu et al., 2021], although analysis over more
longitudinal sectors would be required. Jicamarca has the highest
hpF2 for solar maximum for all the three stations. Ascension Island
has the highest foF2 of all three stations. Higher foF2 and hpF2
values are observed for the spread F days during solar maximum for
all the stations.

Onset time variation – Figure 13 shows the distribution of
observed onset times for all three stations in solar local time.
Note that onset time here is not necessarily the formation of a
plasma plume, but the arrival of the plume at the observatory.
Each histogram bin is subdivided into years of high (2000–2002,
2011–2015) and low (2003–2010, 2016) solar activity consistent
with the definition elsewhere in this paper. For Jicamarca, the
onset times of Range Spread F primarily occurs shortly after
dusk during high solar activity, while the onset times are more
evenly distributed during low activity. Frequency Spread-F tends
to occur later into the night as well. For Ascension Island,
both Range and Frequency Spread F are distributed throughout
the night, with post-midnight onset times. This may be due
in part to the higher magnetic latitude of this station, with
plumes forming near the magnetic equator and taking some
time to grow large enough to be observed here. Kwajalein shows
more frequency spread F for solar min, although we note here
that data limitations mean that most of the Kwajelein data
occurs during the low solar activity years. High F10.7 contributes
to the formation of very high-altitude plumes [Hysell, 2000].
Radar plumes are not observed during solar maximum summer
June months.

5 Conclusion

A newmethod of determining spread F is used to find statistical
patterns of equatorial spread F for three sites of Jicamarca, Ascension
Island and Kwajalein. The spread F occurs throughout both solar
minimum and maximum for all the stations but with varying
seasonal patterns. The seasonal patterns vary due to different
longitudes and declination angle for the three stations. The onset of
Spread-F occurs primarily after sunset at Jicamarca and Kwajalein,
but may occur throughout the night at Ascension Island, which
is at a higher magnetic latitude. The foF2 values are validated by
comparison with manual scaling and with SAMI2 and IRI model
values and show good correlation.The algorithm performs well and
detects fairly accurate values of the critical frequencies and spread F
detection. Future studies will use the spread F detection technique

to examine the characteristics of spread F in post-sunset and post-
midnight hours over a span of solar cycle under quiet and disturbed
space weather conditions.
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