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Abstract

This paper is focused on unusual nighttime impulsive electron density enhancements that are rarely observed at low latitudes on a
wide region of South America, under quiet and medium/high geomagnetic conditions. The phenomenon under investigation is very pecu-
liar because besides being of brief duration, it is characterized by a pronounced compression of the ionosphere. The phenomenon was
studied and analyzed using both the F2 layer critical frequency (foF2) and the virtual height of the base of the F region (h0F) values
recorded at five ionospheric stations widely distributed in space, namely: Jicamarca (�12.0�, �76.8�, magnetic latitude �2.0�), Peru;
Sao Luis (�2.6�, �44.2�, magnetic latitude +6.2�), Cachoeira Paulista (�22.4�, �44.6�, magnetic latitude �13.4�), and São José dos
Campos (�23.2�, �45.9�, magnetic latitude �14.1�), Brazil; Tucumán (�26.9�, �65.4�, magnetic latitude �16.8�), Argentina. In a more
restricted region over Tucumán, the phenomenon was also investigated by the total electron content (TEC) maps computed by using
measurements from 12 GPS receivers. A detailed analysis of isoheight ionosonde plots suggests that traveling ionospheric disturbances
(TIDs) caused by gravity wave (GW) propagation could play a significant role in causing the phenomenon both for quiet and for med-
ium/high geomagnetic activity; in the latter case however a recharging of the fountain effect, due to electric fields penetrating from the
magnetosphere, joins the TID propagation and plays an as much significant role in causing impulsive electron density enhancements.
� 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Equatorial ionosphere; Electron density enhancement; Traveling ionospheric disturbance; Fountain effect; TEC
1. Introduction

The ionospheric F2 layer presents a significant day-to-
day variability. The F2 layer characteristics, such as the
F2 layer critical frequency (foF2), the electron density max-
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imum (NmF2) (foF2 is related to NmF2 as 1.24 �
1010�(foF2)2, where the units of NmF2 and foF2 are elec-
trons/m3 and MHz, respectively) and the height of NmF2
(hmF2) often show significant deviation from long-term
values. Many studies have been made to disclose any trends
of these F2-layer characteristics as a function of local time,
season, and solar/geomagnetic activity (e.g. Liu et al.,
2009, 2011, 2012; Liu et al., 2010; Akala et al., 2010;
Borries and Hoffmann, 2010; Chen and Liu, 2010; David
and Sojka, 2010; Lin et al., 2010; Hall et al., 2011;
He et al., 2011; Lee et al., 2011; Burns et al., 2012;
rved.

http://dx.doi.org/10.1016/j.asr.2013.05.014
mailto:gigiperna@gmail.com
mailto:michael.pezzopane@ingv.it
mailto:michael.pezzopane@ingv.it
mailto:enrico.zuccheretti@ingv.it
mailto:fagundes@univap.br
mailto:jesus.rodolfo@hotmail.com
mailto:jesus.rodolfo@hotmail.com
mailto:mcabrera@herrera.unt.edu.ar
mailto:rezquer@herrera.unt.edu.ar
http://dx.doi.org/10.1016/j.asr.2013.05.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2013.05.014&domain=pdf


1 For interpretation of color in Fig. 1, the reader is referred to the web
version of this article.
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Chen et al., 2012; Meza et al., 2012; Mikhailov et al., 2012;
Pavlov, 2012; Pietrella et al., 2012), that are essential for
developing empirical ionospheric models (e.g. Bilitza and
Reinisch, 2008; Gulyaeva, 2012; Hoque and Jakowski,
2012).

Even though usually F2 layer disturbances have been
linked to solar and geomagnetic activity variations, there
are disturbances, termed “meteorological” by Rishbeth
and Mendillo (2001), appearing from the lower part of
the atmosphere and hence considered different from those
caused by the solar/geomagnetic activity. Mikhailov et al.
(2004) suggested the term “Q disturbances” to indicate
NmF2 deviations (positive or negative) greater than 40%
if all 3 hourly Ap indices were 67 for the previous 24 h.

Nighttime values of foF2 and total electron content
(TEC) do not always decrease smoothly. With regard to
this issue, many statistical studies have been performed
on NmF2 and TEC nighttime enhancements at mid and
low latitudes (e.g. Mikhailov et al., 2000a; Farelo et al.,
2002; Pavlov and Pavlova, 2007; Luan et al., 2008).

Recently, Pezzopane et al. (2011) have investigated a
very unusual event which they have called “impulsive
enhancement”, because a sudden large increase in electron
density is immediately followed by an equally rapid recov-
ery phase. The phenomenon occurred on a wide region of
South America, below the southern crest of the equatorial
anomaly, for low solar/geomagnetic activity. The event was
very distinctive, because the impulsive enhancement corre-
sponded to a pronounced compression of the ionosphere.
Their analysis showed that the propagation of traveling
ionospheric disturbances (TIDs) could be considered as
the main mechanism responsible for the observed
phenomenology.

The event analyzed by Pezzopane et al. (2011) was the
only occurred from August 2007, when an Advanced Ion-
ospheric Sounder by Istituto Nazionale di Geofisica e Vul-
canologia (AIS-INGV) ionosonde was installed at
Tucumán (TUC) (�26.9�, �65.4�, magnetic latitude
�16.8�), Argentina (Pezzopane et al., 2007), to July 2010.
This paper is focused on the analysis of all the other similar
events occurred from August 2010 to January 2012 both
for quiet and disturbed geomagnetic conditions. The aim
of this work is on the one hand to confirm for a larger data-
set of events what it was already found by Pezzopane et al.
(2011) for quiet geomagnetic conditions, and on the other
hand to look into the differences between the events
occurred for quiet and disturbed geomagnetic conditions.

2. Data sets

In order to detect the peculiar foF2 nighttime impulsive
enhancements that occurred from August 2010 to January
2012, reference was made to the autoscaling visualization
feature of the electronic Space Weather upper atmosphere
(eSWua) database (http://www.eswua.ingv.it/) (Romano
et al., 2008), simply by checking the daily foF2 plots com-
puted on the basis of the values produced automatically as
output by Autoscala (Pezzopane and Scotto, 2007) from
the ionograms recorded at Tucumán.

The analysis was then based on data recorded from
additional four ionosondes: Sao Luis (SL) (�2.6�,
�44.2�, magnetic latitude +6.2�), Cachoeira Paulista (CP)
(�22.4�, �44.6�, magnetic latitude �13.4�), São José dos
Campos (SJC) (�23.2�, �45.9�, magnetic latitude
�14.1�), Brazil, and Jicamarca (JIC) (�12.0�, �76.8�, mag-
netic latitude �2.0�), Peru. The ionospheric station at SJC
is equipped with a Canadian Advanced Digital Ionosonde
(CADI) (MacDougall et al., 1993). The ionospheric sta-
tions at JIC, SL and CP are equipped with a Digisonde
(Bibl and Reinisch, 1978). JIC, SL, and CP data were
downloaded from the Global Ionospheric Radio Observa-
tory web portal (Galkin et al., 2012).

Twelve GPS receivers located in South America (see
Table 1 for the corresponding locations) were also consid-
ered to compute TEC values in a region extending in lati-
tude from 0� to �40� and in longitude from �50� to
�80�. The GPS data were obtained from the International
Global Navigation Satellite System Service (IGS) database
(Dow et al., 2009).

The International Geomagnetic Reference Field 11 (Fin-
lay et al., 2010) was used to calculate the geomagnetic lat-
itude from the corresponding geographical coordinates of
the ionosonde and the GPS receivers’ stations (http://
wdc.kugi.kyoto-u.ac.jp/igrf/gggm/index.html).

The level of geomagnetic activity characterizing the
events under study is indicated by the 3 hourly-Kp, AE,
and Dst indices, which were downloaded from the World
Data Center for Geomagnetism, Kyoto, Japan from the
Web site http://wdc.kugi.kyoto-u.ac.jp/.

Equatorial zonal electric field data recorded on Septem-
ber and November 2010 by the Communications/Naviga-
tion Outage Forecasting System (C/NOFS) satellite,
developed by the Air Force Research Laboratory Space
Vehicles Directorate, were also taken into account and
downloaded from the NASA Space Physics Data Facility
section reachable through the site http://cda-
web.gsfc.nasa.gov/istp_public/.
3. Results

Fig. 1 shows nine atypical foF2 enhancements that were
recorded at Tucumán on 8 and 9 September 2010, 2 and 5
November 2010, 19 March 2011, 7 April 2011, 24 June
2011, 26 and 31 January 2012. In particular, all the iono-
grams recorded for all the month including each event were
considered and validated according to the International
Union of Radio Science (URSI) standard (Wakai et al.,
1987). Once the scaled foF2 values had been obtained,
the corresponding monthly mean (green1 curve in Fig. 1)
and standard deviation (red and blue curves in Fig. 1

http://www.eswua.ingv.it/
http://wdc.kugi.kyoto-u.ac.jp/igrf/gggm/index.html
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Table 1
Coordinates of GPS receivers and ionosondes used in the study.

Location Instrument Geographical coordinates Magnetic latitude Local time

Bogota, Colombia (BOGT) GPS +4.6�, �71.5� +14.6� UT-5
Puerto Ayora, Ecuador (GLPS) GPS +0.7�, �90.3� +10.2� UT-6
Portho Velho, Brazil (POVE) GPS �8.7�, �63.9� +1.2� UT-4
Salvador, Brazil (SAVO) GPS �12.9�, �38.4� �4.5� UT-3
Arequipa, Peru (AREQ) GPS �16.5�, �71.5� �6.4� UT-5
Cachoeira Paulista, Brazil (CHPI) GPS �22.7�, �45.0� �13.6� UT-3
Salta, Argentina (UNSA) GPS �24.7�, �65.4� �14.6� UT-4
Curitiba, Brazil (UFPR) GPS �25.4�, �49.2� �16.0� UT-3
Santiago, Chile (SANT) GPS �33.2�, �70.7� �23.0� UT-5
San Martin, Argentina (BUE1) GPS �34.6�, �58.5� �24.7� UT-4
La Plata, Argentina (LPGS) GPS �34.9�, �57.9� �25.0� UT-4
Concepcion, Chile (CONZ) GPS �36.8�, �73.0� �26.6� UT-5
Sao Luis, Brazil (SL) DPS4 �2.6�, �44.2� +6.2� UT-3
Jicamarca, Peru (JIC) DPS4 �12.0�, �76.8� �2.0� UT-5
Cachoeira Paulista, Brazil (CP) DPS4 �22.4�, �44.6� �13.4� UT-3
São José dos Campos, Brazil (SJC) CADI �23.2�, �45.9� �14.1� UT-3
Tucumán, Argentina (TUC) AIS-INGV �26.9�, �65.4� �16.8� UT-4
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represent the [mean ± standard deviation], respectively)
were calculated. All the events show a significant and rapid
(less than 2 h for all the cases) increase in foF2 beginning at
about 05:00 universal time (UT) (local time
(LT) = UT � 4; LT is calculated as the eastern time of
the central meridian of the corresponding time zone),
whose peak values are well outside the confidence interval
defined by the standard deviation and range from 50% to
85% of the mean value; the only exception is the event
occurred the 5 November 2010 presenting a peak which
is inside the corresponding confidence interval and whose
value is only 18% of the mean value. The phenomenon is
extremely impulsive, and the bell-shaped trend of the
foF2 plot is very narrow, because after reaching a peak,
the foF2 falls to very low values and the decrease phase
is even more rapid (about 1 h) than the increase phase.

Fig. 2 shows the same as Fig. 1 but for the virtual height
of the base of the F region (h0F); also for this ionospheric
characteristic, all the ionograms recorded for all the month
including each event were considered and validated. The
remarkable feature emerging by comparing Fig. 2 and
Fig. 1 is that at Tucumán when foF2 presents an impulsive
enhancement and reaches its maximum value, the iono-
sphere is strongly compressed, with the minimum value
of h0F well outside the confidence interval defined by the
standard deviation for seven events out of nine. This, as
it was already highlighted by Pezzopane et al. (2011), sug-
gests that a secondary fountain effect and/or a downward
plasma diffusion from the plasmasphere cannot be consid-
ered as the only agents responsible for the event, and that
something like a TID might have played a substantial role
(Lu et al., 2001).

Table 2 shows, respectively, the maximum values of the
3 hourly-Kp, AE, and Dst indices recorded for each of the
identified event. According to both the storm classification
made by Gonzalez et al. (1994) and the fact that AE values
well above 500 nT are necessary to trigger intense sub-
storms, causing serious ionospheric plasma modification
at mid and low latitudes (Akasofu, 1970; Prölss, 1993),
six of the identified events were considered as occurring
for low geomagnetic activity and three of them as occurring
for medium/high geomagnetic activity.

In order to look for the possible presence of TIDs
caused by gravity wave (GW) propagation, the ionogram
traces recorded at Tucumán from 00:00 to 10:00 UT for
all the identified dates were manually digitized, obtaining
a sequence of couples of values (N,h0) for each ionogram,
where N is the electron density and h0 is the virtual height
of reflection. Then, inversion from the ionogram trace
(N,h0) to the profile (N,h), where h is the real height of
reflection, was performed using the POLAN inversion tech-
nique (Titheridge, 1988). From the profiles (N,h) isoheight
curves N(h = 170, 180, 190, 200, 210, 220, 230, 240, 250,
260, 270, 280, 290, 300 km) were obtained and plotted in
Fig. 3. This figure shows that for all the considered days
maximum N variations occur first at higher altitudes and
then at lower altitudes, showing a downward phase shift
which is characteristic of GW propagation in the iono-
spheric F region (Hines, 1960). Using isoheight curves
shown in Fig. 3, it is possible to estimate the GW period
T; the vertical phase velocity vz is calculated using the peak
of two consecutive heights (see Fig. 5 of Pezzopane et al.
(2011)), the vertical wavelength kz = vzT is then obtained.
The corresponding horizontal wavelength (kh) can be deter-
mined using a relationship between kh and kz given by
Hines (1960), namely, x2k2

h � ðx2
g � x2Þk2

z , where xg is
the Brunt–Väisälä frequency, which was taken as 2p/
14 min�1 (Abdu et al., 1982), and x = 2p/T is the wave
angular frequency. Table 3 lists the estimates of the afore-
mentioned wave parameters for all the considered events as
inferred from the isoheight plots of Fig. 3. The values of T,
vz, and kz are consistent with the analysis performed by
Klausner et al. (2009) using the CADI ionosonde installed
at SJC. With regard to the horizontal wavelength values,



Fig. 1. The foF2 plots obtained at Tucumán on 8 and 9 September 2010, 2 and 5 November 2010, 19 March 2011, 7 April 2011, 24 June 2011, 26 and 31
January 2012.
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Fig. 2. Same as Fig. 1 for h0F.
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and according to Leitinger and Rieger (2005), some can be
considered as characteristic of medium-scale TIDs (MST-
IDs), some as characteristic of large-scale TIDs (LSTIDs).
In order to investigate the spatial extent of the unusual
nighttime impulsive foF2 enhancements detected at
Tucumán, Figs. 4 and 5 show the foF2 and the h0F plots



Table 2
Three hourly-Kp, AE, and Dst maximum values characterizing the nine
dates under study.

Date Kpmax AEmax

[nT]
Dstmax

[nT]
Magnetic
Activity

8–9 September
2010

3 210 �35 Low

2–5 November
2010

2 350 �12 Low

19 March 2011 3 420 �20 Low
7 April 2011 6 1176 �60 Medium–high
24 June 2011 4 750 �30 Medium
26 January 2012 5 550 �73 Medium
31 January 2012 3 400 �20 Low
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obtained at different ionospheric stations for two out of the
nine identified events, on 8 September 2010 and 7 April
2011, for low and medium–high geomagnetic activity
respectively. Also the values recorded at JIC, SL, SJC,
and CP were manually scaled according to the URSI stan-
dard and, in particular, for SJC the corresponding monthly
mean and standard deviation were also calculated. Unfor-
tunately, on 8 September 2010 at SJC from 02:00 to
06:00 UT the ionograms were characterized by spread F
phenomena and it was impossible to obtain a value for
foF2. In Fig. 4d, a significant and rapid (less than 2 h)
increase in foF2 beginning at about 05:00 UT (01:00 LT)
is evident at TUC, the foF2 peak reaching a value about
60% larger than the mean value. The phenomenon is really
impulsive, and the bell-shaped development of the foF2
plot is very narrow, because after reaching a peak, the
foF2 falls to very low values and the decrease phase is even
more rapid (about 1 h) than the increase phase. Even
though less pronounced, Fig. 4b shows that the same phe-
nomenon also occurs at CP (LT = UT-3). Moreover, given
that the foF2 plot obtained at SL does not exhibit any
impulsive enhancement, Fig. 4 also highlights how the
event was confined around the southern anomaly crest.
Fig. 4e–h also show that when foF2 undergoes impulsive
enhancement at TUC, the ionosphere, besides TUC, is
strongly compressed also at CP and SJC (LT = UT-3).
Again, at SL the h0F trend does not exhibit any significant
feature. Fig. 4 is representative and presents the same char-
acteristics of all the other cases occurred for low and med-
ium geomagnetic activity (figures not shown here).

Concerning the case recorded on 7 April 2011, occurred
for medium–high geomagnetic activity, again (see Fig. 5d),
a significant and rapid (less than 2 h) increase in foF2
beginning at about 05:00 UT (01:00 LT) is evident at
TUC, the foF2 peak reaching a value about 55% larger
than the mean value. Also in this case the phenomenon is
really impulsive, and the increase phase is followed by a
decrease phase even more rapid (about 1 h). Even though
less pronounced, an electron density increase occurs also
at CP and SJC (see Fig. 5b and c). For this date an electron
density increase is observed also at the magnetic equator,
specifically at JIC (see Fig. 5a); hence, contrarily to what
observed on 8 September 2010, Fig. 5 highlights that the
event is in this case not confined around the southern
anomaly crest. Moreover, Fig. 5e–h show that when foF2
undergoes an enhancement at TUC, SJC, and slightly at
CP, the ionosphere is compressed, while at JIC this com-
pression is not perceivable.

Electron density profiles obtained at Tucumán on 8 Sep-
tember 2010 at 04:25, 06:15, and 07:25 UT, and on 7 April
2011 at 04:55, 06:50, and 08:10 UT using the POLAN
inversion technique are shown in Fig. 6. This figure clearly
illustrates how the impulsive enhancement of foF2 is asso-
ciated with a compression of the ionospheric layers.

In order to establish deeper analysis of the behavior of
the ionosphere from the geomagnetic equator toward the
southern crest of the anomaly, Figs. 7 and 8 show the time
sequence of two-dimensional maps of vertical TEC (vTEC)
over South America obtained on 8 September 2010 and 7
April 2011 from 04:30 to 06:50 UT with a time resolution
of 10 min, over an area extending from 0� to �40� in lati-
tude and from �50� to �80� in longitude. This region was
considered because within it the GPS receivers, with data
downloadable from IGS, are sufficiently dense to guarantee
a good quality of the two-dimensional computation of
vTEC. In order to generate these figures, twelve GPS
receivers (see Table 1) were included. The slant TEC
(sTEC) values, affected by an offset XArc, constant for each
“phase-connected” arc of data (Mannucci et al., 1998),
were obtained for each receiver from the frequency differ-
enced phase delay S (where S = sTEC + XArc) computed
from the RINEX files. In order to avoid problems with
the leveling procedure, instead of leveling the slants to dif-
ferential pseudoranges, offsets were directly estimated,
receiver by receiver, using a multiday thin shell (400 km)
solution (Ciraolo et al., 2007). After estimating the offsets,
the resulting sTEC values (sTEC = S � XArc) were then
converted to vTEC values at the ionospheric pierce point
using the well-known mapping function vTEC = -
sTEC�cosv, where v is the angle formed by the satellite-
receiver line of sight and the normal at the thin shell. These
vTEC values are then used to generate the two-dimensional
maps shown in Figs. 7 and 8 applying a polynomial Kri-
ging interpolation (third order in latitude and longitude
displacement). In Figs. 7 and 8 it is worth noting that some
receivers listed in Table 1 are outside the region considered
but their inclusion is useful to ensure a reliable interpola-
tion over the area under investigation. Fig. 7 shows that
on 8 September 2010 the electron density is always larger
around the magnetic equator, while Fig. 8 shows that on
7 April 2011 from 04:30 to 05:10 UT the electron density
is larger around the magnetic equator, but that after from
05:20 to 06:50 UT a reversal is observed.

In fine, Fig. 9 shows the zonal electric field recorded on 8
September 2010 by the C/NOFS satellite, over an area
extending from +1.8� to �12.3� in latitude, and from
�40� to �90� in longitude, in an altitude range from 757
to 831 km, from 00:00 to 05:00 LT averaging on 10 min



Fig. 3. Electron density variations for the real height range 170–300 km computed for all the nine dates investigated in this study from 00:00 to 10:00 UT.
Oblique lines highlight the downward phase shift typical of gravity wave propagation.
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Fig. 4. The foF2 and h0F plots obtained at Sao Luis (SL), Cachoeira Paulista (CP), São José dos Campos (SJC), and Tucumán (TUC) on 8 September
2010. Green ellipses highlight the occurrence time of the electron density enhancement maximum at CP and TUC. The vertical gray line visible both on the
foF2 and the h0F plots highlights the occurrence time of the electron density enhancement maximum recorded at TUC. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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bins. According to this figure, the zonal electric field does
not exhibit any significant feature.

4. Discussion

Using ground based measurements in the South Ameri-
can region, it was shown that the equatorial ionosphere
suffers significant and atypical nighttime modifications
showing the following main features: (1) anomalous and
impulsive post-midnight enhancement of foF2 recorded at
some ionospheric stations widely distributed in space; (2)
the enhancement is associated with a strong compression
of the ionosphere; (3) for quiet and medium geomagnetic
conditions the enhancement is recorded only by those sta-
tions located around the southern crest of the equatorial
anomaly, and vTEC maps show a preponderance of elec-
trons in the region of the magnetic equator; (4) for med-
ium–high geomagnetic conditions the enhancement is
recorded also by those stations located at the magnetic
equator, and vTEC maps show a reversal, that is the vTEC
values near the magnetic equator diminish while at the
southern crest increase, indicating a recharging of the foun-
tain effect.

In general, the mechanisms responsible for the post-mid-
night enhancements are still somewhat unclear. Several
authors (Bailey et al., 1991; Su et al., 1994; Mikhailov
et al., 2000a, 2000b; Richards et al., 2000; Farelo et al.,
2002; Pavlov and Pavlova, 2005; Nicolls et al., 2006) agreed



Fig. 5. The foF2 and h0F plots plots obtained at Jicamarca (JIC), Cachoeira Paulista (CP), São José dos Campos (SJC), and Tucumán (TUC) on 7 April
2011. Green ellipses highlight the occurrence time of the electron density enhancement maximum at each station. The vertical gray line visible both on the
foF2 and the h0F plots highlights the occurrence time of the electron density enhancement maximum recorded at TUC. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Period (T), vertical phase velocity (vz), vertical wavelength (kz), and
horizontal wavelength (kh) characterizing the TIDs observed during the
nine dates under study and estimated from the isoheight curves shown in
Fig. 3.

Date T [minutes] vz [m/s] kz [km] kh [km]

8 September 2010 100 17 100 707
9 September 2010 200 17 200 2850
2 November 2010 90 17 90 571
5 November 2010 90 33 180 1143
19 March 2011 130 17 130 1200
7 April 2011 110 17 110 857
24 June 2011 90 33 180 1143
26 January 2012 130 33 260 2400
31 January 2012 100 11 67 471
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on the explanation that the observed post-midnight NmF2
enhancements were due either to the equatorward thermo-
spheric winds, along with a nighttime plasmaspheric flux
into the F region, or to a recharging of the fountain effect,
both mechanisms being characterized by an uplifting of the
F region. Hence, these explanations cannot be considered
satisfactory for the events dealt with in this paper, because
the impulsive enhancements of foF2 illustrated in Fig. 1 are
associated with a definite compression of the F region as
shown by Figs. 2 and 6. With regard to this, it is worth not-
ing that the plasmaspheric O+ ion flux itself has a signifi-
cant effect on NmF2 but has a very little effect on hmF2.

Pezzopane et al. (2011) pointed out that the features of
these impulsive electron density enhancements are clearly



Fig. 6. Electron density profiles obtained at Tucumán on 8 September 2010 at 04:25, 06:15, and 07:25 UT, and on 7 April 2011 at 04:55, 06:50, and
08:10 UT, showing the compression and expansion phases of the F region. Red profiles point out the association between the foF2 impulsive enhancement
and the compression phase. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Two-dimensional maps of vertical total electron content (vTEC) on 8 September 2010 from 04:30 to 06:50 UT, with a time resolution of 10 min,
over an area extending in latitude from 0� to �40� and in longitude from �50� to �80�. Black solid circles in each plot represent the location of GPS
receivers. Blue rhombuses represent the location of the ionospheric stations of JIC and TUC. Color scale is in TEC unit (1016 electrons/m2). Coordinates
are geographic. The continuous and dashed black curves represent the magnetic equator and the geomagnetic latitude of �15� respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Same as Fig. 7 on 7 April 2011.

Fig. 9. Zonal electric field (negative values indicate westward direction) recorded by the Communications/Navigation Outage Forecasting System satellite
on 8 September 2010 over an area extending from +1.8� to �12.3� in latitude and from�40� to �90� in longitude, in an altitude range from 757 to 831 km,
from 00:00 to 05:00 LT averaging on 10 min bins.

L. Perna et al. / Advances in Space Research 54 (2014) 369–384 379
different if compared with other similar events (Balan and
Rao, 1987; Su et al., 1994; Farelo et al., 2002; Nicolls
et al., 2006; Liu et al., 2008; Zhao et al., 2008), occurred
both for quiet and disturbed geomagnetic conditions, espe-
cially with regard to the short duration of the phenomenon
and the anticorrelation between foF2 and h0F. On the other
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hand, Lu et al. (2001) illustrated that this anticorrelation
can be explained in terms of the positive/negative vertical
shear, due to upward GW propagation, affecting the veloc-
ity of the meridional wind. In fact, in these conditions, the
F layer can be compressed/expanded, causing the observed
anticorrelation in the middle to low-latitude regions (see
Fig. 5 of Lu et al. (2001)). Fig. 3 confirms what suggested
by Lu et al. (2001), and highlights that GW propagation
might actually play a significant role in causing impulsive
enhancements characterized by very large amplitude and
very short duration, like the ones investigated in this work.
TIDs are generally considered as plasma manifestations of
GWs propagating in the ionosphere (Hines, 1960). In
particular, the horizontal wavelengths and periods illus-
trated in Table 3 are consistent with those of MSTIDs/
LSTIDs.

Two-dimensional mapping techniques using GPS recei-
ver networks demonstrated to be a very useful tool for
investigating TEC latitudinal distributions (Valladares
et al., 2001; Valladares and Chau, 2012), and propagation
of MSTIDs (Kotake et al., 2007; Tsugawa et al., 2007), spe-
cifically in the North America, where the density of GPS
receivers is very high (more than 1400). Fig. 7 shows the
TEC latitudinal distribution obtained on 8 September
2010. In this case, the increase of electron density around
the magnetic equator is due to a large reverse fountain
which, according to the mechanism proposed by Balan
and Bailey (1995), causes an increase of TEC at the mag-
netic equator and a weakening of TEC with increasing lat-
itude. Fig. 7, as Fig. 4 for foF2 and h0F, is representative
and presents the same characteristics of all the other cases
occurred for low and medium geomagnetic activity (figures
not shown here). Fig. 8 shows instead the TEC latitudinal
distribution obtained on 7 April 2011. In this case, from
05:20 to 06:50 UT it is possible to note an increase of
TEC near the southern crest of the equatorial anomaly,
indicating a recharging of the fountain effect. This recharge
can be due to either a zonal electric field reversal or a
decreasing westward electric field (Nicolls et al., 2006;
Liu et al., 2008), that are generally caused by penetrating
interplanetary electric fields (IEFs) of magnetospheric ori-
gin. In fact, the equatorial ionization anomaly, especially
for disturbed conditions, is strongly affected by a magneto-
sphere/ionosphere coupling which causes the appearance
of these IEFs (Fejer and Scherliess, 1995; Zhao et al.,
2008). Hence, while for quiet geomagnetic conditions the
equatorial zonal electric field is univocally attributable to
the ionospheric dynamo action, for disturbed geomagnetic
conditions interplanetary electric fields of magnetospheric
origin can penetrate into the low latitude ionosphere for
several hours (Huang et al., 2007), adding (subtracting)
themselves to (from) the usual dynamo electric field.

Furthermore, a careful examination of Fig. 4 reveals
that the phenomenon was recorded at CP about 1 h prior
to TUC. This time delay could be justified by the different
effect that the fountain effect can generate at different lati-
tudes. Anyhow, the fact that the foF2 plot obtained at SL
does not show any enhancement (see Fig. 4a), the fact that
the zonal electric field recorded by C/NOFS does not pres-
ent any significant change (see Fig. 9) and the TEC latitu-
dinal distribution obtained on 8 September 2010 (see
Fig. 7) suggest that the event is confined around the south-
ern anomaly crest. Again, it is important to point out once
more that an increase of electron density associated with a
compression of the ionosphere implies that TIDs should be
taken into account to explain the phenomenon. According
to this and to the evidence given by Makela et al. (2010)
that MSTIDs can propagate also equatorward of the equa-
torial anomalies, the red straight lines in Fig. 10 illustrates
the wavefront of a MSTID propagating in the northwest
direction, that is coherent with the fact that the foF2
enhancement is observed before at CP and approximately
1 h later at TUC, assuming for the MSTID a horizontal
phase velocity of about 118 m/s, which is consistent with
the T and the kh values previously found (see Table 3),
and a distance between TUC and CP along the propaga-
tion direction of about 400 km.

Concerning the event occurred on 7 April 2011, a careful
examination of Fig. 5 shows that, unlike the event recorded
on 8 September 2010, an impulsive increase of foF2 was
recorded also at the magnetic equator, at JIC, at
05:45 UT, about one hour prior to the enhancement
recorded at TUC. Moreover, the increase recorded at JIC
is associated with no ionospheric compression, this being
a further evidence (besides that given by Fig. 8) that in this
case a recharging of the fountain effect played an important
job in causing the phenomenon under study. Unfortu-
nately, for this date zonal electric field data by C/NOFS
were not available to have a further confirmation of this.
Again, Fig. 5 shows that an impulsive increase of foF2
occurred also at CP and at SJC, at 05:00 UT and at
05:25 UT respectively. The times of occurrence of these
two peaks (45 and 20 min before than the one observed
at JIC) indicate that they are not correlated with the elec-
tron density increase recorded at JIC. Moreover, these
two peaks are associated with a compression of the iono-
sphere implying that also in this case TIDs should be taken
into account to explain the phenomenon. Similarly to what
it was just previously done for the event occurred on 8 Sep-
tember 2010, the green straight lines in Fig. 10 illustrates
the wavefront of a MSTID propagating in the northwest
direction. This is coherent with the fact that the foF2
enhancement is observed before at SJC and approximately
1 h and 20 min later at TUC, assuming for the MSTID a
horizontal phase velocity of about 129 m/s, which is consis-
tent with the T and the kh values previously found (see
Table 3), and a distance between TUC and SJC along the
propagation direction of about 600 km. The same scenario
after all accounts pretty well also for the delays of 25 min
between CP and SJC and 1 h and 45 min between CP
and TUC.

Finally, the amplification of the phenomenon recorded
at TUC, as seen by the foF2 plots of Figs. 4 and 5, for quiet
and moderate geomagnetic conditions, could be attributed



Fig. 10. Wavefront of a medium-scale traveling ionospheric disturbance propagating northwestward in the Southern Hemisphere at time t1 and time
t2 > t1 on 8 September 2010 (in red) and 7 April 2011 (in green). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

L. Perna et al. / Advances in Space Research 54 (2014) 369–384 381
to the different behavior generally shown by different
ionospheric longitudinal sectors (e.g. Hoang et al., 2010;
Pezzopane et al., 2013), for instance due to the diverse mag-
netic declination angle, as it was shown by Abdu et al.
(1981) and Batista et al. (1986). For medium–high geomag-
netic conditions, this amplification could also be due to the
fact that the longitudinally dependent E � B upward drift
progressively adds up to the northwestward MSTID
caused by GW propagation.
5. Conclusions

This work focused on nine unusual nighttime electron
density “impulsive enhancements” occurred at low
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latitudes over a wide region of South America for quiet and
medium/high geomagnetic conditions from August 2010 to
January 2012.

The striking feature that makes all these events peculiar
is that the narrow bell-shaped electron density increases
were simultaneously tagged by a compression of the iono-
sphere, which is contrary to the more common mechanism
that associates postmidnight enhancements with an uplift
of the F region (e.g. Sastri, 1998; Farelo et al., 2002; Nicolls
et al., 2006).

According to what it has been already found by Pezzo-
pane et al. (2011), the eight events occurred for quiet and
medium geomagnetic conditions can be only ascribable to
northwestward LSTIDs/MSTIDs caused by GW propaga-
tion. For these events, both the foF2 plots and the vTEC
maps did not suggest any additional mechanism responsi-
ble for the phenomenon under investigation. On the other
hand, also the event occurred on 7 April 2011 for medium–
high geomagnetic conditions appeared to be mainly trig-
gered by northwestward LSTIDs/MSTIDs caused by GW
propagation.

Therefore, an important result reached by our study is
that, independently of the geomagnetic activity, GW prop-
agation plays without doubt a significant role in causing
these anomalous postmidnight electron density increases
characterizing the low latitude ionosphere.

The GWs characterizing the three events recorded for
medium and medium–high geomagnetic conditions can
be of auroral origin, this explanation being supported by
the work of many authors who observed a correlation
between nighttime GWs and high values of the magnetic
activity index Kp (Kp > 3) (e.g. MacDougall et al., 2009).
In these cases the magnetospheric energy input caused by
auroral precipitation and Joule heating generate GWs/
TIDs which propagate from the auroral zone to lower lat-
itudes. The mechanism triggering GWs characterizing the
other six events recorded for quiet geomagnetic conditions
can be found in the transition of solar terminator (Somsi-
kov, 1995). The fast increase/decrease of solar flux at sun-
rise/sunset can act as a source of atmospheric irregularities
and generate GWs in the F region (Somsikov and Ganguly,
1995), although the evening terminator transition excites
less regular and weaker GW effects (Altadill et al., 2004).

Concerning the event occurred on 7 April 2011 for med-
ium–high geomagnetic activity, both the foF2 plots and the
vTEC maps indicated a nocturnal recharging of the foun-
tain effect, probably caused by penetrating IEFs, which
adds up to the northwestward MSTID caused by GW
propagation. Seeing as the events recorded on 24 June
2011 (AE = 750 nT, Kp = 4) and 26 January 2012
(AE = 550 nT, Kp = 5) were both characterized by geo-
magnetic indices lower than those characterizing the 7
April 2011 (AE = 1176 nT, Kp = 6), our study suggests that
values of AE > 1000 nT and Kp > 5 are necessary to trigger
a nocturnal recharging of the fountain effect contributing
to the anomalous electron density enhancements investi-
gated by our work. It is intention of the authors to con-
tinue this kind of study to verify the goodness of this
claim and the correspondent thresholds.
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