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[1] We use two-dimensional spectral analysis method to
extract diurnal eastward zonal wavenumber 3 (E3) and
westward zonal wavenumber 2 (W2) nonmigrating tide in
the mesospheric winds from TIMED TIDI instrument and
ionosphere density from the COSMIC six satellite cluster
GPS data to study seasonal and inter-annual variations. In
the case of the diurnal E3 component our results show that
the ionospheric electron density feature has the same inter-
annual variation trend as the symmetric mode of the
mesospheric wind E3 component. The mesospheric wind
E3 antisymmetric mode has the opposite inter-annual trend
and less influence on the ionosphere. The diurnal W2
component show less clear correlation between the
mesosphere and the ionosphere. Quasi-Biennial Oscillation
(QBO) influences on both the mesosphere and ionosphere are
implied. Citation: Wu, Q., S. C. Solomon, Y.-H. Kuo, T. L.

Killeen, and J. Xu (2009), Spectral analysis of ionospheric electron

density and mesospheric neutral wind diurnal nonmigrating tides

observed by COSMIC and TIMED satellites, Geophys. Res. Lett.,

36, L14102, doi:10.1029/2009GL038933.

1. Introduction

[2] The regularly spaced longitudinal structures (4-peak
feature at one local time) highlighted by Immel et al. [2006]
from the IMAGE EUV instrument data have renewed the
interest on the mesosphere-ionosphere coupling. Immel et
al. [2006] suggested that these features may be a result of
nonmigrating eastward zonal wavenumber 3 diurnal tide
(E3) in the mesosphere and lower thermosphere (MLT).
Immel et al. [2006] overplotted the MLT temperature E3
nonmigrating diurnal tide (NMDT) on top of the IMAGE
data and showed consistent corresponding variations
between the temperature and EUV intensity. Since then,
many other investigations of the same phenomenon have
been carried using GUVI, COSMIC and other satellite
instruments [Lin et al., 2007; Kil et al., 2007]. It is
reasonable to suggest that these longitudinal variations
originate in the MLT, given that the MLT migrating diurnal
tide is responsible for the ionosphere equatorial anomaly.
Moreover, the longitudinal variations observed by Immel et
al. [2006] are mostly intensity variations of the equatorial

anomaly. Since the link between the MLT migrating diurnal
tide and equatorial anomaly is believed to be the dynamo
effect, the same may be true for the NMDTs and the effect
on the ionosphere.
[3] Many past studies used the similar method of

displaying data of all longitudes at the same local time
[Lin et al., 2007]. This method basically limits the discussion
on a qualitative level. No information about the temporal
variations and propagating direction is obtained from this
method. For future model simulations and comparisons
with data, however, a more quantitative analysis of these
longitudinal variations is needed.
[4] Wu et al. [1995] has used a two dimensional (UT and

longitude) spectral least squares fitting method to extract
nonmigrating tides and planetary waves at different altitudes
and latitudes. The same method has been used to extract the
nonmigrating tides from TIMED TIDI mesospheric neutral
wind data [Wu et al., 2008a, 2008b]. Wu et al. [2008b]
showed seasonal and inter-annual variations of various
NMDTs in the MLT neutral winds. If we believe that the
longitudinal variations in the ionosphere electron density
are caused the MLT NMDTs, then a correlation study is
called for. To have a more meaningful correlation study, two
conditions are necessary: (1) the same method is used to
analyze data from the MLT region and from the ionosphere
and (2) data sets are from the same time period.
[5] Simultaneous satellite observations in the MLT and

ionosphere allow us to perform the same spectral least
square fitting analysis. The TIDI observation of MLT
neutral winds started in 2002 [Killeen et al., 1999; Wu et
al., 2006]. The COSMIC GPS occultation observation of
the ionosphere density profiles [Rocken et al., 2000] began
in 2006. In this paper, we analyze the NMDTs in both the
MLT and ionosphere based on TIDI and COSMIC data to
examine the correlation between the two regions. We focus
on the NMDT eastward propagating zonal wavenumber 3
(E3) and westward propagating zonal wavenumber 2 (W2)
in the ionosphere and the MLT region. The paper is
organized as follows. In the following section, we briefly
describe the data analysis method and show analysis results
from the COSMIC and TIDI data. Then we discuss results
in subsequent section and summarize our findings in the
final section.

2. Data Analysis

[6] The TIDI and COSMIC data are local time limited
during a day, even though they cover 15 different longitudes
during 15 orbits in a day. Both the TIMED and COSMIC
satellite precess slowly in local time. The TIMED satellite
takes 60-days to precess 12 hours in local time. Combining
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the ascending and descending nodes, we should have 24-hour
local time coverage in 60-days. For the COSMIC cluster, it
takes about 50 days to have 24 hour local time coverage.
Hence, 50-day time interval is necessary at the beginning of
the mission when the six satellites were not separated in local
time. In order to be consistent for inter-annual variation
analysis, we used a 50-day time interval for COSMIC data
through out.
[7] We use Wu et al.’s [1995] method to extract NMDTs

from the TIDI and COSMIC electron density data. The
major difference is that the COSMIC data are binned in the
geomagnetic coordinates. It is necessary to bin the data
ionosphere data in geomagnetic coordinates, because the
equatorial anomaly is nearly aligned with the geomagnetic
latitude. Immel et al. [2006] showed 4-peak structures are
mainly intensity changes in the equatorial anomaly.

2.1. COSMIC Ionospheric Electron Density at 300 km

[8] The COSMIC GPS receivers measure the phase delay
of two frequencies [Rocken et al., 2000]. Based on the
difference in phase delay of the two frequency signals, we
can estimate the total electron content along the line of
the sight. Then an inversion is performed to calculate
the electron density profile [Sokolovskiy, 2000]. The six
satellites traveled in nearly the same orbit right after
the launch. Gradually, the satellites were maneuvered to
different orbital planes to have different local times. Each
day, the COSMIC satellite provides about 1800 electron
density profiles.
[9] The COSMIC data are binned in geomagnetic latitude

(5 degree) and altitude (1 km) grid. We used a 50-day
sliding window to ensure that we have 24-hour local time
coverage through out the time period of data set (2006–
2007). From the two dimensional spectral analysis, we
obtained the NMDT components. We selected the altitude
of 300 km for analysis because based on our zonally
averaged electron density results (not shown here), the
equatorial anomaly peaks at 300 km.

2.2. TIDI Mesospheric and Lower Thermospheric
Neutral Winds at 95 km

[10] TIDI measures the MLT neutral winds from 80 to
110 km [Killeen et al., 1999; Wu et al., 2006]. The
instrument samples neutral wind on two sides of the satellite
track.Wu et al. [2008a, 2008b] examined both the migrating
and NMDTs based on the TIDI neutral wind observations
using a two dimensional spectral analysis method by Wu et
al. [1995]. We will use the same method in this paper. Here
we investigate the two strongest NMDTs: the E3 and
W2 components. We bin the neutral wind data in a vertical
(2.5 km) and latitudinal grid (6 degree). A 60-day sliding
window is used as was done by Wu et al. [2008a, 2008b].

2.3. Diurnal E3 Nonmigrating Tide

[11] For an easy comparison, we plot the TIDI neutral
wind E3 NMDT results at 95 km along with that of the
COSMIC ion density at 300 km in the same plot (Figure 1).
The mesospheric 95 km (left) meridional winds and
(middle) zonal winds and (right) ionosphere electron
density at 300 km. Figure 1a shows the results for 2006,
and Figure 1b shows the results for 2007. The day of year
coordinate on the right marks the center of the sliding
window used in the data analysis (60 days for the TIDI

data and 50 for the COSMIC). The seasonal variations of
meridional and zonal winds are about the same as those
shown by Wu et al. [2008b]. Similar seasonal variations can
be seen in 2007 though the intensity for the E3 is smaller in
zonal winds and stronger in meridional winds than in 2006.
[12] Based on Oberheide and Forbes [2008] the E3

meridional component near the equator is mostly the
antisymmetric mode whereas the zonal wind component
at the equator reflects mostly the symmetric mode. Here we
see opposite inter-annual variations of the symmetric and
antisymmetric mode. The 2006 E3 meridional component
(antisymmetric) near day 340 is stronger than that during
2007. The opposite is true for the E3 zonal component
(symmetric mode) near day 250. The COSMIC data shows
the electron density E3 signal strong in 2006 near day
300 than in 2007 more in line with the symmetry E3 mode
in the MLT winds.

2.4. Diurnal W2 Nonmigrating Tide

[13] We use the same format of plot to show the W2
component in Figure 2. This is another strong NMDT in the
meridional winds [Wu et al., 2008b]. The MLT results
are nearly the are same as shown by Wu et al. [2008b]
(Figure 2). We also see strong signal in the ionosphere
electron density at 300 km. The W2 meridional component
latitudinal distribution is similar to that of the migrating
diurnal tide [Wu et al., 2008a]. The electron density W2
signal is stronger in 2006 than in 2007 in general.

3. Discussion

[14] It is rare to have satellite global coverage of both the
MLT region and ionosphere simultaneously. By using the
COSMIC and TIDI measurement, we are able to examine
the correlation of the two regions. The multiyear data
set allows us to examine both inter-annual and seasonal
variations of these two NMDT components.

3.1. Interannual Variation

[15] It is clear that the inter-annual variation of the
NMDT E3 zonal component showed stronger amplitudes
in 2006 than in 2007 in both the MLT and ionosphere in
general. The MLT meridional wind E3 component near day
340 showed the opposite inter-annual variation. We attribute
the meridional E3 signal to the antisymmetric mode of the
E3 component described by Oberheide and Forbes [2008].
[16] The QBO effect on the migrating diurnal tide in

MLT region is well documented in the past [Burrage et al.,
1995; Hagan et al., 1999]. The QBO effects on the NMDT
are reported in detailed based on TIDI measurements [e.g.,
Wu et al., 2008b]. While TIDI observes only the QBO in the
MLT region, it is well known that the mesospheric QBO is
linked to the stratosphere QBO [Baldwin et al., 2000]. We
are not aware any reports of such effects in the ionosphere,
probably because the NMDT effect in the ionosphere has
only become known in recent years. Based on COSMIC
observations, we clearly see similar QBO effect being
manifested into the ionospheric electron density in terms
of NMDT E3 in the zonal component (symmetric mode).
The implication is that stratospheric inter-annual variation
(e.g., QBO) can impact the ionosphere on an inter-annual
time scale. These results strongly suggest that in order to
fully understand the ionosphere behaviors, we need to go
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even deeper into the stratosphere. More comprehensive
observations of various regions of the atmosphere are
needed.

[17] It appears that the inter-annual variation of the
electron density E3 NMDT is more consistent with that
of the MLT E3 zonal wind component (symmetric mode).
Even thought the mode is called the symmetric, the

Figure 1. The nonmigrating diurnal eastward propagating zonal wavenumber E3 components in MLT (95 km) (left)
meridional and (middle) zonal winds and (right) ionospheric electron density at 300 km for (a) 2006 and (b) 2007. The
contour step size is 3 m/s for the winds and 4. � 104 cm�3 for the electron density, respectively. The day of year coordinate
marks the center for the 60-day (TIDI) and 50-day (COSMIC electron density) sliding window. The COSMIC data started
in April 2006.
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meridional winds in the two hemispheres are actually out of
phase as the migrating diurnal tide in the meridional winds
[Oberheide and Forbes, 2008]. It means that while the
meridional wind in the northern hemisphere is pointing
northward, its counterpart in the southern hemisphere is
pointing southward. In which case, the dynamos produced

in the northern and southern hemisphere are actually in
phase. It should be noted that Weixing Wan also noticed
similar correlation in his analysis of ionosphere and meso-
spheric neutral wind data (W. Wan, personal communica-
tion, 2008). The symmetric mode produces dynamo effects
in the ionosphere from two hemispheres, which are in

Figure 2. The same as Figure 1 for the nonmigrating diurnal westward propagating zonal wavenumber 2 (W2)
component.
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phase, whereas those from the antisymmetric mode are out
of phase. Hence the symmetric mode produces much
stronger effects in the ionosphere. The northern and south-
ern hemisphere dynamo effects from the antisymmetric
mode cancel each other out. Wan reached a similar conclu-
sion based on his data analysis (W. Wan, personal commu-
nication, 2008).
[18] The inter-annual variation of the MLT W2 NMDT is

much more complicated. For the meridional wind, we see
opposite inter-annual variation between the southern and
northern hemisphere. In the southern hemisphere, the
meridional W2 signal is stronger in 2006 than that in
2007. That is contrary to the inter-annual variation in the
northern hemisphere where the signal is stronger in 2007.
The MLT zonal wind W2 signal in 2006 is in general
weaker than that in 2007.
[19] The interannual variation of the W2 signal in the

ionosphere electron shows larger amplitude in 2006
(between day 280 and 365) than in 2007. Hence it will be
difficult to say how the W2 signal in the MLT relates to that
in the ionosphere at this point. A more detailed analysis of
the W2 modes in the MLTwind is needed. It is possible that
the ionospheric response is mostly associated with the
largest W2 amplitude in either hemisphere. The largest
W2 meridional amplitude is in the southern hemisphere in
2006. In which case, we should expect larger ionosphere
response in 2006. The W2 meridional winds are mostly out
of phase between the two hemispheres [Oberheide et al.,
2006] just like the migrating diurnal tide.

3.2. Seasonal Variation

[20] Both the diurnal E3 and W2 components have very
clear seasonal variations at 95 km. The electron density at
300 km also shows similar seasonal variations from year
2006 to 2007. There are signs of correlation between the
MLT region neutral winds and F region electron density. For
the E3 component, the enhancements in the ionosphere
around day 300 (20N) may well be related to the enhance-
ment centered at day 270 in MLT zonal winds.
[21] Similarly, the enhanced amplitude of the W2

component in the electron density (two peaks in the
southern hemisphere and one in the northern hemisphere)
near after day 300 may be related to those enhancements in
MLT meridional winds centered at day 300 (Figure 2). We
may be able to make similar case for the ionospheric peak at
20N near day 300.
[22] It is hard to pin down the one-to-one correlation

between the NMDT signals in the MLT region and those in
the ionosphere. Given that ionosphere is also strongly affect
by geomagnetic activity, we were somewhat surprised that
we can see well defined seasonal variations of the E3 and
W2 components. Part of these seasonal variations may be
the manifestation of the seasonality of the MLT region
NMDTs. More detailed model simulations are needed to
further explore the link between the MLT region and the
ionosphere.

4. Summary

[23] We examined two NMDT components (E3 and W2)
in both the MLT region (95 km) and in the ionosphere
(300 km). For the E3 components, we observed that the

ionosphere signal has the same inter-annual trend as the
symmetric mode of the MLT E3 component. In the MLT
region the E3 antisymmetric mode had the opposite inter-
annual trend as the symmetric mode. The W2 component
showed more complex inter-annual variations in different
hemispheres and wind components. The inter-annual trend
in the ionosphere appears to follow the largest amplitude in
the two hemispheres. The inter-annual variations in both the
MLT and ionosphere may be related to the QBO, which
implies a vertical coupling reaching into the stratosphere.
Both the MLT and ionosphere NMDTs have apparent
seasonal variations. The correlation between the two regions
is difficult to pin point on seasonal scale. Our data sets are
limited to 2 years; we see the need to expand the coverage
to more years for more comprehensive study of the QBO
effect on the ionosphere.
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