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[1] This paper presents for the first time regional plots of total electron content (TEC)
depletions derived from GPS observations over the South American continent with a
coverage of over 45° longitude (i.e., 35°W to 80°W). We introduce a new numerical
algorithm that has been developed to automatically detect TEC bite‐outs that are produced
by the transit of equatorial plasma bubbles. This algorithm was applied to TEC values
measured by the Low Latitude Ionospheric Sensor Network (LISN) and by receivers
that belong to 3 other networks that exist in South America. The general characteristics
of the TEC depletions are provided along with their temporal length, local time
distribution and depletion depth. The regional day‐to‐day and seasonal variability of the
TEC depletions are also presented for 2008, a year of low solar activity. The regional
day‐to‐day variability of TEC depletions is highly dynamic, but their seasonal
distributions follow the longitudinal characteristics of plasma bubbles presented by other
authors. During the equinoxes, TEC depletions are mainly observed on the west coast of
South America, and during the December solstice they mostly occur on the east side of the
continent. However, in all seasons, we observe days when depletions extend all over the
continent. We place these new results in the context of theories of plasma bubble seeding.
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1. Introduction

[2] Measurement of total electron content (TEC) values
using dual‐frequency GPS receivers has become a reliable
and cost effective method to probe the thermosphere‐
ionosphere system. A single GPS receiver measures the line‐
of‐sight integrated electron content from 6 to 12 GPS
satellites simultaneously and continuously. Multiple GPS
receivers, forming regional or global networks, map the
integrated number densities over large areas, complementing
near‐Earth satellites or non‐scanning radars, and provide a
more complete view of the ionospheric background condi-
tions. Recently, Basu et al. [2005] and Foster et al. [2005]
have used global maps of TEC to investigate the iono-
spheric dynamics at mid and high latitudes during magneti-
cally disturbed periods. Valladares et al. [2001, 2004]
employed a chain of 12 GPS receivers in South America to
derive TEC latitudinal profiles extending ±30° on both sides
of the magnetic equator. They associated the location of
the crest of the equatorial anomaly and the altitude of the
F region, measured by the Jicamarca Digisonde, with the
development or lack of equatorial plasma bubbles (EPB).
Regional maps of TEC perturbations (TECP) have been used
to diagnose and study the morphology of atmospheric

gravity waves (AWG) that are produced at high latitudes
during magnetic storms [Ho et al., 1998; Saito et al., 1998;
Shiokawa et al., 2002; Valladares et al., 2009]. TEC values
provided by dense networks of GPS receivers have also been
used to reconstruct three‐dimensional maps of ionospheric
densities [Ma et al., 2005; Lee et al., 2007, 2008; Mitchell
and Spencer, 2003]. Other studies have presented perturba-
tions of the daily TEC values containing periods of about
1 h or less. TECP are mainly associated with atmospheric
gravity waves (AGW) as they move the F region plasma up
and down the magnetic field lines. Plasma bubbles can also
produce perturbations in the TEC values as they move
according to the background E × B field. Conker et al.
[2004], Rama Rao et al. [2006], and Portillo et al. [2008]
have designed methods to detect TEC perturbations associ-
ated with the drifting bubbles.
[3] In this paper, we present the results of a statistical

study of TEC depletions observed with 127 receivers that
operated in South America in 2008. We have observed TEC
depletions having periods between 10 and 120 min. Typi-
cally, a series of perturbations can be seen in a single day
lasting for several hours. At low latitudes, nighttime TECP
are also produced by EPBs. However, they are readily
identified by their typical sudden decreases that can reach
values in excess of 10 TEC units. As indicated above, TEC
perturbations can also be generated by the passage of AGW
originated in the troposphere by weather systems. However,
this type of TECP has a marked sinusoidal nature with
periods between 10 min and 1 h, duration of a few hours and
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amplitudes smaller than 1 TEC unit. These characteristics
can be used to identify them.
[4] It is known that near sunset, the dynamics of the

equatorial ionosphere are dominated by the pre‐reversal
enhancement (PRE) [Woodman and LaHoz, 1976] of the
vertical drift. During sunset, plasma densities and dynamo
electric fields in the E region decrease, and the anomaly
begins to fade, and at this local time a dynamo electric field
develops in the F region. Polarization charges, set up by the
conductivity gradients at the terminator, enhance the east-
ward electric field for about an hour after sunset. This
eastward post‐sunset electric field enhances the Rayleigh‐
Taylor (R‐T) instability, while a westward field quenches it.
These structures can grow to become large‐scale iono-
spheric depletions, often called equatorial plasma bubbles,
which are elongated along the magnetic flux tubes. The
variability in the PRE may dictate the onset or inhibition of
these instabilities [Basu et al., 1996; Hysell and Burcham,
1998; Fejer et al., 1999].
[5] The statistical study of TEC depletions presented here

is motivated by the need to understand the onset of equa-
torial plasma bubbles. EPB has long been recognized as one
of the most prominent concerns of space weather. EPB is
responsible for the degradation of radio propagation that
leads to navigation errors and outages, communication
system failures and radar clutter. Previous statistical studies
of the occurrence of plasma bubbles, using in situ density
measured by the Defense Meteorological Satellite Program
(DMSP) satellites, implied strong variability of their occur-
rence across South America during the equinoxes and
December solstice months [Burke et al., 2004; Huang et al.,
2001]. It is expected that a similar occurrence, but containing
higher spatial and temporal resolution, will result from the
statistics of TEC depletions as we are examining the same
phenomena. During 2008, the Low‐latitude Ionospheric
Sensor network (LISN) operated 29 receivers installed in the
countries of Argentina, Brazil, Colombia, and Peru. These
receivers had Internet connectivity and were able to upload
near real‐time data to a central server located at the Instituto
Geofisico del Peru in Lima. This paper is organized in the
following fashion. Section 2 shows typical TEC depletions
observed by GPS receivers placed at different magnetic
latitudes as they move eastward across South America. Here,
we describe the procedures that were developed to identify
EPB. Section 3 introduces the reader to maps of TEC
depletions seen on individual days. The statistics of TEC
depletions are shown in section 4. We end the paper with the
discussion and summary sections.

2. TEC Depletions

[6] TEC depletions consist of abrupt decreases in the TEC
value that last from 10 to 60 min. They are commonly
followed by a recovery to the TEC value preceding the
depletion. The TEC depletions that we are considering are
produced by plasma bubbles drifting across the line‐of‐sight
between the GPS receiver and the satellite. Weber et al.
[1996] showed a strong correlation between TEC deple-
tions and airglow 630.0 nm depletions, implying that TEC
depletions are manifestation of equatorial plasma depletions.
The general morphology of TEC depletions and their
association with strong levels of VHF scintillations were

described by DasGupta et al. [1983] for the pre‐midnight
period. Yeh et al. [1979] have reported similar correlations
in the occurrence of bubbles and scintillations.
[7] Figure 1 shows the locations of all 127 dual‐frequency

GPS receivers stations used in this study. They were
deployed by LISN, Ohio State University ‐ Central and
Southern Andes GPS Project (OSU‐CAP), Geocentric Ref-
erence System for the Americas (SIRGAS) [Brunini et al.,
2011] and International GNSS service (IGS) [Dow et al.,
2009] networks. These GPS receivers cover most of the
South American continent with longitude coverage between
35° and 80° West and geographic latitudes in the range of
45°S to 13°N, (magnetic latitudes in the range of 35°S to
20°N). The calculation of the equivalent vertical TEC was
done independently for each of the GPS receivers using an
analysis code that was developed at Boston College. This
program uses the phase and code values for both L1 and L2
GPS frequencies to eliminate the effect of clock errors and
tropospheric water vapor to calculate relative values of slant
TEC [Sardón and Zarraoa, 1997]. Then, the absolute
values of TEC are obtained by including the differential
satellite biases published by the University of Bern and the
receiver bias that is calculated by minimizing the TEC
variability between 0200 and 0600 LT [Valladares et al.,
2009; P. Doherty, private communication, 2000].
[8] We have developed a software code that is able to

automatically identify the TEC depletions by examining the
TEC trace for each GPS satellite pass individually and for
each of the 127 stations in South America. The algorithm
identifies depletions by separating the spectrum of depletion
structures from the one corresponding to the variability of the
background or unperturbed TEC. Most of the time, the
durations of observed TEC depletions lie within the range of
10 to 60 min. We first used a single digital Band Pass Filter
(BPF) with cut‐off values from 3 min to 120 min and realized
that this was not very effective due to false detections pro-
duced by rapid (less than 2 h) variations of the background
TEC and steep horizontal gradients. Hence the depletions
are detected by using two digital BPFs, one to get structures
of depletions whose observed durations are between 3 min
and 40 min and the second BPF to detect wider depletions
with duration between of 25 min and 120 min. These are
equivalent to cutoff frequencies of both filters between 1.4 ×
10−4 and 6.7 × 10−4 Hz for the first BPF and also 4.2 × 10−4

and 56 × 10−4 Hz for the second BPF. This separation of a
spectrum range of 3 to 120 min into two overlapping
spectrum of structures avoids the false detection of deple-
tions from the structures that are caused by steep gradients in
TEC, and is also useful in emphasizing individually narrow
and wider depletions, raising their thresholds levels in each
case for easier detection. The depletions per se are detected
from the filtered amplitudes whose threshold values fall
below −1 TEC and −0.6 TEC units respectively for narrow
and wide depletions. The bubble detection is confirmed if the
observing elevation angle is above 30° and TEC recovers to a
value closely similar to the starting TEC. Initial and end
times of the TEC depletion are determined by selecting the
times when the slope of the filtered TEC value becomes
different than zero and before the TEC moves beyond the
negative threshold value and after it resumes a positive value
respectively. These identified depletions are validated by
their onset times (post sunset time), geomagnetic location of
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occurrence and false detections arising due to TEC gradients
at low elevation angles and data breaks. The following sub-
sections present several cases of TEC depletions observed in
2008 to illustrate the variety of conditions in which depletions
develop and the complex relationship that exists between the
depth, the width of a depletion, wall steepness, background
TEC values and the S4 index.

2.1. Antofagasta, Chile, 9 October 2008

[9] Figure 2 shows the TEC values recorded at Antofa-
gasta, Chile from GPS PRN 26 on 9 October 2008. Figure 2
displays typical TEC depletions detected near the southern
crest of the anomaly that are accompanied with significant
levels of scintillations. This case was selected due to the
easiness to determine the boundaries of the depletions. Two
adjacent TEC depletions are observed on this pass. Figure 2a
shows the spectra of the TEC values that are used to confirm
the nature of the TEC variability. Two spectral bands are
indicated and depicted by the pink and blue lines. These
bands correspond to periods between 25 and 120 min (pink),
3 and 40 min (blue) for wide and narrow depletion detection,

respectively. Figure 2b shows the TEC value (green trace),
elevation angle (orange trace) and the corresponding S4
scintillation indices (red trace). S4 is obtained by measuring
the standard deviation of normalized GPS signal power (S/N
amplitude) at 50 Hz sampling. There is an excellent corre-
spondence between the TEC depletion and the S4 values
above the noise level (S4 ≈ 0.1). Figure 2c displays the TEC
values after they have been band‐pass filtered using the filter
bands indicated in Figure 2a. These two traces, blue (values
of first filter or narrow depletion BPF) and pink (values of
second filter or wide depletion BPF) are used to detect the
TEC depletions. These two depletions indicated in Figure 2b
are detected from filtered values of the first BPF as the values
decreased beyond threshold value (−1.0) and resumed posi-
tive. The start times (indicated by the blue vertical line in
Figure 2b) of the TEC depletions were determined when the
slope of the filtered values of the first BPF (Figure 2c, blue
trace) becomes negative while the filtered TEC values are
still positive. The end times (indicated by orange vertical line
in Figure 2b) were identified when the slope of the filtered
values becomes zero or very small after the filtered TEC

Figure 1. Locations of GPS receiver stations installed by the LISN, OSU, SIRGAS and IGS networks in
the South American continent that are used in this study. Black solid squares represent station locations
along with 4 letter station codes.
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values resume positive. Both TEC depletions were observed
when the viewing angle was above 45° elevation. Followed
by these two depletions, the filtered values (pink trace in
Figure 2c) cross the threshold between 0330 and 0400 UT,
but it was not indicated as valid depletion as it is eliminated
by the elevation mask angle of 30°. It is important to mention
that multipath can also produce artificial signal fluctuations
that may originate elevated S4 values. However, these
multipath‐enhanced S4 indices occur when the satellite ele-
vation angle is below 30° as it is observed near 0400 UT.

2.2. Ancon, Peru, 13 February 2008

[10] Figures 3a and 3b present TEC depletions recorded
on the same day, containing similar levels of unperturbed
TEC values, at stations located near the magnetic equator
but separated by 21° in longitude. The level of Scintillation
S4 index within the depletions varies drastically. Figure 3a
shows the TEC recorded at Ancon, Peru, for PRN 16 on

13 February 2008. Ancon (11.77°S, 77.15°W) is located near
the magnetic equator on the west coast of South America.
Two depletions are identified in this pass; no scintillation
above the noise level is observed for the first depletion, which
may be attributed to the smaller TEC gradients at the edge
of the depletion. A moderate scintillation patch of about
S4 = 0.2 is observed in correspondence with the second
depletion when the satellite elevation angle is more than 60°
and has much steeper TEC gradient than the first depletion. It
is mentioned that the highest S4 values were observed on the
eastern side of the depletion. As the plasma depletion is
drifting eastward and faster than the apparent east‐west
motion of the satellite sub‐ionospheric intersection (<10m/s),
the eastern side of the depletions is commonly observed first.

2.3. Alta Floresta, Brazil, 13 February 2008

[11] The TEC depletion of Figure 3b demonstrates that
even during low solar conditions, significant levels of
scintillations can be observed near the magnetic equator.
Figure 3b shows TEC values from the equatorial station,
Alta Floresta (9.8°S, 56.1°W), which is 3° south of magnetic
equator and in the middle of South America. At the begin-
ning of the pass there exists a moderate level of scintillations
(S4 = 0.3), which is due to multipath as the elevation angle is
lower than 30°. A single depletion is detected at elevation
angle above 30° and has a corresponding scintillation of
about S4 = 0.3 that is well separated from the multipath
scintillation patch. Here, the scintillation intensity corre-
sponding to this depletion is higher than the S4 detected at
the equatorial station of Ancon on the same day.

2.4. Boa Vista, Brazil, 2 February 2008

[12] The TEC depletion of Figure 3c was recorded near
the northern crest and characterized by a depth larger than
10 TEC units. The wider and deeper depletion is associated
with larger levels of scintillations. Figure 3c presents TEC
values from the anomaly station Boa Vista (2.8°N, 60.6°W)
for GPS PRN 12. The depletion detected has a sharp gradient
and a depth of about 14 TEC units, which is more than 50%
of the total TEC before the depletion started. The width of the
depletion is 39 min and is associated with strong levels of
scintillation that reach a maximum of S4 = 0.47 (>10 dB)
when the elevation angle of the satellite is 45°. The scintil-
lation is present for the entire duration of the depletion and
extending for about 15 min beyond the detected end of the
depletion.

2.5. Dourados, Brazil, 7 November 2008

[13] The TEC depletions of Figure 3d were accompanied
by a stronger level of scintillation than Figure 3c that gen-
erated a loss of signal by 25 min. Figure 3d shows an
example of a deep depletion and strong scintillations that
were observed at the anomaly station of Dourados (22.1°S,
54.9°W). There are two depletions in the TEC data, but only
one depletion was detected by the program. The second
depletion (UT ∼0200) was not detected due to the loss of L2
signal probably related to the deep fading associated with the
high scintillation activity at the second depletion. The first
depletion is associated with strong scintillations S4 = 0.5
(>10 dB) at elevation angle of 40° and has large electron
density at both edges of the depletion. The second depletion
started within few minutes after the first is also accompanied

Figure 2. Automatic detection of TEC depletions from the
calculated TEC values of GPS satellite (PRN 26) on 9 October
2008. (a) The spectra of TEC values with band pass filter cut‐
offs indicated by pink (filter 1) and blue (filter 2) vertical lines.
(b) Observed TEC values (green) along with elevation angle
(orange) marked with identified depletions between blue and
orange vertical lines. (c) The outputs of the BPFs indicated
by blue trace from filter 1 and pink trace from filter 2.
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by strong scintillations S4 > 0.6 at elevation angle of about
30°. Due to the depth and length of the second depletion, the
receiver lost lock on the L2 signal and TEC was not calcu-
lated during this time. Figure 3d points out the fact that the
large scintillation associated with the plasma bubbles can
cause loss of lock of GPS receivers even during solar mini-
mum conditions when TEC is commonly below 30 TEC
units at anomaly stations.

2.6. Cuiba, Brazil, 8 November 2008

[14] The automatic detection of the narrow (15 min)
multiple TEC depletions of Figure 3e are confirmed by the
level of scintillations that slightly exceeds the noise level.
Figure 3e shows TEC from the anomaly station Cuiba
(15.5°S, 56.07°W) for PRN 26 on 8 November 2008. Three
depletions are detected from this satellite pass, and these

depletions have good correspondence with the occurrence of
scintillation patches. The scintillation patch corresponding
to the third depletion, which is above the elevation angle of
30° shows S4 index equal to 0.2. The morphology of the S4
enhancement is distinct from the noise level and the S4 that
is associated with multipath for elevation angles less than
30°, as seen after 0200 UT.

3. Day to Day Variability of TEC Depletions

[15] One of the most successful hypothesis to explain the
longitudinal/seasonal occurrence of equatorial spread‐F
(ESF) was proposed by Tsunoda [1985]. Tsunoda indicated
that ESF activity increases when the solar terminator aligns
with the geomagnetic field B. For example, equinoxial
maxima exist at longitudes where the B lines align with a

Figure 3. TEC and scintillations observed at (a) Ancon, Peru, on 13 February 2008 from PRN 16,
(b) Alta Floresta, Brazil, on 13 February 2008 from PRN 14, (c) Boa Vista, Brazil, on 2 February 2008
from PRN 12, (d) Dourados, Brazil, on 11 November 2008 from PRN 15 and (e) Cuiba, Brazil, on
8 November 2008 from PRN 26.
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geographic meridian (i.e., west coast of South America).
During the December solstice the maximum occurs at
longitudes where the B field declination is westward as it
happens over the eastern part of Brazil. This effect can be
understood in terms of sunset not occurring simultaneously
at both conjugate E regions. Over the sunlit hemisphere, the
E region ionization can short circuit the polarization electric
field that develops during the evolution phase of the ESF
irregularities and is equally effective on inhibiting the electric
field associated with the pre‐reversal enhancement.
[16] As indicated above, in the South American region, the

solar terminator alignment with magnetic field lines varies
strongly with longitude. As a result, the highest occurrence of
scintillation should be in the western side of South America
(Peruvian region) during Mar/April and Oct/Nov, and in the
eastern side of South America (eastern Brazil) between
December and February.

3.1. Depletion Occurrence on 18 and 26 April 2008

[17] Figures 4a and 4b show the spatial distributions of
detected depletions from all the GPS receiver stations in South
American region for 18 and 26 April 2008, respectively. The

depletions identified in these plots correspond to the time
window of 2200 UT to 0700 UT of the following day. This
universal time interval covers local time between sunset and
few hours after midnight in the South American longitudes.
The colored segments are the GPS satellite tracks at the
ionospheric pierce point for the altitude of 350 km. Each
segment represents the line joining the start and end points of
depletion identified region from each of the GPS satellites.
The color coding is done according to the depth of the detected
depletion in TEC units as in the color scale. All the TEC
depletions in Figure 4 were not unique; they might have been
detected simultaneously by two or more GPS satellite signals
that have their line of sight intercepted through the same
plasma depletion but at different latitudes. Therefore, the
number of TEC depletions detected might be more than the
actual number of plasma bubbles in the region, and each of
the identified bubbles may have a different duration and
magnitude depending on their intersection with satellite path
and elevation with plasma depletion. Due to the relatively
slow east‐west motion of the GPS satellites, we can say that
the plasma depletions are traversing a quasi‐stationary
receiver‐satellite link. The depletion duration identified from
GPS TEC is a function of the bubble width and the satellite
elevation.
[18] In Figure 4a, the identified depletions on this day of

18 April 2008 have depletion depths falling into ranges of 1
to 4 TEC units, and most of these are along the longitude
range of 80° to 60°W. These depletions have the apparent
onset times (as observed by the satellite signal) between
2100 to post midnight 0100 LT. The onset times were not
represented in these figures.
[19] Figure 4b shows the depletions detected on 26 April

2008 with depths varying from 2 to 7 TEC units. The
depletions on this day can be identified from two different
ionospheric irregularities depending on their onset times.
The depletions in the longitude range of 80° to 70°W were
detected between about 1930 to 2200 LT; and those in the
longitude range of 70° to 60°W have onset times of 2300 to
0100 LT. The depletions with slightly larger TEC depths are
concentrated into the anomaly regions. It can be seen from
Figures 4a and 4b, that the depletions identified over the
South American region are concentrated in the western
South American region with no occurrence in the eastern
side for these two days. The depletion behavior presented in
Figures 4a and 4b follows the Tsunoda’s [1985] hypothesis
of solar terminator – magnetic meridian alignment. But,
there are also some days during that equinoxes that will not
follow this hypothesis.

3.2. Depletion Occurrence on 9 and 19 March 2008

[20] Figure 5a shows the depletions detected on 9 March
2008 over the South American region. Most of the deple-
tions in the eastern longitudes have the TEC depths in the
range of 3 to 8 TEC units. The apparent onset times for this
day are about 2100 to post midnight 0100 LT. Figure 5b
shows the depletions detected on 19 March 2008 over the
South American region, which shows consistent spread of
identified depletions over all longitudes with concentrated
numbers around the anomaly crest regions. The depletion
depths are in the range of 1 to 6 TEC units with some
depletions peaking up to 8 TEC unit depths near the regions
around the anomaly crests. The onset times for this day are

Figure 4. Depletions detected from all GPS receivers over
SouthAmerican continent on (a) 18April 2008 and (b) 26April
2008. This shows the most typical pattern during Equinox.
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in the range of 2000 to post midnight 0100 LT. The TEC
depletions for these two days clearly show that the occur-
rence of depletions at all longitudes in the South American
region does not follow the solar terminator – magnetic
meridian alignment hypothesis. The effect of solar terminator
alignment with magnetic field on occurrence of depletions
can be seen statistically over a month but it was not con-
sistently observed on a day‐to‐day basis.

3.3. Depletion Occurrence on 3 and 10 December 2008

[21] Figures 6a and 6b, corresponding to 3 and 10
December 2008, show most of the TEC depletions concen-
trated in the eastern longitudes of the South American region
with practically no depletions in the western side. They have
the onset times in the range of 2030 to 0030 LT. This behavior
follows Tsunoda’s hypothesis of the solar terminator –
magnetic meridian alignment, which is true for most of
the days in December solstice. The depletion depths of
these two days are in the ranges of 2 to 8 TEC units. On
10 December 2008 (Figure 6b) there are two concentrated
groups of depletions identified which are possibly due to
two different irregularity regions with different onset times;
the longitudes 45°W to 34°W are in the range of 2000 to

2200 LT and the longitudes 58°W to 45°W are from 2230 to
0130 LT.

3.4. Depletion Occurrence on 10 January
and 14 December 2008

[22] Figures 7a and 7b show the depletions detected on
10 January and 14 December 2008, respectively, over the
South American region. During these two days the deple-
tions are identified at all longitudes across the continent,
even at regions where the solar terminator hypothesis does
not predict depletions for the December solstice. It can be
seen that there exists 3 bands of concentrated number of
depletions identified along the longitude ranges of 48°W,
55°W and 65°W. These depletions have onset times between
about 1930 and 2330 LT. On 14 December 2008 the onset
times of depletions for longitudes 50°W to 35°W are in the
range of 2000 to 2300 LT and for longitudes 75°W to 55°W
are about 2000 to 2200 LT.

3.5. Depletion Occurrence on 27 June and 13 July 2008

[23] Figures 8a and 8b show the depletions detected on
27 June and 13 July 2008, respectively, over the South

Figure 5. Depletions detected from all GPS receivers
over South American continent on (a) 9 March 2008 and
(b) 19 March 2008.

Figure 6. Depletions detected from all GPS receivers over
South American continent on (a) 3 December 2008 and
(b) 10 December 2008. This represents typical pattern during
December solstice.
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American region. The onset times for the plasma depletions
of 27 June (Figure 8a) are 2100 to 2300 LT and for 13 July
(Figure 8b) are 2330 to 0030 LT. 27 June 2008 is the day
when more TEC depletions were identified than any other
day during this solstice period. It is well known that during
the June solstice very few plasma depletions are observed
over the South American region unlike the December sol-
stice which has maximum occurrence of depletions over the
eastern part of the continent.

3.6. Depletion Occurrence on 11, 12,
and 14 February 2008

[24] Figures 9a, 9b, and 9c present the depletions identi-
fied on closely consecutive days of 11, 12, and 14 February
2008 showing different patterns of depletion detections in the
South American region. On 11 February 2008 (Figure 9a)
the depletions are identified in the eastern longitudes of the
South American continent, with onset times of about 2130 to
0030 LT, with depletions depths in the range of 1 to 4 TEC
units. On 12 February 2008 the depletions are detected in the
western longitudes of the South American region with onset
times of about 2100 to post midnight 0130 LT, with deple-
tions depths in the range of 1 to 6 TEC units. On 14 February

2008 (Figure 9c) the depletions were identified at all long-
itudes over South America, the onset times for longitudes
between 60°W and 40°W was 2000 to 2200 LT and for
longitudes between 80°W to 60°W was about 2100 to post
midnight 0130 LT. The range of depletion depths on this day
is from 2 to 10 TEC units. Deeper TEC depletions were
observed near both anomaly crest regions.

4. Statistics of Depletions

[25] The TEC data used in this study come from the GPS
receivers shown in Figure 1. They cover most of South
America with some coarse coverage at the northern and
southern parts of the continent due to the sparsity of
receivers in those regions. The coverage provided by the
GPS satellite constellation over a particular location remains
the same throughout the year, as the GPS satellites return to
the same place every 23 h and 56 min. Therefore, the sta-
tistics of TEC depletions detected with GPS receivers have
similar number of samples. The following two sub‐sections
describe the statistics of the TEC depletions observed on
2008.

Figure 7. Depletions detected from all GPS receivers over
South American continent on (a) 10 January 2008 and (b) 14
December 2008.

Figure 8. Depletions detected from all GPS receivers over
South American continent during June solstice on days of
(a) 27 June 2008 and (b) 13 July 2008.
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4.1. Seasonal and Longitudinal Variability
of Depletions

[26] The magnetic declination of the Earth’s magnetic field
varies sharply across South America, consequently, the
degree of alignment between the solar terminator and the

magnetic field shows a markedly different seasonal mor-
phology at the western and eastern coasts of the continent.
Following Tsunoda’s [1985] argument, the occurrence of
TEC depletions will increase in the Peruvian sector during
the equinoxes, but will maximize in eastern Brazil during the
December solstice. Figures 10a and 10b show our statistical
results on the number of TEC depletions for the months of
March 2008 (equinox) and December 2008 (solstice)
respectively. These contour plots show the TEC depletions
that were observed at grid points with a size of 1° by 1°.
[27] Figure 10a shows the maximum number of depletions

concentrated in the longitude range between 70°W and 63°W
(greater than 70 TEC depletions). The eastern longitudes
display a low depletion occurrence (less than 25 TEC
depletions). It is important to note that the peak number of
depletions was observed at grid points corresponding to the
statistical location of the southern crest of the anomaly region
where the densities are larger and the depletions easier to be
identified. It is evident that the monthly maximum of TEC
depletions concurs with the seasons when the solar termi-
nator aligns with the magnetic field.
[28] Figure 10b shows the maximum number of depletions

(about 80 TEC depletions) in the longitude range of 55°W to
35°W at latitudes collocated with the southern anomaly crest
region. The number of TEC depletions is much reduced in
the western longitudes. In summary, Figures 10a and 10b
demonstrate that more TEC depletions develop in the west-
ern side of South America during the Equinoctial month of
March and in the eastern side during December, all in
agreement with satellite observations [Burke et al., 2004] and
theoretical predictions [Tsunoda, 2010a]. We also observed
more TEC depletions in December than March for 2008, a
year of low solar activity.
[29] Figure 11 shows the longitudinal distribution of

depletions for year 2008 observed over the South American
continent. The contour plots are drawn from the total
number of depletions occurring at each longitude bin of 1°,
including depletions that were observed at all latitudes for
every day of 2008. The colors represent the number of TEC
depletions in geographic coordinates. Figure 11 clearly
shows the two maxima of depletion occurrence at the
equinoxes and December solstice which is similar to the
one shown by Burke et al. [2004] and follows the solar‐
terminator‐B alignment (STBA) hypothesis of Tsunoda
[1985]. The longitudinal distribution of depletions clearly
shows a pattern that maximizes at western longitudes during
the equinoxes and at eastern longitudes during December
solstice. During the month of October, we can see TEC
depletions transitioning from western to eastern longitudes.
A similar effect is seen between mid‐January and February
when TEC depletion development transits from eastern to
western longitudes. During June solstice months (May, June,
July, August) the number of TEC depletions is almost null
except for a few days that showed TEC depletions on the
western side of South America.
[30] During the low solar activity year of 2008, Figures 10a

and 10b have shown that we observed 20% more TEC
depletions during the December solstice than the March
equinox. However, we recorded approximately the same
number of satellite passes during these two months.

Figure 9. Spatial TEC depletion patterns on the three con-
secutive days that depict the dynamics of depletion occur-
rence, which is a contradiction to the hypothesis of solar
terminator alignment as suggested by Tsunoda [1985].
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4.2. Statistical Analysis of TEC Depletion Depth,
East‐West Extension and Local Time

[31] The east‐west extent and the depth of the TEC
depletions observed by transiting GPS satellites are impor-
tant parameters to measure as wider and/or deeper depletions
produce system failure effects on GPS‐based navigation
systems that may operate in South America. During the low
solar activity year of 2008, a total of 91,280 TEC depletions

were detected by our analysis algorithm based on recordings
from 127 GPS receivers that operated across the continent.
Using this unique database, we have constructed histograms
categorizing the depth of the TEC depletions in TEC units,
the east‐west extent of the depletions in minutes, and the
local time the depletions. These histograms are presented in
Figures 12a, 12b and 12c, respectively. It should be noted
that each one of these depletions maybe is counted more than

Figure 10. Total number of depletions detected spatially over South American continent for (a) the equi-
noxial month of March 2008 and (b) the solstice month of December 2008.
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once since different line of sights from different ground
receivers and different GPS satellites can pierce the same
depletion.
[32] The histogram of Figure 12a indicates that the most

probable depth of the depletions varies from 2 to 5 TEC units
which is nominal in South America during the minimum
solar cycle. However, during the peak of solar cycle we
expect that the depth of depletions will be much larger than
what is shown in this figure. It is known that the ionosphere
causes a group delay of 0.162 m per TEC unit at the GPS L1
frequency of 1.57542 GHz [Warnant, 1997;Klobuchar et al.,
1993], thus the presence of TEC depletions with an average
depth of 5 TEC units will introduce range errors close to 1 m
when the pass is near overhead. This error will increase at
lower elevation angles.
[33] The histogram in Figure 12b shows the east‐west time

extent of the TEC depletions. It is important tomention that the
parameter presented here does not represent the bubble dura-
tion or its lifetime but a measurement associated with their
east‐west size. As the GPS satellites movemainly in the north‐
south or south‐north directions, taking 6 ormore hours tomove
from horizon to horizon, it is possible to assume that the
bubbles move across a quasi‐stationary satellite‐to‐receiver
line of sight. It can be seen from Figure 12b that the most
probable east‐west extensions of the depletions detected in
South America are in the range of 15 to 35 min, with maxi-
mum number of depletions occurring around 25 min.
[34] Figure 12c displays the histogram for TEC depletions

observed (in percentage of the total number of depletions) as a
function of local time and sorted in bins of 30 min. The local
times displayed here correspond to times when the plasma
bubble was intercepted by the GPS signals. The occurrence

number is highest between 2030 and 2330 LT, and there
exists a gradual decrease of the depletion activity after local
midnight, reaching low values at 0300 LT. We observe
that the maximum onset probability is concentrated around
2130 LT in 2008. The shape of the local time distribution
curve is similar to Figure 8 presented by Burke et al. [2004]
based on satellite observations of equatorial plasma bubbles.

5. Discussion

[35] This paper presents the results of the first systematic
study of TEC depletions observed across the South American
continent. The depletion maps presented here have a conti-
nuity of over 45° in longitude (i.e., from 35°W to 80°W
longitude) and over 40° in latitude on both sides of the
magnetic equator.We also introduce for the first time the day‐
to‐day variability of TEC depletions encompassing South
America for a year of low solar activity. Section 3 presents
individual plots of depletions to exemplify how the regional
pattern of depletions varies seasonally and especially how
their longitudinal extension contains a marked day‐to‐day
variability. It is well known that the occurrence characteristics

Figure 11. Observation of TEC depletions as a function of
longitude, identified from all stations in South American
region for the year of 2008.

Figure 12. The depletion histograms of (a) depletion depth
in TEC units, (b) time extent of depletions and (c) local time
occurrence for the year of 2008 from all stations in the South
American region.

SEEMALA AND VALLADARES: STATISTICS OF TEC DEPLETIONS RS5019RS5019

11 of 14



of plasma depletions depend strongly on season and longi-
tude [Aarons, 1993;Huang et al., 2001; Conker et al., 2004].
The statistics presented in this paper agrees with previous
publications, but at the same time our analysis indicates that
the longitudinal extension of regions populated with TEC
depletions can change dramatically on a daily basis.
[36] It is evident that the characteristics of TEC depletion

development follow closely the occurrence of ESF events, as
both phenomena are related to the onset of plasma bubbles in
the post‐sunset equatorial F layer. The former is observed by
in situ satellite measurements or ground‐based receivers and
the latter is observed as coherent echoes [Woodman and
LaHoz, 1976] or on ionograms due to backscatter from the
bottomside of the nighttime F layer. One of the most suc-
cessful explanations for ESF activity to date is based on a
hypothesis that ESF activity increases, when the solar ter-
minator aligns with the geomagnetic field [Tsunoda, 1985].
We follow the terminology introduced by Tsunoda [2010a]
and refer to it as the STBA hypothesis. The STBA hypoth-
esis states that the occurrence frequency of equatorial ESF
will be higher in the equinoxes than in the solstices except in
regions where the magnetic declination is largely westward
(December solstice) or eastward (June solstice).
[37] Comparison of Figures 10a and 10b reveals that the

peak number of TEC depletions is 30% larger in the
December solstice (78) than the number of depletions
observed during the March equinox (60). We verified that
during these two months, the number of satellite passes
is about the same. The statistics of TEC depletions of
Figures 10 and 11 follows closely the longitudinal occur-
rence pattern presented by Burke et al. [2004] for the South
American longitudes. It also follows the STBA hypothesis
as the maximum number of depletions is present in the
western part of South America during the equinoctial
months, and in the eastern longitudes (Brazilian sector)
during the December solstice months. However, as indicated
above, there are several days in the equinoxes as well as in
solstice when the depletions are seen at all longitudes (see
Figures 5a, 5b, 7a, and 7b).
[38] Figure 11 indicates that there are almost no depletions in

the June solstice (except for a few events during June 2008).
This is the period when the ITCZ moves farther away from
the magnetic equator and no convective systems can trigger
gravity waves (GWs) [Tsunoda, 2010a]. The June solstice
is also the period when smaller PRE are registered in the
America sector [Fejer et al., 1999].
[39] It has been indicated that perturbations in the neutral

gas such as GWs 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]. This
conjecture has been referred by Tsunoda [2010a] as the
gravity wave B alignment (GWBA) hypothesis. In the South
American region, GWs can be triggered by mesoscale con-
vective systems, which are usually found within the inter‐
tropical convergence zone (ITCZ). Based on this argument,
several authors have concluded that the ESF morphology
could be controlled by the seasonal migration of the ITCZ in
latitude [Röttger 1977, 1981; McClure et al. 1998, Tsunoda,
2010b]. GWBA operates when the ITCZ is closer to the
magnetic equator during the December solstice in South
America. According to Tsunoda [2010b] the occurrence of
ESF is attributable to two effects, STBA and GWBA, which

appear to operate effectively during equinox and solstice
respectively in the western side of South America. These
hypotheses hold well for the climatology of TEC depletions
on a monthly and seasonal basis. But, they do not explain the
day to day variability of depletions that in certain occasions
are observed at all longitudes in the South American conti-
nent either in equinoxes or solstice. To explain these features,
we will need to consider the day‐to‐day variability of the
ITCZ or the action of other mechanisms that can seed plasma
bubbles all over the continent.
[40] Recently, Woodman [2009] has indicated that gravity

wave seeding is not the only mechanism able to seed plasma
bubbles; 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 pre‐reversal enhancement (PRE) 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 post‐sunset vortex
[Kudeki et al., 2007]. These waves can serve as seeds for
the larger scale plasma bubbles. Hysell and Kudeki [2004]
has also discussed the role of the collisional shear instabil-
ity in seeding equatorial spread F based upon the fact that
strong shears exists in the bottomside equatorial F region
ionosphere around twilight, where the plasma flow in the
bottomside reverses from westward to eastward with increas-
ing altitude [Kudeki et al., 1981; Tsunoda et al., 1981]. Shear
flow develops in the equatorial ionosphere beginning around
14 LT each day and intensifies at twilight as the E and valley
regions recombine. Despite having a modest growth rate,
shear instabilities may therefore undergo several e‐folds before
interchange instabilities activate and thereby create the seed
irregularities necessary for full blown spread F to occur. To
resolve which one of these mechanisms is responsible for
the day‐to‐day variability of TEC depletions will require the
use of daily maps of meso‐scale convection systems over the
South American continent or a database of zonal winds
measured by the existent Fabry‐Perot instruments that are
presently operating in the continent.
[41] To the extent any ionospheric instability amplifies

geophysical noise, and the gravity waves probably do con-
stitute a significant part of atmospheric geophysical noise,
many aspects of the conjecture seem plausible. Which of
these factors are most important remains to be known, either
neutral wind or factors that are thought to contribute to shear
flow, including E region dynamo winds, vertical winds and
horizontal electric fields on flux tubes with significant Hall
conductivity, and vertical currents sourced in the electrojet
region near the solar terminator [Haerendel et al., 1992;
Haerendel and Eccles, 1992], in part because they are dif-
ficult to measure directly using in situ or remote sensing.
These different mechanisms, as the ones described above, do
not necessarily require gravity waves as the seeding mech-
anism; they may be acting following an unknown pattern,
increasing the day‐to‐day variability of the ESF phenomena.
[42] The statistics of TEC depletion depths (Figure 12a)

for 2008 show that the highest probable depths are low in
the range of 2 to 3 TEC units; this could be attributed to the
low solar activity year with average F10.7 solar radio flux of
69.0. Year 2008 was the quietest year of the space age with
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266 days of no visible sunspots, according to National
Oceanic and Atmospheric Administration (NOAA). Rama
Rao et al. [2006] found the most probable TEC depths of
about 5 to 15 TEC units during the month of March 2004
(monthly average F10.7 flux is 112.16) over the India region,
during the descending phase of the solar cycle. The differ-
ence in TEC depletion depths between the Indian region and
South America is more attributable to the solar activity than
the geographic difference per se. From the histogram of
depletion extent in minutes it can be seen that the most
probable depletion duration intercepted by the GPS satellites
are in the range of 15 to 35 min, while the local time onset of
depletions are found to be in range of 1930 to post midnight
0030 LT.

6. Summary

[43] This paper presents the day‐to‐day variability of the
TEC depletions over the South American continent for the
entire year of 2008. Observations of depletions in this year
of low solar activity show that the seasonal and longitudinal
variability is comparable to that obtained by Burke et al.
[2004] based on in situ satellite measurements.
[44] It can be concluded that the climatology of depletions

agree with Tsunoda’s [2010b] hypothesis on the STBA and
GWBA.However, the day‐to‐day variability cannot be easily
reconciled with these theories. The statistics of TEC deple-
tions depths show that in 2008, the most probable depths are
small in the range of 2 to 3 TEC units and the most likely time
extents are in the range of 15 to 35 min, with maximum local
time occurrence falling around 2130 local time hours.
[45] The day‐to‐day variability that stands out of the usual

seasonal and longitudinal pattern for the occurrence of
equatorial plasma depletions may be explained by the fol-
lowing two possible mechanisms:
[46] According to Kudeki and Bhattacharyya [1999] and

Kudeki et al. [2007] the eastward neutral winds play a primary
role rather than gravity waves in triggering the equatorial
spread F that could lead to formation of plasma depletions.
[47] Tsunoda [2010a, 2010b] postulated that the gravity

waves generated bymesoscale convective systems, which are
usually found within the ITCZ are responsible for the seeding
mechanisms for plasma depletions. We may assume that the
day‐to‐day variability in the occurrence of TEC depletions
may be related to the day to day variability in location of
ITCZwith respect to the magnetic equator. This investigation
of the possible relationship between the day‐to‐day vari-
ability in plasma depletions and ITCZ requires further study.
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