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Abstract A westward 6 day oscillation with zonal wave number 1 is identified in the global maps of the
ionospheric total electron content (TEC) during May 2003. This signature coincides with the wave activities
in the mesosphere and lower thermosphere (MLT) region with a similar zonal structure and period, deduced
from the temperature and wind observations from the Thermosphere Ionosphere and Mesosphere Electric
Dynamics (TIMED) satellite. The vertical wavelength of this 6 day wave is estimated to be ~65 km, which enables
it to propagate up into the lower thermosphere and therefore modulate the ionosphere through E region
wind dynamo. The zonal wind perturbations of the 6 day wave maximize in the equatorial region with an
amplitude of ~30m/s and the meridional wind perturbations peak at middle latitudes with an amplitude
of 15–20m/s. The 6 day oscillation in TEC peaks at the geomagnetic equatorial ionization anomaly (EIA)
crests in both hemispheres with a deep minimum at the equator. The absolute TEC perturbations maximize
at ~1400–1800 LT with an amplitude of ~9 (~7) total electron content unit (TECU; 1 TECU = 1016m�2)
in the southern (northern) hemisphere, which account for ~16% (~10%) of the background TEC. Larger
relative TEC perturbations of ~20% are found at 0200–0400 LT. The similar wave number-period spectra
and the consistent temporal variations of the 6 day periodical signatures in both neutral atmosphere
and ionosphere suggest a strong neutral-ion coupling through planetary wave.

1. Introduction

The 6 day planetary wave is a normal oscillation in the mesosphere and lower thermosphere (MLT)
region, which has been studied with both observations and model simulations [Wu et al., 1994; Miyoshi
and Hirooka, 1999; Talaat et al., 2001; Lieberman et al., 2003; Kishore et al., 2004; Liu et al., 2004; Riggin et al.,
2006; Jiang et al., 2008; Pancheva et al., 2008]. Wu et al. [1994] reported a westward propagating 6 day
wave with zonal wave number 1 in the horizontal wind data set from the High Resolution Doppler
Imager (HRDI) on board the Upper Atmosphere Research Satellite (UARS). This 6 day wave was suggested
to be the (1, 1) Rossby normal mode [Salby, 1981], which has a theoretical period of ~4–6 days [Wu et al.,
1994; Talaat et al., 2001]. The Medium Frequency (MF) radar wind observations at Tirunelveli (8.7°N,77.8°E)
showed that the perturbations of the 6 day wave exhibit larger amplitudes at around equinox with minimum
amplitudes at solstice [Kishore et al., 2004], which agreed well with the model simulations [Miyoshi
and Hirooka, 1999; Liu et al., 2004]. Lieberman et al. [2003] and Liu et al. [2004] found that the seasonal
amplification of the 6 day wave is strongly correlated with the mean flow baroclinic/barotropic instabilities
and the planetary waveguide. The zonal component perturbations of the 6 day wave maximize in the
equatorial region, whereas the meridional component maximizes at middle and low latitudes and is out of
phase between hemispheres [Wu et al., 1994; Talaat et al., 2001; Liu et al., 2004; Pedatella et al., 2012a].
Moreover, the vertical wavelengths of the 6 day wave are estimated to be as large as 60–80 km, which is
capable of propagating from lower to upper atmosphere [Wu et al., 1994; Forbes, 2000; Talaat et al., 2001].

The large-scale waves in the MLT region play an important role in the neutral-ionosphere coupling
through E region electrodynamics [Forbes, 2000; Ren et al., 2008; Wan et al., 2010; Liu et al., 2012; Pancheva
et al., 2012; Liu and Richmond, 2013]. For example, the wave number-4 structures (WN4) in the ionosphere
are believed to be related to the eastward diurnal tide with zonal wave number 3 (DE3) through E region
wind dynamo [England et al., 2006; Wan et al., 2008]. And the WN4 maximizes in the equatorial ionosphere
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anomaly (EIA) crest regions, which agrees well with the equatorial plasma fountain effect [Immel et al.,
2006; Lin et al., 2007]. In addition, the ultra fast Kelvin wave (UFKW), which is capable of propagating directly
from the lower atmosphere to the lower thermosphere due to its long vertical wavelength [Forbes, 2000;
Chang et al., 2010; Gu et al., 2014], has also been found to induce similar wave signals in the ionosphere
through electro dynamo processes [Forbes, 2000; Liu et al., 2012]. The global distributions of the UFKW signals
in TEC also agree well with the equatorial fountain effect [Chang et al., 2010; Liu et al., 2012; Gu et al., 2014].

Tsunoda et al. [1998] found that the magnetic-aspect-sensitive radar echoes from midlatitude sporadic E
exhibited a sinusoidal signature with period of 5 days, which was attributed to the modulation of the neutral
wind perturbations of the dynamo electric field. A 6–8 day oscillation was also observed simultaneously
in the minimum ionospheric virtual height and the MLT zonal wind in the equatorial regions [Takahashi et al.,
2006]. It was suggested that the wind perturbations could modulate the E region conductivities and the post-
sunset upward E × B drift in the F region. Pancheva et al. [2008] proposed that the 6 day oscillation in
the ionospheric electric currents observed in 2004 was caused by the 6 day activity in the MLT region. The
6 day wave has also been demonstrated to cause day-to-day variability in the wave number-3 eastward
diurnal tide and thus introduces day-to-day changes in the daytime wave number-4 structures in the low-
latitude ionosphere [Pedatella et al., 2012a].

During May 2003, a strong 6 day wave was identified in the neutral wind and temperature observations in
the MLT region [Riggin et al., 2006; Jiang et al., 2008]. In this paper, we show that clear 6 day oscillations
are also detected in the TEC data set during the same period, which provides strong evidence for the
neutral-ion coupling through the 6 day wave. The data set and analysis method are presented in section 2,
followed by the analysis results in section 3. Our discussion and summary are shown in section 4.

2. Data Set and Methodology
2.1. TIMED Data Set

The TIMED Doppler Imager (TIDI) and the Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instruments onboard the Thermosphere Ionosphere and Mesosphere Electric Dynamics
(TIMED) satellite have been providing mesospheric horizontal wind and temperature observations since late
January 2002, respectively. The NCAR-processed TIDI data set provides horizontal wind between 85 and
105 km with a vertical grid of 2.5 km [Killeen et al., 2006]. SABER is a limb viewing infrared radiometer that
couldmeasure the temperature from~20 to ~150km. The version 0307ATIDI horizontal wind and Level2A version
1.07 SABER temperature data sets during April–June 2003 are utilized to study the strong 6day wave in the
MLT region.

The least square fitting method is adopted in the following form within a 15 day temporal window in steps
of 1 day:

y ¼ A cos 2π
td þ tu

T
þ s � λ

� �� �
þ B sin 2π

td þ tu
T

þ s � λ
� �� �

þ C (1)

Where T is the period in days, s is the zonal wave number, td is the day of the year, tu is the universal time
in days, λ is the longitude (in radians) normalized by 2π, A (B) is the coefficient of the cosine (sine) term,
and C represents the background value. The amplitude R(T, s) is expressed as:

R2 T ; sð Þ ¼ A2 T ; sð Þ þ B2 T ; sð Þ (2)

To extract the 6 day wave, the analysis is performed within 10° latitude windows in steps of 5°.

2.2. TEC Maps

Based upon measurements made by the widely distributed network of ground-based GPS receivers, the
International GNSS (Global Navigation Satellite System) Service (IGS) routinely provides a global TEC
map at 2.5° × 5° latitude-longitude grids and 2 h UT intervals [Mannucci et al., 1998]. The TEC maps have been
utilized in the study of the neutral-ionosphere coupling through tidal variations and planetary wave. For
example, Wan et al. [2010] studied the ionosphere WN4 structures in TEC, which was proposed to be driven
by the DE3. Liu et al. [2012] and Gu et al. [2014] studied the modulations of the UFKW in the MLT region on the
ionospheric TEC. Generally, the modulation mechanisms are attributed to the E region electrodynamics.
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The Earth’s ionosphere varies dramatically during
day and night due to the changes of solar
radiation in the soft X-ray and extreme ultraviolet
(EUV), which makes the extraction of planetary
wave signals more complicated. Thus, the TEC
observations at different local times are analyzed
separately. The universal time tu in equation (1)
can be substituted by local time tL (unit: day)

using: tu ¼ tL � λ �360
15�24 ¼ tL � λ. Then the

equation (1) can be written as:

y ¼ A cos 2π
td þ tL � λ

T
þ s � λ

� �� �

þ B sin 2π
td þ tL � λ

T
þ s � λ

� �� �
þ C (3)

The amplitude R(T, s, L) is expressed as:

R2 T ; s; Lð Þ ¼ A2 T ; s; Lð Þ þ B2 T ; s; Lð Þ (4)

In our analysis, the IGS TEC maps are first
interpolated into 5° geomagnetic latitude grids
before the least square fitting.

3. Results

The wave number-period spectra in the MLT
neutral winds and temperature during days
123–137 of 2003 are shown in Figure 1. A
westward 6 day wave with wave number 1
dominates the wave perturbations during this
period for both wind and temperature
observations. This 6 day wave has also been
reported by Riggin et al. [2006] with SABER
temperature observations and by Jiang et al.
[2008] with horizontal wind observations from six
ground-based radars. The wave signals in our
analysis agree well with these previous reports.

The global structures of the 6day wave in zonal and meridional winds are shown in Figures 2a and 2b,
respectively. The data set during the same period as in Figure 1 is utilized in the analysis. The zonal wind
perturbations peak in the equatorial regions at ~10°N and between 95 and 100 km with a maximum amplitude
of ~35m/s. The zonal wind amplitudes reach ~20–30m/s between 100 and 105 km. Different from the
zonal wind perturbations, the meridional wind amplitudes of the 6day wave reach maximum amplitudes at
middle latitudes between 95 and 100 km. The maximum meridional amplitude is ~15m/s at 35°S and 15°S
and is ~21m/s at 40°N, which is probably due to the amplification by baroclinic/barotropic instability in the
northern (summer) hemisphere [Liu et al., 2004]. The meridional wind perturbations can reach ~6–10m/s and
~10–20m/s between 100 and 105km in the southern and northern hemispheres, respectively.

Figure 2c shows global structures of the 6 day wave amplitude in neutral temperature, which maximizes at
middle and high latitudes with minima at the equator. In the southern hemisphere, the wave amplitude
reaches ~8 K at ~110 km with a second peak of ~6 K at ~90 km. In the northern hemisphere, the amplitude in
temperature is much larger, again an evidence of wave amplification due to the instability in the summer
mesosphere. The wave perturbations reach a maximum amplitude of ~15 K at 50°N and ~105 km and
decrease to ~4 K at 70 km. Figure 2d shows the vertical phase profile of the 6 day wave in the equatorial
region, which is obtained with TIDI zonal wind observations. The vertical wavelength is estimated to be

Figure 1. The wave number-period spectra for TIMEDDoppler
Imager (TIDI) (a) zonal, (b) meridional winds at 100 km, and
(c) SABER temperature observations at 106 km during day
123–137. The zonal (meridional) wind data set at 5°N (35°N)
and the temperature data set at 40°N are analyzed. The con-
tour intervals are 5m/s starting from 10m/s for wind spectrum
and are 3 K starting from 3 K for temperature spectrum.
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~65 km. This long vertical wavelength and thus weak dissipating rate enable the 6 day wave to propagate
up into the lower thermosphere. In general, the 6 day wave in our analysis is comparable with previously
reported results from both observations and model simulations [Wu et al., 1994; Liu et al., 2004; Riggin et al.,
2006; Jiang et al., 2008; Pancheva et al., 2010].

The 6 day wave perturbations in both zonal and meridional winds above 100 km (Figures 2a and 2b) can
modulate the ionosphere through E region wind dynamo. Figure 3 shows the two-dimensional least
square fitted spectrum for the TEC data set at 15°S geomagnetic latitude during the same period as in

Figure 1. As mentioned earlier, only the TEC
observations at fixed local times (e.g., 1600 LT)
are utilized in the analysis. The TEC spectrum is
dominated by a westward 6 day oscillation
with zonal wave number 1, which is consistent
with the planetary wave signal in neutral winds
and temperature observations in both their
zonal structure and period (Figure 1). The similar
planetary wave signatures between the neutral
atmospheric parameters and the ionospheric
parameter suggest a possible neutral-ion
coupling through the 6 day wave.

Figure 4a shows the latitudinal variations of
the amplitude of the 6 day oscillation in TEC
at different local times. The absolute amplitudes
(shown in Figure 4a) are the strongest during
~1400–1800 LT in the EIA crest regions, which

Figure 2. The global structures of the 6 day wave shown by the wave spectra in Figure 1. The zonal, meridional, and tem-
perature structures are shown in Figures 2a–2c, respectively. Shown in Figure 2d is the vertical phase profile of the 6 day
wave obtained with TIDI zonal wind at 10°N.

Figure 3. Thewave number-period spectrum of the total electron
content (TEC) observations at 1600 LT and 15°S geomagnetic
latitude during day 123–137.
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agree well with the ionospheric
fountain effect. The maximum
amplitude is ~9 TECU at ~15°S
geomagnetic latitude in the southern
hemisphere and ~7 TECU at ~15°N
geomagnetic latitude in the northern
hemisphere. Extremely weak
amplitudes of only 2–3 TECU are
observed at the geomagnetic
equator during ~1400–1800 LT. At
the geomagnetic equator, maximum
perturbations of 3–4 TECU are found
during ~2200–0600 LT, when the EIA is
not well established. The absolute
amplitudes of the 6 day oscillation in
TEC at the geomagnetic equator reach
minima at 0600–0800 LT with a value
of less than 2 TECU. The relative
amplitudes of the 6 day oscillation to
the background TEC are shown in
Figure 4b. During daytime, the relative
amplitudes also maximize at the EIA
crests with a valley at the equator. The
ratios peak at 1400–1600 LT with
amplitude of ~16% at ~20°S in the
southern hemisphere, which is due
to the strong absolute amplitude at
the same time. In the northern
hemisphere, the relative perturbations

are ~8–12% at ~20°N during 1400–1600 LT. A maximum ratio of ~20% is identified during 0200–0400 LT
at the geomagnetic equator, which is due to the lower background electron density.

The temporal variations of the 6 day wave in the MLT region and the 6 day oscillation in TEC are then
compared to further illustrate their correlation. Figure 5a shows the averaged 6 day wave amplitude
in TIDI zonal wind between 95 and 105 km during day 110–160. The strongest amplitude of ~25–30m/s
is observed between day 125 and 140 in the equatorial regions. Figures 5b and 5c show the absolute and
relative TEC perturbations from day 110 to 160, respectively. It is clear that the temporal variations of the
6 day oscillation in TEC agree well with the 6 day wave activities in the MLT region. The absolute 6 day
oscillation in TEC also peaks during day 125–140 with an amplitude of ~9 TECU and ~8 TECU in the southern
and northern hemispheres, which accounts for ~16% and ~12% of the background TEC, respectively.
Furthermore, both the absolute and relative 6 day oscillations in TEC minimize at the geomagnetic equator.

Figure 6a shows the scaled wavelet spectrum of the 3 h Kp index during days 110–160 of 2003. Strong
signals with period between 5 and 9 days are identified during days 110–135. The question is whether
the 6 day signal in TEC is caused by the 6 day planetary wave in the MLT region or by geomagnetic
activities? We should note that the Kp index peak at period of 7 days (Figure 6a), while the spectra of the
TEC, SABER temperature, and TIDI winds peak at 6 days (Figures 1 and 3). In addition, the temporal
variations of the 7 day signal in Kp index maximizes at around day 123 (Figure 6a), which is ~10 days earlier
than the peak of the 6 day wave signals in TEC, SABER temperature, and TIDI winds (Figure 5). Most
importantly, the ionospheric responses to geomagnetic activities are zonally symmetric (wave number = 0)
oscillations [Chang et al., 2009], while the 6 day wave signals in TEC, SABER temperature, and TIDI winds
show clear wave number 1 zonal structures. To further elucidate this point, we investigated the SABER
temperature spectrum for s = 0 (shown in Figure 6b) following Chang et al. [2009]. The s = 0 temperature
spectrum shows a clear 7 day signal, whose peak time coincides with and thus most probably results
from the 7 day periodicity in Kp index. Thus, the periodic 6 day signal in TEC most probably represents the

Figure 4. The latitudinal and local time variations of the (a) absolute and
(b) relative amplitude of the 6 day oscillation in TEC during day 123–137.
The contour intervals are 1 total electron content unit (TECU) and 2% for
Figures 4a and 4b, respectively.
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neutral-ion couplings through 6 day
planetary wave in the MLT region,
rather than the ionospheric responses
to geomagnetic activities.

4. Discussion and Summary

We note that the global structures of
the 6 day wave in neutral winds are
similar to that of the wave number
3 eastward diurnal tide (DE3) and ultra-
fast-Kelvin wave (UFKW) in that the
zonal wind perturbations maximize in
the equatorial region. As shown in
numerous previous studies, the four-
peak structure in the ionosphere results
from the ionosphere and atmosphere
couplings through DE3 [Immel et al.,
2006; Hagan et al., 2007; Oberheide et al.,
2011; Pancheva et al., 2012; Pedatella
et al., 2012b]. The UFKW-related
signatures have also been clearly
identified in the ionosphere [Chang
et al., 2010; Liu et al., 2012; Gu et al.,
2014]. Given the similarity of the
latitudinal structure of the zonal wind
components among these waves, the
6 day wave in the equatorial lower
thermosphere would modulate the

ionosphere through E region wind dynamo as the DE3 and UFKW. The planetary wave signatures are
then transmitted into the F region ionosphere through the E × B uplifting [Immel et al., 2006; Oberheide et al.,
2011; Liu et al., 2012]. In fact, the four-peak structure, the UFKW related oscillations and the 6 day oscillations

Figure 5. The temporal variations of the amplitude of (a) the 6 day wave
in zonal wind averaged between 95 and 105 km, (b) the absolute, and
(c) the relative 6 day oscillation in TEC at 1600 LT.

Figure 6. The temporal variations of the scaled power spectra for (a) the 3 h Kp index and (b) the Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) temperature with s = 0 during days 110–160 of 2003.
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in the ionosphere all peak in the EIA crest regions with a minimum amplitude at the geomagnetic
equator, indicating the modulations on the equatorial fountain effect [Immel et al., 2006; Liu et al., 2012;
Pancheva et al., 2012; Gu et al., 2014]. Generally, the zonal wind perturbations of the DE3 and UFKW,
which maximize in the equatorial region, are proposed to be responsible for the ionosphere/atmosphere
couplings [Hagan et al., 2007; Oberheide et al., 2011; Liu et al., 2012; Gu et al., 2014]. However, Liu and
Richmond [2013] recently showed that the meridional wind perturbation at high latitudes can also induce
significant ion drift changes in the equatorial region. That is, the equatorward/poleward meridional wind
perturbations at middle and high latitudes produce downward/upward ion plasma drift at the equator. The
meridional wind component of the 6 day wave reaches 6–10m/s in the southern hemisphere and 15–20m/s
in the northern hemisphere above 100 km, which may also contribute to the ion plasma drift variations
at the equator and thus transmit the 6 day wave signatures into the ionospheric TEC. The relative importance
of the zonal and meridional wind perturbations of the 6 day wave to the atmosphere/ionosphere couplings
will be investigated with model simulations in the future.

The SABER temperature, TIDI winds, and TEC observations during May 2003 are utilized to study the
neutral-ion couplings through the 6 day wave. The wave number-period spectra of the neutral parameters
in the MLT region and the TEC in the ionosphere show similar 6 day signatures with westward zonal
wave number 1. Moreover, the temporal variations of the wave perturbations are also consistent in MLT
neutral winds and ionospheric TEC. Thus, the 6 day oscillations in the ionosphere are most likely the
manifestation of the corresponding wave activities in the MLT region. The vertical wavelength of the 6 day
wave is estimated to be ~65 km, which enables the 6 day wave to propagate upward into the lower
thermosphere and therefore to modulate the ionosphere through E region wind dynamo. As far as we
know, this is the first report of the 6 day oscillations in global TEC and TIDI wind observations. The seasonal
and inter-annual variations of the 6 day wave in both neutral atmosphere and ionosphere will be
studied in the future. Moreover, the electrodynamics related with the 6 day wave wind perturbations
also needs to be studied with model simulations.

References
Chang, L. C., J. P. Thayer, J. Lei, and S. E. Palo (2009), Isolation of the global MLT thermal response to recurrent geomagnetic activity,

Geophys. Res. Lett., 36, L15813, doi:10.1029/2009GL039305.
Chang, L. C., S. E. Palo, H. L. Liu, T. W. Fang, and C. S. Lin (2010), Response of the thermosphere and ionosphere to an ultra fast Kelvin wave,

J. Geophys. Res., 115, A00G04, doi:10.1029/2010JA015453.
England, S. L., S. Maus, T. J. Immel, and S. B. Mende (2006), Longitudinal variation of the E-region electric fields caused by atmospheric tides,

Geophys. Res. Lett., 33, L21105, doi:10.1029/2006GL027465.
Forbes, J. M. (2000), Wave coupling between the lower and upper atmosphere: Case study of an ultra-fast Kelvin Wave, J. Atmos. Sol. Terr.

Phys., 62, 1603–1621, doi:10.1016/s1364-6826(00)00115-2.
Gu, S.-Y., X. Dou, J. Lei, T. Li, X. Luan, W. Wan, and J. M. Russell (2014), Ionospheric response to the ultrafast Kelvin wave in the MLT region,

J. Geophys. Res. Space Physics, 119, 1369–1380, doi:10.1002/2013JA019086.
Hagan, M. E., A. Maute, R. G. Roble, A. D. Richmond, T. J. Immel, and S. L. England (2007), Connections between deep tropical clouds and the

Earth’s ionosphere, Geophys. Res. Lett., 34, L20109, doi:10.1029/2007GL030142.
Immel, T. J., E. Sagawa, S. L. England, S. B. Henderson, M. E. Hagan, S. B. Mende, H. U. Frey, C. M. Swenson, and L. J. Paxton (2006), Control of

equatorial ionospheric morphology by atmospheric tides, Geophys. Res. Lett., 33, L15108, doi:10.1029/2006GL026161.
Jiang, G., et al. (2008), A case study of the mesospheric 6.5-day wave observed by radar systems, J. Geophys. Res., 113, D16111, doi:10.1029/

2008JD009907.
Killeen, T. L., Q. Wu, S. C. Solomon, D. A. Ortland, W. R. Skinner, R. J. Niciejewski, and D. A. Gell (2006), TIMED Doppler Interferometer: Overview

and recent results, J. Geophys. Res., 111, A10S01, doi:10.1029/2005JA011484.
Kishore, P., S. P. Namboothiri, K. Igarashi, S. Gurubaran, S. Sridharan, R. Rajaram, and M. V. Ratnam (2004), MF radar observations of 6.5-day

wave in the equatorial mesosphere and lower thermosphere, J. Atmos. Sol. Terr. Phys., 66, 507–515.
Lieberman, R. S., D. M. Riggin, S. J. Franke, A. H. Manson, C. Meek, T. Nakamura, T. Tsuda, R. A. Vincent, and I. Reid (2003), The 6.5-day

wave in the mesosphere and lower thermosphere: Evidence for baroclinic/barotropic instability, J. Geophys. Res., 108(D20), 4640,
doi:10.1029/2002JD003349.

Lin, C. H., C. C. Hsiao, J. Y. Liu, and C. H. Liu (2007), Longitudinal structure of the equatorial ionosphere: Time evolution of the four-peaked EIA
structure, J. Geophys. Res., 112, A12305, doi:10.1029/2007JA012455.

Liu, G., S. L. England, T. J. Immel, K. K. Kumar, G. Ramkumar, and L. P. Goncharenko (2012), Signatures of the 3-day wave in the low-latitude and
midlatitude ionosphere during the January 2010 URSI World Day campaign, J. Geophys. Res., 117, A06305, doi:10.1029/2012JA017588.

Liu, H. L., and A. D. Richmond (2013), Attribution of ionospheric vertical plasma drift perturbations to large-scale waves and the dependence
on solar activity, J. Geophys. Res. Space Physics, 118, 2452–2465, doi:10.1002/jgra.50265.

Liu, H. L., E. R. Talaat, R. G. Roble, R. S. Lieberman, D. M. Riggin, and J. H. Yee (2004), The 6.5-day wave and its seasonal variability in the middle
and upper atmosphere, J. Geophys. Res., 109, D21112, doi:10.1029/2004JD004795.

Mannucci, A. J., B. D. Wilson, D. N. Yuan, C. H. Ho, U. J. Lindqwister, and T. F. Runge (1998), A global mapping technique for GPS-derived
ionospheric total electron content measurements, Radio Sci., 33, 565–582, doi:10.1029/97RS02707.

Miyoshi, Y., and T. Hirooka (1999), A numerical experiment of excitation of the 5-day wave by a GCM, J. Atmos. Sci., 56, 1698–1707.

Acknowledgments
This work is carried out at the National
Center for Atmosphere Research, with
support from the China Scholarship
Council. The NCAR is sponsored by the
National Science Foundation. H.L.
acknowledges support from NSF grant
AGS-1138784. T.L. and X.D.’s work is
supported by the National Natural
Science Foundation of China grants
(41225017, 41127901, 41025016, and
41121003), the Chinese Academy of
Sciences Key Research Program KZZD-
EW-01, the National Basic Research
Program of China grant 2012CB825605,
and the Fundamental Research Funds
for the Central Universities. The IGS GPS
TEC maps are downloaded at: http://
cdaweb.gsfc.nasa.gov/. The TIDI and
SABER data sets are obtained at: http://
timed.hao.ucar.edu/tidi/data.html and
http://saber.gats-inc.com/, respectively.
The 3 h Kp index is from: http://wdc.
kugi.kyoto-u.ac.jp/kp/index.html.

Alan Rodger thanks the reviewers for
their assistance in evaluating the paper.

Journal of Geophysical Research: Space Physics 10.1002/2014JA020530

GU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 10,382

http://dx.doi.org/10.1029/2009GL039305
http://dx.doi.org/10.1029/2010JA015453
http://dx.doi.org/10.1029/2006GL027465
http://dx.doi.org/10.1016/s1364-6826(00)00115-2
http://dx.doi.org/10.1002/2013JA019086
http://dx.doi.org/10.1029/2007GL030142
http://dx.doi.org/10.1029/2006GL026161
http://dx.doi.org/10.1029/2008JD009907
http://dx.doi.org/10.1029/2008JD009907
http://dx.doi.org/10.1029/2005JA011484
http://dx.doi.org/10.1029/2002JD003349
http://dx.doi.org/10.1029/2007JA012455
http://dx.doi.org/10.1029/2012JA017588
http://dx.doi.org/10.1002/jgra.50265
http://dx.doi.org/10.1029/2004JD004795
http://dx.doi.org/10.1029/97RS02707
http://cdaweb.gsfc.nasa.gov/
http://cdaweb.gsfc.nasa.gov/
http://timed.hao.ucar.edu/tidi/data.html
http://timed.hao.ucar.edu/tidi/data.html
http://saber.gats-inc.com/
http://wdc.kugi.kyoto-u.ac.jp/kp/index.html
http://wdc.kugi.kyoto-u.ac.jp/kp/index.html


Oberheide, J., J. M. Forbes, X. Zhang, and S. L. Bruinsma (2011), Wave-driven variability in the ionosphere-thermosphere-mesosphere system
from TIMED observations: What contributes to the “wave 4”?, J. Geophys. Res., 116, A01306, doi:10.1029/2010JA015911.

Pancheva, D. V., P. J. Mukhtarov, N. J. Mitchell, D. C. Fritts, D. M. Riggin, H. Takahashi, P. P. Batista, B. R. Clemesha, S. Gurubaran, and
G. Ramkumar (2008), Planetary wave coupling (5–6-day waves) in the low-latitude atmosphere–ionosphere system, J. Atmos. Sol. Terr.
Phys., 70, 101–122.

Pancheva, D., P. Mukhtarov, B. Andonov, and J. M. Forbes (2010), Global distribution and climatological features of the 5-6-day planetary
waves seen in the SABER/TIMED temperatures (2002–2007), J. Atmos. Sol. Terr. Phys., 72, 26–37.

Pancheva, D., Y. Miyoshi, P. Mukhtarov, H. Jin, H. Shinagawa, and H. Fujiwara (2012), Global response of the ionosphere to atmospheric tides
forced from below: Comparison between COSMIC measurements and simulations by atmosphere–ionosphere coupled model GAIA,
J. Geophys. Res., 117, A07319, doi:10.1029/2011JA017452.

Pedatella, N. M., H. L. Liu, and M. E. Hagan (2012a), Day-to-daymigrating and nonmigrating tidal variability due to the six-day planetary wave,
J. Geophys. Res., 117, A06301, doi:10.1029/2012JA017581.

Pedatella, N. M., M. E. Hagan, and A. Maute (2012b), The comparative importance of DE3, SE2, and SPW4 on the generation of wavenumber-4
longitude structures in the low-latitude ionosphere during September equinox, Geophys. Res. Lett., 39, L19108, doi:10.1029/2012GL053643.

Ren, Z., W. Wan, L. Liu, B. Zhao, Y. Wei, X. Yue, and R. A. Heelis (2008), Longitudinal variations of electron temperature and total ion density in
the sunset equatorial topside ionosphere, Geophys. Res. Lett., 35, L05108, doi:10.1029/2007GL032998.

Riggin, D. M., et al. (2006), Observations of the 5-day wave in the mesosphere and lower thermosphere, J. Atmos. Sol. Terr. Phys., 68, 323–339.
Salby, M. L. (1981), Rossby normal modes in nonuniform background configurations. Part II. Equinox and solstice conditions, J. Atmos. Sci., 38,

1827–1840.
Takahashi, H., C. M. Wrasse, D. Pancheva, M. A. Abdu, I. S. Batista, L. M. Lima, P. P. Batista, B. R. Clemesha, and K. Shiokawa (2006), Signatures of

3–6 day planetary waves in the equatorial mesosphere and ionosphere, Ann. Geophys., 24, 3343–3350.
Talaat, E. R., J. H. Yee, and X. Zhu (2001), Observations of the 6.5-day wave in the mesosphere and lower thermosphere, J. Geophys. Res., 106,

20,715–20,723, doi:10.1029/2001JD900227.
Tsunoda, R. T., M. Yamamoto, K. Igarashi, E. Hocke, and S. Fukao (1998), Quasi-periodic radar echoes from midlatitude sporadic E and role of

the 5-day planetary wave, Geophys. Res. Lett., 25, 951–954, doi:10.1029/98GL00663.
Wan, W., L. Liu, X. Pi, M. L. Zhang, B. Ning, J. Xiong, and F. Ding (2008), Wavenumber-4 patterns of the total electron content over the low

latitude ionosphere, Geophys. Res. Lett., 35, L12104, doi:10.1029/2008GL033755.
Wan, W., J. Xiong, Z. Ren, L. Liu, M. L. Zhang, F. Ding, B. Ning, B. Zhao, and X. Yue (2010), Correlation between the ionospheric WN4 signature

and the upper atmospheric DE3 tide, J. Geophys. Res., 115, A11303, doi:10.1029/2010JA015527.
Wu, D. L., P. B. Hays, and W. R. Skinner (1994), Observations of the 5-Day wave in the mesosphere and lower thermosphere, Geophys. Res.

Lett., 21, 2733–2736, doi:10.1029/94GL02660.

Journal of Geophysical Research: Space Physics 10.1002/2014JA020530

GU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 10,383

http://dx.doi.org/10.1029/2010JA015911
http://dx.doi.org/10.1029/2011JA017452
http://dx.doi.org/10.1029/2012JA017581
http://dx.doi.org/10.1029/2012GL053643
http://dx.doi.org/10.1029/2007GL032998
http://dx.doi.org/10.1029/2001JD900227
http://dx.doi.org/10.1029/98GL00663
http://dx.doi.org/10.1029/2008GL033755
http://dx.doi.org/10.1029/2010JA015527
http://dx.doi.org/10.1029/94GL02660


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


