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Abstract This paper provides an overview on the recent progress in studying the iono-
spheric response to atmospheric tides forced from below. The global spatial structure and
temporal variability of the atmospheric temperature tides and their ionospheric responses
are considered on the basis of modern satellite-board data (COSMIC and TIMED). The tidal
waves from the two data sets have been extracted by one and the same data analysis method.
The similarity between the lower thermospheric temperature tides and their ionospheric re-
sponses provides evidence for confirming the new paradigm of atmosphere-ionosphere cou-
pling. This paper provides also new experimental results which give an explanation why the
WN4 and partly WN3 longitude structures are so prominent pattern in the ionosphere. These
results present evidence indicating that the WN4 (WN3) structure is not generated only by
the DE3 (DE2) tide as it has been often assumed. The DE3 (DE2) tide remains the leading
contributor, but the SPW4 and SE2 (SPW3, DW4 and SE1) waves have their effects as well
in a way that the ionospheric response becomes almost double (1.5 time stronger). The paper
presents also the global distribution and temporal variability of the sun-synchronous 24-h
(DW1), 12-h (SW2) and 8-h (TW3) electron density oscillations. It has been shown that
while the latitude and altitude structure of the ionospheric SW2 response is predominantly
shaped by the migrating SW2 tide forced from below the DW1 response is mainly due to
daily variability of the photo-ionization. The peculiar vertical structure of the ionospheric
TW3 response, that shows downward/upward phase progression, calls for further study of
the physical processes shaping this ionospheric response.

Keywords Nonmigrating tides · Ionospheric response · Modulated vertical plasma drift ·
“Fountain effect”

1 Introduction

The conventional sources of ionospheric structure and variability are related to changes in
solar radiative output and geomagnetic activity, together with the subsequent response of
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the thermosphere and ionosphere system and interaction between the components. The high
sensitivity of the ionosphere to the external forcing causes its significant variability on time
scales ranging from minutes to a solar cycle. To understand and forecast such variability
is one of the main tasks of space weather research. Often, and especially recently when the
level of solar activity is very low, quite large day-to-day changes of the ionosphere have been
observed. With the recent accumulation of satellite measurements, attention is now being
directed towards investigating the impact of the processes from below and particularly the
wave forcing from the lower atmosphere.

The low-latitude ionospheric morphology is greatly affected by the electric fields and
neutral winds which define its dependence on latitude, longitude and local time. The neutral
wind and electric field effects on the ionosphere are variable with geomagnetic field config-
uration (magnetic field strength, magnetic declination, and displacement of the geomagnetic
equator from the geographic equator) and this is the reason for many years the ionospheric
longitudinal variations to be understood mainly in the context of geomagnetic field con-
figuration (West and Heelis 1996; Thuillier et al. 2002; Kil et al. 2006). Recently, however,
various ionospheric observations have shown the development of longitudinal wave-like pat-
terns (as wave number three (WN3), or wave number four (WN4) structures) that cannot be
explained by the geomagnetic field configuration. The wave-like longitudinal plasma den-
sity pattern was first reported by topside soundings from the Russian satellite Intercosmos-
19 (Kochenova 1987, 1988; Karpachev 1988). Intercosmos-19 observed the formation of
four peaks in plasma density (WN4 structure at a fixed local time frame) over the magnetic
equator (Benkova et al. 1990), but the focus of this study was on the displacement of the
geomagnetic equator from the geographic equator and the hemispheric asymmetry induced
by neutral winds.

It has been mentioned above that the Earth’s ionosphere is closely connected to atmo-
spheric waves propagating from below. Among them are solar thermal tides which are
global-scale atmospheric oscillations in all atmospheric fields, including wind, temperature,
density and pressure, with periods that are subharmonics of a solar day. These waves pro-
foundly affect the large-scale dynamics of the mesosphere and lower thermosphere (MLT)
where they attain large amplitudes and dominate the large-scale atmospheric fields. Like
other waves the tidal components grow in amplitude with increasing altitude since atmo-
spheric density decreases and energy must be conserved. Generally, the tidal amplitudes are
the largest of all the atmospheric oscillations in the MLT region, including also gravity and
planetary waves. The major source of forcing at tidal periods in the lower and middle at-
mosphere is atmospheric heating due to absorption of solar radiation by zonally symmetric
atmospheric components as stratospheric ozone and tropospheric water vapor. The resulting
atmospheric variations are reflected in migrating tides which propagate with the apparent
motion of the Sun to a ground-based observer, i.e. they are a function of local time alone
(Chapman and Lindzen 1970). Other sources may contribute to tidal variations that depend
explicitly on longitude and in this way resulting in nonmigrating tides (all tides propagating
eastward, zonally symmetric tides and those propagating westward but with a different phase
speed from that of the apparent motion of the Sun). It is now generally accepted that nonmi-
grating tides arise from at least two mechanisms: zonally asymmetric thermal forcing (sur-
face topography, geographically varying heat sources, variation of solar heating with lon-
gitude) and nonlinear interactions between migrating tides and stationary planetary waves
(SPWs) (Angelats i Coll and Forbes 2002; Pancheva et al. 2009a). For instance, the release
of latent heat by deep convective clouds is dependent on universal time (UT), longitude,
latitude and season hence it is a possible source that could generate a nonnegligible tidal mi-
grating and nonmigrating response in the MLT (Hamilton 1981; Williams and Avery 1996;
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Hagan 1996; Hagan and Forbes 2002, 2003; Oberheide et al. 2002). McLandress and Ward
(1994) suggested that the interaction of a zonally asymmetric distribution of the gravity
waves interacting with migrating tides could also generate nonmigrating tides.

Due to increasing eddy and molecular dissipation the lower thermosphere is a region
where the atmospheric tides propagating from below usually damp. Dissipating tides de-
posit net momentum and energy into the mean flow and thus modify the mean circulation
at these altitudes. They can also mix the atmospheric species there or nonlinearly inter-
act with other waves generating additional wave activity (Forbes et al. 1993). Through
impacting the wind fields and mixing, the tides can affect the density of different neu-
tral species like NO, O, CO2 and O3 and in this way affect the energy budget either
by radiating, or by absorbing solar radiation. The tides penetrating in the ionospheric E-
region (∼100–170 km) can also affect the overlying ionosphere F-region by the so called
“E-region wind dynamo”. In this way the neutral dynamics renders the lower thermo-
sphere the strongest driver from below of the ionosphere F-region. The “E-region wind dy-
namo” is composed by the following sequence of processes (Richmond 1995; Heelis 2004;
Forbes et al. 2008): (i) the tidal winds move positive ions through collisions while electrons
remain fixed to magnetic field lines due to their high gyrofrequency/collision frequency ra-
tio; (ii) an electric current is thus induced; (iii) in order to maintain nondivergent flow of
total electric current in accord with Maxwell’s steady-state equations, polarization electric
fields are set up almost instantaneously; (iv) these polarization electric fields are transmitted
from the low- and middle-latitude E-region to the equatorial F-region along equipotential
magnetic field lines and (v) there, they modulate the background zonal electric field and
the accompanying E × B vertical drift that redistributes plasma upward and poleward to
produce the equatorial ionization anomaly (EIA) near ±15–20° dip latitude. Additionally,
recent investigations showed that the atmospheric tides can propagate also directly up to
thermospheric heights (Oberheide et al. 2009). Therefore, either through complex coupling
mechanisms or through direct propagation, the MLT tides can affect the whole ionosphere-
thermosphere system.

Recent studies based on the observations made by the Sounding of the Atmosphere us-
ing Broadband Emission Radiometry (SABER) and the TIMED Doppler Interferometer
(TIDI) instruments on the Thermosphere-Ionosphere-Mesosphere-Energetics and Dynam-
ics (TIMED) satellite have provided new insight into tidal fields and revealed the global
distribution and climatology of the most important tidal components in temperature and
neutral winds respectively (e.g., Zhang et al. 2006; Huang et al. 2006a, 2006b; Forbes et al.
2006, 2008; Oberheide et al. 2007; Oberheide and Forbes 2008; Mukhtarov et al. 2009;
Xu et al. 2009; Pancheva et al. 2009b, 2010a; Pancheva and Mukhtarov 2011). Some of
the above mentioned studies clearly suggested that the nonmigrating tides are much larger
than previous anticipated and often exceed the migrating tide counterparts in the lower ther-
mosphere (e.g., Zhang et al. 2006; Forbes et al. 2006, 2008; Oberheide et al. 2006, 2007;
Pancheva et al. 2010b). The nonmigrating tides give rise to longitudinal variations in lo-
cal time structures of neutral winds and temperatures in the MLT region. Through coupling
mechanisms (such as the wind dynamo), the nonmigrating tides can play an important role
in generating the longitudinal variability in the ionosphere. In this way, a special attention
has been paid recently on the nonmigrating tides as a possible link between the troposphere
and ionosphere.

The last several years have seen an abundance of new observational evidence illustrating
terrestrial weather impacts on the ionosphere. The evidence has emerged from different mea-
surements and all of them unambiguously display manifestations of lower atmospheric dy-
namics on the upper atmosphere and ionosphere. Such illustrations are various ionospheric



178 D. Pancheva, P. Mukhtarov

observations which show the development of longitudinal WN3 or WN4 structures which
are suggested to be caused by different atmospheric tides. Sagawa et al. (2005) observed
four enhanced longitude regions of the nighttime airglow intensity in the EIA and pointed
out that the WN4 longitudinal structure of the plasma density is most probably forced by
the atmospheric tides. The authors suggested that non-migrating tides that propagate from
lower altitudes to the E region can modulate the E-region dynamo electric field and produce
the observed WN4 density pattern in the F region. Later Immel et al. (2006) and England
et al. (2006a) specified that the diurnal eastward propagating zonal wave number 3 (DE3,
D corresponds to diurnal tide and E to eastward propagation) tide is responsible for the
generation of the ionospheric WN4 density structure. We note that when viewed at a fixed
local time the DE3 wave is seen as four maxima on longitude in all tidal fields. As evidence
of modulation in the dynamo, a WN4 structure has been observed in E × B plasma drift
(Hartman and Heelis 2007; Kil et al. 2007, 2008; Ren et al. 2008, 2009) and in the equato-
rial electrojet (EEJ) (England et al. 2006b; Lühr et al. 2008). The satellite observations of
different ionospheric and thermospheric parameters, such as: total electron content (TEC),
the electron temperature, F-region zonal neutral wind and neutral mass density, the iono-
spheric F2 layer height (hmF2), also have shown WN4 longitude structures (e.g., Lin et al.
2007a, 2007b; Lühr et al. 2007; Häusler and Lühr 2009; Wan et al. 2008; Fejer et al. 2008;
Bankov et al. 2009; Liu et al. 2009; Pancheva and Mukhtarov 2010).

Model simulations support the causal link between DE3 tide and WN4 ionospheric
longitude structure. Hagan et al. (2007) used the GSWM tidal winds as input to the
Thermosphere-Ionosphere-Mesosphere-Electrodynamics General Circulation Model
(TIME-GCM) and identified the DE3 zonal wind as the cause of the formation of WN4
structure. Jin et al. (2008) and Ren et al. (2010) on the basis of electrodynamic simulations
pointed out also that the charge separation induced by the Hall current driven by DE3 tide
winds causes the WN4 structure in the E-region zonal electric field. With the influence of the
coupling of ionospheric electric fields along the highly conducting magnetic field lines Ren
et al. (2010) found that the symmetric wind component of DE3 tide plays a more important
role in the WN4 structure in the vertical E × B plasma drift than does the antisymmet-
ric component. For understanding the atmospheric vertical coupling, global first-principal
models treating both atmospheric and ionospheric regions, like the above mentioned TIME-
GCM (Roble 1996) are quite useful. Such models are: the TIME-GCM/CCM3, which cou-
ples TIME-GCM and a lower atmospheric model of the Climate Community Model version
3 (CCM3) (Roble 2000), the Whole Atmosphere Model and a Global Ionosphere Plasmo-
sphere Model (Fuller-Rowell et al. 2008), and the model called GAIA which combines three
models, that is, a whole atmospheric GCM, an ionospheric model and an electrodynamics
model (Jin et al. 2011).

All the above mentioned studies clearly indicated that the WN4 longitude structure is
a very prominent feature of the low-latitude ionosphere-thermosphere system that in gen-
eral can be reproduced by the models. So far however, the ionospheric wave-like longi-
tude structures have been investigated only at fixed local times (LT) most probably be-
cause they were observed by quasi-sun-synchronous satellites. In this case however the
observed structure cannot be directly related to a certain tidal component. For exam-
ple, if we consider only diurnal and semidiurnal tides, the WN4 structure can be forced
by: DE3, DW5, SW6, SE2 and SPW4 (according to the standard nomenclature S corre-
sponds to semidiurnal tide, while W to westward propagation; SPW means the stationary
planetary wave) and the WN3 structure by: DW4, DE2, SW5, SE1 and SPW3 (Häusler
and Lühr 2009) and any of these waves could in principal contribute to the ionosphere
WN4/WN3 variability. Its relative importance, of course, depends on its magnitude in



Global Response of the Ionosphere to Atmospheric Tides 179

the E-region and characteristics such as latitudinal shape and vertical wavelength (Ober-
heide et al. 2011). Usually the annual and LT variations of the WN4 structure indicate
the prevailing effect of the DE3 tide, but the contribution of the other aforementioned
tides and SPW4 cannot be excluded. The formation mechanism of the WN3 structure,
that is observed mainly during the Northern hemisphere (NH) winter (England et al. 2009;
Pancheva and Mukhtarov 2010), has not yet been clarified. However Pedatella et al. (2008)
have already made the point that the WN3 is mainly due to the DE2 by comparing the
CHAMP CTR data to the TIDI neutral wind tides in the E-region. Similar to the WN4 struc-
ture, in this case also we cannot exclude the contribution of the other above mentioned tides
and SPW3.

The basic aim of the present paper is to study the global distribution and temporal vari-
ability of the ionospheric response to atmospheric tides forced from below. Only when the
ionospheric response to each wave forced from below is known then the relative contribution
and importance of the above mentioned waves in generating the ionospheric longitudinal
WN4 or WN3 structures can be studied. For this purpose the Constellation Observing Sys-
tem for Meteorology, Ionosphere, and Climate (COSMIC) electron densities at given heights
are utilized in order to define the ionospheric wave response. The wave forcing from below,
e.g. the lower thermospheric waves are defined by using the SABER/TIMED temperatures.
The period of time 1 October 2007–31 March 2009 is considered in the present study; it
covers solar minimum conditions when the tidal damping in the lower thermosphere should
be weaker because of the reduced tidal dissipation.

2 Observations and Method for Data Analysis

2.1 COSMIC Electron Density Profiles Data

The electron density profiles employed in this study were retrieved by the advanced GPS
receivers on board of COSMIC satellites using a radio occultation (RO) inversion technique
(Cheng et al. 2006). Six identical microsatellites constitute the COSMIC constellation sys-
tem. They were initially launched (on April 2006) into the same orbit, and then during the
following 13 months, they were gradually spread to individual orbits at a higher altitude
of about 800 km. Since late 2007, the satellites have operated on their final orbits with the
inclination of 72° and 30° separation in longitude. Each COSMIC satellite has a GPS occul-
tation experiment payload, performing the radio occultation observations in the ionosphere.
The details of the inversion technique applied to invert the COSMIC occultation soundings
to ionospheric electron density profiles are given by Schreiner et al. (1999) and Lei et al.
(2007). The COSMIC satellites now provide approximately 24 h of LT coverage globally
and about 2200 vertical electron density profiles per day. The ionospheric measurements of
COSMIC have been assessed by comparing with ground-based measurements and model
prediction (Lei et al. 2007). The advantages of making use of the COSMIC-measured data
to study the F-region electron density variability are nearly uniformly global distribution of
the electron density profiles with sufficiently fine height and horizontal resolutions, which
cannot be achieved for the data taken from the conventional ground-based ionosonde net-
works. In this way the COSMIC GPS occultation experiment has proven to be a powerful
tool in probing vertical profiles of the ionospheric electron density by its global-coverage
observations.

The electron density data downloaded from the web site http://cosmic-io.cosmic.ucar.
edu/cdaac/ had to be preprocessed before using them for the wave analysis. The prepro-
cessing steps included removing: (i) negative values of the electron densities; (ii) electron
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densities corresponding to plasma frequencies larger than 20 MHz (in this study the electron
density is measured by its plasma frequency in MHz); and (iii) spurious spikes. The electron
density data from September 2007 to April 2009 are used in this study. The data were sorted
out according to: (i) latitude, at each 10° between 80°S and 80°N; (ii) longitude, at each
15°; (iii) altitude, at each 25 km between 100 and 800 km; and (iv) time, for each UT hour.
Finally, for each latitude and height the electron density data were arranged into a matrix
with 24 columns (this is the longitude with a step of 15°) and a number of rows equal to the
length of the considered period of time in hours. It has been mentioned that the ionospheric
tidal response will be studied by considering the electron densities at fixed altitudes between
100 and 800 km. Besides them the F-region is characterized also by its maximum electron
density (foF2), the hmF2 and the bottom and top coefficients describing the respective ver-
tical gradients of the electron density, called slope coefficients. The parameters foF2 and
hmF2 are defined by their real values from the profile, however to avoid the influence of
the sporadic Es layers they are found for altitudes higher than 175 km. The bottom and top
slope coefficients are defined as scale heights B calculated for 50 km below and 100 km
above the hmF2 as the electron density profile is approximated by:

N(h) = Nm sech2

(
h − hm

2B

)
= 4Nm

(1 + exp( h−hm

B
))2

exp

(
h − hm

B

)
(1)

where B is a scale height and N and Nm are electron density at a given height h and at
electron density peak height hm respectively. The above approximation is used in model-
ing electron density profiles (Radicella and Leitinger 2001) or in the reconstruction of the
electron density profiles in the topside ionosphere and plasmosphere (Stankov et al. 2003).

2.2 SABER Temperature Data

The TIMED satellite was launched on 7 December 2001 and the SABER instrument began
making observations in January 2002. It measures CO2 infrared limb radiance from approx-
imately 20 km to 120 km altitude and kinetic temperature profiles are retrieved over these
heights using LTE radiative transfer in the stratosphere and lowest part of the mesosphere
(up to ∼60 km), and a full non-LTE inversion in the MLT (Mertens et al. 2001, 2004).
SABER views the atmosphere at an angle of 90° with respect to the satellite velocity vector
in a 625 km height and 74° inclination orbit so that the latitude coverage on a given day
extends from about 53° in one hemisphere to 83° in the other. About every 60 days, the
latitude ranges flip as the spacecraft yaws to keep the instrument on the anti-sunward side of
the spacecraft. In this way high latitude data are available only in 60-day segments, with no
information for the 60 days preceding or following. This is the reason not to generate results
poleward of 50°. The TIMED orbit precesses and covers 12 hours of LT in each 60-day yaw
period, so that ascending and descending data together give almost 24 hours of LT sampling.

Our results are derived from the latest Version 1.07 of the SABER data, which were
downloaded from the web site: http://saber.gats-inc.com. The details about the assessment
of the SABER temperatures can be found in Remsberg et al. (2008). We use temperature
data from September 2007 to April 2009 in order to study the temporal variability and global
spatial structure of the atmospheric tides forced from below. The data were averaged into
5 km altitude and 10° latitude bins and each bin was independently fit. We work in UT and
for each altitude (from 20 to 120 km in 5 km steps) and latitude (from 50°S to 50°N in 10°
steps) the data were arranged into a matrix with 24 columns (this is the longitude with a step
of 15°) and the number of rows is equal to the length of the considered period of time in
hours.

http://saber.gats-inc.com
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2.3 Method for Extracting Waves from COSMIC Electron Density

The basic aim of this study is to obtain the global spatial structure and temporal variabil-
ity of the ionospheric response to the known waves (defined by SABER temperature mea-
surements) which propagate from the troposphere and reach the lower thermosphere. This
means that we have to separate from the COSMIC electron density data the ionospheric os-
cillations with known periods and zonal structures. The known waves are solar tides with
periods of 24, 12 and 8 hours and with zonal wavenumbers up to 4, as well as planetary
waves (stationary and propagating) with zonal wavenumbers up to 4. The preliminary 2D
spectral analysis of the COSMIC and SABER data revealed relatively weak zonally trav-
elling planetary waves during the considered period of time. Only the zonally symmetric
waves (zonal wavenumber zero) possessed large amplitudes, but it was found that they are
due to external forcing (Lei et al. 2008). Therefore, the wanted tidal and planetary wave
ionospheric responses are obtained by using the same method as that used for deriving the
atmospheric waves from the SABER temperatures. This data analysis method is described
in detail by Pancheva et al. (2009c). The advantages of this method are as follows: (i) to
avoid the constraint of sampling uniformity, instead of a Fourier transform a linear two-
dimensional (time-longitude) least squares fitting technique is used to extract the waves,
(ii) to avoid a possible distortion of the weaker planetary waves by the stronger ones, all
significant planetary waves are extracted simultaneously from the data, and (iii) to avoid the
aliasing between the nonmigrating tides and the SPWs or between the migrating tides and
the zonal mean, the tides (migrating and nonmigrating) are extracted simultaneously with
the planetary waves.

Because the same method is used for the COSMIC and SABER data, and because it
takes SABER 60 days to sample 24 hours in LT by combining ascending and descending
data together, the length of the sliding window used for performing the 2D least-squares
fitting procedure is 60 days. The 60-day window is then moved through the time series with
steps of 24 hours in order to obtain the daily values of the wave characteristics for period
of time October 2007–March 2009. Only continuous latitudinal results are considered in
this study; for COSMIC electron density data, they are between 70°S and 70°N while for
SABER temperature data, they are between 50°S and 50°N. It is worth noting that the use
of a 60-day segment gives too smoothed ionospheric tidal response. However, because the
emphasis is on the ionospheric response at low and middle latitudes, this helps to obtain
reliable results as the number of the COSMIC measurements at low latitudes is smaller
than that at high latitudes. The waves at given latitude and height are extracted by using the
following expression:
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4∑

s=1
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360
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360
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k
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where t is time in hours counted from 0 UT on 1 October, l—longitude in degrees, s—
wavenumber, k—number of the diurnal harmonic. The eastward (westward) propagation
corresponds to s > 0 (s < 0). The four terms on the right hand side of the above expression
are as follows: (i) the mean ionospheric parameter �0 (zonal and time mean), (ii) a linear
term with coefficient �r responsible for zonally symmetric variations with period longer
than 60 days; this term includes a possible effect of the ionospheric semiannual variability,
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(iii) stationary waves with amplitudes Bs and phases ψs , and (iv) 24-h, 12-h and 8-h tides
with amplitudes Cks and phases γks . In the above expression the phases of the tides are
defined as the time of the wave maxima at zero longitude and are presented in degrees,
while the phase of the stationary wave—as the longitude of the wave maximum.

It is important to note that the results for the COSMIC electron density and SABER
temperature sun-synchronous 24-h (DW1), 12-h (SW2) and 8-h (TW3, T corresponds to
terdiurnal tide) tides have different nature. While in the SABER temperatures they are the
migrating tides, those in the COSMIC electron density are produced by a combination of the
diurnal variability of the photo ionization, which depends on the solar zenith angle, and the
effect of the migrating tides forced from below. Therefore, by using the above mentioned
data analysis method, the effect of the daily variability of the ionization cannot be separated
from the effect of the migrating tides. In this study we will make an attempt to estimate
which of the two effects is prevailing in the observed ionospheric DW1, SW2 and TW3
responses. The nonmigrating tidal effects in the COSMIC electron densities however, can
be fully separated.

Because of the satellite data sampling pattern and the variability of the ionosphere par-
ticularly near the F-region maximum at low latitudes a very important problem in the iono-
spheric tidal response assessment is how to determine the reference noise level. For this
purpose we use the same approach as that applied for the SABER satellite data and de-
scribed in detail by Pancheva et al. (2009a). It is based on a method for generating of time
series with a normal distribution by using of random number generator with an uniform
probability distribution (Jeruchim et al. 2000). The generated in this way time series of ran-
dom numbers will have a mean approaching zero and a standard deviation close to 1, i.e.
white noise. This unit normal random time series can be further modified to have a particular
mean and variance by multiplying with the given standard deviation and adding the mean.

As the WN4 ionospheric longitude structure related mainly to DE3 tide is particularly
strong in August-September the results of the reference noise level analysis will be shown
for this period of time. For each altitude and modified dip latitude (the clarification of the
modified dip, or modip, latitude is given in the next section) 200 Gaussian hourly noise
datasets with length of 61 days and with data sampling pattern, variance and mean as those
of the true COSMIC electron density measurements were generated (Kong et al. 1998). Then
the 2D spectral analysis in the periodic range of 3–30 hours was performed on the resulting
noise datasets. The reference noise spectrum for each zonal wavenumber was calculated
as an average spectrum. As an example for the reference noise spectra the result for the
ionospheric parameter foF2 is shown in Fig. 1a, where the latitude structure of the noise
spectrum for westward propagating waves with zonal wavenumber 2 (W2) is presented in
the left plot while for eastward propagating waves with zonal wavenumber 2 (E2) is seen
in the right plot. Both noise spectra do not reveal some particular peaks because of data
sampling pattern and the ionospheric variability. An enhancement of the spectral power at
modip latitude range of ±30° is seen but the amplitudes of the randomly distributed peaks
do not exceed 0.016 MHz for W2 and 0.018 MHz for E2. Similar results are obtained for the
other zonal wavenumber foF2 noise spectra. Figure 1b shows the altitude structure of the
electron density noise spectra over the equator; the left plot presents the noise spectrum for
eastward propagating waves with zonal wavenumber 3 (E3) while the right plot presents that
for westward propagating waves with zonal wavenumber 1 (W1). Again both noise spectra
do not reveal some particular peaks; only an enhancement of the spectral power is seen
between altitudes of ∼250–350 km with peaks which do not exceed 0.017 MHz for E3 and
0.018 MHz for W1. The results of this reference noise spectral analysis clearly indicated that
because of the COSMIC data sampling pattern and the ionospheric variability there aren’t
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Fig. 1 (a) Latitude structure of the foF2 noise spectra in the periodic range of 3–30 hours for westward
propagating waves with zonal wavenumber 2 (W2) (left plot) and for eastward propagating waves with zonal
wavenumber 2 (E2) (right plot); (b) Altitude structure of the electron density noise spectra in the periodic
range of 3–30 hours over the equator for eastward propagating waves with zonal wavenumber 3 (E3) (left
plot) and for westward propagating waves with zonal wavenumber 1 (W1) (right plot)

revealed particular spectral peaks. The found low latitude amplification of the spectral foF2
noise power is related to the variability of the F-region maximum in the densest part of
the ionosphere while the enhancement of the electron density noise spectral power between
altitudes of ∼250–350 km reflects the diurnal variability of the F-region over the equator.

Similar analysis of that shown in Fig. 1 was done on each 60-day window (because a
60-day window is used for extracting the waves) for the considered altitudes and latitudes.
On the average the obtained noise amplitudes did not exceed 0.018 MHz. Therefore, all
COSMIC tidal waves extracted from a given 60-day window with amplitudes larger than
0.02 MHz are accepted as statistically significant.

3 COSMIC Response to Nonmigrating Tides

As it was mentioned, the ionospheric WN4 longitudinal structures are thought to reflect the
effect of the tropospheric weather on the ionosphere because of the nonmigrating DE3 tide
which is mainly forced by deep tropical convection (Hagan and Forbes 2002). Similarly, the
ionospheric WN3 structure, which is pronounced usually in winter, has been associated with
DE2 tide. In view of this our analysis will start with the ionospheric response to the above
mentioned nonmigrating tides seen in the ionospheric parameter hmF2, which is closely
related to the vertical plasma drift and in this way is more sensitive to dynamics.

If the ionospheric WN4 and WN3 structures are driven by tides, coming from below,
then similar pictures have to be observed between the SABER lower thermospheric DE3
and DE2 tides and their ionospheric counterparts. The upper row of plots in Fig. 2a shows



184 D. Pancheva, P. Mukhtarov

Fig. 2 (a) Latitude-time cross sections of the DE3 (left column of plots) and DE2 (right column of plots)
tidal amplitudes seen in the SABER temperatures (upper row of plots, in Kelvin) and in the ionospheric hmF2
(bottom row of plots, in km) for the period of time October 2007–March 2009; (b) The same as (a) but instead
of geographic a modip latitude is used

the latitude (±50°) structures of the SABER temperature DE3 (left plot) and DE2 (right
plot) tides at 110 km altitude, while the bottom row of plots shows the latitude (±70°) struc-
tures of their ionospheric responses seen in hmF2. We note that both SABER and COSMIC
results are in geographic latitudes. The similarity between the forcing from below (SABER
tides, upper row of plots) and its ionospheric response (bottom row of plots) is remarkable.
This strongly supports the causal link between the two phenomena. While the hmF2 DE3
response prevails between June and October with maximum amplitude of ∼7 km that of
DE2 response is pronounced mainly in winter (a secondary summer amplification as well)
with amplitude of ∼6.5 km. The climatology of the SABER DE3 and DE2 tides (Pancheva
et al. 2010b) indicated that while the DE3 is the predominant diurnal tide in the summer
E-region (∼115 km height), the DE2 tide prevails during the winter. This defines their sig-
nificant modulating effect on the vertical plasma drift/hmF2 variability. The above result,
reported by Pancheva and Mukhtarov (2010), is the first experimental evidence of the tidal
coupling between lower atmosphere and ionosphere. It was possible because of using mod-
ern satellite-born (SABER and COSMIC) data effectively analyzed by one and the same
method.
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Fig. 3 (Color online)
Relationship between dip (black
dash line) and modip (red solid
line) latitudes

It has already been mentioned that the neutral wind and electric field effects on the iono-
sphere are at variance with the geomagnetic field configuration. That is why the distribution
of the ionospheric parameters is usually presented in geomagnetic latitude instead of geo-
graphic one. Early investigations (reported, e.g., in Rawer 1984) demonstrated the benefit
of using the modified dip latitude (modip), introduced by Rawer (1963), to describe the
variability of the densest part of the ionosphere, particularly at mid and low latitudes. The
modified dip (modip) latitude which is adapted to the real magnetic field, e.g., to the mag-
netic inclination (dip), is defined by: tanμ = I/

√
cos�, where μ is the modip latitude,

I is the true magnetic dip (usually at a height of 350 km), and � is the geographic lat-
itude. Modip equator is the locus of points where the magnetic dip (or inclination) is 0.
In the equatorial zone, the lines of constant modip are practically identical to those of the
magnetic inclination but as latitude increases they deviate and come nearer to those of con-
stant geographical latitude. The poles are identical to the geographic ones (Azpilicueta et al.
2006). Figure 3 shows the relationship between the frequently used dip (black dash lines)
and modip (thick red lines) latitudes. The modip isolines are denser in the low latitudes; this
allows a more detailed representation of the ionospheric tidal responses at low and middle
latitudes.

Figure 2b displays the hmF2 DE3 (left plot) and DE2 (right plot) responses in modip
latitude frame. In general, the main features of the DE3 and DE2 responses from Fig. 1a re-
main, however the amplitudes are larger in modip frame; in this case they reach ∼9 km.
An important difference is seen however in modip frame; there is a splitting of the re-
sponse at both sides of the dip equator particularly well evident for the DE3 response.
The response is located near ±30° modip latitude, which is near ±10–20° dip latitude (see
Fig. 3).

In order to study the spatial structure and particularly the vertical structure of the iono-
spheric DE3 and DE2 responses Mukhtarov and Pancheva (2011) utilized the COSMIC
electron densities at given heights. Figure 4 shows the latitude (±70°) structure of the COS-
MIC DE3 (left column of plots) and DE2 (right column of plots) electron density responses
at heights: 600 km (upper row of plots)), 400 km (middle row of plots) and 200 km (bot-
tom row of plots). The latitude structure of the electron density responses show a splitting
around a dip equator at 200 and 400 km heights, while at upper levels the splitting gradually
disappears and the response moves toward the equator. This latitudinal structure indicates
the role of the plasma drift in shaping the response: at 200 km and especially at 400 km the
response is part of the “fountain effect” while at the upper levels, e.g. in the topside iono-
sphere, it is approximately confined over the dip equator. The latter feature is particularly
well evident for the DE3 response. Figure 4 shows also that the strongest response for both
tides produced by the “fountain effect” is observed near ±30° modip latitude. The response
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Fig. 4 Latitude structure (±70°) of the amplitudes in MHz of the electron density DE3 (left column of plots)
and DE2 (right column of plots) responses at heights: 600 km (upper row of plots), 600 km (middle row of
plots) and 200 km (bottom row of plots); all scales for DE3 and for DE2 are the same

at 200 km height is more complex; besides amplification near ±30° modip latitude it shows
a response also close to the dip equator.

Figure 4 displays some difference between the COSMIC hmF2 (Fig. 2a) and electron
density DE3 responses: the electron density response in March, particularly up to 400 km
height, is much stronger than that of the hmF2 response. The reason is that while the hmF2
response is mainly dependent on the dynamics of the thermosphere, the tidal response of the
electron density depends on other factors as well. It is worth noting that, for example, the
ratio of [O] and [N2] that is controlled by the thermospheric circulation is the key param-
eter dominating the semiannual variation of the F-region anomaly at low latitudes with the
greatest foF2 at equinox (Rishbeth et al. 2000). When the background electron density is
higher then the DE3 electron density response also will be stronger.

Figure 5 shows the altitude structure of the amplitudes in MHz (upper row of plots) and
phases in degrees (bottom row of plots) of the electron density DE3 response at 30°N (left
column of plots) and DE2 response at 30°S (right column of plots), i.e. at these modip lat-
itudes where the response is maximum. The main feature of the altitude structure at both
responses is that there are upper level response (above ∼300 km height) and bottom level
response (below ∼250 km height). The two regions of enhanced response are separated
by a narrow altitude zone where the response is almost absent. The upper level response
at ±30° modip latitude has maximum near 400–450 km height while the bottom level
one near ∼200–250 km. In the NH the upper and bottom level DE3 responses are simi-
lar while in the SH the upper level DE2 response is stronger than the bottom level one.
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Fig. 5 Altitude structure of the amplitudes in MHz (upper row of plots) and phases in degrees (bottom row
of plots) of the electron density DE3 response at 30°N (left column of plots) and DE2 response at 30°S (right
column of plots); the black arrows at the bottom part of the phase plots display the vertical phase structure

The phase structures at both altitude regions are very different: while in the upper level re-
sponse there is no any vertical phase structure in the bottom level there is such structure.
The latter is well evident near the altitudes of enhanced response and is marked by black
arrows in the bottom parts of the two phase plots. The absence of vertical phase struc-
ture in the upper level response indicates that the response is shaped mainly by the vertical
plasma drift. The direct effect by the tides cannot be excluded also as the wind/temperature
tides are almost trapped at these heights. The vertical phase structure in the bottom level
response revealed upward propagation of the response on the average above 150–180 km
altitude.

The above described important feature of the ionospheric response to nonmigrating tides
forced from below, reported for the first time by Mukhtarov and Pancheva (2011), can be
illustrated better in altitude-longitude frame. The upper plot of Fig. 6 shows the altitude-
longitude structure of the monthly mean electron density DE3 variability in MHz at modip
30°N for September 2008 while the bottom plot shows the monthly mean DE2 variabil-
ity at 30°S for January 2008; both electron density variabilities are at 00 UT. This type of
presentation clearly distinguishes the two different types of response: the upper level re-
sponse composed of trapped oscillations and bottom level response consisting of propagat-
ing oscillations. Generally, above ∼175 km altitude the slope of the bottom level response
is eastward (as the DE3 and DE2 are zonally eastward propagating tides) which indicates
an vertical upward propagation. The observed propagating tidal response at ±30° modip
latitudes is a signature for a possible direct tidal effect in the considered altitude region.
The tropical response has maximum near ∼200–230 km altitude. This could be an indi-
cation for a possible effect of the vertical wind DE3 tide (Oberheide et al. 2009), or a re-
sponse shaped by a DE3/DE2 meridional wind modulated Pedersen currents. There is also
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Fig. 6 Altitude-longitude structure of the electron density DE3 variability at 30°N in September 2008 (upper
plot) and DE2 variability at 30°S in January 2008 (bottom plot); both plots present the tidal variability at
00 UT

a possibility of coupling between tides and the ionosphere via changes in neutral density
and particularly a modification of [O], i.e. [O]/[N2], which has effect on the recombination
rate.

Figure 7a presents the electron density DE3 response over the equator; the amplitudes
in MHz are shown in the upper plot while the phases in degrees can be seen in the bottom
plot. There are also two altitude regions of enhanced response: the upper level response that
is expanded from ∼400 km up to ∼700 km height (particularly that in September/October)
and the bottom level one that maximizes near and below 150 km height. In this case however
the phases at both regions are the same (particularly where the amplitudes are large and the
phases can be defined with a high degree of confidence). Figure 7b displays the altitude-
longitude structure of the monthly mean DE3 electron density variability over the equator
for October 2007 at 00 UT. In this case the upper level and bottom level responses are in
phase. Very recently Brahmanandam et al. (2011) have considered vertical and longitudinal
electron density structures of the equatorial E- and F-regions in September–November 2007
and found very similar picture as that shown in Fig. 7b. The authors used also COSMIC
electron density data but analyzed them in the traditional fixed LT frame (i.e. four structures
are seen) by subtracting the background value from the original data. The obtaining of sim-
ilar results by using two very different data analysis methods is a quite encouraging support
of the result shown in Fig. 7b.

Figure 8 presents the latitude-altitude cross sections of the electron density DE3 response
on September 26, 2008 (left plot) and DE2 response on March 25, 2008 (right plot), e.g.
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Fig. 7 (a) Altitude structure of the amplitude in MHz (upper plot) and phase in degrees (bottom plot) of the
electron density DE3 response over the equator; (b) Altitude-longitude structure of the electron density DE3
variability over the equator in October 2007 at 00 UT

when the responses are strong (see Fig. 5). The both upper level responses clearly indicate
the influence of the “fountain effect”. Nevertheless that we consider equinoctial months the
responses are stronger in the Southern Hemisphere (SH). It is worth noting that during the
entire considered period of time (October 2007–March 2009) the ionospheric DE3 and DE2
responses at altitude of 400 km are stronger in the SH (see Fig. 4, 400 km height). This
could be due to some equinoctial asymmetry of the vertical plasma drift found recently by
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Fig. 8 Altitude-latitude structures of the electron density DE3 and DE2 responses observed on September
26, 2008 and March 25, 2008 respectively

Ren et al. (2011). The DE3 and DE2 bottom level responses are composed of two parts: a
tropical response, near ±30° modip latitude, and over the dip equator. While the tropical
response maximizes near 200–230 km height that over the equator amplifies at lower ther-
mosphere, near 130–150 km. It should be noted that the bottom level tropical responses are
just underneath the upper level ones.

It seems from Fig. 8 that the upper level DE3/DE2 response is shaped mainly by the
DE3/DE2 modulated vertical plasma drifts. This is borne out by the strong DE3/DE2 hmF2
response shown in Fig. 1 which reaches amplitudes of ∼9 km.

England et al. (2010) found however that in addition to the E-region dynamo modulation
other effects have the potential to contribute to the coupling between tides and the F-region
ionosphere: neutral density variations, changes in thermospheric [O]/[N2] ration, and merid-
ional winds at F-region altitudes. In order to assess if these alternative effects contribute to
the ionospheric DE3/DE2 response above ∼300 km altitude we analyze both bottom and top
slope coefficients described by (1), but our interest is directed mainly to the result for the
top slope coefficient. We remind that these coefficients represent the bottom- and top-side
vertical gradients of the electron density profile.

Figure 9 shows the DE3 (left column of plots) and DE2 (right column of plots) response
in the top (upper row of plots) and bottom (bottom row of plots) slope coefficients. It is
seen that both coefficients display clear response at the same time when the response is seen
in the electron density (Figs. 4 and 5) and in hmF2 (Fig. 2). The observed DE3 and DE2
variations have quite large amplitudes being near 10% of their mean values. This means
that both (bottom- and top-side) slopes of the electron density profiles change during the
coupling between tides and the ionosphere. This is an indication that the above mentioned
additional affects contribute not only to shaping the bottom level response but to the upper
level one as well.

The above obtained main features of the ionospheric DE3/DE2 response are seen in all
nonmigrating responses considered in this study, i.e. nonmigrating diurnal, semidiurnal and
terdiurnal tidal responses with zonal wavenumber up to 4. The SPWs with zonal wavenum-
ber up to 4 are also considered in this study (see the third term on the right hand side of (2)).
In general, the main features of the ionospheric SPW variability are similar to those of
the tidal response, but the influence of the “fountain effect” in some cases is significantly
weaker.
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Fig. 9 Latitude-time cross sections of the DE3 (left column of plots) and DE2 (right column of plots) re-
sponses seen in the top (upper row of plots) and bottom (bottom row of plots) slope coefficients defining the
electron density profiles

4 Contributors to the WN4 and WN3 Longitude Structures

It has been already mentioned that the WN4 longitude structure is the most prominent pat-
tern observed by quasi-sun-synchronous satellites in a variety of ionospheric and thermo-
spheric parameters. This structure has been often attributed to the DE3 tide based usually
on the annual and LT variations of the WN4 structure. We noted also that all observational
reports mentioned in the Introduction part were studied in a fixed LT. Hence, the observed
structure cannot be directly related to a certain tidal component. Our approach however
allows assessing the possible contributions of all waves that can force the WN4/WN3 struc-
tures and this is a significant advantage of the used in this study data analysis method.

As we noted before if only the diurnal and semidiurnal tides are considered, the WN4
structure can be forced by: DE3, DW5, SW6, SE2 and SPW4. The wave components with
zonal wavenumber larger than 4 are not included in the decomposition procedure of both
SABER and COSMIC data (see the formula (2)) hence the contribution of the DW5 and
SW6 tides cannot be estimated. In general, the tidal components with high zonal wavenum-
bers have short vertical wavelengths hence they are more sensitive to the increasing dissipa-
tion in the lower thermosphere, i.e. they are susceptible to dissipation.

The climatology of the SABER eastward nonmigrating tides has been studied by
Pancheva et al. (2010b) and found that the SE2 tide is one of the strongest semidiurnal
nonmigrating tides with coherent latitude and altitude structures. It amplifies near tropics
(±30°) and reaches amplitudes of ∼7 K in the E-region of ionosphere (at ∼115 km alti-
tude). The SE2 tide, particularly that in the NH, when propagating upward it propagates
toward the equator as well. During the time period under consideration, the SABER SE2
tide shows some amplification in March and September–October 2008 with amplitudes of
∼5–5.5 K (not shown here). This tide is excited by latent heat release in the tropical tro-
posphere, with some contributions from net radiative heating (Zhang et al. 2010). It can be
produced also by a nonlinear interaction between the DE3 and migrating diurnal tide (DW1)
tides (Hagan et al. 2009). The SE2 tide has relatively short vertical wavelength in winter,
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∼30 km, but longer one in summer and equinoxes, ∼40–45 km, i.e. it might be efficient in
the E-region dynamo modulation during the time when the ionospheric WN4 structure is
observed.

The SABER SPW4 has relatively small amplitudes (∼2.5–2.8 K) in the lower thermo-
sphere over the equator in August–October 2008 (not shown here). However, very recently
Oberheide et al. (2011) has reported quite large zonal wind SPW4 (∼12 m/sec) with long
vertical wavelength seen in the TIDI measurements over the equator (see Fig. 13 from Ober-
heide et al. 2011). This result fits well into recent model results presented by Hagan et al.
(2009) where it is found that the SPW4 is excited by nonlinear interaction between the DE3
and the migrating diurnal tide (DW1). The observed strong zonal wind SPW4 with long
vertical wavelength over the equatorial E-region indicates that this wave might efficiently
modulate the E-region dynamo.

Figure 10 shows the latitude structure (±70°) of the amplitudes in MHz of the electron
density DE3 (upper plot), SPW4 (middle plot) and SE2 (bottom plot) responses at altitude
of 400 km. To facilitate the comparison the scales at all plots are the same. It is evident
right away that the DE3 and SPW4 responses have very similar seasonal behaviour and
similar amplitudes at 400 km height; while the largest amplitude of the DE3 response is
∼0.30 MHz that of the SPW4 is 0.29 MHz. As it has been expected the SE2 response is
much weaker, ∼0.16 MHz. Similarly to the DE3 and SPW4 waves the SE2 response shows
also amplification in July–October 2008.

If the wave responses seen in Fig. 10 contribute to the WN4 structure (seen in a LT
fixed frame) then the ionospheric variability forced by the superposition of the DE3, SPW4
and SE2 waves should be similar to that of the DE3 tide alone, i.e. the superposition has
to have similar seasonal behaviour and the same longitudinal structure as the DE3 tide. If
each wave has a seasonal variability similar to that of the DE3, as it was shown in Fig. 10,
then this will be valid for the superposition as well. Figure 11 presents the altitude-longitude
structure of the electron density DE3 (upper plot) and the superposition of DE3, SE2 and
SPW4 (bottom plot) variability at 30°S in October 2008 at 00 UT. The comparison between
the two electron density variabilities reveals high degree of similarity: (i) the same longitude
structure; (ii) two different types of response; while the upper level response is composed of
trapped oscillations and bottom level one consists of propagating oscillations, and (iii) the
longitude maxima of both upper and bottom level responses are situated at almost the same
longitudes. There is however one important difference; while the maximum amplitude of
the DE3 response in October 2008 is 0.27 MHz that of the superposition is ∼0.5 MHz, i.e.
almost two times stronger. This is very important fact that explains why the WN4 structure
can be distinguished sometimes even in the raw data.

As we mentioned before the ionospheric WN3 structure can be forced by: DW4, DE2,
SW5, SE1 and SPW3. All these waves, except the nonmigrating SW5 tide, are included in
the decomposition scheme of SABER and COSMIC data and their contribution to the WN3
structure can be assessed. The analysis of the SABER temperatures revealed that the SW4,
SE1 and SPW3 have amplitudes of ∼5–6 K in the equatorial E-region of the ionosphere
(∼110–115 km altitude) and that they amplify usually in winter (not shown here). This re-
sult supports their contribution to the WN3 structure which is observed mainly in winter.
The SPW3 penetrates to the lower thermosphere from below; it has stratospheric and meso-
spheric amplifications at altitudes of ∼45 km and 85–90 km respectively. It might be the
most efficient wave among the above mentioned ones in modulating the E-region dynamo
because of having comparatively long vertical wavelength.

Figure 12 displays the latitude structure (±70°) of the amplitudes in MHz of the electron
density DE2 (upper plot), SPW3 (second from above plot), DW4 (third from above plot)
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Fig. 10 Latitude structure (±70°) of the amplitudes in MHz of the electron density DE3 (upper plot), SPW4
(middle plot) and SE2 (bottom plot) responses at altitude of 400 km; the scales at all plots are the same

and SE1 (bottom plot) responses at altitude of 400 km. Again to facilitate the comparison
the scales at all plots are the same. The vertical arrangement of the ionospheric responses is
based also on their amplitudes as the strongest response is shown on the uppermost plot, i.e.
DE2 response which is ∼0.25 MHz. Next to the DE2 are as follows: SPW3 (∼0.20 MHz),
DW4 (∼0.15 MHz) and SE1 (∼0.13 MHz) responses. It is evident also that all these re-
sponses amplify during winter and spring, i.e. when the WN3 structure is often observed.

Figure 13 display the altitude-longitude structure of the electron density DE2 (upper
plot) and the superposition of DE2, DW4, SE1 and SPW3 (bottom plot) variability at 30°S
in January 2008 at 00 UT. Again the comparison between the both responses indicates high
degree of similarity. All details valid for the comparison shown in Fig. 11 are applicable in
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Fig. 11 Altitude-longitude structure of the electron density DE3 (upper plot) and the superposition of DE3,
SE2 and SPW4 (bottom plot) variability at 30°S in October 2008 at 00 UT

this case as well. Here also the superposition response of ∼0.36 MHz is 1.5 time stronger
than the DE2 response (∼0.25 MHz).

The results of this part are obtained for the first time from an analysis of the COSMIC
electron density measurements where all forced from below waves are extracted simultane-
ously from the data. These new experimental results give an explanation why the WN4 and
partly WN3 longitude structures are so prominent pattern in the ionosphere. We present ex-
perimental evidence which indicate that the WN4 (WN3) structure is not generated only by
the DE3 (DE2) tide as it has been often assumed. The DE3 (DE2) tide remains the leading
contributor, but the SPW4 and SE2 (SPW3, DW4 and SE1) waves have their effects as well
in a way that the ionospheric response becomes almost double (1.5 time stronger).

5 Electron Density Sun-Synchronous 24-, 12- and 8-h Tidal Responses

We mentioned before that the sun-synchronous 24-h (DW1), 12-h (SW2) and 8-h (TW3)
electron density oscillations are produced by a combination of the diurnal variability of the
photo ionization which depends on the solar zenith angle and the effect of the migrating
diurnal, semidiurnal and terdiurnal tides forced from below. It was mentioned also that the
data analysis method used in this study cannot separate the two effects. Having in mind the
main features of the latitude and altitude structures of the electron density tidal response
described in Part 3, we will make an attempt to assess the effect of the migrating tides on
the DW1, SW2 and TE3 electron density oscillations separated from the COSMIC data.
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Fig. 12 Latitude structure (±70°) of the amplitudes in MHz of the electron density DE2 (upper plot), SPW3
(second from above plot), DW4 (third from above plot) and SE1 (bottom plot) responses at altitude of 400 km;
the scales at all plots are the same
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Fig. 13 Altitude-longitude structure of the electron density DE2 (upper plot) and the superposition of DE2,
DW4, SE1 and SPW3 (bottom plot) variability at 30°S in January 2008 at 00 UT

Figure 14 shows the latitudinal structures of the sun-synchronous diurnal (upper plot),
semidiurnal (middle plot) and terdiurnal (bottom plot) oscillations observed in the COSMIC
electron density at 400 km height. We display the results at 400 km height because the
splitting around the equator of the DE3 and DE2 electron density responses (Fig. 4) was
most clearly evident at the height of 400 km. While the semidiurnal oscillation shows clear
splitting around the equator with maxima near ±20–30° modip latitude the diurnal and
terdiurnal ones does not show such splitting. It is worth noting that the used in this study a
latitude resolution of 10° could screen some fine splitting located close to the equator (not
far away from ±10°). As the latitude structure of the nonmigrating tidal responses clearly
revealed maxima locations near ±30°, hence the latitude resolution of 10° is enough for the
basic aims of this study.

Figure 15a presents the altitude structure of the sun-synchronous diurnal oscillation; the
upper plot shows the amplitude in MHz, while the bottom plot shows the phase in degrees.
There isn’t any signature of the two altitude regions of ionospheric response which is typical
for the nonmigrating tidal effect. The latitude (upper plot of Fig. 14) and altitude (Fig. 15a)
structures of the COSMIC sun-synchronous 24-h electron density oscillation indicate that
this response is shaped mainly by the photo ionization, i.e. it is due to a solar zenith angle
effect. Figure 15b displays the altitude-longitude structure of the electron density DW1 vari-
ability over the equator in March 2008 at 00 UT. The maximum diurnal variability in March
is seen at ∼350 km height and the minimum electron density is seen between 02 and 03 am;
the latter is supported by numerous ground-based ionosonde measurements.

Figure 16a presents the altitude structure of the sun-synchronous 12-h oscillation at lat-
itude of 30°N (left column of plots) and 30°S (right column of plots); again the result for
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Fig. 14 Latitude structure (±70°) of the amplitudes in MHz of the electron density DW1 (upper plot), SW2
(middle plot) and TW3 (bottom plot) responses at altitude of 400 km

the amplitude is shown in the upper row of plots while for the phase is in the bottom row
of plots. In this case the two altitude regions of response, separated by a narrow zone with
no response, are clearly outlined. The SW2 amplitude particularly at the NH tropic reaches
∼0.9 MHz, as the SW2 maxima are situated near 350–400 km height. We remind that the
SABER SW2 tide also maximizes at tropical lower thermosphere. The difference in the
phase structure at the tropics is also well evident: no vertical phase structure in the upper
level and the presence of phase structure at the bottom level; the latter is marked by the
red arrows situated in the bottom side of the phase plots. The vertical phase structure in-
dicates that the bottom level response at least above ∼150 km height is vertically upward
propagating response.
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Fig. 15 (a) Altitude structure of the amplitude in MHz (upper plot) and phase in degrees (bottom plot) of
the electron density DW1 response over the equator; (b) Altitude-longitude structure of the electron density
DW1 variability over the equator in March 2008 at 00 UT

Figure 16b is the same as Fig. 16a, but for the SW2 response over the equator. Two
levels of response are again clearly distinguished. Similarly to the DE3 response over the
equator, shown in Fig. 7a, there is also no phase difference between the upper and bottom
level phase structures. The SW2 response over the equator is weaker than those at the tropics
and it reaches ∼0.6 MHz.

Figure 17 presents the altitude-longitude structure of the electron density SW2 variability
at 30°N (upper plot) and over the equator (bottom plot) in March 2008 at 00 UT. The SW2
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Fig. 16 (a) Altitude structure of the amplitudes in MHz (upper row of plots) and phases in degrees (bottom
row of plots) of the electron density DW1 responses at 30°N (left column of plots) and at 30°S (right column
of plots); the red arrows at the bottom part of the phase plots display the vertical phase structure; (b) The
same as (a) but over the equator

response at tropics is similar to the tropical DE3/DE2 response shown in Fig. 6. The upper
level response is composed of trapped oscillations and bottom level response consists of
propagating oscillations. Generally, above ∼150 km altitude the slope of the bottom level
response is westward (as the SW2 is zonally westward propagating tide) which indicates a
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Fig. 17 Altitude-longitude structure of the electron density SW2 variability at 30°N (upper plot) and over
the equator (bottom plot) in March 2008 at 00 UT

vertical upward propagation. The SW2 response over the equator (bottom plot) is similar to
the equatorial DE3 response shown in Fig. 7b with no vertical phase structure in the entire
altitude range.

The latitude (middle plot of Fig. 14) and altitude (Figs. 16 and 17) structures of the
COSMIC sun-synchronous 12-h electron density oscillation indicate that this ionospheric
oscillation is significantly affected by the migrating SW2 tide forced from below. We note
that the climatology of the SABER SW2 tide (Pancheva et al. 2009b) revealed that this is
the strongest semidiurnal tide observed in the low-latitude E-region of the ionosphere. The
SW2 vertical wavelength increases during the equinoctial and summer months, hence its
efficiency for electric field generation increases as well.

Figure 18 shows the altitude structure of the amplitudes in MHz (upper row of plots) and
phases in degrees (bottom row of plots) of the electron density TW3 responses over the equa-
tor (left column of plots) and at 30°N (right column of plots). This ionospheric oscillation,
similarly to the DW1 one, does not show two altitude levels of response. The largest TW3
response over the equator is near 250 km altitude, while at the tropics it is slightly lower,
∼225 km. The response maximizes during the equinoxes, similarly to the SABER TW3
tide. The TW3 amplitude at the tropic is slightly larger than that over the equator, 0.73 MHz
vs. 0.65 MHz. In general, the ionospheric TW3 response is very strong and it approaches the
SW2 response. The TW3 phase structure is completely different from those of the DW1 and
SW2 responses. At both latitudes there is an altitude region with a phase maximum; such
region above the equator is located near 500–550 km while at 30°N it is near 400–450 km.
The phase plots reveal also that below and above this region the phase decreases, i.e. there is
upward/downward phase progression in electron density perturbation. This is an indication
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Fig. 18 Altitude structure of the amplitudes in MHz (upper row of plots) and phases in degrees (bottom row
of plots) of the electron density TW3 responses over the equator (left column of plots) and at 30°N (right
column of plots)

that the electron density TW3 response propagates downward/upward below and above the
phase maximum region (i.e. there is downward/upward energy propagation).

The above described peculiar feature of the ionospheric TW3 response is illustrated bet-
ter in the altitude-longitude frame. Figure 19 displays the altitude-longitude structure of the
electron density TW3 variability over the equator (upper plot), at 30°N (middle plot) and
at 50°N (bottom plot) in March 2008 at 00 UT. The main features of the TW3 response
can be summarized as: (i) at all modip latitudes the slope of the largest oscillations is east-
ward, this indicates an downward propagation of the oscillations; (ii) there is lowering of
the altitude with the largest response when the modip latitude increases; it is near 250 km
over the equator while is near and even below 200 km at 50°N; (iii) the lowering of the
altitude with the largest response is accompanied by a lowering of the altitude where the
phase slope changes its direction. It is worth noting that the standard version of the TIME-
GCM model (i.e. version where only the migrating tides from the GSWM are included) also
produces downward/upward phase progression in the electron density TW3 perturbation at
geographic latitude of 31°N (which is ∼40–50°N modip latitude), i.e. the electron density
TW3 response does not correspond to the neutral wind and temperature TW3 upward en-
ergy propagation in the lower-middle thermosphere (up to ∼300 km altitude) (H.-L. Liu,
personal communication, 2011).

The peculiar vertical structure of the ionospheric TW3 response hints at possible coupling
between the SW2 tide forced from below and the diurnal variability of the electron density,
i.e. at ion-neutral momentum coupling. The answer of this question cannot be found only
from the analysis of COSMIC data; it needs further detailed numerical simulations as well.
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Fig. 19 Altitude-longitude structure of the electron density TW3 variability over the equator (upper plot), at
30°N (middle plot) and at 50°N (bottom plot) in March 2008 at 00 UT

6 Summary and Concluding Comments

The paper is an overview of the ionospheric response to atmospheric tides forced from be-
low. Most of the results have been very recently produced and they provide strong obser-
vational support for tidal-ionosphere coupling processes beyond the lower thermosphere
dynamo region. Moreover, not traditional data concerning of middle atmosphere and iono-
sphere but modern satellite-board data (COSMIC and SABER/TIMED) were effectively
used for the analysis. The tidal waves from the two data sets have been extracted by the
same data analysis method described in detail by Pancheva et al. (2009a). The similarity
between the lower thermospheric temperature tides and their ionospheric electron density
responses provides evidence for confirming the new paradigm of atmosphere-ionosphere
coupling.
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It was mentioned in the COSMIC data section that the electron density profiles em-
ployed in this study were retrieved by using a RO inversion technique. The electron den-
sity profiles obtained by this technique have been validated by comparing them with
ground-based ionosonde and Incoherent Scatter Radar (ISR) observations (Lei et al. 2007;
Kelley et al. 2009). The RO inversion approach relies on a few assumptions and approxima-
tions described in detail by Kuo et al. (2004) and Lei et al. (2007). All of them introduce
some limitations and possible errors in determining the electron density profiles. Recently
it has been found that particularly the spherical symmetry assumption used in Abel inver-
sion is possibly the most significant error source (Schreiner et al. 1999; Lei et al. 2007;
Kelley et al. 2009; Yue et al. 2010). In Yue et al. (2010) and Liu et al. (2010) an attempt
has been made to simulate error distribution of RO electron density profiles from the Abel
inversion by using some empirical ionospheric models. Their results show that the retrieved
NmF2 and hmF2 are generally in good agreement with the true values, but the reliability of
the retrieved electron density degrades at low latitudes and altitudes. Specifically the above
mentioned authors found that the Abel retrieval method introduces artificial plasma caves
underneath the EIA crests along with three density enhancements in adjacent latitudes. The
artifact appears mainly below 250 km altitudes and becomes pronounced when the EIA
is well developed. Liu et al. (2010) found also that the deviation of the retrieved electron
density from the true one depends also on the local times.

The above mentioned simulations indicate that the error in defining the electron den-
sity below 250 km height depends on the latitudes where the EIA crests are located. In
our case the EIA crests can be defined by the latitude structures of the electron density
mean value (the first and second terms on the right hand side of (2) which is not used in
this paper) and the sun-synchronized ionospheric tidal responses (DW1, SW2 and TW3).
In general, the latitude maxima (i.e. EIA), obtained by the superposition of the above
mentioned components, are situated near ±30° modip latitude (not shown here). We re-
mind that the upper level COSMIC nonmigrating electron density responses were located
also near ±30° modip latitude and that the bottom level responses are just underneath
the upper level ones. This means that the bottom level responses are just underneath the
EIA crests. We remind also that the bottom level response at tropics has vertically prop-
agating structure. According to the above mentioned simulation results (Yue et al. 2010;
Liu et al. 2010) the Abel retrieval method underestimates the electron density underneath
the EIA crests; hence, it may degrade the electron density responses but cannot generate
the vertically propagating response. Additionally, the LT dependence of the error in the re-
trieved electron density indicates that mainly the migrating ionospheric response could be
affected. The nonmigrating electron density responses are however the main focus of this
paper because they are responsible for the ionospheric WN4/WN3 longitude structures.

Recently Chu et al. (2010) have compared the NmE electron density retrieved by COS-
MIC satellites with ground-based ionosonde peak values of E region in different latitudinal
ranges and different seasons for 2007–2009. The authors found that no matter what season
and latitudes are considered, the mean COSMIC NmE tends to be constantly greater than
the ionosonde measurements. This comparison indicates that there is a systematic error in
retrieved E-region electron density. The data analysis method used in the paper however fil-
ters very efficiently each systematic error. The reason is that such type of errors will affect
mainly the constant term (mean electron density) in the decomposition. This parameter is
not considered in this study.

Very recently Perrone et al. (2011) have compared the COSMIC NmE data with the
ionosonde measurements at Rome and Gibilmanna (Sicily) for some months of 2006–2007.
Italy is completely located at the artificially density enhancement area due to the use of
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the Abel retrieval method (Yue et al. 2010 and Liu et al. 2010). The authors found that
particularly for the summer months the COSMIC NmE data turn out to be close to the
blanketing frequency fbEs. Therefore, the sporadic E layers which permanently exist during
the summer at middle latitudes strongly contribute to the COSMIC NmE measurements.
Having in mind the contribution of the tides for producing not only the tidal ion layers
(Mathews and Sporadic 1998) but also the wind shear for the normal sporadic E layers
(Pancheva et al. 2003; Haldoupis et al. 2004, 2006; Haldoupis and Pancheva 2006; Arras et
al. 2009) then the ionospheric tidal response seen in the E-region heights could be related to
the sporadic E-layer variability as well.

At this stage we may conclude with confidence that the bottom level ionospheric tidal
response is real one but its quantitative description has to be accepted with some caution.
It is worth noting that the retrieval error problem is too complex and needs to be seriously
investigated in future.

This overview study has demonstrated that the application of one and the same data
analysis method to the global atmospheric (SABER/TIMED temperatures) and ionospheric
(COSMIC electron density) satellite measurements provides an opportunity for a detailed
study of the atmosphere-ionosphere coupling by atmospheric waves. The main features of
the latitude and altitude structures of the ionospheric nonmigrating tidal response can be
summarized as follows:

• The latitude structure of the ionospheric response for heights up to 450–500 km is dis-
tributed at both sides of the dip equator at about ±30° modip latitude; above 500 km the
response is approximately confined to the equator.

• Two altitude regions of enhanced electron density response are found: an upper level
response (above 300 km), which usually maximizes near 400–450 km, and a bottom level
one (at below 250 km); the two regions are separated by a narrow altitude zone with no
tidal response.

• The bottom level response is composed of two parts: a tropical response, near ±30° modip
latitude, e.g. just underneath the EIA, and a response over the dip equator (the second is
not well evident in all nonmigrating tidal responses). While the tropical response maxi-
mizes near 200–230 km height that over the equator amplifies at lower levels, near 120–
150 km.

• The phase structures at both altitude regions are very different in the tropics: while in the
upper level response there is no vertical phase structure, at the bottom level one there is
such a structure; over the dip equator however the phase structure at both altitude regions
is the same.

• The different phase structures of the ionospheric response in both altitude regions sug-
gests: (i) the upper level response is mainly due to the DE3/DE2 modulated vertical
plasma drift, and (ii) the lower level response is complex and probably is caused by more
than one mechanism.

The present paper provided also new experimental results which give an explanation why
the WN4 and partly WN3 longitude structures are so prominent pattern in the ionosphere.
We presented evidence indicating that:

• WN4 longitude structure is most probably caused at least by the combined action of DE3,
SE2 and SPW4. The combined electron density variability is almost two times stronger
than that generated only by DE3.

• WN3 longitude structure is caused at least by the combined action of DE2, DW4, SE1
and SPW3. The combined electron density variability is almost 1.5 times stronger than
that generated only by DE2.
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The paper presented also the global distribution and temporal variability of the sun-
synchronous 24-h (DW1), 12- (SW2) and 8-h (TW3) electron density oscillations. They are
produced by a combination of the diurnal variability (an its harmonics as well) of the photo
ionization which depends on the solar zenith angle and the effect of the migrating diurnal,
semidiurnal and terdiurnal tides forced from below. The main results can be summarized as
follows:

• While the latitude and altitude structure of the ionospheric SW2 response is predomi-
nantly shaped by the migrating SW2 tide forced from below the DW1 response is mainly
due to daily variability of the photo-ionization.

• The peculiar vertical structure of the ionospheric TW3 response, indicating down-
ward/upward phase progression, hints at possible coupling between the SW2 tide forced
from below and the diurnal variability of the electron density, i.e. at ion-neutral momen-
tum coupling.

Despite some progress in investigating the ionospheric response to the atmospheric tides
forced from below there are still observational results which need further explanations. For
example, it is not clear why the bottom level response over the equator is not vertically prop-
agating one, or why the electron density TW3 response does not correspond to the neutral
wind and temperature TW3 upward energy propagation in the lower-middle thermosphere
(up to ∼300 km altitude), etc. The answer of these and other questions cannot be found only
from the analysis and combination of satellite and ground based measurements; it needs
further detailed numerical simulations as well.

In conclusion, we note that by means of a detailed analysis of the SABER temperature
tides and their global COSMIC electron density responses, we presented valuable and strong
experimental evidence that confirms the new paradigm in upper atmospheric and ionospheric
physics—that the entire ionosphere regularly responds to the troposphere and stratosphere.
These results highlight the importance of understanding the variability of the lower atmo-
spheric weather systems and the possible predictability of the ionospheric response to them.
Additionally, the ionospheric tidal diagnostics presented in this overview paper provides the
necessary observational constraints for the numerical simulations.
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