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DiscussionsNonmigrating tidal signatures in the magnitude and the
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1Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany
2Department of Space Physics, College of Electronic Information, Wuhan University, 430079 Wuhan, China

Correspondence to:C. Xiong (xiongchao@whu.edu.cn)

Received: 21 February 2013 – Revised: 22 May 2013 – Accepted: 23 May 2013 – Published: 27 June 2013

Abstract. Based on nine years of observations from the
satellites CHAMP and GRACE the tidal signatures in the
magnitude and the inter-hemisphere asymmetry of the equa-
torial ionization anomaly (EIA) have been investigated in
this study. The EIA magnitude parameters show longitudi-
nal wavenumber 4 and 3 (WN4/WN3) patterns during the
months around August and December, respectively, while
for different EIA parameters the contributions of the var-
ious tidal parameters are different. For the crest-to-trough
ratio (CTR) the dominating nonmigrating tidal component
contributing to WN4 is DE3 during the months around
August, while during the months around December sol-
stice the stationary planetary wave, SPW3, takes a compa-
rable role to DE2 in contributing to WN3. For the apex
height index (ApexHC) of the EIA fluxtube the stationary
planetary waves, SPW4/SPW3, exceed the amplitudes of
DE3/DE2 taking the leading role in causing the longitudinal
WN4/WN3 patterns. During the months around December
solstice the SW3 tide is prominent in both CTR and ApexHC.
SW3 shows a strong dependence on the solar flux level, while
it is hardly dependent on magnetic activity. For the EIA inter-
hemispheric asymmetry only WN1 and WN2 longitudinal
patterns can be seen. During June solstice months the pattern
can be explained by stationary planetary waves SPW1 and
SPW2. Conversely, around December solstice months longi-
tudinal features exhibit some local time evolution, in partic-
ular the diurnal nonmigrating tide D0 takes the leading role.

Keywords. Ionosphere (equatorial ionosphere; ionosphere–
atmosphere interactions) – Meteorology and atmospheric dy-
namics (waves and tides)

1 Introduction

In recent years growing evidence is provided about longi-
tudinal modulation of ionospheric quantities by tidal effects
originating from the tropical troposphere. These atmospheric
tides excited in the troposphere by latent heat release in
deep convective tropical clouds can vertically propagate and
achieve wind amplitudes in the order of tens of ms−1 in the
mesosphere-lower thermosphere (MLT) region (Hagan and
Forbes, 2002). In the ionospheric E region above 90 km the
tides interact with charged particles. There they modulate the
background zonal electric field and daytimeE × B verti-
cal plasma drift in the equatorial region. The electric fields
map into the equatorial F region along magnetic field lines,
causing longitudinal wave structures in the F region plasma
density, as observed from a quasi-sun-synchronous plat-
form in space (Forbes et al., 2008). Using 1356 nm airglow
brightness measurements, Sagawa et al. (2005) first reported
about a four-peaked longitudinal pattern, the wavenumber-4
(WN4) structure of the equatorial ionization anomaly (EIA).
After that the WN4 structure was found in satellite observa-
tions of several ionospheric parameters, such as total electron
content (TEC), vertical plasma drift and the equatorial elec-
trojet (EEJ) (Scherliess et al., 2008; Kil et al., 2007; Eng-
land et al., 2006; L̈uhr et al., 2008). Immel et al. (2006)
and Wan et al. (2010) suggested that the WN4 structure cor-
responds well to the diurnal DE3 nonmigrating tidal com-
ponent. Based on multi-years CHAMP observations, Lühr
et al. (2008) revealed that during solstice months there ap-
pears a prominent wavenumber-3 (WN3) longitudinal pattern
in EEJ intensity. In their consecutive study they presented
a comprehensive decomposition of tidal signatures of the
three important ionospheric quantities, EEJ, vertical plasma
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1116 C. Xiong and H. Lühr: Nonmigrating tidal signatures in the equatorial ionization anomaly

drift and crest-to-trough ratio (CTR) of the EIA (Lühr et al.,
2012). Their results demonstrate that DE3 is dominating the
tidal spectrum during the months around August in the iono-
spheric quantities, and disappears around December solstice;
while the DE2 tide peaks during solstice months and shows
minima around equinoxes.

It is well accepted that latent heat released from deep con-
vection in the tropical troposphere is the major source of the
nonmigrating tides DE2 and DE3 (Hagan and Forbes, 2002,
2003). These authors state that DE3 tides dominate the tem-
perature and zonal wind response at low latitude near 100 km
altitude during most of the year. In tidal terminology the
first letter, D, stands for diurnal, S for semidiurnal and the
second letter, E, for eastward and W for westward propaga-
tion. The number at the end represents the zonal wavenum-
ber, i.e., number of wave maxima that exists simultane-
ously around the globe. The DE2 and DE3 tidal components
cause prominent modulations of the zonal winds, which ob-
tain largest amplitudes around 105 km altitude (e.g., Ober-
heide et al., 2009), and these winds can generate currents
in the ionospheric E layer. These tides are often assumed
to be the leading contributor to the WN4/WN3 longitudi-
nal structures in the ionosphere. In a numerical simulation
study Hagan et al. (2009) revealed that the nonlinear interac-
tion between the migrating diurnal tide DW1 and nonmigrat-
ing DE3 can lead to a stationary planetary wave 4 (SPW4)
and a semidiurnal SE2 tide in the equatorial zonal wind at
E region heights. The combined amplitudes of these two re-
sulting components can be comparable with that of the DE3
(Oberheide et al., 2011). Furthermore, based on observations
from the Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) satellites and on simu-
lations with the Ground-to-topside model of Atmosphere and
Ionosphere for Aeronomy (GAIA), Pancheva and Mukhtarov
(2011), Pancheva et al. (2012) showed the important contri-
bution of the stationary planetary waves, SWP4/SWP3, to the
WN4/WN3 ionospheric structures as well as the dependence
of the WN4/WN3 hemisphere asymmetry on the SE2/SE1
tides.

In the study of L̈uhr et al. (2012) (comparing Figs. 5 and
7), a remarkable one-to-one agreement between the seasonal
variations of DE2 and DE3 tidal components in the EEJ and
the E layer zonal wind can be seen, as well as of the ratio
between the two tidal components. Since the electrojet is re-
lated to the vertical electric field, this convincing match is a
strong argument for a direct modulation of the ambient elec-
tric field caused by the zonal wind. Further, Lühr et al. (2012)
analysed the annual variations of all components in the tidal
spectra separately for the EEJ, vertical plasma drift and CTR.
Besides DE2 and DE3, which are excited by deep tropical
convection in the troposphere and exhibiting a distinctly dif-
ferent seasonal variation, WN1 and WN2 seem to be gener-
ated primarily by an interaction of the migrating tides with
longitudinal ionospheric structures.

In our previous study (Xiong et al., 2013), the seasonal and
local time variations of the EIA magnitude as well as inter-
hemisphere asymmetry were investigated. In this consecu-
tive study, we will mainly focus on the longitudinal patterns
of the EIA. As is well known, the EIA is mainly formed by
the equatorial fountain effect via upwardE ×B plasma drift
driven by a large-scale eastward electric field near the mag-
netic dip equator (Duncan, 1959), and the crest-to-trough lat-
itudinal distance indicates the strength of the daytime iono-
spheric electric field (Rishbeth, 2000). We use in this study
the magnetic latitudes of the ionization crests to characterise
the EIA strength. Besides the nonmigrating tidal signatures
of the EIA magnitude we present for the first time the tidal
signatures of the EIA inter-hemispheric asymmetry param-
eters. Nearly nine years of common electron density obser-
vations from CHAMP and GRACE have provided a good
opportunity for such a research spanning a wide range of dif-
ferent solar activity levels.

In Sect. 2 we first introduce a set of parameters to describe
the magnitude and the inter-hemispheric asymmetry of the
EIA. Then we focus on the longitudinal WN4 and WN3 pat-
terns of the EIA magnitude parameters during the months
around August and around December solstice when the DE3
and DE2 tidal components are known to be largest, respec-
tively. Further, we investigate the prominent tidal signatures
of EIA inter-hemisphere asymmetry parameters during sol-
stice months. At last we try to derive tidal spectra by fitting
synthetic signals to our observations and finally discuss the
results in the context of previous publications.

2 Datasets and processing approach

2.1 Datasets

The CHAMP satellite was launched on 15 July 2000 into a
circular, near-polar orbit (inclination: 87.3◦) with on initial
altitude of 456 km. By the end of 2009 the orbit has decayed
to 310 km. The local time of the orbital plane changes by
1 h in 11 day, requiring about 130 days for covering all lo-
cal times (Reigber et al., 2002). The Planar Langmuir Probe
(PLP) on board the satellite was taking measurements of
the electron density and temperature every 15 s. The PLP
electron density readings have been validated by comparison
against digisonde measurements at Jicamarca (McNamara et
al., 2007).

GRACE, comprising two spacecraft GRACE-A and
GRACE-B, was launched on 17 March 2002 into a near-
circular, polar orbit (inclination: 89◦) with an initial altitude
of about 490 km. The altitude of the two spacecraft is quite
stable over the years, which stays around 480 km. The lo-
cal time of the orbital plane precesses by 4.5 min every day
taking the mission 160.5 days to sample all local times (Ta-
pley et al., 2004). The two spacecrafts follow each other at
a distance of about 170∼ 220 km. The total electron content
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(TEC) between the spacecraft can be deduced from the K-
Band Ranging (KBR) data. When dividing the horizontal
TEC by the distance between the spacecraft, the averaged
electron density can be derived. A more detailed description
of the GRACE electron density retrieval is given in Sect. 3 of
Xiong et al. (2010) and L̈uhr and Xiong (2010).

2.2 EIA description parameters

Since CHAMP and GRACE are both near circular, polar or-
biting satellites, the electron density at two almost constant
altitudes are recorded. These latitudinal electron density pro-
files at constant altitudes are used to map the EIA. In this
study, we have developed an automatic subroutine to find
the EIA crests and trough only if the two crests are formed.
For more details of the selection procedure see Xiong et
al. (2013). After the automatic selection we have checked all
the events individually to make sure that they are good for our
EIA study. The observations from CHAMP (January 2001 to
December 2009) and GRACE (April 2002 to October 2009)
are considered for this study only from quiet magnetic con-
ditions (Kp≤ 3.5).

On each satellite orbit we record the electron densities
and magnetic latitudes of the EIA crests in the two hemi-
spheres and the trough asNesouthc, Nenorth c, Netrough, βsouthc,
βnorth c, and βtrough, respectively. Then we introduce the
CTR, the Mean Crest latitude (MCL) and Apex Height of
Crest (ApexHC) for representing the peak latitude of the
EIA. They are calculated as outlined below:

CTR=
Nenorth c + Nesouthc

2 · Netrough

(1)

MCL =
βnorth c − βsouthc

2
(2)

ApexHC=
1
2 · (ApexHCnorth c + ApexHCsouthc)

=
RE
2 ·

{(
rnorth c

RE
·

1
cos2βnorth c

− 1
)

+

(
rsouthc

RE
·

1
cos2βsouthc

− 1
)}
(3)

wherernorth c, rnorth c are the radial distances of the measure-
ment points from the Earth’s centre,RE = 6378 km is the
Earth’s radius near the equator. Under the assumption that
the equatorial anomaly is aligned with magnetic fluxtubes,
ApexHC is independent of the sampling height. Therefore,
results from different altitudes, e.g., the beginning and end
of the CHAMP mission or CHAMP and GRACE compar-
isons, are easier to interpret than the variations of MCL. We
regard the apex height of the crests as an indirect measure of
the fountain effect strength.

The Asymmetry of Crest Latitude (ACL) is defined as:

ACL = βnorth C + βsouthC (4)

Processes in addition to the fountain effect are required to
facilitate the latitudinal displacement to the EIA.

2.3 Processing approach

Harmonic longitudinal structures observed by near-polar or-
biting satellites can be caused by a multitude of tidal com-
ponents. A general mathematical formulation of the relation
between longitudinal patterns in satellite observations and
the nonmigrating tidal description in the Earth-fixed frame is
given by Forbes et al. (2006) or by Häusler and L̈uhr (2009)
in their Sect. 2. For the actual determination of the tidal sig-
natures, we first sort the EIA parameters into local time (1 h)
and longitude (15◦) bins, then the longitudinal mean values
determined separately for all local time hours are subtracted
from the measurements. By removing the longitudinal mean
values hour by hour the dominating diurnal migrating tide is
suppressed and the nonmigrating tides appear clearer. These
mean-free data are further processed by the one-dimensional
Fourier transform which will bring forth the sum of observed
tidal signatures for each wavenumber. From the longitude
variation with local time, we will determine the dominant
tidal components for each wavenumber and use this set of
selected tides for reproducing the observations. The longitu-
dinally averaged local time variations of the EIA parameters
have earlier been studied by Xiong et al. (2013). They repre-
sent the effect of migrating tides.

3 Results

3.1 Tidal signatures in the EIA magnitude parameters

Longitudinal variations of the EIA can be related to nonmi-
grating tidal signals. In different seasons the most prominent
tidal components have different wavenumbers. For example,
the WN4, in particular the DE3 tide, is dominating the crest-
to-trough ratio around August and disappears around Decem-
ber solstice, while the WN3 is strong during solstice months
and shows minima around equinoxes (Lühr et al., 2012). Fol-
lowing this instruction, we have selected the two contrasting
intervals of a year to investigate the longitudinal structure of
the EIA. These are the 130 days around 15 August and the
130 days around 1 January. They are expected to reveal quite
different tidal signatures. Firstly, we looked into the varia-
tions of EIA magnitude parameters. Figure 1 presents the lo-
cal time versus longitudinal structure of the MCL from the
months around August for days of year (DOY) from 162 to
292. Blank areas denote a lack of observations in a bin. We
can clearly see a longitudinal WN4 structure during the time
sector 10:00–18:00 LT both for the high and low solar ac-
tivity years. In CHAMP and GRACE observations the wave
centers appear at−180◦ E, −90◦ E, 0◦ E and 90◦ E, among
which the wave peak around 90◦ E is the strongest. Com-
paring the two satellite observations for the different solar
activity years, the WN4 structure of MCL is less obvious in
GRACE observations during lower solar activity years (right
bottom panel). It may be that at local times several hours
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 610 

Fig. 1. The local time versus longitudinal distribution of the EIA latitude parameter MCL from 611 

CHAMP (top) and GRACE (bottom) observations during higher (left) and lower (right) solar 612 

activity years around August; data are from DOY between 162 and 292. 613 

Fig. 1. The local time versus longitudinal distribution of the EIA latitude parameter MCL from CHAMP (top) and GRACE (bottom) obser-
vations during higher (left) and lower (right) solar activity years around August; data are from DOY between 162 and 292.

apart from noon the EIA does not reach the GRACE alti-
tudes during low solar activity years. When looking at the
local time variation of the pattern in MCL, it seems there
is no obvious shift in longitude with local time of the WN4
crests.

As we mentioned above, the altitudes of CHAMP and
GRACE orbits decayed at different rates over time, but the
ApexHC is independent of the sampling height, so we have
presented in Fig. 2 also the local time versus longitudinal dis-
tribution of ApexHC around August. Clearer and smoother
WN4 structures can be seen within the local time sector
10:00–18:00 LT from both satellite observations. The EIA
fountain effect reaches highest around 14:00 LT near the lon-
gitude of 90◦ E. Also for ApexHC, the local time (LT) evolu-
tion of WN4 is not as expected for DE3. Conversely, the DE3
in CHAMP data still takes the leading role in CTR among all
the tidal components during the months around August, as
presented by L̈uhr et al. (2012). Considering our observations
as shown here in Figs. 1 and 2, it seems CTR and ApexHC
are affected by different coupling mechanism. In the discus-
sion part we will come back to the comparison between CTR
and ApexHC.

Because the ApexHC is independent of the sampling
height and thus preferable, we do not show any further re-
sults of the latitude parameter MCL in the rest of our study.
Figure 3 presents the local time versus longitudinal distribu-
tion of ApexHC for months around December solstice from
DOY between 300 and 65. Wave centers appear at longitudes

around−165◦ E, −30◦ E, and 90◦ E. As for the local time
variation, a slightly eastward tilted WN3 structure can be
seen. Comparing the WN3 with the WN4 structure in Fig. 2,
it seems that WN3 is more scattered during December sol-
stice months, especially at GRACE altitude during low solar
activity years. Obviously, different tidal components are in-
terfering.

3.2 Tidal signatures of the EIA inter-hemispheric asym-
metry parameters

In this section, we have a look at the local time versus lon-
gitudinal distribution of the EIA inter-hemispheric asym-
metry parameter, ACL. At first we focused on the months
around August and then around December solstice. In both
cases neither WN4 nor WN3 structures dominate. Then we
made a survey through the observations month-by-month.
Some interesting features showed up, especially during sol-
stice months. Figure 4 presents the local time versus longi-
tudinal distribution of the ACL for the 130 days around June
solstice during high (left) and low (right) solar activity years
both from CHAMP (top) and GRACE (bottom) observations.
At CHAMP altitude, the EIA is displaced significantly north-
ward into the summer hemisphere in the longitude sector be-
tween−180◦ E and−75◦ E. Conversely, in the remaining
longitudinal sector,−30◦ E and 120◦ E, the EIA is slightly
shifted into the Southern (winter) Hemisphere. At GRACE

Ann. Geophys., 31, 1115–1130, 2013 www.ann-geophys.net/31/1115/2013/
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 615 

Fig. 2. Same as Fig. 1, but for the EIA parameter ApexHC.616 

Fig. 2.Same as Fig. 1, but for the EIA parameter ApexHC.
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 618 

Fig. 3. The local time versus longitudinal distribution of the EIA parameter ApexHC from 619 

CHAMP (top) and GRACE (bottom) observations during higher (left) and lower (right) solar 620 

activity years around December; data are from DOY between 300 and 065. 621 

622 

Fig. 3.The local time versus longitudinal distribution of the EIA parameter ApexHC from CHAMP (top) and GRACE (bottom) observations
during higher (left) and lower (right) solar activity years around December; data are from DOY between 300 and 065.

altitude the EIA shows similar latitudinal asymmetries be-
tween the two hemispheres but at slightly lower values.

Similarly, Fig. 5 shows the same local time versus longi-
tudinal distribution of the ACL, but for the 130 days around
December solstice. When comparing to June solstice months,

www.ann-geophys.net/31/1115/2013/ Ann. Geophys., 31, 1115–1130, 2013
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623 

 624 

Fig. 4. The local time versus longitudinal distribution of the EIA inter-hemispheric asymmetry 625 

parameter ACL around June solstice months from CHAMP (top) and GRACE (bottom) 626 

observations during higher (left) and lower (right) solar activity years. 627 

Fig. 4. The local time versus longitudinal distribution of the EIA inter-hemispheric asymmetry parameter ACL around June solstice months
from CHAMP (top) and GRACE (bottom) observations during higher (left) and lower (right) solar activity years.

628 

 629 

Fig. 5. Same as Fig. 4, but for December solstice months. 630 

Fig. 5.Same as Fig. 4, but for December solstice months.
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632 

 633 

Fig. 6. The local time versus longitudinal distribution of ApexHC, observations (top), synthetic 634 

signals (middle) and residual (bottom) during the months around August (left) and December 635 

solstice (right). 636 

Fig. 6.The local time versus longitudinal distribution of ApexHC, observations (top), synthetic signals (middle) and residual (bottom) during
the months around August (left) and December solstice (right).

between longitudes of−180◦ E and−75◦ E, larger ACL val-
ues can be also seen here at both satellite altitudes. Differ-
ent from that, positive ACL values appear also between 0◦ E
and 90◦ E, which are most clear during the hours 10:00 to
12:00 LT at CHAMP altitude. At GRACE altitude the pos-
itive features extend to later local time, especially during
lower solar activity years. The minimum of ACL around
−30◦ E is more prominent around December than during
June solstice months. Furthermore, all the longitudinal struc-
tures show a slight eastward tilt, opposed to the patterns
around June.

4 Interpretation of the tidal signatures

As mentioned above, the longitudinal structures observed by
near-polar orbiting satellites can be caused by a multitude of

tidal components. In the local time frame, in general, the tidal
signatures can be expressed as:

An,s cos(n�tLT + (s − n)λ − ϕn,s) (5)

where,An,s is the amplitude of a tide,n denotes the harmon-
ics of a solar day,s is the zonal wavenumber,� the rotation
rate of the Earth,tLT the local time,λ the longitude, andϕn,s

the phase of the tide (Forbes et al., 2006; Häusler and L̈uhr,
2009). We can see that the migrating tides (s − n = 0) are
independent of longitude in the local time frame, while the
nonmigrating tides (s − n 6= 0), will show longitudinal pat-
terns at different wavenumbers. Taking WN4 as an example,
the satellite observations cannot be related unambiguously
to a certain tidal component since it can be caused by any
tide for which holds|s−n| = 4. In other words, the observed
WN4 pattern can be caused by a diurnal tide (n = 1) with
s = −3 ors = +5, a semidiurnal tide (n = 2) with s = −2 or

www.ann-geophys.net/31/1115/2013/ Ann. Geophys., 31, 1115–1130, 2013
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 638 

Fig. 7. Filtered data of EIA inter-hemispheric asymmetry from the months around June (left) and 639 

December (right), zonal wavenumber 1(top) and wavenumber 2 (bottom). 640 

641 

Fig. 7. Filtered data of EIA inter-hemispheric asymmetry from the months around June (left) and December (right), zonal wavenumber 1
(top) and wavenumber 2 (bottom).

s = +6, or by a stationary planetary wave (n = 0) with s = 4.
In order to quantify the responsible oscillations for the WN4
structure, we have to identify the individual contributions.
This can be done by looking at the tilt angle of the observed
WN4 structure.

4.1 The tidal signature of the EIA apex height

For this analysis we combine the data from 2001 to 2009. At
first, we apply separately for each local time bin a Fourier
transform to the ApexHC data from CHAMP and GRACE
observations along longitude. Spectra for wavenumbers 1
through 4 of ApexHC have been analysed separately for the
months around August and around December solstice. By
comparing the amplitudes and assessing the phase behaviour,
the tidal components of SPW4, SPW2, DE3 and SW3 are
found to be most prominent during the months around Au-
gust. Conversely, the SPW3, SPW2, DE2 and SW3 are dom-
inating during the months around December solstice. Then
we adjust the four most prominent tidal components for the
two time intervals, respectively, to reconstruct tidal spectra
of the ApexHC which fit best the observations.

Figure 6 presents the ApexHC observations (top), recon-
structed synthetic signals (middle) and residuals (bottom)
for the months around August (left) and December solstice
(right). The residuals are defined as the observations minus
the synthetic signal. For both the longitudinal WN4/WN3
structures, the residuals are quite randomly scattered, imply-

ing that the fitting is sufficiently consistent with the observa-
tions. The amplitudes and phases of the synthetic tidal com-
ponents are list in Table 1. In addition DW1 has been listed
for later reference. As expected, not the DE3/DE2, but the
stationary planetary waves, SPW4/SPW3 are the dominating
tidal components for the longitudinal WN4/WN3 structures
of ApexHC, with amplitudes of about 57/50 km in altitude.
This is in line with the LT evolution in the ApexHC which
is quite stationary. A slight eastward LT evolution can be
seen in ApexHC during the months around December sol-
stice, hence DE2 is found to be the secondary tidal compo-
nent with an amplitude of about 43 km in altitude, while the
DE3 is really weak during the months around August, which
is unexpected. During the months around August larger value
of ApexHC at−90◦ and 90◦ E imply a WN2 structure cor-
responding to SPW2. Furthermore, the similar amplitude of
SPW2 during both time intervals may imply the same ex-
citing source. Besides the stationary planetary waves, to our
surprise, the SW3 tide, which contributed to a longitudi-
nal WN1 structure, plays an important role for the ApexHC
with amplitudes of about 41 km at both altitudes during the
months around August and around December solstice.

4.2 Tides of the EIA hemispheric asymmetry

Following the analysis above, we also apply the one-
dimensional Fourier transform to the ACL data, to separate
the different wavenumber components. As is obvious from

Ann. Geophys., 31, 1115–1130, 2013 www.ann-geophys.net/31/1115/2013/
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Table 1. Amplitudes and phases of the most prominent tidal components contributing to the modulation of ApexHC during the months
around August and December solstice.

Time interval Tidal component Amplitude (km) Phase

Months around August

DW1 73.37 –
SPW4 57.91 −1◦

SPW2 37.54 79◦

DE3 12.41 12.4 h
SW3 41.78 18.1 h

Months around December solstice

DW1 86.75 –
SPW3 50.23 −33◦

SPW2 36.11 −25◦

DE2 43.36 16.3 h
SW3 40.99 19.9 h
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Fig. 8. The local time versus longitudinal distribution of ACL, observations (top) and synthetic signal (bottom) during the months around
June (left) and December (right).

Figs. 4 and 5, neither WN4 nor WN3 patterns can be seen in
the local time versus longitudinal distribution of ACL. After
merging all the ACL data from 2001 to 2009, a Fourier trans-
form has been applied separately to the June and December
solstice periods. Figure 7 presents the WN1 (top) and WN2
(bottom) patterns of ACL from CHAMP observation around
June (left) and December (right) solstice months. The WN1
pattern seems more stationary during June solstice and east-
ward titled during December solstice, while the eastward tilt
of WN2 is not so prominent during December solstice.

We have applied the same fitting procedure as before. Fig-
ure 8 presents the observations (top) and synthetic signals
(bottom) of CHAMP ACL both for June (left) and December
(right) solstices. The amplitudes and phases of the synthetic
tidal components are listed in Table 2. Besides the stationary
planetary waves SPW1 and SPW2 a large amplitude of the
D0 tide is needed to explain the eastward LT evolution of the
WN1 structure during December solstice. The synthetic tidal
signal fits the data well around June solstice, but shows some
discrepancy from the observation during December months.
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Table 2. Amplitudes and phases of the most prominent tidal com-
ponents contributing to the modulation of ACL during June and De-
cember solstice.

Time interval Tidal component Amplitude (◦) Phase

June solstice
SPW1 2.00 −117◦

SPW2 0.92 62◦

December solstice
SPW1 0.46 40◦

SPW2 1.34 63◦

D0 1.94 23.4 h

The implications of these tidal features will be discussed in
the next section.

5 Discussion

Within this section we want to discuss our findings in the
context of previous results related to nonmigrating tides of
the EIA. In previous studies, the electron density deduced
from airglow (Sagawa et al., 2005) or from CTR (Lühr et
al., 2012) are used to represent the magnitude of EIA. As the
winds basically modulate the background zonal electric field
in the ionospheric E region, which maps into the ionospheric
F region along magnetic field lines, we have to choose the
magnetic latitudes and apex height of the EIA crest fluxtube
in this paper as proxy for the intensity of the fountain effect,
which are assumed to be closely related to the background
electric field. Furthermore, we present for the first time the
tidal signatures of the inter-hemispheric asymmetry of the
EIA crests.

As is accepted, the atmospheric tides have different effi-
ciencies in producing electric fields, thus will generate dif-
ferent wave components in the ionosphere, depending on so-
lar activity and season (Forbes et al., 2008). At altitudes of
the ionospheric E and F regions, the main spatial ionospheric
variability is usually observed in satellite data as wavenum-
ber 3 or 4 longitudinal patterns which are mostly attributed
to the tidal component DE2 and DE3, respectively. England
et al. (2006) had suggested that the tidal component DE3 is
modelling the electrojet strength during March equinox and
Lühr et al. (2008) confirmed that the DE3 tide is a very im-
portant mode for the electrojet modulation. They also reveal
that during solstice months there appears a prominent WN3
longitudinal pattern in the EEJ intensity. In their consecutive
study (L̈uhr et al., 2012), they demonstrate that the DE3 is
dominating the tidal spectrum primarily during the months
around August in many ionospheric quantities, and this tidal
component disappears around December solstice; while the
DE2 tide maximises during solstice months and shows min-
ima around equinoxes. In Fig. 2 (bottom panel) of Lühr et
al. (2012), the most intense ionization anomaly with larger
CTR is observed in the Indonesian sector and the EIA is par-
ticularly well developed during the hours past noon. This is

consistent with our ApexHC observation in the same longi-
tudinal sector, where the EIA reaches apex heights beyond
800 km both during high and low solar activity years.

5.1 The local time evolution

Although the local time versus longitudinal distribution
of ApexHC from both CHAMP and GRACE observa-
tions present longitudinal WN4/WN3 signatures during the
months around August and December, respectively, the pat-
terns cannot simply be explained by DE3/DE2. The incon-
sistency in LT evolution between WN4/WN3 and DE3/DE2
creates some questions as to their origin. In fact, similar re-
sults have already been reported by previous studies. Using
Global Ultraviolet Imager (GUVI) data from 2002 to 2007,
He et al. (2010) showed that the WN4 structures in [O]/[N2]
follows the same seasonal pattern as the strength of the DE3
tide, but does not move eastward in LT, as commonly ex-
pected. Kil et al. (2010) also found that the WN3 LT evo-
lution in plasma density and vertical plasma drift is differ-
ent from the expectation of DE2. Using the Thermosphere
Ionosphere Mesosphere Electrodynamics General Circula-
tion Model (TIME-GCM) model, Hagan et al. (2009) found
that a number of waves could contribute significantly to the
amplitude of WN4 structures in the zonal wind, among which
are the DE3 and SPW4. These authors deduced from nu-
merical simulation that the planetary wave SPW4 can be
generated as an interaction product between the migrating
wave DW1 and nonmigrating tide DE3. The interaction is
most effective where the two mother tides are large, slightly
above 100 km altitude. In Table 1 we have listed the ampli-
tude of the dominating DW1. Similarly, England et al. (2010)
found that the WN4 structure in [O]/[N2] was the result of
a combination of diurnal, semidiurnal and stationary plane-
tary waves, which may account for the unexpected LT evolu-
tion of WN4. As stationary planetary waves are believed to
be generated through nonlinear interactions of the DE3/DE2
with the migrating tide, e.g., DW1, and to vary with season
in the same way as the DE3/DE2 tides, therefore, it is dif-
ficult to separate these stationary planetary waves from the
DE3/DE2 tides in observations when only a limited range
of LT is sampled. The distinction between the two requires
careful attention (England, 2011).

For checking previous results we have also looked at the
local time versus longitudinal distribution of CTR. After
combining the data from the years 2001 to 2009, Fig. 9
presents the local time versus longitudinal distribution of
CTR both from CHAMP (top) and GRACE (bottom) ob-
servations for the months around August (left) and Decem-
ber solstice (right). Longitudinal WN4 patterns with a clear
eastward tilted LT evolution are observed in both satellite
observations (see Fig. 9, left), while WN3 patterns with no
LT evolution can be seen at CHAMP altitude (see Fig. 9,
right). At GRACE altitude the WN3 pattern is really weak.
After applying the same fitting procedure to the CTR, the
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Fig. 9. The local time versus longitudinal distribution of the EIA parameter crest-to-trough ratio (CTR) from CHAMP (top) and GRACE
(bottom) observations around August (left) and around December (right).

Table 3. Amplitudes and phases of the most prominent tidal components contributing to the modulation of CTR during the months around
August and December solstice, from both CHAMP and GRACE observations.

Time interval
CHAMP GRACE

Tidal component Amplitude Phase Amplitude Phase

Months around August

SPW4 0.087 2◦ 0.043 11◦

SPW2 0.103 92◦ 0.052 94◦

DE3 0.133 11.5 h 0.047 13.8 h
SW3 0.068 16.7 h 0.041 15.8 h

Months around December solstice

SPW3 0.083 −21◦ 0.053 −13◦

SPW2 0.068 −38◦ 0.041 −37◦

DE2 0.076 16.3 h 0.011 18.9 h
SW3 0.178 18.5 h 0.090 17.8 h

obtained amplitudes and phases of the synthetic tidal com-
ponents are list in Table 3. As expected, during the months
around August DE3 is the dominating tidal component for
the WN4 structure of the CTR, exceeding the contribution of
SPW4, both in CHAMP and GRACE observations. During
the months around December solstice, the stationary plane-
tary wave SPW3 takes the leading role in contributing to the
WN3 structure of CTR, while the DE2 is more or less weak,
especially at GRACE altitude. Our observations confirm the
important role of SPW4/SPW3 in contributing to the longi-
tudinal WN4/WN3 patterns of the ionization anomaly, and it
seems these stationary planetary waves are more prominent
during the months around December solstice.

Conversely, the SPW4 clearly exceeds the DE3 ampli-
tude in contributing to the longitudinal WN4 pattern of the
ApexHC from CHAMP observations during the August pe-
riod, as listed in Table 1. The height of the EIA fluxtube is
strongly influenced by the vertical plasma velocity in the top-
side ionosphere. Obviously, the influence of the DE3 tide on
the vertical drift is quite low at an altitude around 800 km.
Here the stationary planetary wavenumber 4 seems to control
the activity. We will go into more detail in the next subsec-
tion.
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5.2 Tides at different altitudes

Zhang et al. (2010) using observations from Thermosphere,
Ionosphere, Mesosphere Energetics and Dynamics/Global
Ultraviolet Imager (TIMED/GUVI) found that throughout
most of the year WN3 dominates the daytime [O]/[N2], while
WN4 is only prominent during summer. They attributed this
to the DE2 contribution which might be more effective in
creating longitudinal patterns than that of DE3. Forbes et
al. (2012) state that the tides enter the thermosphere at about
100 km and their spectrum evolves with height due to ef-
fects of molecular dissipation, potentially moderated by the
effects of mean winds. Molecular dissipation preferentially
damps the waves with shorter vertical wavelengths, allowing
the longest scale waves to reach, e.g., CHAMP and GRACE
altitudes. As DE2 has longer vertical wavelength than DE3,
DE2 is expected to penetrate more efficiently into the upper
thermosphere than DE3 (Forbes and Garrett, 1979; Forbes
et al., 2008). This has been supported by Lühr et al. (2012)
(Fig. 5), in studies of ionospheric quantities. They found for
DE2 approximately the same relative amplitudes in the EEJ,
plasma vertical drift and CTR; while for DE3 the relative am-
plitude is much more prominent in the EEJ than it is in the
other two quantities at CHAMP altitude during the months
around August. Since CHAMP and GRACE are at different
altitudes, comparing the same tidal amplitudes at two alti-
tudes, may give us some clue of the vertical attenuation of
the tides.

During the months around August, DE3 is the most promi-
nent tidal component in the CTR at CHAMP altitude that
contributes to WN4, exceeding the amplitude of SPW4 (see
Table 3). As expected, at GRACE altitude the amplitudes of
all these four tidal components become smaller with different
decaying factors. For example, the decay factor, which can be
defined asACHAMP/AGRACE (ACHAMP andAGRACE are the
tidal amplitudes at the two satellite altitudes respectively),
is almost 3 for DE3, and about 2 for SPW4 and SPW2, but
the attenuation is even smaller for SW3. Among them the
DE3 tide decays so fast that it becomes a secondary tidal
component and SPW2 takes the leading role at GRACE al-
titude. To our surprise, during the months around December
solstice at both altitudes the most prominent tide for CTR
is neither SPW3 nor DE2, but SW3. The SPW3 and SPW2
reach almost the same amplitude as DE2 at CHAMP altitude,
while they exceed the DE2 by far at GRACE altitude. We
have looked a little closer into the altitude dependence of the
CTR in order to explain the different tidal character with re-
spect to ApexHC. At low (CHAMP) altitude it is mainly the
tidal variation of the equatorial trough depletion that governs
the DE3 amplitude of CTR. Crest electron densities are less
affected by DE3. At GRACE altitude the trough variation is
significantly reduced causing the significant amplitude atten-
uation of DE3 at that altitude. The vertical plasma drift, driv-
ing the fountain effect, is determined by the wind dynamo at
conjugate foot-prints in the E layer of the related fluxtube.

When talking about vertical plasma velocities at different
heights, these map to different latitudes in the E layer. It is
well-known that the DE3 tide maximises at the Equator and
decays rapidly towards higher latitudes (Forbes et al., 2008;
Oberheide et al., 2009). At magnetic latitudes of±18◦, cor-
responding to an apex height of 800 km, the DE3 intensity
seems to be reduced already by a significant amount, and the
short vertical wavelength of DE3 also supports the rapid de-
cay. Conversely, the planetary wave SPW4 obviously has a
much less height dependence. This is our preferred expla-
nation for the dominance of SPW4 in modulating ApexHC
during the months around August.

5.3 The SW3 tide

As already reported by L̈uhr et al. (2012), the SW3 tide is
quite prominent in the EEJ, CTR and vertical plasma drift,
especially in the last one. The amplitude of the SW3 tide in
EEJ is found to be quite large during certain seasons. In par-
ticular during fall and winter the SW3 amplitude depends
on solar activity (L̈uhr and Manoj, 2013). In order to de-
duce the SW3 tidal dependence on solar flux we sorted the
CHAMP EIA observations into high (P10.7≥ 120 sfu) and
low (P10.7≤ 120 sfu) solar flux bins. The P10.7 represents
the mean value of the current day F10.7 and the 81 days av-
eraged F10.7. The DOYs chosen here are between 265 and
030. Figure 10 presents the local time versus longitudinal dis-
tribution of ApexHC during high (left) and low (right) solar
flux levels, both the observations (top) and fitted synthetic
signals (bottom). The amplitudes and phases of the synthetic
tidal components are listed in Table 4. Interestingly, there is
little dependence of the two stationary planetary waves on
the solar flux level, while the amplitude of SW3 is larger
by more than 2.5 during times of elevated solar flux. This
strongly suggests that the excitation of SW3, at least dur-
ing fall and winter, is in favour of a denser ionosphere and
thermosphere during times of enhanced EUV fluxes. More
research is needed for clarifying the details.

We further sorted the CHAMP ApexHC data by magnet-
ically disturbed (Ap> 15) and quiet (Ap< 15) conditions.
The amplitudes and phases of the synthetic tidal components
are listed in Table 5. Contrary to different solar flux levels,
the amplitudes of SW3 show no dependence on magnetic ac-
tivity. The same behaviour can be stated for SPW3. Different
from that, we obtain amplitudes increased by a factor of 2
for the planetary waves SPW2 and DE2 during magnetically
quiet periods. This result clearly suggests a wave excitation
from below for these two components. During active peri-
ods, the upward propagating tidal signal seems to be heavily
damped. Consistent with our results, Oberheide et al. (2009)
reported an increase of the DE3 amplitude in zonal wind ob-
servations at CHAMP altitude from solar maximum to min-
imum, while at 105 km altitude the DE3 wind amplitude is
independent of the solar cycle phase.
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Fig. 10.The local time versus longitudinal distribution of ApexHC during months around December solstice, observations (top) and synthetic
signal (bottom) during high (left) and low (right) solar flux levels.

Table 4. Amplitudes and phases of the most prominent tidal components contributing to the modulation of ApexHC during the months
around December solstice for different solar flux levels.

Tidal component
P10.7≥ 120 sfu P10.7≤ 120 sfu

Amplitude (km) Phase Amplitude (km) Phase

SPW3 43.39 −37◦ 44.90 −31◦

SPW2 36.98 −25◦ 33.39 −33◦

DE2 48.57 17.4 h 37.61 16.2 h
SW3 75.92 19.3 h 29.57 19.4 h

5.4 The EIA hemispheric asymmetry

So far the asymmetry of the EIA has never been discussed
in terms of tides. We have obtained rather distinct longitu-
dinal patterns for the EIA asymmetry. Around June solstice
the ionization anomaly is displaced by several degrees in lat-
itude towards north in the western sector from−180◦ E to
−60◦ E in longitude, while in the remaining part the EIA
is slightly displaced southward. This asymmetry can well
be described by the planetary waves, SPW1 and SPW2. Al-
though we cannot offer a conclusive explanation for the ob-
served EIA displacement, it is worth noting that Lühr and
Manoj (2013) report about an enhanced EEJ intensity at all
daytime hours in the same western longitude sector during
June solstice months (see their Fig. 18). This suggests ther-
mospheric winds as the reason for the northward shift of the
EIA.

During December solstice months we find a similar lon-
gitudinal pattern for the asymmetry, but this time the sector
for northward displacement is shifting eastward with local
time. Now the tidal component D0 is dominating the spec-
trum. When taking the phase into account D0 causes the EIA
to be displaced worldwide furthest north at 00:00 UT, then
the EIA moves everywhere southward and reaches the lowest
position at 12:00 UT. After that it returns to the north again.
Since the EIA does not exist all around the globe this diur-
nal motion is only observable in the sunlit part of the world
where the anomaly is developed. From our results we can de-
duce that the motion is clearest in the Western Hemisphere.
The most probable cause for the diurnal oscillation of the
EIA asymmetry is an interaction of the migrating tide with
the latitude variation of the magnetic equator. It is not clear
why this interaction takes place around December but not
around June.
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Table 5. Amplitudes and phases for the most prominent tidal components contributing to the modulation of ApexHC during the months
around December solstice for magnetic quiet and disturbance conditions.

Tidal component
Ap > 15 Ap< 15

Amplitude (km) Phase Amplitude (km) Phase

SPW3 49.92 −33◦ 47.34 −33◦

SPW2 18.40 −26◦ 35.82 −32◦

DE2 22.49 15.3 h 41.96 16.1 h
SW3 39.83 19.5 h 41.06 19.6 h

6 Conclusion

Based on nearly nine years of observations from both
CHAMP and GRACE the tidal signatures of the EIA have
been analysed in this study. The main findings can be sum-
marised as:

1. The EIA shows longitudinal WN4 and WN3 patterns
during the months around August and December sol-
stice, respectively, both in CTR and ApexHC from
CHAMP and GRACE observations.

2. For CTR, the leading tidal component contributing to
WN4 is DE3, while for WN3 the stationary plane-
tary wave SPW3 is as important as DE2. For ApexHC
the stationary planetary waves SPW4/SPW3 exceed the
DE3/DE2 amplitudes, taking the leading role in con-
tributing to the longitudinal WN4/WN3 patterns. Dur-
ing the months around August the DE3 tide in ApexHC
is really weak compared to SPW4.

3. The dominance of DE3 in ionospheric electrodynamics
seems to be confined to equatorial latitudes and moder-
ate heights, while SPW4 is less damped with increasing
altitude. SPW4 is assumed to be caused by an interac-
tion of DW1 with DE3 at E region heights.

4. During the months around December solstice the SW3
tide is prominent both in CTR and ApexHC. Further-
more, SW3 shows a strong dependence on solar flux,
thus favouring a denser ionosphere and thermosphere
while it hardly depends on magnetic activity.

5. The inter-hemispheric asymmetry of the EIA shows
only WN1 and WN2 longitudinal structures with north-
ward displacements in the−180◦ E to−60◦ E longitude
sector and southward displacement in the rest. The dom-
inating WN1 is stationary during June solstice, while it
shows an eastward tilted LT evolution during December
solstice, which can be described by the D0 tidal compo-
nent.

Further studies are needed for explaining the causes of the
various tidal components modulating the equatorial ioniza-
tion anomaly.

Appendix A

List of abbreviations

ACL: Asymmetry of Crest Latitude
ApexHC: Apex Height of Crest
CHAMP: CHAllenging Minisatellite Payload
COSMIC: Constellation Observing System of

Meteorology, Ionosphere, and Cli-
mate

CTR: Crest-to-Trough Ratio
DOY: Days of Year
EEJ: Equatorial Electrojet
EIA: Equatorial Ionization Anomaly
GAIA: Ground-to-topside model of Atmo-

sphere and Ionosphere for Aeron-
omy

GRACE: Gravity Recovery And Climate Ex-
periment

KBR: K-Band Ranging
LT: Local Time
MCL: Mean Crest Latitude
MLT: Mesosphere-lower Thermosphere
PLP: Planar Langmuir Probe
TEC: Total Electron Content
TIMED/GUVI: Thermosphere, Ionosphere, Meso-

sphere Energetics and Dynam-
ics/Global Ultraviolet Imager

TIME-GCM: Thermosphere Ionosphere Meso-
sphere Electrodynamics General
Circulation Model

UT: Universal Time
WN4: Wavenumber 4, similar as WN1,

WN2, WN3
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