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The objective of this proposed special issue was to provide
a forum for papers related to the recent advances in the
field of equatorial and low-latitude regions of mesosphere,
thermosphere, and ionosphere from observational (ground-
based and space-borne), theoretical, and simulation studies.
A total of 11 papers are presented, out of which 10 are invited
and 1 contributed (F. Ouattara et al.). 2 papers are reviews,
one dealing with a network of Fabry-Perot interferometers
for large-scale measurements of the neutral winds and tem-
perature in the Earth’s thermosphere (J. J. Makela et al.) and
the second dealing with the equatorial F2 layer stratification
(M. V. Klimenko et al.).

The upper atmosphere in the equatorial and low-latitude
regions is fairly different from that at other latitudes due to
the fact that in these regions the geomagnetic field is
nearly parallel to the Earth’s surface. This needs many more
multiinstrument and multisite investigations as much of
this region is occupied by developing or underdeveloped
countries. The MLT (mesosphere and lower thermosphere)
region studies are still in initial stages. Better and improved
specifications of the ionosphere and thermosphere system
are necessary for the new areas like space weather and space
climate. Papers presented in this special issue related to the
recent advances in the field of equatorial, mid- and low-
latitude regions from ground-based (magnetometers, iono-
sondes, multisite Fabry-Perot interferometer network, GPS
receivers, low-latitude ionospheric sensor network (LISN),
VHF backscatter, and incoherent scatter radars) and space-
borne satellite (ISIS-1, ISIS-2, Intercosmos-19, UARS,
TIMED, CHAMP, DEMETER, COSMIC3/FORMASAT),
observational, theoretical, and simulation (CCM SOCOL,

SUPIM, SAMI2, GSM TIP). Below we briefly described all
papers presented in this special issue.

In mesospheric studies, we had 2 papers (I. Mingalev and
V. Mingalev) and (T. Egorova et al.).

I. Mingalev and V. Mingalev investigated solar activity
dependence on the large-scale global circulation of the meso-
sphere and lower thermosphere using the nonhydrostatic
model of the global neutral wind system of the Earth’s atmo-
sphere, developed in Polar Geophysical Institute. Their sim-
ulation results indicate that solar activity ought to influence
considerably on the formation of global neutral wind system
in the MLT region. The influence is conditioned by the ver-
tical transport of air from the lower thermosphere to the
mesosphere and stratosphere. This transport may be rather
different under distinct solar activity conditions.

T. Egorova et al. applied chemistry-climate model (CCM)
SOCOL to simulate the distribution of the temperature and
gas species in the upper stratosphere and mesosphere. Using
the combination of the level of noise due to nonlinear dyna-
mics and connected with it transport of the species, the
authors defined the area in the middle atmosphere where the
nowcast and short-term forecast can be performed using
CCM SOCOL model with the highest level of success. As an
input for the simulation, they employ daily spectral solar UV
irradiance measured by SUSIM instrument onboard UARS
satellite in January 1992.

In thermospheric studies, we had only 1 review paper (J.
J. Makela et al.).

J. J. Makela et al. presented results from a new network of
Fabry-Perot interferometers (FPIs) (North American Ther-
mosphere Ionosphere Observation Network (NATION))
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that allowed to make coordinated measurements of the
neutral winds and temperature in the Earth’s thermosphere
using measurements of the 630-nm redline emission. At
present only 4 midlatitude sites are operational, but the net-
work could be extended to other locations including low lat-
itudes for large-scale coverage. The observing strategy of the
network will take into account local observing conditions,
and common volume measurements from multiple sites will
be made in order to estimate local vector wind quantities.
The resulting estimates of temperatures and horizontal neu-
tral winds will be used to address many scientific questions
described in this paper.

In ionospheric studies, we had 8 papers (1 review paper
(M. V. Klimenko et al.) and 7 papers (6 invited (C. S. Carrano
et al., Y. Otsuka, E. Yizengaw, R. R. Ilma et al., C. Valladares
and M. Hei, and S. Pulinets)) and 1 contributed (F. Ouattara
et al.)).

M. V. Klimenko et al. in their review paper presented the
history of the equatorial F2 layer stratification researches,
describes the current progress of these investigations, and
identify them as the most important problems in the field of
equatorial and low-latitude ionospheric physics. A consider-
able amount of research has been devoted to the formation
of these additional layers or topside ionization ledge in the F
region of the equatorial ionosphere; originally the occurrence
of such layers was named stratification of equatorial F2 layer.
This additional layer was later renamed as the F3 layer. The
F3 layer is formed by zonal component of electric field with
assistance of meridional component of thermospheric wind
and field-aligned plasma diffusion.

C. S. Carrano et al. presented a new technique called iter-
ative parameter estimation (IPE) for inferring ionospheric
turbulence parameters from a time series of scintillating
intensity measurements resulting from propagation through
the low latitude ionosphere. This method is valid when the
scintillation index saturates due to multiple-scatter effects.
The authors found that the strength of plasma turbulence
parameters tends to be largest near the crests of the equatorial
anomaly and at early postsunset local times. They suggested
that IPE analysis may provide useful estimates of zonal irreg-
ularity drift measurements at scintillation monitoring sites
which are equipped with only a single GPS receiver. They
have included latitudinal and local time variation of iono-
spheric turbulence parameters during the conjugate point
equatorial experiment (COPEX) in Brazil. They have char-
acterized the turbulent ionospheric medium that produced
these scintillations and reported on the variation of turbulent
intensity, phase spectral index, and irregularity zonal drift as
a function of latitude and local time for the evening of 1-2
November 2002.

S. Pulinets presented the general conception of low-
latitude ionospheric processes initiated by strong earthquake
preparation process using the results of the recent author’s
publications, including also rethinking the earlier results.
Physical mechanisms causing the ionospheric variations are
discussed for the recent major earthquakes. Segregation of
low-latitude regions for special consideration is due to the
fact that EIA has an important role in seismoionospheric
coupling. The equality of effects observed over land or sea

implies a possible mechanism that these anomalies are initi-
ated by gaseous emanations from the Earth’s crest, and radon
plays the major role.

Y. Otsuka analyzed E-region field-aligned irregularities
(FAIs) observed with a VHF radar in Indonesia and classified
the E-region FAI into two groups: descending FAI, which
can be seen most clearly in June solstice season after sunrise
and after sunset and low-altitude FAI that was observed at
constant altitude around 88–94 km mainly during nighttime.
In addition, the author determined the velocity direction of
the observed FAIs above and below E-region FAI echoes.

E. Yizengaw for the first time presented simultaneous
observations of the tidally modulated global wind structure
in the E-region and the ionospheric density distribution. The
results of his analysis showed that the longitudinally struc-
tured zonal wind component could be responsible for the
formation of wave number four pattern of the equatorial ion-
ization anomaly. Also he suggested that the meridional wind
may not make a significant contribution to the modification
of the E-region dynamo.

R. R. Ilma et al. reported on a correlation between equa-
torial ionospheric electric field pulse and the time derivative
of the magnetic field during the superstorm of November
2004. They showed that it is impossible to create the observed
field by inductive effect and suggested that the effect was
caused by a modulation of the location of the ring current
relative to the earth due to the electric field.

C. Valladares and M. Hei measured the characteristics
of medium-scale traveling ionospheric disturbances (TIDs)
(the TID traveling velocity, its propagation direction, and the
scale-size of the disturbances) at low latitudes. Authors con-
cluded that small and/or regional arrays of GPS receivers can
be used at low latitudes to study the role that gravity waves
may have on seeding plasma bubbles.

F. Ouattara et al. examined the foF2 effect of the changing
levels of solar extreme ultraviolet radiation with sunspot
number during three solar cycles. The study shows high
correlation between foF2 and sunspot number (Rz). The
ionospheric data in Africa have been less. This study gives
a valuable statistics of the foF2 at low latitudes in Africa.

Y. Sahai
R. S. Dabas

Y. Otsuka
M. Klimenko
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A VHF backscatter radar with operating frequency 30.8 MHz has been operated at Kototabang (0.20◦S, 100.32◦E; dip latitude
10.36◦S), Indonesia, since February 2006. We analyzed E-region field-aligned irregularities (FAIs) observed by this radar through
a year of 2007 and found that the E-region FAI observed at Kototabang can be classified into two groups. One is “descending
FAI”. Altitude of the FAI echo region descends with time from 102 km to 88 km altitude during 0700–1000 and 1900–0000 LT
in June solstice season. The other is “low-altitude FAI”, which is observed in an altitude range from 88 to 94 km mainly during
nighttime. The observed Doppler velocity show distinct local time and altitude dependence. The seasonally averaged zonal velocity
above (below) approximately 94 km altitude is westward (eastward) during daytime and eastward (westward) during nighttime.
Meridional/vertical velocity perpendicular to the geomagnetic fields is upward during daytime and downward during nighttime.
The direction of the FAI velocity above approximately 94 km altitude is consistent with that of the background E× B plasma drifts
reported previously.

1. Introduction

VHF, UHF, and L-band radars are used for observations
of the Bragg scatter echo from field-aligned irregularities
(FAIs) with a spatial scale of one half the radar wavelength.
Regarding the E-region FAIs at mid-latitudes, using a
powerful radar, middle and upper atmosphere (MU) radar
at Shigaraki, Japan, Yamamoto et al. [1] have discovered two
types of the E-region FAI echoes: quasiperiodic (QP) and
continuous echoes. The QP echoes appearing intermittently
at altitudes of sporadic E (Es) layer (above 100 km) with peri-
ods of 5–20 min. Morphological features of the QP echoes
have been reported by Yamamoto et al. [2]. Occurrence
rate of the QP echoes shows distinct seasonal variation with
a maximum in summer and rises abruptly after the local
sunset and decreases after midnight. Numerous experimental
and theoretical studies have been made to disclose the
mechanisms generating the QP echoes (e.g.,[3–7]). On the

other hand, the continuous FAI echoes appear continuously
in time at low-altitude of the E-region (90–100 km), mainly
around sunrise and occasionally at postmidnight [8].

However, studies of the E-region FAIs at low latitudes are
limited compared to those at the mid-latitude regions. Using
the Piura VHF radar in Peru (5.2◦S, 80.6◦W; dip latitude
7◦N) and the Gadanki MST radar in India (13.5◦N, 79.2◦E;
dip latitude 6.3◦N), Chau et al. [9] and Patra et al. [10]
have reported statistical characteristics of the E-region FAIs,
respectively. Using the Gadanki radar, Patra et al. [11] and
Pan and Rao [12] have observed QP echoes at altitudes lower
than those of the usual QP echoes.

The Equatorial Atmosphere Radar (EAR) was installed
at Kototabang (0.20◦S, 100.32◦E; dip latitude 10.36◦S) in
West Sumatra, Indonesia, on 2001 March [13]. E-region
FAI observations have been performed using the EAR and
Fukao et al. [13] have shown that the E region echoes
above 100 km are quite similar to those at other low-latitude
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and mid-latitude locations. Patra et al. [14] have performed
simultaneous wind observations made using a meteor radar
installed at the EAR site and compared the meteor with
the FAI Doppler velocities. Their results show that the
low-altitude FAI velocities are controlled mainly by neutral
winds.

As described above, the EAR is a powerful tool to observe
E-region FAIs at Kototabnag, Indonesia. However, the EAR is
usually operated in a mode of troposphere and stratosphere
measurements, and the ionospheric FAI measurements are
made only approximately 4 weeks a year, on average although
the routine measurements have started since July 2010.
Consequently, a climatological study of the E region FAIs has
not been made yet. To make continuous observations of FAIs
over Indonesia, a VHF radar with an operating frequency
of 30.8 MHz has been installed at the EAR site. The present
paper reports seasonal and local time variations of FAIs
observed with the 30.8-MHz radar at Kototabang, Indonesia,
which is located at magnetically low-latitude.

2. Observations

A VHF backscatter radar with an operating frequency
of 30.8 MHz was installed at Kototabang, Indonesia, on
February 2006. Specification of the radar system is shown
in Table 1. Peak and average transmitting powers are 20 kW
and 1.5 kW, respectively. The antenna is composed of a
linear array of 18 three-element Yagi antennas and aligned
in zonal direction with a total length of 117 m. The VHF
radar has a capability to steer the radar beam to 9 directions
between ±54◦ in azimuth around geographic south (126◦–
234◦). Zenith angle of all the radar beams is set at 20◦. Half-
power full-beam widths in azimuth and zenith directions
are 12◦ and 40◦, respectively. The perpendicularity between
the radar beam and geomagnetic field line can be achieved
within the half-power full-beam width.

The VHF radar was operated routinely in a mode which
consisted of E and F region FAI measurements. For the E-
region FAI measurements through a year of 2007, five beams
with azimuth of 125.8◦, 153.0◦, 180.0◦, 207.0◦, and 234.2◦

were steered to reveal spatial and temporal variations of the
FAI echoes. This arrangement covered approximately 90 km
in zonal direction at 100 km altitude. This coverage is almost
same as the EAR multibeam measurements conducted by
Patra et al. [14]. The range and time resolutions of the
VHF radar measurement were 1.2 km and about 56 seconds,
respectively. Details of the observational mode are listed in
Table 2.

In this study, the altitude of the target from which the
radar echo comes is defined as the altitude at which center
of the radar beam is perpendicular to the geomagnetic field.
It is important to note that the radar beam of this radar
is rather broad in both azimuth and elevation so that the
altitude shown in this study may be inaccurate. Furthermore,
since the operating frequency of 30.8 MHz is relatively low
compared to other coherent radar for the FAI measurements,
the altitude of the radar echo may be underestimated due to
the refraction of the radio wave.

Table 1: Specifications of the VHF radar at Kototabang.

Location 0.20◦S, 100.32◦E

Dip latitude 10.36◦S

Operating frequency 30.8 MHz

Antenna
Linear array of 18 three-element Yagi
antennas

Gain 22 dBi

Beam width
12◦ in azimuth (half-power full-width)
40◦ in zenith (half-power full-width)

Beam steering
Active phase control Azimuthal beam
directions between +54◦ and −54◦ at
13◦ step

Transmitter Solid-state pulse transmitter

Peak power 20 kW

Average power 1.5 kW

Pulse width 1–200 μs

Subpulse width 1, 2, 4, 8, 16 μs

Receiver Single coherent receiver

A/D converter 16 bit

Table 2: Observational mode for E-region FAI.

Parameter Value

Azimuth of beams
234.2◦, 207.0◦, 180.0◦, 153.0◦, 125.8◦

from due north

Interpulse period 1.6 ms

Transmitted pulse 64 μs (8 μs × 8-bit complementary)

Number of coherent
integration

2

Number of FFT points 256

Number of spectral
average

3

Range resolution 1.2 km

Sampling intervals 1.2 km

Range 90.0–141.6 km

Time resolution 56 seconds.

3. Results

Figure 1 shows range-time-SNR plots of the E-region FAI
echoes observed in the five radar beams on July 29, 2007.
Color scale represents signal-to-noise ratio (SNR) of the
FAI echoes. The vertical scale at the right of each figure
shows the altitude at which the radar beam is perpendic-
ular to the geomagnetic field. The echo region of the E-
region FAI descended approximately from 100 km to 90 km
altitude between 0700 and 1100 LT and then disappeared.
Around the sunset (1800 LT), the FAI appeared again at an
altitude of approximately 100 km and descend with time to
approximately 90 km until 2300 LT, indicating semidiurnal
variation of the descending FAIs. Between 0000 and 0600 LT,
the other descending FAI was observed. Zenith angle of the
five radar beams ranges between 21◦ and 33◦, assuming that
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the FAI echo comes from the point where the radar beam is
perpendicular to the geomagnetic field. The displacement of
the FAI echo toward the radar is, in general, a combination of
the horizontal displacement toward the radar and downward
displacement. However, for the current event as shown in
Figure 1, altitude of the FAI echo region is almost identical
among the five radar beams. This feature was seen in most
E-region FAI events and indicates that the FAI regions move
in the vertical direction rather than the horizontal direction.
In the current study, we interpret the FAI displacement as the
vertical displacement of the FAI region.

Figure 2 shows the Doppler velocity in the five radar
beams on July 29, 2007. In this study, the Doppler velocity
was obtained from the first moment of the FAI echo
spectrum. We adopt the data with SNR larger than 0 dB in
order to exclude noisy data. From the figure, we find that
the Doppler velocity varies with local time and altitude. The
Doppler velocity in an upper part of the E-region FAI echoes
(approximately above 94 km altitude) between 0700 and
1200 LT is negative (away from the radar) on westward beam
and positive (toward the radar) on eastward beam, indicating
westward velocity of the FAI. On the other hand, between
0000 and 0600 LT, the Doppler velocity in an upper part of
the E-region FAI echoes is toward the radar on westward
beam and away from the radar on eastward beam, indicating
eastward velocity.

Therefore, the zonal velocity was westward during day-
time and eastward during nighttime. The Doppler velocity
in the lower E region (approx. below 94 km altitude) between
1800 and 2300 LT is toward the radar on all of the five beams,
indicating northward/downward velocity perpendicular to
the magnetic fields.

By analyzing the E-region FAI data obtained with the
VHF radar at Kototabang through a year of 2007, we
investigate seasonal and local time variations of the FAI
echo occurrence rate. The one-year interval was divided
into three seasons, namely, June solstice season (May–
August), December solstice season (November–February),
and equinox (March, April, September, and October).
Figure 3 shows local time and altitude variations of FAI
occurrence rate in each hourly and altitude bin. We defined
the occurrence rate as the ratio of the time period duration
of the FAI occurrence to the hourly observation intervals
for each altitude bin. The altitude bin corresponds to the
sampling interval of 1.2 km in range. From Figure 3, we
find two types of the E-region FAI. One is “descending
FAI”, which can be seen most clearly in June solstice season.
Altitude of the FAI echo region descends with time from
102 km to 88 km altitude between 0700 and 1000 LT. In
winter, the descending FAI is less pronounced. Another
descending FAIs can be seen between 1900 and 0000 LT in the
June solstice season, indicating semidiurnal variation of the
FAI appearance. The other type of the FAI is “low-altitude
FAI.” The FAI echo was observed at around 88–94 km mainly
during nighttime, and the altitude of the echo region is
mostly constant with time through a night.

Figure 4 shows averaged Doppler velocities of the E-
region FAIs observed in the southward beam with the VHF
radar at Kototabang in 2007 for different seasons. All of
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Figure 1: Range-time-SNR plot of the E-region Field-Aligned
Irregularity (FAI) observed on beams with azimuth 125.8◦, 153.0◦,
180.0◦, 207.0◦ and 234.2◦ (top to bottom panels) with the 30.8 MHz
radar at Kototabang, Indonesia on July 29, 2007. Left vertical axis
shows the range from the radar and the right axis shows the altitude
at which the radar beam is perpendicular to the geomagnetic field.

the FAI observed at Kototabang in 2007 were classified into
each bin of an hour and a sampling interval in range
(1.2 km), and the data within each bin are averaged to obtain
averaged Doppler velocity. The results show that direction
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of the Doppler velocity is different between daytime and
nighttime; the velocity is southward/upward during daytime
and northward/downward during nighttime.

Zonal velocity of the FAI is obtained from combining
the Doppler velocities on eastward and westward beams.
Figure 5 shows local time variation of the averaged zonal
velocity (positive eastward). The velocity depends on not
only local time but also altitude. In the lower (higher)
altitudes of the FAI echo regions, the velocity is eastward
(westward) during daytime and westward (eastward) during
nighttime.

4. Discussion and Conclusions

Based on the seasonal and local time variations of the
FAI echo occurrence rate, the E-region FAI observed at
Kototabang can be classified into two groups. One is
“descending FAI.” Altitude of the FAI echo region descends
with time from 102 km to 88 km altitude during 0700–
1000 and 1900–0000 LT. The descending FAIs are frequently
observed in the June solstice season compared with other
seasons. The other is “low-altitude FAI.” The FAI echo
appears around 88–94 km and the altitude of the echo
region is mostly constant with time through a night. The
altitude of the low-altitude FAI is consistent with that of
the continuous FAIs observed at Shigaraki, Japan (e.g., [8]).
However, the continuous FAIs in Japan occur after midnight
and continue until the morning, whereas the low-altitude
FAIs at Kototabang appear after sunset and continue through
a night with maximum occurrence rate between sunset and
midnight. This difference could be attributed to latitudinal
dependence of the E-region FAIs.

From the spectral characteristics, the FAIs observed by
the VHF radar at Kototabang are considered to be type-2
echo. The Doppler velocity (Vd) observed by the radar in the
meridional beam is given by (e.g., [15])

Vd = 1
1 + ψ

EE−W
B

+
ψ

1 + ψ
UN−S sin θ, (1)

where EE−W is zonal component of the electric field, B is the
magnetic field, UN−S is meridional component of the neutral
wind, θ is zenith angle of the radar beam. ψ = νeνi/ωeωi,
where νe (νi) is the electron (ion) collision frequency and
ωe (ωi) is the electron (ion) cyclotron frequency. Here,
the contribution of vertical neutral winds is neglected. ψ
decreases with altitude because collision frequency, which
proportional to the neutral density decreases with altitude.
At an altitude around 95 km, ψ is equal to unity, then 1/(1 +
ψ) = ψ/(1 + ψ) [16]. Therefore, at higher altitudes above
95 km (ψ � 1), the Doppler velocities are dominated by
the E × B drift, whereas at lower altitudes (ψ � 1), it is
dominated by the meridional neutral wind.

As shown in Figures 4 and 5, the velocities of the observed
FAIs above approximately 94 km altitude is westward and
southward (upward) during daytime, and eastward and
northward (downward) during nighttime. The direction of
the FAI velocity is consistent with the E × B plasma drift
measured by the Jicamarca incoherent scatter radar [17].
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Figure 2: Same as Figure 1, but for line-of-sight Doppler velocities
of the E-region FAIs (positive toward the radar).

This feature is different from the mid-latitude FAIs observed
by the MU radar in Japan [1, 2]. The mid-latitude FAIs show
westward velocities. This is probably because the velocity
of the mid-latitude FAIs corresponds to the E × B drift
caused by the polarization electric fields through the E and F
region electrodynamical coupling processes associated with
medium-scale traveling ionospheric disturbances (MSTIDs)
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Figure 3: Local time and altitude variations of FAI occurrence rate at Kototabang, Indonesia, for (a) June solstice, (b) December solstice,
and (c) equinox seasons in 2007.
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Figure 4: Local time and altitude variations of averaged Doppler velocity of the E-region FAIs in the southward/downward perpendicular
direction to the magnetic fields (a) June solstice, (b) December solstice, and (c) equinox seasons in 2007.

in the F region [18, 19]. At mid-latitudes, both E-region
FAIs and MSTIDs have band-like structures elongated from
NW to SE in the northern hemisphere (from NE to SW in
the southern hemisphere). At Kototabang, occurrence rate
of such mid-latitude MSTIDs is low [20]. Therefore, the
morphological features of the low-latitude FAIs are different
from those at mid-latitudes although the underlying basic
plasma instability processes are similar.

In the lower altitude of the FAI echo regions (below
94 km altitude), the Doppler velocity is westward during
nighttime. This is probably due to westward neutral wind
in consistence with the work of Patra et al. [14]. Altitude
gradient of the plasma density can be considered to be
upward at this altitude range (88–94 km altitude). This
region is stable for the gradient drift instability. However, if
neutral wind is eastward, it can make this region unstable via
the gradient drift instability. Other processes may operate as
the generation mechanism of the FAIs in the low-altitude E-
region. One of possible mechanisms is the Kelvin-Helmholtz
instability [21]. This instability could generate turbulence
of the neutral atmosphere. Since the ion-neutral collision
frequency is high in the lower E-region, the plasma moves at
the almost same velocity as the neutral particles, so that the
ionospheric irregularities are produced. When Richardson
number is less than 0.25, this process operates and generates
structures similar to the Kelvin-Helmholtz billows. In terms
of this process, the mid-latitude quasi-periodic (QP) echo

has been explained. On the other hand, at low latitude, using
the Gadanki radar, Sripathi et al. [22] have observed the
daytime QP echo with periods in the range 1–3 minutes and
suggested that the Kelvin-Helmholtz instability seems to be
the most likely mechanism to explain the daytime QP echoes.

The Doppler velocity of the low-altitude FAIs shows
semidiurnal signature; the westward velocity becomes large
at sunset and postmidnight, and weak around 2200 LT. This
semidiurnal signature is most clearly seen in June solstice
and equinox. Chau et al. [9], who have investigated the E-
region FAI observed with the VHF radar at Piura, report that
the Doppler velocity of the FAI shows semidiurnal pattern,
particularly between April and July. Furthermore, the current
study shows that the descending FAI echoes appear at 0700–
1100 and 1900–2400 LT, indicating semidiurnal variation.
The descending rate of the echo region is approximately 3-
4 km/h, which is consistent with downward phase velocity
of the semidiurnal tide and sporadic E (Es) layer [23]. Es
layer could be formed by the convergence of ions due to the
vertical shear in zonal wind which is eastward below the Es
layer and westward above the Es layer [24]. The descending
FAIs observed at Kototabang could be accompanied by the Es
layer.

At mid-latitudes, the E-region FAIs do not occur during
daytime except the continuous FAI echo which appears at
low-altitudes of the E-region (90–100 km) mostly around
sunrise [1]. On the other hand, the present observations
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Figure 5: Same as Figure 4 but for the Doppler velocity toward the east.

show that the E-region FAIs over Kototabang, located at
geomagnetically low-latitudes, occur even after sunrise until
noon. The daytime E-region FAIs are frequently observed
by the Gandanki MST radar in India, but they do not
occur at Piura in Peru [9, 25]. These results suggest that
the occurrence of the daytime E-region FAIs at low-latitudes
have a longitudinal dependence. Occurrence rate of the
nighttime E-region FAIs at mid-latitudes shows a distinct
seasonal variation with a maximum in summer [2, 26]. This
seasonal variation is consistent with that of Es layer. This
could be because high plasma density and its gradient in the
Es layer are needed for generating the FAIs. The nighttime E-
region FAI over Kototabang shows highest occurrence rate
around June solstice, but its seasonal variation is not so
distinct compared to that at mid-latitudes. This feature is
similar to that of the nighttime E-region FAIs at Gadanki
in India and Piura in Peru. Chau et al. [9] have shown that
the nighttime FAIs over Piura occur frequently in summer.
Phanikumar et al. [25] have shown that the FAI occurrence
rate at Gadanki is high in both summer and winter and
relatively less in equinoxes and pointed out that the FAI
occurrence is consistent with inhomogeneity of the plasma
density in the Es layer. The FAI occurrence rate at Kototabang
also needs to be compared with the occurrence rate of the Es
layer to reveal the mechanisms generating the E-region FAIs.
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The North American Thermosphere Ionosphere Observing Network (NATION), comprising a new network of Fabry-Perot
interferometers (FPIs), to be deployed in the Midwest of the United States of America is described. FPIs will initially be deployed
to four sites to make coordinated measurements of the neutral winds and temperature in the Earth’s thermosphere using
measurements of the 630 nm redline emission. The observing strategy of the network will take into account local observing
conditions, and common volume measurements from multiple sites will be made in order to estimate local vector wind quantities.
The network described is expandable, and as additional FPI sites are installed in North America, or elsewhere, the goal of providing
the upper atmospheric research community with a robust dataset of neutral winds and temperatures can be achieved.

1. Introduction

The thermosphere is the crucial boundary between the
Earth’s lower atmosphere and space. Low Earth orbiting
satellites and other objects in the upper thermosphere are
strongly affected by the lifting of the atmosphere that results
from space weather heating events (e.g., [1–3]). In addition,
space weather driven by thermospheric dynamics can cause
important degradations in engineering capabilities society
depends on, such as the accuracy and availability of Global
Navigation Satellite Systems (GNSS) and radio transmissions
(e.g., [4–7]).

Empirical models, such as the Horizontal Wind Model
(HWM07, [8]) and NRLMSISE-00 [9], are useful in pro-
viding general climatologies of thermospheric parameters,
but fall short in providing a realistic representation of the
neutral dynamics that can be applied to space weather

forecasting. To help improve our understanding of the
thermosphere/ionosphere (TI) system and its role in the
bigger picture of the geospace system, understanding of the
various pathways of energy transfer within the geospace
system needs to be improved. These pathways include the
transfer of energy from (1) the ground into the upper
atmosphere by means of waves of various scales including
gravity, tidal, and planetary waves; (2) space downward into
the upper atmosphere through the absorption of solar energy
or modification of global electric and magnetic fields during
geomagnetic storm activity; and (3) the polar or equatorial
regions toward the midlatitudes by traveling atmospheric
disturbances (TADs) as well as tidal and planetary wave
dynamics.

There are considerable challenges in being able to fully
understand, much less simulate in real time, these complex
physical processes of the thermosphere-ionosphere system.
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Figure 1: Comparison of monthly-averaged thermospheric neutral winds measured over the Urbana Atmospheric Observatory (40.10 N,
−88.23 E) Illinois and the results of the HWM93 [11] and HWM07 climatological models.

One of the significant problems in achieving a reasonable
level of success in space weather forecasting is the lack of
adequate information regarding the neutral wind behavior
as a function of time and space, especially near the polar
region but also at midlatitudes. Thermospheric studies are
hampered by a lack of observational data that can provide a
global, or even regional, view of important driving parame-
ters. For example, optical Fabry-Perot interferometers (FPIs)
instrument deployments at single sites provide only localized
measurements of the thermospheric wind, temperature, and
airglow brightness. Data from such isolated instruments
are inherently limiting, since such measurements cannot
give information on spatial extents, source regions, or even
whether observed phenomena are propagating or stationary.
In contrast, measurements made by orbiting satellites present
a more global view of thermospheric parameters (e.g., [10])
but do not allow the exploration of the temporal evolution of
the thermospheric winds over timescales of less than the∼90
minutes of a satellite orbit.

Based on inputs from several single-site FPI experiments,
climatological models of the expected neutral wind behavior
have been compiled. For example, Emmert et al. [12, 13]
have compiled measurements from seven FPIs located in
different regions to create climatologies of the neutral winds
based on activity level, season, position in the solar cycle,
and interplanetary magnetic field conditions. This type of
model development demonstrates the power of multiple

stations taking data for long periods of time, albeit in an
uncoordinated fashion. However, the resultant model cannot
address the dynamics or the timescale of many of the features
in the thermosphere.

Furthermore, the accuracy of the resultant climatology
is directly dependent on the amount and quality of data
used to create the model. Comparisons of the climatological
neutral wind provided by HWM07 to FPI results have
demonstrated that the current state-of-the-art modeling of
the neutral wind climatology does not represent the actual
observed neutral winds, neither on a day-by-day nor a
monthly-averaged basis. Examples demonstrating this for a
comparison using data obtained using an FPI located at the
University of Illinois in 2008 are shown in Figure 1. Although
one major reason for this discrepancy was likely the fact that
the deep solar minimum conditions experienced from 2008–
2010 were not represented in the database used to construct
HWM07, this example highlights the need for additional
measurements to improve future climatological models.

The major input forcing function of the thermosphere
neutral dynamics can be traced back to solar variability,
but this function may be highly modified by the extent
and nature of geomagnetic activity that will produce severe
polar dynamical disturbances. Large compositional changes
and temperature variations are developed in the wake of
such transient structures, regulating the amount of Joule
heating that occurs. These disturbances travel to midlatitude
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regions, and, as a consequence, they push ions up and
down nonvertical geomagnetic field-lines, causing significant
variability in the electron density of the ionosphere. Existing
climatological neutral wind models, such as HWM07, are not
sufficiently precise for these space weather modeling needs
[14].

First principles models can also be used to specify the
wind pattern and are frequently used to investigate thermo-
spheric dynamics. However, due to the general lack of neutral
wind measurements, there have been few direct comparisons
between these types of models and wind measurements (e.g.,
[15–17]). Even though winds are a critical component of
the model dynamics, they tend to not be validated. Other
states of the model (e.g., mass density, electron density) that
are well represented by data are more frequently compared
and validated, even though these states are controlled by the
winds. Having a richer neutral wind database made available
to the community will allow modelers to better validate the
winds.

Many past measurements of midlatitude dynamics with
reference to the continental United States region have been
reported, with the first Fabry-Perot measurements being
that of Hays and Roble [18]. They reported observations
of enhanced meridional winds observed in a geomagnetic
storm of October 1968. Biondi and Feibelman [19] reported
on the first detection of thermospheric winds from Laurel
Ridge, PA, in 1968. This early work was followed up by
a series of papers by Hernandez and Roble that presented
results from the Fritz Peak Observatory (FPO) located in
Colorado (39.9 N, 105.5 W). They showed the seasonal vari-
ations of winds and temperatures observed during geomag-
netically quiet times [20], the thermospheric dynamics seen
for four geomagnetic storms in 1975 [21], and the monthly
climatology results seen for the period of solar minimum
in 1976 [22]. The climatologies of the thermospheric winds
and temperatures observed from FPO and Laurel Ridge
over the period of 1973 to 1979 and 1975 to 1979 were
described by Hernandez and Roble [23] and Sipler et al. [24],
respectively. Comparisons of these FPO measurements for
both solar minimum and solar maximum periods presented
by Hernandez and Roble [25] with the Thermosphere Iono-
sphere Electrodynamics General Circulation Model (TIE-
GCM) predictions showed reasonable agreement, suggesting
that the basic driving forces for midlatitude thermospheric
dynamics are reasonably well understood for quiet periods.
Further studies of midlatitude thermospheric dynamics have
been carried out using a Fabry-Perot located at Millstone Hill
(43 N, 72 W) for quiet times [26] and for active times [27].

These studies indicate that the local thermospheric
dynamics are relatively well understood, especially for quiet
periods. However, there are not enough observatories cur-
rently operating that are capable of making thermospheric
measurements to get an appropriate global or region view of
thermospheric dynamics, particularly during active periods
or to study spatial and temporal gradients in the thermo-
sphere. For example, to investigate energy is transferred from
the polar region to the midlatitudes by such traveling atmo-
spheric disturbances (TADs), a network of FPI observatories
is required.

In this paper we describe an FPI network, the North
American Thermosphere Ionosphere Observing Network
(NATION), that has been developed for application in the
midlatitude region of the eastern continental United States
in the states of Michigan, Illinois, Kentucky, and North
Carolina. These four sites are intended to represent an initial
deployment of what will become a larger-scale network
that will eventually extend to continental and global scale
in scope. Two additional sites located in New Jersey and
New Mexico are already planned. The FPI instruments are
already in hand and fully-operational status for the network
is expected to be achieved by midsummer, 2012, upon
the completion of the deployment of these instruments to
these sites. One of the unique aspects of this network is
the utilization of common volume points as represented by
intersecting line-of-sights to observe the three components
of the neutral wind vector as well as the temperature in
a volume of the thermosphere on the order of 25 km
laterally and 50 km vertically. Another unique aspect will
be the ability to modify the observing strategy in real time
depending upon the nature of cloud coverage or perhaps
geophysical activity.

2. Network Instrumentation

Two types of instruments will be deployed in this network.
The primary instrument is an improved version of a minia-
turized CCD-based imaging Fabry-Perot interferometer that
has been used successfully in recent experiments [28]. All
of the initial network FPIs are variants of this design. The
second instrument is an infrared cloud detector that will
automatically monitor sky conditions at each observatory.
This instrument is necessary for developing the real-time
control infrastructure to optimize observations for the entire
network, taking into account the local sky conditions at the
individual sites.

The FPI instrument observes the spectral line shape of
the 630 nm OI emission with a typical spectral resolution
of λ/Δλ ∼ 310, 000. This high resolution is necessary to
overcome the instrumental challenge of measuring the small
quantities represented by the Doppler shift and Doppler
width. A 100 ms−1 Doppler shift corresponds to a wavelength
shift of 0.0002 nm. For a temperature of 1000 K the spectral
profile full width at half peak height is∼0.0033 nm compared
to the instrumental width of ∼0.0015 nm. The rather dim
630 nm emission is a result of the transfer of energy from
the F-layer plasma to the neutral atmosphere by chemical
reactions. These are the dissociative recombinations of the
molecular ions of oxygen and nitric oxide, that is, O2

+ + e =
O + O∗ and NO+ + e = N + O∗ that follow the production
of these ions by charge exchange of O+ and N+ with oxygen
and nitrogen atoms, respectively. The atom O∗ is the excited
atom that emits the 630 nm photon.

The first applications of the FPI instrument in aeronomy
were based on observing only a fraction of a single order
through an aperture. Scanning the source’s spectral profile
by changing the pressure within the etalon gap cavity or by
changing the etalon gap separation provided a time series
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Figure 2: Images ((a) and (c)) and interferograms ((b) and (d)) for 630 nm sky and HeNe laser observations made by the PARI FPI
instrument. The interferograms are calculated by annular integration around the ring center of the circular pattern in each image. 500
channels of equal areas are used to generate the interferogram.

of observations of the line spectral profile that was analyzed
to determine the Doppler shift and Doppler broadening.
Because the 630 nm nightglow emission is weak, detection
of the 630 nm emission with reasonable accuracy using these
instruments required that the etalon aperture (A) is as large
as 15 cm [18]. With a typical quantum efficiency (Q) of an
employed photomultiplier of 5 to 10% combined with the
detector observation of only a fraction (K) of an order at
any one time due to the instrumental requirement of order
scanning, a sensitivity quality figure (SQF) of AQKN =
177 cm2∗0.05∗0.05∗1 = 0.44 cm2 may be computed using
for K the reciprocal of the aperture finesse (∼15).

In contrast to this, the use of a quality back-thinned CCD
camera that represents the best of current CCD technology
greatly enhances the SQF. Here we consider an imaging FPI
system that uses an etalon aperture of 7 cm and a short
focal length lens generating a ring pattern with N = 12
rings. In this case, the CCD camera provides much higher
quantum efficiency (∼90% at 630 nm) than the previously
used photomultipliers. When this increase is combined with
the advantage of imaging of the ring pattern so that photons
are continuously collected across the whole of the objective
plane by all spectral elements of the spectral profile for each
order, then the sensitivity is increased by nearly two orders
of magnitude. Thus, K is taken as 1, Q is 0.90, and the
SQF is calculated to be SQF = Area ∗ Q ∗ K ∗ N =
38.5 cm2 ∗ 0.9 ∗ 1 ∗ 12 = 415 cm2. This gain of almost
a factor of 1000 is somewhat mitigated due to increased
instrumental noise such as readout and dark noise, but
even so, the accuracy of the observations in current-day
imaging FPI measurements is much improved from the early
period of scanning FPI measurements. Typically, 5 minutes

of imaging FPI observations will produce a result with
5 ms−1 and 15–20 K accuracy in the wind and temperature
estimates as compared with 20–25 ms−1 and 50–75 K for 15–
20 minutes of integration for a scanning FPI instrument.
Consequently, an imaging Fabry-Perot interferometer is
much more capable of precise measurements while also
becoming much more transportable (through the reduction
of the required aperture diameter). The etalon components
are much smaller in size and its thermal environment easier
to control to achieve frequency stability.

The observation of the night sky 630 nm spectral emis-
sion by the FPI instrument produces a circular interference
pattern in which a Doppler red shift produces a ring pattern
that is slightly smaller in diameter for each ring, and vice
versa, for a blue shift, the ring pattern features rings that
are slightly larger. By annularly summing the pixels for the
ring pattern, a one-dimensional set of fringes is extracted that
can be analyzed to determine the Doppler shift and Doppler
broadening estimates for each order. These values are used
in a weighted-average sense to produce an overall estimate of
the Doppler shift and Doppler broadening. Further details
regarding these issues and the analysis of multiorder ring
patterns are provided by Makela et al., [29].

The FPI instrument is calibrated by observing the 632.8-
nm emission generated by a frequency-stabilized HeNe
laser. Figures 2(a) and 2(b) illustrate an example of the
ring patterns seen for sky and laser images, respectively.
The broader width of the sky rings relative to the laser
is indicative of the thermal broadening introduced by the
moving atoms to and away from the FPI station along the
line of sight. The assumption of a Gaussian distribution for
these O atom speeds is an excellent assumption as there are
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Table 1: Instrument parameters for the initial FPIs to be used in this network.

Parameter PARI Illinois Michigan Kentucky

Etalon aperture (cm) 10.0 10.0 7.0 7.0

Etalon reflectivity 78% ∼80% 78% 78%

630.0 nm filter transmission 55%
TBD

55% 55%
(∼55% expected)

no. of orders imaged 10 10 10 10

Etalon gap 1.5 cm 1.5 cm 1.5 cm 1.5 cm

Andor CCD detector DU-412 DU-434 iKon-934 DU-434

CCD readout noise 4 e−/pixel 3 e−/pixel 3 e−/pixel 3 e−/pixel

CCD dark signal 0.0003 e−/s/pixel 0.0004 e−/s/pixel 0.0001 e−/s/pixel 0.0004 e−/s/pixel

L1

L2

L3 L4

L5

UI

PARI

EKU

UM

Figure 3: Map of FPI observatory sites and CV locations in the eastern continental United States for the initial NATION deployment. The
FPI locations are indicated by markers within the red circles. The five loops (orange) marked L1 through L5 are the five sets of CV locations
for pairs of FPI observatories. The loops L1 through L5 represent the pairs of L1 (green markers): UI and UM, L2 (dark blue markers): UM
and EKU, L3 (light blue markers): UI and EKU, L4 (orange markers): UI and PARI, L5 (yellow markers), PARI and EKU.

enough collisions within the lower thermosphere to achieve
thermalization [30].

Table 1 provides the instrumental details of the four
Fabry-Perot observatories that are initially planned for this
network. The locations are presented in Figure 3. Expansion
to include additional sites in New Mexico and New Jersey is
already assured and will use an instrumental design identical
with that for the Kentucky and Michigan FPIs.

3. Observation and Analysis Approach for
an FPI Network

Our approach to the development of a multisite FPI network
located in the eastern continental United States is based upon
the desire to observe vector horizontal and vertical winds
as well as the neutral temperature in the thermosphere at
the centroid height, ∼250 km, that is characteristic of the
630 nm nightglow layer. To accomplish this, sites must share
a common observing volume (CV) so that the same region

of the thermosphere can be observed simultaneously from
multiple angles, allowing for the local determination of the
thermospheric neutral wind vector. This approach has the
advantage over a single-site observing strategy in which line-
of-sight winds are obtained in the cardinal directions to infer
zonal and meridional winds, as assumptions about the uni-
formity of the wind field are not required. In this approach,
the horizontal vector winds are obtained by observing the
same thermospheric volume at orthogonal look directions
from two sites. This strategy also has the useful feature
that vertical winds may be determined by observing the
same thermospheric volume from inline, or antiparallel, look
directions from two sites. Tristatic observations would allow
for the full vector wind to be obtained at a single location, as
demonstrated by Aruliah et al., [31].

Several different deployment scenarios can be imagined.
Sites distributed in a meridional chain would have the advan-
tage of being able to track structures propagating north-
south but would be limited in east-west coverage. Similarly,
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a zonal chain could track structures propagating east-west
but would be limited in north-south coverage. In both
cases, if observations from a site were not available due to
instrumentation failure or cloud coverage, the observations
from the sites sharing the CV measurement would not
be terribly useful, as their line-of-sight wind measurement
would be in a direction that is neither zonal nor meridional.
In contrast, chains of sites distributed at 45◦ angles from
each other will have increased coverage of both the zonal and
meridional winds. Moreover, in this mode, if observations
from one site are not available due to bad weather, the
other CV FPI observatory will still provide geophysically
meaningful wind measurements, as the individual lines-of-
sights would be toward one of the four cardinal directions.
Thus, although vector horizontal winds would not be
possible, one component of the wind vector would still be
measured. In reality, the actual deployment of instruments is
constrained by available sites and infrastructure required for
their operation.

Taking these considerations into account, we decided
upon an initial deployment of a four-site network in which
the individual nodes are distributed at approximately 45◦

from one another at the four sites located in the states
of Michigan, Illinois, Kentucky, and North Carolina. These
sites are placed near universities (University of Michigan,
University of Illinois, Eastern Kentucky University, Clemson
University, respectively) where students and faculty have
easy access to the observatories. The locations of the sites
comprising this network are shown in Figure 3. The loops
labeled by L1, L2, L3, L4, and L5 each include the three
common volume (CV) locations for bistatic observations by
pairs of FPI instruments. For each loop marking a set of
three CV locations, the central CV point is the inline point
that features the azimuthal direction where each of the two
FPI instruments are looking toward the other FPI site and
vertical winds can be deduced. The other two points in each
loop each represent a CV position where the line-of-sight
measurements are orthogonal to each other. The Doppler
shifts from these measurements are used to calculate the
horizontal and meridional components of the neutral wind
vector for that CV location.

The horizontal wind component, vh, observed from a
given FPI is calculated from the relation:

νh = νORTH −w sinα
cosα

, (1)

where νORTH is the line-of-sight Doppler measurement, α is
the elevation angle of the observation, and w is the vertical
wind at observation point in the thermosphere.

The vector zonal (u) and meridional (v) wind compo-
nents are calculated at the common volume locations using
the relations:

u = νh,1 cos θ2 − νh,2 cos θ1

sin(θ1 − θ2)
,

ν = νh,2 sin θ1 − νh,1 sin θ2

sin(θ1 − θ2)
,

(2)

where the subscripts identify the parameters for the two
FPIs participating in the measurement and θ is the azimuth

angle of the observation. The denominator of these relations
is simplified to unity if the two line-of-sight directions are
orthogonal to each other.

Analysis of the Doppler shifts observed for the two inline
measurements, vIN,1 and vIN,2, provides an estimate for the
vertical wind that is given by the relation:

w = νIN,1 + νIN,2

2 sinα
, (3)

where we have assumed the two observations are made using
the same elevation angle.

The determination of the Doppler shifts using the FPI
requires an absolute wavelength reference. One way to obtain
this reference is to make the assumption of zero vertical
winds (w = 0). Under this assumption, observations made
to the local zenith provide the zero reference and (1) is
simplified somewhat and the inline measurements should
be equal in magnitude but with opposite sign, making
(3) zero. However, our experience has indicated that zero
vertical winds are not always a correct assumption and the
vertical wind calculated from inline measurements utilizing
the zenith measurements as a zero wind reference is nonzero.

An alternate methodology is to utilize the frequency
stabilized HeNe laser, primarily utilized to calibrate the
instrument function as needed to estimate the neutral
temperatures, as a zero reference. The specification for the
laser indicates a stability of several ms−1 over the course of
several hours and thus can be used to track the stability of
the etalon, which may drift over several 10–100 ms−1 over
a night. In order to use the HeNe laser as a zero reference,
however, the offset between the 632.8-nm HeNe wavelength
and the 630 nm emission must be accounted for. This is
accomplished by assuming that the average vertical wind is
zero between 21–06 LT. With this assumption, the Doppler
shift obtained by analyzing the laser interferograms can be
fitted to the Doppler shift obtained by analyzing the night’s
zenith observations. The shifted laser is then used as the
zero-Doppler reference. Example results obtained using this
methodology, which will be employed in the NATION data
analysis, are shown below.

Examples of the raw line-of-sight wind estimates and
the results of converting to vertical and vector horizontal
winds are presented in Figure 4. These results are obtained
from the two-FPI experiment sponsored by the United
States National Science Foundation’s Coupling, Energetics
and Dynamics of Atmospheric Regions (CEDAR) program
currently being undertaken in northeastern Brazil [28]. This
figure shows uncertainties in the estimates of temperatures
ranging from ∼20 K to 100 K and ∼5 ms−1 to 30 ms−1. The
vector wind measurements at the two CV observing points
agree with each other with predominately northeasterly
flow throughout the night with the magnitude of the
wind reducing as the night progresses. The vertical wind
measurements show values close to zero for the bulk of the
night, except in the early evening when a slight downward
flow is seen.

Estimates of the vector wind, as well as the spatial
uniformity of this component, gained from examining the
independent wind measurements made possible by the
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Figure 4: Example of temperatures and common-volume vector neutral winds derived from data obtained from two FPI observatories
located in northeastern Brazil. The left two columns show the single-site (top) temperature measurements and (bottom) line-of-sight wind
observations. The right column shows the derived (top) zonal and (middle) meridional winds at the (green) north and (red) south CV
locations. The bottom plot shows the derived vertical wind measurements from the (red) in-line measurements as well as local zenith
measurements from (blue) Cajazeiras and (green) Cariri.

combination of the Doppler shifts observed by NATION will
be used to generate an overall picture of winds in the eastern
continental United States. Comparison of these “maps” with
corresponding pictures of the global winds generated by
a general global circulation model will help quantify the
contributions to the local thermospheric dynamics generated
by various physical processes such as the day-to-night
pressure gradient, ion drag, and the variability introduced by
gravity wave activity.

The four sites in the initial NATION deployment are
described below. The geographic location of each site is
given in Table 2. Each site has been chosen for having
relatively good observing conditions as well as ease of access.
The sites will each have Internet access, allowing for their
operation as a single distributed sensing network. The typical
observing strategy will be to coordinate observations of the
CV locations shown in Figure 3. Typical integration times
will be on the order of 3 minutes for each operation, but will

be dynamically determined based on the actual observing
conditions. The sequences of observations will be specified
depending on the goals of a given experiment. High temporal
resolution (∼3 minutes) could be obtained by continually
observing the same common volume points. The resulting
temporal resolution would allow for the tracking of dynamic
features in the thermosphere, such as TADs or gravity
waves. Alternately, observing all of the available orthogonal
common volume locations, resulting in the largest spatial
coverage, could be achieved in a sequence taking less than 30
minutes. Thus, there is a tradeoff between spatial coverage
and temporal resolution.

With the integration of the Boltwood cloud sensors, we
plan to develop observing algorithms that will take into
account the viewing conditions at each site and modify
the observing strategy accordingly. This sensor measures
infrared radiation from the sky between 8–14 μm using a
thermopile in order to deduce the sky temperature. This is
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Table 2: Geographic location of four initial sites to be deployed for
NATION.

Site Geographic Location

Peach Mountain, MI 42.40 N, −83.92 E

Urbana, IL 40.10 N, −88.23 E

Eastern Kentucky University, KY 37.73 N, −84.30 E

PARI, NC 35.20 N, −82.87 E

then compared to the ambient ground-level temperature.
Large differences between these temperatures represent
clear observing conditions. As the temperature difference
decreases, the observing quality diminishes. The sensor
covers a field of view of 80◦, with some sensitivity out to 120◦.
This covers the range of elevation angles for which we expect
to make measurements using the FPIs.

Once the instruments are deployed and operational,
we will determine empirical thresholds of this temperature
difference which result in quality data. This threshold will
then be used for future operations, in real time, to determine
the network’s overall observing strategy. For example, if one
site is determined to be clouded over, the CV observations
involving that site will not be made, allowing for a higher
temporal cadence for the other CV locations. In the event
that no CV observations are possible from a given site due
to cloud conditions at the other sites, a site would revert
to a cardinal direction observing mode. We note that the
Boltwood sensor may not be able to detect cirrus clouds,
which are thin and cold, and that this may slightly reduce
the quality of data collected in the presence of cirrus clouds.
We are currently investigating alternative cloud detection
techniques that may be sensitive to cirrus clouds and will
investigate their utility in the development of NATION.

3.1. Observatory Locations. The Pisgah Astronomical
Research Institute (PARI) is hosting the Clemson FPI
instrument in an old telephone building assigned to help
support the project. This area was once a NASA satellite
communication station located in a valley in the Blue Ridge
Mountains where radio noise was minimized due to its
isolation. Because of its remote location away from any
major cities, PARI is one of the best optical sites in the
eastern United States.

The PARI campus is the location of a Fabry-Perot
interferometer (FPI) observatory that has been operating
since June 2011. This instrument has operated in the past,
but a repolishing of the etalon plates combined with a
new reflective coating has increased the sensitivity. The
instrument now produces excellent quality results even for
the weak signals from the 630 nm nightglow emission at
midlatitudes. An example of the temperature estimates made
using the instrument during the winter for the North,
East, South, West, and zenith directions is shown in the
left panel of Figure 5. This figure shows the interesting
feature of a temperature peak near midnight between 23
and 00 LT. This midnight temperature maximum (MTM)
is a feature that has not been reported previously for a
midlatitude FPI station but is very commonly observed at
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Figure 5: Observations of (a) temperatures and (b) winds made
with the PARI FPI instrument for 23-24 November 2011.

low latitudes. It is of great interest that this feature is seen
for the observations at PARI. The summer observations did
not show any significant signs of this MTM structure so it is
rather exciting to see this detection of the MTM peak at the
latitude of PARI during the winter season.

The right panel of Figure 5 presents the winds observed
on this winter night. The air at 250 km moves generally
from the day side toward the nightside so during the winter
we expect to see the zonal wind to be eastward, which is
what is seen in Figure 5(a). This figure also shows the zonal
winds to be coherent in phase and, beginning with speeds of
∼100 ms−1, becoming gradually weaker during the night.

During the midnight hours there is a meridional wind
component that represents the air blowing over the polar
region toward the equator. Figure 5(a) shows the meridional
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winds to be relatively weak reaching a maximum speed of
∼75 ms−1 southward near 02-03 LT (07-08 UT).

The Fabry-Perot observatory in Kentucky will be located
at the south end of the Eastern Kentucky University campus,
adjacent to the astronomical observatory located at this site.
Stable power and Internet will be available at the site. An FPI
currently operating at Poker Flat, Alaska, will be deployed to
this site in the early part of summer, 2012.

The site to be operated by the University of Michigan
(UM) is located at Peach Mountain, a solar observatory
that is run by the university. This site is located about 15
miles northwest of Ann Arbor, Michigan, and is situated on
top of a large hill surrounded by forests and is expected to
operational in the summer of 2012. Stable power is available
at Peach Mountain, and Internet access will be installed at
this site.

The site to be operated by the University of Illinois (UI)
is located north-east of Urbana, Illinois at the University’s
Upper Atmospheric Observatory field site. This site has been
used extensively by faculty at the University of Illinois to test
instruments before deployment at remote field sites, includ-
ing testing of the FPIs currently deployed in northeastern
Brazil from which the measurements in Figure 4 were made.
Results from these tests are presented above in Figure 1.
The observing conditions from this site are typically very
good for optical measurements. Stable power and Internet
connections are available. The proximity to the University of
Illinois campus, an approximately 20-minutes drive, makes
access straightforward. Instruments at this site are often used
in the Optical Remote Sensing course offered to advanced
undergraduate and graduate students at the University of
Illinois. This FPI observatory will become operational in the
May-June period, 2012.

It is important to note that the NATION concept
is fully scalable and is expected to expand as additional
instruments are deployed to new sites. Additional FPIs
will soon be deployed in New Jersey and New Mexico,
providing important longitudinal diversity to the NATION
measurements that will be useful in studying, among other
topics, the penetration of midlatitude tidal structure into
thermospheric dynamics. Unfortunately, these sites are too
far from the initial NATION chain in the Midwest to
participate in common volume measurements and conse-
quently will operate in a cardinal observing mode. As new
instrumentation becomes available, a priority will be to link
these two satellite observing sites to the main chain.

4. Concluding Thoughts

We have described the rationale and plans for the develop-
ment of a distributed network of Fabry-Perot interferometers
(FPIs) to study the thermospheric neutral dynamics of
the Earth’s upper atmosphere. This network will enable
new insights into energy transfer across and within the
thermosphere-ionosphere system and allow for the devel-
opment of more robust climatological and space weather
models.

The initial deployment consists of four sites in the
Midwest of the United States. Each site will operate an

imaging FPI as well as a cloud sensor, used to determine
the local observing conditions. The sites will be connected
to the Internet and operate as a single sensor through
protocols that will determine optimal common volume
observing strategies. The resulting estimates of temperatures
and horizontal neutral winds will be used to address the
scientific questions described in this paper, although we
emphasize that what is presented here is not an exhaustive
list of potential scientific topics.

Finally, the network described here is a scalable model.
With the addition of new instruments and sites, NATION
will hopefully expand in coverage. New sites in New Jersey
and New Mexico are already planned and existing FPI sites
can easily be incorporated into the NATION framework.
Furthermore, the NATION concept is equally applicable to
other latitude regions, opening up possibilities for expanding
the smaller networks of FPIs operating in other regions of the
world, such as Peru and Brazil.
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Previous authors have reported on the morphology of GPS scintillations and irregularity zonal drift during the 2002 Conjugate
Point Equatorial Experiment (COPEX) in Brazil. In this paper, we characterize the turbulent ionospheric medium that produced
these scintillations. Using 10 Hz GPS carrier-to-noise measurements at Boa Vista (2.9◦N, 60.7◦W), Alta Floresta (9.9◦S, 56.1◦W),
and Campo Grande (20.5◦S, 54.7◦W), we report on the variation of turbulent intensity, phase spectral index, and irregularity zonal
drift as a function of latitude and local time for the evening of 1-2 November 2002. The method of analysis is new and, unlike
analytical theories of scintillation based on the Born or Rytov approximations, it is valid when the scintillation index saturates
due to multiple-scatter effects. Our principal findings are that (1) the strength of turbulence tended to be largest near the crests of
the equatorial anomaly and at early postsunset local times, (2) the turbulent intensity was generally stronger and lasted two hours
longer at Campo Grande than at Boa Vista, (3) the phase spectral index was similar at the three stations but increased from 2.5
to 4.5 with local time, and (4) our estimates of zonal irregularity drift are consistent with those provided by the spaced-receiver
technique.

1. Introduction

The distribution of free electrons in the ionosphere is dic-
tated by production from solar radiation, transport, and
loss through chemical recombination. It is also subject to
instability mechanisms that generate large-scale depletions
and irregularities in the ambient electron density over a wide
range of spatial scales (plasma turbulence). Radio waves that
propagate through these irregularities experience scattering
and diffraction, causing random fluctuations in amplitude
and phase referred to as scintillations. The scintillation of
satellite signals has been shown to severely degrade the
performance of satellite communications systems such as
AFSATCOM [1, 2], satellite global navigation satellite sys-
tems (GNSS) such as the Global Positioning System (GPS)
[3–5], and space radars used to conduct cloud-free, day-and-
night observations of the Earth’s surface [6–8]. Scintillations
associated with irregularities in the equatorial ionosphere

are generally the most intense encountered worldwide, and
the occurrence morphology depends on local time, season,
longitude, solar cycle, magnetic activity, and exhibits a
high degree of night-to-night variability [9]. Ionospheric
irregularities and scintillations constitute one of the most
important space weather threats to modern technological
systems which increasingly rely on transionospheric radio
propagation. While a multitude of plasma instabilities may
operate in the equatorial ionosphere after sunset, interchange
instabilities which generate large-scale depletions in the
ambient electron density, commonly referred to as equatorial
plasma bubbles (EPB), are believed to be the dominant
source of irregularities that cause scintillation of the GPS
satellite signals at L band frequencies [2–5].

The Conjugate Point Equatorial Experiment (COPEX)
was conducted in Brazil from October to December 2002.
Its purpose was to explore the occurrence morphology of
scintillations and the physical processes by which plasma
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instabilities occur in the equatorial ionosphere. In this exper-
iment, a multitude of ionospheric monitoring instruments,
including ionosondes, optical imagers, VHF receivers, and
GPS receivers, were deployed to three sites nearly along the
same magnetic meridian, one at the magnetic equator and
the other two at magnetically conjugate points.

Several authors have reported on the morphology of GPS
scintillations and irregularity zonal drift during this experi-
ment, for example, Batista et al. [10], Muella et al. [11], Abdu
et al. [12], Sobral et al. [13], and de Paula et al. [14]. In this
paper, we characterize the turbulent ionospheric medium
that produced these scintillations. For this purpose, we devel-
oped a new technique called Iterative Parameter Estimation
(IPE) for inferring ionospheric turbulence parameters from
a time series of scintillating intensity measurements resulting
from radio propagation through the low latitude ionosphere.
Unlike analytical theories of scintillation based on the Born
or Rytov approximations, the IPE technique is valid for
strong scatter when the scintillation index (S4) saturates
due to multiple-scatter effects. This generality is crucial for
proper analysis of GPS scintillations during the COPEX
campaign, since a large percentage of these observations were
in the strong scatter regime, with S4 frequently approaching
or exceeding unity [11]. Weak scatter theory cannot be
applied satisfactorily to analyze these observations. It is also
beneficial that the IPE technique requires only the intensity
fluctuations to infer the turbulence parameters. While the
GPS phase measurements from the COPEX campaign are
also available, their analysis is complicated by frequent cycle
slips and loss of phase lock events which occur when the
scintillation is strong. IPE employs the phase screen approx-
imation [15–18] and a numerical inversion technique to
estimate the parameters of the screen which are consistent
with the ionospheric turbulence model employed and the
scintillations observed. Due to the analytic intractability of
the 4th moment equation governing fluctuations in the field
we must determine the optimal parameters by numerical
iteration, and therefore we cannot guarantee the uniqueness
of this parametrization.

The purpose of this paper is to explore the latitudinal and
local time variation of ionospheric turbulence characteristics
during the COPEX campaign in Brazil. The IPE technique
was developed to investigate these variations using ground-
based observations rather than in situ measurements of
the ionospheric turbulence, which are limited in several
respects. First, the temporal coverage of in situ measurements
within any geographic region is sparse, whereas ground-
based observations of scintillation are continuous. Second,
in situ observations of the density are usually made in the
topside ionosphere, whereas the scattering of L band signals
is generally believed to be concentrated near the F region
peak where the density is highest. It is not obvious how to
infer the level of density fluctuations near the F region peak
from in situ measurements made in the topside (and it is
clearly not possible to do so when the irregularities have not
risen to the orbital altitude of the satellite making the in
situ observations). An advantage of using ground-based GPS
scintillation observations to characterize the morphology of

ionospheric turbulence is that irregularities at all ionospheric
altitudes are sampled by the satellite signals.

The organization of this paper is as follows. Section 2
describes the equipment and the measurements used in our
analysis. Section 3 presents the methodology used to analyze
the data. The exposition of the methodology is given in
three parts. First, we describe a model for the correlation
of phase fluctuations after the GPS satellite signals have
penetrated the ionosphere. Second, we describe a technique
that uses this correlation function to model the spectrum of
intensity fluctuations on the ground. Third, we describe an
iterative technique used to infer the turbulence parameters
by fitting this model spectrum to the spectrum of measured
intensity fluctuations. In Section 4, we present the results of
our analysis and describe their significance. A summary of
these results is provided in Section 5.

2. Experimental Techniques

During the COPEX experiment in 2002, Air Force Research
Laboratory operated Ashtech μZ-CGRS model dual fre-
quency GPS receivers at three locations in Brazil: Boa Vista
(2.9◦N, 60.7◦W), Alta Floresta (9.9◦S, 56.1◦W), and Campo
Grande (20.5◦S, 54.7◦W). Boa Vista is located near the
northern crest of the equatorial anomaly, Alta Floresta is
located near the magnetic equator, and Campo Grande is
located near the southern crest of the equatorial anomaly.
Figure 1 shows the location of the three stations and the
local magnetic field geometry, while Table 1 provides their
geographic and geomagnetic coordinates. All three stations
lie on approximately the same magnetic meridian. The
three AFRL GPS receivers recorded the carrier-to-noise ratio
(C/No) of the C/A code on the L1 frequency of 1575.42 MHz
at a rate of 10 samples per second. The data was collected
in October through December of 2002, a period of high
solar activity. Additional details of the COPEX experiment
are summarized in [10–14] and the references therein.
For validation purposes, we compare our results with the
zonal irregularity drift measurements calculated by Muella
et al. [11] using the GPS spaced-receiver technique, and
also the 4-channel VHF receivers which were colocated
with each of the GPS receivers. The spaced VHF receiver
measurements of the zonal irregularity drift provided to
us for this study were obtained by simple cross-correlation
of the intensity fluctuations obtained along geostationary
links from two receivers separated in the magnetic east-
west direction. The geometrical corrections described in
[19], which account for the look angles to the geostationary
satellites and the magnetic dip angles at the penetration
point locations, were not applied. The GPS spaced receiver
measurements provided by Muella et al. [11] did account for
these geometrical effects. Unfortunately, neither the VHF nor
GPS spaced-receiver measurements of the zonal drift were
provided to us with error bars. Table 2 gives the locations of
the 350 km ionospheric penetration points and look angles
for the VHF west links (receiver channels 1-2) and east links
(receiver channels 3-4) for the three COPEX stations.

In this paper, we consider measurements collected during
the evening of 1-2 November 2002, since during this
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Figure 1: Locations of the three GPS receivers operated by AFRL
during the COPEX campaign in Brazil. The magnetic equator
is shown in red, and a magnetic meridian passing through Alta
Floresta is shown in blue.

Table 1: Geographic coordinates for the three COPEX stations
equipped with Ashtech μZ-CGRS receivers.

Station
Geographic Geomagnetic

Lat. Lon. Dip Angle Inclination Declination

Boa Vista 2.8◦N 60.7◦W 22.1◦N 22.1◦ −13.0◦

Alta Floresta 9.9◦S 56.1◦W 3.38◦S −3.2◦ −14.6◦

Campo
Grande

20.5◦S 54.7◦W 22.3◦S −21.8◦ −13.8◦

Table 2: Locations of the 350 km ionospheric penetration points
and lookangles for the west and east VHF links from the three
COPEX stations.

Station
Channels 1-2 (West) Channels 3-4 (East)

Lat. Lon. Elevation Lat. Lon. Elevation

Boa Vista 2.7◦N 63.7◦W 44◦ 2.7◦N 57.9◦W 46◦

Alta Floresta 9.2◦S 59.7◦W 38◦ 9.2◦S 53.7◦W 49◦

Campo
Grande

19.0◦S 58.9◦W 34◦ 19.0◦S 52.1◦W 47◦

period all three AFRL GPS receivers were operating, all
three VHF spaced receivers were operating, and the spaced
GPS receiver estimates of the zonal drift velocity were
available for validation. This evening was typical of others
during the COPEX experiment, with moderate magnetic
activity (Kp ranged from 2◦ to 5−) and the 10.7 cm solar
flux was 160 W/m2/Hz. Unfortunately, there were only a few
other evenings during the COPEX campaign when all of
these instruments were operating simultaneously, and most
of these evenings were more magnetically active than the
evening of 1-2 November 2002. Following [14], we restricted
our analysis to evenings with low-to-moderate magnetic
activity, since it is easier to compare different techniques for

estimating the zonal irregularity drift when the actual drift
is regular and changing slowly in the absence of storm-time
perturbation electric fields.

For our analysis, we use the receiver reported C/No as
a proxy for the signal intensity. From the time series of
raw intensity fluctuations, we selected data segments which
are approximately stationary and for which the scintillation
intensity index, calculated as the standard deviation of
normalized (by the mean) signal intensity, exceeded 0.3. This
threshold criterion was applied to minimize the contribution
of receiver noise to the scintillation statistics. A satellite
elevation cutoff of 30◦ was used to avoid multipath and to
reduce possibility that the radio wave may have propagated
through multiple plasma bubbles with different turbulence
characteristics. The stationary requirement is enforced to
ensure the time series admits a spectral representation.
We chose to use 4-minute data segments for the analysis,
rather than 1-minute data segments which have become
rather customary in scintillation studies, for example, [3].
The reason for this choice is that IPE analysis provides the
most accurate results when all frequencies that contribute to
the power spectrum of intensity fluctuations are resolved,
including frequencies somewhat smaller than the Fresnel
scale. Resolving smaller frequencies requires the analysis of
a longer data segment. Over these relatively longer segment
durations, however, the stationary requirement becomes
more important to enforce. To confirm the (approximate)
stationarity of the data, we calculated the S4 index on a 1-
minute cadence and also on a 4-minute cadence. Stationary
segments were identified as segments for which 4 consecutive
1-minute S4 values differed from the corresponding 4-
minute S4 by less than 0.1. The mean intensity was observed
to vary slowly over a 4-minute timescale for satellites
viewed at elevation angles above the 30◦ cutoff. The time
to 50% decorrelation of intensity (τm) was calculated from
the segmented time series using the FFT technique. We
computed the temporal spectrum of intensity fluctuations
Im( f ) from the measured time series using Welch’s method
[20], whereby each 4 minute data segment is subdivided into
1-minute subsegments. We apply a Hamming window to
each of these 1-minute subsegments prior to FFT analysis
and then average these spectra with 50% overlap. The
averaging is performed to minimize noise in the spectra
due to spectral leakage [20]. The resulting power spectral
densities range from the minimum resolvable frequency of
1/60 sec = 0.0167 Hz to the Nyquist frequency of 10 Hz/2 =
5 Hz.

3. Method of Analysis

3.1. Ionospheric Turbulence Model. Following the develop-
ment by Rino [16], a continuously displaced coordinate
system is chosen in which the measurement plane follows the
principal propagation direction. The propagation geometry
is shown in Figure 2. The coordinate system is defined with
origin at the ionospheric penetration point (IPP), (xp, yp,
and zp), which is located at the center of the ionospheric
layer. At each point along the propagation path the x, y,
and z axes point toward geomagnetic north, geomagnetic
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Figure 2: Geometry of propagation through a layer of field-
aligned irregularities in the equatorial ionosphere. The coordinate
system is defined with the origin at the ionospheric penetration
point which is located at the center of the scattering layer. The
continuously displaced coordinate system follows the principal
propagation direction. At each point along the propagation path the
x, y, and z axes point toward geomagnetic north, geomagnetic east,
and downward, respectively.

east, and downward, respectively. The thickness of the iono-
spheric layer, assumed to contain homogenously distributed
irregularities, is L. The angle θ is the propagation (nadir)
angle at the IPP, and ϕ is the magnetic meridian angle of the
propagation vector.

As in [16], the 3D spatial spectrum of electron density
fluctuations (δN) is modeled as a power law with an outer
scale as follows:

ΦδN
(
q
) = Cs

(
q2

0 + q2
)(ν+1/2) . (1)

In (1), Cs is the strength of turbulence, ν is the irregularity
spectral index, and q is the isotropic (radial) wavenumber.
The outer scale wavenumber, q0, is related to the outer scale
of the turbulence, L0, as q0 = 2π/L0. In this model, ν > 1
is required for the variance of electron density fluctuations
to remain finite. For irregularity scales such that q � q0

this spectrum reduces to the pure power law form ΦδN (q) =
Csq−(2ν+1). In the equatorial region, electron density irregu-
larities are highly elongated and aligned with the geomag-
netic field. To account for irregularity anisotropy, Rino [16]
employed a scaling and rotation of the coordinate system;
this transformation is described in considerably more detail
in [18]. Application of this transformation to (1), followed by
straight-line integration through the ionospheric layer along
the line of sight, followed by Fourier transformation, gives an
expression for the correlation function of phase fluctuations
just beneath the screen:

Rδφ(ξ) = r2
e λ

2sec θGCsL

∣
∣
∣
∣∣
ξ

2q0

∣
∣
∣
∣∣

ν−1/2
Kν−1/2

(
q0ξ
)

2πΓ(ν + 1/2)
. (2)

In (2), re is the classical electron radius, λ is the radio wave-
length, ξ is the separation distance in the transverse plane,
Kν−1/2 is the modified Bessel function of order ν−1/2, and Γ is
Euler’s gamma function. Equation (2) above was first derived
in [16] and appears in that paper as (11). G is a geometric
enhancement factor which is given by

G = ab√
AC − B2/4 cos θ

. (3)

Equation (3) also appeared in [16] but with a typographical
error; the factor cos θ should be outside the radical as shown
in (3). The scaling factors a and b in (3) elongate contours
of constant phase correlation along and transverse to the
magnetic field, respectively. The coefficients A, B, and C
depend on the direction of propagation and the orientation
of the irregularity axes [16]:

A = C11 + C33tan2θcos2ϕ− 2C13 tan θ cosϕ,

B = 2
[
C12 + C33tan2θ sinϕ cosϕ

− tan θ
(
C13 sinϕ + C23 cosϕ

)]
,

C = C22 + C33tan2θsin2ϕ− 2C23 tan θ sinϕ,

(4)

where

C11 = a2cos2ψ + sin2ψ
(
b2sin2δ + cos2δ

)
,

C22 = b2cos2δ + sin2δ,

C33 = a2sin2ψ + cos2ψ
(
b2sin2δ + cos2δ

)
,

C12 =
(
b2 − 1

)
sinψ sin δ cos δ,

C13 =
(
a2 − b2sin2δ − cos2δ

)
sinψ cosψ,

C23 = −
(
b2 − 1

)
cosψ sin δ cos δ.

(5)

In (5), ψ is the magnetic inclination angle and δ is the angle
at which irregularities are inclined from the xz plane (which
we take to be zero). We use the International Geomagnetic
Reference Field (IGRF) 2000 [21] to compute these param-
eters at the location of the ionospheric penetration points,
using an assumed ionospheric shell height of 350 km.

It is convenient, at this point, to introduce the vertically
integrated strength of turbulence at the 1 km scale [22]:

CkL =
(

1000
2π

)2ν+1

CsL. (6)

It is common to evaluate the turbulence strength in this form
since the layer thickness (L) and turbulent intensity appear
together as a product and need not be known independently
[5, 22–24]. Characterizing the strength of scatter using CkL,
rather than S4, is advantageous because the former is a
property of the random medium alone, whereas the latter
depends on the random medium, propagation geometry, and
frequency of the radio wave.

Up to this point, the ionospheric turbulence model
involves purely spatial quantities, whereas a time series of
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field fluctuations is measured by the receiver during an
experiment. Assuming the random medium is invariant over
the measurement interval (this is the Taylor hypothesis of
frozen-in flow), spatial fluctuations and temporal fluctua-
tions can be related by a model-dependent effective scan
velocity. The effective scan velocity consistent with the Rino
spectral model is [16, 18]

veff =
[
CV 2

sx − BVsxVsy + AV 2
sy

AC − B2/4

]1/2

. (7)

Assuming the irregularity drift is purely in the zonal direc-
tion, the scan velocity in the continuously displaced coordi-
nate system is given by

Vsx = −
(
Vpx − tan(θ) cos

(
ϕ
)
Vpz

)
,

Vsy = VD −
(
Vpy − tan(θ) sin

(
ϕ
)
Vpz

)
,

(8)

where VD is the zonal irregularity drift velocity, and Vpx,
Vpy , Vpz are the velocity components of the ionospheric
penetration point (IPP) in the magnetic north, magnetic
east, and down directions, respectively. In (8), the terms
involving tan θ account for the horizontal translation of the
continuously displaced coordinate system as it follows the
propagation ray path. We note that the effective scan velocity
has a particularly simple interpretation for the special case
of normal propagation through infinitely long irregularities;
in this case veff is equal to the zonal irregularity drift velocity
minus the zonal component of the IPP velocity. The general
case of oblique propagation and finite irregularity axial
ratio is used for the calculations in this paper. Following
the approach implemented by the Wideband Scintillation
Model (WBMOD) [22] and also [25], the component of IPP
velocity parallel to the line of sight has been removed prior to
the calculation (8) in order to reduce spectral smearing. We
compute the GPS satellite locations and velocities using the
SGP4/SDP4 satellite propagator from Spacetrack [26].

In the next section, we use the model for the correlation
function of phase fluctuations given in (2) and phase screen
theory to compute the model spectrum of intensity fluctua-
tions in the reception plane.

3.2. Calculation of the Model Intensity Spectrum. A widely
employed simplifying assumption in transionospheric radio
propagation problems is the phase screen approximation.
In the phase screen approximation, the interaction of the
wave with an extended irregularity layer is replaced by that
with an equivalent thin phase-changing screen [15–18, 27].
This approximation neglects diffraction effects that develop
within the irregularity layer, which can be considerable
when the scattering is strong. Nevertheless, several authors
(e.g., see [27] and the references therein) have demonstrated
that an equivalent phase screen accurately reproduces the
amplitude and phase scintillation predicted by a more com-
plex formulation that accommodates diffraction within the
scattering layer provided that the height of the phase screen
is appropriately chosen. In this paper, we employ the phase
screen approximation so that the ionospheric turbulence

may be characterized using a small number of parameters
(i.e., those parameters which specify the equivalent phase
screen).

When a plane wave is incident on a thin phase-changing
screen, the spectrum of intensity fluctuations at the reception
plane, at some vertical distance z beyond the screen, may
be calculated using the algorithm proposed by Booker
and MajidiAhi [28]. This algorithm provides an intensity
spectrum that satisfies the differential equation governing the
4th moment of the field in the thin screen approximation
(e.g., see Ishimaru [15, Section 20–14]). The Booker and
MajidiAhi approach is not limited to weak scatter conditions,
as are the analytical results relating the screen parameters to
S4 given in [16]. These analytical results are implemented in
the Wideband Model [22, 29], which applies an empirical
correction for strong scatter based on the questionable
assumption of Rician statistics. By solving the 4th moment
equation directly there is no need to assume Rician statistics
when the scatter is strong. While the 4th moment equation
has been solved in various other forms (e.g., [30–32]),
Booker et al. [27] explains that the Booker and MajidiAhi
formulation [28] provides the most accurate results for the
same level of computational effort. In this section, we adapt
the Booker and MajidiAhi approach so that it may be used
with Rino’s model for the correlation function of phase
fluctuations (2).

We begin by defining the Fresnel parameter, F, in terms
of the signal wavelength and the slant propagation distance,
z secθ:

F =
(
λz secθ

2π

)1/2

. (9)

Next, we form two functions that depend on the separation
distance in the transverse plane, ξ, and the spatial wavenum-
ber, k:

f (ξ, k) = 2Rδφ(ξ)− Rδφ
(
ξ − kF2)− Rδφ

(
ξ + kF2),

g(ξ, k) = exp
{−[ f (0, k)− f (ξ, k)

]}− exp
{− f (0, k)

}
.
(10)

Finally, the spectrum of intensity fluctuations is given by

I(k) = 2
∫∞

0
g(ξ, k) cos(kξ)dξ. (11)

The factor of 2 appears in (11), instead of 4 as in the Booker
and MajidiAhi paper [28], in order to change from a one-
sided spectrum to a two-sided spectrum for consistency with
Rino [16]. The integral in (11) is oscillatory and challenging
to evaluate. This is especially true when the scatter is weak
and Fresnel ringing is present in the spectrum. We use
an adaptive bisection algorithm from QUADPACK [33]
to evaluate (11). Once the intensity spectrum has been
computed, the scintillation index may be calculated by inte-
grating the spectrum over all wavenumbers:

S2
4 =

1
2π

∫∞

0
I(k)dk. (12)
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Once again, we have a formulation that involves spatial
quantities, while a time series of intensity fluctuations are
measured during an experiment. It can be shown by a change
of variables that when temporal frequencies ( f ) in the time
series of intensity fluctuations and spatial wavenumbers (k)
are related as

f = veff

(
k

2π

)
, (13)

then temporal power spectral densities I( f ) and spatial pow-
er spectral densities I(k) are related as

I
(
f
) = I(k)

veff
. (14)

Once the temporal intensity spectrum is known, the decor-
relation time (τ) corresponding to the model spectrum can
be evaluated by Fourier transforming I( f ) to obtain the
intensity correlation function and then determining the time
lag to 50% decorrelation.

3.3. Iterative Parameter Estimation. The preceding sections
have described a technique to compute the temporal spec-
trum of intensity fluctuations corresponding to a given
ionospheric screen. The free parameters of the model are the
altitude of the phase screen (Hp), the anisotropy parameters
(a, and b), the outer scale (L0), the turbulence strength (CkL),
irregularity spectral index (ν), and the zonal irregularity drift
velocity (VD). All the other parameters in the model can
be computed from the signal frequency and propagation
geometry. In this paper we assume a = 50, b = 1, and
L0 = 10 km. The results of a sensitivity study revealed that
the intensity spectrum so computed is insensitive to the
value of a once the ratio a/b exceeds approximately 20. In
general, we cannot unambiguously measure L0 from the
GPS observations alone, because L0 is much larger than
the Fresnel break scale. Scales larger than the Fresnel break
scale are naturally filtered out by diffraction and therefore
contribute little to the intensity fluctuations on the ground
(except in the case of strong focusing). In a second sensitivity
study it was determined that the phase spectral index, p =
2ν, as determined using the IPE technique, is insensitive
to the value chosen for L0 so long as the latter is much
larger than the Fresnel scale. The effective scan velocity, veff,
and therefore also our estimates of the zonal irregularity
drift velocity (VD), depend on the assumed altitude of the
phase screen. We assume the fixed value Hp = 350 km for
the calculations in this paper. With these assumptions, the
remaining independent parameters are CkL, p, and VD;
these parameters specify the ionospheric screen and will be
estimated from the scintillation observations by fitting the
model intensity spectrum to the observed intensity spectrum
as described next.

We define a metric to measure the difference between
the modeled intensity spectrum (Im) and measured intensity
spectrum (I) in the log-log domain:

χ2 = 2
fmax − fmin

∫ fmax

fmin

[
log I

(
f
)− log Im

(
f
)]2

d log
(
f
)
.

(15)

Given an initial guess for the screen parameters CkL, p, and
VD, we determine the optimal values of these parameters
which provide the best fit of the model intensity spectrum
to the measured intensity spectrum by minimizing χ2. We
use the downhill simplex method [34] to perform the
multidimensional minimization. The factor 2 in (15) is to
account for both positive and negative frequencies, and the
frequency difference in the denominator is a normalization
factor. The integration over frequency spans from fmin to
fmax. We chose fmin to be the smallest nonzero frequency after
averaging the spectrum according to Welch’s method [20],
which corresponds to 0.0167 Hz as explained in Section 2.
The frequency fmax is chosen as the maximum useable
frequency before the noise floor in the PSD is reached. We
estimate this frequency from the measured intensity spec-
trum by identifying frequency samples for which Im( f ) <
−35 dB, and then taking fmax as the frequency that separates
the first 5% of these samples from the remaining 95%. The
−35 dB cutoff is receiver specific and was determined by
numerical experimentation.

We note that IPE analysis, as described above, is a com-
putationally intensive procedure. The calculations shown
in this paper required more than three days (wall clock
time) to produce on a Pentium-class Quad Core workstation.
A faster approach is possible, however, where the forward
propagation calculation described in Section 3.2 is replaced
by an approximate calculation, as follows. First, numerical
realizations of the screen phase are generated which are
characterized by the autocorrelation function given in (2).
Next, a plane wave is propagated through the screen and
through free space down to the ground (using, for example,
the phase screen technique described in [8, 35] or [24]).
Finally, this process is repeated many times and the results
ensemble averaged to produce a smooth intensity spectrum,
which is needed for least-squares fitting the measured inten-
sity spectrum.

4. Results and Discussion

4.1. Example Application of the IPE Technique. The method-
ology described in Section 3 is a technique for inferring the
parameters of the ionospheric screen from a time series of
intensity fluctuations due to transionospheric propagation
in the equatorial ionosphere. Figure 3 shows two example
applications of the IPE technique using GPS measurements
collected at Campo Grande on 1-2 November 2002. The
time series of intensity fluctuations in Figure 3(a) correspond
to a case of relatively weak scatter measured late in the
evening (26:00 UT). The C/No fluctuates a few dB about
the background level and the measured scintillation intensity
index, S4m = 0.34, is relatively small. The rate of intensity
fluctuations, quantified by the decorrelation time, τm =
1.2 sec, is moderate. Accounting for the propagation geom-
etry, magnetic field configuration, and velocity of the GPS
satellites at the time the measurement was taken, as described
in Section 3, the IPE technique gives the ionospheric screen
parameters as CkL = 1.63 × 1035, p = 3.26, and VD =
113.8 m/s. The corresponding effective scan velocity in this
case was veff = 69 m/s. The χ2 for the spectral fit was
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Figure 3: Time series of intensity fluctuations at Campo Grande during weak scatter (a) and during strong scatter (c). The corresponding
temporal power spectral densities (PSD) are shown in (b) and (d), respectively. The PSD for the data are shown in black, while the PSD
from the model are shown in red. The frequencies corresponding to the outer scale ( f0), break scale according to weak scatter theory ( fb),
and inverse decorrelation time (1/τ) are shown. The shaded regions indicate the portions of the spectra ( fmin ≤ f ≤ fmax) over which the
least-squares fits to the spectra are calculated.

0.052. Both the model intensity spectrum (Figure 3(b) red
curve) and the measured spectrum (Figure 3(b) black curve)
show evidence of Fresnel rings, which occur in weak scatter
when the ionospheric scattering layer is relatively thin.
Since the scatter is weak and the phase spectral index is
relatively shallow, frequencies smaller than the Fresnel break
frequency, fb = veff/(2z secθ)1/2, are suppressed by diffraction
during free-space propagation [28]. For frequencies larger
than fb, the intensity spectrum follows a power law with
slope equal to the spectral index of the screen. The time
series of intensity fluctuations in Figure 3(c) correspond to
a case of strong scatter encountered earlier in the evening
(23:34 UT). In this case, the C/No undergoes deep fades of
up to 20 dB, and the scintillation index is S4m = 0.93, which
is close to the saturation value of 1.0. The fades occur more
rapidly with a decorrelation time of τm = 0.46 sec, which
is partly due to multiple scatter effects which generate small
scale features at the reception plane [28, 36], and also partly
due to a faster effective scan velocity (veff = 146 m/s) in this
case [5]. Frequencies smaller than the Fresnel break scale are

suppressed less effectively than in the weak scatter case due
to the influence of refractive scatter [28]. For frequencies
larger than fb but less than 1/τm, the intensity spectrum
deviates substantially from a power law by broadening and
steepening under the influence of refractive scatter. For
frequencies larger than about 1/τm, the power law behavior
of the intensity spectrum is restored, but at these frequencies
the spectral power is often smaller than the noise floor of the
receiver. In this case, it is not possible to measure the spectral
index of the ionospheric screen directly from the slope of
the intensity fluctuations when the scatter is strong. The
IPE technique provides a way to circumvent this problem;
the phase spectral index (and therefore also the irregularity
spectral index) can be retrieved even when the measured
intensity spectrum does not manifest a power law regime.

4.2. Directly Measured Parameters. We begin by presenting
the latitudinal and local time morphology of those parame-
ters which are measured directly from the GPS observations
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(i.e., without IPE analysis). Figure 4 shows the variation of
vertical-equivalent total electron content (TEC), the scin-
tillation index (S4m), and the decorrelation time (τm). The
latitudes and local times for which the measurements have
been assigned correspond to the latitudes and local times
of the 350 km ionospheric penetration points. The total
electron content was computed from the GPS observations
using the two-frequency technique as described in [37]. For
the TEC, all available data samples (with 60 second cadence)
are shown in Figure 4(a). For the scintillation index and
decorrelation time, the plots (Figures 4(b) and 4(c)) show
data samples only for the statistically stationary segments of
the intensity time series for which S4 > 0.3, as described
in Section 2. Because of this S4 threshold, fewer samples are
shown for the equatorial station Alta Floresta than for the
anomaly stations Boa Vista and Campo Grande, since the
scintillations at Alta Floresta were much weaker.

We observe, from Figure 4(a), that a well-developed
equatorial anomaly was present on this evening (1-2 Novem-
ber 2002). The northern crest of the anomaly was located a
few degrees northward of Boa Vista. The southern crest of
the anomaly was located a few degrees southward of Campo
Grande. Multiple gaps in the TEC data are evident prior to
local midnight when the scintillation activity caused loss of
lock on either the GPS L1 or L2 carriers (or both). These
TEC gaps preclude a direct quantitative correlation between
TEC and S4m during strong scintillations, but it is clear from
Figure 4 that the largest S4m values generally occur at or
near the crests of the equatorial anomaly and during early
postsunset local times. The decorrelation time tends to be
short (τm < 1 sec) when the scintillation is intense (i.e.,
S4m larger than 0.5-0.6), but there can be exceptions to this
rule. In general, the decorrelation time depends on both
the strength of scatter and also the effective scan velocity
[5, 36].

At this point we can address the validity of the IPE
approach, as applied to this specific dataset. Booker et al.
[27] state that the approach we have used to solve the 4th
moment equation is limited to small-angle scatter such that
λ/(2πLc) � 1, where λ is the signal wavelength (0.19 m
for the GPS L1 signal) and Lc is the correlation length of
intensity fluctuations on the ground. The correlation length
can be computed from the effective scan velocity veff and
decorrelation time τ as Lc = veffτ. Since we have computed
both veff and τ for every case in which the IPE technique
has been applied, we can calculate the correlation lengths
explicitly. The minimum correlation length we encountered
in this dataset was 40 m. This corresponds to a maximum
scattering angle of 8 × 10−4 radians, which is much smaller
than 1, and therefore our propagation calculations using the
IPE are valid even for the most strongly disturbed conditions
that were observed during the experiment.

4.3. Parameters Inferred by IPE Analysis. As described in
Section 3, application of the IPE technique provides the
parameters of the ionospheric screen that result in a model
intensity spectrum that best matches the measured intensity
spectrum in a least-squares sense. Figure 5 shows the χ2

values from these least-squares fits for all applications of
the IPE technique presented in this paper (from all three
stations combined). We chose to discard the IPE results if the
χ2 of the fit exceeded a threshold of 0.5, considering these
as poor fits between the model and the measurements. As
can be seen from the histogram, however, the number of
IPE results rejected on this basis was very small. Figure 6
shows a comparison between the scintillation index and
decorrelation time calculated from the model intensity
spectrum with those calculated directly from the measure-
ments. The close agreement between the measured and
modeled scintillation index and decorrelation time indicate
the accuracy of the least-squares fitting, and the ability of the
ionospheric turbulence model to reproduce the observations.

Figure 7 shows the ionospheric screen parameters in-
ferred from the IPE analysis of the GPS observations on
this evening (1-2 November 2002). The calculated values
for the vertically integrated turbulent strength (CkL) span
roughly 2 decades, ranging from 1 × 1034 to 1 × 1036.
Comparing Figures 7(a) and 4(a) reveals that the largest
values of CkL were generally encountered close to the crests
of the anomaly, northward of Boa Vista and southward of
Campo Grande. The largest values of CkL were observed by
the receiver at Campo Grande, and the scintillations persisted
2 hours longer at Campo Grande than at Boa Vista. This
is consistent with the results reported by de Paula et al.
[14], which suggests the scintillations may be more intense
at Campo Grande than at Boa Vista due to a combination
of the effects of a larger postsunset vertical plasma drift
and delayed collapse in peak electron density (over Campo
Grande). Since the geometrical aspects of the scattering are
not reflected in CkL (it is a properly of the random medium
alone), it is conjectured that this parameter may correlate
better with the vertical TEC in the region than would the
scintillation index S4, which depends on both the medium
and the propagation geometry. We were not able to confirm
this hypothesis in a quantitative manner using the GPS
observations alone, due to the numerous loss of lock events
caused by the scintillation itself (which prevented us from
measuring the TEC). The difficulties associated with TEC
estimation using satellite links that are strongly scintillating
are widely known, for example, [38].

The values for the phase spectral index of the ionospheric
screen (p), as inferred from the IPE analysis, generally ranged
from 2.5 to 4.5. No significant differences in the phase
spectral index were observed between the three COPEX
stations. Figure 7(b) shows a clear increase in the spectral
index with increasing local time, which the authors believe
is a new result. The increase of p with increasing local time
may suggest the erosion (decay) of small scale features in
the turbulence as it evolves in time. On the other hand,
the values of CkL (Figure 7(a)) or S4 (Figure 4(b)) on this
evening do not show much evidence of decay with increasing
local time, except that after 25 LT there are no longer any
data samples which meet the requirements of S4 > 0.3
(and stationarity). The observation that the spectral index is
steepening while the scintillation strength is unchanging may
suggest that while the small scale features are eroding away,
the large scales features near the Fresnel scale (on the order of
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Figure 4: Directly measured parameters from the AFRL GPS receivers at the three COPEX stations on 1-2 November 2002: (a) vertical
equivalent TEC, (b) scintillation intensity index (S4m), and (c) decorrelation time (τm). Dotted lines demark the latitudes of the three stations.

400 m) which contribute most strongly to the scintillations at
L band, have been only modestly affected.

Figure 7(b) shows the irregularity zonal drift velocities
(VD) inferred from the IPE analysis. The irregularity zonal
drift velocities were roughly the same at all three COPEX
stations, generally ranging from 100 to 200 m/s, with the
exception of those values computed for early local times.
Prior to about 20:30 LT, the estimates of VD were anoma-
lously small at Boa Vista (less than 100 m/s) and anomalously
large at Campo Grande (larger than 200 m/s). At early
local times the equatorial plasma bubbles that generate the
plasma turbulence are still evolving and have a vertical
component of velocity in addition to a zonal component.
As pointed out by Rino et al. [16–18], the ionospheric
turbulence model described in Section 2 is valid only for
fully developed irregularities that do not evolve as they
translate. Furthermore, we have assumed the irregularity
motion to be purely zonal, which is clearly incorrect at
early local times. Later in this paper we will show that after
20:30 LT the IPE inferred zonal irregularity drifts compare
favorably with measurements of the zonal drift made using
the spaced-receiver technique. It is interesting to note that

it is possible, using the IPE technique, to infer the zonal drift
using only a single receiver. This capability could provide new
opportunities to measure the irregularity zonal drift velocity
at sites where only a single receiver is available.

4.4. Characterization of Phase Scintillations. The parameters
CkL, p, and VD, along with the assumed values we have
used for the altitude Hp, outer scale L0, and anisotropy
ratio (a : b), completely specify the ionospheric screen and
its translational velocity. For the sake of completeness, we
also show the latitudinal and local time variation of two
additional parameters which characterize phase scintillations
and can be calculated from these others, namely, the strength
of the spectrum of phase fluctuations and absolute phase
variance. Rino [16] shows that when the ionospheric screen
is described as in Section 2, and if diffraction effects on the
phase are neglected, the 1D temporal spectrum of phase
fluctuations can be expressed as

P
(
f
) = T

[
f 2
0 + f 2

]p/2 , (16)
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Figure 5: Histogram of the χ2 values from the least-squares fits
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applications of the IPE technique presented in this paper (from
all three stations combined). A threshold of χ2 = 0.5 (shown as
the dotted vertical line) was chosen to identify good and bad fits
between the model and the measurements.

where T is the strength of the temporal spectrum of phase at
a scale of 1 Hz. The parameter T can be expressed in terms of
other parameters of the screen and the geometry which are
known after the IPE analysis:

T = r2
e λ

2G secθ
(

2π
1000

)p+1

CkL

√
π Γ
(
p/2
)

(2π)p+1Γ
[(
p + 1

)
/2
] v

p−1
eff .

(17)

Integrating P( f ) over all frequencies gives an expression for
the absolute phase variance:

σ2
ϕ = r2

e λ
2G secθ

(
2π

1000

)p+1

CkL
q

1−p
0 Γ

((
p − 1

)
/2
)

4πΓ
((
p + 1

)
/2
) . (18)

Note that the phase variance depends on the outer scale
wavenumber, which we do not measure. Hence the values for
the phase variance we report, like CkL, must be considered
as relative to our specific choice of outer scale (10 km). It
is also important to note that the expressions (16) and (17)
were derived while neglecting the effects of diffraction on the
measured phase, which become important when the scatter is
strong [8]. Nevertheless, the parameters T and σ2

ϕ have been
used extensively in the literature for characterizing the effect
of scintillation on GPS tracking loop performance [39, 40] so
we report these findings here.

Figure 8 shows the latitudinal and local time variations
of the parameters T and σ2

ϕ during the evening of 1-2
November 2002. The strength of the phase spectrum (T)
ranged from −60 dB (weak) to −15 dB (very strong), with
the largest values encountered at early local times at the
anomaly stations Boa Vista and Campo Grande. The absolute
phase variance reached up to 500 radians squared, which
is well into the strong multiple-scatter regime [28]. The
largest values of the absolute phase variance occurred near
the anomaly crests, northward of Boa Vista and southward
of Campo Grande. We note that using the IPE technique, it
is possible to estimate the parameters T and σ2

ϕ even when
the GPS phase observations cannot be analyzed directly due

to loss of phase lock. This may be helpful when studying
the influence of scintillation on loss of lock and GPS
positioning accuracy, where one of the principal challenges is
to characterize the conditions under which loss of phase lock
occurs in spite of the fact that loss of phase lock precludes
direct measurement of T and σ2

ϕ [5].

4.5. Local Time Variation at the Three Stations. The plots
shown in Figures 4, 7, and 8 allow examination of the param-
eters as a function of latitude and local time. This format has
been chosen in order to compare the parameters to the struc-
ture of the equatorial anomaly, which varies with latitude and
local time. Nevertheless, the local time dependence of the
screen parameters is perhaps more clearly shown in Figure 9.
The plots shown in Figure 9 include all data, irrespective of
the latitude at which they were measured. Figure 9(a) shows
the dependence of CkL with local time. The largest values
of CkL were encountered at the anomaly stations Boa Vista
and Campo Grande. A clear latitudinal asymmetry in the
turbulent intensity is evident in Figure 9(a), as theCkL values
were generally larger at Campo Grande than they were at Boa
Vista. There was little change in CkL with local time during
this particular evening, but the scintillations exceeding our
threshold of (S4 > 0.3) persisted 2 hours longer at Campo
Grande than at Boa Vista. As commented earlier, the phase
spectral index (Figure 9(b)) showed a marked change from
2.5 just after local sunset increasing to as large as 4.5 after
local midnight. Again, this steepening of the spectrum may
suggest that the small scale features of the turbulence are
being eroded away. Figure 9(c) reveals that the strength of
the phase fluctuation spectrum decreases with increasing
local time. From (17), it is easy to show that if CkL and
all other parameters except p are held constant, then T
will decrease approximately linearly with increasing p on
a logarithmic scale. Under these conditions the strength of
phase scintillations decrease with increasing local time. We
note that it would be very useful, for both academic interest
and also modeling purposes, to know how the strength and
spectral index of the plasma turbulence within the same
equatorial plasma bubble change as a function of time. Since
the measurements from the COPEX campaign are from
receivers located along a fixed magnetic meridian, we cannot
follow the evolution of a single bubble as it drifts zonally.
It would be interesting to repeat this experiment using a
chain of receivers distributed zonally to infer how the screen
parameters vary in a frame of reference that follows the
bubbles as they drift.

4.6. Comparison with Spaced-Receiver Measurements of the
Irregularity Zonal Drift. The IPE analysis provides estimates
for the parameters of the ionospheric screen which yield a
temporal spectrum of intensity fluctuations that most closely
match the observations in a least-squares sense. One of
these screen parameters is its translational velocity in the
zonal direction, VD. This is a model-inferred irregularity
drift velocity, not a direct measurement of the rate at which
the density irregularities sweep past two points in space
as is provided by the spaced-receiver technique. Both the
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Figure 6: Comparison between parameters inferred from the model intensity spectra and those calculated directly from the measurements:
(a) measured scintillation intensity index (S4m) and model scintillation intensity index (S4); (b) measured intensity decorrelation time (τm)
and model intensity decorrelation time (τ).

spaced-receiver technique and also IPE analysis are subject
to errors if the irregularities evolve temporally as they drift.
An excellent discussion of this issue and other potential
sources of error when measuring the zonal irregularity drift
using spaced GPS receivers may be found in [19]. A detailed
analysis of zonal irregularity drift velocity using the spaced
GPS receiver technique during the COPEX campaign is
provided by Muella et al. [11] and de Paula et al. [14].

In this section, we compare the zonal drift estimates
provided by the IPE technique with the estimates provided
by the colocated 4-channel VHF receivers at Boa Vista, Alta
Floresta, and Campo Grande, and also with the GPS spaced-
receiver measurements provided by Muella et al., as described
in [11]. The estimates from Muella were measured at Boa
Vista, Cachimbo, and Campo Grande. We will compare our
measurements at Alta Floresta (9.9◦S, 56.1◦W) to Muella’s
measurements at Cachimbo (9.5◦S, 54.8◦W), since these
stations are close to one another. For both the GPS spaced-
receiver drift estimates and the IPE drift estimates, the
geometry of propagation with respect to the magnetic field
has been taken into account, and also the motion of the
ionospheric penetration points. For the VHF spaced-receiver
measurements, these geometrical considerations have not
been accounted for, but these corrections are smaller when
the satellites are viewed at high elevation angles. Therefore
we only show results for the east links which are visible at
higher elevation angles than the west links.

Figure 10 shows a comparison of the zonal drift velocity
estimated using the IPE technique with estimates provided
by the VHF east links (channels 3-4), and the GPS spaced-
receiver measurements provided by Muella et al. [11]. We
observe that after approximately 20:30 LT, the IPE estimates
compare favorably with both the VHF spaced-receiver
estimates and the GPS spaced-receiver estimates. All three
techniques show considerable scatter at early local times,

presumably because the plasma bubbles are still evolving and
have significant vertical components of velocity.

The fact that the IPE inferred drifts agree with the VHF
and GPS spaced-receiver drift estimates is encouraging and
may lend confidence to the IPE estimates of CkL and p,
parameters for which no independent source of validation
data is readily available. We plan to repeat the IPE analysis for
the remaining evenings of the COPEX campaign in order to
validate the technique and also to study the average seasonal
behavior of the ionospheric screen parameters during the
duration of the experiment.

We should emphasize that the IPE technique is not
intended as a replacement for the spaced-receiver technique.
The spaced-receiver technique provides a direct measure-
ment of the zonal irregularity drift once the necessary
geometric corrections [19] have been applied, whereas
IPE analysis provides a model-inferred drift estimate. For
example, the IPE drift estimates would change if a different
model for the irregularities were used (e.g., a two-component
spectral model). As such, the IPE technique cannot be
expected to provide as reliable estimates of the zonal drift
as the spaced-receiver technique. Furthermore, the nonlinear
nature of the inversion process makes it unclear how to
provide error bounds for these drift estimates. Despite these
limitations, however, the IPE technique should be useful for
ground stations where zonal drift estimates are desired but
only a single receiver is available.

5. Remarks and Conclusions

In this report, we introduce a new technique called Iterative
Parameter Estimation (IPE) for inferring ionospheric turbu-
lence parameters from a time series of scintillating intensity
measurements resulting from propagation through the low
latitude ionosphere. The method of analysis is new and,
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unlike analytical theories of scintillation based on the Born
or Rytov approximations, it is valid for strong scatter when
the scintillation index (S4) saturates due to multiple-scatter
effects. IPE employs the phase screen approximation and a
numerical inversion technique to estimate the parameters of
an ionospheric screen which are consistent with the iono-
spheric turbulence model employed and the scintillations
observed. More specifically, IPE provides a set of screen
parameters that produces a model intensity spectrum which
best matches the measured intensity spectrum in a least-
squares sense. Due to the analytic intractability of the 4th
moment equation governing fluctuations in the field we must
determine the optimal parameters by numerical iteration,
and therefore we cannot guarantee the uniqueness of this
parametrization.

The underlying ionospheric turbulence model we have
used to fit the scintillation observations described in this
paper is that developed by Rino [16]. This model assumes the
electron density irregularities can be characterized by a slab
of homogenous, anisotropic fluctuations with a single-slope
power law spectral density function in three dimensions.
Actual turbulence in the equatorial ionosphere, by contrast,
consists of large-scale deterministic structure (equatorial
plasma bubbles) with small-scale random structure embed-
ded within these bubbles [17, 24]. Furthermore, there is
evidence to suggest that a model based on a two-component
power law is better able to characterize the plasma turbulence
under some circumstances [41]. Despite these limitations,
the Wideband Scintillation Model which is based on this
formulation has been shown to produce a very satisfactory
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Figure 10: Comparison of the zonal irregularity drift velocity calculated using the VHF east link (E), GPS spaced-receivers (S), and AFRL
GPS receivers using the IPE technique (I). (a) is for Boa Vista, (b) is for Alta Floresta, and (c) is for Campo Grande.

description of the scintillation of transionospheric signals
at frequencies ranging from VHF to L band (e.g., see [22]
and the references therein). The IPE technique itself is not
constrained to use any particular turbulence model, however,
and it would certainly be possible to extend the approach to
accommodate a two-component spectrum, for example.

We use the IPE technique to investigate the latitudinal
and local time variation of the plasma turbulence parameters
from 10 Hz GPS C/No measurements during one evening
(1-2 November 2002) of the Conjugate Point Equatorial
Experiment (COPEX) in Brazil. We find that the strength
of turbulence tends to be largest near the crests of the
equatorial anomaly and at early postsunset local times. We
note that the results of Muella et al. [42] suggest that the
most intense scintillations do not occur exactly at the crests
of the anomaly, but instead at the edges of the crests where
TEC gradients are largest. Due to the limited number of
observations considered in our analysis, and the gaps in our
TEC estimates due to scintillation induced loss of lock, we
can neither corroborate nor refute this claim. During the

evening we considered, the strength of turbulence showed
little variation as function of local time but was generally
stronger and lasted two hours longer at Campo Grande than
at Boa Vista. The phase spectral index was similar at the
three stations but increased significantly from 2.5 to 4.5
with increasing local time. We hypothesize that this change
in spectral slope may have occurred as small scale features
of the turbulence were gradually eroded. The larger-scale
sizes in the turbulence (near the Fresnel break scale), which
contributed most to the intensity scintillations, may have
decayed more slowly so that the turbulent intensity decreased
more gradually. An alternative interpretation for the local
time dependence of the spectral index is that the physical
mechanisms which generated these irregularities may have
differed depending on the time at which the bubbles were
generated. With GPS receivers operating from fixed locations
on the ground, it is not possible to distinguish between
old bubbles which have been decaying for a long period of
time and new bubbles which have developed at later local
times. Additional work needs to be performed in order to
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resolve this issue. It is hoped that either in situ density
observations or perhaps a longitudinally distributed chain of
GPS receivers may enable us to determine how the spectral
index varies as a function of the local time at which the
bubbles developed. Even though we examined only the GPS
intensity fluctuations and not the GPS phase measurements,
we were able to infer the strength of phase fluctuations and
the absolute phase variance based on theoretical consid-
erations. From this analysis, we inferred that the absolute
phase variance reached up to 500 rad2, which is well into
the strong multiple-scatter regime. The strength of phase
scintillations was inferred to decrease with increasing local
time. We found that estimates of zonal irregularity drift using
the IPE technique agreed favorably with those made using the
VHF and GPS spaced-receiver techniques. This encouraging
result suggests that IPE analysis may provide useful estimates
of zonal irregularity drift at scintillation monitoring sites
which are equipped with only a single receiver, so that the
spaced-receiver technique cannot be employed.

Since the COPEX campaign was conducted back in 2002,
the number of GPS receivers capable of providing high rate
(10 Hz or faster) scintillation observations in South America
has increased dramatically. The Low-Latitude Ionosphere
Sensor Network (LISN) [43, 44] includes more than 35 such
receivers and also will include five ionosondes distributed
along a magnetic field line in a fashion similar to COPEX.
The application of IPE analysis to GPS scintillation obser-
vations collected along this field line could enable routine
and systematic investigation of the latitudinal and local time
morphology of ionospheric turbulence that produces radio
wave scintillations at low-latitudes. It may also be instructive
to use a longitudinally distributed chain of GPS receivers
to follow the evolution of individual plasma bubbles to
determine how the turbulence evolves in a reference frame
that follows the bubbles. Such an investigation might help
better explain why the spectral slope was observed to increase
significantly with local time.
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Ionospheric and atmospheric anomalies registered around the time of strong earthquakes in low-latitude regions are reported now
regularly. Majority of these reports have the character of case studies without clear physical mechanism proposed. Here we try to
present the general conception of low-latitude effects using the results of the recent author’s publications, including also rethinking
the earlier results interpreted basing on recently established background physical mechanisms of anomalies generation. It should
be underlined that only processes initiated by earthquake preparation are considered. Segregation of low-latitude regions for
special consideration is connected with the important role of ionospheric equatorial anomaly in the seismoionospheric coupling
and specific character of low-latitude earthquake initiated effects. Three main specific features can be marked in low-latitude
ionospheric anomalies manifestation: the presence of magnetic conjugacy in majority of cases, local longitudinal asymmetry of
effects observed in ionosphere in relation to the vertical projection of epicenter onto ionosphere, and equatorial anomaly reaction
even on earthquakes outside equatorial anomaly (i.e., 30–40 LAT). The equality of effects morphology regardless they observed
over land or over sea implies only one possible explanation that these anomalies are initiated by gaseous emanations from the
Earth crust, and radon plays the major role.

1. Introduction

Many studies for the ionospheric precursors of earthquakes
have been done since 1964 when great Alaska “Good Friday”
(Mw = 9.2) earthquake took place on the 27th of March.
History of these studies is described by Pulinets and
Boyarchuk [1]. We can consider the starting date of system-
atic studies of seismo-ionospheric coupling from publication
of the book Ionospheric Precursors of the Earthquakes [2].
Pulinets [3] proposed to consider the ionospheric variations
stimulated by the earthquake preparation process as one
of the constituents of day-to-day ionospheric variability.
This statement was questioned in some publications [4, 5].
But after revealing the main phenomenological features of
ionospheric precursors [6] and their stable and confident
statistical characteristics [7–10] the discussions shifted to
the direction of their physical mechanism clarification. The
diversity of ionospheric effects manifestation before earth-
quakes (positive and negative deviations from undisturbed
level, local time dependence, longitudinal effect, etc.) pro-
duced confusion in heads of physicists, and instead of unitary

vision of the phenomena the diversity of the models was
proposed [11]. And the most mysterious fact was the differ-
ence in precursor manifestation in high and middle latitudes
and in low latitudinal regions. From the morphology of
low-latitudinal effects [12, 13] it became clear that the only
possible explanation could be found in the field of equa-
torial anomaly electrodynamics, and regardless the vertical
anomalous electric field proposed in the previous models
[14] some mechanism for generation of the zonal electric
field should be provided. This question stood unresolved
until the final conception of the lithosphere-atmosphere-
ionosphere coupling appeared [15] where atmospheric
effects play important role in the local modification of the
global electric circuit parameters [16]. Understanding the
underlying mechanism of the zonal electric field generation
opened the way to complete the physical model of seismo-
ionospheric effects in low-latitudes [17, 18].

The present paper will provide the short history of the
low-latitude and equatorial effects of the earthquakes studies
by the author and his group. Then the underlying physical
mechanisms will be considered together with examples of



2 International Journal of Geophysics

the precursors records for the recent major earthquakes.
And finally the paper will be concluded with still unresolved
problems, which need further clarification.

2. Topside Sounding Results:
The First Manifestation of Low-Latitude and
Equatorial Effects of Earthquakes in
the Ionosphere

Before the GPS era, in the absence of multisatellite constella-
tions like COSMIC the only means that permitted to provide
the global monitoring of the ionosphere variability at the
level of the F2-layer maximum was the topside sounding
[21]. And the very first results from IS-338 Intercosmos-
19 topside sounder [12, 13, 22] demonstrated unexpected
features of ionospheric anomalies before earthquakes in low-
latitude regions: the longitudinal asymmetry of the effect
in relation to the impending earthquake epicenter posi-
tion, amplification/degradation/distortion of the equatorial
anomaly shape in comparison with model solution, anomaly
development at a typical local time, conjugated effects
(anomalous deviations are observed not only over the
impending epicenter but in magnetically conjugated point
of opposite hemisphere), modification of the vertical distri-
bution of electron concentration in topside ionosphere, and
effects produced by low-mid latitude earthquakes (epicenter
is 10–20 degrees poleward from the equatorial anomaly crest
position) on electron concentration in equatorial anomaly.
Taking into account that the majority of these effects were
published earlier elsewhere, only most essential points will
be illustrated lower.

In the next sections following some specific features
revealed mainly with the help of topside sounding will be
presented. They were published elsewhere but never were
collected together. The uniqueness of these data is provided
by the fact that only topside sounder is able to reveal
variations of the critical frequency foF2 in global scale, and
over the areas without ground based ionosondes installed.

2.1. Longitudinal Features. In Figure 1 the longitudinal vari-
ation of the critical frequency foF2 obtained with the topside
sounder IS-338 at the latitude 3.2 (latitude of impending
earthquake epicenter) is presented. Continuous monitoring
of the longitudinal structure of the critical frequency distri-
bution for the fixed local time demonstrated its high stability:
with some variations of amplitude of critical frequency
variation, its shape remained stable for the given geophysical
conditions (season, solar activity, latitude, and local time).
The bold line marked by number 1 is the undisturbed
longitudinal distribution reflecting the so-called wave-4
longitudinal structure discovered by Intercosmos-19 satellite
[23, 24]. The dash-dot line marked by number 2 shows the
longitudinal distribution obtained 14 July 1980, 2 days before
the M7.3 earthquake at New Guinea region (3.2N, 143.3E).
The dashed line marked by number 3 was obtained on
15 July, 1 day before the main shock. Both distributions
demonstrate the pronounced minimum in the vicinity of
epicenter longitude, but the minimum on 14 July is shifted
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Figure 1: Longitudinal distributions of the critical frequency foF2
obtained by IS-338 topside sounder (Intercosmos-19 satellite) at
the latitude 3N for the fixed local time (05-06 LT). Bold line (1):
averaged quiet time distribution; dash-dot line (2): distribution
obtained for 14 July 1980; dashed line (3): distribution obtained on
15 July 1980.

to the east from the epicenter longitude. This feature was
unexplained until the mechanism of preseismic anomaly
formation was clarified [16].

2.2. Modification/Distortion of Equatorial Anomaly Shape.
In the left panel of Figure 2 the equatorial anomaly pre-
earthquake degradation is demonstrated 2 hours before
the moderate M5.1 shock in equatorial ionosphere 06.07
1979 [13]. The right panel demonstrates how the vertical
distribution of the electron concentration changed. It is
differential tomographic reconstruction of the latitudinal
cross-section of the equatorial anomaly, one can see now the
negative depletions in the crests of equatorial anomaly and
high increase of electron concentration over geomagnetic
equator leading to the anomaly degradation and crests disap-
pearance. The physical model of such changes in equatorial
anomaly before earthquakes is presented in [18].

Figure 3 demonstrates other cases of equatorial anomaly
distortion registered by topside sounder for different earth-
quakes. From left to right one can see deepening of the
anomaly trough between crests, formation of crests in
predawn hours, and strong distortion of equatorial anomaly
with trough movement to the north from geomagnetic
equator. Diversity of the observed effects implies the complex
physical mechanism that should be developed to explain
the observed effects in the equatorial anomaly before earth-
quakes.

2.3. Effects in Equatorial Anomaly from Low-Midlatitude
Earthquakes. Interesting feature of earthquake preparation
impact on equatorial anomaly was detected during the anal-
ysis of topside sounding data around the time of Mammoth
Lake seismic swarm in May 1980 [25] when during 3 days
the 4 shocks with magnitude M ≥ 6 and 4 shocks with
magnitude M ≥ 5.5 took place practically at the same
point 37.6◦N, −119◦W. In Figure 4 one can see in the left
panel the consecutive maps (2D distribution of the critical
frequency scaled from topside ionograms). The top map in
the left panel represents the undisturbed background level.
This map was constructed from several undisturbed days
in May 1980. Then, under the reference maps one can see
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Figure 2: (a) consecutive passes of Intercosmos-19 satellite over equatorial anomaly. In figure legend are shown time before earthquake and
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from the epicenter longitude; (b) tomographic reconstruction of the difference of the vertical distribution of electron density between July 6
and July 5 1979 (red and black lines at the left panel).

the distributions obtained for the same local time 15-16 LT
for the days 21, 22, 26, and 27 of May. In the right panel the
differential maps (difference between the current day and the
reference map) are shown. The main peculiarity observed on
the differential maps is a formation of the positive anomaly
close to the vertical projection of epicenter. But, in addition,
one can easily observe the negative deviation in the northern
crest of the equatorial anomaly. The absolute value of the
critical frequency deviation is not too much (near 12%),
but in the absolute values it is more than 1 MHz. Dynamics
of the latitudinal distribution of the critical frequency from
20 to 27 of May are shown in Figure 5. These distributions
demonstrate one more specific feature formation of addi-
tional density maximum at latitude 20–25◦N. But still the
most intriguing is the fact that the earthquake taking place
far enough from the equatorial anomaly (37.6◦N) produces
observable effect on anomaly. The possible reason for this
will be discussed next.

Some authors [26] claim that there are no effects of
equatorial anomaly on low-middle latitude earthquakes in
Japanese region, but it seems that it is not so. As was
demonstrated by Ouzounov et al. [27] the strong increase
of electron concentration before the Tohoku earthquake was
observed over huge territories including the equatorial
anomaly.

2.4. Conjugated Effects. For the first time the magnetically
conjugated effect in the ionosphere before earthquake was
detected while studying ionospheric effects before the Irpinia

earthquake M6.9 in Italy 23 November 1980 [28, 29]. Again,
like what was demonstrated in Subsection 2.3, the effect
was stimulated by the well-midlatitude earthquake (epicenter
latitude 40.5◦N). 2.5 days before the main shock the negative
anomaly was detected before sunrise (03–043 LT). This
anomaly is shifted from the epicenter location by 10 degrees
equatorward. Accurately placing the detected anomaly on
geomagnetic map we see that its center lies on the L-shell 1.3,
what corresponds to the outer edge of the northern crest of
equatorial anomaly. And the similar negative anomaly is
detected in magnetically conjugated area of the south-
ern hemisphere (Figure 6). Later conjugated effects were
observed regularly by in situ probes onboard the DEMETER
satellite [30] and using the data of GIM and COSMIC con-
stellation which are able to produce the global distribution of
the electron concentration or GPS TEC. New data confirmed
the possibility of generation of the conjugated effect by the
middle latitude earthquake [17] with the use of the first prin-
ciple physical model of the ionosphere. The model needs the
additional zonal electric field to reproduce the earthquake
effect in the ionosphere, and at the present moment the
crucial question is the mechanism of such field generation.

3. The Origin of the Anomalous
Electric Field Generated by the Earthquake
Preparation Process

Recent years are marked by increased activity in creation
of the models trying to explain the changes in atmospheric
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electricity before strong earthquakes [16, 19, 31, 32]. These
theories became the background of the model calculations of
the ionospheric effects [17, 18, 33, 34]. Taking into account
that results of model calculations strongly depend on the
initial conditions, it is worthy to consider the reality of the
proposed models of atmospheric electricity modification by
earthquake preparation process.

Let us start from the model proposed by Sorokin [31].
To obtain values of the anomalous electric field in the iono-
sphere of order 10 mV/m (what is extremely high and com-
parable with magnetic storm values) Sorokin [31] proposes
the so- called “external current,” which is somehow generated
by the charged aerosols and ions produced by the radon
ionization. It is a vertical current, so it should relate somehow
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with the natural vertical current of the global electric circuit.
According to recent information [35] the vertical current
density in fair weather conditions is∼2·10−12 A/m2. Sorokin,
in turn, proposes not the small adding to the natural current
but the value ∼4·10−6 A/m2 at the altitude 10 km, that is, 6
orders of magnitude higher than the natural current. In addi-
tion, looking at the figures in Sorokin’s paper, this current
has opposite direction in relation to the fair weather electric
current direction, that is, directed up. Taking into account
that the vertical current should be constant through the
whole bulk of atmosphere, the same value of current should

be observed not only at the altitude 10 km but at the ground
surface as well (finally, the source of the current proposed by
the author is underground). But we have no experimental
evidences of such value of vertical current measured ever.
It is absolutely unreal conception, and it a pity that some
prominent theoreticians try to use this approach as initial
conditions for the model calculations of the ionospheric
effects.

Another mechanism was proposed by Freund [19] based
on the solid state physics. Under the stress in the Earth
crust the accumulation of positive hole charge carriers h• at
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Figure 7: (a) conception of the positive EF field generation on the ground surface from Freund [19]; (b) modified conception of the positive
EF generation on the ground surface from Koons et al. (2011).

the surface produces positive surface charges that create the
vertical electric field in opposite direction to the natural one,
that is, directed upwards. There exist two versions of the fol-
lowing development. In the first one (Figure 7(a)) somehow
the ionization of air molecules happens and the flux of posi-
tive ions of O+

2 flows into the upper layers of atmosphere. The
return current is closed in corona discharge which returns
positive potential into negative. What is the origin of corona
discharge, and why it reverses the surface potential is not
clear. In addition, we should comment that corona discharge
will produce the ions of both signs, negative and positive. The
second version used by Kuo et al. (Figure 7(b)) does not use
the coronal discharge conception. In this version the positive
ions of oxygen molecules are formed “at sharp edges of rock
molecules” and go to infinity [36]. How this electric circuit is
closed, not clear at all. The authors do not take into account
the existence of the natural electric field at all. At the same
time the natural atmospheric electric field is a fundamental
feature of the global electric circuit conception, and any new
electric field appearing in near ground layer of atmosphere
will obviously interact with the natural one [37].

How real such conception is? No doubts that the solid
physics part is absolutely correct and production of p-holes
has taken place under the stress conditions. But the atmo-
spheric part gives births to a lot of questions. Why only
oxygen molecules are ionized? Atmospheric air contains a
lot of gases with similar ionization potentials. So, all of them
should be ionized. Positive oxygen molecules can exist in the
free state in atmosphere only few nanoseconds, then they
immediately enter in reactions and become hydrated. The
fluxes of positive oxygen molecules in atmospheric air are
completely impossible. One can find information on what
happens with atmospheric air molecules after corona dis-
charge in [20]. Figure 8 from this publication demonstrates
the basic air reactions after primary ionization, from where
it is clear that the fluxes of positive oxygen molecules are
impossible. Actually, except the reactions shown in Figure 8
there are hundreds of other reactions forming other ions with
different level of probability [38]. Every sort of these final
ions will have different mobility, and to calculate the changes
of atmosphere conductivity of the boundary layer is not
simple task.

As concerns the surface charge, which should appear
according to Freund, its propagation into the atmosphere
has also serious problems. We should take into account such
conception as “Coversphere” [39] The ground surface is
covered by sand, clay, soil, grass, trees, and cities; we have
pipelines and cables inside the near surface layer. So it is dif-
ficult to expect the pure effect like in laboratory experiments
with granite or igneous rocks. And it is completely impos-
sible to obtain such effects over the ocean surface. The
statistical data of ionospheric precursory effects shown by
DEMETER satellite (the most reliable source of statistical
data on ionospheric precursors of earthquakes for the
moment) shows that the number of ionospheric anomalies
connected with earthquake is higher for the ocean, than
for the land earthquakes [10]. If even to suppose that the
proposed by Freund [19] mechanism works, it will be valid
only for the land earthquakes, and will not work for the
earthquakes which epicenter is under water surface. From
the other side, there cannot be one mechanism for the land
another one for the ocean earthquakes, so we should look for
the other possibility.

Such possibility was proposed by Pulinets [16] (especially
for the equatorial anomaly) and is connected with modifi-
cation of the boundary layer conductivity by ionized action
of radon emanated from the Earth crust mainly through
the active tectonic faults. It should be noted in this point
that according to the recent concept of radon migration
in the crust, the major carrier of radon to the ground
surface is the carbon dioxide and other gases such as
methane, hydrogen, and helium [40]. Radon migration with
gases including underwater cases is described in detail in
this book. Gas discharges accompany the latest stages of
earthquake preparation and bring radon to the surface
even from underwater faults. Because of the novelty of
this conception there no earthquake-related measurements
of radon over oceans, but there are plenty of publications
reporting its abundance over the ocean surface. As to
the author’s knowledge the first communication on the
radon over the ocean surface was made by Broecker during
the Symposium held in Lamont Geological Observatory
(USA) in 1964 [41] This question was considered in the
review paper [42] where one can find more references on
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Broecker’s publications, as more recent publications about
radon measurements over the ocean surface the papers ([43]
and references therein) can be proposed. Another source of
radon in the near shore ocean waters (where the majority
of the strong subduction earthquakes take place) is the
ground water discharges carrying radon with them [44] They
demonstrate the experimental evidence of the radon activity
levels from underwater sources, which are sometimes much
higher than for the land ones. So, the conception of air
ionization with radon has no problems with both ocean and
land earthquakes.

Consequences of air ionization depend on many factors
such as radon activity (its concentration is different for
different areas of our globe), relative air humidity (water
molecules concentration determine the size to which new
formed ions will grow), conditions of turbulence (the wind

will remove the ions from the areas of high ion concen-
tration changing the chemical potential correction value),
air temperature (it is also determines the chemical potential
correction value). The large variety of external conditions
leads to the branching point in the model shown in Figure 9
[17]. In initial stages of ionization, and also under weak
ionization levels the light ions will prevail in the boundary
layer of atmosphere what will lead to the general increase
of the bulk conductivity of atmosphere and consecutive
decrease of the ionospheric potential relative to the ground.
The other opportunity rises if the ionization rate is very
high, relative humidity is enough to create the large ion
clusters, and calm weather conditions enable forming the
large clouds of aerosol size heavy ion clusters. Both cases
are demonstrated in Figure 10 (geomagnetic field is directed
perpendicular to the figure plane at the bottom part of
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Figure 10: Bottom panel: schematic conception of atmosphere-ionosphere coupling through the global electric circuit: left panel: for
condition of increased air conductivity, right panel: for condition of decreased air conductivity. Upper panel: the differential maps obtained
from the GIM GPS TEC data for the period before the Wenchuan earthquake on 12 May 2008. Left panel: 2D distribution obtained on 3 of
May 2008, right panel: 2D distribution obtained on 9 May 2008.

the figure). The case of increased air conductivity is shown
in the left panel of the figure, and the opposite case in the
right panel. In both cases the anomalous zonal electric field is
formed from both sides of the ionospheric potential anomaly
(dark horizontal arrows, the bottom part of the Figure 10).
Because of the opposite direction of the anomalous electric
field for cases of increased and decreased air conductivity,
the anomalous electric field, added to the zonal electric field
responsible for the equatorial anomaly formation (white hor-
izontal arrows, the bottom part of the figure), will increase
the vertical drift velocity to the west from the anomalous
region in the case of increased air conductivity and to the
east from the anomalous region in the case of decreased
air conductivity (vertical arrows in ovals). Both cases were
confirmed by the experimental results while studying the
ionospheric effects of the Wenchuan earthquake [45] and
are presented in the upper panel of the figure where the
differential maps (ΔTEC) using the GIM maps as a source are
presented.The left panel demonstrates the configuration reg-
istered on 3 May 2009. It corresponds to the case of increased
air ionization (ions only started to form and did not grow
to the low mobility level). On 9 May the so-called process of
ion “ageing” took place, they grew to the aerosol size (from

1 to few microns), there mobility extremely low, and air
conductivity drops, what led to development of equatorial
anomaly to the east from the epicenter and its degradation to
the west from it.

Such experimental confirmation for the proposed phys-
ical mechanism of atmospheric electric field generation
before earthquakes [16] was obtained for many cases of
the recent major seismic events in low-latitude ionosphere,
and seems that it could be accepted as a plausible explanation
of anomalous zonal electric field generation for the further
model calculations of the effects in the ionosphere.

4. Instabilities in the Ionosphere and Plasma
Bubbles Generation

The increased vertical plasma drift (in comparison with
normal undisturbed conditions) provided by anomalous
seismogenic zonal electric field [16] can create the increased
vertical gradient scale length favorable for generation of
Rayleigh-Taylor instability [46]. The possibility of plasma
bubbles formation was demonstrated in modeling exper-
iments for intensified vertical plasma drift by Kuo et al.
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Figure 11: (a): 2D distribution of ion density obtained on board DEMETER satellite over the epicenter of the Sumatra 28 March 2005 M8.7
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passes of DEMTER satellite over the area of preparation of the Sumatra 28 March 2005 M8.7 earthquake during one week before the seismic
shock.

[34]. It is interesting to note that plasma bubbles were really
registered before the Sumatra M8.7 earthquake on 28 March
2005 [30]. This effect was observed every day at night-time
passes of DEMETER satellite (22 LT) during the period of
one week before the main shock, and then disappeared. The
2D distribution of ion concentration for 22 March 2005 is
shown in the Figure 11(a). As it was predicted by Pulinets
[16] the anomaly is formed to the east from epicenter. One
can see the formation of the crests of the equatorial anomaly
and two depletions equatorward from the crests at both
sides from the geomagnetic equator. The position of the
geomagnetic equator (IGRF2005) is shown by black squares.
One should keep in mind that DEMETER satellite orbit
altitude at this time was 710 km and formation of crests at
such altitude was anomalous itself, what manifested of the
extremely high vertical plasma drift. Usually at these altitudes
the equatorial distribution of plasma density looks like one
peak over the geomagnetic equator. In Figure 11(b) the
latitudinal distribution of ion density for several consecutive
satellite passes over the region is shown (red one is 22
March). The shape of the distribution shows the typical
plasma bubble morphology. Another check if depletions
are really the plasma bubbles is the values of electron
concentration and temperature which are shown at quick
look plots in Figure 12. In two upper panels of Figure 12
the electron concentration and temperature are shown. The
decrease of both the electron concentration and the elec-
tron temperature is characteristic only for plasma bubbles
when the cold rarified plasma from the bottom ionosphere
rises to the areas of the hot and dense plasma of the
upper ionosphere. We can conclude that the generation of

Rayleigh-Taylor instability before the low-latitude earth-
quakes leading to formation of plasma bubbles is proved
both experimentally and theoretically. It should be marked
also that anomalous electric fields are mapped along the
geomagnetic field lines into the conjugated hemisphere, what
leads to the generation of anomalies from the both sides of
geomagnetic equator.

One can mark in Figure 12 one more prominent feature:
the strong ELF noise within the frequency band 0–250 Hz
(the bottom panel of Figure 12). Such noises associated with
plasma bubbles were registered by different space probes
for many years [47]. The noises appearance coincides with
the essential increase of the ion temperature. We can mark
also that outside the plasma bubbles the electron temperature
is ∼2.5 times higher than the ions temperature. But inside
the plasma bubbles the temperature tries to equalize, and
even higher ion temperature than the electron one. Park et al.
[48] observed two different types of plasma bubbles: normal
equatorial plasma bubbles (EPBs) where temperature is usu-
ally lower than the ambient temperature, and bubbles with
enhanced temperatures (BETs). They explain the appearance
of BETs by fast poleward oxygen ion transport along
magnetic flux tubes. To obtain such fluxes we should have
some kind of the anomalous electric field to create the
conditions for such drift. This situation needs the careful
consideration of the electric field configuration in the upper
ionosphere before earthquakes. Until the mechanism of ion
heating is clear we can state only the presence of the strong
gradient of the ion temperature, which can lead to generation
of temperature gradient ion instability leading to the excita-
tion of ELF turbulence. The other possibility is the different
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velocities of plasma inside and outside the plasma bubble
reported in [49], what can lead to stimulation of two-stream
instability.

5. Unusual Effects Connected with the
Large Difference between the Geomagnetic
and Geodetic Equator Positions

The concurrence of geomagnetic conjunction and plasma
transequatorial transport due to temperature gradient

(summer-winter hemisphere) can produce unusual results
like what happened before the Haiti earthquake [50]. As one
can see from Figure 13, the equatorial anomaly geographi-
cally almost completely lies in the southern hemisphere: the
vertical line marks the position of the geodetic equator. Such
configuration is probably the reason of the formation of
the additional density enhancement at low-middle latitudes.
According to Rishbeth [51] the seasonal asymmetry of the
equatorial anomaly is formed due to the meridional wind
from the summer hemisphere to the winter one. The neutral
wind involves in its motion the charged component, and this
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leads to an increase in the concentration of the winter crest of
the equatorial anomaly. But at these longitudes the winter
crest of the equatorial anomaly geographically is also in the
southern hemisphere. That why the wind carrying with it the
denser plasma slips over the northern crest and deposits it
at more high latitude region form the additional maximum
at latitude near 30◦N. The Haiti earthquake epicenter
was situated exactly between the northern crest of the
equatorial anomaly and this additional peak of ionization.
The anomalous seismogenic electric field led to the complex
modification of this configuration, which was expressed in
the following effects:

(i) total depletion of the electron content inside the
equatorial anomaly during 6 days preceding the
earthquake,

(ii) local increase in the electron concentration in the
ionospheric region at the epicenter latitude between
the northern crest of the equatorial anomaly and
additional peak of ionization at the latitude 30◦N,

(iii) amplification of the additional maximum of ion-
ization at latitude of 30◦N and formation of an
additional maximum at the magnetically conjugated
point.

The last item needs a special comment. It demonstrates the
geomagnetic feedback from the modification in the northern
hemisphere to the southern one what was demonstrated in
Section 2.4.

6. Conclusions

The processes taking place in the low-latitude ionosphere
before strong earthquakes were described using the data of
the satellite and ground based measurements, as well as the
data of modeling. The earlier results obtained in l979-1980
from topside sounding (Intercosmos-19 satellite) were con-
firmed by the data of the latest space probes such as DEME-
TER satellite and GPS TEC data. The origin of the iono-
spheric anomalies is in the ionization of the boundary layer

of atmosphere and consequent changes of its electric con-
ductivity which then leads to the changes of the ionosphere
potential through the global electric circuit. It is the universal
mechanism of the atmosphere-ionosphere coupling.

The deviations of electron concentration may be both
positive and negative, and configuration of these variations
depends on many factors. The most characteristic features
are: the longitudinal asymmetry, the conjugated effect
(anomalous deviations are observed not only in the vicinity
of the impending earthquake epicenter vertical projection,
but also in the magnetically conjugated hemisphere), the
low-middle latitude earthquakes also produce the effects in
equatorial anomaly, as well as in the magnetically conjugated
region.

The contemporaneous ionospheric models are able ade-
quately reproduce effects in the low-latitude ionosphere,
but the initial conditions, especially the mechanism of the
anomalous electric field at the ground level (or modification
of atmospheric electricity in the form of air conductivity),
should be established more precisely.
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We analyse the variability of foF2 at two West Africa equatorial ionization anomaly stations (Ouagadougou and Dakar) during
three solar cycles (from cycle 20 to cycle 22), that is, from 1966 to 1998 for Ouagadougou and from 1971 to 1997 for Dakar.
We examine the effect of the changing levels of solar extreme ultraviolet radiation with sunspot number. The study shows high
correlation between foF2 and sunspot number (Rz). The correlation coefficient decreases from cycle 20 to cycle 21 at both stations.
From cycle 21 to cycle 22 it decreases at Ouagadougou station and increases at Dakar station. The best correlation coefficient, 0.990,
is obtained for Dakar station during solar cycle 22. The seasonal variation displays equinoctial peaks that are asymmetric between
March and September. The percentage deviations of monthly average data from one solar cycle to another display variability
with respect to solar cycle phase and show solar ultraviolet radiation variability with solar cycle phase. The diurnal variation
shows a noon bite out with a predominant late-afternoon peak except during the maximum phase of the solar cycle. The diurnal
Ouagadougou station foF2 data do not show a significant difference between the increasing and decreasing cycle phases, while
Dakar station data do show it, particularly for cycle 21. The percentage deviations of diurnal variations from solar-minimum
conditions show more ionosphere during solar cycle 21 at both stations for all three of the other phases of the solar cycle. There is
no significant variability of ionosphere during increasing and decreasing solar cycle phases at Ouagadougou station, but at Dakar
station there is a significant variability of ionosphere during these two solar-cycle phases.

1. Introduction

Many ionosphere studies concern ionosphere parameter
variability [1, 2] and do not include the African sector [3].
Moreover, some papers deal with the comparison between
ionospheric data and the International Reference Ionosphere
(IRI) [4–9]. On the other hand, many studies have investi-
gated the solar-cycle variation and/or geomagnetic activity
variation of the critical frequency of the F2 layer ([10–16]. It
is important to know that few studies integrate African sector
data, as noted by Bilitza et al. [3]), and take into account long
series of data. In fact we have in the African sector the works
which treat the variability of equatorial F2 density [17–23]
in the equatorial ionization anomaly (EIA) trough, and in

the Asian sector we have the works of Le Huy et al. [24] and
Pham Thi Thu et al. [25], which concern the variability of the
EIA trough for South East Asia and the southern EIA crest in
the Asian sector.

The present study relies on the use of long series of
data (three solar-cycles of foF2) which are obtained from the
African sector and particularly from the Sub-Saharan African
sector. It is well-known that in Africa, and especially in Sub-
Saharan Africa, there is a lack of data. In the past only a
few ionosonde stations operated (see Figure 1). In Figure 1,
green points indicate the stations that operated in 1960. We
can see in Africa only four stations, with one station in West
Africa (Dakar) and only two for the equatorial region (Dakar
(lat: 14.8◦N; long: 342.6◦E) and Djibouti (lat: 11,5◦N; long:
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Figure 1: Ionosondes in operation in 1960.

42,8◦E)). After 1960, we can add Ouagadougou station (lat:
12.4◦N; long: 358.5◦E), Tamanrasset station (lat: 22.80◦N;
long: 354.47◦E), Ibadan station (lat: 7.43◦N; long: 356.10◦E),
and recently Korhogo station (lat: 9.3◦N; long: 354.62◦E).

The objective of this paper is to determine (1) foF2
variability of two West African EIA stations with solar-cycle,
season, and time of day and (2) to point out foF2 longitu-
dinal variations. Comparison between data and models will
be done in another study. It will be important before testing
models to know well the variability of station data.

The structure of the paper is as follows. After the
treatment of data and methodology in Sections 2 and 3, we
present and discuss our results and end the paper by conclu-
sion as Section 4 of the paper.

2. Data Sets

For this study, F2 layer critical frequency of (foF2) data
obtained from two African EIA ionosonde stations: (1)
Ouagadougou (lat: 12.4◦N; long: 358.5◦E; dip: +1.45) and
(2) Dakar (lat: 14.8◦N; long: 342.6◦E; dip: +5.53). These
data covered three solar-cycles (cycles 20, 21 and 22) and are
provided by the Ecole Nationale de Télécommunication de
Bretagne (ENST-Bretagne).

Sunspot number (Rz) data obtained from the SPIDR
web-site are also used in order to determine solar-cycle phas-
es.

3. Methodology

Our database contains hourly foF2 values which are going
from June 1966 to February 1998 for Ouagadougou and from
January 1971 to February 1997 for Dakar. For this work are
considered years with 75% monthly available data (i.e., 9/12
ratio of months per year). With this criterion, the available
data go from 1971 to 1996 for Dakar and from 1965 to 1997
for Ouagadougou. For Ouagadougou, year 1986 must be
excluded, for its available data are 5/12; but for the analysis of
solar-cycle 22 data, weights have been used (1 for years with
available number of months more than 75%, 0.75 for years
with available number of months between 75% and 50%, and
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Figure 2: Yearly variation of foF2 and Rz. (a) for Ouagadougou
station and (b) for Dakar station.

0.5 when available number of months is less than 50%) in
order to integrate year 1986.

It is important to note that, for the retained years, all
hourly data are available during a day, and for most of
the retained years (more than 98%) the number of months
exceeds 75%. Therefore, daily values are an arithmetic mean
over all hours, monthly values are an arithmetic mean over
all days, and annual values are an arithmetic mean over all
months.

As foF2 is greatly influenced by solar ultraviolet radia-
tion, foF2 variability with solar-cycle-phase must show solar
ultraviolet radiation variation with respect to solar-cycle
phase. Solar-cycle phases are determined by considering the
following conditions (see [15, 26, 27]: (1) minimum phase:
Rz < 20, where Rz is the yearly average Zürich sunspot
number, (2) ascending phase: 20 ≤ Rz ≤ 100 and Rz
greater than the previous year’s value; (3) maximum phase:
Rz > 100 (for small solar-cycles (solar-cycles with sunspot
number maximum (Rz max) less than 100) the maximum
phase is obtained by considering Rz > 0.8 ∗ Rz max), and
(4) descending phase: 100 ≥ Rz ≥ 20 and Rz less than the
previous year’s value. Table 3 gives the years of the different
solar-cycle phases and their Rz mean value.

foF2 variations are analysed by using (1) annual averaged
data for solar-cycle variations, (2) monthly averaged data for
seasonal variations, and (3) hourly averaged data for diurnal
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Figure 3: Monthly variations of foF2 at the stations of Ouagadougou and Dakar for cycles 20, 21, and 22 (a) during solar minimum, (b) for
increasing solar-activity, (c) during solar maximum; and (d) for decreasing solar-activity.
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Table 1: Correlation coefficients between foF2 and sunspot number (Rz) from cycle 20 to cycle 22.

Cycle 20 21 22 Location

foF2 correlation
coefficient

0.977 0.973 0.948 Ouagadougou

0.950 0.883 0.990 Dakar

Table 2: Predominance of March or September equinoctial peak for different solar-cycle phases.

Solar cycle
phases

Solar cycles

Nature of peak predominanceOuagadougou station Dakar station

20 21 22 20 21 22

Minimum
X X X March/April

X X X September/October

Increasing
X March/April

X X X X X September/October

Maximum
March/April

X X X X X X September/October

Decreasing
X X X X X March/April

X September/October

variations. These analyses are made by taking into account
solar-cycle phases.

As the solar-cycle 20 maximum (Rz = 105.9) is smaller
than the maxima of cycles 21 and 22 (their maxima are
comparable: 155.4 and 157.6, resp.; see Figure 2) we put
error bars (σ = √

Δ, where Δ is the variance defined
by (1/N)

∑N
i=1 (xi − x)2 with x mean value) of solar-cycle

20 data in Figure 3 in order to have a reference for the
significance of solar-cycle differences. In case of lack of cycle
20 data, error bars of the solar-cycle 21 data are shown. Error
bars of the solar minimum data are also shown in Figure 4
in order to have a reference for the significance of differences
from the other solar-cycle phases.

For analyzing foF2 variability, we will use qualitative
analysis based on examination of data plots (error bars will
help us for this analysis) and quantitative analysis based on
percentage deviation, expressed as σrel = ((x0

i − xmi )/xmi ) ×
100, where x0

i and xmi are either (1) the monthly averaged
foF2 data during the solar-cycle 20 (in case of lack of solar-
cycle 20 data it expresses solar-cycle 21 data) and foF2 data
during the other solar-cycles (in case of lack of solar-cycle 20
data it will be solar-cycle 22 data), respectively, for seasonal
studies shown in Figure 3 or (2) solar minimum phase foF2
data and foF2 data of the other solar-cycle phase, respectively,
for diurnal studies shown in Figure 4. For studying seasonal
variation of foF2, we quantify the difference between each
solar-cycle of foF2 data and its variability. As σrel < 0 shows
higher foF2 and σrel > 0 lower foF2 than the reference less, the
diurnal percentage deviation permits to study the variability
of ionosphere.

4. Results and Discussions

4.1. Qualitative Analysis. Figure 2 shows the plot of Rz and
foF2 for Ouagadougou station (panel a) and Dakar station
(panel b) for available data of the three solar-cycles. It can

be seen good correlation between Rz and foF2 for these two
stations.

Table 1 shows the correlation coefficient between foF2
and Rz throughout the three solar-cycles (20, 21, and 22) for
the two stations (Dakar and Ouagadougou). It can be seen
for both stations the decrease of correlation coefficient from
cycle 20 to cycle 21. The correlation coefficient decreases
from cycle 21 to cycle 22 for Ouagadougou station and
increases for Dakar station. Throughout the three solar-
cycles, the best correlation is seen at Dakar station (0.990)
even if the correlation is better at Ouagadougou station than
Dakar station for cycles 20 and 21.

Figure 3 presents monthly mean variations of foF2 for
the three solar-cycles during the four solar-cycle phases. The
left panels concern Ouagadougou data and the right panels
Dakar data. Panel (a) corresponds to solar-cycle minimum
phase, panel (b) solar-cycle increasing phase, panel (c) solar-
cycle maximum phase and panel (d) solar-cycle decreasing
phase.

The red lines represent monthly mean variation of cycle
20 data, green lines those of cycle 21 and blue lines cycle 22
data.

The left panel (a) shows a lack of data during the
minimum phase of solar-cycle 20 (absence of red line) for
Ouagadougou, which operated since 1966 (with data avail-
able since 1967). The lack of data is also observed in the right
panels (a), (b), and (c) (absence of red lines in these panels),
because available data at Dakar station begins in 1971.

Figure 3 highlights the well-known seasonal variation of
foF2 with two asymmetric peaks (error bars help us to see
this asymmetry) at the equinoxes except at Ouagadougou
during the decreasing phase and little bit during the maxi-
mum phase. From one cycle to another or from one phase to
another, the predominance of the equinoctial peaks varies.
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Table 3: Years of the different solar-cycle phases and their Rz mean value.

Solar-cycles
Solar-cycle phases

Minimum Increasing Maximum Decreasing Years and Rz mean

20
1964-1965 1966-1967 1968–1970 1971–1974 Years

12.6 70.4 105.3 52 Rz mean

21
1975-1976 1977-1978 1979–1982 1983-1984 Years

14.1 60 141.6 56.3 Rz mean

22
1985-1986 1987 1988-1989 1992–1994 Years

15.7 29.4 136.5 59.6 Rz mean
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Figure 4: Diurnal variation of foF2 at Ouagadougou station (left panels) and at Dakar station (right panels). Panel (a) concerns solar-cycle
31 and panel (b) solar-cycle 22.

During June solstice, at Dakar for all solar-cycles, the
density of ionization is the same. Whatever the station, the
maximum of ionization appears always in October. The other
maximums appear sometimes in March and sometimes in
April. During solar-cycle maximum phase, foF2 profiles are
regular and the density of ionization grows from cycle 20 to
cycle 21.

Table 2 shows the peak predominance. It can be con-
cluded that (1) during the minimum phase each station
exhibits the same peak predominance (March/April for
Ouagadougou station and September/October for Dakar

station); (2) during the maximum phase, only Septem-
ber/October predominance is observed at both stations; (3)
during the increasing phase we observe September/October
predominance at both stations except for cycle 20 for
Ouagadougou; (4) during the decreasing phase March/April
predominance is observed for both stations except for solar-
cycle 20 at Dakar. These observations (different monthly
locations of peak predominance throughout the solar-cycle
phases) suggest the necessity to analyse the variability of
the ionosphere by taking into account each solar phase and
not to consider only minimum and high solar-activity. The
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Figure 5: Percentage deviations of monthly average data from one solar-cycle to another with respect to month and solar-cycle phase. The
left panels are for Ouagadougou and the right panels are for Dakar.

difference of predominant peak locations between the two
stations may be due to longitudinal variation of the F2 layer
critical frequency.

Figure 4 gives local time variations of foF2 for cycles
21 and 22. We do not consider here cycle 20 because only
minimum and decreasing phase data are available. On the
left we have Ouagadougou data and on the right Dakar data.
Panels (a) and (b) show the local time variation of foF2
during cycles 21 and 22, respectively. Red lines correspond to
the minimum phase, green lines the increasing phase, blue
lines the decreasing phase, and black lines the maximum

phase. foF2 during solar maximum phase of both solar-cycles
21 and 22 presents a secondary maximum during night time,
which expresses the effect of the prereversal electric field
in foF2 profiles. In fact, eastward daytime electric field at
equatorial ionosphere (E and F regions) exhibits a significant
increase just it reverses to its night time westward direction
[28, 29]. The theoretical models of the low-latitude fields
suggest that this enhancement is either caused mainly or
entirely by F region winds (e.g., [30–33]) or produced solely
by E region tidal winds (e.g., [34, 35]). The prereversal
enhancement of the zonal electric field in the equatorial
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Figure 6: Percentage deviations (with sign reversed) of diurnal variations with respect to solar minimum conditions for three solar-cycle
phases: increasing (blue), maximum (green), and decreasing (red).

ionosphere is well-known [33] and depends on season, level
of magnetic activity, and phase of the solar-cycle [33, 36].
On a given day it might be absent, but it is a persistent
feature of averaged data [33]. Fejer et al. [36] note that
the occurrence of a sharp increase of the upward velocity
in the dusk sector just before it reverses to its downward
direction is the main characteristic of the equatorial F region
vertical drift. They also pointed out that the evening upward
velocity enhancement is responsible for the rapid rise of the
equatorial F layer after sunset.

The analysis of Figure 4 points out for Ouagadougou
station (left panels) the similarity of the increasing and
decreasing phases for both cycles. The foF2 increases from
the minimum phase to the maximum phase. The local time
variation of foF2 during the all solar-activity phases present
a noon bite out, with late-afternoon/evening maxima for
all lines except for the maximum phase, where there is a
secondary minimum in the early evening. All solar-activity
phases foF2 start to increase before sunrise (before 0600 LT)
and there is no difference of foF2 between increasing and
decreasing phases for both solar-cycles.

Table 3 shows that for solar-cycle 21 solar-activity during
increasing phase is higher than during decreasing phase and

that it is the reverse for solar-cycle 22. Normally, foF2 of
both stations and for both solar-cycles must vary with respect
to solar-activity. Therefore the same local time variation of
Ouagadougou foF2 data for both solar-cycles during solar
increasing and decreasing phases must be explained by the
bias of data classification with respect to the solar-cycle
activity.

At Dakar (right panels) the lines for the increasing and
decreasing phases are similar through a whole day for solar-
cycle 21 but only at daytime for cycle 22. foF2 at this station
also increases from solar minimum to solar maximum. It
can be mentioned from this figure that an enhancement of
foF2 occurs around midnight during solar maximum and
that the foF2 enhancement can be seen before sunrise during
solar decreasing phase. All solar-activity phases foF2 increase
before sunrise (before 0600 LT) except during solar-activity
maximum and decreasing phases of solar-cycle 22 where
foF2 increases after sunrise (between 0600 LT and 0800 LT).
The right panel (b) of Figure 4 shows that solar-activity
increasing phase foF2 is higher than that of decreasing phase
during both solar-cycles except between 0600 LT and 0900 LT
during solar-cycle 22 where it is the reverse. By taking into
account the results of Table 3, the local time variation of foF2
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between 0600 LT and 0900 LT during solar-activity increasing
and decreasing phases with no respect to solar-activity must
be due to the difference between their foF2 data daytime
increasing times.

The Ouagadougou data (left panels) show no difference
of foF2 between the solar-activity decreasing and increasing
phases. At Dakar (right panels); on the other hand, difference
of foF2 between the increasing and decreasing phases is seen.
The difference is larger during cycle 21 than that of cycle
22. For solar-cycle 22, foF2 is higher during the decreasing
phase than during the increasing phase. This result has been
pointed out by Özgüç et al. [12]. It can be also noted that
at Dakar station, during solar-cycle 22 at daytime, foF2 does
not change from minimum phase to increasing phase (see the
error bars shown on the red curve).

The results of Figure 4 prevent us from treating together
the variability of the foF2 for the increasing and decreasing
phases as done by Bilitza et al. [3] for moderate solar-activity,
for it depends on the station. This point of view has been
considered in the work of Özgüç et al. [12] and Ataç et al.
[13].

The difference between the Dakar and Ouagadougou
electron densities shows the necessity to study separately the
data from these kinds of stations, as foF2 shows longitudinal
effects.

4.2. Quantitative Analysis. Figures 5 and 6 concern the evo-
lution of the percentage deviation. The right panels concern
Ouagadougou and the left panels Dakar.

In Figure 5 the green curves express the percentage devi-
ation between the values of foF2 for solar-cycle 21 and these
for solar-cycle 20. Blue curves give the percentage deviation
between foF2 values of solar-cycle 22 and foF2 values of
solar-cycle 20. The red curves express the same thing, but for
solar-cycles 21 and 22.

Figure 5 shows for a given solar-cycle phase the same
variability of percentage deviation graphs. Percentage devia-
tion graphs decrease (1) from January to March/April during
minimum phase, (2) from January to July/August during
increasing phase, and (3) from January to August/September
during maximum phase. The similar variation of the per-
centage deviation at both stations for the minimum, increas-
ing, and maximum phases may be expressed the non lon-
gitudinal dependence of monthly solar ultraviolet radiation
variability.

The phase-to-phase variability of the percentage varia-
tions shows the necessity to take into account the different
solar-cycle phases in the study of ionosphere. The different
variability of the percentage deviation values between the
March and September equinox periods is related to the
equinoctial asymmetry previously noted in the qualitative
analysis. The qualitative analysis shows the phase-to-phase
variability of foF2.

Figure 6 shows negative values of percentage deviation.
We can assert that there is higher electron density during
increasing, maximum, and decreasing solar-cycle phases
than solar minimum phase. The quantity of foF2 is the

highest during solar maximum phase at both stations and
for both solar-cycles.

In Figure 6(a), the quantity of foF2 decreases from
maximum phase to increasing phase for all stations and
then decreases from increasing phase to decreasing phase at
Dakar station; at Ouagadougou station this quantity is fairly
constant during daytime.

In Figure 6(b), we observe the same phase-to-phase
variation of foF2 at Ouagadougou station while at Dakar
station the quantity of foF2 during the decreasing phase is
higher than during the increasing phase.

In Figure 6, except during decreasing phase of solar-
cycle 22 at Dakar station (blue curve in right panel (b)), all
curves show double peaks: morning peak 0600 LT–0800 LT
and afternoon or evening peak 1600 LT–2000 LT.

5. Conclusion

This study shows the correlation between foF2 and Rz for
Ouagadougou and Dakar data. The correlation coefficient
varies from one solar-cycle to another. The best correlation is
observed at Dakar during solar-cycle 22. Seasonal variations
of foF2 present asymmetric equinoctial peaks which vary
among the different solar-cycle phases. The foF2 shows the
phase-to-phase variability of the solar-activity due to solar
ultraviolet radiation variability. At Ouagadougou station,
foF2 during the solar-activity increasing phase is almost
identical to that during the decreasing phases while at Dakar
station foF2 is higher during the decreasing phase than
during the increasing phase. It can be concluded that it is
necessary to treat separately the variability of the ionosphere
according to each type of solar-cycle phase.

Acknowledgments

Authors thank the Ecole Nationale de Télécomunication
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The statistical global view of the low-latitude ionospheric density stimulates further interest in studying the strong longitudinal
variability of the ionospheric density structures in low-to-equatorial latitudes. However, we are not completely certain how the
electrodynamics and ion-neutral coupling proceeds at low latitudes; in particular, the longitudinal difference in the dynamics
of plasma structures in the low-to-mid latitude ionosphere is not yet fully understood. Numerical studies of latent heat release
in the troposphere have indicated that the lower atmosphere can indeed introduce a longitudinal dependence and variability
of the low-latitude ionosphere during quiet conditions. For the first time, we present simultaneous observations of the tidally
modulated global wind structure, using TIDI observations, in the E-region and the ionospheric density distribution using ground
(global GPS receivers) and space-based (C/NOFS in situ density and GPS TEC on CHAMP) instruments. Our results show that
the longitudinally structured zonal wind component could be responsible for the formation of wave number four pattern of the
equatorial anomaly.

1. Introduction

The plasma in the low-latitude ionosphere between ±30◦

magnetic latitude exists entirely on closed field lines and
so is relatively cut off from magnetospheric and solar-wind
drivers compared to mid- and high-latitude regions of the
ionosphere. Most frequently, the highly populated plasma
density in this region, which may be about two-thirds of all of
the plasma in geospace, can become a disturbed space envi-
ronment and disrupt the detection and tracking of aircraft,
missiles, satellites, and other targets, distort communication
and navigation, and interfere with global command, control,
and surveillance operations. The plasma in the low and
equatorial latitudes is disturbed or redistributed by transport
mechanisms that form enhanced density located several
degrees to either side of the magnetic equator, forming
the equatorial ionization anomaly (EIA). The vertical drift
(primarily E × B drift) is the primary plasma transport
mechanism at low-to-equatorial latitudes. There are few
cases reported on the night side [1, 2] as the EIA formation
process is predominantly active on the dayside.

In the evening sector, when the conductivity becomes
stronger at the terminator, the plasma redistribution is
intensified again, forming a stronger EIA structure known as
the prereversal enhancement. The redistribution of plasma
occurs both during disturbed and quiet periods. During
magnetically quiet periods, the tidal wind motions in the
dayside E-region, which drive dayside Pedersen currents that
produce charge build-up along the terminator, serve as the
main source of dayside eastward electric field or vertical E×
B drift ([3] and the references therein). The question is, for
the same local time sector, why does the plasma redistribu-
tion process behave differently from one longitudinal sector
to the other? There is clear evidence that the formation of
the global wave number-four structures, which is believed
to be due to the different vertical E × B drift magnitude at
different longitudes, in the longitudinal density distribution.
Since Sagawa et al. [4] reported the formation of the four
cells for the first time, different groups have continued
to report the existence of the global wave number-four
structures using observations from different instruments.
For example, studies using IMAGE-FUV [3, 5], TIMED
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GUVI [3], TOPEX altimeter TEC [6], COSMIC occultation
density [7, 8], CHAMP [9] and ROCSAT-1 [10] satellite
in situ electron densities, and ground-based global total
electron content (TEC) maps [1] are among those that have
reported signature of global wave number-four. However,
these longitudinal four-cell patterns cannot be explained
by factors such as F-region wind, magnetic field strength,
or the offset between magnetic and geographic equators.
Instead, this longitudinal variation has been attributed to the
solar thermal tides, excited by latent heat in the troposphere
[11, 12], which are considered to modify the wind-driven
E-region dynamo which in turn modifies the ionospheric
E × B drifts [5]. The longitudinal variation in the heating
from ozone and water vapor due to land-sea differences and
topography and nonlinear interaction between the migrating
tide and gravity waves [13] could be considered additional
sources for eastward propagating nonmigrating tides with
zonal wave number 3 (De3), which is considered to be the
possible cause for the formation of these longitudinal four-
peaked structure [5, 12].

Even though modeling results [9] and indirect estimation
from the CHAMP accelerometer measurements [14] show
the existence of longitudinal four-peaked structure on the
neutral wind velocities, no observational evidence indicating
the existence of wave number four structures in the neutral
wind has been presented so far. Since the E-region dynamo
is driven by the neutral winds at E-region altitudes (see
[15] and references therein), experimental observations
of the neutral wind that demonstrates the formation of
the four-peaked structures could strengthen the suggestion
mentioned above, namely, that any tidal changes in the
strength of the winds are responsible for the formation
of longitudinal modulation of the E-region dynamo fields,
which then causes the creation of the wave number-four
structures often observed in the ionosphere.

In this paper, for the first time, we show clear evidence
from TIMED TIDI observations that the longitudinal/local
time modulation of the winds forms longitudinal four-
peaked structures that move to the east as altitude increases.
At the same time both ground-based GPS TEC, C/NOFS in
situ density, and CHAMP topside GPS TEC show similar
longitudinal four-peaked structures. At the same time the
neutral wind also forms four-peaked structures. However,
the neutral wind peaks are out of phase by nearly 180◦ with
the peaks of the ionospheric density distributions. Therefore,
these simultaneous analyses of neutral wind signatures and
in situ and GPS TEC observations of the EIA offer intriguing
opportunities for new studies of the equatorial ionosphere,
especially in understanding the physics of the wave number-
four structure and its formation mechanisms.

2. Instruments and Data Analysis

2.1. TIDI Wind Measurement. The TIMED Doppler Inter-
ferometer (TIDI) is a wind-measuring instrument designed
to investigate the dynamics of the Earth’s mesosphere and
lower thermosphere-ionosphere (MLTI) from an altitude of
70 to 120 km. The TIMED satellite orbits at an altitude of
625 km and the orbital inclination is 74.1◦; TIDI measures

the horizontal vector wind field with an accuracy of 3 m/s
and a vertical resolution of 2 km [16]. Using the limb
scanning techniques that scan various upper atmosphere air
glow layers by observing emissions from OI at 557.7 nm and
rotational lines in the O2 (0-0) atmospheric band at 762 nm,
TIDI determines the Doppler shift and hence measures
the daytime and nighttime neutral wind velocities [17]. A
detailed description of the TIDI instrument can be found
elsewhere [16, 17].

Every 60 days the TIDI sampling track covers the 24
hours of local time. This is known as one yaw period
(satellite orientation with respect to the orbital flight direc-
tion). Hence we analyzed both zonal and meridional winds
based on individual yaw period. Such analysis is based
on the assumption that the climatological events, such as
the formation of four cell structures and the mean wind
magnitude did not change significantly during each 60-day
period. Therefore, we averaged wind velocities for every 60-
day period.

2.2. C/NOFS PLP Density. The successfully launched
Communication/Navigation Outage Forecasting System
(C/NOFS) satellite [18] with a variety of instruments
onboard has brought a great opportunity to the scientific
community to obtain a better understanding of equatorial
ionospheric electrodynamics. It is flying in a low inclination
(13◦) elliptical (400 × 870 km altitude) orbit with an
orbital period of 100 min. The dual disk probe PLP (Planar
Langmuir Probe), which is designed to provide high time
resolution measurements of in situ density irregularities
by sensing ionospheric plasma density, is one of many
instruments on board C/NOFS.

C/NOFS provides continuous measurements of the low-
latitude ionospheric ion density which is very important
to study the climatological features of the equatorial iono-
sphere, like the formation of the four-cell structures.

2.3. Ground- and Space-Based GPS TEC. The GPS constel-
lation currently consists of 29 satellites orbiting at ∼55◦

inclination in six distinct orbital planes and at ∼20,200 km
altitude (∼4.2 L). Each satellite broadcasts two L-band sig-
nals at frequencies f1 = 1.57542 GHz and f2 = 1.2276 GHz.
Owing to the dispersive nature of the ionosphere, dual
frequency GPS measurements can provide the total electron
content (TEC), by computing the differential phases of the
code and carrier phase measurements recorded at ground
based GPS receivers. Details of TEC calculation from GPS
observations are described in several papers ([19] and
references therein).

Similarly, LEO satellites that are equipped with dual-
band frequency GPS receivers, such as CHAMP [20, 21],
offer the opportunity for remote sensing and monitoring
of the topside ionosphere and plasmasphere regions. GPS
receivers on board continuously receive dual frequency
signals transmitted by GPS satellites. The integrated electron
density along the ray path between the LEO GPS receiver and
a GPS satellite can be derived in the same way as the ground-
based GPS TEC [20].
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3. Observations

The global longitudinal variability of the equatorial electron
density, as a function of local time, can be monitored using
the GPS TEC estimated from the data recorded by the fast
growing number of GPS receivers around the world. Figure 1
shows a typical example of the 2D (latitude/longitude)
variation of the global GPS TEC distribution. The maps
represent two-month (July and August 2008) quiet days
(Kp ≤ 3) average of GPS TEC plotted for every two-
hour local time sectors. The local time coverage is given
at the top of each panel, and the white areas in each
panel indicate regions that do not have data coverage. As
can be seen in the figure the longitudinal wave number
four structure (indicated by the four pink circles) starts to
develop in the morning (bottom panel) and becomes fully
developed in the afternoon (second and third panel from
top) before starting to fade out during the early evening
sector as shown in the top panel. The density peak over
Asia is stronger, and its development through time is not
as visible as in the other three peaks, especially after local
midday (third panel from bottom). The very interesting
feature that can be noticed in Figure 1 is the density at the
locations of those four peaks expanded to higher latitudes in
the westward direction. The horizontal bold and faint dashed
lines represent the geomagnetic equator and the equatorial
anomaly peak region, respectively.

Figure 2 shows an example of the 60-day data averaged
and binned into 5◦ longitude× 2.5◦ latitude bins. Each panel
represents a different two-hour local time sector which is
given at the top of each panel, and the panels cover the
period from the morning (bottom panel) to late afternoon
(top panel). Our analysis periods extend only from July to
August 2008. In order to avoid the effects of storm-driven
winds, only magnetically quiet periods (Kp ≤ 3) were
included. The positive and negative components represent
eastward and westward wind directions, respectively. The left
and right panels indicate the zonal wind estimated at an
altitude of 105 km and 110 km altitudes, respectively. The
zonal winds, as shown in both left and right panels, illustrate
clear longitudinal structures with clear wave number four
structures. The wave number four structures become more
pronounced in the morning and early afternoon sectors
as shown in the first three panels from the bottom. Even
during late afternoon (the top two panels) the wave number
four structures are visible but are not as pronounced as
those during earlier local time sector. Since TIDI instrument
measures the neutral wind from 80 to 103 km altitude
during nighttime [17], it was not possible to see if the
four-cell pattern persists in the zonal wind data after 1800
LT at 105 km and 110 km altitude. On the other hand,
the meridional wind component does not show any clear
structure of the wave number four signatures as is evident
from Figure 3, which shows the meridional wind component
in a similar fashion to Figure 2. The horizontal dashed
curves, both in Figures 2 and 3, depict the location of the
geomagnetic equator.

We also analyzed the ion in situ density data obtained
from PLP measurements on board C/NOFS satellite. The

three-month average ion density is binned into 5◦ longitude
and 30-minute local time bin. In order to get reasonable
global data coverage for the criteria mentioned below, we
averaged three-month data instead of two months. There-
fore, for every three months, we produce one global (solar
local time at the satellite position as function of longitude)
ionospheric density structure, showing the climatological
features of the low-latitude ionosphere such as the wave
number-four structures. Figure 4 shows a typical example for
the statistical 2D (local-time/longitude) global ionospheric
in situ density of C/NOFS during August–October 2008. The
top panel shows the in situ density averaged when the satellite
was below 470 km altitude for the whole latitudes range
(±13◦N geographic latitude), and for only ±8◦ magnetic
latitudes coverage (second from top panel). In both panels
the wave number four structures are evident, especially in
the late afternoon sector centered at about 1700 local time.
However, during early morning local time sector only three
peaks are observed with the peak over Africa not visible
at this time. The bottom two panels in Figure 4 show the
zonal and meridional wind components observed by TIDI
instrument onboard TIMED satellite. Here we averaged the
winds from −30◦ to 30◦ latitude. Since the winds are more
symmetric along the geographic equator than geomagnetic
equator, taking this latitude range is reasonable. The 2D
(local time/longitude) maps of the zonal and meridional
winds indicate that the zonal component is more structured
than meridional component.

Similarly, the GPS receiver on board CHAMP satellite can
also provide statistical images of the longitudinal variability
of the topside ionospheric density distribution. The top panel
in Figure 5 shows the three-month (August–October 2008)
quiet days average of topside TEC distribution for 1500–
1700 local time sectors. The latitude/longitude 2D variations
of the topside GPS TEC indicate clear wave number four
structures in the topside ionospheric density distribution.
The bottom two panels present the latitude/longitude maps
of the zonal (middle panel) and meridional (bottom panel)
wind components averaged for the same time period as for
the topside GPS TEC. Again, the zonal wind component
shows more structured features, including the wave number
four structure primarily in the southern hemisphere.

4. Discussion and Conclusion

The E-region tidal winds contribute to the east-west electric
field everywhere in the equatorial and midlatitude iono-
sphere. During the daytime, horizontal wind motions in the
E-region create currents that produce polarization electric
fields in regions where there are conductivity gradients.
These electric fields, which are eastward during the daytime
at the equatorial region, in turn produce vertical uplift of
the plasma around the magnetic equator. Immel et al. [5]
first proposed that this was caused by the horizontal winds
associated with the diurnal eastward propagating nonmi-
grating tides at the E-region altitudes, which is believed
to be excited by the latent heat released in the tropical
troposphere [11], modifying the E × B drifts associated
with the E-region dynamo [22]. Such modification of
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Global GPS TEC distribution between July and August 2008
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Figure 1: 2D (latitude/longitude) plot of the global two-month average GPS TEC distribution during magnetically quiet periods (Kp ≤ 3)
in July and August 2008. Each panel represents different local time sector shown at the top of each panel. The horizontal bold and faint
dashed lines represent the geomagnetic equator and the equatorial anomaly peak region, respectively.

the global vertical drift velocities can cause the longitudinal
dependence of ionospheric density distribution, such as
the formation of the wave number four structures. Hagan
et al. [12], using Thermosphere-Ionosphere-Mesosphere-
Electrodynamics General Circulation Model (TIME-GCM)
with lower boundary forcing from the Global Scale Wave

Model (GSWM), demonstrated that a wave number-four
longitudinal variation for a fixed local time is due to the
modulation of vertical equatorial plasma drifts in the F-
region through the dynamo action of the eastward prop-
agating nonmigrating diurnal tide of wave number three
(DE3). All these suggest that the longitudinal four-peaked
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TIMED TIDI zonal wind speed: July–August, 2008
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Figure 2: The 60-day data average, into 5◦ longitude × 2.5◦ latitude bins, of the quiet periods (Kp ≤ 3) zonal wind component observed by
TIDI instrument onboard TIMED satellite at 105 km (left panels) and 110 km (right panels) altitudes in July and August 2008. Each panel
represents different two-hour local time sector which is given at the top of each panel. The positive and negative components represent
eastward and westward wind direction, respectively.

structures are due to an internal driver rather from the lower
thermosphere than external (magnetospheric or solar origin)
influences. Therefore, to exclude the importance of such
external drivers, for this study we only consider data that are
recorded during magnetically quiet (Kp ≤ 3) periods.

In the E-region at low latitudes the diurnal tide, which is a
large-scale 24 h variation, dominates the neutral atmosphere
motion, creating charge accumulation at dawn (positive
charges) and dusk (negative charges) sectors (see [15]).
The electric field resulting from these charge distributions
is eastward during the day and westward at night. The
thermal tides, excited by latent heat in the troposphere,
also produce neutral wind in the E-region that possibly
modifies the east-west electric field. In the E-region, where

the Hall conductivity dominates, the neutral wind moves the
ions in the direction of the wind, separating the charges,
and probably causes the production of additional electric
fields from polarization charges that accumulate wherever
the wind-driven current has a divergence. Therefore, the
electric field produced by these thermal tides may strengthen
or weaken the net east-west electric fields (depending on
the direction of the zonal wind) that are responsible for
the ionospheric density distribution. The longitudinally
structured zonal wind component (see Figures 2, 4, and 5)
can produce eastward or westward electric field at different
longitudes. If the thermal tidal zonal wind is directed to
the west, it moves the ions westward and creates charge
separation and thus causes the production of additional
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TIMED TIDI Meridional wind speed: July–August 2008
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Figure 3: As for Figure 2 but it is for meridional wind component.

eastward electric field which adds to the net eastward electric
field, and thus the vertical drift gets stronger. On the other, if
the zonal wind is directed eastward, it produces additional
westward electric field that weakens the net electric field
and the vertical drift. This is clearly evident from our quiet
days simultaneous observation of the global density and
neutral wind distributions. The peaks of the wave number
four structures are almost out of phase with the peaks of
the neutral winds as shown in Figure 6. The figure shows
the maximum density extracted from each longitudinal bins
along the northern hemisphere anomaly peak region. The
northern hemisphere is chosen due to its better data coverage
compared to the southern hemisphere. Similar extraction
technique was applied to the zonal wind data measured by
the TIDI instrument onboard the TIMED satellite. Figure 6
shows the peaks of the global TEC distributions (blue curve)
along with the peaks of the zonal winds at an altitude
of 105 km (red curve) and 110 km (black curve), as a

function of longitude during 1400–1600 (top panel) and
1600–1800 (bottom panel) local time. The vertical dashed
lines indicate the longitudinal location of the peaks of the
corresponding color curves. As can be seen in the figure,
the peaks of the zonal winds shift eastward as the tidal
wind propagates upward, and this is more clearly visible
at the top panel. This is consistent with the eastward
propagating nonmigrating tides with wave number 3 (DE3),
which is believed to be responsible for the modification of
the longitudinal dependence of eastward electric field and
thus vertical drift that alters the longitudinal distribution
of low-latitude ionospheric density. The peaks of the zonal
winds are also almost out of phase by 180 degree with
the peaks of the global TEC. The neutral wind directions
are almost westward at the longitudes where the peaks
of ionospheric four-cell pattern are located; even if it is
eastward, its magnitude is very weak. This is consistent with
the physics description mentioned above. This is because of
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TIMED TIDI zonal wind: August–October 2008
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Figure 4: Plot of the statistical 2D (local-time/longitude) ionospheric in situ density observed during quiet days (Kp ≤ 3) by PLP instrument
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TIMED TIDI meridional wind: 244–304, 2008 at 15–17 LT

TIMED TIDI zonal wind: 244–304, 2008 at 15–17 LT

CHAMP average TEC map during 244–304, 2008 at 15–17 LT
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Figure 5: The top panel shows the quiet days (Kp ≤ 3) three-month average of topside TEC distribution during August–October 2008
for 1500–1700 local time sectors. The bottom two panels present the latitude/longitude maps of the zonal (middle panel) and meridional
(bottom panel) wind components averaged for same time period as for topside GPS TEC.

the electric field, resulting from these charge distributions by
the winds in the E-region, maps along the magnetic field to
the F-region where it produces vertical drift and redistributes
the ionospheric plasma. At the same time, the meridional
component of the tidal neutral wind (see Figure 3) does
not show any clear longitudinal structure, indicating that
the zonal component has a more significant effect than the

meridional component on the modulation of the equatorial
vertical drifts and thus the longitudinal dependence of the
global density distribution. This could be due to the Kelvin
wave mode of the DE3 tides that modulate the neutral
winds [3]. The Kelvin wave, which is the first symmetric
mode of the DE3, has strong zonal winds and only very
weak meridional winds. Similarly, using measurements from
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Figure 6: The peaks of the global TEC distributions (blue curve) along with the peaks of the zonal winds, measured by TIDI instrument
onboard TIMED satellite at an altitude of 105 km (red curve) and 110 km (black curve), as a function of longitude during 1400–1600 (top
panel) and 1600–1800 (bottom panel) local time.

the CHAMP accelerometer, Lühr et al. [14] have quantified
the zonal wind perturbations, associated with nonmigrating
tides at F-region altitudes. They showed strong wave number
four structure in the indirectly estimated zonal wind from
CHAMP accelerometer observations. Lühr et al. [14] also
found that the peaks of the four-cell pattern of zonal wind
are out of phase by 180 degree with the density peaks, which
is consistent with our result.

The other very important feature we observed from
our global TEC distribution is the westward expansion of
the TEC peaks, indicated by the pink circles in Figure 1.
The global TEC four-cell pattern, which is stronger in
the summer northern hemisphere, becomes visible around
early morning local time (see bottom panel), especially at
about the 100◦E where the TEC formed a clear anomaly
structure. The transequatorial wind could be responsible
for the formation of asymmetry anomaly peaks, stronger in
the northern hemisphere [15]. The four-cell pattern then
persists until midnight with more pronounced four peaks
and clear westward expansion between 1400 and 1800 local
time sector as shown in the second and third panels from
the top in Figure 1. On the other hand, except in a few cases
shown in Figure 2, the zonal wind peaks do not show a
clear westward expansion. Even for the local time/longitude
plot (see Figure 4) the zonal wind forms a clear eastward
expansion pattern with time. As mentioned above, the global
TEC distribution presented in Figure 1 represents only the

quiet day (Kp ≤ 3) average, and thus there is no reason
to claim that the westward expansion of the TEC peaks is
due to subauroral polarization stream (SAPS) [23, 24], which
are of magnetospheric origin or expanded high-latitude
convection [25] electric fields as mechanisms for producing
such westward expansion of enhanced TEC. Instead, most
possibly it may be associated with the driver from the lower
thermosphere, but further modeling investigation is required
to understand the physics behind such westward expansion
of the TEC enhancements at peaks of the four-cell pattern.

In conclusion, the eastward propagating nonmigrating
tide with wavenumber-3 (DE3) excited by latent heat release
in the tropical troposphere is believed to be responsible
for the modification of the tidal winds which in turn are
responsible for the modulation of the E-region dynamo
and thus for the longitudinal variability of ionospheric
density distribution. For the first time, we present simul-
taneous observations of the global wind structures in the
E-region and the ionospheric density distributions. Our
results show that the longitudinally structured tidal zonal
wind component could be responsible for the formation
of wave number four pattern of the equatorial anomaly. A
good correlation between the tidally modulated zonal winds
and the equatorial anomaly indicates that the zonal winds
may provide the most likely mechanism responsible for the
longitudinal dependence of the global density distribution,
including the formation of the wave number four structures.
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This may occur through the longitudinal variation in the
thermal zonal winds which drive the dynamo effect, such as
the westward (eastward) tidally modified zonal wind which
can produce additional eastward (westward) electric field
that can strengthen (weaken) the net electric field and thus
the vertical drift velocity at specified longitudinal sectors. We
also noticed the westward expansion of the enhanced TEC
at longitudes where the four-cell pattern peaks are located.
However, it is not clear what causes such westward expansion
during quiet periods (Kp ≤ 3) which allows us to rule out the
effectiveness of both SAPS or expanded convection electric
field as producing such westward expansion of enhanced
ionospheric density. The results presented here highlight
the importance of understanding the physics behind such
expansion, and more modeling investigation is required to
develop a better understanding of the feature.
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A correlation of the ionospheric electric field and the time derivative of the magnetic field was noticed over thirty years ago and
has yet to be explained. Here we report on another set of examples during the superstorm of November 2004. The electric field in
the equatorial ionosphere, measured with the Jicamarca incoherent scatter radar, exhibited a 3 mV/m electric field pulse that was
not seen in the interplanetary medium. It was, however, accompanied by a correlation with the time derivative of the magnetic
field measured at two points in Peru. Our inclination was to assume that the field was inductive. However, the time scale of the
pulse was too short for the magnetic field to penetrate the crust of the Earth. This means that the area threaded by ∂B/∂t was too
small to create the observed electric field by induction. We suggest that the effect was caused by a modulation of the ring current
location relative to the Earth due to the electric field. This electric field is required, as the magnetic field lines are considered frozen
into the plasma in the magnetosphere. The closer location of the ring current to the Earth in turn increased the magnetic field at
the surface.

1. Introduction

In his Ph.D. thesis, Gonzales [1] published Figure 1 using
interplanetary and auroral indices, electric field measure-
ments using the incoherent scatter radar (ISR) technique at
Chatanika (Alaska) and Jicamarca (Peru), and ∂B/∂t meas-
ured on the ground at San Juan, Puerto Rico. The correlation
between the latter three parameters was excellent. The ratio
E/(∂B/∂t) was 50 million meters. Here we report on an
extensive set of observations we believe to be of the same type
obtained during the superstorm of November 2004 (see [2],
and companion papers).

2. Data Presentation

Various unusual phenomena that occurred in the November
2004 magnetic storm are documented in a series of papers,
the first of which summarizes many of the observations from
the interplanetary medium to the equatorial ionosphere [2].
The second part of the two-phase storm was monitored by
the ISR chain in the American sector with unprecedented

coverage. At Jicamarca, Peru, the eastward electric fields can
be deduced from ISR drifts obtained from pulse-to-pulse
experiments when the transmitting antenna was pointed
perpendicular to the geomagnetic field B [3]. The radial
velocity is a measurement of F-region vertical E × B drift
with typical time and range resolutions of 5 minutes and
15 km, respectively. The uncertainty of these ion drifts is
less than 1 m/s. In addition to the observed electric field,
the horizontal component (H) of the geomagnetic field was
measured at the stations indicated in Table 1 and included in
the analysis. The magnetic latitudes of these stations were cal-
culated using the International Geomagnetic Reference Field
(IGRF) magnetic field model. these stations are located in
the American Sector. The Jicamarca magnetometer provides
measurements every second with an uncertainty of 0.1 nT
and the Piura magnetometer every 10 seconds with 1 nT
of resolution [4]. From all magnetic stations, the 1-minute
average of measurements was utilized. Finally, to consider a
magnetospheric perspective, the parallel component of the
magnetic field measured by the geostationary satellite GOES
12 is also used in this study.
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Table 1: Magnetometer stations.

Station name Location Geographic longitude, deg Geographic latitude, deg Magnetic latitude, deg

Jicamarca Peru 283.13 −11.95 −1.73

Piura Peru 279.36 −5.18 4.96

College Alaska 212.14 64.87 65.38
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Figure 1: From top to bottom: The AU, AL indices; five super-
posed midlatitude magnetograms (Kakioka, Tashkent, Tangerang,
San Juan, Honolulu) with the arrow pointing to the San Juan
magnetogram; the zonal electric field at the equator (Jicamarca,
Peru); the auroral zonal electric field at College, Alaska; the time
derivative of the horizontal component of the magnetic field at San
Juan, Puerto Rico. In the last three panels, the dots indicate local
magnetic midnight. (After [5]. Reproduced with permission of the
American Geophysical Union).

3. Data Analysis

In the November 2004 event, the interplanetary electric field
was correlated at a level of 85% with the zonal electric
field measured at the Jicamarca Radio Observatory (JRO)
[2]. The basic result is presented in Figure 2 where the
delayed interplanetary electric field [6] is plotted, along with
the zonal component of the electric field measured in the
F region over JRO. The seeming lack of correlation after
0500 UT on 10 November 2004 is due to the local time
dependence of the penetration electric field [6]. As was
shown by [7], this deviation is expected theoretically and,
in fact, shows that the two fields continue to be highly anti-
correlated if local time is taken into consideration. But of
interest here is the huge spike in the JRO electric field at
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Figure 2: The black-line plot is the y-component of the electric
field in the Earth’s frame of rest delayed by the transit time of
the solar wind to the front of the magnetosphere divided by ten
for a 33 h period on November 2004. The red-line plot is the
zonal component of the electric field in the equatorial ionosphere.
(After [8]. Reproduced with permission of the European Geoscience
Union).

0800 UT. The change in the electric field is 3.0 mV/m, which,
by equatorial standards, is a very large field. Curiously, there
is no corresponding interplanetary electric field change. We
conclude that this was due to a magnetospheric source.

In Figure 3, we compare the JRO electric field with the
poleward component of the magnetic field measured on the
ground at two locations in Peru: at Jicamarca and at Piura,
about 1000 km north. The magnetic fields at Jicamarca and
Piura are 90 degrees out of phase with the JRO electric field
during the time of the large electric field change, as is clearly
seen in Figure 5. In Figure 4, we plot the electric field along
with the time derivative of the Jicamarca magnetic field.
During the time period of 0720-0820 UT, which includes
the largest electric field pulse, the two are in phase. The
period of the pulse is about an hour. At other times, the
fluctuations occur at higher frequencies and the phase shift is
variable. During the period of 0700-0830 UT, the correlation
between the JRO electric field and the time derivative of the
local magnetic field is 71%. The peak time derivative of the
magnetic field is 6 nT/min.

Figure 5 shows that the electric field and the magnetic
field are 90 degrees out-of-phase. The large electric field pulse
begins at 0740 UT. At 0800, GOES registered a dipolarization
(see Section 4 for a definition) event in which the parallel
component of B increased by over 40 nT. The time delay
observed in the satellite data likely is due to the location of
GOES relatively near the Earth. The electric field essentially
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Figure 3: The eastward electric field at Jicamarca for a 6 hr period on 10 November 2004. (b) shows the horizontal magnetic field on
(Jicamarca) and off (Piura) the equator.
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Figure 4: Comparison of the time-derivative of the horizontal component of the magnetic field simultaneously with the eastward electric
field. Both quantities were measured at Jicamarca, Peru.

penetrates instantaneously [6]. In Figure 6, we investigate the
75◦ W GOES magnetic field component perpendicular to the
equatorial plane.

4. Discussion

Maxwell’s equations involve partial time and space deriva-
tives, as opposed to the total time derivatives, which include
advective terms. Comparison of the Jicamarca and equatorial
magnetic fields indicates that the magnetic field of the most
importance is northward at the nighttime equator. Using the
integral form of Maxwell’s equation,

∮
E · dl = ∫∫ (∂B/∂t)ds2,

and assuming that the magnetic field entirely penetrates the
Earth, ∂B/∂t ∼ 0.07 nT/s, and so we can estimate the induced
electric field from

2πREE = πR2
E
∂B

∂t
, (1)

and hence,

E = ∂B

∂t

RE
2
= 0.2 mV/m, (2)

which underestimates E by a factor of ten for the November
2004 event. However, this result requires the external mag-
netic field to penetrate the entire Earth. Penetration phe-
nomena are referred to as magnetic field diffusion and are
described by

∂B

∂t
= η

μ0
∇2B, (3)

where η is the resistivity of the medium. The time constant
for penetrating the magnetic field by a distance of L is thus
the order of

τ = μ0L2

η
. (4)
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Figure 5: The electric and magnetic field time-series, 90 degrees out
of phase over Jicamarca, Peru.
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Using typical crustal values of η = 100Ω/m, we find that it
takes 100 hours to penetrate 1RE into the planet. Thus, the
line integral of the electric field around the Earth at F-region
heights must be equal to the surface integral of ∂B/∂t in the
area between, say, H = 300 km and the surface. Thus, we
have

2πRE ∼ (2πR)H
∂B

∂t
, (5)

where we have approximated the area enclosed by the line
integral. Substituting values and solving for E yields only
0.04 mV/m, which is almost two orders of magnitude too
small. It was tempting, of course, to treat the electric field
as an inductive effect, but the numbers just do not add up.
As shown above, the solid earth is a good enough conductor
that, on the time scale of the pulse, it cannot even penetrate
the crust.

So what is happening? Without a penetrating electric
field from the IMF, we could posit an electric field generated
in the magnetosphere, say, during a magnetic substorm. In
Figure 7, we compare the magnetic field measured in Alaska
with the electric field in Peru for the event. Reference [9]
showed that the key link between perturbations in the
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Figure 7: Time-derivative of the horizontal component of the
magnetic field at the polar zone (College, Alaska; black solid curve)
simultaneously with the eastward component of the electric field in
the equatorial ionosphere (Jicamarca, Peru; red curve).

equatorial F-region electric fields and the interplanetary
magnetic field is the electric field of magnetospheric origin.
If there is a substorm-related, magnetospherically induced
electric field oriented from dusk to dawn across the nightside,
the ring current will move closer to the Earth, causing
an increase in the magnetic field at the surface that will
be proportional to the distance to the ring current. Since
distance is the integral of the velocity and the electric field,
and if the magnetospheric field penetrates to the equator, as
it must, E and ∂B/∂t will be correlated. During a substorm,
magnetic energy stored in the distorted magnetosphere is
released into the atmosphere as accelerated electrons and
Joule heating. At such a time, the magnetic field relaxes to-
wards dipole, which is the lowest energy state. This is called
dipolarization, which is associated with the release of stored
magnetic energy into the ionosphere-atmosphere system.
Such an event was reported by [10] using the THEMIS
instrumentation. Since the magnetic field lines can be
considered to be frozen into the plasma, an eastward electric
field must be associated with this dipolarization. They found
that the equatorial magnetospheric electric field was in the
range of 2–6 mV/m. Observations of penetrating electric
fields (PPE) at the equator showed that the PPE is at least
0.5 times the equatorial field [11]. The magnetic field at the
center of a current loop is inversely proportional to the radius
a, that is, B = KI/a. Thus,

∂B

∂t
= −KI 1

a2

∂a

∂t
= B

1
a

∂a

∂t
. (6)

If B = 100 nT, a = Re, and ∂a/∂t = E/B0 = 2 km/s,
then ∂B/∂t = 2 nT/min. These parameters are conservative
since a strong ring current could locate at a = 3Re and
produce 400 nT at Earth. This mechanism seems to explain
the observations. It is well known that inductive electric fields
create problems for electric power systems (see [12], and
references therein). We suggest that the time-varying electric
fields potential reported here could be a source of power
system disruptions at middle and low latitudes.
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The nonhydrostatic model of the global neutral wind system of the earth’s atmosphere, developed earlier in the Polar Geophysical
Institute, is utilized to investigate how solar activity affects the formation of the large-scale global circulation of the mesosphere
and lower thermosphere. The peculiarity of the utilized model consists in that the internal energy equation for the neutral gas is
not solved in the model calculations. Instead, the global temperature field is assumed to be a given distribution, that is, the input
parameter of the model. Moreover, in the model calculations, not only the horizontal components but also the vertical component
of the neutral wind velocity is obtained by means of a numerical solution of a generalized Navier-Stokes equation for compressible
gas, so the hydrostatic equation is not applied. The simulation results indicate that solar activity ought to influence considerably
on the formation of global neutral wind system in the mesosphere and lower thermosphere. The influence is conditioned by the
vertical transport of air from the lower thermosphere to the mesosphere and stratosphere. This transport may be rather different
under distinct solar activity conditions.

1. Introduction

During the last three decades, several general circulation
models of the lower and middle atmosphere have been devel-
oped (e.g., see [1–11]). It can be noticed that the existing gen-
eral circulation models of the lower and middle atmosphere
may be successfully utilized for simulation of the slow climate
changes. Unfortunately, these models cannot produce the
vertical atmospheric wind with an acceptable accuracy.
The fact is that the momentum equation for the vertical
velocity is omitted in commonly used general circulation
models, and the vertical velocity is obtained with the help
of simple hydrostatic equation. Unfortunately, these models
can not produce the vertical atmospheric wind with an
acceptable accuracy. As a consequence of the simplification,
such models do not provide an ability to simulate the large-
scale global circulation in all regimes, in particular, under
disturbed conditions. As is well known, the global models
just mentioned produce the vertical component of the wind

velocity having the values of several centimeters per second at
levels of the lower thermosphere. While the observed vertical
velocity is known to achieve up to some tens m/s at levels
of the mesosphere and lower thermosphere in high-latitude
regions (see [12–16]). Thus, it is necessary to use more
complex general circulation models, describing the vertical
transport more adequately, for simulation the transient
large-scale global circulation of the middle atmosphere and
lower thermosphere.

In the Polar Geophysical Institute (PGI), the nonhydro-
static model of the global neutral wind system in the earth’s
atmosphere has been developed not long ago [17, 18]. This
model enables to calculate three-dimensional global distri-
butions of the zonal, meridional, and vertical components
of the neutral wind at levels of the troposphere, strato-
sphere, mesosphere, and lower thermosphere, with whatever
restrictions on the vertical transport of the neutral gas being
absent. This model has been utilized in order to simulate the
global circulation of the middle atmosphere for conditions
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Figure 1: The global distributions of the atmospheric temperature (K) at 90 km altitude, obtained from the NRLMSISE-00 empirical model
for 16 January, UT = 10.30 and calculated for two distinct values of solar activity: F10.7 = 101 (a) and F10.7 = 230 (b).

corresponding to summer and winter in the northern hemi-
sphere (see [17–19]). It has been found in these studies that
the global distributions of the neutral wind, calculated for
summer and winter periods in the northern hemisphere, in
particular, the large-scale circumpolar vortices, are consistent
with the planetary circulations of the atmosphere, obtained
from observations.

The purpose of the present work is to continue these
studies and to investigate numerically, using the nonhydro-
static model of the global neutral wind system [17, 18], how
solar activity affects the formation of the large-scale global
circulation of the mesosphere and lower thermosphere.

2. Mathematical Model

The nonhydrostatic model of the global neutral wind system
in the earth’s atmosphere, developed earlier in the PGI
[17, 18] is utilized in the present study. The utilized model
produces three-dimensional global distributions of the zonal,
meridional, and vertical components of the neutral wind
velocity and neutral gas density at the levels of the tropo-
sphere, stratosphere, mesosphere, and lower thermosphere.
The characteristic feature of the model is that the vertical
component of the neutral wind velocity, as well as horizontal

components of the neutral wind, is obtained by means of a
numerical solution of the appropriate momentum equation
for a viscous gas without any simplifications of this equation,
with the hydrostatic equation being not used. Moreover,
the model does not include the internal energy equation
for the neutral gas. Instead, the global temperature field is
assumed to be a given distribution. It is known that the
atmospheric temperature distributions, calculated by using
the existing global circulation models containing the internal
energy equation, as a rule, differ from observed distributions
of the atmospheric temperature. These differences are condi-
tioned by uncertainty and complexity in various chemical-
radiational heating and cooling rates. Therefore, there is
no reason to expect an exact correspondence between the
calculated and measured temperatures of the neutral gas. On
the other hand, over the last years empirical models of the
global atmospheric temperature field have been successfully
developed which have a satisfactory accuracy. In the present
study, we take the global temperature distribution from the
NRLMSISE-00 empirical model [20] and consider it to be an
input parameter of the utilized model.

However, the utilized model is not able to simulate the
gravity waves origin and propagation because of the time
independence of the temperature in the model calculations.
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Figure 2: The global distributions of the atmospheric temperature (K) at 110 km altitude, obtained from the NRLMSISE-00 empirical model
for 16 January, UT = 10.30 and calculated for two distinct values of solar activity: F10.7 = 101 (a) and F10.7 = 230 (b). Also the difference
between the latter and the former distributions (c).

The model has the potential to describe the global neutral
wind system under disturbed conditions when the vertical
component of the neutral wind velocity at the levels of the
lower thermosphere can be as large as several tens of meters
per second [12–16].

The mathematical model, utilized in the present study, is
based on the numerical solution of the system of equations

containing the dynamical equation and continuity equation
for the neutral gas. For solving the system of equations, the
finite-difference method is applied. The dynamical equation
for the neutral gas in vectorial form can be written as

ρ

⎛

⎝∂
�V
∂t

+
(
�V ,∇

)
�V

⎞

⎠ = ρ�F +∇ ·
�
P, (1)
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Figure 3: The global distributions of the vector of the simulated horizontal component of the neutral wind velocity at the altitude of 30 km,
obtained for 16 January and calculated for two distinct values of solar activity: F10.7 = 101 (a) and F10.7 = 230 (b). The velocities are given in
m/s.

where ρ is the neutral gas density, �V is the neutral wind

velocity, �F is the acceleration comprising the gravity acceler-
ation, Coriolis acceleration, acceleration of translation, and

acceleration due to elastic collisions with the ion gas, and
�
P

is the total stress tensor. The latter tensor can be decomposed
as follows:

�
P = −p

�
I +

�
τ , (2)

where p is the pressure,
�
I is the unit tensor, and

�
τ is

the extra stress tensor whose components are given by the
rheological equation of state or the law of viscous friction.
A spherical coordinate system rotatable together with the
earth is utilized in model calculations. Therefore, from the
dynamical equation (1), momentum equations for the zonal,
meridional, and vertical components of the neutral gas
velocity may be derived. These equations include not only the
pressure gradients but also partial derivatives of components

of the extra stress tensor,
�
τ . The latter tensor is composed of a

Newtonian part,
�
τ0, and a complementary part,

�
τ1, namely,

�
τ = �

τ0 +
�
τ1. (3)

The former tensor,
�
τ0, is given by the well-known Newton’s

law of viscous friction,
�
τ0 = 2μ

�
ε , (4)

where μ is the coefficient of molecular viscosity, whose
dependence on the temperature is assumed to obey the

Sutherland’s law, and
�
ε is the tensor defined as

�
ε =

�
D0 − 1

3

�
I Tr

(�
D0

)
, (5)

where
�
D0 is the strain rate tensor and Tr( ) denotes the trace

of a tensor. The complementary stress tensor,
�
τ1, is supposed

to be conditioned by a small-scale turbulence having the
scales equal and less than the steps of the finite-difference
approximations. It is assumed that this tensor represents the
effect of the turbulence on the mean flow and is given by an
expression, analogous to the Newton’s law of viscous friction
(4), with the scalar coefficient of viscosity, μ, being replaced
by three distinct coefficients describing the eddy viscosities
in the directions of the basis vectors of the utilized spherical
coordinate system. For computing the eddy viscosities, the
turbulence theory of Obukhov [21] is applied.
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Figure 4: The same as in Figure 3 but at the altitude of 50 km.

Thus, the momentum equations for the zonal, merid-
ional, and vertical components of the neutral gas velocity
acquire ultimately a form of a generalized Navier-Stokes
equation for compressible gas on scales which are more than
the steps of the finite-difference approximations, with the
effect of the turbulence on the mean flow being taken into
account by using an empirical subgrid-scale parameteriza-
tion. The steps of the finite-difference approximations in the
latitude and longitude directions are identical and equal to 1
degree. The height step is nonuniform and does not exceed
the value of 1 km.

The simulation domain is the layer surrounding the earth
globally and stretching from the ground up to the altitude of
126 km at the equator. Upper boundary conditions provide
the conservation law of mass in the simulation domain. The
earth’s surface is supposed to coincide approximately with an
oblate spheroid whose radius at the equator is more than that
at the pole. More complete details of the utilized model may
be found in the studies of I. V. Mingalev and V. S. Mingalev
[17] and Mingalev et al. [18].

3. Presentation and Discussion of Results

The utilized mathematical model of the global neutral wind
system can be used for different solar cycle, seasonal, and

geomagnetic conditions. For the present study, calculations
were made for low-geomagnetic activity (Kp = 1) and for
two different dates, namely, 16 January and 16 July, which
belong to winter and summer in the northern hemisphere,
respectively. To investigate the influence of solar activity
on the global circulation of the atmosphere, we made
calculations for conditions corresponding to two different
10.7 cm solar fluxes: moderate and high, namely, F10.7 =
101 and 230. The variations of the atmospheric parameters
with time were calculated until they become stationary.
The steady-state distributions of the atmospheric parameters
were obtained for two considered dates on condition that
inputs to the model correspond to the identical moment
(10.30 UT) for each day. The temperature distributions,
corresponding to this moment, were taken for each day from
the NRLMSISE-00 empirical model [20]. The NRLMSISE-
00 empirical atmospheric model extends from the ground to
the exobase and is a major upgrade of the MSISE-90 model in
the thermosphere. The model and the associated NRLMSIS
database include the following data: (1) total mass density
from satellite accelerometers and from orbit determination,
(2) temperature from incoherent scatter radar covering
1981–1997, and (3) molecular oxygen number density,
[O2], from solar ultraviolet occultation aboard the Solar
Maximum Mission.
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Figure 5: The same as in Figure 3 but at the altitude of 70 km.

The numerical solutions to system of equations, de-
scribed above, were obtained on condition that the boundary
conditions and inputs to the model are time independent
and correspondent to 10.30 UT. Since the obtained results are
different, it is convenient to present them separately.

3.1. Simulation Results for January Conditions. Let us con-
sider simulation results, obtained for the winter period in
the northern hemisphere (16 January). The atmospheric
temperature is one of major input parameters of the utilized
mathematical model. As was noted earlier, in the present
study, this input parameter is obtained from the NRLMSISE-
00 empirical model [20]. It turns out that atmospheric
temperatures, calculated with the help of the NRLMSISE-
00 empirical model for two distinct values of solar activity
(F10.7 = 101 and 230), are very similar below approximately
100 km, while, above this altitude, they may be rather differ-
ent. This fact can be easy seen from Figures 1 and 2, with
the planetary distributions of the atmospheric temperature
being essentially nonuniform. From Figure 1, one can see
that, at the altitude of 90 km, temperatures, obtained for two
considered 10.7 cm solar fluxes, are practically equal, with
their differences being less than 0.001 K in whole simulation
domain. From Figure 2, one can see that, at the altitude of

110 km, differences between temperatures, obtained for two
considered 10.7 cm solar fluxes, can achieve a few tens of
degrees at identical points of the globe. Thus, the application
of the NRLMSISE-00 empirical model shows that the
influence of level of solar activity on the global distribution of
the atmospheric temperature ought to be absent at altitudes
of the troposphere, stratosphere, and mesosphere, while
this influence ought to be appreciable at altitudes of the
lower thermosphere for the winter period in the northern
hemisphere.

Distributions of the atmospheric parameters, calculated
with the help of the mathematical model and obtained for 16
January, are shown in Figures 3–7. The results of modeling
illustrate both common characteristic features and distinc-
tions caused by different values of solar activity.

The calculated global distributions of the atmospheric
parameters display the following common features. The
horizontal and vertical components of the wind velocity
are changeable functions of latitude and longitude at levels
of the mesosphere and lower thermosphere. The horizontal
domains exist where the steep gradients in the horizontal
velocity field take place. The horizontal wind velocity can
have various directions which may be opposite at the near
points. Moreover, the horizontal domains exist in which
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Figure 6: The global distributions of the simulated vertical component of the neutral wind velocity at the altitude of 50 km, obtained for
16 January and calculated for two distinct values of solar activity: F10.7 = 101 (a) and F10.7 = 230 (b). The velocities are given in m/s, with
positive direction of the vertical velocity being upward.

the vertical neutral wind component has opposite directions.
Maximal absolute values of the horizontal and vertical com-
ponents of the wind velocity are larger at higher altitudes.
At levels of the mesosphere, the horizontal wind velocity can
achieve values of more than 160 m/s.

From numerous observations, it is well known that cir-
cumpolar vortices are formed at heights of the stratosphere
and mesosphere in the periods close to summer and winter
solstices. The circumpolar cyclone arises in the northern
hemisphere under winter conditions, while the circumpolar
anticyclone arises in the southern hemisphere under summer
conditions.

From the results shown in Figures 3–5, we can see that,
for winter period in the northern hemisphere, at levels of
the stratosphere and mesosphere, the motion of the neutral
gas in the northern hemisphere is primarily eastward, so a
circumpolar cyclone is formed. It can be noticed that the
center of the northern cyclone may be displaced from the
pole. Simultaneously, the motion of the neutral gas is pri-
marily westward in the southern hemisphere at levels of the
stratosphere and mesosphere, so a circumpolar anticyclone
is formed for summer period of the southern hemisphere.
It can be seen that the circumpolar vortices of the northern

and southern hemispheres, simulated for moderate and
high 10.7 cm solar fluxes for January conditions, correspond
qualitatively to the global circulation, obtained from obser-
vations.

Let us consider simulation results, obtained for distinct
values of solar activity and their distinctions. From Figure 3,
one can see that, at the altitude of 30 km, the horizontal com-
ponent of the wind velocity in the circumpolar cyclone of the
northern hemisphere, obtained for moderate solar activity,
can achieve values of less than 35 m/s, while this component,
obtained for high-solar activity, exceeds a value of 40 m/s.
Thus, the horizontal wind velocity in the circumpolar
cyclone of the northern hemisphere, obtained for moderate
solar activity, is less than that obtained for high-solar activity.
Similarly, the horizontal wind velocity in the circumpo-
lar anticyclone of the southern hemisphere, obtained for
moderate-solar activity, is less than that obtained for high-
solar activity.

From Figure 3, it can be seen that, at low latitudes, the
horizontal wind velocity, obtained for high-solar activity,
can achieve values of more than 35 m/s, while this velocity,
obtained for moderate solar activity, does not exceed a value
of 25 m/s. Thus, at low latitudes, the horizontal wind velocity,
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Figure 7: The same as in Figure 6 but at the altitude of 70 km.

obtained for high-solar activity, is more than that obtained
for moderate solar activity, at the altitude of 30 km.

From Figures 4 and 5, we can see that maximal abso-
lute values of the horizontal wind velocity, obtained for
moderate-solar activity, are less than those, obtained for
high-solar activity, at the altitudes of 50 and 70 km.

From the results shown in Figures 6 and 7, we can see
that, for winter period in the northern hemisphere, at levels
of the mesosphere, the vertical wind velocity can have oppo-
site directions in the horizontal domains having different
configurations. Maximal absolute values of the downward
vertical wind component are commensurable with the
maximal module of the upward vertical wind component for
conditions of moderate-solar activity. On the contrary, for
conditions of high-solar activity, maximal absolute values of
the downward and upward vertical wind components can be
rather different. At low latitudes, maximal absolute values
of the vertical wind velocity, obtained for moderate solar
activity, are more than those, obtained for high-solar activity,
at the altitudes of the mesosphere.

Simulation results, obtained for January conditions, indi-
cate that despite of independence of the atmospheric temper-
ature on the 10.7 cm solar flux below approximately 100 km,

the influence of the solar activity level on the global circu-
lation of the stratosphere and mesosphere does exist. This
influence is a consequence of a relationship between large-
scale circulations of the middle atmosphere and thermo-
sphere, with the thermospheric circulation being dependent
on the solar activity level, undoubtedly. The influence is
conditioned by the vertical transport of air from the lower
thermosphere to the mesosphere and stratosphere. This
transport may be rather different under distinct solar activity
conditions.

3.2. Simulation Results for July Conditions. Now, let us con-
sider simulation results, obtained for the summer period in
the northern hemisphere (16 July). The atmospheric temper-
atures, calculated with the help of the NRLMSISE-00 empir-
ical model for two distinct values of solar activity (F10.7 =
101 and 230), are identical below 100 km. However, above
this altitude they may be rather different at the same points
of the globe. As can be seen from Figure 8, the differences
between temperatures, obtained for two considered 10.7 cm
solar fluxes, can achieve values of more than 30 K at the
altitude of 110 km. Thus, the influence of solar activity on
the global distributions of the atmospheric temperature,
calculated with the help of the NRLMSISE-00 empirical
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Figure 8: The global distributions of the atmospheric temperature (K) at 110 km altitude, obtained from the NRLMSISE-00 empirical model
for 16 July, UT = 10.30 and calculated for two distinct values of solar activity: F10.7 = 101 (a) and F10.7 = 230 (b). Also the difference between
the latter and the former distributions (c).

model, ought to be absent below 100 km for the summer
period in the northern hemisphere.

The results of modeling, obtained for 16 July, are shown
in Figures 9–13. These results illustrate common charac-
teristic features which, in essence, are the same as in Jan-
uary conditions, described in the previous subsection. The

simulation results, presented in Figures 9 and 10, indicate
that, for the summer period in the northern hemisphere,
at levels of the stratosphere and mesosphere, the motion
of the neutral gas in the northern hemisphere is primarily
westward, so a circumpolar anticyclone is formed. Simulta-
neously, the motion of the neutral gas is primarily eastward
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Figure 9: The global distributions of the vector of the simulated horizontal component of the neutral wind velocity at the altitude of 30 km,
obtained for 16 July and calculated for two distinct values of solar activity: F10.7 = 101 (a) and F10.7 = 230 (b). The velocities are given in m/s.

in the southern hemisphere at levels of the stratosphere and
mesosphere, so a circumpolar cyclone is formed for winter
period of the southern hemisphere.

From numerous observations, it is known that a circum-
polar anticyclone arises in the northern hemisphere under
summer conditions, while the circumpolar cyclone arises
in the southern hemisphere under winter conditions. It is
easy to see that the circumpolar vortices of the northern
and southern hemispheres, simulated for moderate and high
10.7 cm solar fluxes for July conditions, correspond qualita-
tively to the global circulation, obtained from observations.

From the results shown in Figures 9 and 10, we can
see that the horizontal wind velocity in the circumpolar
cyclone of the southern hemisphere, obtained for moderate-
solar activity, is more than that obtained for high-solar
activity. Also, from Figure 9, it can be seen that, at low
latitudes, the westward horizontal wind velocity, obtained
for moderate solar-activity, is more than that obtained for
high-solar activity, at the altitude of 30 km. From Figure 10, it
can be seen that, close to a latitude of −30◦, a long narrow
band exists in which the horizontal component of the wind
velocity, calculated for high-solar activity, can achieve values
of more than 110 m/s. This peculiarity is absent in the results,

calculated for moderate-solar activity. From Figure 11, we
can see that maximal absolute values of the horizontal wind
velocity, obtained for moderate-solar activity, are more than
those, obtained for high-solar activity, at the altitude of
90 km. As it is seen from Figures 12 and 13, at levels of
the mesosphere and lower thermosphere, the vertical wind
velocity, calculated for the summer period in the northern
hemisphere, can have opposite directions in the horizontal
domains having different configurations. The horizontal
domains, where the vertical wind component is downward,
are similar to a long narrow band, while the horizontal
domains, where the vertical component of the neutral wind
is upward, are similar to a spot having a great length and large
width.

From the results shown in Figure 12, we can see that
maximal values of the upward vertical wind component,
calculated for both moderate- and high-solar activities,
are approximately equal at the altitude of 50 km. On the
contrary, maximal values of the downward vertical wind
component, calculated for high-solar activity, are more than
those obtained for moderate-solar activity, at the altitude of
50 km. From Figure 13, we can see that maximal absolute
values of the vertical wind velocity can achieve magnitudes
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Figure 10: The same as in Figure 9 but at the altitude of 50 km.

of about 2 m/s at the altitude of 90 km. It is doubtful that
such magnitudes may be simulated by general circulation
models applying the hydrostatic approach. On the contrary,
it may be expected that such magnitudes may be simulated
by nonhydrostatic general circulation models, in particular
by the Whole Atmosphere Community Climate Model
(WACCM), utilized in the study of Smith et al. [22].

From the simulation results, obtained for the summer
period in the northern hemisphere, we can see that the
atmospheric temperature, calculated with the help of the
NRLMSISE-00 empirical model, does not depend on the
10.7 cm solar flux below approximately 100 km. Neverthe-
less, below 100 km, the effect of solar activity on the global
circulation of the atmosphere does exist. This effect is
conditioned by a relationship between circulations of middle
atmosphere and thermosphere. A variation of the 10.7 cm
solar flux leads to changes of large-scale circulation of the
thermosphere, in particular, the vertical wind, which can
penetrate to low altitudes and affect the global circulation of
the mesosphere and stratosphere.

4. Summary and Conclusions

The nonhydrostatic model of the global neutral wind system
of the earth’s atmosphere, developed earlier in the Polar

Geophysical Institute, was utilized to investigate how solar
activity affects the formation of the large-scale global circula-
tion of the mesosphere and lower thermosphere. The applied
mathematical model differs essentially from existing global
circulation models of the atmosphere. Firstly, an internal
energy equation for the neutral gas is not included in the
applied mathematical model. Instead, the global temperature
field is assumed to be a given distribution, that is, the input
parameter of the model and obtained from the NRLMSISE-
00 empirical model [20]. Secondly, the vertical component
of the neutral wind velocity is calculated without using
the hydrostatic equation. The vertical component of the
neutral wind velocity as well as the horizontal components
is obtained by means of a numerical solution of a generalized
Navier-Stokes equation for compressible gas, with whatever
restrictions on the vertical transport of the neutral gas being
absent.

The applied mathematical model was utilized for obtain-
ing the steady-state distributions of the atmospheric param-
eters, using the method of establishment, for conditions,
corresponding to two different dates, namely, 16 January and
16 July, for the identical moment (10.30 UT) for each consid-
ered day. Calculations were performed for low-geomagnetic
activity and for conditions corresponding to two different
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Figure 11: The same as in Figure 9 but at the altitude of 90 km.

10.7 cm solar fluxes: moderate and high, namely, F10.7 = 101
and 230.

The results of simulation illustrate common characteris-
tic features. In particular, the calculated horizontal and verti-
cal components of the wind velocity are changeable functions
of latitude and longitude at levels of the mesosphere and
lower thermosphere. It turned out that the calculated
global distributions of the horizontal wind velocity, obtained
for different dates and solar activity levels, contain large-
scale circumpolar vortices of the northern and southern
hemispheres. It turned out that, in the northern hemisphere,
the circumpolar cyclone is formed under winter conditions
and the circumpolar anticyclone is formed under summer
conditions. In the southern hemisphere, the circumpolar
anticyclone is formed in January and the circumpolar
cyclone is formed in July. It should be emphasized that
the circumpolar vortices of the northern and southern
hemispheres, obtained using the mathematical model at
levels of the mesosphere for January and July conditions,
are consistent with existing observational data. This fact
manifests the adequacy of the mathematical model utilized
in the present study.

The simulation results, obtained for January conditions,
indicated that solar activity ought to influence considerably

on the formation of global neutral wind system in the
mesosphere and lower thermosphere. In both northern and
southern hemispheres, above approximately 25 km, maximal
absolute values of the horizontal wind velocity, obtained for
moderate-solar activity, ought to be less than those, obtained
for high-solar activity. At low latitudes, maximal absolute
values of the horizontal wind velocity, obtained for high
solar activity, ought to be more than those, obtained for
moderate solar activity, at altitudes of more than 25 km.
At low latitudes, maximal absolute values of the vertical
component of the wind velocity, obtained for moderate-solar
activity, ought to be more than those, obtained for high-solar
activity, at altitudes of the mesosphere.

The simulation results, obtained for July conditions,
possess the following characteristic features. In the northern
hemisphere, below approximately 40 km, maximal abso-
lute values of the horizontal wind velocity, obtained for
moderate-solar activity, ought to be less than those, obtained
for high-solar activity, while, above this altitude, these values,
obtained for moderate-solar activity, ought to be more than
ones, obtained for high-solar activity. In the southern hemi-
sphere, below approximately 40 km, maximal absolute values
of the horizontal wind velocity, obtained for moderate-solar
activity, ought to be more than those, obtained for high-solar
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Figure 12: The global distributions of the simulated vertical component of the neutral wind velocity at the altitude of 50 km, obtained for 16
July and calculated for two distinct values of solar activity: F10.7 = 101 (a) and F10.7 = 230 (b). The velocities are given in m/s, with positive
direction of the vertical velocity being upward.

activity, while, above this altitude, these values, obtained for
moderate-solar activity, ought to be less than ones, obtained
for high-solar activity. At low latitudes, below approximately
25 km, maximal absolute values of the horizontal wind
velocity, obtained for moderate-solar activity, ought to be less
than those, obtained for high-solar activity, while, above this
altitude, these values, obtained for moderate-solar activity,
ought to be more than ones, obtained for high-solar activity.

From the simulation results presented, we can see that
the atmospheric temperature, calculated with the help of
the NRLMSISE-00 empirical model, does not depend on
the 10.7 cm solar flux below approximately 100 km. Never-
theless, the effect of solar activity on the global circulation
of the atmosphere below 100 km does exist. This effect is
conditioned by a relationship between global circulations of
the thermosphere and middle atmosphere. In this relation-
ship, a vertical motion of air can play a significant role. At
altitudes of more than 100 km, the global distributions of
the atmospheric temperatures, calculated for distinct 10.7 cm
solar fluxes, are different. As a consequence, correspondent
global circulations of the atmosphere at these altitudes are
different, too, including the vertical wind system. Since the

vertical wind can penetrate to low altitudes, the global
circulation of the mesosphere and stratosphere may be
transformed. In this way, the influence of solar activity on
the global circulation of the mesosphere and stratosphere
is primarily realized. Incidentally, the utilized mathematical
model was able to simulate this influence due to the fact that
the model is nonhydrostatic.

It can be noticed that the point of view exists that the
atmospheric temperature ought to depend on the 10.7 cm
solar flux below 100 km (e.g., see [23, 24]). However,
such dependence is not reproduced by the NRLMSISE-00
empirical model as well as by other existing empirical models
of the global distributions of the atmospheric temperature.
Nevertheless, the application of the NRLMSISE-00 empirical
model leads to the effect of solar activity on the global
circulation of the atmosphere below 100 km due to the
vertical transport of air from the lower thermosphere to
the mesosphere and stratosphere. It may be expected that,
taking into consideration the dependence of atmospheric
temperature on the 10.7 cm solar flux below 100 km, one can
obtain in future a more pronounced effect of solar activity on
the global circulation of the atmosphere below 100 km.
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Figure 13: The same as in Figure 12 but at the altitude of 90 km.
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This scientific report presents the results of a dedicated experiment that was conducted within the framework of the Low-latitude
ionospheric Sensor Network (LISN) observatory to measure the characteristics of medium-scale (hundreds of km) Traveling
Ionospheric Disturbances (TIDs) as they transit through the low-latitude ionosphere. A small array of 3 GPS receivers separated
by 4-5 km placed in a triangular configuration was installed near Huancayo in Peru possessing several characteristics of a radio-
interferometer. During the campaign days, 17–30 July 2008, TIDs were observed daily. On July 20, 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. Other GPS receivers that were operating hundreds of km away from Huancayo show also similar
TEC traces and provide a phase velocity equal to 150 m/s. This value was measured using the GPS at Piura, Cuzco and Huancayo.
Based on this positive result, we conclude that small and/or regional arrays of GPS receivers can be used at low latitudes to study
the role that gravity waves may have on seeding plasma bubbles.

1. Introduction

Traveling ionospheric disturbances (TIDs) are the iono-
spheric manifestation of neutral density oscillations called
atmospheric gravity waves (AGWs or GWs). AGWs originate
in the troposphere or stratosphere, and often propagate
to F-region heights, where they induce oscillations in the
plasma density via ion-neutral coupling. When AGW winds
drive plasma along magnetic field lines via ion-neutral
collisions, “classical” TIDs result [1–3]. However, at night
the electrodynamics are favorable to the production of
“nonclassical” or “electrodynamic” TIDs, such that vertical
movement of the F-layer results [4–6]. TIDs that reach
F-region altitudes are divided into two classes: medium-
scale (MSTIDs) and large-scale (LSTIDs). MSTIDs primarily
originate from tropospheric weather systems and mountain
turbulence; depending on background wind conditions and
other factors, these may propagate in any direction. LSTIDs

are produced by auroral energy injection during geomag-
netic storms. They typically propagate meridionally from
polar regions towards the equator. AGWs have a wide range
of observed wavelengths and propagation velocities, fre-
quently having horizontal wavelengths of up to hundreds of
kilometers and speeds of hundreds of meters per second. As
they propagate from lower altitudes, their amplitudes grow
exponentially. At mid-latitudes, AGWs have been observed to
have preferred propagation azimuths that change with season
[7]; it is logical to assume that similar seasonal patterns exist
at low latitudes.

Gravity waves are widely believed to play a critical role in
seeding the development of equatorial plasma depletions in
the nighttime low-latitude ionosphere. Current understand-
ing holds that both favorable ionospheric conditions [8] and
an initial seed perturbation on the bottomside are necessary
to create rising depletion channels. If both are present,
the Rayleigh-Taylor instability creates intense polarization
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electric fields within the perturbations, causing the depleted
plasma inside to E × B drift upward into the topside [9, 10].
Gravity waves, [11], as well as penetration electric fields,
dynamics associated with the post-sunset vortex [12], and
E-region structure mapped to F-region altitudes along mag-
netic field lines [13] have all been cited as possible seeding
mechanisms.

To unravel the importance of the gravity wave seeding
mechanism, it is important to observe and characterize
both early-evening gravity waves and the equatorial plasma
depletions seen later in the evening. However, most current
observing techniques have severe limitations. Ionosondes
can measure the GW vertical period, but they are not sen-
sitive to other parameters. A steerable-beam radar such as
Altair can measure the large-scale zonal wavelength and am-
plitude, but the GW must be traveling roughly orthogonal to
the radar beam to be detected. Phased-array radar systems
such as the Japanese MU system [14, 15] are sensitive to
GW horizontal wavelength, propagation azimuth, and am-
plitude, but these systems are expensive to deploy and
operate. OI (557.7 nm, emission altitude ∼96 km) and OH
band (720–910 nm, ∼86 km) airglow imagers can measure
GW horizontal wavelengths, propagation azimuths, and
amplitudes, but at altitudes far below the bottomside [16,
17]. OI (630 nm emission) optical measurements have been
used to characterize the seasonal and solar cycle variability of
MSTIDs [18, 19]. OI has an emission layer between roughly
200–300 km, which is very close to the bottomside [20]. But
even here, airglow imagers operate only during the nighttime
and require good seeing conditions (no clouds) to operate.

The radio beacon technique [7, 21–23] overcomes many
limitations of other observation methods, enabling simulta-
neous characterization of key GW parameters. Here, satellite
radio beacon signals are measured by stationary ground
receivers; TIDs are evident as fluctuations in total elec-
tron content (TEC) derived from the beacon signals [24].
Although TEC is an integrated quantity, various processes,
including wind-filtering [7] and breaking [25], prevent
AGWs from penetrating far into the thermosphere. Obser-
vations [26] and model results [27] have shown that most
TIDs do not rise above 300 km. Thus, the bulk of the TEC
perturbations occur on the F-region bottomside and the
upper E-region. Moreover, after the E-region decays in the
evening, TEC fluctuations become highly localized in the
bottomside region. Thus, while radio beacon TEC measure-
ments are integrated over the whole altitude range of the
ionosphere, the narrow vertical localization of GW-induced
TEC fluctuations makes this technique a powerful tool for
studying early-evening TIDs. In the radio beacon technique,
also known as radio-interferometry, phase differences mea-
sured 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 [28–30]. This new innova-
tion 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 continuously monitor the bottomside region over
a given receiver array.

Figure 1: Geographic location of the Huancayo radio interferome-
ter test array.

This paper describes measurements observed with a
three-station array of GPS receivers that were located near
Huancayo, Peru. These receivers constitute the first low-
latitude radio-interferometer array dedicated to studying
TIDs. The hardware layout and the analysis technique, that
was used to derive the TEC perturbation associated with
the TIDs, are described in the next section. The phase
velocities, scale sizes, and the direction of motion of the TIDs
calculated using the SADM-GPS methodology are presented
in Section 3. The TIDs wave characteristics derived using a
cross-correlation method are introduced in Section 4. The
cross-correlation method was also applied to TEC mea-
surements recorded by other low-latitude ionosphere sensor
network (LISN, http://lisn.igp.gob.pe/) GPS receivers that are
operating hundreds of kms apart from Huancayo. The results
of this analysis are described in Section 5. Discussion and
conclusions follow in Sections 6 and 7.

2. Observations

Since the late 90s several publications have reported the
characteristics of mid-latitude GWs using the GPS radio-
interferometry (GPS-RI) method [28, 30]. Based on this
success, we conducted a campaign in South America aiming
to characterize the local time, duration, and wave properties
of GWs that are transiting near the magnetic equator in
the Peruvian sector. We installed two GPS receivers near the
city of Huancayo (12.042◦S; 75.321◦W) due to its proximity
to the magnetic equator, the existence of a permanent GPS
receiver in that city and the presence of nearby towns. The
additional GPS receivers were temporarily installed, one at
the town of Chupaca (12.061◦S; 75.292◦W) and the other at
Sicaya (12.021◦S; 75.282◦W). All 3 GPS receivers of the small
network of GPS receivers consist of GSV4004B Novatel GPS
using geodetic antennas. Similarly, Novatel GPS receivers
were also installed in the cities of Piura and Cuzco. However,
the receiver in Iquitos consists of a CRS1000 LEICA GPS that
uses a choke ring antenna. Figure 1 indicates the geographic
locations of the three sites, where GPS receivers operated
between July 17—30, 2008 and July 30. As indicated in
Figure 1, the distance between GPS receivers was between
3.9 and 4.8 km. They were distributed forming an isosceles
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Figure 2: TEC versus UT measured by the Huancayo GPS receivers; red, green, and blue traces represent TEC values from the three receivers;
black lines represent the estimated background/unperturbed TEC values. Each of the four panels represents signals from one of four GPS
satellites (PRN = 07, 14, 22, and 25).

triangle to provide good estimates of the phase velocity as a
function of both latitude and longitude. Due to the relatively
short distance between receivers and the relatively large phase
velocity of GWs that can vary between 100 and 500 m/s [31],
we opted to sample the phase and group delay of both L1 and
L2 frequencies once per second (1 Hz).

Each of the four frames of Figure 2 present TEC values
measured by all 3 GPS receivers that operated near Huancayo
on July 20, 2008. The TEC values from different receivers
have been color coded to differentiate them and to indicate
their similarity. The TEC values were computed following
the standard procedure that involves using the differential
phase and pseudorange values of both L1 and L2 frequency
signals [32] and leveling the differential phase to the average
differential code values to eliminate 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. The thin black line, displayed in each of the 4 frames
of Figure 2, indicates an estimate of the background or un-
perturbed TEC values. This estimate takes into account the
typical daily variability of the TEC values that is a function
of the local time variability produced by solar EUV radiation,
changes in tides, presence of external electric fields, and more
importantly the TEC variability introduced by the motion
of the GPS satellites that continuously samples different lati-
tudes and longitudes. These background TEC values are used

to estimate the TEC perturbation, or in other words, derive
the contribution produced by the passage of the gravity
waves. The TEC curves corresponding to each satellite pass
were fitted to a 4th-order-polynomial to filter out the diurnal
variability and to remove spatial changes in TEC due to
the GPS satellite motion and to evaluate TEC perturbations
(TECP) containing time scales of 3 hours or less. Similar
analysis was conducted by Valladares et al. [24] to estimate
the TEC perturbation attributed to the passage of large-scale
gravity waves. Equatorial plasma bubbles can also produce
significant perturbations in the TEC traces. However, their
effect consists of rapid and deep negative excursions of the
TEC traces, commonly called TEC depletions. To avoid any
possible erroneous identification, the GW/TID campaign
was carried out during a period of minimum bubble activity,
in which no TEC depletions were observed. As shown in the
following figures, all the analysis methods are based on the
difference between the measured and the estimated back-
ground “unperturbed” TEC values. This differential value is
called TEC perturbations (TECP).

Figure 3 shows TECP values measured on 3 different
days. The top panel, corresponding to July 17, 2008, displays
perturbations that reach 1 TEC unit between 20 and 22 UT.
Smaller amplitude TEC perturbations (±0.4 TEC units) are
observed between 13 and 19 UT. The noise level in this and
other panels is about±0.2 TEC units. The TEC perturbations
of the center panel (July 20, 2008) exceed 1 TEC unit between
22 and 24 UT and exhibit moderate levels (±0.6 TEC units)
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Figure 3: TECP versus UT at Huancayo for three days in July. Data from various GPS satellite signals are plotted; each satellite is distinguished
by a different color.

of TEC perturbations between 14 and 16 UT. Note the
different amplitude scale that is used in this panel. The
bottom panel corresponding to July 15, 2008 depicts two
large patches with significant levels of TEC perturbations.
The first occurs during early evening hours (00–04 UT) and

the second in the afternoon hours (19–24 UT). In sum-
mary, during the campaign TEC perturbations are observed
preferentially a few hours before sunset (24 UT). A second
interval of TEC perturbations occurs at different times of the
day.
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3. Analysis of TID Characteristics Using
SADM-GPS Algorithm

We have calculated the TIDs horizontal phase velocity Vh(t)
and the azimuthal propagation direction of the phase front
α(t) using the statistical angle of arrival and doppler method
for GPS interferometry (SADM-GPS) developed by Afraim-
ovich et al. [28–30]. This method assumes that the iono-
sphere changes in a nondispersive manner due to the passage
of the TID or a packet of TIDs. Under this assumption,
Afraimovich et al. [28, 30] calculated the velocity and direc-
tion of propagation of mid-latitude TID packets during quiet
ionospheric conditions. The SADM-GPS represents the TEC
perturbations by the form: I(x, y, t) = δ(t) sin(Ωt − kxx −
ky y + ϕ0). This expression implies that a monochromatic
or a largely dominant TID propagates through the field-of-
view of the small receiver network. For events when more
than one TID is propagating through the measured volume,
this representation will be invalid, and a spectral characteri-
zation of the TIDs is more appropriate. Using the equations
proposed by Afraimovich et al. [28], it can be demonstrated
that the TID wave parameters can be calculated using:

α(t) = arctan

(
I′x(t)
I′y(t)

)

= arctan

(
Gx

Gy

)

, (1)

ux(t) = I′t (t)
I′x(t)

, (2)

uy(t) = I′t (t)
I′y(t)

, (3)

u(t) =
∣
∣∣ux(t)uy(t)

∣
∣∣

(
u2
x(t) + u2

y(t)
)1/2 , (4)

Vh(t) = u(t) +wx(t) sin α(t) +wy(t) cos α(t),
(5)

Gx = (YA(TECPB − TECPC)− YC(TECPB − TECPA))
XAYC − XCYA ,

(6)

Gy = (XC(TECPB − TECPA)− XA(TECPB − TECPC))
XAYC − XCYA ,

(7)

where I′x(t), I′y(t), and I′t(t) are the spatial and time deriv-
atives of the TECP values. ux(t) and uy(t) are the propagation
velocities of the phase front along the x-(east) and y-(north)
axes in a frame of reference centered at the Huancayo station.
wx(t) and wy(t) are the x and y projections of the sub-iono-
spheric intersection point velocity. Note thatGx andGy sym-
bols used in Figure 4 are equivalent to the I′x(t) and I′y(t)
derivatives. As the velocity of the subionospheric intersection

(80–100 m/s) is comparable to the speed of the GWs, it
becomes imperative to subtract this effect from the estimated
phase velocity u(t). Equation (5) includes this correction in
which the component of the satellite velocity in the direction
perpendicular to the phase front is subtracted to determine
the true horizontal velocity of the TID. The symbols XA, YA,
XC , and YC are defined in Figure 1 and correspond to the
coordinate distances of Sicaya (A) and Chupaca (C) in a
Cartesian system. To eliminate noise fluctuations containing
periods less than 5 min, a low-pass filter was applied to all
TECP traces shown in subsequent figures.

Figure 4 presents the results of applying (1) through (7)
to the TECP values measured on July 20, 2008 between 21
and 24 UT. This figure follows closely the format presented
by Afraimovich et al. [28] in Figure 9. Panels (a) and (e) show
the time derivative (Gt) of the TECP measured at Huancayo
from GPS satellites 13 and 25, respectively. Panels (b) and (f)
display the east-west (Gx) spatial derivative using a solid line,
and the north-south (Gy) spatial derivatives using dots. Note
that (6) (Gx) and (7) (Gy) are a function of the TECP values
measured by all 3 GPS receivers belonging to the small array.
Panels (c) and (g) present the angle of the wave front, α(t),
that was calculated using (1). It is noted that this angle is
measured clockwise with respect to geographic north. Panels
(d) and (h) introduce the phase velocity of the TID calcu-
lated using (5). The large scatter of the α(t) and Vh(t) values
is caused by the nonmonochromatic nature of the TECP val-
ues. However, the average lines in these frames indicate our
best estimate of the TID phase velocity that varies between
3◦ and 6◦. The estimation of the horizontal velocity of the
dominant TID falls between 107 and 143 m/s. Comparison of
theGt traces for satellites 13 and 25 (panels (a) and (e)) show
largely different magnitudes; this is due to the different look
angle direction that varies between these two GPS satellites.
GPS satellite 13 passed 200 km away from Huancayo and
GPS 25 went over Huancayo almost overhead. Mercier and
Jacobson [33] concluded that the largest TECP values were
found when the line of sight made a small angle with the
phase front. The satellite trajectory of GPS 25 was almost
parallel to the propagation direction of the phase front.

Figure 5 shows hourly histograms of the statistics of the
phase front angle, α(t), and the horizontal velocity, Vh(t),
comprising all GPS satellites that passed near Huancayo
between 21 and 24 UT. A total of 6 GPS satellites observed
significant TEC perturbations associated with the TID. Each
frame of Figure 5 contains a vertical arrow to point out the
location of the statistical average. The propagation angle
of the TIDs (left frames) indicates a consistent northward
direction. The phase velocity of the TIDs varies between 60
and 120 m/s with the maximum value occurring between 22
and 23 UT.

4. Analysis of TID Characteristics Using
Cross-Correlation Algorithm

This section describes the cross-correlation method (CCM)
and presents our results of the TID phase velocity, its
direction of propagation and scale size. The aim of the CCM
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Figure 5: Distributions of the azimuth angle on the left and velocities on the right, corresponding to the calculated dependencies of α(t) and
Vh(t). The large arrows indicate the location of the mean value for each histogram.

method is to calculate the running cross-correlation function
using TECP traces originated from any of the GPS satellites,
but measured by two different receivers. The cross-correla-
tion function is calculated every minute using segments of
TECP data one hour long. We use TECP values from the
same GPS satellite due to the motion of the satellite that
produces the same temporal delay or advance 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 are used, it would be necessary
to remove the effect of the satellite motion before the CCM
method is applied. Figure 6 shows the results of the CCM
method based on signals from the GPS 13 satellite recorded at
Huancayo and Chupaca. The right frame of Figure 6 shows
the same analysis using the TECP values measured at Huan-
cayo and Sicaya. The lower panels show the TECP traces for
GPS 13 in TEC units observed on July 20, 2008 and between
20 and 24 UT. The lower left frame displays the TECP values
measured at Huancayo (blue line) and Chupaca (green line).
Due to the coarse resolution of the plot, the small time delay
between the traces becomes invisible. The cross-correlation
functions, displayed in the upper frames, indicate that the
time delay is of order 10 sec. Note the color scale of the cross-
correlation functions varies between 0.9 and 1.0 due to the
high degree of coherence of both signals. To obtain the scale

size of the TECP, we fitted an ensemble of monochromatic
sinusoids to each segment one-hour long. The numbers
printed in the lower frame point out the scale size in minutes
of the best fit for each hour of TECP data. These results are
affected by the motion of the GPS satellites and need to be
corrected by subtracting the apparent motion of the sub-
ionospheric intersection in the direction perpendicular to the
phase front. The propagation direction and velocity of the
TID was obtained using:

α(t) = arctan
(
YCTB−A − YATB−C
XCTB−A − XATB−C

)
, (8)

Vh(t) = (YC cos(α(t))− XC sin(α(t)))
TB−C

+wx(t) sinα(t) +wy(t) cosα(t).

(9)

TB−A and TB−C are the time delay between the Huancayo
and Sicaya TEC perturbations and the offset time between
the Huancayo and Chupaca TECP traces. As in the previous
section, wx(t) and wy(t) are the projections of the sub-iono-
spheric intersection point velocity. A negative offset, as seen
on the upper left frame indicates that the TECP observed
at Huancayo lags Chupaca’s TECP. A positive delay, as seen
in the upper right frame is an indication that Huancayo’s
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Figure 7: Phase velocity of the TIDs calculated using the CCM
method and based on the data collected by the small array that oper-
ated near Huancayo.

TECP leads Sicaya’s. Based on this timing relationship, it
can be concluded that the perturbation associated with the
TID was seen first at Chupaca, located further south, then
at Huancayo placed near the center of the array, and later
at Sicaya placed further north (Figure 1). This sequence of
events indicates that the TID motion was in the northward
direction.

A more quantitative estimation of the TID phase velocity
was obtained using (8) and (9). Figure 7 shows the magni-
tude and direction of the TID phase velocity represented by
arrows. The size of the arrow is proportional to the phase
velocity and the azimuthal rotation of the vector is a function

of the propagation angle. An arrow pointing to the top
indicates a propagation direction toward geographic north. It
is evident that between 22 and 24 UT, the TID moved toward
geographic north. A wavelength equal to 449 km is obtained
using the true phase velocity of the TID and the velocity of
the satellite sub-ionospheric intersection point. The phase
velocity varied between 84 m/s and 144 m/s near 24 UT.
These values are consistent with the results of the SADM-
GPS method (Section 3).

5. Analysis of the TID Characteristics Using GPS
Receivers Spaced Hundreds of Kilometers

We also report our investigation of the TID morphological
properties using GPS receivers that belong to the low-latitude
ionospheric sensor network (LISN) that operate at different
cities separated by hundreds of kms. LISN is a distributed
observatory designed to nowcast the state and dynamics of
the low-latitude ionosphere over South America. The LISN
observatory is comprised of GPS receivers, flux-gate mag-
netometers and vertical incidence-pulsed ionospheric radar
(VIPIR) ionosondes. A unique feature of the observatory is
the ability of all the instruments to relay their observables
in a near real-time manner via Internet. At the time of this
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Figure 8: Same as Figure 3, but for three of the LISN stations. From top to bottom: Piura, Iquitos, and Cuzco. These TECP values were ob-
tained on July 20, 2008.

paper (November 2011), 44 dual-frequency GPS receivers
were part of the LISN network. During the time of the cam-
paign a total of 126 GPS receivers—including the LISN GPS
receivers—operated in the South American continent. TEC
perturbations from these receivers, especially the ones lo-
cated close to Huancayo, were used to provide supportive

evidence for the TID dynamic characteristics and give a re-
gional view of the presence of TIDs over South America.

Figure 8 shows the TECP values measured on July 20,
2008 at Piura (5.17◦S; 80.63◦W), Iquitos (3.77◦S; 73.27◦W)
and Cuzco (13.52◦S, 71.96◦W). The TEC perturbations in
Piura were seen mainly between 21 and 24 UT. Iquitos,
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Figure 9: Same as Figure 6, but for CCF between Huancayo and Cuzco on the left side and Huancayo and Piura on the right side.
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Figure 10: Same as Figure 7, but for TID’s phase velocities that were
calculated using TECP values from Huancayo, Cuzco, and Piura.

located in the north-eastern side of Peru, registered large
TECP values between 16 and 24 UT. Cuzco, located close to
the magnetic equator and 250 km east of Huancayo, observed
large TEC values between 14 and 24 UT. These 3 stations
show TECP values much larger than the noise level almost
simultaneously. However, the TECP amplitude is different
at different stations. Figure 8 suggests that between 21 and
24 UT, TIDs existed in the western region of South America.
Below, we discuss further this finding.

The lower panels of Figure 9 display the TECP values for
Huancayo (in blue), Cuzco (left panel in red), and Piura
(right panel in red). The upper left frame presents the CCFs
calculated using the Huancayo and Cuzco TECPs, showing a
relatively short delay that varies between +10 and −15 min.

Note that due to the large distances between the stations, the
time delays between these station’s TECP values are of order
of tens of minutes. The right upper frame of Figure 9 displays
CCFs for Huancayo and Piura. The time delay between the
TECP values for these two stations is ∼45 min. This value
agrees quite well with the time offset that is observed in the
lower panel. Visual inspection of the minimum value of the
blue curve (Huancayo) observed at ∼2230 UT and the mini-
mum value of the red trace seen at ∼2315 UT indicates that
the Huancayo TECP values lead the Piura TECP values by
45 min. Note that CCFs in the upper panels also show sec-
ondary maximum with much smaller amplitudes (∼0.6)
and spaced roughly 50–55 min away from the primary maxi-
mum. In the case of a perfect sinusoidal oscillation, this spac-
ing would be equal to the wavelength of the sinusoid. How-
ever, since MS-TIDs are more properly viewed as traveling
wave packets [30], this spacing corresponds to the scale
size of the TID packet. It is also pointed out that the CCF
amplitude scale was limited to values above 0.4 and did not
include negative values as they would indicate anticorrela-
tions. 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.

Figure 10 shows the TIDs phase velocity that was ob-
tained using (8) and (9) and the time delays presented in
Figure 9. The similarity of the angle α(t) that was derived
based on measurements by GPS receivers separated by
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hundreds of kms and the α(t) calculations based on GPS
receivers that were installed only few kms apart is striking.
Figures 7 and 10 show α(t) to be directed very closely in the
geographic northward direction. However, the amplitude of
the horizontal phase velocity Vh(t), seen at 2230 UT, varies
between 100 m/s in Figure 7 and 160 m/s in Figure 10. The
difference in the Vh(t) values is reduced at 2300 UT, when
135 m/s is shown in Figure 7 and 147 m/s in Figure 10.

The TEC perturbations for all 126 GPS receivers that
operated in South America on July 20, 2008 are presented in
Figure 11. These GPS receivers provide a good coverage over
the whole South American continent, except for latitudes
southward of 40◦S. Figure 11 shows TECP values in red,
centered along the satellite trajectory (thin black line), that
have amplitudes higher than 0.4 TEC units. This baseline
value is about 4 times the noise level of TEC fluctuations.
The TECP traces of Figure 11 demonstrate that TIDs were
restricted to the north-western side of South America be-
tween 2200 and 2300 UT. Similar Figures corresponding to
earlier times, not shown here, display the TECP traces to
be located further south. They indicate that the TIDs were
propagating northward and were probably originated in the
northern part of Chile (lat. = 20◦S).

6. Discussion

We conducted a campaign at Huancayo in Peru to assess the
effectiveness of GPS receivers in detecting and measuring the

morphology and characteristics of TIDs that circulate at low
latitudes. To accomplish this, we temporarily installed two
additional GPS receivers near the Huancayo station to form
3 closely spaced GPS receivers having a geometry that can
be used as a GPS radio-interferometer. The TIDs that were
observed during the campaign can be classified as medium-
scale disturbances (MSTIDs). They have horizontal phase
velocities between 100 and 250 m/s, wavelengths of several
hundred kilometers and periods between 15 and 60 min [34].
We also indicate that the TIDs observed on July 20, 2008 are
associated with AGW, that are likely generated in the lower
atmosphere.

To derive the TID characteristics we applied two different
methods (SADM-GPS and CCM) and used two different
datasets. The SADM-GPS is a statistical method that pro-
vides the correct phase velocity and the angle of propagation
of the TIDs. However, it requires averaging the derived
parameters for one hour and for all the GPS satellites with
look angles above 35◦ elevation. The CCM method seems
more robust, and it is less affected by the fact that more than
one AGW may be circulating across the volume probed by
the GPS receivers. A more detailed comparison of the results
provided by the SADM-GPS and the CCM methods shows an
excellent agreement in the angle of propagation, as both indi-
cate the angle of propagation to be equal to +3◦ ± 5◦. Cal-
culation of the phase velocity with the SADM-GPS method
indicates an average velocity of 120 m/s between 22 and 23
UT. The CCM method is more precise and indicates that
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the phase velocity varies between 84 and 130 m/s during the
same interval.

We have also applied the CCM method to TECP values
collected by other GPS receivers that belong to the LISN
network and are operating at Piura, Cuzco, and Iquitos, all
of them in Peru. 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 α(t) was close to 0◦ (northward
propagation) and the horizontal phase velocity Vh(t) was
between 130 and 160 m/s. The latter values are larger than
the numbers obtained using the small interferometer array of
3 GPS receivers. However, several geometrical considerations
need to be accounted 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 45 min travel time between the LISN stations. It is also
possible that the TID may not be a plane wave, and the
wave front may have a circular shape. Figure 11 shows that
the region populated by TIDs seems to extend over a large
region. TECP images obtained prior to Figure 11 indicate
that the TIDs originated near latitude =20◦S. We do not
know if they were produced by deep convection cells or were
a response to orographic features in northern Chile. We
believe that the success in getting good agreements is partially
due to the scale size of the TIDs that was over 400 kms. This
distance is larger than the separation between GPS sites.
Further studies will determine the preferred scale sizes, the
phase velocity, and the direction of propagation of the TIDs
using all the GPS receivers that are operating in South
America.

The GPS radio-interferometry (GPS-RI) method is one
of the most effective techniques with which to observe GW/
TID activity at low latitudes. TIDs are notoriously difficult to
characterize due to their large size. However, GPS-RI enables
characterization of their large-scale features with ease, in-
cluding their horizontal wavelength, phase speed, and pro-
pagation azimuths. Since GPS-RI is based on radio-frequen-
cy measurements, the technique is not limited by weather
considerations; data may be taken at all times, unlike with
optical observations. GPS receivers are much less expensive
to deploy than other instruments of similar or lesser sen-
sitivity to TIDs, including phased-array radars, steerable-
beam radar systems, and ionosondes. Moreover, an extensive
global array of GPS receivers already exists, allowing for
widespread, continuous monitoring of TID activity. Never
before has this been possible.

Additional observations, when combined with GPS-RI
observations, yield an even more complete TID characteriza-
tion. In particular, measurements of the thermospheric neu-
tral wind may be used to calculate TID intrinsic frequency
by the relation: ω = KH(Vh(t),−Un), where ω is the intrinsic
frequency, KH is the TID horizontal wavenumber of the TID,
and Un is the neutral mean wind in the direction of TID
propagation. Further, if the intrinsic frequency is known,
TID vertical wavelength may be calculated by using one
of the dispersion relations [35, 36]. Thus, a very complete
picture of TIDs results with only GPS-RI and thermospheric
wind observations: TID horizontal wavelength, vertical

wavelength, intrinsic frequency, amplitude, and propagation
direction are all specified. When GPS-RI receivers are co-
located with other instrumentation, observed and calculated
parameters may be cross-validated. Most importantly, TID
horizontal wavelengths and propagation azimuths may be
compared to GPS-RI results when favorable seeing condi-
tions pertain, providing a crucial validation of this technique.
Calculated values of intrinsic frequency and vertical wave-
length may be compared with ionosonde-derived values.

Low-latitude TIDs are important to study because they
are a key mechanism by which energy and momentum are
deposited into the thermosphere. Observation of TIDs at
altitudes near where they break would enable a direct inves-
tigation of this process for the first time. Additionally, TIDs
are thought to be a key seed mechanism of plasma depletions.
While evidence of TID seeding was found during the Spread-
FEx campaigns [37], never before has it been possible to
continuously monitor TID activity on the F-region bottom-
side during the crucial early-evening hours, when seeding
occurs. An investigation of the presence/absence of TID
activity on the bottomside will help determine the impor-
tance of TIDs relative to other mechanisms toward seeding
equatorial plasma depletions.

Characterization of TID large-scale features should help
establish which types of TIDs are most effective seeds. For
example, is a minimum perturbation amplitude needed to
seed depletions? TID wavelength and propagation azimuth,
also characterized by GPS-RI arrays, are also thought to
influence seeding effectiveness. Observations [38] suggest
that TIDs must have a minimum horizontal wavelength to
effectively seed depletions. Model results and seeding theory
indicate that a TID must propagate nearly parallel to the geo-
magnetic equator to be maximally effective at seeding plasma
depletions. GPS-RI makes it possible to directly investigate
the impact of the variation of horizontal wavelength and
propagation azimuth on plasma depletion formation.

7. Conclusions

We have presented calculations of the phase velocity, scale
size, and angle of propagation of TIDs that are likely ori-
ginated by gravity waves that are propagating in the north-
western side of the South American continent. The values
that were obtained using the SADM-GPS and the CCM
methods are consistent with values of medium-scale TIDs
observed by other authors. We calculated that on July 20,
2008, the propagation velocity and the azimuth direction of
the TIDs were 140 m/s and parallel to geographic north.

We also applied the CCM method to stations separated
by hundreds of km, like Huancayo, Cuzco, and Piura. It was
unexpected to find a large coherence 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 measurements of the TEC
perturbations by the GPS receivers already deployed in South
America to monitor TID activity. We have conducted two
more campaigns using a small network of three receivers
that were placed near a new ionosonde that operated at
the Jicamarca radar site between 2009 and 2010. We expect
to publish these results in the near future.
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A large number of researches have been devoted to the formation of additional layers in the F region of the equatorial ionosphere,
first of which has been published in 1940s. Originally the occurrence of such layer was named “stratification of equatorial F2 layer.”
The additional layer was later named as the F3 layer. The theoretical researches have shown that the F3 layer is formed by zonal
component of electric field with assistance of meridional component of thermospheric wind and field-aligned plasma diffusion.
The physical mechanism of the F3 layer formation is clearly formulated for the morning-noon period, although the F3 layer is also
observed at other hours. This paper presents a brief review into the history of the additional layer researches, describes the current
progress of these researches, and identifies the most important problems in this field of the ionospheric physics.

1. Early Study of the Stratification of
the F2 Layer

1.1. Ground Observation. The earliest revelation of multi-
layer structure in the F2 region over the equatorial iono-
sphere can be traced back to the middle of the last century.
Bailey [1] briefly reported that for ionospheric stations
situated near the minimum of the equatorial ionization
trough a very significant feature of the h′F-curves during
the daytime is the remarkable tendency to be subdivided
into two and sometimes more layers. In the South Asian
region, Sen [2] presented some multilayer cases in January
and February over Singapore (geographic latitude 1.3◦N,
geographic longitude 103.7◦E; magnetic latitude –9.2◦). The
ionospheric measurements indicated that the F2 layer was
daily stratified into three discrete layers during the daylight
hours (Figure 1). This is rather an interesting feature because

the duration of the multistratification lasts for 10 hours
while such cases were seldom reported in the present study.
Osborne [3] also presented some ionograms of two-layer
stratification in the F2 region at Singapore and pointed out
that the complex F2 structure cannot be described adequately
using the conventional and internationally recognized sym-
bols and terminology.

In the South American region, Ratcliffe [4] observed
an addition layer in h′F records from Huancayo (12.1◦S,
75.3◦W; 1.2◦), Peru, at sunspot minima 1944. The measure-
ments show that the high frequency end of the h′F iono-
gram records a “spur” which moves to higher frequencies
during the morning-noon sector. McNish [5] represented
an upward-moving layer (the “spur”) at Huancayo based on
the measurement in 1939. Similar results were presented by
Osborne [6] on the basis of the measurement during 1948–
1951 at Singapore. In the African region, more characteristics
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Figure 1: Typical curves of virtual height against frequency, January 8, 1946 (from Sen [2]).

about the occurrence of stratification of F2 layer (“ridge”)
have been revealed by Skinner et al. [7] according to the
observation at Ibadan (7.4◦N, 3.9◦E; −2.1◦), Nigeria during
1951–1953. They found that there are more morning ridges
in winter than in summer and also there is a correlation
between the maxima in the lunar tide of morning ridge
occurrence and the minima in the lunar tide of noon foF2.

Also the existence of additional layers above the regular
F2 layer was presented in some papers such as in Heisler [8],
Faynot et al. [9], Rastogi [10], and Sario et al. [11]. These
experimental evidences were based on the observational data
both of ground ionospheric sounding and incoherent scatter
radars. At the equator the bifurcation (stratification) of the
F2 layer begins to occur at about 12:00 LT and ends at about
19:00 LT according to McClure and Peterson [12] based on
the result of the observations made with Thomson scatter
radar. Woodman et al. [13] reported a bifurcation of the F2
layer which was observed on a magnetic storm day, 8 March
1970.

According to Huang [14] the value of foF2 obtained
from the vertical sounding is qualified with a letter H if a
stratification of F2 layer exists. The monthly tables of foF2
observed at a sequence of stations along 75◦W meridians
were examined, and it was found that the occurrence of the
stratification was quite regular at Chimbote (3.9◦S, 78.6◦W;
2.2◦), Peru, in March 1958, as it is shown in Figure 2. The
occurrence of stratification was much less at Bogota (4.6◦N,
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Figure 2: The number of days on which the stratification of the F2
layer has been observed (from Huang [14]).

74.1◦W; 16.0◦), Colombia, as was expected from Huang’s
computation [14]. However, the occurrence of the F2 layer
stratification was unexpectedly low at Huancayo (12.1◦S,
75.3◦W; −0.6◦). In order to obtain an exact picture of the
bifurcation near the equator, it may be useful to reexamine
the ionograms.

Huang [15] plotted the percentage occurrence of the
bifurcation for July 1957–December 1958 (see Figure 3).
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The occurrence of the F2 layer stratification is high from
08:00 LT to 17:00 LT at Huancayo and 1-2 hours later
at Talara (4.6◦S, 81.2◦W; 6.6◦), Peru. At Panama (9.4◦N,
79.9◦W; 20.6◦), the diurnal pattern is completely different,
the high occurrence being during 01:00–11:00 LT. From
the latitudinal viewpoint, the occurrence is the highest at
Huancayo (−0.6◦), a few percent lower at Talara (6.6◦), and
very low at Panama (20.6◦). All of these features suggest that
the same conditions which lead to the bifurcation may also
be the conditions for H-occurrence in the equatorial belt.
However, the correspondence of H-occurrence at Huancayo
and at Talara is poor, even if the time lag is considered. The
seasonal variation is not only indistinct but also inconsistent
for the two stations, and therefore the statistics used by
Huang [14] for March 1958 are different from those in
Huang [15].

1.2. Satellite Observation. The spatial distribution of strat-
ification of the F2 layer can be observed by the satellite
equipment. However, the satellite observations have some
limitations: it is difficult to remove the problem with the
equipment, interruptions in its work, the lack of onboard
memory, poor quality of nighttime ionograms due to the
strong F spread, and so forth. In addition, there are limited
satellites probing the outer ionosphere: Alouette 1 and 2,
ISIS-1 and 2, ISS-b, EXOS-C (Ohzora), Intercosmos-19,
and Cosmos-1809. As a result, the satellite studies of the
equatorial F2 layer stratifications are scarce. Alouette, ISIS,
and EXOS-C satellites data are almost entirely for low solar
activity and limited to the American, Indian, and Pacific lon-
gitudinal sectors such as the ground-based measurements.
Therefore the diurnal ionospheric variations measured by
these satellites are described incompletely. Only IK-19 and
ISS-b are satellites that supplied the topside sounding data
for all longitudes, local times, and seasons. The investigation
of stratification of the F2 layer occurrence was not performed
in general with use of topside sounder data onboard the
ISS-b satellite for moderate solar activity [16]. The IK-19
is the only satellite that supplied the topside sounding data
during high solar activity (1979–1981) for all longitudes,

local times, and seasons. However, to the present time it has
been published only two IK-19 satellite studies devoted to the
additional layers. All of these studies were focused on specific
cases.

Sayers et al. [17] were the first to detect the topside
ledges in the equatorial ionosphere using a Langmuir probe
onboard the Ariel-I satellite, and they predicted that the top-
side ionograms would reveal the ledges as cusps. Lockwood
and Nelms [18] and King et al. [19] detected the ledges
as cusps in the topside ionograms recorded by the topside
sounder onboard the Alouette-I satellite. Figure 4 shows
an example of Alouette-1 low-latitude topside ionogram
from [18]. The distinctive feature of this ionogram is a
cusp on both O-mode and X-mode echoes at frequencies
of 2.5 MHz. Usually the cusp appears on ionograms from
about geomagnetic latitudes ±15◦ at frequencies close to
foF2, and then its frequency decreases when approaching the
geomagnetic equator. At geomagnetic latitudes of ±15◦, the
ledge merges with F layer peak, and approaching the equator,
its height grows up to heights of 1000–1200 km [18]. Figure 5
shows a typical examples of the ledges on a real height topside
N(h) distribution and an equatorial backscatter distribution
[19]. It is evident that both techniques show the same
phenomenon-ledge, that is, a local enhancement in electron
density profiles at height above the regular F2 layer.

Raghavarao and Sivaraman [20] detected the afternoon
ledges in the Indian longitudes using the ISIS-II topside
sounder data collected at Ahmedabad (32.1◦N, 44.3◦E;
26.9◦). The maximum percentage deviations of the ledge
electron density were observed to increase toward the
magnetic equator reaching a maximum value of 16%.
Raghavarao et al. [21] considered longitudinal dependence
of the ionization ledges. The ledges are seen to occur with
different intensity at two close by longitudes. These features
of the ionization ledges are identical to those exhibited by the
equatorial counter electrojet (CEJ) phenomenon. Sharma
and Raghavarao [22] have analyzed 577 good daytime passes
of ISIS-1 and ISIS-2 satellites collected at Ahmedabad,
recorded during the period February 1972–March 1975 and
detected the occurrence of the ionization ledges on 216 days
reaching 37%. Based on data for 168 quiet days of 1972–
1974, 70% correlation was obtained for the simultaneous
occurrence of the ledge and the CEJ [22].

King et al. [19] and Lockwood and Nelms [18] showed
that both the peak of the ionization ledges and the equatorial
ionization anomaly (EIA) crests are aligned along the same
field line. Lockwood and Nelms [18] examined the Alouette-
1 data for 3 months in 1962 to cover the period from 06:00 to
24:00 LT. They have found that the equatorial ionosphere in
the minimum of solar activity at all altitudes has the form
of the dome from sunrise until 17:00 LT. Figure 6 shows
the height-latitude section of the equatorial ionosphere,
obtained for the October 21, 1962. The ionization ledge lying
along the magnetic field line passing through the EIA crests.
The apex of this magnetic field line rises from around 670 km
at 18:10 LT to around 780 km at 19:42 LT. The same results
were obtained by Raghavarao and Sivaraman [20] with use
of ISIS-2 satellite data. However, Sharma and Raghavarao
[22] observed that until about 16:00 LT, both the peak of
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the ionization ledge and the EIA crest were located along
the same geomagnetic field line (with apex at height of
∼850 km) and were separated afterwards. Prutensky [23]
using Cosmos-1809 satellite data on 5 June 1987 revealed that
the ledges are located over the equator in the shape of a dome,
but not along the geomagnetic field line (Figure 7). It is also
evident that the bottom limits of the ledge are horizontal.
Note the EIA is weakly developed at this case. Thus, the
problem of the ledge location about the crests of EIA and the
geomagnetic field line cannot be regarded as solved.

1.3. Theoretical Results. The equatorial ionosphere has been
studied theoretically for a long time. Martyn [24] proposed
a mechanism explaining the EIA formation (the so-called
“fountain effect”). McNish [5] first reported that the phe-
nomenon of the “spur” at Huancayo was related to lunar time
that indicates the relationship between the “spur” and the
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thermospheric tides. Similar presentation of lunar control
of the times of appearance of ledges in the upper F2 region
was presented by Osborne [6] at Singapore. The field-aligned
enhancements in the neutral densities (neutral anomaly)
inhibit the plasma flow along the field lines and thus are
primarily responsible for the enhancement of ionization
along a particular field line. It was conjectured that, because
of the enhanced O concentration along this field line, the
diffusion coefficient and therefore the diffusion parallel to
the field line would be decreased by about 10%, resulting
in some sort of an accumulation of ionization [20]. Sharma
and Raghavarao [22] proposed that the ledge and the CEJ
are caused by a common agency, which is the neutral
anomaly at heights of the F region. Vasiliev [25] suggested
that with increase of distance from equator, the role of
internal gravity waves in the formation of the equatorial
F2 layer stratifications increases. This hypothesis is used at
present to explain the formation of the stratifications at the
latitudes of the EIA crests in quiet geomagnetic conditions
[26].

The researchers that observed an additional layer above
the F2 layer maximum noted that it was necessary to perform
studies using the numerical model, taking into account
the electromagnetic drift and the effects of transequatorial
thermospheric winds, in order to understand this specific
feature. Anderson [27] proposed an original and effective
approach to the solution of three-dimensional hydrody-
namic equations for ionospheric plasma as applied to
the equatorial ionosphere (the so-called pseudo-Lagrangian
approach, which takes into account the property of thermal
plasma magnetization in the ionospheric F region) and
started theoretically studying the equatorial ionosphere
based on numerical models. This approach makes it possible
to separate diffusion motions of plasma under the action of
pressure gradients along geomagnetic field lines and electro-
magnetic drift motions of plasma tubes.

Huang [14, 15] was the first to demonstrate that the
simple numerical models could reproduce stratification of
equatorial F2 layer. In these studies it was suggested con-
nection of the equatorial F2 layer stratifications with the
formation of the equatorial anomaly. Huang [14] demon-
strated the importance of nocturnal ionization in the F2 layer
stratification process (Figure 8). The travelling bifurcation
revealed by the computation made by Huang [14] was also
found in the vertical sounding data of the IGY period
more often during 10:00–14:00 LT. Huang [15] suggested
the physical mechanisms that lead to the formation of a
bifurcated F2 layer during noon and afternoon hours. When
the diffusion is small, the ionization of the F2 layer peak
which is lifted rapidly according to the vertical plasma drift
at the equator is transported to higher latitudes slowly. After
the vertical plasma drift begins to decrease at 10:00 LT, the
photoionization produced at a lower height accumulates
and develops into a new stratification, and thus forms a
bifurcated F2 layer. On the other hand, if the diffusion
is large, the upper part of the original F2 layer loses its
electrons quickly, and the lower part is combined with the
ionization accumulated at a lower height to form a single
layer. A high value of upward drift favors the formation
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of bifurcation, but the values of the effective attachment
coefficient and ion production rate scarcely affect it. The
bifurcated structure travels to higher latitudes for a smaller
diffusion coefficient. The bifurcation observed at sunrise,
which has not been revealed by the computation, seems to
be formed by a somewhat different mechanism. The vertical
sounding data indicate that the high layer peak continues
for a few hours before a new stratification due to the rapid
increase of photoionization is developed at a lower height.
So Huang [15] found that the formation of the F2 layer
bifurcation is principally due to the combined effect of the
upward drift, which changes from increasing to decreasing at
10:00 LT, and the slow diffusion.

Numerical studies of the stratification of equatorial F2
layer were subsequently continued by [28]. Surotkin et al.
[28] as early Raghavarao and Sivaraman [20] suggested that
the stratification of equatorial F2 layer in the morning and
noon hours is formed due to the inhomogeneity “fountain
effect” across the geomagnetic field. So, an excess of plasma
rises upward by an electric field above the equator and drops
to the crest of the EIA by the diffusion flux that changes non-
monotonically across the geomagnetic field. The latitudinal
gradients in the electron density in the crests of the EIA,
the nonstationary of electromagnetic drift, and ionization
lead to this non-monotone diffusion flux. The disadvantage
of this hypothesis is that its authors take into account the
E × B plasma drift only at the geomagnetic equator, while
the equatorial anomaly crests remain motionless. In reality,
the E× B drift acts to the plasma tube as a whole.

Surotkin et al. [29] discussed the formation mechanisms
of the stratifications of the equatorial F2 layer during quiet
geomagnetic condition. Surotkin et al. [29] as Huang [15]
noted that the zonal plasma drift is the most essential process
in the occurrence of stratifications in the morning. In addi-
tion, these papers demonstrated that, in general, the model
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simulations reproduced the stratifications of the equatorial
F2-layer when the zonal electric field is included to the
model run. Surotkin et al. [29] noted that the possible factors
assisting the occurrence of stratifications in the morning
are (1) displacement of maximum of upward E × B drift
related to the action of zonal electric field in the morning
sector; (2) the presence in the afternoon sector of the
meridional electric field directed upwards at the equator,
causing the zonal plasma drift from the day side to dawn side;
(3) the phase delay of daily variation of the zonal electric
field at geomagnetic equator with regard to the variation
of electric field at nearby latitudes. So they for the first
time showed the influence of the latitudinal dependence
of the zonal electric field onto the appearance time of the
equatorial F2 layer stratifications. The zonal plasma drift
was found to be the most essential process in the formation
of stratifications in the morning. Kashchenko and Nikitin
[30] showed that short-lived daytime F2 layer stratifications
appear in a narrow equatorial band with width of ∼15◦ at
the weakening of the upward drift due to the formation
of a new peak at lower altitudes. They showed that the
latitudinal extent and lifetime of this phenomenon depend
on the rate of decay of the eastward component of the
electric field (the vertical drift nonstationarity), the velocity
of diffusion along geomagnetic field lines, and the character
of the wind drag. Surotkin et al. [31] have shown that
the appearance of the F2 layer stratifications occurs when
the maximum of electron density is lifted upward into the
region of predominance of the diffusion processes. Surotkin
et al. [31] showed that the physical cause of the formation
of F2 layer stratifications is nonuniform diffusive plasma
outflow from the region over the magnetic equator at the
equatorial anomaly crests developed. In the plasma tubes
of the geomagnetic field lines with the equatorial anomaly
crests, the diffusive plasma outflow from the region above the
equator slows. This leads to a relative accumulation of plasma
over the equator at altitudes above the maximum of F2 layer,
which leads to an additional maximum. Figure 9 illustrates
the formation of the nonuniform plasma diffusion in the
height region above the geomagnetic equator. In addition,
Surotkin et al. [31] showed that large-scale irregularities
could decay into small-scale irregularities. Unfortunately,
the papers [28–31] were published in the Russian literature
and are largely unknown to the foreign ionosphere research
community. Note that authors of all these works are talking
about the formation mechanisms of F2 layer stratification
at the equatorial ionosphere, that is, about not only the
formation of an additional maximum in the vertical profile
of electron density above or below the maximum of F2 layer,
but also the formation of a minimum between two maxima.

2. Progress of the Recent Study on the
Stratification of the F2 Layer (F3 Layer)

So the studies of the stratification of the F2 layer gradually
subsided after 1970s until recent theoretical works based
on the Sheffield University Plasmasphere-Ionosphere Model
(SUPIM). Balan and Bailey [32] suggested that the equatorial

plasma fountain and the plasma flow outside the fountain
could produce a temporary additional layer (“G” layer) above
the normal F2 peak. At the equator, the maximum plasma
concentration of the G layer can be greater than that of the
F layer for a short period of time just before noon (when the
E×B drift starts to decrease). The G layer has a geomagnetic
latitudinal coverage of about ±10◦ and local time coverage
over 10 hours (from 10:00 to 22:00 LT) at the magnetic
equator. This additional layer was later renamed as the F3
layer due to the same chemical composition as the F region
[33]. It is obvious that the equatorial F2 layer stratification
and the occurrence of an additional layer in the equatorial
ionosphere is the one phenomenon.

2.1. Methods of the Investigation. After Balan and Bailey [32],
the subject of the F3 layer received extensive investigations
at low and equatorial latitudes concerning its spatial and
temporal distribution based on the ionosonde observations
of single or several stations distributed at three longitudinal
sectors (American, Indian, and Pacific longitudes) [34–44].
From these investigations, it is known that the F3 layer
can be observed under geomagnetically quiet conditions.
The critical frequency of F3 layer becomes greater than
that of the F2 layer within about ±10◦ magnetic latitudes
during morning-noon period (08:00–16:00 LT). The F3 layer
appears with higher occurrence and lasts longer on the
summer side of the geomagnetic equator during low solar
activity periods. In addition to being seen either at the
magnetic equator or in the low-latitude summer hemisphere,
the F3 layer can also be seen in both regions simultane-
ously.

Note that ground-based ionosonde may detect the F3
layer only when its peak density can become greater than
that of the F2 layer. The example of such observations is pre-
sented in Figure 10, which displays some sample ionograms
recorded at Fortaleza (4.0◦S, 38.0◦W; −9.0◦), Brazil, from
Balan et al. [33]. All sharp increases in height of F maximum
peak, both in quiet and in the storm-time conditions, are
connected as was shown by Klimenko et al. [45, 46] and M. V.
Klimenko and V. V. Klimenko [47, 48], with the appearance
of the additional layers (F3 and F4) formed in the vicinity
of geomagnetic equator at heights larger than the F2 layer
maximum. When the critical frequency of additional layers,
foF3 (foF4), becomes greater than foF2 (foF3), the jump in
F layer maximum height occurs. Sharp decreases in hmF are
connected with transition from the case when foF3 (foF4) >
foF2 (foF3) to the case when foF3 (foF4) < foF2 (foF3).

As shown in Section 1.2, the low-latitude ionosphere
is also known to contain topside ledges. Uemoto et al.
[49, 50] reported that the ledges observed in the noontime
period are qualitatively similar to the F3 layer predictions by
Balan and Bailey [32], and the ledge tends to move upward
during morning-noon period. Below we will use both terms
(the ledge and F3 layer) believing that we are dealing
with the same physical phenomenon—a stratification of the
equatorial F2 layer. In addition to satellite studies presented
in Section 1.2, the ionization ledges were also observed by
using the topside sounders onboard the Ohzora (EXOS-C)
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satellite by Uemoto et al. [49, 50], and Intercosmos-19 (IK-
19) satellite by Depuev and Pulinets [51], and Karpachev et
al. [52]. Figure 11 shows a typical example of IK-19 low-
latitude topside ionograms for early morning and daytime
conditions. The distinctive features of these ionograms are
the cusps on both O-mode and X-mode echoes. Cusps can be
pronounced or not very noticeable. Since the high frequency
part of the O-mode echo is absent, foF2 can be defined by
reflection from the Earth’s surface. Note that the reflections
from the Earth are often absent. This is a typical feature of the
equatorial ionograms during daytime. This feature makes the
interpretation of ionograms and statistical analysis of the F3
layer characteristics complicated.

The cusp is a sign of a ledge, that is, a local enhancement
in electron density profiles at height above the regular F2
layer [18, 19]. Figure 12 shows an example of the ledge
observation from the Ohzora (EXOS-C) satellite [49]. The
ledge with the plasma density increases with about 24%
above the smoothed plasma density profile was observed
from the ISIS-2 satellite [50]. Lockwood and Nelms [18]
demonstrated a 10% increase in topside electron density at
the occurrence of ionization ledge. Sharma and Raghavarao
[22] demonstrated a 13–17% increase in topside electron
density, Uemoto et al. [50] indicated an ∼60% increase in
the daytime from the ISIS-2 data for low solar activity, and
recently Karpachev et al. [52] show the topside electron
density increases by 10–15% during daytime and by 30% at
night. Karpachev et al. [52] studied the equatorial ionization
ledge based on large dataset (about 3600 passes across the
equator) of high spatial resolution IK-19 topside sounding.
Figure 13 shows the examples of three IK-19 latitudinal
distributions of electron density with EIA observed during
different local time and geomagnetic conditions [52].

Thampi et al. [53] were the first to show that the
additional layers in the low-latitude ionosphere could be
observed in the total electron content (TEC) measured at
Trivandrum (8.5◦N, 76.9◦E, 0.5◦), India. The ionization
ledges were shown to have their clear signatures in the
latitudinal profiles of the relative TEC derived using the
differential Doppler measurements made at a single station.
Thampi et al. [54] through this method provided the first
observational evidence that the so-called “humps” in the
latitudinal variation of TEC are the upward propagating F3
layer. Recently, Zhao et al. [55] presented a statistical work to
infer the F3 layer spatial structure at low latitude area using
the electron density profiles derived from radio occultation
(RO) technique of COSMIC/FORMOSAT3 (see Figure 14).
However, it is known that the accuracy of COSMIC electron
density profiles retrieval depends on several assumptions,
where the most significant one is the spherical symmetry of
electron density hypothesis. The large horizontal gradients
in the ionospheric electron density at low and equatorial
areas can produce a false stratification. To exclude this
situation, Zhao et al. [55] choose a scale for the track of
occultation. The F3 layer in electron density profile was
recognized through the altitude differential profile featured
by two maxima existing from 220 km to the peak height of
the electron density. Only the most clear-cut cases of the F3
layer occurrence when its maximum was greater than the F2

layer maximum were selected from COSMIC observation to
avoid the errors [55]. But this actually means that from the
entire database of COSMIC observation they selected only
the same cases of the F3 layer occurrence that are detected
from ground-based sounders. Thus, all cases when the F3
layer existed and foF3< foF2 were not considered. Note the F3
layer cases that satisfy all Zhao et al. [55] criteria account for
2.07% of the total number of profiles (∼448,000 occultation
events), which is much lower than the occurrence at a single
ionosonde site. The low percentage of the COSMIC-derived
F3 is due to the strict restrictions on the choice of the
RO event and F3 identification in order to avoid the large
horizontal gradients and retrieval errors in the ionospheric
electron density.

Many theoretical works with respect to additional layer
formation were based on the SUPIM model [33–35, 38, 54,
56, 57]. Lin et al. [58, 59] run the SUPIM model, using
the thermosphere-ionosphere general-circulation model
(TIEGCM) [60, 61] simulated neutral winds, temperature,
and composition as inputs during strong geomagnetic storm.
Recently M. V. Klimenko and V. V. Klimenko [47, 48] and
Klimenko et al. [45, 46] showed that the global self-consistent
model of the thermosphere, ionosphere and Protonosphere
(GSM TIP) [62, 63] reproduces the F2 layer stratification and
the F3 layer occurrence in the near-equatorial region. It was
concluded that to reproduce the dynamo electric field and
thereby the F3 layer during quiet geomagnetic conditions it is
necessary to take into account the thermospheric tides in the
model runs [47, 48]. To reproduce the F3 layer occurrence
during geomagnetic storms, it is necessary to take into
account both the dynamo electric field and the penetration
of the magnetospheric convection electric field to lower
latitudes [45, 46]. Uemoto et al. [41] performed model
calculations using the SAMI2 code [64] to theoretically
discuss the mechanism of occurrence features of the F3 layer
obtained through the statistical analysis and to examine the
relationship between the F3 layer and the equatorial anomaly.
The SUPIM, SAMI2, and GSM TIP models take into account
all processes that proposed to explain the equatorial F2
layer stratification and the F3 layer formation, namely, the
electromagnetic plasma drifts, neutral wind, thermal plasma
diffusion processes along geomagnetic field lines, thermal
plasma sources, and losses.

2.2. Latitudinal Dependence of the F3 Layer. Note that most
studies of the F3 layer are based on ionosonde observations
of single or several stations located at three longitudinal
sectors (American, Indian, and Pacific). Ionosondes are
mainly separated by great distances in latitude. Therefore, the
scanty spatial resolution of ground data is unable to give the
refined spatial distribution of the F3 layer. However, Lynn
et al. [65] first presented the latitudinal dependence of the
F3 layer occurrence at the equatorial latitudes in South East
Asia using the observations from a number of oblique and
vertical ionosondes. They found that the region of maximum
F2 layer stratification lay between the magnetic equator
and the peak of the southern EIA. Lynn et al. [65] also
discussed the problem of the nomenclature to describe F2
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Figure 11: IK-19 satellite topside ionogram (from Karpachev et al. [52]) recorded: (a) at 23:16 UT (15:40 LT) on 25 November 1980 at the
MLat −4.9◦ and longitude 245◦E, (b) at 16:04 UT (07:00 LT) on 7 September 1980 at MLat 0.8◦ and longitude 223.3◦E.
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Figure 12: The N(h) profile reduced from the ionogram obtained
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lat. At 12.0 LT in March 17, 1987 (from Uemoto et al. [49]). Vertical
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respectively. The red arrow gives the peak of the ledge structure.
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layer stratification. The stratification was described in terms
of a kink in the F2 profile, which could rise above the peak of
the background F2 layer or remain below the peak depending
on the latitude of observation. They proposed that the
additional layer be referred to as an F3 or an F1.5 depending
on whether the transitory layer moved above or stayed below
the F2 layer peak which maintained continuity with the pre-
and poststratification F2 layer. This latitudinal effect was
suggested as arising from the kink in the profile mapping
down the field lines with increasing distance from the
magnetic equator. Their oblique ionosonde measurements
in Southeast Asia show that the transitory layer was seen
as an F3 layer close to the magnetic equator but invariably
as an F1.5 layer farther from the magnetic equator. These
observations suggest that the distortion in the equatorial
electron density profile associated with a movement toward

the base of the F2 layer as magnetic field lines descended with
increasing latitude.

A comparative study by Rama Rao et al. [39] has also
been carried out with ionograms recorded at an equatorial
station Trivandrum (8.5◦N, 76.9◦E; 0.5◦), India, and another
low latitude stations Sriharikota (SHAR) (13.8◦N, 80.3◦E;
6.8◦), India, and at Waltair (17.7◦N, 83.3◦E; 8.2◦), India.
They have shown that, on many occasions, F3 layer was
observed at Waltair without additional stratification in the
F2 layer either at SHAR or at Trivandrum. Thus it is observed
that the occurrence of the F3 layer is stronger at Waltair, weak
at SHAR, and minimum or almost absent at Trivandrum,
indicating that the latitude of Waltair could be the most
favorable location over India for the formation of the F3
layer.

Another indirect method to estimate the latitude depen-
dence of the F3 layer occurrence was through an investigation
of long-term ionogram data at an equatorial station Fortaleza
(4.0◦S, 38.0◦W), Brazil [38], which shows that the F3 layer
occurrence decreases with decreasing dip angle. The maxi-
mum occurrence appears during 1995–1998 while magnetic
dip angle lies in −8.9◦∼−10.4◦. Also, the position of the
appearance of the F3 layer is investigated through the single
station TEC measurements using radio beacon transmissions
from low earth orbiting (LEO) satellites [54]. They have
found a hump structure in the latitude variation of vertical
TEC centered at magnetic latitude 7∼8◦ at longitude ∼80◦E.
Zhao et al. [55] present a statistical work to infer the F3
layer structure directly from COSMIC/FORMOSAT-3 RO
data. Statistical results show an accurate magnetic latitude
dependence of the occurrence of the additional layer and
reveal that the highest occurrence of F3 layer appears at dip
latitude ±8◦ during summer months. Similarly, according
to the ground-based data F3 layer is observed rarely at the
equator than at low latitudes ±(7∼8◦) [37, 39, 41, 65].

Recent studies show that the F3 layer near the magnetic
equator behaves in a different way than that in the magnetic
low-latitude region [41, 43, 66]. The F3 layer moves rapidly
upward near the magnetic equator, while it stays almost at
a certain altitude in the magnetic low-latitude region. The
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Figure 13: Latitudinal distribution of foF2 (top) for quite time on 19 April 1979 (a), 19 May 1980 (b), and 25 April 1979 (c). Solid lines:
at the ledge occurrence, thick dashed lines: without ledge on adjacent satellite passes, thin dashed lines with points: foF3. The bottom panel
shows the same for hmF2 and hmF3. Thick lines: geomagnetic field lines, thin lines: electron density contours (Ne in 106 cm−3), hs: satellite
height. The data and local time are indicated at all plots. From Karpachev et al. [52].

occurrence probability near the magnetic equator is less than
30%, that is, much lower than that in the low-latitude regions
(∼70–80%). The occurrence is confined to the morning local
time period near the magnetic equator and started to form at
an earlier local time and lasts for a shorter period (1–3 hours)
than in the magnetic low-latitude region.

On the topside sounding ionograms the ledge merges
with the F2 layer peak at magnetic latitudes of ±15◦. The
ledge frequency decreases, and its height increases up to an
altitude of ∼1000 km at the approach to the geomagnetic
equator (see Figure 13) [18, 50, 52]. King et al. [19] and
Lockwood and Nelms [18] showed the ionization ledge
lying along the magnetic field line passing through the EIA
crests. The same results were obtained by Raghavarao and
Sivaraman [20] Uemoto et al. [50] with use of ISIS-2 satellite
data, Uemoto et al. [49] with use of EXOS-C satellite data,
and Karpachev et al. [52] with use of IK-19 satellite data (see
Figure 13). However, Sharma and Raghavarao [22] suggested
that until about 16:00 LT, both the peak of the ionization
ledge and the anomaly crests are located aligned along the
same field line, and then they become to be separated from
each other. Uemoto et al. [50] also observed some of ledge
structures showed that the peak of the ledge was connected
to the magnetic field line of higher latitude side than the
field line of the crest of the equatorial anomaly. So the
ionization ledge occurs in a dip latitude range from −13.5◦

to 19.3◦ according to Uemoto et al. [50] and from −10◦ to
10◦ according to Karpachev et al. [52].

2.3. F3 Layer at Low Latitude Near the Magnetic Equator

2.3.1. Diurnal Variations of the F3 Layer. According to
statistical studies by Balan et al. [35], Rama Rao et al. [39],
and Sreeja et al. [43] based on a day-to-day ionosonde data,
the F3 layer occurs as early as 08:00 LT to as late as 17:00 LT
and lasts for as little as 15 min to as long as 6 hours. Zhao
et al. [66] investigated characteristics of the sunset F3 layer
using a solar cycle of ionosonde data (1995–2010) from the
magnetic equatorial station at Jicamarca (see Figure 15) and
compared with the features derived from the four subtropical
stations at Sao Luis (2.6◦S, 44.2◦W; −2.0◦), Brazil, Fortaleza
(4.0◦S, 38.0◦W; −6.6◦), Brazil, Kwajalein (9.0◦N, 167.2◦E;
3.8◦), Marshall Islands and Vanimo (2.7◦S, 141.3◦E;−11.2◦),
Papua New Guinea. Evidence shows that the local time
distribution of the occurrence of the F3 layer can extend to
the postsunset time (18:00–21:00 LT). Unlike the daytime F3
layer, the occurrence of the sunset F3 layer clearly increases
with increasing solar activity.

The studies of the diurnal variations in ionization ledge
occurrence probability with use of satellite data are scarce,
since they require a sufficiently large database. Figure 16
shows the local time dependence of the ionization ledge
occurrence probability [50], derived from the analysis of 430
passages of ISIS-2 satellite in 1973–1977. It is evident that
during low solar activity the ionization ledge is observable
almost all local time sectors except for the period from
03:00 to 08:00 LT sector. The occurrence probability of the
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ionization ledge is highest at noon local time sector and tends
to decrease gradually as the time progresses. Raghavarao and
Sivaramam [67] concluded that the topside ledges occurred
more frequently and lasted longer into the night during
sunspot minimum period than at sunspot maximum. The
same conclusion was made regarding the appearance of F3
layer according to ground-based sounding data [43].

Diurnal variations in the height of the ionization ledges
were investigated according to the Alouette-1 satellite data
[18]. The ledges were observed from 11:00 to 22:00 LT. The
height of ledges increased with time from 450 to 900 km.
The ledges were also observed after 22:00 LT, but spread
F prevented their detection. Uemoto et al. [49, 50] found
contradictory results on the diurnal variation in ionization
ledge height (see Figure 17). According to the EXOS-C
(Ohzora), the ionization ledge rapidly rises from ∼500 km at
11:20 LT to ∼950 km at 14:20 LT, but the ISIS-2 satellite data
show a scattered nature in the ledge local time dependence.

Figure 18 shows the diurnal variations in F3 layer height
obtained from the IK-19 satellite data for all seasons just over
the geomagnetic equator, which is compared with dashed
line, indicating the ground-based sounding data in South-
East Asia for high solar activity [65], and with the closed
contour outlining the Alouette-1 satellite data for low solar
activity [18]. The ground-based sounding data show that the
F3 layer appears at 07:00-08:00 LT and its height increases

rapidly to 12:00-13:00 LT [36, 39, 65] as evident from
Figure 18. At this time the F3 layer is better developed than
the F2 layer and thus recorded in sounding data. In this
case the satellite records the F3 layer as the F2 layer. The
IK-19 satellite as all other ones recorded the F3 layer only
if foF3 did not exceed foF2. The F3 layer formation and
its height growth are closely associated with an increased
velocity of vertical plasma drift that revealed by ROCSAT-
1 satellite data [68] shown in Figure 18. At 12:00-13:00 LT
the situation is reversed, ground-based stations no longer
detect the F3 layer, and topside sounders detect the F3 layer
on a regular basis. Alouette-1 satellite regularly recorded the
F3 layer only at 11:00-12:00 LT, but at much lower altitudes
than those of the IK-19. This is due to the fact that the
observations of these two satellites relate to different levels
of solar activity. Both the IK-19 and Alouette-1 satellites
recorded sharp increase in hmF3 up to 900–950 km at 20:00-
21:00 LT. This is related to the EIA increase in this period
that shows the curve for the equatorial anomaly intensity
(EAI). This contradicts to the conclusions of King et al.
[19] which show a maximum height of ledges (∼850 km) at
around 16:00 LT, but is fully consistent with the results of
Uemoto et al. [49] based on the EXOS-C data. Lockwood
and Nelms [18] did not detect the F3 layer after 22:00 LT
due to strong spread F. Actually, the strong spread F events
were observed at nighttime equatorial ionograms of IK-19
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Figure 16: Local time dependence of the occurrence probability of
the ionization ledge based on the ISIS-2 data analysis (from Uemoto
et al. [50]).

satellite, so that approximately one third-part of nighttime
ionograms cannot be processed. However, a large database
of IK-19 allows recording the bright cases of the nighttime
F3 layer occurrence. The nighttime F3 layer (04:00 LT) was
first detected according to the IK-19 data by Depuev and
Pulinets [51]. Figure 13(b) shows a well-developed F3 layer
at night, when the EIA is poorly developed. From Figure 18
it is evident that the F3 layer height falls to the morning hours
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ionization ledge observed from the Ohzora and the ISIS-2 satellites,
respectively (from Uemoto et al. [50]).

(05:00–07:00 LT) to ∼450 km. The curve for EAI shows that
EIA at this time is usually absent.

2.3.2. Longitude Dependences of the F3 Layer Occurrence.
Raghavarao et al. [21] revealed that the ledges are seen to
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occur with different intensity at two close-by longitudes. The
longitudinal variations of the ledge occurrence probability
can be studied only on the basis of IK-19 satellite data that
have not already done. The longitudinal variations of the
F2 layer parameters above the equator with use of IK-19
satellite data were obtained in [69–71]. Deminova [71] has
devoted 3 or 4 harmonics in foF2 and hmF2 in the EIA
region regardless of local time (in the interval 17:00–05:00
LT). Variations in Ne in the external equatorial ionosphere,
with wave numbers (WN) 3 and 4 were also described in
[72]. The concept of four harmonics “WN4” in recent years
is widespread. According to this concept four harmonics
in the longitudinal variations of the equatorial ionospheric
parameters are created by nonmigrating tidal waves coming
from the lower atmosphere. They modulate the electric field
at the E region heights, which is transmitted to the F2 layer
heights and causes the E × B plasma drift (see the recent
paper [73] and references therein).

Zhao et al. [55] have inferred from the COSMIC data
that the F3 layer occurrence has a longitude dependence
during boreal summer, with relatively higher occurrence at
−80◦ ∼−100◦, −20◦ ∼ 20◦, 80◦∼120◦, and −160◦ ∼−170◦

longitudes (see Figure 14), which is possibly associated with
the wavenumber-3 diurnal tide (DE3). In fact, the linkage
between the stratification of F2 layer and tides in the low
thermosphere has been investigated 50 years ago. Osborne
[6] reported that the phenomenon of the “spur” at Singapore
was related to lunar time and represented an upward-
moving layer based on the measurement in 1948–1951.
M. V. Klimenko and V. V. Klimenko [47] showed that, to
reproduce F3 layer phenomenon in global self-consistent

thermosphere-ionosphere model calculations, it is necessary
to account the thermospheric tides. So more ground and
satellite observations and model studies needed to clarify the
longitude dependences of the F3 layer occurrence.

2.3.3. Inconsistency of the Observation on the Seasonal Depen-
dence of the F3 Layer. It was reported that in Fortaleza, Brazil
(4.0◦S, 38.0◦W;−4.4◦), the F3 layer in 1995 occurs frequently
not only in the local summer but also in winter seasons and
is less frequent in the equinox seasons [35, 38]. According
to the observation at Ibadan (7.4◦N, 3.9◦E; −2.1◦), Nigeria
during 1951–1953, Skinner [7] found that there are more
morning F3 layers in winter than in summer. Zhao et al.
[66] have also presented the statistical result at Fortaleza
using the data during 2007–2010 which shows much lower
occurrence in winter different from the result of Balan et
al. [35] based on the data during 1995. It should be noted
that the magnetic latitude of Fortaleza changes from −4.4◦

to the present −7.0◦ and the calculation of the occurrence
probability is different. According to Balan et al. [35], the
F3 layer winter occurrence though high lasts for very short
period during the morning local time when E × B drift
is very effective. The sunset F3 layer has a strong seasonal
dependence occurring mainly during the summer time [66].
The contradiction in the statistical result may also partly
suffer from the fact that the judgment of the stratification of
F2 layer is very subjective and no uniform standard has been
applied to judge the difference between the fully developed
and unfinished stratification. Further study involved with the
station Fortaleza is needed to reveal its peculiarity.

On the other hand, Rama Rao et al. [39] examined the
variation of the occurrence probability of the F3 layer in
Waltair, India (17.7◦N, 83.3◦E; 8.2◦), and showed that the
F3 layer frequently occurs in the local summer season as
well as equinox seasons and is less frequent in the local
winter season. The statistic of the F3 layer occurrence at
Chiang Mai (18.8◦N, 98.9◦E; 13.2◦), Thailand resembles that
of Indian result [41]. The statistic of the F3 layer occurrence
at Chumphon (10.7◦N, 99.4◦E; 3.2◦), Thailand resembles
that of at Kwajalein (9.0◦N, 167.2◦E; 3.8◦) of Zhao et al.
[66]. Thus these results suggest that the difference in seasonal
dependence of the occurrence probability between Indian
and Brazil may not be mainly caused by the difference of
the geographic longitude but that of the magnetic latitude.
In addition the hemispheric asymmetry of the seasonal F3
layer occurrence should also be considered. Uemoto et al.
[41] showed that at Kototabang (0.2◦S, 100.3◦E; −10.1◦),
Indonesia the summer occurrence probability was higher
than that at Chiang Mai. They suggest that the summer-to-
winter wind is strong in the southern hemisphere than in
the northern hemisphere because the magnetic equator is
shifted northward from the geographic equator in Southeast
Asia by approximately 10◦. Thus further study needs to
be carried out to elucidate the hemispheric asymmetry at
the other longitudes that has large discrepancy between the
geomagnetic and geographic equator.

The seasonal variations of ionization ledge occurrence
probability according to the topside sounding data from
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ISIS-2 satellite were shown only in a single study [50].
According to the ISIS-2 satellite data, the ledge is most often
observed at the equinox and in autumn more often than in
spring, less in summer, and much less in winter. Uemoto
et al. [50] have concluded that, although the characteristics
of the ionization ledge and the F3 layer are similar, their
seasonal dependence is, in general, different.

2.3.4. Mechanism of the Quiet-Time F3 Layer. Balan and
Bailey [32, 35] proposed that the combined effect of the
upward E × B drift and neutral wind provides vertically
upward plasma velocity at altitudes near and above the
F2 peak. The vertical velocity causes the F2 peak to drift
upward and form the F3 layer while the normal F2 layer
develops at lower altitudes through the usual photochemical
and dynamical processes of the equatorial region. It looks
very close to the mechanism of Huang [15] which proposed
that the formation of F2 layer stratification is principally due
to the combined effect of the upward drift, which changes
from increasing to decreasing at 10:00 LT, and the slow
diffusion. This mechanism can well explain most F3 layer
features observed at low and equatorial areas. Jenkins et
al. [34] showed that the observed stratification of the F2
layer cannot be the signature of a propagating disturbance
such as that caused by a gravity waves. Jenkins et al. [34]
demonstrated the role of transequatorial winds as a necessary
condition for the formation of the F3 layer in summer and
winter conditions in the minimum of solar activity. Although
the neutral wind controls where and when the F3 layer
appears with higher probability, the main driving force for
the formation and maintenance of the F3 layer is the upward
E× B drift velocity (see Figure 19) [34, 35].

The mechanism of the F3 layer formation, suggested in
[35], looks as follows. Early in the morning there is a usual
F2 layer. With the progress of time it becomes wider due
to the effect of photoionization and unique dynamic effects
in the equatorial region. Due to the dominance of E × B
drift at the geomagnetic equator, the peak of the layer at
the equator moves up faster than at other latitudes. While
being transported upward, this maximum passes through
the region in which chemical and dynamic processes are
equally important and gets into the region where dynamic
processes dominate. After some time and below this peak, a
new maximum is formed in the region of balance of chemical
and dynamic processes. The top maximum becomes a
maximum of the F3 layer which after some time disappears
due to chemical losses and diffusion, which dominate over
ionization processes at these heights. It is possible to discuss
the reasons for the disappearance of F3 layer due to chemical
losses and diffusion. There is no doubt the role of diffusion
in the decrease of plasma density at the peak of F3 layer
during its lifting to the larger heights. This is due to diffusion
redistribution of the plasma from the top of the plasma
tube down along the geomagnetic field lines. Involvement of
chemical losses to explain the fall of the plasma density at the
peak of F3 layer at its upward movement toward the region
with lower rates of loss seems unjustified. Note that the rate
of chemical losses (in the F-region ionosphere) decreases
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with height much faster than the rate of ion production.
Thus, the drop in plasma density at the peak of F3 layer when
it moves upward under the influence of the eastward electric
field occurs only due to diffusion.

Uemoto et al. [41] improve the mechanism of Balan
et al. [35] by claiming that the field-aligned diffusion of
plasma acts to make the F3 layer prominent in the magnetic
latitude far off the magnetic equator region (more than 7◦).
Also Uemoto et al. [40, 41] show ionosonde observations of
the F3 layer in both the winter and summer hemispheres
concurrently. This is explained by plasma diffusion from
the magnetic equator to the low-latitude regions due to
the pressure gradient and the gravitational force. Early
Raghavarao and Sivaraman [67] suggested and Surotkin et al.
[31] demonstrated that the physical cause of the formation
of F2 layer stratifications is nonuniform diffusive plasma
outflow from the region over the magnetic equator at the
equatorial anomaly crests developed.

However, Thampi et al. [54] proposed that an upward
E× B drift and strong equatorward neutral wind (perturbed
by AGW) can produce the humps in the latitudinal variation
of TEC through the reduction in the downward diffusion
of ionization along geomagnetic field lines. The hump is
associated with F3 layer observed in the ground ionosonde.
Their model result shows that an upward E × B drift with
ordinary neutral wind cannot produce the humps in the
latitudinal variation of TEC as in the observation. The
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mechanism suggested by Thampi et al. [54] resembles that of
Fagundes et al. [26] for the EIA region. However, they have
not calculated the wave parameters through the ionosonde
data to rule out possibility of the ordinary F3 layer which
have the following signature: (a) it remains at the same
virtual height and does not propagate downward to lower
frequencies as a gravity wave would be expected to do; (b)
no periodicity is observed in the intensity of the cusp.

Balan et al. [35] concluded that the F3 layer is formed
in the morning and daytime sector, when the ionization
processes dominate over chemical losses due to upward
plasma transport under the action of E× B drift and neutral
wind. There is a question. Can the F3 layer occur at nighttime
and during sunset? If yes what is the mechanism of it? The
strength and direction of the equatorial zonal electric field
undergoes large day-to-day variability [36]. Fejer et al. [74]
gave the average pattern of the equatorial F region drift,
which shows that the upward E × B drift increases from
morning hours to noon, during which the F3 layer can
be best seen. Another period during which the F region
undergoes a quick ascent is around dusk when the prereversal
enhancement (PRE) of the eastward electric field develops.
Balan et al. [35] suggested that although the driving force
undergoes a large and sudden upward strengthening during
the evening hours, formation of another layer at lower
altitudes is unlikely to occur when the F2 layer drifts upward,
because of the absence of the production of ionization.
However, Depuev and Pulinets [51], Karpachev et al. [52],
and Zhao et al. [66] described the case of the F3 layer
occurrence at night (00:00–04:00 LT) and at post sunset time
(18:00–21:00 LT at Figure 15). Klimenko et al. [46] and M.
V. Klimenko and V. V. Klimenko [48] demonstrated that
the F3 layer is formed as a result of the nonuniformity in
height vertical E×B plasma drifts at the geomagnetic equator.
The height gradients in vertical plasma drifts were previously
observed by incoherent scatter radar over Jicamarca [75].
This mechanism can explain the F3 layer occurrence at
different LT epochs (especially at night). The occurrence of
the sunset F3 layer at Sao Luis (2.6◦S, 44.2◦W; −2.1◦) is
much less than that at Jicamarca (−0,6◦) although the PRE
drift for the former is more significant than that of the latter
[66]. The combined effects of the PRE electric field and
the equatorward wind and geomagnetic configuration allow
the F3 layer to be observed more frequently at Jicamarca
than at the Sao Luis longitude, which has a large magnetic
declination of −18◦. Thus the mechanism of the F2 layer
stratification is still an open question in the low latitude and
we do not know which is dominant that well explained the
observed phenomenon.

2.3.5. Storm-Time F3 Layer Feature. Numerous studies have
demonstrated that the geomagnetic storm affects the forma-
tion of additional layer in the low-latitude F region. Zhao et
al. [76] found that the noon time stratification of the F2 layer
at magnetic equator became severe during the Halloween
storm in 2003 that is related to the prompt penetration
electric field (PPEF) originated from the magnetospheric
convection electric field. Paznukhov et al. [77] presented

such a case at Jicamarca during the superstorm November
9–10, 2004. Sreeja et al. [57] showed the development of F3
layer at dawn and dusk local time due to the PPEF. Balan
et al. [78] considered the data from three longitudes (Japan-
Australian, Indian, and Brazilian regions) and for 22 storms
in 11 years (1998–2008) and showed that the existence of
F2 stratification during the main phase of the storm is a
standard feature of the equatorial ionosphere and serve as an
indicator of the storm-time PPEF.

The mechanism responsible for the storm time F3 layer
is similar to that in quiet periods but with a much faster
processing time due to the rapid uplift of the F layer by
an upward E × B drift resulting from an eastward pene-
tration electric field. Balan et al. [56] and Lin et al. [59]
presented a theoretical model of this process in detail based
on the thermosphere ionosphere electrodynamics general
circulation model (TIEGCM) and SUPIM. These studies
indicate that the additional layer becomes more prominent
and more distinct during geomagnetic disturbances than in
quiet conditions. Balan et al. [56] reported an interesting
storm feature of the equatorial ionosphere profile associated
with a strong eastward PPEF followed by a westward electric
field. By incorporating the fluctuated measured E×B drift in
the SUPIM, they have shown the development of unusually
strong F3 layer that quickly ascends to the topside ionosphere
during the afternoon period of PPEF. The F3 layer then drifts
downward due to a westward electric field that merged with
F2 layer.

Through the GSM TIP model, Klimenko et al. [45,
46] proposed that an alternative formation mechanism of
the F3 layer is nonuniform in height distribution of zonal
component of an electric field (see Figure 20). It causes
the nonuniform vertical plasma drift that leads to plasma
convergence at some altitudes and to its rarefaction at others.
The formation mechanism will even produce F4 layer during
the storm time but at larger heights according to the model-
ing results. The formation mechanism of the F4-layer is the
same as the F3 layer. They showed that geomagnetic storms
affect the formation, existence, lifetime, and the number of
additional layers in the equatorial ionosphere.

Lockwood and Nelms [18] investigated the dependence
of the ledge occurrence from the magnetic activity and found
that the F3 layer occurs later during storm-time than in
quite days. Karpachev et al. [52] considered the F3 layer
occurrence during 10 magnetic storm events under Kp = 5–8
with use of IK-19 satellite data. Observations for all storms
were sufficiently prolonged (10 passes or about 17 hours).
This allows recording the F3 layer appearance during the
storms both in the daytime and nighttime sectors. These
data analyses showed that the F3 layer was absent in two
cases, poorly seen in five cases, and appeared sufficient clearly
only in three cases. Figure 13(c) shows the IK-19 example
of F3 layer occurrence during a strong geomagnetic storm
(Kp = 7) on April 25, 1979. Note that in quiet periods we
can observe more pronounced examples of the additional
layer. Thus, the F3 layer is not always formed even during
strong magnetic storms. However, according to ground-
based sounding data, the F3 layer appears more often in the
disturbed days [43].
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Figure 20: Latitudinal profiles of zonal electric field in the geomagnetic longitude of station Jicamarca (top) and vertical profiles of zonal
electric field above station Jicamarca at the different UT epochs obtained in model calculations for quiet and storm time conditions. (from
Klimenko et al. [45]).

2.4. F3 Layer Features over the EIA Region. Fagundes et al.
[26] reported daytime F2 layer stratification over an equato-
rial anomaly crest location at Sao Jose dos Campos (23.2◦S,
45.9◦W; −17.6◦), Brazil. This type of F2 layer stratification
seems to be associated with a possible manifestation of
middle scale travelling ionospheric disturbances (MSTIDs)
due to the propagation of atmospheric gravity waves (AGWs)
in the middle latitudes [8]. They have made a statistical study
based on the ionogram data from September 2000 to August
2001 which shows that the F3 layer occurs only for 66 days
(18% occurrence), and it occurs only during September–
February (spring-summer), with maximum occurrence in
September-October and longest duration in February. The

calculated periods of AGWs are about 30–60 min, downward
phase velocities of about 60–140 m/s, and vertical wave-
lengths of about 200–500 km. The duration of this type of
stratification is 1-2 hours which is much longer than that
usually observed in the middle latitudes.

Fagundes et al. [79] investigate the occurrence of F3 layer
formation as a function of solar cycle and season near the
EIA southern crest in Brazil. They have shown that (I) the
frequency of occurrence during high solar activity (HSA) is
11 times greater than during low solar activity (LSA), (II)
during HSA there is a maximum occurrence of F3 layer
during summer time and a minimum during winter time;
while during LSA there is no seasonal variation in the F3
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layer occurrence, and (III) during the maximum occurrence
season in HSA F3 layer was generated almost every day
and lasted for several hours, while during the month with
minimum occurrence, the F3 layer lasted for about one hour
or even less time. The seasonal and solar activity dependence
of the F3 layer occurrence suggests that the vertical extension
of the F2 layer is an important factor that is favorable for
the formation of the F3 layer if AGWs mechanism works,
that is the F layer vertical extension must be larger than the
gravity wave wavelength to create favorable conditions for
stratification and formation of the F3 layer [26]. During the
HSA and summer season, large daytime upward E × B drift
and/or large equatorward wind can cause unusual vertical
extension of the F2 layer near the EIA crest. The upward
propagating gravity waves in such an unusually extended
F2 layer seem to be the possible reason for the F2 layer
stratification and F3 layer observed near the EIA crest.

It should be noted that study of Fagundes et al. [26, 79]
is quite different from those reported by Abdu et al. [80] at
the same site. Their study shows the effects of gravity waves
in the F layer during the daytime and geomagnetic quiet
conditions, whereas Abdu et al. [80] studied its effects during
the nighttime with passage of TIDs possibly associated
with geomagnetic disturbances. By using the TIEGCM and
SUPIM runs during the major magnetic storm of 29–30
October 2003, Lin et al. [59] present a new type of additional
layer in the evening which occurs in the EIA region by a new
physical mechanism. This mechanism requires that storm
time meridional neutral wind surges travel from high to
low latitudes and cross into the opposite hemisphere. The
wind surges modify the field-aligned plasma velocities in
the EIA regions significantly after uplift of the ionospheric
layer by a PPEF and interact with the downward field-aligned
plasma velocities of the enhanced equatorial fountain. The
combined storm effects of the enhanced plasma fountain
and the neutral wind surges result in plasma convergence in
altitude and form the additional layers underneath the EIA
crests. Although such surge is reproduced by Klimenko et
al. [45] during geomagnetic storm on September 11, 2005,
it does not lead to the formation of additional layer above
EIA crest. It is necessary to note that thermospheric wind
surge was formed in Lin et al. [58] at night, but in Klimenko
et al. [45] in the afternoon. Therefore, our modeling effort
suggests that the additional layer in the area of equatorial
anomaly crests is not formed by thermospheric wind surge
in the daytime sector.

Another unclear issue is the longitude difference of the
F3 layer occurrence that lies in the EIA region. Occurrence of
the F3 layer is rare over Ahmedabad (23.0◦N, 72.6◦E, 14.4◦),
India and Chung-Li (25.0◦N, 121.2◦E; 19.7◦N), Taiwan
located under the northern crest of the EIA in Indian and
East-Asian longitudes [37, 39], while is much higher at Sao
Jose dos Campos (23.2◦S, 45.9◦W; −17.6◦), Brazil. It is not
known that this diversity is due to the AGW source regional
difference like the tropospheric wind disturbances or simply
to the ionospheric vertical structure difference. Except for
the direct propagation of AGWs, the other processes which
couple upward propagating tides, planetary waves with
ionospheric changes also affect the F3 layer probability, for

instance, through modification of turbulent mixing and
hence O/N2 ratios, influences on E region conductivities,
modulation of the temperature and wind structure of the
thermosphere, and the generation of electric fields through
the dynamo mechanism [81].

3. Puzzles that Need to be Clarified in
the Future Studies

The characteristics of the F2 layer stratification and its
dynamics, topside ionization ledge and F3 layer have been
greatly clarified by old and recent observation and model
studies, but there are still several remaining questions.

(1) One such big question regards the seasonal, solar
activity, latitudinal, and longitudinal dependence of the F3
layer. Now it is very difficult to separate these dependencies,
since they are closely related. In order to clarify the spatial
structure and seasonal dependence of the F3 layer the
statistical analysis ground-based sounding data, such as [26,
39–41, 43, 79], topside sounders (the large IK-19 data base
is of special interest due to the presence of long periods of
continuous observation), radio beacon measurements from
low Earth orbiting satellites as [54], and RO technique as [55]
are needed in the future studies.

(2) The second problem needing to be clarified in the
future is the relationship between the topside ledge and
ground-based F3 layer. Uemoto et al. [50] claimed that the
topside ledge may be regarded as a remnant of the ground-
based F3 layer due to the same mechanism of large E × B
drift. However, the seasonal dependence of the occurrence
probability of the ionization ledge shows contradict manner
to the F3 layer. Neither the ground ionosonde nor the topside
sounding technique can give a full picture of the evolution of
the F2 layer stratification (e.g., see Figure 21). Ground-based
sounding data record the F3 layer only when the electron
density at its maximum is larger than the maximum of the
F2 layer. The satellite records only one-layered pattern (the
F3 layer) in this case. The researchers that used topside
sounding satellite data mistakenly assume that it is the
F2 layer due to the lack of visible F2 layer stratifications.
It is important to understand that the F3 layer may also
exist in the absence of stratifications on ionograms. If the
stratifications are absent on the topside sounding ionograms,
we observe one layer, and it can be either the F2 layer, or
F3 layer. If the stratifications are absent on the ionograms
of ground-based sounding, it does not necessarily mean
that the additional layers are absent. This could also mean
that the electron density at the F2 layer maximum is larger
than the maxima of the overlying additional layers. Thus
simultaneous observations of the ground-based F3 layer and
the topside ledge are required. A new topside sounding
satellite with low orbit inclination is needed to accord with
the increased new-built ionosondes at low latitudes. Also the
future project of COSMIC II may also be helpful in clarifying
the relationship between the F3 layer and the topside ledge.

(3) Another important question concerns the mecha-
nism of the F3 layer formation. The main aspects of this
issue are presented in Figure 22. Huang [15] found that the
formation of daytime F2 layer stratification is principally
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file near the geomagnetic equator: (1) the daytime electron density
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the F3 layer appears due to the non-uniform in height vertical
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photoionization, at that foF3 > foF2. (3) he nighttime electron
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density profile with a two-layered pattern—the F2 layer appears
due to the increase of photoionization and the F3 layer continues
to occur (this could also appear in the sunset local time). (5) the
afternoon electron density profile with a two-layered pattern—the
foF2 continue increases due to the photoionization processes, at that
foF3 becomes smaller than foF2. Further the F3 layer merges with F2
layer, and the electron density profile turns type 1.

due to the combined effect of the upward drift, which
changes from increasing to decreasing before noon, and the
slow diffusion. Raghavarao and Sivaraman [67] suggested
and Surotkin et al. [31] showed that the physical cause
of the formation of F2 layer stratifications is nonuniform
diffusive plasma outflow from the region over the magnetic
equator where the equatorial anomaly crests developed.
Balan et al. [35] concluded that the F3 layer is formed
in the morning and daytime sector, when the ionization
processes dominate over chemical losses due to upward
plasma transport under the action of E × B drift and
neutral wind. Uemoto et al. [41] improve this mechanism
by claiming that the field-aligned diffusion of plasma acts to
make the F3 layer prominent in the magnetic latitudes far
off the magnetic equator region. Thampi et al. [54] proposed
that an upward E × B drift and strong equatorward neutral
wind (perturbed by AGW) can produce the F3 layer through
the reduction in the downward diffusion of ionization along
geomagnetic field lines. Klimenko et al. [46] and M. V.
Klimenko and V. V. Klimenko [48] demonstrated that the F3
layer is formed as a result of the non-uniform height vertical
E × B plasma drifts at the geomagnetic equator. The non-
uniform height vertical E × B plasma drifts leads to plasma
convergence at some altitudes and to its rarefaction at others.
So the mechanism of the F2 layer stratification in the low
latitudes is too complicated (see Figure 22), and we do not
know which is dominant that well explained the observed
phenomenon. Thus a detailed analysis is needed from a
comprehensive study based on both the observation and
modeling. In addition, using model studies, it is necessary
to clarify the role of thermospheric tides and gravity waves

in the formation of additional layers in the low-latitude
ionospheric F region.

(4) Also there is a question. What is the formation mech-
anism of the sunset and nighttime F3 layer? Depuev and
Pulinets [51], Karpachev et al. [52], Zhao et al. [66] described
the case of the F3 layer occurrence at night (00:00–04:00
LT) and after sunset (18:00–21:00 LT). Klimenko et al. [46]
and M. V. Klimenko and V. V. Klimenko [48] demonstrated
that the non-uniformity in height vertical E × B plasma
drifts at the geomagnetic equator can explain the F3 layer
occurrence at different LT epochs (especially at night). The
height gradients in vertical plasma drifts were previously
observed by incoherent scatter radar over Jicamarca [75]. We
need experimental verification of the hypothesis about the F3
layer formation by non-uniformity in height E × B plasma
drifts. This verification will be based on the observational
data of the electric field at different low latitudes or at
different heights at the geomagnetic equator.

(5) Another interesting issue is the occurrence of the
multilayer pattern in vertical profile of electron density. Sen
[2] was the first to detect the presence of two additional
peaks above regular F2 layer in the ground-based ionograms
over Singapore. Further no one mentioned the existence
of multiple additional layers. M. V. Klimenko and V. V.
Klimenko [47] demonstrated the occurrence of only one
additional layer during solar activity minimum at quite
equinox condition. Klimenko et al. [82] demonstrated the
occurrence of several additional layers for quiet solstice con-
ditions during solar activity maximum and Klimenko et al.
[46] specified the formation of at least two additional layers
above Jicamarca during geomagnetic storm event. Does the
appearance of the multilayer pattern in electron density
profile depend on season, geomagnetic and solar activity? We
need more investigations on this issue. In addition, Surotkin
et al. [31] showed that large-scale irregularities could decay
into small-scale irregularities. Klimenko et al. [46] note that
simultaneous occurrence of spread F in observational data
and additional layers in model calculations do not contradict
each other, as spread F and the formation of additional layers
are related to the action of the same mechanism—E × B
drift [15, 29, 35, 83]. M. V. Klimenko and V. V. Klimenko
[48] showed the F3 and F4 layer occurrence at night when
the spread F was usually observed. We need to find out
the relationship between multiple F2 layer stratifications and
equatorial spread F.

(6) The next important aspect that needs further study
on F3 layer is the possible existence of the interrelationship
between F3 layer and other well-known features of the
equatorial ionosphere. For example, a correlative study of
the simultaneous occurrence of F3 layer and CEJ [22] that
requires the definite observational evidences of the causative
mechanisms for the F3 layer formation as well as for CEJ
and their interrelation should be continued. Furthermore,
the problem of the ledge (F3 layer) location relative to the
EIA crests and geomagnetic field lines cannot consider to be
completely solved.

(7) Although the mechanism of the low-latitude F3 layer
during geomagnetic storm is mainly attributed to the PPEF,
there are still unresolved problems. Lin et al. [58] proposed
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Figure 22: A schematic of the different mechanisms of the F2 layer stratification and all influenced factors.

that the storm time wind surge may result in the nighttime
F2 stratification at low latitude; however, this mechanism
needs observational proof. In addition, we do not know the
effect of the disturbance dynamo electric field on the F3
layer. Zhao et al. [84] showed that the normal daytime F3
layer was inhibited during the recovery phase of a storm.
Klimenko et al. [46] specified the formation of at least two
additional layers above Jicamarca during geomagnetic storm
event. Also the existing contradiction between the satellite
and ground-based data on the occurrence probability of the
F3 layer during storm needs to be explored.

More ground observations needed to clarify the relation-
ship between the every process in the lower atmosphere and
the whole structure in the ionosphere (in particular F3 layer),
for example, the effect of the sudden stratospheric warming

(SSW) event on the ionosphere [85] that is recently being
hotly investigated. Fortunately, in the future a number of
new ionosondes will be installed and operated at the low
and equatorial areas which may help to explain some of the
puzzles or discrepancies in the past observations [86].
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We have applied chemistry-climate model (CCM) SOCOL to simulate the distribution of the temperature and gas species in the
upper stratosphere and mesosphere. As an input for the simulation, we employ daily spectral solar UV irradiance measured by
SUSIM instrument onboard UARS satellite in January 1992. We have carried out an ensemble of nine 1-month long simulations
using slightly different initial states of the atmosphere. We have compared the obtained time evolution of the simulated species
and temperature with available satellite measurements. The obtained results allowed us to define the areas where the nowcast and
short-term forecast of the atmospheric species with CCM SOCOL could be successful.

1. Introduction

The perturbation of the solar activity is able to induce
sub-stantial changes in the Earth environment, which
turn out to be important for the space operations [1],
radio-wave propagation, GPS functioning, and many other
aspects of the mankind activity [2]. Therefore the nowcast
and short-term forecast of the space weather based on
the different observational data gained recently a lot of
attention. Among other elements of the space weather, it is
of interest to understand and predict the state of the neutral
compounds in the middle atmosphere, which determines
in part the reaction of the ionosphere to the variability
of the Sun activity. An important aspect of this issue is
an evaluation and prediction of the middle atmosphere
response to the solar ultraviolet irradiance variability. The
composition and temperature in the middle atmosphere
are defined by the photolysis and heating rates [3], which
depend directly on the solar activity and also by complicated
nonlinear atmospheric dynamics and connected with it
advective and turbulent transport of the species. For the
solar UV irradiance high-quality observation data are
available from a variety of satellite instruments in the past

[4], and there will be more data available in real time in
the future. For example, the LYRA instrument onboard
PROBA-2 satellite will provide the solar irradiance for
several wavelengths important for the middle atmosphere
in real time [5]. These data together with solar irradiance
measurements available from the SORCE experiment
(http://earthobservatory.nasa.gov/Library/SORCE/sorce 06
.html) provide a solid basis for the nowcast of neutral com-
pounds in the middle atmosphere. The statistical forecasting
technique developed during the last decade [6] can also
provide reliable estimates of the solar irradiance variability
in 10-day time frame and facilitate the short-term forecast
of the middle atmosphere state based on the state-of-the-art
modeling of atmospheric dynamics and chemistry. However,
it has not been clearly shown yet which part of the species
and temperature changes in the middle atmosphere is
defined by the solar irradiance variability and what is the
contribution of the nonlinear transport. There is some
evidence that the ozone and temperature depend on the
solar irradiance variability during known 27-day solar
rotation cycle (e.g., [7]), but it was also pointed out by [8]
that the correlation between solar irradiance and ozone in
the middle atmosphere strongly depends on the atmospheric
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meteorological state implying that the atmospheric dynamics
and transport play an important role in the response of the
middle atmosphere to solar irradiance variability. Therefore,
for a successful nowcast and short-term forecast, we need to
show that (i) the quantity under consideration is sensitive
to the solar irradiance variability and (ii) the contribution
of the dynamical noise is reasonably small. To answer
these questions, we applied a chemistry-climate model
and carried out 1-month long ensemble simulation of the
middle atmosphere for January 1992. The model description
and experimental set-up will be described in Section 2.
In Section 3, we present the results of our simulations, and
some conclusions and outlook are presented in Section 4.

2. Model Description and Experimental Set-Up

The global three-dimensional CCM SOCOL was developed
at the Physical-Meteorological Observatory (Davos, Switzer-
land) in collaboration with ETH Zürich (Switzerland) and
Voeikov Main Geophysical Observatory (St. Petersburg,
Russia) [9]. The CCM SOCOL is a combination of the mid-
dle atmosphere version of the European Center/Hamburg
Model 4 General Circulation Model (MA-ECHAM4) [10,
11] with a modified version of the University of Illinois
at Urbana-Champaign three-dimensional CTM Model for
the Evaluation of Ozone Trends (MEZON) [12, 13]. The
horizontal resolution of SOCOL is 3.75◦× 3.75◦. Vertically,
this model is divided into 39 levels in a hybrid sigma/pressure
coordinate system and extends from the surface to 0.01 hPa
(∼80 km). The CTM MEZON calculates the distributions of
concentrations of 45 trace gases from the major atmospheric
groups, which are determined by 118 gas phase reactions, 33
photolytic reactions, and 16 heterogeneous reactions.

The transport of trace gases in the CTM MEZON is
calculated using the advection scheme [14]. The time step
for the dynamic core of the MA-ECHAM4 model is 15 min.
Parameters of physical processes are calculated every 2 h.
The time step of the CTM MEZON is also 2 h. The model
parts of the CCM SOCOL (MEZON and MA-ECHAM4)
exchange data on the fields of major dynamical variables
and radiatively active gases every 2 h. Concentrations of
ozone, methane, nitrous oxide, chlorofluorocarbons, and
stratospheric water vapor are transferred from MEZON to
MA-ECHAM4, and three-dimensional distributions of tem-
perature, water vapor concentration, and zonal, meridional,
and vertical components of wind velocity are transferred
from ECHAM4 to MEZON. Thus, the interactive character
of the CCM SOCOL makes it possible to correctly include
the main feedbacks between dynamical, advective, photo-
chemical, and radiative processes. The original version of
SOCOL is described in detail in [9].

Nine one-month long model runs have been carried out
for 1992 conditions. The difference between ensemble mem-
bers consists of slightly different initial state of the atmo-
sphere which was achieved by changing the concentration
of CO2 in the range of 0.1%. The boundary conditions and
external forcing are identical for all ensemble members. The
sea surface temperature and the sea ice distributions have

1 3 5 7 9 11 13 15 16 18 20 22 24 26 28 30

Day

0

1

2

3

4

−2

−1

(I
−
I m

ea
n

)/
I m

ea
n

)
(%

)

Figure 1: Deviation of the solar irradiance at 205 nm from its
monthly mean for January 1992. The data are from SUSIM instru-
ment onboard UARS satellite.

been taken from [15], which represents climatology over the
last 20 years. The stratospheric aerosol, greenhouse gas and
ozone destroying substances concentrations, and the sources
of NOx and CO are the same as in [12, 16]. The coefficients
for photolysis and heating rates calculations in the model
have been updated daily using the solar energy spectrum
obtained by the SUSIM instrument onboard of the UARS
satellite for the year 1992. SUSIM UARS version 21 L3BS
irradiance data were acquired from SUSIM UARS ftp-site
{ftp susim.nrl.navy.mil}. The radiation in visible and near-
infrared parts of the spectrum was kept unchanged. From
the described simulation daily and zonal mean temperature,
ozone, hydroxyl, and water vapor mixing ratio have been
stored for each ensemble member, which allows analyzing the
response of these quantities to the solar irradiance variability
during sun rotation cycle.

The solar irradiance variability at 205 nm during January
1992 applied for the calculation is illustrated in Figure 1.
During the considered year, the solar activity was rather high
and due to nonhomogeneity in the Sun spots distribution,
the solar irradiance increased from January 1 reaching its
maximum on January 7. Then the solar irradiance reached
its minimum on January 14 and after that it has been steadily
increasing until the end of January.

3. Results

To estimate the dependency of the simulated quantities
on the solar irradiance variability, we calculated cross-
correlation functions between the ensemble mean of
hydroxyl, ozone, water vapor, temperature, and solar irradi-
ance at 205 nm with time lag ±15 days. Time lag is a time
shift between one of the chemical or thermal characteristics
of the atmosphere and solar spectral irradiance. The absolute
maximum of the cross-correlation function is presented in
Figure 2 for every latitude and altitude. It is well known
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Figure 2: Maximum of the cross-correlations between simulated ensemble mean quantities and solar irradiance at 205 nm.

[3, 7, 17] that an increase of the solar irradiance in Lyman-
alpha line leads to an enhancement of hydroxyl due to
increased photolysis of the water vapor. The obtained results
show that this process is clearly significant in the mesosphere
leading to rather high correlation between solar irradiance
and hydroxyl and water vapor. The correlation coefficients
are the highest (∼0.8) in the tropical area and in the upper
mesosphere. Over the northern high latitudes, we cannot
expect any correlations, because the solar irradiance cannot
reach polar night areas; however some correlations can
be induced by the dynamical changes resulting from the
ozone and temperature perturbations. The ozone production
due to photolysis of oxygen in Schumann-Runge bands
and Herzberg continuum intensifies with increase of the
solar irradiance in the lower mesosphere and most of the
stratosphere; however in the rest of the mesosphere the ozone
and solar irradiance anticorrelates due to enhanced ozone
destruction by hydroxyl [18, 19]. These two processes are
responsible for rather high positive and negative correlation
between ozone and solar irradiance. The maximum cor-
relations occur in the tropical lower mesosphere and over

the northern middle latitudes. The latter presumably reflects
the changes in the atmospheric dynamics and transport.
The correlation between temperature and solar irradiance is
explained by the additional direct (due to increased energy
flux) and indirect (due to ozone increase) heating. The
highest correlation between temperature and solar irradiance
takes place in the upper mesosphere and upper stratosphere.
The presented results confirm that the atmospheric state is
sensitive to the perturbations in the solar irradiance.

To estimate the sensitivity of the atmospheric response to
the atmospheric state, we calculated mean absolute deviation
among our nine ensemble members for any particular day
and location. The averaged mean absolute deviation over 30
days of the model run reflects the sensitivity of the model
results to the atmospheric states. A small mean absolute
deviation means that all ensemble members demonstrate
similar behavior in reproducing the time evolution of the
atmospheric state, while a large mean absolute deviation
indicates that the dynamical noise dominates and the
simulated time evolution of the atmospheric state is not
robust. The mean absolute deviations for hydroxyl, ozone,
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Figure 3: Mean absolute deviation among the ensemble members averaged over 30-day interval. Mean absolute deviation for species is
shown in percent relative to the mean mixing ratio. Mean absolute deviation for the temperature is given in (K).

water vapor, and temperature are presented in Figure 3. The
obtained results show that the nonlinear behavior is mostly
confined to the northern middle and high latitudes, where
the atmospheric dynamics is the most active during boreal
winter. Over the tropics and Southern hemisphere, the time
evolution of the atmospheric state is more robust.

Using the combination of two above-analyzed criteria,
we can define the areas where the probability of successful
nowcast and short-term forecast of the considered quantities
based on the solar irradiance data is higher. For these
areas, we request the correlation coefficient to be higher
than 0.7 and mean absolute deviation to be lower than
4% for considered species and lower than 4 K for the
temperature. The obtained latitude-altitude cross-sections
of these areas are depicted in Figure 4 for all considered
species. From the obtained results, we can conclude that
the temperature can be successfully predicted in the upper
tropical stratosphere and mesosphere. For the water vapor
and hydroxyl this area confines mostly to the tropical

mesosphere and upper mesosphere over the southern middle
and high latitudes. The ozone can be successfully predicted
in the tropical lower mesosphere and upper stratosphere
over the northern middle latitudes. It is of great interest to
check our conclusions using satellite data obtained during
January 1992. For this purpose, we made use of the ozone
daily data measured by HALOE instrument onboard UARS
satellite. These data are available from HALOE home page
(http://haloe.gats-inc.com/home/index.php). Unfortunately,
the quality of the ozone data in the mesosphere is rather
poor; therefore we compare our model results with HALOE
ozone only near the stratopause. For the comparison, we
used satellite data collected during sunrise events, which
cover northern middle latitudes (∼40◦N–50◦N) from Jan-
uary 5 to January 12. The zonal daily mean simulated
ozone mixing ratio is presented in Figure 5 together with
smoothed HALOE data. Despite some differences, all ensem-
ble members reveal an increase of ozone mixing ratio from
January 2 to January 7 and a subsequent decrease, which
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Figure 4: Areas where the nowcast and short-term forecasts of the considered quantities can be carried out with higher probability of the
success.

correlate reasonably well with the time evolution of the solar
irradiance shown in Figure 1. The simulated and observed
ozone behaviors do not coincide completely, but it can
be hardly expected because the satellite data have been
collected during sunrise and the latitudes of data sampling
are slightly different from day to day, while the simulated data
represent daily and zonal mean values. However, the similar
features are clearly visible in HALOE and simulated ozone,
which supports our conclusions about potentially successful
nowcast and short-term forecast of the ozone in this area.

4. Conclusions and Outlook

With the chemistry-climate model SOCOL, we simulated the
time evolution of the temperature and several atmospheric
constituents during January 1992 using solar UV irradiance
observed by SUSIM instrument onboard UARS satellite. We
have estimated the correlation between time series of the
simulated quantities and solar irradiance at 205 nm and
defined the area in the middle atmosphere where the UV

solar variability is one of the main driving forces. Performed
ensemble simulation of the atmospheric state allowed to
define the level of noise due to nonlinear dynamics and
connected with it transport of the species. Using the com-
bination of these two limiting factors, we defined the area in
the middle atmosphere where the nowcast and short-term
forecast can be performed using our model with the highest
level of success. Comparison of the simulated ozone behavior
with observation data confirmed that successful nowcasting
and short-term forecasting are possible inside the defined
areas. It should be noted that our results are valid only for
January 1992, when the variability of the solar irradiance was
rather well pronounced and the meteorological conditions
were typical for boreal winter season. Further studies are
necessary to define these areas for different seasons and years.
In the future, we intend to address this issue using CCM
SOCOL driven by the highly accurate irradiance obtained
from LYRA [5], PREMOS [20], and other real-time solar
irradiance measurements that will be available in the future.
The simulated results will be compared with time evolution
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Figure 5: Zonal mean ozone volume mixing ratio (ppmv) at 48 km
averaged over 40◦N–50◦N from HALOE data (dotted black line)
and from the model results. The ensemble mean is shown by solid
black line; color lines represent different ensemble members.

of the species obtained from the different data available from
a variety of ongoing satellite missions. Another aspect which
should be taken into account for the further studies is the
influence of the particles entering the Earth’s atmosphere
during geophysical events.
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