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[1] The Low-Latitude Ionospheric Sensor Network (LISN) is a distributed observatory
designed to nowcast the state and dynamics of the low-latitude ionosphere and to develop
forecasts of the electric fields, densities, and equatorial spread F over the South American
continent. The LISN observatory consists of three different types of instruments:
GPS receivers, fluxgate magnetometers, and vertical incidence pulsed ionospheric radar
(VIPIR) ionosondes. This report provides a succinct summary of recent observations
obtained using the LISN GPS receivers and complemented with measurements from other
instruments and GPS receivers that operate in South America. More specifically, the
following are shown here: (1) observations of total electron content (TEC) enhancements
that occur near local midnight, (2) maps of TEC perturbations associated with the passage
of traveling ionospheric disturbances over South America, and (3) statistics of TEC
depletions for 2 years of low solar activity. Near-midnight TEC enhancements consist of
sudden increases in TEC that occur after sunset at low latitudes on 30% of the days.
These TEC enhancements last for several hours and can have amplitudes between
1 and 50 TEC units. On 11–12 March 2011 the largest TEC enhancement was observed in
South America at times when the Jicamarca incoherent scatter radar operated and observed
peak densities above 106 el/cc at 300 km altitude. It is suggested that a combination of
zonal electric fields and meridional neutral winds are able to redistribute the plasma
along the field lines and create regions of enhanced TEC. Maps of TEC perturbations
associated with the passage of gravity waves (GWs) over South America have been used to
measure the phase velocity and direction of propagation of GWs. The large number of
GPS receivers over South America has allowed us to record bubble events for every day
during 2008 and 2009. It was found that the number of TEC depletion detections varies
with a periodicity of 28 days. It is mentioned how these new observations and the
installation of the last four VIPIR ionosondes will lead to new discoveries in the near future.
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1. Introduction

[2] The main goal of the Low-Latitude Ionospheric Sensor
Network (LISN) project is to establish a permanent array of
instruments across the South American continent to inves-
tigate the complex day-to-day variability and the extreme
state of disturbance that occurs in the equatorial ionosphere
nearly every day after sunset. The LISN observatory is
composed of three different types of instruments: GPS
receivers, fluxgate magnetometers and vertical incidence
pulsed ionospheric radar (VIPIR) ionosondes. All the

instruments of the LISN distributed observatory provide
nearly real-time observables (nowcast) to the Aeronomy
community using a server located at Lima, Peru. The ratio-
nale behind the real-time measurements is to develop a
short-term (60 min) predictive model of the ionosphere
(forecast) based on real-time data ingestion, tomography
density reconstruction, and assimilation techniques. At the
time of writing this scientific report (30 November 2011)
45 dual-frequency GPS receivers, 5 magnetometers and
1 VIPIR ionosonde were part of the LISN network. Three
magnetometers are installed and operating in the cities of
Leticia, Colombia, PuertoMaldonado, Peru and at El Leoncito
observatory in Argentina. Two other magnetometers are
installed at the cities of Alta Floresta and Cuiaba, both in
Brazil forming another baseline able to provide electric
fields at the center of the continent. The first VIPIR iono-
sonde was placed near the magnetic equator in the city of
Puerto Maldonado in Peru in October 2010. Four more
ionosondes will be placed closely aligned with the magnetic
field line that crosses the magnetic equator near 67� W
longitude.
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[3] One of the objectives of the LISN observatory is to
provide the necessary tools to study the ionospheric dispo-
sition and the seeding conditions for the initiation of equa-
torial spread F (ESF). ESF is one of the oldest unsolved
problems in low-latitude aeronomy. Nevertheless, it is
presently known that ESF consists of a gravitational over-
turn of the bottomside plasma that follows the physics of the
Rayleigh-Taylor instability (RTI). The low-density plasma
intrudes into the topside creating regions of plasma deple-
tions that originate the appearance of plasma structures and
irregularities during the nighttime [Woodman and LaHoz,
1976]. Plasma depletions, also named plasma bubbles or
radar plumes, have been detected with radars, imagers,
instruments on board satellites, and GPS receivers. The latter
can provide complementary views of the integrated amount
of plasma depleted within the bubbles. The low-latitude
ionosphere also contains other types of irregularities such as
bottomtype and bottomside layers [Hysell and Burcham,
1998] detected with coherent radars. Not well known, but
still unexplained, are bottomside sinusoids (BSS) [Valladares
et al., 1983] that produce weak to strong UHF scintillations
and are probably associated with a nonlocal development of
the RTI.
[4] Due to the slow growth rate of the RTI (tens of

minutes) Röttger [1973] suggested that GWs could act as a
seed to initiate the onset of plasma bubbles. Lately, new
evidence has emerged that favor the seeding effects of GWs
to explain several features of the seasonal/longitudinal dis-
tribution of ESF occurrence [Tsunoda, 2010a, 2010b] and
Digisonde observations from Brazil [Abdu et al., 2009]. The
current understanding holds that both favorable ionospheric
conditions [Farley et al., 1970; Sultan, 1996] and an initial
seed perturbation on the bottomside are necessary to create
channels of depleted plasma. In addition to GWs two new
theories have been proposed to explain plasma bubbles: the
wind-driven gradient drift instability [Kudeki et al., 2007]
and the altitude modulated Es layer that creates a large-scale
wave structure [Tsunoda, 2005, 2006]. These two mechan-
isms offer large growth rates that clearly rival the general-
ized RTI seeded by GWs. However, no definitive proof
exists of any one being the dominant mechanism, or if all
3 can coexist or act at different local times, locations, or
magnetic conditions.
[5] Another key point about the ESF phenomenon is the

nonlocal nature of the plasma bubbles. It is the whole flux
tube that becomes unstable (encompassing the E and
F regions and the plasmasphere), consequently multipoint
observations especially during the early phases of ESF
development have been always desired but conducted only
during a few dedicated campaigns [Reinisch et al., 2005].
[6] This scientific report aims to point out how the LISN

distributed observatory with its unique regional coverage
and complementary instrumentation can probe the undis-
turbed low-latitude ionosphere prior to the initiation of ESF
and detect the characteristics and morphology of GWs that
can seed plasma bubbles. It is also indicated how the LISN
observatory can detect the extension and duration of regions
populated by total electron content (TEC) depletions. In
addition, it shows how TEC values measured with the LISN
GPS receivers and others that operate in South America can
be used to diagnose the dynamics of the low-latitude iono-
sphere that drives the formation of large TEC enhancements

that occur near midnight. Although this report is focused on
the undisturbed low-latitude ionosphere prior to the initia-
tion of ESF and the detection of TEC depletions, LISN
instrumentation are being also important for other related
topics. Two of these topics are (1) the low-latitude iono-
sphere behavior during sudden stratospheric warming
(SSW) events and (2) the electron density structure of the
valley region. In the former, Goncharenko et al. [2010]
using GPS data from the LISN network have found a
strong daytime ionospheric response to SSWs. This response
is characterized by a semidiurnal character, large amplitude,
and persistence of perturbations for up to 3 weeks after
the peak in high-latitude stratospheric temperatures. These
results are in good correspondence with the electric field
perturbations observed over Jicamarca during SSW events
[e.g., Chau et al., 2009a, 2010]. The ionospheric perturba-
tions at the lower latitudes usually begin a few days after
the peak in stratospheric temperature and are observed as an
enhancement of the equatorial ionization anomaly (EIA) in
the morning sector and a suppression of the EIA in the
afternoon sector. The latter studies have been performed
using the VIPIR system while it was operating at Jicamarca.
Combining Jicamarca VHF observations of 150 km echoes
and VIPIR results, Chau et al. [2009b] were able to find a
good indication that the 150 km echoes occur in a region
with high variability in horizontal and vertical space as well
as in time.

2. LISN GPS Receivers

[7] Figure 1 shows the geographic location of 45 dual-
frequency GPS receivers that belong to the LISN observa-
tory and are presently managed by the Institute of Scientific
Research of Boston College. These receivers possess Internet
connectivity to upload several real-time observables, such
as code, phase, amplitude scintillations, and position to a
central server that is located at the headquarters of the
Instituto Geofísico del Perú, in Lima. Typical cadence time
for data transfers is 15 min. The GPS information is stored,
processed and displayed in the LISN web page and then
retransmitted to another computer system at Boston College.
This system is dedicated to produce regional plots of the
TEC values, scintillations, TEC depletions associated with
equatorial plasma depletions and TEC perturbations pro-
duced by the passage of traveling ionospheric disturbances
(TID).
2.1. Observations of TEC Enhancements

[8] TEC values measured with 3 of the LISN GPS recei-
vers on 3 different days are presented in Figure 2. This figure
shows the TEC values measured at Puerto Maldonado
on 13–14 October 2008 (Figure 2a), at Huancayo on 11–
12 March 2011 (Figure 2b), and at Alta Floresta on 21–
22 March 2011 (Figure 2c). These three stations are located
close to the magnetic equator. The common feature in all
three panels of Figure 2 is the sudden increase in the local
TEC occurring 2–3 h after sunset and extending for a few
hours before and after midnight. As shown below, TEC
enhancements can also be observed at magnetic latitudes as
high as 10�. The different traces seen in all three frames
correspond to the TEC values observed using signals from
different GPS satellites. At low latitudes, GPS receivers
commonly track and lock to signals from 8 to 12 GPS
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satellites simultaneously. In this publication, we suggest that
near-midnight TEC enhancements are produced by the
transport of plasma along field lines from latitudes between
15� and 25� to equatorial latitudes. It is also indicated that
the presence of a meridional wind can modify the final
location of the region of enhanced TEC values.
[9] The TEC values presented here were computed using

the differential phase and pseudorange values of both L1 and
L2 frequency signals [Sardón and Zarraoa, 1997] and
leveling the differential phase to the average differential
code values to eliminate the 2p phase ambiguity. The
absolute values of TEC were then calculated by introducing
the differential satellite biases published by the University
of Bern and calculating the receiver bias by a minimization
process of the TEC variability between 0200 and 0600 local
time [Doherty et al., 2004]. The absolute precision of the
TEC measurements is affected by the errors in the calcula-
tion of the receiver bias, the uncertainties in the leveling
process, and the errors of the satellite biases. All these
absolute errors can add up to 1–2 TEC units. However, TEC
enhancement and TEC perturbations, calculated in this
publication, are only a function of the relative error that it
is produced by the receiver noise that is less than 0.2 TEC
units. The TEC values have been color coded according to
the geographic latitude of the subionospheric intersection
point as indicated in the color scale depicted in the lower
right side of each frame. The TEC color coding has proved
to be quite effective to identify the location of the equatorial
anomaly and to study other processes that might produce a
variation in latitude.

[10] Figure 2a shows the TEC daily variability in which
TEC decreases after sunset and then increases near 06 LT as
sunrise develops. In addition, there exists an anomalous TEC
enhancement of �10 units that lasts for several hours cen-
tered slightly before midnight when there is no EUV ion
production. This resurgence of the TEC, dubbed here as the
near-midnight TEC enhancement (N-MTECE), manifests as
a sudden rise of the TEC values near 20 LT, a peak close to
23 LT, and a decay after 24 LT. The N-MTECE of Figure 2a
displays a large latitudinal gradient as different TEC traces
present colors varying from blue (8 TECu) to red (18 TECu).
This is an increase of 10 TECu between the geographic
latitudes of 18� S and 6� S. The TEC values of Figures 2b
and 2c were obtained during the ascending phase of the
present solar cycle and as a consequence show larger TEC
values and much bigger N-MTECEs than the ones observed
in 2008. In particular, the TEC enhancement seen on
11–12 March 2011 is the largest N-MTECE ever recorded
in South America using GPS receivers. It is expected that as
we move into the period of maximum activity of the present
solar cycle, much larger TEC enhancements could be
detected. The color scheme of the TEC values observed
between 21 and 24 LT on 11 March 2011 indicates that the
peak of the TEC enhancement occurs south of Huancayo
and at a geographic latitude equal to 17� S. The N-MTECE
of 21 March 2011 (Figure 2c) shows a rapid ascent of
25 TEC units without a clear latitudinal dependence. On
this day the N-MTECE was observed by all low-latitude
stations over South America. It is important to note when no
N-MTECE develops, the TEC curves decrease almost line-
arly between 16 and 22 local time.

Figure 1. Locations of GPS receiver stations installed by the LISN project in the South American
continent.
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Figure 2

VALLADARES AND CHAU: LISN OBSERVATORY RS0L17RS0L17

4 of 18



2.2. Regional Plots of TEC Corresponding
to 14 October 2008

[11] Figure 3 introduces regional plots of TEC measured
over the South American continent between 0030 and
0330 UT on 14 October 2008, a day of quiet magnetic
conditions. On this day a 10 TECu N-MTECE was
observed at Puerto Maldonado (Figure 2a). Figure 3a shows
both crests of the equatorial anomaly extending between
60� and 80� W geographic longitude. Figures 3b and 3c,
obtained 1 and 2 h after Figure 3a, indicate that the anomaly
is receding and moving equatorward. This is a signature of
the “reverse” fountain effect driven by a westward electric
field in which the equatorial F region moves downward,
producing pressure gradient forces along the field lines that
can overcome gravity and cause the plasma to be trans-
ported upward along the field lines and toward the geo-
magnetic equator [Sridharan et al., 1993; Balan and Bailey,
1995]. Figure 3d shows the region of maximum TEC placed
at the boundary between Peru and Brazil (6� S, 72� W), or
6� north of the magnetic equator. The displacement between
the region of maximum TEC and the magnetic equator is
likely produced by a northward directed meridional wind
that transports the plasma across the magnetic equator by
reinforcing the plasma motion in the southern hemisphere
and decreasing the plasma velocity in the northern side.

2.3. Regional Plots of TEC Corresponding to 12 March
2011

[12] Figure 4 shows the temporal variability of TEC
measured over South America between 01 and 05 UT on
12 March 2011. Both 11 and 12 March 2011 were mag-
netically disturbed with a Kp value equal to 5– at the time of
the TEC enhancement. Each frame of Figure 4 shows the
anomaly exhibiting a sharp longitudinal variability near
58� W. Similar sharp decrease was observed on 14 October
2008 (Figure 3). Figures 4b and 4c indicate that the crest of
the anomaly decreases by 30 TEC units between 65� W and
50� W. The sequence of TEC images makes it evident that
both crests of the anomaly move equatorward between
01 and 04 UT. Figure 4d indicates that the southern crest
becomes more intense and outlives the northern crest. This
effect is likely the result of a meridional wind that supplies
plasma across the magnetic equator.
[13] To quantitatively assess the longitudinal and temporal

variability of the anomaly, we have extracted TEC values
along three latitudinal cuts parallel to the magnetic field lines
that cross the magnetic equator at 70�, 60� and 50� W geo-
graphic longitude. Figure 5 shows the results of this analysis
in which TEC is represented as a function of geographic
latitude and universal times between 18 UT on 11 March
2011 and 06 UT on 12 March 2011. The horizontal white
lines in each frame indicate the geographic latitude of the
magnetic equator that varies from 12� S in Figure 5 (top) to
4� S in Figure 5 (bottom). We used the IGRF model con-
taining coefficients for 2010 to calculate the position of the
magnetic equator and the location of the field lines. Figure 5

confirms the existence of a prominent longitudinal variabil-
ity of the anomaly and the TEC in general across South
America. At 00 UT, it is observed that the TEC crests
decrease from 60 TEC units in Figure 5 (top) to 40 TECu in
Figure 5 (bottom). The maximum latitudinal separation of
the anomaly, which occurs near 01 UT and almost simulta-
neously in all frames, is about 17�, 17� and 13� from top to
bottom. The width of the crests of the anomaly also varies in
longitude and it is wider in the western part of the continent.
While the latter effect may be related to the larger number of
GPS receivers along the eastern coast that provide much
finer spatial resolution, the latitudinal displacement of the
anomaly is mainly controlled by the electrodynamics of the
nighttime F region ionosphere and it is likely related to a
longitudinal difference in the vertical drift (zonal electric
field).

2.4. Jicamarca Incoherent Scatter Radar
Measurements on 11–12 March 2011

[14] Figure 6 shows density profiles measured by the
Jicamarca incoherent scatter radar (ISR) on 11–12 March
2011. This figure displays the number density measured as a
function of local time (5 h earlier than UT) and altitude.
Coherent echoes were observed briefly in the F region
bottomside between 19 and 21 LT and later at all altitudes
between 04 and 06 LT. The development of coherent echoes
is originated by the presence of 3 m scale structures associ-
ated with ESF that produce echoes 20 dB higher than the
incoherent echoes [Woodman and La Hoz, 1976]. Figure 6
indicates that the F region elevates from a peak altitude of
400 km at 17 LT to above 600 km at 20 LT. The rise of
the F layer [Woodman, 1970] and its subsequent lowering
has been described by Kudeki and Bhattacharyya [1999] in
terms of the prereversal enhancement (PRE) of the vertical
drift and the postsunset vortex. During periods of an ele-
vated F region or a significant PRE, it is common to mea-
sure ESF that obscures any attempt to measure the F region
densities. However, during these observations no ESF
echoes were observed between 2230 and 0400 LT, therefore,
the Jicamarca ISR radar was able to detect the resurgence of
the F region near midnight local time hours. In fact, the density
over Jicamarca reached a value above 1.4 � 106 cm�3. This
value is higher than the peak density (106 cm�3) observed at
17 LT. It is also significant that the density profiles between
2230 and 0030 LT show the F region peak descending in
altitude. This observational feature is in agreement with the
reverse fountain effect that is driven by a descending F region
near the magnetic equator.
[15] The observations presented here consist of TEC

values measured with the LISN GPS receivers (45) and
several other networks of GPSs and density profiles mea-
sured with the Jicamarca radar. These data sets offer the
possibility to diagnose the formation and decay of TEC
enhancements in a regional scale. We have also shown that
the TEC enhancements have a limited longitudinal exten-
sion, not more than 20� in longitude on 11–12 March 2011
and �10� on 14 October 2008. It is also indicated that the

Figure 2. TEC values measured with 3 of the LISN GPS receivers on 3 different days. From the top to bottom, the TEC
values for (a) Puerto Maldonado on 13–14 October 2008, (b) Huancayo on 11–12 March 2011, and (c) Alta Floresta on
21–22 March 2011. Note that the day is indicated at the bottom of each frame.
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existent GPS receivers over South America can indicate the
locations where N-MTECE occur in a daily basis.

3. Detection of TIDs Using GPS Receivers

[16] The fact that TIDs produce fluctuations in the TEC
values derived from beacon signals has made it possible to

utilize small and/or regional arrays of GPS receivers to
measure the characteristics of TID/GWs that propagate at
high, middle, and low latitudes [Afraimovich et al., 1998,
2003;Ho et al., 1998; Saito et al., 1998; Shiokawa et al., 2002;
Valladares et al., 2009]. Observations [Kirkland and
Jacobson, 1998] and model results [Vadas, 2007] have
shown that most TIDs do not rise above 300 km. Thus, the

Figure 3. Regional maps of TEC values measured over South America between 0030 and 0330 UT on
14 October 2008. Note the evolution of the crests of the anomaly displacing equatorward and forming a
single region of enhanced TEC that is located few degrees north of the magnetic equator.
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bulk of the TEC perturbations occur on the F region bottom-
side and the upper E region. In the radio-interferometry
technique, phase differences measured at the various stations
are used to determine TID velocity, propagation azimuth, and
amplitude. Recently, the radio-interferometric technique has
been adapted for use with GPS satellites [Afraimovich et al.,
1998, 2000, 2003]. This new innovation makes it possible to

utilize inexpensive, easily deployed GPS receivers to study
gravity waves at a wide variety of locations. The large
number of GPS satellites in orbit makes it possible to con-
tinuously monitor the bottomside region over a given
receiver array.
[17] Valladares and Hei [2012] have recently used a GPS-

radio interferometer (GPS-RI) to measure the phase velocity

Figure 4. Same as Figure 3 but corresponding to 12 March 2011.
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and propagation direction of gravity waves that were circu-
lating near Huancayo (12.042� S, 75.321� W) in Peru. A
small array of three GPS receivers separated by 4–5 km was
implemented near Huancayo by adding two more GPS
receivers and placing them at the vertices of an equilateral
triangle. The phase velocity and direction of propagation
was extracted by using two algorithms: the Statistical Angle
of Arrival and Doppler Method for GPS interferometry
(SADM-GPS) and the cross-correlation method (CCM).
Both methods agreed that on 20 July 2008 between 22 and
24 UT several TIDs moved across the small array of GPS
receivers with a velocity near 130 m/s, were directed
northward and had wavelengths close to 450 km. The CCM
method was also applied to TEC values collected by other
LISN GPS receivers that were operating hundreds of km
away from Huancayo. Figure 7 shows the results of CCM
method applied to GPS stations separated by hundreds of km
in which the magnitude and direction of the TID phase
velocity are represented by arrows. The size of the arrow is
proportional to the phase velocity of the GW, and the azi-
muthal angle of the arrow is a function of the propagation
direction. In this scheme, an arrow pointing to the top indi-
cates a northward propagation direction. Regardless the
large distances between receivers, the coherence of the TEC
traces was high and a phase velocity equal to 150 m/s and a
northward propagation direction were obtained using the

GPS at Piura (5.170� S, 80.639� W), Cuzco (13.520� S,
71.959� W) and Huancayo.
[18] Figure 8 presents the TEC perturbations (TECP) for

all 126 GPS receivers that operated in South America on
20 July 2008. The simultaneous operation of these GPS
receivers provides good coverage over the South American
continent, except for latitudes southward of 40� S. The
TECP values are plotted in red, centered along the satellite
trajectory (thin black line), containing amplitudes higher
than 0.4 TEC units. This baseline value is about 4 times
higher than the noise level of TEC fluctuations. The
sequence of regional plots in Figure 8 demonstrates that
TIDs were mainly restricted to the western side of South
America between 1900 and 2200 UT. Figures 8a–8c show
that TECPs originated in the northern part of Chile
(Lat = 25� S) and traveled northward in agreement with the
velocity calculations presented in Figure 7. Note that the
displacement of the TECP signatures from 25� S to 15� S in
2 h implies a velocity equal to 154 m/s. This is also in
agreement with the GW velocity determined using three
stations in Peru (Figure 7).
3.1. TIDs Observed on 17 July 2008

[19] Figure 9 shows TECP values measured at Iquitos
(3.77� S, 73.27� W), Piura (5.17� S, 80.64� W) Huancayo,
and Cuzco on 17 July 2008. We have defined the TECP

Figure 5. TEC values along three latitudinal sections parallel to the magnetic field lines within the South
American continent. The magnetic field lines intersect the magnetic equator at 70�, 60�, and 50�W geo-
graphic longitude. Note the variability of TEC as a function of time and longitude.
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values as the difference between the measured TEC and the
estimated background or “unperturbed” TEC values. The
unperturbed TEC values were calculated fitting a fourth-
order polynomial function to every 3 h segment of TEC
values. This procedure filters out geophysical effects that
commonly have a temporal resolution of a few hours and
waves with periodicities larger than 3 h. We also removed
high-frequency noise effects using a band pass filter with a
cutoff frequency set at 5 min. In addition, the observations
presented here correspond to local times and seasons when
no TEC depletions commonly develop. Therefore, the TEC
perturbation defined here are likely associated with density
variations produced by the passage of the gravity waves. The
Huancayo and Cuzco stations are located close to the mag-
netic equator. Note that TECP values for Huancayo have a
1 s temporal resolution compared to 10 s for Iquitos, Piura,
and Cuzco. All four stations display TECP values reaching
1 or more TECu between 20 and 22 UT. TEC perturbations
containing smaller amplitudes (�0.4 TECu) are observed
between 13 and 19 UT at all four receivers.

3.2. Analysis of TID Characteristics Observed
on 17 July 2008

[20] The phase velocity (Vh(t)), and the direction of prop-
agation (a(t)) of the TIDs were calculated using the cross-
correlation method (CCM) described by Valladares and Hei
[2012]. These authors indicated that the velocity and angle
of propagation of the TIDs can be calculated by using TECP
values from a small network of three GPS receivers, even if
the receiver separation is of order hundreds of kms. One
receiver acts as the reference point and its location defines
the center of the coordinate system. TECP values of this
receiver are correlated with the values corresponding to the
other two receivers, therefore, deriving the time offset along

two different baselines. These time offsets and the following
equations are used to resolve both components of the phase
velocity.

a tð Þ ¼ arctan YATB�C � YCTB�Að Þ= XCTB�A � XATB�Cð Þð Þ ð1Þ

Vh tð Þ ¼ YC cos a tð Þð Þ þ XC sin a tð Þð Þð Þ=TB�C þ wx tð Þ sin a tð Þ
þ wy tð Þ cos a tð Þ ð2Þ

TB-A and TB-C are the time delays between the TECP traces.
The symbols XA, YA, XC, and YC correspond to the dis-
tances between both additional GPS receivers and the center
receiver in a Cartesian coordinate system. wx(t), and wy(t) are
the velocities of the x and y projections of the subionospheric
intersection point. In this analysis, we have assigned Huan-
cayo to be the reference receiver (also called B). Neverthe-
less, any receiver of the subnetwork can act as the center
receiver.
[21] Figure 10 shows the results of the CCM method

based on signals from the PRN 32 GPS satellite recorded at

Figure 6. Density profiles measured by the Jicamarca ISR on 11 and 12 March 2011. Incoherent echoes
were obtained mainly between 1700 and 0400 LT. There is a patch of coherent echoes extending to all
altitudes between 0400 and 0615 LT.

Figure 7. Phase velocities of the TIDs calculated using the
CCM method and TEC perturbation values from Huancayo,
Cuzco, and Piura for 20 July 2008.
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Huancayo, Iquitos and Cuzco. Figure 10 (bottom) displays
the TECP values for Huancayo (in blue), Cuzco (Figure 10,
bottom left, in red) and Iquitos (Figure 10, bottom right, in
red). Figure 10 (top left) presents the CCFs calculated using
the Huancayo and Cuzco TECPs showing a time delay that
varies from �10 min at 19 UT to +3 min at 23 UT. Note that
a negative (positive) offset is an indication that Huancayo’s
TECP lags (leads) Cuzco’s. This is evident in Figure 10
(bottom left) in which the red trace (Cuzco) leads the blue
trace (Huancayo) for few minutes. Figure 10 (top right)
displays CCFs for Huancayo and Iquitos. The time delay for
these two stations varies between �50 min at 19 UT and
�37 min at 22 UT. Based on the timing relationship for all
three stations, it can be concluded that the TEC perturbation
was seen first at Iquitos, located further north, then at Cuzco
and later at Huancayo (the latter two are placed near the
magnetic equator) implying a direction of motion toward the
southeast (see Figure 11). Figure 10 (top right) also shows a
secondary peak containing amplitudes slightly smaller, but
placed �75 min away from the primary maximum. We
believe that the secondary maximum is produced at multi-
ples of the scale size of the TID (�75 min). Afraimovich
et al. [2003] reported that quite often a series of quasi-
sinusoidal variations in TECP are observed at midlatitudes.
They termed these features traveling wave packets. We are
also observing traveling wave packets in South America;
the secondary maximum is due to the repetitive nature of
the TIDs. It is also pointed out that the CCF amplitude scale
was limited to values above 0.4 and did not include nega-
tive values as they would indicate anticorrelations. If we
had used a CCF amplitude scale varying between �1 and 1,
a negative peak would have been observed between the
primary and secondary maxima. It is also indicated that
the CCM method employs TECP values recorded from the
same GPS satellite due to the motion of the satellite that
produces almost the same temporal delay on receivers
placed at relatively close distances. This satellite motion
effect can be removed after we calculate the phase velocity.
If signals from different GPS satellites were used, it would
be necessary to remove the effect of the satellite motion
before the CCF is calculated. We have also used TECP
values from Leticia (not shown here) to verify that the
propagation direction of the TIDs was in the southwest
direction on 17 July 2008 and between 18 and 22 UT. As
the distance between Iquitos and Leticia is about 350 km
(see Figure 11), it was determined that the Leticia TECP
trace was leading the corresponding values from Iquitos.
[22] The phase velocity and the angle of propagation was

calculated using TECP traces from all four stations presented
in Figure 9, but forming two sets of three receivers each. The
first set consisted of the receivers at Huancayo, Cuzco and
Iquitos. The other set of three receivers was formed with the
Huancayo, Cuzco and Piura GPS receivers. The CCM
method was applied to signals from all the GPS satellites
that had a line of sight above 35� elevation. Cross correla-
tions functions similar to Figure 10 were obtained for PRNs

Figure 9. TEC perturbations measured at Iquitos, Piura,
Huancayo, and Cuzco on 17 July 2008. Data from various
GPS satellite signals are plotted; each satellite is distin-
guished by a different color. Note the TECP values near or
above 1 TECu between 20 and 21 UT.
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03, 20, and 23. Figure 11 shows the location of four GPS
receivers in Peru (large red dots) that were used to calculate
the characteristics of the TIDs. Also plotted are the sub-
ionospheric intersection points for PRN 32. The black dots
placed over the colored lines indicate the location of the
subionospheric intersection points at the hour every hour.
Note that the subionospheric intersection paths are closely
parallel for all 4 traces.
[23] Figure 12 shows the average velocity and direction of

propagation of the TIDs measured with two sets of three
GPS receivers each, using a total of four dual-frequency
GPS receivers. The amplitude of the TID’s velocity varies
between 250 m/s and 190 m/s at 19 and 22 UT, respectively.
The angle of propagation of the TIDs was toward the
southwest direction (�140� from geographic north). At
earlier and later times the amplitude of the TECP values was
much smaller and no reasonable TID velocities were
obtained. Other GPS receivers in Peru and the neighboring
countries also detected the TIDs during this event.

4. Detection of TEC Depletions Using GPS
Receivers

[24] We mentioned above that the LISN community is
presently managing the operations of 45 dual-frequency

GPS receivers in South America. These GPSs and the ever-
growing number of receivers dedicated to study geody-
namics have created a formidable observing platform to
diagnose the characteristics of plasma depletions over South
America. The main advantages of this system are the spatial
coverage of the probing volume that extends over the con-
tinent, the continuity of the observations, and the low cost of
the instrument, its deployment, and the day-to-day routine
operations. Due to the sudden and deep decrease in the TEC
values that the bubbles produce, several authors have used
GPS measurements to investigate the characteristics of
plasma bubbles. [Valladares et al., 2004; Conker et al.,
2004; Rama Rao et al., 2006; and Portillo et al., 2008].
Recently, Seemala and Valladares [2011] have presented a
new algorithm that can be used to detect the existence of
TEC depletions in the TEC data measured with the GPS
receivers that operate in South America. This algorithm has
been used to automatically detect TEC depletions and study
their characteristics during two years of low solar activity:
2008 and 2009.
[25] Figure 13 shows the TEC depletions detected over

South America on 2 consecutive days: 13 and 14 March
2008. The color segments correspond to the geographic
locations of the start and end points of the TEC depletions
identified from each satellite pass and for each receiver. The

Figure 10. (top) Cross correlation functions and (bottom) TECP curves for GPS satellite 32. (left) The
CCFs for TECP signals from Huancayo and Cuzco. (right) Huancayo and Iquitos. The cross-correlation
functions are plotted using a color scale that varies between 0.4 and 1.0. The black line that crosses near
the middle in Figure 10 (top left) corresponds to the correlation maximum and it is taken as the time delay
(TB�A or TB�C).
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color coding indicates the universal time when the deple-
tions were detected, according to the numbers indicated at
the top of each frame. It is quite likely that any single
depletion or plasma bubble was observed simultaneously by
one or more receivers at different latitudes. Therefore, the
number of TEC depletion detections is a function of the
number of receivers and certainly more than the number of
plasma bubbles in the region. The slow east–west motion of
the GPS satellites and the nature of the passes that is mainly
in the north–south direction, are quite favorable to measure
the east–west extension of the plasma depletions. On
13 March TEC depletions are seen only at the center of
South America (between 70� W and 55� W). On 14 March
2008, TEC depletions occur only in the western and eastern
sides of the continent. In addition, the majority of the TEC
depletions observed on 14 March 2008 in the western side
are colored red, meaning that they were recorded between
04 and 09 UT (close to and after midnight). These two plots
display the large day-to-day variability of the depletion
distribution over South America. Seemala and Valladares
[2011] pointed out that in spite of the prominent daily var-
iability, the climatology of the TEC depletions follows the
longitudinal characteristics of plasma bubbles presented by
other authors [Huang et al., 2001; Burke et al., 2004] and
Tsunoda’s hypothesis that plasma bubble activity increases
when the solar terminator aligns with the geomagnetic field
[Tsunoda, 1985].
[26] We have constructed maps of TEC depletions similar

to Figure 13 for each day of years 2008 and 2009 and
recorded the number of depletion detections for each day.
The result of this analysis is presented in Figure 14 in which
the number of detections is displayed as a function of local
time and month of the year. Figure 14a displays the statistics

of TEC depletions for year 2008 and Figure 14b shows
similar results for 2009. Both frames show the typical sea-
sonality of plasma bubbles over South America that consists
of a broad maximum extending between October and March
and a minimum or a null number of depletions between the
months of May and August. The variability of the Earth’s
magnetic field declination across South America produces
an equinoctial maximum of plasma bubbles near the west
coast and a December solstice peak on the eastern side. As
Figure 14 includes all the depletions detected over the con-
tinent, both local maxima unify in a broad peak extending
for several months. Two important features observed in
Figure 14 consist of (1) the later bubble onset time during
the months of April, August and part of September and
(2) the multiday periodic variation of the number of bubble
detections during the time of peak occurrence of TEC
depletions, say 22 LT. The latter effect is more evident
during the months of January, February and March in 2008
and October, November and December in 2009. This period
is approximately 28 days and probably associated with
lunar tide effects. The late local time appearance of TEC
depletions between April and September may be associated
with a slow initiation of the depletions during these months
as the PRE decreases in magnitude in this longitudinal
sector [Fejer et al., 2008; Pacheco et al., 2010] or a later
appearance of the seeds.

5. Discussion

5.1. On the Near-Midnight TEC Enhancements

[27] We have presented a detailed description of the tem-
poral evolution and the spatial extension of the N-MTECE
that were observed at low latitudes during both magnetically
quiet and disturbed conditions. The TEC enhancements that
were measured with the LISN and other networks of GPS
receivers operating in South American occurred quite often
during years of low solar activity. They are expected to
appear equally frequently during other phases of the solar
cycle. Balan and Rao [1984] described the characteristics of
TEC enhancements observed in India using signals from the
ATS 6 satellite. These authors reported that the intensity and
duration of the TEC enhancements are maximum at equinox
and minimum in summer. Later, Balan and Bailey [1995]
used the Sheffield University plasmasphere-ionosphere
model (SUPIM) to investigate the importance of diffusion,
E � B drifts and neutral winds on the fountain effect and the
formation of an additional layer (called the G or F3 layer). It
was reported that after sunset and soon after the drift turns
downward, the fountain becomes a reverse fountain in which
the supply of ionization is not from the equatorial zone but

Figure 12. Same as Figure 7 but for TIDs phase velocities
measured on 17 July 2008 using TEC values from Iquitos,
Piura, Huancayo, and Cuzco.

Figure 11. Subionospheric intersection points of the trajec-
tory of the GPS satellite 32. Note the location of the four sta-
tions that contributed with TEC values to calculate the TID
phase velocities. The intersection points are closely parallel.
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from the anomaly region. Balan and Bailey [1995] demon-
strated that the reverse fountain acts as the main source for
the nighttime increase in ionization at low-latitude stations.
Figure 5 has shown that the N-MTECE is part of the equa-
torial anomaly that recedes and displaces toward the equator
after sunset. It is indicated here that the anomaly displace-
ment is driven by the reverse fountain effect and a down-
ward E � B drift. Figures 3 and 4 indicated that the final
location of the region of enhanced TEC was not at the
magnetic equator, but displaced few degrees to the north or
south. Balan and Bailey [1995] stated that the neutral wind
acts as a modulating source and makes the anomaly asym-
metric. We believe that the final latitude of the N-MTECE
region is associated with the magnitude and direction of the
meridional wind that makes one crest contain more ioniza-
tion than the other crest.
[28] A unique database has been accumulated to define

and characterize the TEC enhancement of 11–12 March
2011. TEC values measured by more than 200 GPS recei-
vers in South America, density profiles gathered with the
Jicamarca ISR and other ancillary data sets offer the possi-
bility to conduct data assimilation to calculate zonal electric
fields and meridional neutral winds. The data assimilation
and modeling work will be presented and discussed in a
future publication.
[29] The regional coverage of our measurements has

revealed that the region of N-MTECE did not extend more
that 10� in longitude on 14 October 2008 and no more than
20� on 12 March 2011. This limited longitudinal extension
is not related to the difference in local time between different
sectors in South America, nor the prominent variability of
the magnetic field across South America, but likely to the
longitudinal variability of the electric field (and fountain

effects) in different parts of the continent. The three events
presented here developed in the western part of South
America; however, we have also observed N-MTECE at the
center and eastern parts of South America.

5.2. On the Detection of TIDs Using Networks of GPS
Receivers

[30] We have applied the CCM method to analyze TECP
values collected by several GPS receivers that belong to the
LISN network and are operating at Ancon, Huancayo, Piura,
Cuzco, Iquitos and Leticia. We found very good correlation,
in excess of 0.9, between the TECP traces corresponding
to stations placed hundreds of kms away. We were able to
calculate that the angle of propagation a(t) was close to
�140� (southwestward propagation) and the horizontal
phase velocity, Vh(t) was between 190 and 250 m/s. The
characteristics of the phase velocity measured on 17 July
2008 are quite different to the velocity of the TIDs mea-
sured on 20 July 2008 that were reported by Valladares and
Hei [2012]. We believe that these differences are attributed
to the day-to-day variability of the TIDs over South
America.
[31] It has been shown that the existence of over 200 GPS

receivers in South America and the large traveling distance
of the TIDs offer the possibility of combining measurements
of TEC perturbations from adjacent receivers to obtain the
velocity of TIDs, their direction of motion and their wave-
lengths. Nevertheless, it is noted that several geometrical
considerations need to be accounted for with more precision.
One of them is the fact that the projection of the apparent
satellite motion over the propagation direction of the TID
may vary during the travel time between the LISN stations.
It is also possible that the TID wavefront may have a circular

Figure 13. TEC depletions detected from all GPS receivers over the South American continent on
(a) 13 March 2008 and (b) 14 March 2008. These two events exemplify the large day-to-day variability
that exists in the distribution of TEC depletions over South America.
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shape. The GPS radio-interferometry method that was used
here is one of the most effective techniques with which to
observe GW/TID activity at low latitudes.
[32] Low-latitude TIDs are important to study because

they are a key mechanism by which energy and momentum
are deposited into the thermosphere. Moreover, TIDs are
thought to be a key seed mechanism of plasma depletions.
While evidence of TID seeding was found during the
Spread-FEx campaigns [Fritts et al., 2008], never before has
it been possible to continuously monitor TID activity on the
F region bottomside during the crucial early evening hours,
when seeding occurs. The GPS receivers that presently
exists in South America used as radio-interferometers and
the analysis described here opens the possibility of locating
and characterizing TIDs during times when seeding occurs.

5.3. On the Detection of TEC Depletions Using
Networks of GPS Receivers

[33] An earlier publication has presented regional plots of
TEC depletions observed across the South American conti-
nent [Seemala and Valladares, 2011] and introduced the
dramatic day-to-day variability of depletions for a year of
low solar activity: 2008. Figure 13 has also shown that TEC
depletions can occur in limited regions of the continent
containing a day-to-day variability with no apparent ordered
patterns.
[34] Aarons [1993] and Huang et al. [2001] have shown

that the occurrence characteristics of plasma depletions
depend strongly on season and longitude. To explain the
climatology, Tsunoda [1985] introduced the hypothesis that
ESF activity increases when the solar terminator aligns with

Figure 14. Total number of bubble detections observed over South America for every day of 2008 and
2009. Note the periodicity (�28 days) seen in the early months of 2008 and the late part of 2009.
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the geomagnetic field. The solar terminator B alignment
(STBA) hypothesis states that the occurrence frequency of
equatorial plasma depletions will be higher during the
equinoxes in the Peruvian sector, where the field lines are
mainly north–south, and also high during the December
solstice in Brazil where the magnetic declination is largely
westward. In addition to the seasonal climatology, Seemala
and Valladares [2011] showed that there exist days in the
equinoxes as well as in the December solstice when the
depletions are seen at all longitudes or are observed in
regions that do not agree with the STBA hypothesis.
[35] We believe that to explain the day-to-day variability,

it is necessary to consider the role that seeds may have to
initiate the Rayleigh-Taylor instability. It has been suggested
that perturbations in the neutral gas such as gravity waves
stimulate a response in plasma density only when there is
alignment in the phase fronts of GWs with the magnetic field
B lines [Huang and Kelley, 1996; Tsunoda, 2010a]. We
have demonstrated in this report that the LISN network of
GPS receivers can be used to diagnose the presence of GWs
and calculate their phase velocity and propagation direction.
This fact speaks out of the advantage of the LISN observa-
tory to resolve the role of GWs on seeding equatorial plasma
bubbles. It is suggested here that the occurrence of TEC
depletions in regions of the South America continent where
the local ionospheric conditions are not favorable for the
STBA hypothesis, can be understood if the number and
amplitude of the GWs is large enough to seed plasma bub-
bles and overcome stable conditions.
[36] It has been suggested that eastward neutral winds in

regions of westward plasma flows, as happens at the bottom
of the F region right after sunset, can generate the proper
conditions for bubbles to develop [Kudeki et al., 2007]. The
eastward zonal winds are responsible for the prereversal
enhancement of the vertical velocities and the consequent
uplift of the F layer to the more unstable higher altitudes.
They can also drive 10s of km scale density waves with
wavefronts tilted 45� to the west during the initial phase of
the postsunset vortex [Kudeki et al., 2007]. These waves can
act as the seeds for the larger-scale plasma bubbles. It is
indicated that a database of zonal winds measured by the
existent Fabry-Perot instruments that are presently operating
in the continent will help to determine the role of the neutral
winds on plasma bubble seeding.

5.4. Studies of the Low-Latitude Ionosphere-
Thermosphere System Using the LISN Observatory

[37] As indicated in the introduction, the LISN distributed
observatory has a network of 5 magnetometers forming
2 baselines that can provide daytime electric fields at
2 different longitudes. Preliminary results based on mag-
netic field measurements have been reported elsewhere
(E. Yizengaw et al., Longitudinal differences of Ionospheric
vertical density distribution and equatorial electrodynamics,
submitted to Journal of Geophysical Research, 2011) and
comparison with similar networks in Africa are underway.
The network of VIPIR ionosondes is under deployment
including 4 new VIPIRs to be installed in 2012. It is sug-
gested that the new instrumentation together with the
analysis techniques described in this report will help us to
(1) understand the physics of the day-to-day variability of
the low-latitude ionosphere and then (2) devise a method to

predict the initiation and development of the ESF irregu-
larities. More specifically, we plan to develop numerical
methods that will provide the number density profiles along
the LISN meridian using GPS TEC values and VIPIR
bottomside densities and regularization algorithms [Nygrén
et al., 1997; Lee et al., 2007]. The detection and charac-
terization of TIDs discussed here will help to investigate the
role of gravity waves on seeding ESF. We plan to operate
the VIPIR ionosondes in a mode amenable for the calcula-
tion of plasma drifts using Doppler information and the
continuity equation and the motion of F layers during sun-
set. Two VIPIR ionosondes will be located �11–12� on
both sides of the magnetic equator; to study the role of Es

layers on the onset and dynamics of ESF. We also intend
to extract tide and planetary wave information using
(1) regional maps of TEC that can provide evidence of the
presence of semidiurnal tides, (2) E field values from all
pairs of magnetometers in South America, and (3) plasma
drifts measured by the LISN VIPIR ionosondes. Comple-
tion of these projects will provide the necessary scientific
know-how to develop assimilation techniques that will
become important pieces of a new predictive numerical and
data ingestion model of the low-latitude ionosphere over
South America.

6. Summary

[38] TEC measurements from the GPS receivers in the
LISN distributed observatory were used together with
several other receivers that operate in South America to
gather the regional distribution of TEC enhancements that
occur near midnight at low latitudes. It was shown that the
N-MTECE of 11–12 March 2011 was formed by a receding
equatorial anomaly driven by a reverse fountain effect acting
in response to downward vertical drift. It was also suggested
that meridional winds produce an asymmetry in the intensity
of the crests controlling the final location of the region of
enhanced TEC.
[39] The CCM method has been applied to stations sepa-

rated by hundreds of km, as data collected at Huancayo,
Cuzco, Piura, Iquitos, Ancon and Leticia were used to cal-
culate the characteristics of TIDs. A large coherence was
found between the TECP traces from all the adjacent stations,
allowing us to determine the morphological characteristics of
the TIDs. This result opens the possibility of using mea-
surements of the TEC perturbations by the GPS receivers
already deployed in South America to monitor TID activity.
[40] This paper has also presented the day-to-day vari-

ability of the TEC depletions over the South American
continent for the years of 2008 and 2009. Observations of
depletions during these years of low solar activity showed
that the seasonal and longitudinal variability is comparable
to that obtained in Burke et al. [2004]. It can be concluded
that the climatology of depletions agree with Tsunoda’s
[2010a] STBA hypothesis.
[41] The science highlights reported here speak of the

usefulness of the LISN observatory to probe the disturbed
and undisturbed low-latitude ionosphere over South America.
The regional TEC climatology and day-to-day variability for
different levels of solar and magnetic conditions and energy
inputs from the thermosphere will be assessed and reported
in the near future. It is indicated that the installation of four
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VIPIR ionosondes will lead to new and important discov-
eries in equatorial Aeronomy.
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