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Abstract 

Horizontals drifts of equatorial Spread F (ESF) at post-sunset and post-midnight are investigated by analyzing six ESF 
events observed during the period of November 2022–March 2023. Horizontal drift velocities of ESFs are calculated 
from the time lags between signals recorded by different transmitter–receiver pairs of a new Continuous Doppler 
Sounding (CDS) system operating at 6.80 MHz in a low latitude station, Tucumán, Argentina (26° 49’ S, 65° 13’ W, 
mag. latitude ~ 13°) and by the older CDS system working at 4.63 MHz. A new method of time lags determination 
for spread structures is presented. In addition, the occurrence of airglow depletions associated with ESF events is veri-
fied using images of airglow emissions of atomic O red line, 630 nm. We found that the typical speeds of the ESF drift 
in the post-sunset hours (around 130 m/s) are about two times greater than the speeds of ESF occurring around mid-
night or in post-midnight hours (around 80 m/s). The drift speeds obtained using 4.63 and 6.80 MHz systems were 
practically the same with the exception of one event, which might have been due to wind shear. Azimuths obtained 
by 4.63 and 6.80 MHz systems are almost similar. No systematic dependence of the azimuth on the local time 
and sounding frequency was found. All ESF events drift roughly eastward with an average azimuth of about 105◦ 
with respect to the geographic north.
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1  Introduction
Electron density irregularities at night in the F region 
ionosphere cause spreads in range and frequency in radio 
echoes from the ionosphere. This phenomenon in the 
equatorial region is called “equatorial Spread F (ESF)”. 
The major sources of ESF are equatorial plasma bubbles 
(EPBs). EPBs develop within hundreds of kilometers in 
the east–west direction, thousands of kilometers in the 
north–south direction, at altitudes of hundreds of kilom-
eters (Kil 2015; 2022). A condition for the development of 
the post-sunset plasma bubble is the uplift of the evening 
F layer (Fejer et al., 1999; Abdu et al. 2009). The Rayleigh–
Taylor instability (RTI) in the post-sunset period is the 
cause for the generation of irregularities that are detected 
as Spread F in ionograms (Meenakshi, et  al. 2022). As 
other forces as well as gravity is involved in the RTI insta-
bility, let’s define RTI as “generalized RTI” and then use 
RTI hereafter. Gravitational RTI is effective in the bot-
tomside F region where the electron density gradient and 

gravitational force directions are opposite. The equatorial 
ExB drift acting against gravity also contributes to the 
development and growth of RTI (Meenakshi, et al. 2022). 
Although not a periodic or usual event, ESF can also 
occur during daytime hours as a result of geomagnetic 
storms (Jiang et al. 2015, 2016). The creation of bubbles 
by the RTI is briefly described by Kil, (2015). Different 
types of instruments and techniques have been applied 
to study ionospheric plasma irregularities and plasma 
bubbles. For instance, airglow equipment has been used 
by different researchers (e.g., Makela and Kelley 2003; 
Sekar et al., 2008: Martinis et al. 2010). Irregularities are 
also investigated using spaced GNSS receivers over Brazil 
(12.8°S magnetic latitude) by Cesaroni et al., (2021). Their 
results showed that the ESF drift velocity increases right 
after the local sunset and shows a smooth decrease in the 
next hours.

ESF plays a negative role in the quality of trans-iono-
spheric signal propagation and it has been extensively 
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studied in the last four to five decades (e.g., Fejer and Kel-
ley 1980; Haase et al. 2011; and Chum et al. 2014; 2016). It 
diffracts radio waves and affects the navigation and com-
munication signals in the equatorial and low latitudes 
(Panda et  al. 2019). Vertical plasma bubble growth sup-
ported by weak transequatorial wind has been reported 
by Abdu et al., (2009). Furthermore, they explained that 
pre-reversal enhancement of vertical plasma drift pro-
vides a favorable condition for ESF development. While 
an overall understanding of the EPBs structure develop-
ment and drift direction has been achieved, ESF/EPB 
climatology, seed perturbations and seed growth in the 
global scale are topics that need further investigations. 
Recently, Shinbori et  al., (2023) demonstrated volcanic 
eruption contribution to the development of air pres-
sure waves which in turn are playing a role of seeding for 
irregularities (EPBs). Another study on the occurrence 
of ESF/EPB during the post-midnight hours related their 
occurrence to medium-scale traveling ionospheric dis-
turbances (TIDs) as a seeding source and main driver 
for irregularities from 00:00 LT to 05:00 LT (Jiang et al. 
2015). TIDs triggered by strong tropospheric convec-
tive activity are also reported as a seeding source for the 
occurrences of EPBs in the afternoon to evening period 
(Takahashi et al. 2018).

Various studies characterized and reported the drift 
direction and horizontal velocity of ESF/EPBs phenom-
ena using different approaches (Chum et al. 2014; 2016; 
Qiang et al. 2021; Cândido et al. 2008; Taori et al. 2015; 
Figueiredo et al. 2018). For instance, Qiang et al., (2021) 
studied the characteristics of EPBs using satellite obser-
vations of the Global Positioning System (GPS) and Bei-
Dou Navigation Satellite System (BDS). A case study by 
Haase et  al., (2011) over the Brazilian sector reported 
propagation direction of low latitude plasma depletions 
towards the east with a westward tilt due to the vertical 
wind shear. They used combination of observations of 
630.0 nm airglow images and GPS data from Fazenda Isa-
bel in central Brazil (3.3 ◦ S, 43.5 ◦ W). They determined 
depletion velocities in the range of 85–110 m/s.

For the first time, a multipoint continuous Doppler 
sounder (CDS) has been used to study ESF/EPB by Chum 
et al., (2014). They showed the occurrence of ESF as an 
oblique spread structure (OSS) in Doppler shift spec-
trograms. The advantage of this new technique relies on 
the independence from atmospheric weather conditions. 
Their results indicate that EPB drifts roughly eastward 
with the mean horizontal velocity around 133 m/s (with 
standard deviation of 23 m/s) over Tucumán, Argentina. 
In a following work by Chum et  al., (2016), the mean 
horizontal drift velocity over Taiwan was found to be 
about 107  m/s. In addition, high-frequency (HF) Dop-
pler sounders provide broad opportunity to characterize 

the traveling ionospheric disturbance (TID) lasting from 
periods of 1 min to over an hour (Crowley and Rodrigues 
2012; Chum et  al. 2014). Recently Sejima et  al., (2023) 
compared the OSS observed in Doppler shift spectro-
grams, including their fine structure, with simultaneous 
O red line (630 nm) air glow observation of EPB over Tai-
wan and proved the OSS corresponds well with the EPB 
occurrence in air glow images.

The determination of drift speeds using the CDS sys-
tem was based on the time delays between each trace 
from the three transmitters or on the tilt of the spread 
structures in the Doppler shift spectrograms (Chum 
et  al. 2016). However, the determination of the time 
lags/delays and the tilts was a bit subjective, based on 
the visual inspection and manual clicking by mouse at 
the specific locations in the Doppler shift spectrograms 
and readings of the corresponding coordinates (Doppler 
shifts and times). Therefore, we introduce a new tech-
nique for determining the time lags. In addition to the 
existing 4.63 MHz CDS system, we also use a new CDS 
system with 6.80  MHz transmitters. Our work includes 
comparison of the characteristics of ESF using dual fre-
quency CDS systems over Tucumán which has not been 
done before. Because the two frequencies reflect from 
different heights in the ionosphere, dual frequency analy-
sis increases our understanding of drift speed and direc-
tion of the same ESF structure at different altitudes. 
Dual analyses are done for ESF structures observed on 
both 4.63 and 6.80  MHz spectrograms. Moreover, the 
occurrence of EPBs is verified by simultaneous airglow 
measurements.

2 � Observation and data
In this study, we analyzed six ESF events in Tucumán, 
Argentina, observed during the period of November 
2022–March 2023 using the CDS systems operating 
at frequencies of 4.63 and 6.80  MHz. The 4.63  MHz 
system has been working since the end of 2012. The 
6.80  MHz CDS system was installed in October 2022 
and the measurements at this frequency are used for 
the first time in this study. Each of these two systems 
consists of three transmitters and one receiver. The 
three transmitters of each CDS system are located in a 
triangular arrangement; see the points of reflection (not 
locations of the transmitters) in the ionosphere when 
projected onto the ground in Fig. 1a. The transmitters 
and receivers of the 4.63 and 6.80  MHz systems are 
co-located. More detailed description of the CDS sys-
tem characteristics is presented in Chum et  al. (2010, 
2012 and 2014). To compare the ESF events and their 
drift speeds observed during the post-sunset hours 
and around the post-midnight hours, we systematically 
selected three events for each case (i.e., three events 
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from the post-sunset and three events from the post-
midnight hours). The six events selected are character-
ized by distinct OSS, are not interfered significantly by 
signals from other sources (e.g., ionosonde signal) and 
are observed simultaneously on both frequencies (4.63 
and 6.80 MHz). In addition, these events have a sharp 
front part, which makes the determination of time lags 
between observation by different transmitter–receiver 
pairs possible (see also Section 3). The requirement of 
sharp fronts is a limitation of the method used to obtain 
the drift speed and direction. To confirm that the ESF 
structures observed in Doppler shift spectrograms are 
caused by EPBs, we also checked the available airglow 
observation of atomic oxygen (O) red line emissions 
(630  nm) from an All-Sky Imager (ASI) located at El 

Leoncito Observatory, Argentina (31.8 ◦ S, 69.3 ◦ W, 
−18 ◦ mag. latitude) (Martinis et  al. 2006, 2018). Due 
to cloudy conditions or moon light contamination, not 
all the events recorded by CDS could be compared with 
ASI-airglow observations. More explanations are pre-
sented below in Sect. 4.

Figure  1b shows an unwrapped image at 05:11:14 UT 
on 2 March 2023 obtained by the ASI, assuming an emis-
sion height of 250 km. The zenith location is shown as a 
blue square and the location of the Tucuman CDS sys-
tem receiver as a green square. Several airglow depletions 
associated with ESF can be observed on the image.

The objective of our study is to present a new tech-
nique of determining the time lags between observation 
of corresponding ESF structures on different transmit-
ter–receiver pairs and to determine the horizontal drift 
velocity from the time lags. As mentioned above, we 
selected events from post-sunset hours and around post-
midnight hours to investigate the possible difference in 
the speed of the structures depending on the local time. 
The midnight (00:00 LT) in Tucuman, Argentina, is at 
about 04:00 UT. The events on 06–11-2022 (01:30–03:30 
UT); 07–11-2022 (02:15–04:00 UT); and 09–11-2022 
(00:00–01:45 UT) represent the after sunset hours, 
whereas the events on 07–11-2022 (04:15–07:00 UT); 
16–11-2022 (04:00–07:20 UT); and 02–03-2023 (04:30–
06:15 UT) represent the post-midnight spread structures. 
All data selection and processing are done for both fre-
quencies (i.e., 4.63 MHz and 6.80 MHz). Since the reflec-
tion heights for two frequencies are different and are of 
random property for ESF, we do not cross-correlate the 
signals across frequencies as was done in the case of 3D 
propagation analysis of travelling ionospheric distur-
bances associated with gravity waves (Chum and Podol-
ska, 2018; Chum et al. 2021), but we provide and compare 
the results obtained separately for each frequency. An 
example of the post-midnight event is presented in Fig. 2. 
The ESF events are seen as tilted/oblique spread struc-
tures in the Doppler shift spectrograms. The vertical lines 
(structures) that recur regularly every 10 min in Fig. 2 are 
caused by interference with a nearby ionosonde.

3 � CDS data analysis
Basically, the analysis can be grouped into two main 
parts: (i) the calculation of time lags (delays) and (ii) hori-
zontal velocity determination. By the time delay we mean 
the time difference between the passage of the same dis-
turbance (ESF in this case) or its part through two dif-
ferent reflection points. For instance, from Fig.  1a, the 
time lag for a disturbance crossing point A and point B is 
designated by τAB . Similarly, τAC represents the time dif-
ference for a disturbance front to reach from point A to 

Fig. 1  a Is a schematic diagram of ESF disturbance fronts and points 
of reflection in the ionosphere. On the triangle ABC, A stands 
for a reflection point in the ionosphere of the transmitter 1 projected 
on the ground; B stands for reflection point of the transmitter 2; 
C stands for reflection point of the transmitter 3. The broken line 
with an arrow indicates the direction of apparent velocity (V) 
of the Spread-F structure. b An 630.0 nm airglow image from El 
Leoncito, Argentina, recorded at 05:11:14 UT on 02–03-2023. The 
blue square indicates the zenith location of the All-Sky Imager 
and the green square (Rx) is the location of Tucuman CDS system 
receiver, indicated in panel a by a green dot (Rx)
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point C and τCB  is the time lag between the observation 
disturbance front at the point C and B, respectively.

A fast Fourier transform (FFT) with sliding cosine 
window is employed to produce smooth Doppler shift 
spectrogram (Fig. 2). The spectrogram shows the power 
spectral densities and Doppler shift for signals received 
from each transmitter of the CDS systems. To determine 
the time delays between the observation of the ESF struc-
ture at different reflection points, we evaluate the spec-
tral density peak “quality” as a function of time for each 
signal (transmitter–receiver pair) by calculating the ratios 
r:

where PN is the signal power in a narrow band (~ 0.1 Hz) 
around the spectral density maximum for each transmit-
ter, and PW  is the power in a wide frequency band that 
includes the whole ESF structure for the same transmitter 
( PW  is obtained for about 4 Hz wide band – see the spec-
trograms). At each instant of time on the spectrogram, 
the peak is determined by the ratio defined by Eq.  (1). 
The values of r are in the range 0 ≤ r ≤ 1 and an exam-
ple of ratios r1, r2 and r3 obtained for the event shown 
in Fig. 2 is presented in Fig. 3 (the indices 1, 2, 3 denote 

(1)r =
PN

PW
,

Fig. 2  Doppler shift spectrograms recorded on 02–03-2023 from 04:30 to 06:15 UT, by 6.80 MHz receiver (top panel) and 4.63 MHz receiver (bottom 
panel) over Tucumán, Argentina. The color indicates the Common logarithm of power spectral densities of the received signals in arbitrary units 
(the antennas are not calibrated)
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the signals from the transmitters 1, 2, 3, respectively). 
The ratios have large values when clear signal is received 
(distinct peak of power spectral density) and low values 

during very diffused ESF occurrence. During the periods 
of ESF, the Doppler traces are very much diffuse/spread 
and the frequency of the spectral density maximum can 

Fig. 3  Ratios for a Spread F occurred post-midnight on 02-03-2023 (from 04:30–06:15 UT). The top two panels are for un-smoothed CDS signals. 
Three signals from three transmitters: r1 (black), r2  (blue) and r3  (red) are presented to each receiver (panels a & b). In the bottom two panels (c & d), 
the curves: rPd (black), rPd  (blue) and rPd  (red) are obtained applying Eq. (2) and smoothed for convenient analysis and interpolated for better time 
resolution. In addition, the parts of the traces used to calculate the time lags (delays) are indicated with a box formed by the interception of the four 
broken lines of vertical limits (ratios) and horizontal limits (time). Similar supporting figures are also available for the other five events in Additional 
file 1
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jump randomly. However, the ratios r remain low due 
to the large spectral width of the OSS. There is no dis-
tinct narrow peak of power spectral density during ESF 
and PN< < PW  . In the time periods in which ESF does not 
occur and distinct peak in spectrum is observed,  PW  is 
approximately the sum of the power of the reflected sig-
nal ( PN ) and some noise. The ratios r1, r2 and r3 displayed 
in Fig. 3a & b and figures presented in Additional file 1 
exhibit large fluctuations, which makes determination of 
the time delays difficult. Therefore, we calculated running 
average using a time window of [-1 min, 1 min] to reduce 
the fluctuations and to obtain smooth ratios rF. In addi-
tion, we also subtracted the mean values rmean calculated 
over the whole selected interval (165 min in the example 
shown in Fig. 3). The obtained ratios rPd obtained for the 
ratios rF (using Eq. 2) are displayed in Fig. 3c & d:

It is worth noting that the time of the drop (falling 
edges) of the ratios rPd (Fig. 3) corresponds with the times 
of front edges of the OSSs in the Doppler shift spec-
trogram (Fig.  2). We have also compared the velocities 
obtained for ratios using Eq. (2) with the results obtained 
for the normalized ratios ( rNd ) defined by Eq. (3):

where σ(rF ) is the standard deviation of rF . The normali-
zation could help and affect the obtained time delays in 
the case of different strengths of the signals received from 
various transmitters. This is usually not the case and the 
results differ negligibly as will be shown in the  section 5.

Next, we selected a time interval in which the ratios 
rPd1 , rPd2, and rPd3 decrease smoothly, almost linearly, 
from high to low values.

The time delays between the curves in the selected time 
intervals are obtained as follows. First, the ratios  rPd1 , 
rPd2, and rPd3 were interpolated from 1-min resolution to 
a time step of 0.1  min for better time resolution. Next, 
the time delays τAB, τAC, τCB were determined for various 
values of rPd with the step of 0.01 (along the vertical axis) 
inside the marked box. For each value of  rPd along the 
marked box (Fig. 3c & d), changed with the step 0.01, we 
subsequently searched for the times t1, t2 and t3 at which 
the ratios rPd1 , rPd2, and rPd3 cross the selected rPd . The 
time delays τAB, τAC and τCB are determined as the time 
differences t1-t2, t1—t3 and t2—t3, respectively. It should 
be noted that we obtained several (around 30) differ-
ent time delays τAB, τAC and τCB . Using different values 
of the τAB, τAC and τCB in the calculation of horizontal 
velocities allows estimating uncertainties. The method 
described above for determining  τAB, τAC and τCB was 

(2)rPd = rF − rmean

(3)rNd =

rF − rmean

σ(rF )
,

found to be more reliable than finding the times of max-
ima of the cross-correlation functions because the lat-
ter one depends on the length of the selected interval. It 
should also be noted that neither the method described 
above nor the cross-correlation provides usable results 
for the periods after the passage of the front edges of the 
OSSs (the rear edge may be used in few cases, however, it 
is usually not sharp enough).

The horizontal drift velocities are calculated from the 
obtained time delays and distances between each pair of 
the reflection points (Fig. 1a). The distances are decom-
posed into two perpendicular components and the veloc-
ities are calculated by the least square solution (Chum 
and Podolská, 2018, Eq. 3). The standard deviations of the 
ESF drift speeds are determined from the multiple least 
square solutions obtained for various time delays corre-
sponding to different rPd values.

4 � ASI observations
Figure 4 shows airglow images on 2 March 2023, corre-
sponding to the event presented in Fig.  2. Images were 
processed assuming an emission height of 250  km and 
zenith angles less than 80 deg. As in Fig. 1b, blue square 
indicates the location of El Leoncito ASI and green 
square shows the location of Tucuman CDS system. A 
small depletion is moving over Tucuman between ~ 3:30 
UT and 4:00 UT. Around 5:00 UT another depleted 
structure is seen over Tucuman  which corresponds to 
the front edge of oblique structure in Fig. 2. Figure 4 also 
shows that the analyzed EPB extended up to a latitude of 
about 33oS.

The sequence of images demonstrates that the struc-
ture of the EPBs drifted roughly eastward. By taking 10 
pixels wide east–west horizontal cuts centered at the 
location of Tucuman CDS, a keogram is constructed to 
infer the zonal motion of the depletions (Martinis et  al. 
2003). The depletions moving through the location of 
Tucuman between ~ 5:00 and ~ 6:00 UT have a speed 
of ~ 70 ± 10 m/s. We were also able to determine the zonal 
speed for the 16 Nov 2022. The average speed obtained 
between 04:00 and 05:00 was 80 m/s and between 05:00–
07:00 was 67 m/s.

5 � Results
As described in the data section, for this study we have 
used six ESF events observed in Tucumán, Argentina. 
The ESF horizontal drift speeds ( Vh ) are calculated for 
three selected post-sunset events and three post-mid-
night events using the methods explained above. The 
time span of the events ranges from 105 to 200  min. 
The obtained drift speeds are summarized in Table  1. 
Time lags have been determined for ratios obtained 
using both Eq. (2) and (3). As can be seen in Table 1, the 
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obtained drifts speeds range from 80 to 160 m/s, which 
is consistent with the drift speeds of EPB presented by 
Haase et al. (2011) and Chum et al. (2014). On average, 
the disturbance speeds of the post-sunset hour events 
(1–3) are approximately two times greater than the 

speeds of post-midnight hour events (4–6). The average 
post-sunset ESF/bubble speed calculated using Eq.  (2) 
and the new CDS system (6.80  MHz) is ~ 130  m/s, 
whereas the average post-midnight ESF/bubble speed is 
80 m/s. The results obtained using Eq. (3) are very simi-
lar to those obtained using Eq. (2).

Fig. 4  630.0 nm All-Sky airglow images of ESF event on 02–03-2023 observed over El Leoncito, Argentina. The sequence of images demonstrates 
that the airglow depletions drifted eastward. The radius for the zenith angle 80° and approximate emission height of 250 km is about 1000 km. 
Detail illustration is available in a movie format under Additional file 2
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Tables  1 and 2 show that the speeds obtained by 
the CDS system on 2 March 2023 are ~ 96 ± 3  m/s 
and ~ 91 ± 15  m/s with azimuth of 109° and 101° (clock-
wise from the geographic north) for 6.8 and 4.63  MHz, 
respectively. Considering the magnetic field declina-
tion (about -7.3o at the altitude of 260  km), the meas-
ured propagation azimuth with respect to the magnetic 
field line is about 7.3° larger over Tucumán. The average 
zonal speed determined between ~ 04:30–05:00 UT (i.e., 
UT = LT + 4.3) on 2 March 2023 using the All-Sky images 
(assumed azimuth of the horizontal drift 90°) is about 
90 m/s. This is fully consistent with the speed estimated 
using the CDS. 30-min averages of ESF velocities derived 
from airglow images are presented in Fig. 5. As indicated 
in the legend “red triangle” is for velocity obtain from 
CDS ( VCDS ). Figure 5 confirms the decrease of EPB drift 
velocities with time (lower velocities are observed in 
post-midnight hours than after sunset).

As explained in Park and Luhr (2013) and Liu et  al. 
(2009), the dynamics of winds affects the horizontal drift 
speed of EPBs. Chapagain et  al. (2013) stated that the 
nighttime eastward winds, EPBs velocities, and plasma 
drifts increase in the early evening hours, and decrease 
in the local midnight and post-midnight periods. Chum 
et  al (2014; 2016) also reported similar conclusion 
based on Doppler sounder observations and stated that 

ESF velocity tends to decrease after ~ 04:00 UT over 
Tucuman. Therefore, slow drift of the post-midnight 
EPBs is probably due to the decrease of eastward neutral 
wind.

The estimated height of reflections for 4.63 and 
6.8  MHz signals for this post-midnight event and basic 
ionospheric characteristics obtained from the ionosonde 
located in Tucumán are presented in Table 3. The abbre-
viations, hmF2 and h’F2 and foF2 represent the F2-layer 
peak height, the starting height of F2 layer and the criti-
cal frequency of the F2 layer, respectively, of the F2-layer. 
The apparently missing observation in Table  3 corre-
sponds to intense ESF, so it was impossible to get reli-
able  heights. It should be noted uncertainties in height 
determination during the ESF conditions may be quite 
large (several 10 km).

The drift speeds obtained using the 4.63  MHz system 
are very similar to those obtained by the 6.80 MHz sys-
tem except for the event 5 (16 Nov 2022), for which the 
speeds of ~ 90  m/s and ~ 70  m/s were obtained using 
4.63 MHz and 6.80 MHz systems, respectively. This large 
difference may arise from altitudinal variations in neutral 
winds and electron density dynamics during this spe-
cific event. Figure  6 clearly shows the large discrepan-
cies between the time delays detected by 6.80 MHz and 
4.63  MHz systems. Figure  6a (6.80  MHz) shows large 

Table 1  Horizontal drift speed of ESF events with the corresponding standard deviations ( σvh ) obtained using Eqs. (2 and 3)

Events Date and time (UT = LT + 4.3) Results using Eq. (2) Results using Eq. (3)

6.80 MHz 4.63 MHz 6.80 MHz 4.63 MHz

Vh (m/s) σvh(m/s) Vh (m/s) σvh(m/s) Vh (m/s) σvh(m/s) Vh (m/s) σvh(m/s)

1 06-11-2022, 01:30–03:30 133 8 131 16 134 8 129 15

2 07-11-2022, 02:15-04:00 98 7 77 16 98 5 77 14

3 09-11-2022, 00:00-01:45 156 33 157 32 151 32 153 24

4 07-11-2022, 04:15-07:00 80 2 79 5 80 3 78 5

5 16-11-2022, 04:00-07:20 68 9 91 24 68 7 90 21

6 02-03-2023, 04:30-06:15 96 3 90 14 96 2 93 12

Table 2  Azimuth of ESF events with the corresponding standard deviations ( σφ ) obtained using Eqs. (2 and 3)

Events Results using Eq. (2) Results using Eq. (3)

6.80 MHz 4.63 MHz 6.80 MHz 4.63 MHz

φ(◦) σφ(
◦) φ(◦) σφ(

◦) φ(◦) σφ(
◦) φ(◦) σφ(

◦)

1 102 13 93 5 103 13 94 6

2 116 6 118 12 115 7 118 10

3 129 8 131 15 129 7 122 14

4 111 0.3 109 1 109 3 109 6

5 93 21 99 7 87 23 100 4

6 110 2 102 12 108 2 100 11
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time delays between the rPd1 and rPd2, rPd3 compared to 
time delays shown in Fig. 6b (4.63 MHz). We were able 
to determine the zonal speed for the 16 Nov 2022 using 
the airglow observations from El Leoncito ASI. The aver-
age speed obtained between 04:00 and 05:00 UT was 
80 m/s which is consistent to the result obtained by the 
4.63  MHz CDS (~ 90 ± 24  m/s) and reasonably close to 
the value obtained by the 6.8 MHz CDS (~ 68 ± 9 m/s).

As shown in Table  2, the azimuth of the horizontal 
drift of the analyzed ESF events obtained from the new 
6.80  MHz CDS system varies between ~ 90 ◦ and ~ 130 
◦ with an average azimuth of 110 ◦. Unlike, the drift 

velocities, no systematic dependence of azimuth on local 
time was found. The roughly eastward drift of ESF struc-
ture for the event that occurred on 2 March 2023 can also 
be confirmed by the sequence of images shown in Fig. 4. 
Watch the movie in Additional file 2 for a better time res-
olution of the ASI images. Specifically, for this event we 
obtained relatively small differences of azimuths obtained 
from 4.6 MHz (~ 101 ± 12°) and 6.8 MHz (~ 109 ± 3°) sys-
tems, reflecting at different heights. Sometimes wind 
shear could be responsible for a slight azimuthal differ-
ence because, the direction of neutral winds mainly con-
trols the drift velocity vector. EPBs seen from space show 

Fig. 5  A 30-min average horizontal drift velocities of an EPB occurred on 2 March 2023. As indicated in the legend “blue star” is for velocity derived 
from ASI ( VASI ) and “red triangle” is for velocity obtain from CDS ( VCDS ). Note that UT = LT + 4.3

Table 3  Ionosonde height (h) profile for 4.65 MHz and 6.8 MHz reflections for a post-midnight event occurred on 02-03-2023

The abbreviations, hmF2 and h’F2 and foF2 represent the peak height, the starting height and the critical frequency, respectively, of the F2-layer of the ionosphere. The 
apparently missing observation corresponds to intense ESF, so it was impossible to get reliable heights

Date and time hmF2 (km) foF2 (MHz) h’F2 (km)  ~ h (km)

For 4.65 MHz For 6.80 MHz

2023-03-02 03:00:00 345 13.7 260 – 280

2023-03-02 03:10:00 342 13.3 260 270 280

2023-03-02 03:20:00 323 12.9 250 260 280

2023-03-02 04:00:00 324 12.9 250 260 270

2023-03-02 04:10:00 350 13.1 250 260 280

2023-03-02 04:20:00 331 12.9 250 260 270

2023-03-02 04:30:00 321 13.1 250 260 280

2023-03-02 04:40:00 315 13.3 240 250 270

2023-03-02 06:50:00 272 11.2 220 240 260
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backward C-shaped structures (Kil 2015). If the shape 
of the structure/EPB changes with local time, the veloc-
ity/azimuth calculations might be affected (see Zalesak 
et  al. 1982 and Patil et  al. 2023). The slightly southeast-
ward drift directions of most of the events we analyzed 
in this manuscript may manifest the backward C-shaped 
structure of bubbles. For instance, Zalesak et  al. (1982) 
suggested a theory that makes an incomplete coupling 
of plasma motion with neutral wind responsible for 
the backward C-shaped drifting of the EPBS. Kil (2015) 
demonstrated that differential zonal plasma drift veloc-
ity (plasma in the inner flux tubes, which are closer to 
the equator drift faster than in the outer flux tubes) will 
result in the backward C-shape and the westward tilt of 
the upper part of the EPB. It is possible that the observa-
tion of azimuths slightly larger than ~ 90 ◦ is due to the 
out of equatorial location of Tucumán and the backward 

C-shape of the EPB. Usable ASI-airglow images of EPB 
are available only for the event on 02-03-2023 (due to the 
local observation, CDS is not usable to observe the shape 
of the EPB). The complete backward C-shape cannot be 
detected in the images because the field of view does not 
cover the whole EPB. Nevertheless, the EPB is clearly not 
aligned along the meridian, but tilted eastward closer to 
the equator and westward in its southern edge, which is 
consistent with the backward C-shape. As can be seen in 
Table  2, the azimuth determined by CDS for this event 
is ~ 1090 at the 6.80 MHz reflection altitude and ~ 1010 at 
4.63 MHz reflection altitude. As mentioned, no system-
atic dependence of azimuth on local time was observed, 
however, it seems that the variability of azimuths is lower 
for the post-midnight events. Kil (2015) mentioned that 
multiple factors play a role in formation of EPBs. Obvi-
ously, worldwide long-term observations based on 

Fig. 6  The half or zoom in signal plot of ratios for event 5 mentioned in Tables 2 and 3. Top panel (6.80 MHz) shows large time delays between rPd1 
and rPd2 , rPd3  when compared to what the disturbance signal traces show on bottom panel (4.63 MHz)
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complementary observation techniques are necessary to 
fully describe the climatology and variability of EPBs.

6 � Conclusion
We presented a new technique of determining the time 
lags to calculate the drift speeds of ESF/EPBs using both 
the existing 4.63 MHz and the new CDS system operating 
at 6.80 MHz in Tucumán, Argentina. The occurrence of 
EPBs of two ESF events were verified by 630.0 nm airglow 
images from an All-Sky Imager at El Leoncito Obser-
vatory. The drift speeds, obtained with the proposed 
method during the post-sunset hours are greater, ~ 100 
– 160  m/s, than the speeds of post-midnight hour 
events, which usually drift with a horizontal veloc-
ity between ~ 60 and 90  m/s. The drift speeds obtained 
using 4.63 and 6.80  MHz systems were practically the 
same with an exception for one event that occurred on 
16 November 2022 (04:00–07:20 UT). Azimuths of drift 
of the analyzed ESF events range from 87 ◦ to 131 ◦ with 
an average of 105 ◦ with respect to the geographic north. 
Unlike, the drift velocities, no systematic dependence of 
azimuth on local time was found. The new technique will 
enable future statistical analyses of ESF horizontal drift 
characteristics and the search for non-standard events.
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