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Abstract 

A relatively new method based on measurements by multipoint continuous Doppler sounding is applied to study 
the occurrence rate, propagation velocities, and directions of spread F structures over Tucumán, Northern Argentina, 
and Taiwan, both of which were under the crest of the equatorial ionization anomaly in 2014. In addition, spread F is 
studied globally over the same time period from the S4 scintillation index measured onboard FORMOSAT‑3/COSMIC 
(F3/C) satellite. It is shown that the continuous Doppler sounding gives results that are consistent with S4 data and 
with previous optical, global positioning system (GPS), and satellite measurements. Most of the spread F events were 
observed from September to March, i.e., during the local summer half of the year in Tucumán, whereas in Taiwan, 
the highest occurrence rate was observed around equinoxes. The occurrence rate in Tucumán was about four times 
higher than that in Taiwan. The propagation velocities and directions were estimated from the Doppler shift spectro‑
grams. The spread structures related to spread F propagated roughly eastward at velocities from ~70 to ~200 m s−1 
during nighttime hours. The mean observed horizontal velocity was 140 m s−1 over Tucumán and 107 m s−1 over 
Taiwan. The local times at which the highest velocities were observed roughly correspond to local times with high‑
est values of scintillation index S4, at ~20 to 23 LT. In addition, a comparison of measured drift velocities with neutral 
wind velocities predicted by models is provided. The observed velocities usually exceeded the horizontal neutral wind 
velocities predicted by the HWM14 model for the locations and times of observations.
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Background
Ionospheric irregularities known as spread F often pre-
vent accurate scaling of ionograms and obtaining reliable 
values of F2 layer peak characteristics such as critical 
frequency foF2 and peak height hmF2 (McNamara et al. 
2008), which limits our knowledge of the ionosphere 
and predictability of conditions for radio wave propaga-
tion. Moreover, equatorial and low-latitude spread F is 

often associated with plasma bubbles and scintillations 
of global positioning system (GPS) signals (Chen et  al. 
2006; Shi et  al. 2011; Alfonsi et  al. 2013), which may 
cause inaccuracies in position determination. It is gener-
ally accepted that equatorial spread F (ESF) and plasma 
bubbles result from Rayleigh–Taylor instability triggered 
during the uplift of the F layer owing to the prerever-
sal enhancement of the eastward (zonal) electric field 
and development of the steep plasma density gradient 
as the bottomside ionosphere becomes depleted after 
sunset (Fejer et  al. 1999; Stolle et  al. 2006; Abdu et  al. 
2009a; Kelley 2009). The day-to-day variability and the 
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roles of all factors that contribute to plasma bubble for-
mation and spread F observation such as gravity wave 
(GW) seeding, neutral winds, angle between magnetic 
meridian, and solar terminator, however, remain enig-
matic and are subjects of intense investigation (Kudeki 
et  al. 2007; Abdu et  al. 2009a, b; Cabrera et  al. 2010; 
Hysell et al. 2014). The prereversal enhancement of the 
eastward electric field and hence the enhancement of 
the plasma vertical drift vary with longitude and sea-
son and are likely an important controlling factor for 
large-amplitude equatorial plasma bubble development 
(Huang and Hairston 2015). 30 MHz coherent backscat-
ter radar observations at Saõ Luís have shown that even-
ing mean upward vertical drifts are a necessary but not 
sufficient condition for the occurrence of topside ESF 
echoes (Smith et  al. 2015). It is assumed that plasma 
bubbles are generated above the geomagnetic equator 
and stretch along the magnetic field lines to low lati-
tudes (Sultan 1996; Keskinen et al. 1998; Bhattacharyya 
and Burke 2000). The eastward movement of the devel-
oped plasma structures at velocities usually exceeding 
100  m  s−1 has been experimentally confirmed by sev-
eral independent studies (Terra et al. 2004; Haase et al. 
2011; Chum et  al. 2014). The zonal velocities derived 
from observations of ionospheric irregularities at night 
are also eastward with magnitudes decreasing from the 
geomagnetic equator to the equatorial ionization anom-
aly (EIA) crests (Kil et al. 2002). The mean zonal veloci-
ties of ionospheric irregularities at the Brazilian Saõ Luís 
equatorial station were larger during the December sol-
stice and decayed during the equinoctial periods (Muella 
et al. 2009). Low-latitude all-sky imager observations in 
northern Argentina and Peru revealed at stations closer 
to the magnetic equator weaker (stronger) eastward 
plasma drifts in the postsunset (postmidnight) period 
(Martinis et  al. 2003). Incoherent scatter radar obser-
vations at Jicamarca (Fejer et al. 2005) indicate daytime 
westward drifts and stronger nighttime eastward drifts 
under quiet conditions; nighttime perturbation drifts 
increase strongly with solar activity. Pacheco et al. (2011) 
investigated local‐time variations of zonal drifts at dif-
ferent latitudes, longitudes, and seasons using data from 
the Republic of China Satellite‐1 (ROCSAT‐1). Super-
rotation of the ionosphere was observed in zonal drift 
measurements, particularly at lower latitudes.

ESF has been studied by ground-based measure-
ments using optical airglow cameras, radars, ionosondes, 
and GPS receivers (Haase et  al. 2011; Fejer et  al. 1999; 
Shi et  al. 2011) and in  situ measurements using satel-
lite observations. Either direct in  situ measurements of 
plasma density depletions (Huang et al. 2001; Park et al. 
2005) or their magnetic signatures owing to the diamag-
netic effect of plasma can be used to study the properties 

and distributions of plasma bubbles by satellites (Luhr 
et al. 2003; Stolle et al. 2006).

In this paper, we present horizontal velocities of spread 
F structures observed by multipoint continuous Dop-
pler sounding over Tucumán, Northern Argentina (27°S, 
65°W, inclination of magnetic field I = 27°), and over Tai-
wan (24°N, 121°E, inclination of magnetic field I =  35°) 
and we compare the values with neutral wind veloci-
ties obtained from recent experimental model HWM14 
(Drob et  al. 2015). The occurrence rates of spread F 
structures observed by Doppler sounding are compared 
with the new data from global radio occultation meas-
urements of GPS signal scintillation onboard the FOR-
MOSAT-3/COSMIC (F3/C) satellites. Both regions of 
Doppler sounding are located under the crest of the EIA; 
Tucumán is under the southern crest, whereas Taiwan is 
under the northern crest. The time shift between these 
regions is about 12  h. Although continuous Doppler 
sounding was used to investigate wave-like disturbances 
in the ionosphere in the 1960s (Davies et al. 1962; Davies 
and Baker 1966), its application to ESF studies is rela-
tively new and rare. To the best of our knowledge, Chum 
et  al. (2014) were the first to use Doppler shift meas-
urements for spread F investigations. They presented 
systematic analysis of propagation velocities of spread 
F structures based on multipoint continuous Doppler 
sounding over Tucumán from December 2012 to Novem-
ber 2013. Their results can be summarized as follows. 
Spread F occurred at night generally in the local summer 
half of the year and propagated roughly eastward at typi-
cal velocities of ~100–160  m  s−1. This result is consist-
ent with those other reports based on airglow, ionosonde, 
and GPS measurements (Terra et  al. 2004; Haase et  al. 
2011; Alfonsi et  al. 2013). The advantage of continuous 
Doppler sounding compared with optical measurements 
is its independence of tropospheric weather conditions. 
The Doppler shift spectrograms provide a relatively sim-
ple and rapid qualitative overview of the spread F occur-
rence; however, its relatively low accuracy of velocity 
determination is a disadvantage.

The Doppler shift measurements have relatively high 
time resolution of ~10  s and complement the iono-
sonde measurements. These measurements can be used 
among others for the monitoring of spread F, which is a 
severe limitation for radio propagation at low latitudes. 
This paper builds on the previous work and methods 
described by Chum et  al. (2014), and its motivation is 
as follows. The continuous Doppler sounder measure-
ment data were previous applied to investigations of 
ESF only once for one station (Tucumán) using one year 
of data (Chum et al. 2014). In the present study, we use 
two stations, Tucumán under the southern crest of EIA 
near the South Atlantic magnetic anomaly (Hartmann 
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and Pacca 2009) and Taiwan under the northern crest of 
EIA in southeastern Asia, to obtain statistical informa-
tion on ESF behavior at two significantly different loca-
tions, and we add one more year of data. In addition, 
the spread F occurrence and its global distribution are 
studied from F3/C satellite data, particularly from the 
occultation measurements of the GPS signal scintillation. 
This investigation is similar to a local study of spread F 
and scintillations over Sanya by Zhang et al. (2015), who 
showed that spread F and large scintillations occur simul-
taneously. As the second objective, we verify that the new 
method of spread F velocity measurements based on con-
tinuous Doppler sounding gives values consistent with 
previously published results based on different methods 
of measurement and that these values properly describe 
the reported longitudinal differences. In the past, this 
was only partly achieved for one station (Tucumán). In 
the present study, spread F occurrences and velocities are 
additionally studied over Taiwan and Tucumán in 2014, 
where the multipoint continuous Doppler sounding sys-
tems (CDSSs) have been installed, primarily to examine 
the wave activity in the low-latitude ionosphere. (The 
Doppler sounder installed in Taiwan in late 2013 has 
provided reliable data only since 2014.) Details on veloc-
ity distributions and occurrence rates of spread F struc-
tures in these locations are provided in “Occurrences and 
velocities over Taiwan and Tucumán and global distribu-
tion of spread F from S4 measurements by F3/C” sec-
tion, and a comparison with previous reports is given in 
the first part of “Comparison with other measurements 
and relation to neutral winds from HWM14 model” sec-
tion. The third goal of the current work is comparison of 
spread F velocities with neutral winds obtained from the 
recent neutral wind model HWM14 (Drob et  al. 2015). 
This comparison is motivated by the theoretical predic-
tion that the plasma drifts in the nighttime equatorial F2 
region should approach neutral wind velocities (Kelley 
2009). The measurements of spread F/plasma depletion 
drift velocities thus can serve as additional information 
in the evaluation of empirical wind models at these loca-
tions. This comparison is partly inspired by the work of 
England and Immel (2012), who reported that the previ-
ous HWM07 model shows discrepancies with drift veloc-
ities of equatorial and low-latitude plasma depletions 
observed by the far ultraviolet imager on the IMAGE 
spacecraft.

Measurements and data analysis
Continuous Doppler sounding considers that the sound-
ing radio wave experiences frequency shift, known as 
Doppler shift, if the ionospheric layer from which the 
wave reflects moves or if processes occur that lead to 
plasma compression or rarefaction (Davies et  al. 1962; 

Chum et  al. 2012, and references therein). The CDSS, 
used in both Tucumán and Taiwan, consists of three 
transmitters known as Tx1, Tx2, and Tx3 that form a 
roughly equilateral triangle with sides of about 100  km. 
The sounding frequencies of the transmitters are mutu-
ally shifted by ~4 Hz at the specific region so that all of 
the sounding paths corresponding to different transmit-
ter–receiver pairs can be easily displayed in one Dop-
pler shift spectrogram. The geographical coordinates of 
the system installed in Tucumán have been presented 
in Fig. 2 in Chum et al. (2014) and include transmitters 
Tx1 (26.943°S, 65.707°W), Tx2 (26.563°S, 64.550° W), 
Tx3 (27.499°S, 64.874°W), and receiver Rx (26.840°S, 
65.230°W). The coordinates of the system deployed in 
Taiwan are Tx1 (23.897°N, 121.551°E), Tx2 (24.341°N. 
120.778°E), Tx3 (24.816° N, 121.727°E), Rx0 (24.972°N, 
121.192°E), and Rx1 (23.955°N, 120.927°E). The transmit-
ted power was only ~1 W, and the sounding frequencies 
were 4.63  MHz in Tucumán and 6.57  MHz in Taiwan. 
The reflection heights were determined from nearby ion-
ospheric sounders.

Figures 1 and 2 show examples of Doppler shift spec-
trograms recorded in Tucumán and Taiwan, respectively. 
The colors indicate the received power spectral densi-
ties in arbitrary units; the antennas were not calibrated. 
Figure  1 presents a more complicated record because 
several oblique spread structures (OSSs) were observed 
during the displayed time interval, whereas only one OSS 
occurred on each signal path in Fig. 2. The observation of 
several OSSs during one night occurred more frequently 
than that of a single event in both Tucumán and Taiwan. 
The remarkable undulations (short-period waves) that 
preceded the first OSS in Fig.  1 were relatively rare for 
both locations and were observed only in about 10 % of 
the events. Both examples were recorded on geomag-
netically quiet days on February 2 and March 16, 2014, 
when the Kp fluctuated around 1 and was less than one, 
respectively.

Figure  3 shows ionograms recorded in Tucumán at 
the time period in which the OSSs presented in Fig.  1 
were recorded. A spread F, which could be categorized 
as strong-range spread F (Shi et  al. 2011; Alfonsi et  al. 
2013), was observed at 01:10 UT (Fig.  3b) and at 02:40 
UT (Fig. 3d), which are the times in which the OSSs were 
observed in the Doppler shift spectrogram in Fig. 1. On 
the contrary, the spread F was not measured before and 
between the occurrence of the individual OSSs at 00:30 
UT (Fig. 3a) and 01:50 UT (Fig. 3c), respectively. Another 
example of simultaneous occurrence of OSSs and spread 
F over Tucumán was given by Chum et  al. (2014). An 
example of simultaneous occurrence of OSS and spread 
F in Taiwan is given in Fig.  4, which shows a sequence 
of ionograms recorded at 14:20, 14:40, 15:00, and 15:20 
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UT on March 16, 2014. The distinct spread F measured at 
14:40 (Fig. 4b) and 15:00 UT (Fig. 4c) corresponds to the 
OSS occurrence in Fig. 2.

We also examined whether large scintillations are 
recorded during the OSS events. Figure 5 shows the scin-
tillation index S4, defined as standard deviation normal-
ized to the mean value during 1-min intervals, for PRN3 
(red) and PRN19 (blue) satellites recorded in Tucumán 
from 0:00 to 4:00 UT on February 2, 2014. The satel-
lites passed roughly from zenith to the north during this 
time interval (PRN3 ahead of PRN19). The PRN3 was set 
below the horizon at approximately 3:15 UT (195  min). 
Very distinct scintillations were observed at the times of 
the OSSs occurrences with smaller scintillations from 
~90 to 130  min (01:30–02:10 UT), which is consistent 
with the gap between OSSs occurrence (Fig.  1) at that 
time. The extremely large values of S4 index from ~140 
to 200 min are likely associated with low satellite eleva-
tion angles and signal paths that are quasi-parallel with 
irregularities, which are expected to extend along the 
magnetic field lines (e.g., Bhattacharyya and Burke 2000; 
Haase et al. 2011). A statistical comparison of OSS occur-
rences with S4 index based on radio occultation meas-
urements of GPS signal scintillation onboard the F3/C 
satellites is provided in “Occurrences and velocities over 

Taiwan and Tucumán and global distribution of spread F 
from S4 measurements by F3/C” section.

It is also interesting to examine the ionograms meas-
ured close to the geomagnetic equator from which 
the irregularities are expected to originate (Sultan 
1996; Bhattacharyya and Burke 2000). Figure  6 shows 
a sequence of ionograms recorded in Jicamarca (12°S, 
76.8°W), which is the closest equatorial ionosonde to 
Tucumán. The point at the geomagnetic equator mag-
netically conjugated with Tucumán is 10.5°S, 67.4°W; 
Jicamarca is about 1000  km from this point. The mean 
height of equatorial points conjugated with the alti-
tudes of OSS observations in Tucumán is ~760 km. The 
individual ionograms in Fig.  6 were measured at the 
same times as the ionograms in Tucumán in Fig. 3. The 
strong spread F began at about the same time in Jicama-
rca and Tucumán on that particular night; however, the 
spread F continued much longer in Jicamarca, approxi-
mately to 7:00 UT, and the lowest values were recorded 
between ~3:10 and ~3:40. In general, the examination 
of other days showed that the precise timing, including 
the beginning, differed among cases and that the spread 
F was usually observed longer in closer proximity to the 
geomagnetic equator. Figure 7 shows a sequence of iono-
grams recorded in Sanya (18.3°N, 109.6°E), which is the 

Fig. 1 Doppler shift spectrogram computed from data recorded in Tucumán on February 2, 2014, from 00:00 UT to 06:00 UT (solar local time 
LT = UT − 4.3)
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Fig. 2 Doppler shift spectrogram computed from data recorded in Taiwan by the receiver Rx1 on March 16, 2014, from 12:00 UT to 18:00 UT (solar 
local time LT = UT + 8.1). Magenta asterisks show the determined times of OSS beginning; magenta line represents the evaluated tilt ΔfD/ΔT

Fig. 3 Sequence of ionograms measured in Tucumán (26.9°S, 65.4°W) at a 00:30, b 01:10, c 01:50, and d 02:40 UT (solar local time LT = UT − 4.3) on 
February 2, 2014
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Fig. 4 Sequence of ionograms measured in Zhongli, Taiwan (25.0°N, 121.2°E) at a 14:20, b 14:40, c 15:00, and d 15:20 UT (solar local time 
LT = UT + 8.1) on March 16, 2014

Fig. 5 Scintillation index S4 for signals from PRN3 (red) and PRN19 (blue) GPS satellites measured in Tucumán from 00:00 to 04:00 UT on February 2, 
2014
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closest available near-equatorial ionosonde to Taiwan. 
The point at the geomagnetic equator magnetically con-
jugated with Taiwan is (7.7°N, 121.6°E); Sanya is about 
1700 km from this point. The mean height of equatorial 
points conjugated with the altitudes of OSS observations 
in Taiwan is ~940  km. The individual ionograms were 
recorded at similar times as the ionograms in Taiwan in 
Fig. 4; the sounding of the ionosondes was not synchro-
nized. The sequence of ionograms in Fig.  7 documents 
that spread F had longer duration in Sanya, closer to the 
equator, than in Taiwan. The spread F in Sanya began 
earlier in this case.

Another point worth mentioning is that the OSSs were 
observed with time delays between different sounding 
paths. These time delays, together with known sepa-
rations of the transmitters, can be used to estimate the 
propagation velocities and directions of OSSs. More 
precisely, the separations of reflection points, which are 
assumed to be the midway between the individual trans-
mitters and receiver, were used in these calculations. It is 
necessary to stress that it was not possible to determine 
the time delays reliably for a number of OSS events, e.g., 
we were not able to determine the time delays for the first 
OSS event in Fig.  1 observed from ~01:00 to 01:30 UT. 
The time delays are usually measured as time differences 
between the beginnings of the OSSs recorded on differ-
ent sounding paths. The determination of these begin-
nings is performed manually by clicking in the Doppler 

shift spectrogram in MATLAB software; an example of 
the determined OSS beginning times is represented by 
magenta asterisks in Fig. 2. It is therefore partly subjec-
tive, and the estimated average error of the time deter-
mination is 1  min. This error propagates into the error 
estimates, or uncertainties, of the calculated velocities 
and azimuths.

Chum et al. (2014) reported that it is possible to esti-
mate the horizontal propagation velocities of OSSs, 
but not their directions, by using another independent 
method that gives results consistent with calculations 
based on the time delays. They showed that the horizon-
tal velocity vH can be calculated as

where fD(t1) and fD(t2) are Doppler shifts at times t1 and 
t2, respectively; h0 is the height of the reflecting level; c is 
the speed of light; and f0 is the sounding frequency. Equa-
tion  (1) is derived from the fact that the Doppler shifts 
for a specific point of reflection—a horizontally moving 
small-scale irregularity—are fD(t1,2)  =  2f0vHsin(δ1,2)/c, 
where angles δ1 and δ2 are deviations from the ver-
tical for the positions at times t1, t2. During the 

(1)vH =

√

�fD

�T

h0c

2f0
,

�fD = fD(t1)− fD(t2),

�T = t2 − t1,

Fig. 6 Sequence of ionograms measured in Jicamarca (12°S, 76.8°W) at a 00:30, b 01:10, c 01:50, and d 02:40 UT on February 2, 2014
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interval ΔT, the irregularity travels a horizontal dis-
tance of vHΔT = h0(tanδ1 − tanδ2) if we include the sign 
of the angles. Obviously, Eq.  (1) is valid only for small 
angles δ1 and δ2, for which sin(δ1) ≈  tan(δ1) ≈  δ1 and 
sin(δ2) ≈  tan(δ2) ≈  δ2. That is, measurement of the tilt 
ΔfD/ΔT should be performed only in the linear part of the 
OSS in which the tilt remains constant, dfD/dt = const.

There are two main sources of uncertainties in the 
application of Eq. (1). First, as follows from the nature of 
spread F, the reflection height is of a random character, 
and the signal reflects from many different small-scale 
irregularities. It is difficult to determine the reflection 
height h0 during the spread F event; it is generally impos-
sible to be determined from ionograms. We therefore 
used the IRI 2012 model to estimate the reflection height 
assuming that the average net uncertainty, or scat-
ter range at ESF conditions plus the inaccuracy of IRI 
2012, considering h0 is 50 km, εh0 = 50 km. This value is 
approximately one-fifth of the average reflection height, 
h0  =  250  km. In addition, sometimes it is difficult or 
partly subjective to measure the tilt of OSSs if they are 
blurry; an example of the ΔfD/ΔT evaluation is marked in 
magenta color in Fig. 2. Moreover, the tilts of some OSSs 
change and are usually smaller when the OSSs end. It is 
impractical and partly impossible to estimate the uncer-
tainty for each event individually. Therefore, on the basis 
of our evaluation of Doppler records and comparison 
with velocities obtained by the time delay method, we 

determined the average uncertainty in ΔT to be about 
3  min, εΔT  =  3  min. Fortunately, the horizontal veloc-
ity vH is proportional to square root of both h0 and ΔfD/
ΔT; thus, we can still obtain reasonable estimates of vH 
despite the relatively large uncertainties of h0 and ΔfD/
ΔT. The uncertainty of vH is calculated by Eq.  (2) as 
the maximum deviation from the value obtained from 
Eq. (1) assuming the height h0 and time interval ΔT to be 
increased and decreased, respectively, by the above dis-
cussed uncertainties εh0 and εΔT:

where vH is calculated from Eq.  (1). We took the uncer-
tainty, or deviation, toward the larger values of vH 
because it is always larger than that toward the smaller 
values. It is shown in “Occurrences and velocities over 
Taiwan and Tucumán and global distribution of spread F 
from S4 measurements by F3/C” section that the propa-
gation velocities calculated from the time delays between 
the observations of specific OSSs on different sounding 
paths (time delay method) are consistent with velocity 
estimates based on the tilt ΔfD/ΔT measurements (tilt 
method).

It should also be noted that in the initial phase of 
development of a geomagnetic field-aligned equatorial 
plasma bubble, which gives rise to spread F, the bubbles 

(2)ε(vH) =

√

�fD

�T − ε�T

(h0 + εh0)c

2f0
− vH,

Fig. 7 Sequence of ionograms measured in Sanya (18.3°N, 109.6°W) at a 14:15, b 14:45, c 15:00, and d 15:30 UT on March 16, 2014
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may have large upward velocities that often exceed the 
horizontal velocity in magnitude. This upward veloc-
ity could substantially affect the Doppler shift and 
hence the tilt method. However, this initial develop-
ment is realized at very low latitudes close to the geo-
magnetic equator, whereas our measurements were 
located in the EIA crest region sufficiently far from this 
area, as described in “Background” section. Thus, we 
can assume that the irregularity movement is predomi-
nantly horizontal in the region of our measurements. 
Therefore, the application of the tilt method for estimat-
ing the horizontal velocities of spread F structures is 
justified. The fact that the horizontal movement is dom-
inant in our observations is also supported by the exam-
ples in Figs.  1 and 2. In these figures, the OSSs reach 
both positive and negative values of Doppler shift in a 
roughly symmetrical manner with respect to the signals 
in time intervals in which the spread features were not 
observed. The potential influence of vertical motion is 
also partly compensated by the fact that we used dif-
ferential and not absolute values of Doppler shifts in 
Eq. (1). It should be noted that a constant offset of Dop-
pler shift should not affect the results of our measure-
ments. However, the tilt method could lead to incorrect 
results if measurements are conducted close to the geo-
magnetic equator when instability develops and plasma 
bubbles are created.

The GPS signal scintillations were obtained from the 
radio occultation measurements onboard the F3/C sat-
ellites. The Constellation Observing System for Mete-
orology, Ionosphere, and Climate mission (COSMIC) is 
formed by six microsatellites at 800 km low Earth orbit 
(LEO) and a 72° orbital inclination angle. The radio GPS 
occultation experiment (GOX) performs radio occulta-
tion observations in both the atmosphere and the iono-
sphere, and the radio scintillation of the GPS L1 band 
C/A code (1.575 GHz) is calculated and recorded as the 
S4-index, which is a standard deviation of the received 
power normalized by its mean value (http://cdaac-www.
cosmic.ucar.edu/cdaac/doc/documents/s4_description.
pdf). An average of 2000–3000 occultation scintillation 
profiles is recorded per day in the scintillation files (data 
type scnLv1) and can be obtained from Taiwan Analy-
sis Center for COSMIC (TACC) and the COSMIC Data 
Analysis and Archive Center (CDAAC).

To specify the location and time of the most intensive 
scintillation, the maximum value S4max on each profile is 
determined. According to the time, location, and altitude 
of the observation, each S4max is assigned to its proper 
grid in a three-dimensional (3D) map. A median value 
of S4max is then computed in a specific region in the 3D 
map over a specific time period, which in our case was 
the year 2014.

Occurrences and velocities over Taiwan 
and Tucumán and global distribution of spread F 
from S4 measurements by F3/C
Figure 8 displays the time intervals of occurrences of the 
OSS events over Tucumán in 2014 as functions of day 
of year (horizontal axis) and daytime (vertical axis). The 
horizontal velocities vH calculated by Eq. (1) are depicted 
by color. The tilt method was chosen for calculations of 
vH because it can be applied to all of the detected OSS 
events. It should be noted that the tilt method is usable 
even if one or two transmitters are not operating for rea-
sons such as power supply failure; the same is not true for 
the time delay method. The horizontal thick black lines 
indicate data gaps when the receiver was not operating 
or was malfunctioning. The blue dashed curves show the 
times of sunset and sunrise on the ground. The results in 
Fig. 8 confirm the previous findings by Chum et al. (2014) 
such that the OSSs occur in Tucumán after sunset (at 
night) mainly from September to March (April) and that 
they are only exceptionally observed in other months. 
In total, 314 OSS events that occurred during 115  days 
were analyzed. However, because the data were missing 
for more than 93  days, the mean probability over one 
year that at least one OSS event will be observed during a 
night was 115/(365 − 93) = 0.42. For the period Septem-
ber to March, this probability was substantially higher, at 
almost 0.76, whereas it was only 0.08 for the period April 
to August. The mean height of reflection for 4.63  MHz 
waves from the IRI 2012 model at the times of the OSS 
events was 244  km with a 21-km standard deviation of 
distribution. The mean observed horizontal velocity of 
the OSSs was 140  m  s−1, and the standard deviation of 
distribution was 29  m  s−1. The mean uncertainty was 
40 m s−1.

Figure 9 presents the distribution and velocities of the 
OSS events over Taiwan in the same manner as those 
for Tucumán in Fig.  8. The data from the receiver Rx1 
were used because frequent short-time data gaps and 
interference in the receiver Rx0 disturbed the measure-
ments and made the data analysis difficult or impossi-
ble. The mean height of reflection for 6.57  MHz waves 
from the IRI 2012 model at the times of OSS events was 
264  km with a 19-km standard deviation of distribu-
tion. As expected, the OSSs were observed in Taiwan 
at night, similar to those in Tucumán. Remarkably, we 
detected significantly fewer OSS events in Taiwan than in 
Tucumán; only 59 events were detected during 30 nights 
in Taiwan. However, the data were missing for more than 
104 days. Therefore, the mean probability over 1 year that 
at least one OSS event will be observed at night was 30/
(365 − 104) = 0.11, which is about four times less than 
in Tucumán. The second difference is that the OSSs were 
mostly observed around equinoxes in Taiwan rather than 

http://cdaac-www.cosmic.ucar.edu/cdaac/doc/documents/s4_description.pdf
http://cdaac-www.cosmic.ucar.edu/cdaac/doc/documents/s4_description.pdf
http://cdaac-www.cosmic.ucar.edu/cdaac/doc/documents/s4_description.pdf
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in the local summer half of the year as in Tucumán. The 
third difference is the lower mean velocity over 1  year, 
which was only 107 m s−1 with a 17 m s−1 standard devi-
ation of distribution; the mean uncertainty was 27 m s−1.

The velocity distributions are displayed in histograms 
presented in Fig.  10, which shows the occurrence fre-
quencies of OSS velocities with a velocity step of 10 m s−1 
for Tucumán (top) and Taiwan (bottom). Figure 10 con-
firms that the number of OSS events was significantly 
higher in Tucumán than in Taiwan and that the propa-
gation velocities in Tucumán were usually higher than 
those in Taiwan. It should be noted that the velocity bin 
of 10  m  s−1 is lower than the typical estimated uncer-
tainty of propagation velocities.

The top panel in Fig. 11 presents the azimuths of prop-
agation obtained by the time delay method for Taiwan. 
The OSSs propagated roughly eastward in a relatively 
narrow range of azimuths; the mean azimuth was 89° 
with a 15° standard deviation of distribution. In total, 22 
events were analyzed by using the time delay method, 
i.e., about 40 % of all the detected events; the time delay 
method was not applicable for the remaining events. The 
bottom panel in Fig.  11 shows the propagation veloci-
ties with error bars (bottom plots) calculated by the time 
delay method (blue) and by the tilt method (magenta) 

for Taiwan as a function of daytime. It can be verified 
that both methods gave consistent results within the 
estimated uncertainties; the mean uncertainty of veloci-
ties obtained by the tilt method and by the time delay 
method was 27 and 12  m  s−1, respectively. The results 
for Tucumán are very similar to those shown by Chum 
et al. (2014) for 2013. The mean azimuth in Tucumán in 
2014 was 88° with an 18° standard deviation of distribu-
tion. In total, 143 OSS events from 314 were analyzed in 
Tucumán by using the time delay method. It should be 
stressed that all events analyzed by the time delay method 
were also analyzed by the tilt method in both locations 
and that the data cover all months of OSS occurrence. 
The observed velocities were usually lower late at night 
than after sunset (Figs. 8, 9, 11).

Figure 12a presents the global distribution of S4max for 
the altitude range of 200–300  km, which is the altitude 
range of Doppler observations. As expected, the scintil-
lation index reached the highest values around the geo-
magnetic equator, where the ESF occurs most frequently. 
The largest index values were observed approximately 
between longitudes of −10° and −60°. Figure 12c, d dis-
plays S4max in the altitude range of 200–300 km as a func-
tion of local time and season over Tucumán and Taiwan, 
respectively. These plots are therefore similar to those in 

Fig. 8 Spread F occurrence and horizontal velocities in m s−1 (color coded) as a function of day of year and daytime for Tucumán in 2014 estimated 
from the tilt ΔfD/ΔT. Horizontal black thick lines indicate data gaps; dashed blue curves show the times of sunset and sunrise at the altitude of 0 km
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Figs. 8 and 9 that show the daytime and seasonal distri-
bution of OSSs observed by Doppler. A comparison of 
Fig.  12c with Fig.  8 and Fig.  12d with Fig.  9 shows that 
significant S4max values were generally observed at similar 
times and seasons when most of the OSSs were detected 
by Doppler. Moreover, the largest values of S4max are 
observed from ~20:00 to ~23:00 LT, when the highest 
velocities of OSSs were usually measured. A small peak of 
S4max values was observed over Taiwan approximately in 
June at close to 19:00 LT. This peak has no counterpart in 
Fig. 9; however, we should note that a relatively large gap 
in Doppler data also occurred on these days. In addition, 
the June peak in the S4 max data might have been caused 
partly by the sporadic E (Es) layer, as is shown in Fig. 13f.

Figure 13 shows the dependence of S4max on altitude in 
various forms. Figure 13a, b shows S4max values as a func-
tion of local time and altitude for Tucumán and Taiwan, 
respectively. Figure 13c, d shows the same dependence as 
Fig. 13a, b but for the locations at the geomagnetic equa-
tor, which are magnetically conjugated with Tucumán 
and Taiwan, respectively. Figure 13e, f presents the S4max 
values as a function of season and altitude for Tucumán 
and Taiwan, respectively. It is obvious that the alti-
tude range of ~200–300  km, which is the region of the 
largest electron densities, dominantly contributes to 

scintillations. Another peak appearing near ~100  km in 
Taiwan corresponds to the Es layer. The occurrence of 
the Es layer was significantly lower in Tucumán. These 
results are consistent with the study of Arras et al. (2008), 
who showed that the Es layer occurs relatively rarely 
over South America likely because of the South Atlantic 
anomaly.

Another point worth mentioning is that the scintil-
lation reached maximum at about the same local time 
at the geomagnetic equator and under the crest of the 
EIA, as shown by comparisons of Fig.  13a, c and b, d. 
This result could indicate that the spread F and possi-
bly plasma bubbles evolve very quickly along the mag-
netic field lines as suggested by Bhattacharyya and 
Burke (2000). However, this statistical study based on 
S4max indices cannot provide reliable information on the 
ESF time evolution; dedicated investigations based on 
detailed case studies and simultaneous multipoint obser-
vations are needed verify this reaction.

Comparison with other measurements and relation 
to neutral winds from HWM14 model
It is interesting to compare the occurrence rates of 
OSS events with the occurrence rates of plasma bub-
bles observed by satellites. The fact that OSSs are more 

Fig. 9 Spread F occurrence and horizontal velocities in m s−1 (color coded) as a function of day of year and daytime for Taiwan in 2014 estimated 
from the tilt ΔfD/ΔT. Horizontal black thick lines indicate data gaps; dashed blue curves show the times of sunset and sunrise at the altitude of 0 km
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frequent in Tucumán than in Taiwan and that they 
mostly occur from September to March in that region is 
consistent with the occurrence rates of plasma bubbles as 
derived from magnetic signatures on the CHAMP satel-
lite orbiting at altitudes of ~450–380  km (Stolle et  al. 
2006). Similar results were obtained from direct plasma 
density measurements onboard DMSP F9 and F10 sat-
ellites orbiting at ~840  km altitude (Huang et  al. 2001) 
and with recent measurement of prereversal enhance-
ment of ion vertical drift by the C/NOFS satellite (Huang 
and Hairston 2015). Two factors likely contributing to 
the higher occurrence rates of OSS events and spread F 
events in Tucumán than those in Taiwan include a weaker 
Earth magnetic field in Tucumán, which is close to the 
South Atlantic magnetic anomaly, and a longitudinal dis-
tribution of prereversal enhancements of the equatorial 
electrojet. The seasonal distribution of OSSs in Tucumán 
is also consistent with the occurrence of the spread F and 
scintillation reported for Tucumán (e.g., Alfonsi et  al. 
2013; Ezquer et  al. 2003). For Taiwan, Lee et  al. (2013) 
reported a different seasonal distribution of spread F. 
On the basis of data obtained during the solar minimum 
in 1996, they found that the spread F occurrence peaks 
from May to August, i.e., in the local summer half of the 
year. However, the observation of plasma bubbles by the 
CHAMP satellite (Stolle et  al. 2006) in 2001–2004 and 

the measurements of prereversal enhancement of verti-
cal plasma drift (Huang and Hairston 2015) are closer 
to our findings such that spread F is more frequently 
observed around equinoxes. Our results concerning 
the propagation velocities are consistent with previous 
reports based on optical and GPS total electron con-
tent measurements for South America (e.g., Haase et al. 
2011) and for Taiwan (Huang 1990; Liu et al. 2011). Our 
results are based on larger numbers of events and cover 
the entire year. Pacheco et  al. (2011) studied the super-
rotation and zonal ion drift from the ROCSAT-1 satellite 
orbiting at an altitude of ~600 km from November 1999 
to December 2003, which corresponds to the solar maxi-
mum. Their results are consistent with our results in that 
they observed the largest nighttime eastward drifts in 
the American sector during the northern winter; similar 
behavior was shown in the neutral winds. They observed 
the lowest nighttime eastward drifts from May to August.

In theory, the plasma velocities, or drifts, in the night-
time equatorial F layer should approach the velocities 
of neutral zonal winds (Kelley 2009). It is therefore use-
ful to compare the observed velocities of OSSs with the 
velocities of neutral winds obtained by the recent global 
empirical HWM14 model (Drob et al. 2015). Figure 14a, 
b presents a comparison between the measured velocities 
of OSSs and horizontal neutral winds from HWM14 at 

Fig. 10 Histogram of propagation velocities of oblique spread structures (OSSs) for Tucumán (top) and Taiwan (bottom) determined by the tilt 
method
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the estimated heights (“Measurements and data analy-
sis” section) and times of observations for Tucumán 
and Taiwan, respectively. Magenta and blue colors are 
used for velocities determined by the tilt and time delay 
methods, respectively. The dashed lines show the veloc-
ity coordinates for which the OSS velocities equal the 
expected neutral wind velocities. Figure  14 shows that 
the OSS velocities are generally larger than the neutral 
wind velocities. Obviously, nighttime measurements 
at the two points are not sufficient for reliable valida-
tion of the models; however, they can indicate model 
limitations. Moreover, the fact that the uncertainties of 
measured velocities and wind values are relatively large 
makes the comparison rather qualitative. The fact that 
the OSS velocities are mostly larger than neutral winds 
from HWM14 model can be explained by several fac-
tors. First, the climatological HWM14 model provides 
inadequate values of neutral winds, specifically plasma 
drifts, for spread F conditions. Second, the OSS veloci-
ties are measured incorrectly. However, we note that the 
velocities were determined by two independent methods 
that gave consistent results within the estimated uncer-
tainties; thus, it is unlikely that both methods would give 
systematically larger values. In addition, the OSS veloci-
ties are consistent with propagation velocities obtained 

from airglow measurements at 630  nm in Taiwan (Liu 
et al. 2011). Hence, we consider the first possibility to be 
the most probable. It is interesting in this respect that 
the importance of strong neutral winds in the bottom-
side equatorial ionosphere for the development of ESF 
was predicted in numerical simulations by Kudeki et al. 
(2007). However, our measurements were obtained at the 
low-latitude F2 layer rather than from the equator; thus, 
they are not fully decisive as the zonal drift of spread F 
need not be consistent with the “local” neutral wind in 
the off-equatorial region. Considering the flux-tube-
integrated system, the neutral wind over the dip equa-
tor or the opposite hemisphere may affect the F-region 
dynamo. If the bottomside equatorial neutral winds 
could be at least roughly approximated by the OSS veloc-
ities observed at the low latitudes, the fact that we meas-
ured larger velocities in Tucumán than in Taiwan could 
also partially explain the fact that we observed about four 
times as many events in Tucumán than in those Taiwan 
(Fig. 10). However, we cannot exclude that other factors 
such as GW seeding and magnetic field configuration 
also play important roles. It should be mentioned that 
the strength and geometry of the geomagnetic field dif-
fer between the regions. The strength of the geomagnetic 
field is lower in Tucumán than in Taiwan. Moreover, 

Fig. 11 Azimuths (top) and horizontal propagation (bottom) velocities of oblique spread structures (OSSs) as a function of daytime for Taiwan in 
2014. Values determined by the time delay method are shown in blue; and velocities determined by the tilt method are shown in magenta
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the magnetic field inclination I is lower in Tucumán, at 
I = 27°, than in Taiwan, at I = 35°, even though the dis-
tance from the geomagnetic equator is slightly larger by 
about 200 km for Tucumán than for Taiwan; Tucumán is 
affected by the South Atlantic magnetic anomaly. Both 
the weaker magnetic field and more horizontal geom-
etry of the magnetic field could be favorable for spread 
F initiation. It should be considered that non-migrating 
tides also produce longitudinal patterns (e.g., Xiong and 
Luhr 2013) in the EIA. In addition, the EIA can exhibit 
asymmetry between hemispheres, and the position of the 
trough can be shifted from the geomagnetic equator (Yue 
et  al. 2015). The exact explanation of mechanisms lead-
ing to different occurrence rates and their relative roles 
requires sophisticated numerical simulations, which is 
outside the scope of this experimental study.

GW seeding as a potential mechanism for the initiation 
of ESF and plasma bubble development has been dis-
cussed in many experimental and theoretical papers (e.g., 
Abdu et al. 2009b; Cabrera et al. 2010; Hysell et al. 2014, 
and references therein). Unfortunately, our observations 

are under the crest of the EIA rather than at the geo-
magnetic equator, where the initiation is expected, and 
the GW seeding in the bottomside ionosphere should 
be important. Hence, we were unable to draw conclu-
sions from our observations. For completeness, we note 
only that we usually did not observe significant GW 
wave activity prior to the OSS events in the Doppler shift 
spectrograms. We observed noticeable unusual waves 
that preceded about 10  % of the OSS events, as shown 
in the example in Fig.  1. The waves propagated roughly 
eastward in all cases. Their observed propagation veloci-
ties obtained by slowness search, which is the method 
described by Chum et  al. (2014), were slightly larger or 
the same as the propagation velocities of the OSSs. More 
precisely, they fit the propagation velocities of the OSSs 
within the estimated uncertainties. This result indicates 
that their horizontal velocities in the wind frame were 
very small, at close to zero or on the order of ~10 m s−1, 
if we assume that OSSs propagate with neutral winds. 
Therefore, we were not able to distinguish whether we 
observed real GWs or simply undulations in the vicinity 

Fig. 12 a Global distribution of S4max values for the 200–300 km altitude range. b Dependence of S4max on altitude and latitude for the longitude 
of maximum in Fig. 8a. c, d S4max values for the 200–300 km altitude range as a function of local time and season over Tucumán and Taiwan, respec‑
tively
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of spread F irregularities that were generated together 
with spread F. The observations of noticeable wave-like 
perturbations that preceded about ~10  % of the OSS 
events can be briefly summarized as follows. (1) If pre-
sent, the waves occur before the first OSS event at the 
given night, i.e., relatively soon after sunset, and they 
sometimes merge with the first OSS events. They have 
not been observed before the OSS events that occurred 
late at night. (2) The amplitudes, or Doppler shifts, of 
waves are usually larger on sounding paths that are closer 
to the equator (e.g., Fig.  1). We note that the distances 
between the transmitters are about 100  km; hence, the 
distances between the reflection points are about 50 km 
(“Measurements and data analysis” section). (3) It is 
not possible to accurately determine the velocity and 
propagation direction for all observations. However, the 
propagation characteristics of GWs for which the propa-
gation analysis is feasible are similar to propagation of the 
related OSSs. It should also be noted in this respect that 
GWs usually do not propagate eastward, particularly in 
Tucumán (Chum et al. 2014). It is therefore probable that 

we observed only undulation related to the OSSs rather 
than real GWs.

It is also interesting to note that we did not observe 
a systematic decrease in the Doppler shift before the 
OSSs events, which could indicate uplift of the F layer, 
particularly that of the reflecting level for the sounding 
frequency f0. However, as previously noted, our observa-
tions are under the crest of EIA and not under the geo-
magnetic equator, where the initiation of instability is 
expected.

Conclusions
Continuous Doppler sounding was applied to study the 
occurrence rates and propagation velocities of OSSs in 
Tucumán and Taiwan. The observed OSSs can be related 
to the equatorial/low-latitude spread F and roughly east-
ward propagation in both Tucumán and Taiwan. The 
observed horizontal velocities of the OSSs were in the 
range of ~70 to ~200  m  s−1. The mean velocities over 
Tucumán, at ~140  m  s−1, were higher than those over 
Taiwan, at ~107 m s−1. In addition, the occurrence rate of 

Fig. 13 a, b S4max values as a function of local time and altitude for Tucumán and Taiwan, respectively. c, d S4max values as a function of local time 
and altitude at the geomagnetic equator magnetically conjugated with Tucumán and Taiwan, respectively. e, f S4max values as a function of season 
and altitude for Tucumán and Taiwan, respectively
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the OSS events in Tucumán was about four times higher 
than that in Taiwan.

It was shown that spread F occurred at the equato-
rial region at very low latitudes in Jicamarca during the 
nights of OSS observations in Tucumán and in Sanya 
during the nights of OSS observations in Taiwan. It was 
found that spread F usually occurs longer at these equa-
torial stations.

The GPS signal scintillation data obtained by radio 
occultation measurements onboard the F3/C satellite are 
consistent with the occurrences of OSSs in the Doppler 
data and show a similar seasonal and local time depend-
ence in both Tucumán and Taiwan. The largest values of 
S4max scintillation index were observed at about the same 
local times (~20:00 to ~23:00 LT) as the highest velocities 
and occurrence rates of OSSs observed by Doppler. In 
addition, global maps of the S4max index and the depend-
ence of S4max on altitude were presented. The main con-
tributions to the GPS signal scintillations, i.e., the highest 
values of S4max, were observed at the altitudes of the F2 
layer around the geomagnetic equator in the region of 
EIA.

The propagation velocities at both locations were usu-
ally larger than the horizontal velocities of neutral winds 

estimated by the HWM14 experimental model. This 
might indicate that the HWM14 is not suitable enough 
for determining plasma drifts at the crest of EIA dur-
ing the spread F conditions, at least over Tucumán and 
Taiwan.
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