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ABSTRACT

Atmospheric tidal components in the ionosphere can reflect either the in-situ generated quiet-time variation in the iono-
sphere, or vertically propagating tidal components generated through coupling to lower or middle atmosphere phenomena.
Frequency-wavenumber tidal decomposition is a valuable tool for isolating the primary tidal components that drive the dy-
namics of the middle and upper atmosphere, allowing temporal and spatial variability to be quantified in a systematic manner,
provided sufficient local time sampling. To date, two commonly used data sources for such tidal studies in the ionosphere are
the FORMOSAT-3/COSMIC (F3/C) satellite constellation and ground-based GPS-derived Global Ionosphere Maps (GIMs).
In this study, the migrating diurnal and semidiurnal tidal components, the nonmigrating diurnal eastward 3 (DE3) component,
as well as the zonal mean component that dominate quiet-time ionospheric variability are extracted from 2008 F3/C and GIM
Total Electron Content (TEC) data, using integration times of 20 days. We find that the zonal mean and tidal TEC components
in F3/C and ground-based GIM data show qualitatively similar seasonal variability and spatial structure. However, the maxi-
mum amplitudes of the zonal mean and migrating tidal components computed from F3/C are consistently smaller than those
from the ground-based GIMs, revealing a systematic difference between the two datasets. Conversely, the DE3 amplitudes are
generally larger in F3/C compared to GIM, potentially due to the higher zonal wavenumber of that component.
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1. INTRODUCTION

Atmospheric tides are the dominant dynamic feature
of the Earth’s mesosphere and lower thermosphere (MLT),
and are defined as global scale oscillations with periods that
are harmonics of a solar day. The zonal phase velocity of
a tidal component may be calculated based upon its period
and zonal wavenumber, which determines the direction and
speed at which that tidal component propagates zonally
around the Earth. Atmospheric tides are further subdivided
based upon their phase velocities into migrating tidal com-
ponents, which are Sun-synchronous, propagating westward
at the same apparent rate as the Sun and nonmigrating tides,
which correspond to all other phase velocities, both eastward
and westward. Persistent atmospheric tidal components in
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the MLT correspond to disturbances driven by latent heat
release and periodic solar IR water vapor forcing in the tro-
posphere, as well as UV ozone forcing in the stratosphere
(Hagan 1996). Other more transient tidal components may
arise through nonlinear interaction between the persistent
migrating tides and stationary planetary waves (Chang et
al. 2009). These tidal disturbances grow in amplitude as
they propagate upwards due to the decreasing density of
the background atmosphere, attaining maximum amplitude
between roughly 90 - 120 km altitude, before becoming dis-
sipated by turbulent and molecular diffusion in the lower
thermosphere (Hagan 1996; Ortland and Alexander 2006;
Zhang et al. 2006).

Prior to being dissipated, atmospheric tides that pen-
etrate the lower thermosphere may interact with the iono-
spheric E-region dynamo to modulate plasma uplift (Zhang
et al. 2006). This results in the frequency and wavenumber
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of the interacting tidal component being transmitted further
upwards into the ionospheric F region (England et al. 2000).
Ionospheric variability resulting from this tidal coupling has
been observed in the case of some prominent non-migrating
(non-Sun synchronous) tidal components, which are more
easily distinguished from structures resulting from the nor-
mal quiet-time variation of the ionosphere. Such non-mi-
grating tides include DE3 (the non-migrating diurnal tide
with eastward zonal wavenumber 3) (Immel et al. 2006; Lin
et al. 2007), and SW1 (the non-migrating semidiurnal tide
with westward zonal wavenumber 1) (Pedatella and Forbes
2010; Lin et al. 2012).

Although many early studies of tides in the ionosphere
utilized the constant local time analysis commonly used in
ionospheric studies (e.g., Immel et al. 2006; Lin et al. 2007;
Jee et al. 2010), this method is limited in that the amplitudes
and phases of nonmigrating tidal components are aliased to
appear as stationary planetary waves, while the Sun-syn-
chronous migrating tides are aliased with zonal mean val-
ues (Forbes et al. 2006). To resolve this ambiguity, more
recent studies have adopted for the ionosphere the frequen-
cy-wavenumber decomposition method commonly used in
middle atmospheric tidal studies. In frequency-wavenumber
analysis, data across multiple longitudes and times are fit
to sinusoidal functions of longitude and time, allowing the
amplitude and phase of a specific tidal component (that is,
a frequency/zonal wavenumber pair) to be isolated. This
method has been applied in recent years to examining well
known phenomena in the ionosphere that are local time and
longitude dependent, including those resulting from the up-
wards coupling of middle atmospheric tides, as well as phe-
nomena forced in-situ in the ionosphere.

Results from such frequency-wavenumber tidal de-
composition have found that along with the zonal mean
field, the migrating tidal components comprise most of
the normal quiet-time variation in the ionosphere, includ-
ing diurnal plasma uplift from the equatorial fountain to
form the equatorial ionization anomalies (EIAs), as well as
that resulting from in-situ photoionization (Mukhtarov and
Pancheva 2011; Lin et al. 2012). In addition to the afore-
mentioned sources, migrating ionospheric tidal components
can also reflect changes arising from migrating tides in the
middle and lower atmosphere, making the contribution
of in-situ ionospheric migrating tidal sources difficult to
separate from lower atmospheric sources (Mukhtarov and
Pancheva 2011). Nonetheless, migrating tidal modulation
by nonlinearly-interacting propagating planetary waves
has been suggested as a possible medium for transmitting
multi-day planetary wave periodicities into the ionosphere
(Pancheva et al. 2006). Recent observations have also
shown that short-term variation in ionospheric fields during
stratospheric sudden warmings (SSWs) can be attributed to
changes in the amplitudes and phases of the migrating iono-
spheric tidal components (Fang et al. 2012; Lin et al. 2012).

It has also been suggested that a portion of the migrating
ionospheric tidal variability during SSW time periods can
be attributed to changes in the stratospheric ozone source
regions for the migrating tides propagating upwards from
the middle atmosphere (Goncharenko et al. 2012). Due to
their large amplitudes, changes in the migrating ionospheric
tides will have a disproportionate effect on the overall varia-
tion of the ionosphere, compared to nonmigrating tides (Lin
et al. 2012).

Because of their short periods, global scale observa-
tions of atmospheric tides are difficult to obtain, requiring
sampling over 24 hours of solar local time at all latitude and
longitude zones in order to unambiguously resolve using
frequency-wavenumber tidal decomposition (Zhang et al.
2006). At present, several global scale studies of tides in the
ionosphere where such decomposition is performed have
relied on two sources: Global Ionospheric Maps (GIMs) of
Total Electron Content (TEC) derived from ground-based
GPS observation networks, and spaceborne observations ob-
tained via GPS occultations from the FORMOSAT-3/COS-
MIC (F3/C) microsatellite constellation. With the growing
application of the frequency-wavenumber tidal decomposi-
tion method commonly employed in middle atmospheric tid-
al studies to those in the ionosphere, as well as the interest in
short-term tidal variability, a need exists for comparison of
ionospheric tides between these two datasets retrieved using
this method. In the following study, we present a compari-
son of the zonal mean, migrating diurnal (DW1), migrating
semidiurnal (SW2), and DE3 tidal TEC components from
these two datasets during 2008. The spatial structure, sea-
sonal variation, and systematic differences between the two
datasets are shown and discussed.

2. METHODOLOGY

The F3/C constellation is comprised of 6 microsatel-
lites launched in April 2006, and provides global observa-
tions of the ionosphere with unprecedented spatial scale and
temporal resolution. The 6 microsatellites have since been
separated into individual orbital planes at roughly 800 km
altitude, 72° inclination, and 30° longitudinal separation
between adjacent orbital planes. Over 2500 GPS occulta-
tions are performed each day, providing electron density
profiles up to 800 km altitude (Cheng et al. 2006; Lin et al.
2007) with 24 hour solar local time coverage each day. For
this study, the TEC corresponding to each occultation was
computed by integrating electron densities with respect to
height, between 200 - 800 km. Although F3/C TECs will
not include contributions above 800 km, past ionospheric
tidal structure studies by Mukhtarov and Pancheva (2011)
have found that the migrating diurnal, semidiurnal, and DE3
tides examined here all peak between roughly 300 - 500 km
altitude. Similar to the methodology of Lin et al. (2012),
occultations containing negative electron densities or with
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values exceeding 2 x 10° cm™ were deemed erroneous and
discarded. Utilizing a 20 day sliding window, a latitude/lon-
gitude grid of 5° x 5°, and following the linear least-squares
fitting method described by Wu et al. (1995), the F3/C TECs
were fit to a basis function of the form:
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Here F is the zonal mean TEC, s is the zonal wavenumber
(westward negative), Q is the Earth’s rotation rate, while F..
and V_, are the amplitude and phase of each tidal compo-
nent, respectively. For this study focusing on the quiet-time
variation of the ionosphere, we restrict our analysis to the
low and mid-latitudes equator wards of 50° latitude, where
the effects of geomagnetic storms are less pronounced.
Global Ionospheric Maps of TEC are provided via the
International GNSS Service (IGS), and produced by the
Center for Orbit Determination in Europe (CODE) (Schaer
1999; Herndndez-Pajares et al. 2009). Such GIMs are cre-
ated via assimilation of data from a worldwide network of
about 200 GPS/GLONASS receivers, creating a map mod-
eled in a solar-geomagnetic reference frame using a spheri-
cal harmonics expansion up to degree and order 15. The
resulting GIMs provide global snapshots of TEC with a
geographic latitude/longitude resolution of 2.5° x 5° every 2
hours. Although the irregular distribution of GPS receivers
necessitates a smoothing process, the spatial and temporal
TEC variations in the GIMs were determined to be in good
agreement with observations. Comparing CODE GIM TECs
to TOPEX/Jason observations at constant local times, Jee et
al. (2010) found that the GIMs reproduced most seasonal,
spatial, and local time variability, although certain features
such as the EIAs, the Weddel Sea Anomaly, and the wave-4
EIA longitudinal modulation were not well resolved. In our
study, the zonal mean, diurnal, and semidiurnal tidal com-
ponents in the GIM TECs were retrieved using the same
methodology previously detailed for the F3/C TEC dataset.

3.RESULTS

Figure 1 shows the amplitudes of the computed zonal
mean TEC values throughout 2008 as a function of mag-
netic latitude and time from GIM (Fig. 1a) and COSMIC
(Fig. 1b). The zonal mean TEC represents the daily baseline
ionization value, and clearly reflects the seasonal variation
in the solar zenith angle: the latitude of peak zonal mean
TEC amplitude follows the Sun to roughly +/-15° latitude
in the summer hemisphere. The zonal mean TECs maxi-
mize around the equinoxes (days 90 and 300), and mini-
mize around the solstices (days 30 and 210). This variation
in zonal mean TEC amplitude corresponds to the known
semiannual variation in the ionosphere that has been con-

nected to seasonal variations in the O/N, ratio (Rishbeth et
al. 2000). The twin bands of the EIAs on either side of the
magnetic equator are not distinct in the case of the zonal
mean TECs, likely due to the diurnal nature of the equatorial
fountain mechanism (Appleton 1946). The above character-
istics indicate that the zonal mean TECs reflect the constant
level of photoionization throughout the ionosphere.

It is apparent from Fig. 1 that the amplitudes of the zon-
al mean TECs are smaller in F3/C with maximum values of
approximately 13 TECu, compared to those in GIM, which
attain maximum values near 22 TECu. Figure 1c shows the
difference between the GIM and F3/C zonal mean TECs as
a function of latitude and time. As can be seen from the fig-
ure, the zonal mean difference fields are proportionate to the
latitudinal and temporal structure of the zonal mean TECs,
indicating a relatively constant linear relation between the
two datasets. A more quantitative method of visualizing this
difference is presented in Fig. 2, which shows a scatterplot
of F3/C zonal mean TEC values in 2008, plotted with re-
spect to GIM values from identical times and magnetic lati-
tudes. If the zonal mean TECs from the two datasets were
completely identical, all the plotted points would lie along
the solid black line with slope equal to 1. The slope between
the actual data points computed via linear regression (red
line), denotes the overall bias of the amplitudes of F3/C with
respect to GIM. A slope less than (exceeding) 1 indicates
that the amplitudes of F3/C are consistently smaller (larger)
than those in GIM. In the case of the zonal mean TECs, the
slope is determined to be 0.6, indicating that on average, the
F3/C zonal mean TECs are slightly less than 2/3s of those
in GIM. The roughly linear point distribution also yields
useful information, indicating that by and large, the spatial
structure and variation of the two datasets are consistent,
with the relative RMS error being 11%.

We now examine results for the migrating diurnal tide
(24 hour period, zonal wavenumber westward 1, DW1) in
TEC, shown as a function of magnetic latitude and time in
Fig. 3. Similar to the zonal mean results shown previous-
ly, the migrating diurnal tide shows strong dependence on
the seasonal variation in solar zenith angle. The latitudinal
structure also maximizes in the region under the solar zenith
point, although the twin peaks of the EIAs about the mag-
netic equator are resolved in the GIM results, particularly in
the two months surrounding the March equinox. The semi-
annual TEC amplitude variation in DW'1 may also be related
to that in the background ionospheric electron density, as in
the case of the zonal mean values. However, given the large
amplitudes of the migrating diurnal tide in the equatorial E
region, we cannot exclude the possibility that this also re-
flects upwards coupling of the semiannual variation of DW1
in the MLT region, which has been attributed to seasonal
changes in both solar heating and the middle atmospheric
zonal mean zonal winds (McLandress 2002a, b). The phases
(not shown) in both datasets show that the migrating diurnal
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tide maximizes around 14 hours solar local time at all loca-
tions throughout the mid and low latitude area. These results
are again indicative that the migrating diurnal tide in TEC
reflects photoionization, consistent with the observations of
Mukhtarov and Pancheva (2011) in F3/C electron density.
The amplitudes of the migrating diurnal tide are com-
parable though slightly smaller than those of the zonal mean
TEC. F3/C shows maximum amplitudes of 12 TECu, which
is again smaller than the 18 TECu in GIM. The slope com-
puted from the scatterplots of the migrating diurnal tide

shown in Fig. 4 shows a value of 0.7, again reflecting the
constantly smaller F3/C amplitudes. The distribution of the
data points in the scatterplot again exhibit a mostly linear
relation, illustrating the similarity in spatial and seasonal
variation, with an RMS error of 10.6% between the two
datasets.

Figure 5 shows the amplitudes of the migrating semidi-
urnal tide (SW2) in TECs as a function of latitude and time.
Compared to the zonal mean and migrating diurnal tide, the
migrating semidiurnal tide in TECs exhibits a clear bimodal
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Fig. 1. Zonal mean amplitudes computed from GIM (a) and COSMIC (b) TECs as a function of magnetic latitude and time for 2008, contours of 2
TECu; (c) zonal mean amplitude difference between COSMIC and GIM, contours of 1 TECu.
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Fig. 2. Scatterplot of zonal mean TECs from COSMIC plotted with respect to values from identical times and latitudes in GIM. Solid black line
denotes line where slope = 1. Red line indicates slope of best fit with slope = 0.6.
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Fig. 3. Migrating diurnal tide amplitudes computed from GIM (a) and COSMIC (b) TECs as a function of magnetic latitude and time for 2008.
Contours of 10 x 10" TECu.
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Fig. 4. Scatterplot of migrating diurnal tide TECs from COSMIC plotted with respect to values from identical times and latitudes in GIM. Solid
black line denotes line where slope = 1. Red line indicates slope of best fit with slope =0.7.
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structure in latitude, with peaks located roughly at 15° lati-
tude in both hemispheres, consistent with the location of
the EIAs. Mukhtarov and Pancheva (2011) suggested that
a similar bimodal distribution observed in electron densi-
ties near 400 km is indicative of upwards coupling of the
migrating semidiurnal tide in the MLT region via the equa-
torial fountain mechanism. The seasonal variation is again
semiannual in nature with maxima (minima) in the post-
equinox (post-solstice) periods at the same times as those
in the zonal mean and migrating diurnal tide. Unlike the
aforementioned components however, the migrating semi-
diurnal tidal amplitudes in TEC do not show any apparent
dependence on solar zenith angle, and show little seasonal
latitudinal shift in the locations of amplitude maxima. The
phases (not shown) are constant around the equinoxes, but
do show a 4 to 6 hour shift in the mid to high latitudes of the
summer hemisphere. However, given the small amplitudes
of the migrating semidiurnal tide during the solstices, this
phase shift does not appear to be significant.

The scatterplot for the migrating semidiurnal tide
shown in Fig. 6 also reflects consistency in spatial and tem-
poral variation between the two datasets, as well as the per-
sistent underestimation of tidal amplitudes by F3/C relative
to GIM. The slope is 0.7, and the RMS error is 28.9%. This
is again similar to the results for the zonal mean and migrat-
ing diurnal tides, though the higher relative error reflects the
generally lower amplitudes compared to the zonal mean and
migrating diurnal components. The maximum amplitude
of the migrating semidiurnal tide is 3 TECu in F3/C, and
5 TECu in GIM, which corresponds to roughly 20 - 25%
of the amplitudes of the zonal mean and migrating diurnal
tides in TEC.

Figure 7 shows the amplitudes of the DE3 non-mi-
grating diurnal tide as a function of latitude and time. The
seasonal variation of DE3 is similar in both datasets, and
correlates well with the known behavior of DE3 in the ion-
osphere (Wu et al. 2009; Mukhtarov and Pancheva 2011)
and thermospheric neutral zonal winds (H&usler and Liihr
2009), exhibiting two distinct peaks throughout the course
of the year in March/April and September/October, with
smaller sporadic enhancements at other times. The seasonal
variation of DE3 in TECs is likely due to the variation of
DE3 in the MLT region, which exhibits a primary peak in
September/October, a secondary peak in March/April, and
a smaller peak in January (Wu et al. 2009; Pancheva et al.
2010; Mukhtarov and Pancheva 2011). This has also been at-
tributed in part, to the aforementioned semiannual variation
in background ionospheric electron densities, which may
feedback into any tidal modulation of vertical plasma drift
(Mukhtarov and Pancheva 2011). This possibility is further
elucidated in Fig. 8, which shows the daily latitude variation
of DE3 amplitudes normalized by the maximum equatorial
zonal mean TEC amplitude for each day. The normalized
DE3 amplitudes still maximize in September/October, but

the March/April peak is significantly reduced, owing to the
larger zonal mean TEC amplitudes during this time.

The DE3 amplitudes are concentrated in two bands
near EIA latitudes, consistent with its role in generating
the well-known wave 4 pattern resolved in the EIAs when
viewed in a constant local time reference frame (Immel et
al. 2006). However, the DE3 enhancements in F3/C extend
more broadly in latitude compared to GIM. Unlike the mi-
grating tides and zonal mean, the amplitudes of DE3 are
generally smaller in GIM compared to F3/C, although the
GIM September/October peak is slightly larger than F3/C in
the southern EIA region. DE3 attains maximum amplitudes
of 1.4 TECu in F3/C and 1.2 TECu in GIM. From the scat-
terplot in Fig. 9, the slope is found to be 1.2, indicating that
the DE3 amplitudes in F3/C are roughly 20% larger than
those in GIM. The RMS is 58.3%, reflecting a somewhat
larger degree of spatial difference between the two datasets,
as well as the smaller amplitudes. These discrepancies may
be related to the shorter wavelength (larger zonal wave-
number) of DE3 compared to the aforementioned migrating
tides. We expect that the denser sampling offered by F3/C
will result in better resolution of DE3. In contrast, GIM
must rely on assimilation of a sparser network of irregu-
larly spaced GPS receivers, resulting in a smoothing effect,
which will be more pronounced for higher zonal wavenum-
ber components.

We also note that Jee et al. (2010) found in their com-
parisons between GIM and TOPEX/Jason TECs that the
longitudinal wave-4 structure, of which DE3 is a major
contributor, was not resolved in constant local time plots
of GIM. The results shown here indicate that DE3 is indeed
present in our revision of GIM, albeit at amplitudes smaller
than those observed by F3/C. This may be the result of dif-
ferent GIM revisions, and also reflects the signal isolation
capabilities of the least-squares fitting algorithm used in our
study compared to constant local time analysis.

4. DISCUSSION AND CONCLUSION

We have presented the results of a statistical compari-
son between the zonal mean, migrating diurnal, migrating
semidiurnal, and DE3 non-migrating tides in TECs from
the F3/C and GIM datasets in 2008. Together, these three
components comprise a considerable portion of ionospheric
variability (Lin et al. 2012), as well as the well-known wave
4 EIA structure (Immel et al. 2006). Our results show that
both F3/C and GIM show spatial structure and seasonal
variation for the aforementioned components that are con-
sistent with each other, as evidenced by their relatively lin-
ear distribution when plotted with respect to one another,
and are also in agreement with previous studies.

The zonal mean and migrating diurnal tides in TEC
show a clear dependence on the solar zenith angle, undergo-
ing a semiannual variation consistent with generation via
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Fig. 6. Scatterplot of migrating semidiurnal tide TECs from COSMIC plotted with respect to values from identical times and latitudes in GIM. Solid
black line denotes line where slope = 1. Red line indicates slope of best fit with slope =0.7.
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photoionization. It is also interesting to note that the January
amplitude minima in both of these components corresponds
to the time period around SSW events, indicating that future
work will have to be performed to understand the extent to
which seasonal variation influences ionospheric variability
during this time (Lin et al. 2012).

The migrating semidiurnal tide is only about 20 - 25%
of the amplitudes of the two aforementioned components,
and shows strong bimodal structure in latitude previously
attributed by Mukhtarov and Pancheva (2011) to generation
through modulation of the equatorial fountain mechanism
by the migrating semidiurnal tide in the E-region.

Despite the similarities in spatial and temporal varia-
tion, the zonal mean and migrating tidal amplitudes com-
puted from the two datasets show prominent differences in
amplitude, with amplitudes from F3/C consistently smaller
than those from GIM by roughly a factor of 1/3. Potential
explanations for this systematic discrepancy may include
differences in the inversion processes utilized for F3/C, post
processing criteria utilized in the F3/C tidal fitting process,
as well as smoothing from the assimilation process utilized
in the construction of the GIMs attributing greater activity to
waves and tides of longer zonal wavelengths (smaller zonal
wavenumbers). Another factor is that F3/C TECs extend
only to the 800 km orbital altitude, with observations from
Pedatella et al. (2011) showing roughly 10 TECu between
800 - 20200 km at low latitudes. However, we note that the
F3/C observations still cover much of the ionosphere includ-
ing and above the F region peak, thus encompassing much
of the electron content contributing to the structure of the ex-
amined tidal components (Mukhtarov and Pancheva 2011).

The results for DE3 show that the amplitudes of that
component are generally smaller in GIM compared to F3/C,
and are much narrower in latitude when resolved in the
former compared to the latter. This may be related to the
shorter zonal wavelength (higher zonal wavenumber) of
DE3 compared to the aforementioned migrating tides and
zonal mean component. Because of this, it is expected that
the sparser network of GPS receivers used to construct the
GIM will be less effective at resolving DE3, compared to
the denser sampling offered by F3/C.
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