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Possible influence of ultra-fast Kelvin wave on the equatorial ionosphere
evening uplifting
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Equatorial 3.5-day ultra-fast Kelvin wave was observed in the MLT zonal wind measured by meteor radar
at Cariri (7.4°S, 36.5°W, geomag. 8°S) and in the stratosphere-mesosphere temperature structures from the
TIMED/SABER data. The ionospheric F-layer bottom-side virtual height 4'F and the critical frequency f,F,
observed at Fortaleza (3.9°S, 38.4°W, geomag. 5°S) also showed similar oscillation structures, indicating an
influence of the Kelvin wave in the F' region height and modulation of E x B uplifting during the evening period.
Consequently the ionospheric spread F onset time was also modulated in the same period, around 4 days.
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1. Introduction

The earth’s ionosphere presents strong day to day vari-
ability. This is known to be mainly caused by day to day
variation of the solar UV flux, disturbance dielectric field
from magnetosphere-ionosphere coupling related to forcing
by solar wind from above and that of the lower atmosphere
dynamical activity from below. The influence of the solar
wind and magnetic disturbance on the ionosphere has been
extensively studied (see, for example, Kikuchi et al., 1996;
Fejer and Scherliess, 1998; Abdu et al., 2007 and references
therein). The dynamics in the lower atmosphere, tropo-
spheric cloud convections, generation of the gravity waves,
planetary waves, and their penetration into the higher alti-
tudes and disturbing the ionospheric £ and F regions have
also been investigated since 1970 (Forbes, 1996; Pancheva
et al., 2002; Fukao, 2006 etc.). Roettger (1981) pointed
out the importance of the cloud convections. Forbes (1996)
suggested that planetary waves potentially account for sig-
nificant day-to-day variability of the F-region ionosphere.
However, direct signatures of coupling from troposphere to
ionosphere through the gravity and planetary waves has not
been well studied (Lastovicka, 2006).

Some first works which recognized the influence of plan-
etary waves on the ionosphere were Brown and Williams
(1971) and Fraser (1977). They showed correlation be-
tween stratospheric pressure variation and E-region elec-
tron density. The quasi-2-day oscillation of the F re-
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gion electron peak density related to the analogous oscil-
lation of the mesospheric wind system was reported by
Pancheva and Lysenko (1988). In the equatorial region
Chen (1992) observed 2-day oscillation of the equatorial
ionization anomaly. Since then many works pointed out
possible connection from the lower atmosphere planetary
wave activity and analogous variations in the ionospheric
parameters (hW'F, foF,, hnF,, WE, f Es, etc.): oscilla-
tions of 2-d, 4-d, 6-d, 16-d (Forbes and Leveroni, 1992;
Haldoupis et al., 2004; Takahashi et al., 2005). Forbes et
al. (2000) estimated that the influence of tropospheric ac-
tivity could produce day to day variability (2-30-days) in
the ionosphere that could correspond to a variation of up to
15-20% of the F-region peak plasma density. Further re-
cent works investigate interaction of the tides and planetary
wave in the lower ionosphere, and resulting modulation in
the E-layer (Haldoupis et al., 2004).

In the equatorial region, there are three kind of plane-
tary scale waves, Kelvin, Rossby normal mode and Rossby
gravity waves. Kelvin waves are, different to the others,
trapped in the equatorial region (£10-15°) and the phase
propagating toward east. Kelvin waves have three different
periods, slow (~16 days), fast (~6 days) and ultra fast (3—
4 days). The ultra-fast Kelvin wave (hereafter UF-Kelvin
wave) has the horizontal wavelength of ~40,000 km (wave
number 1), vertical wavelength of 40—60 km, and horizon-
tal phase velocity of 120-150 m/s (Forbes, 2000). Pres-
ence of the UF-Kelvin wave in the equatorial middle at-
mosphere was first reported by Salby et al. (1984) in the
stratosphere and then by Vincent (1993) from the meso-
spheric wind structures, and later by Lieberman and Rig-
gin (1997) who used UARS satellite wind data. Riggin et
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al. (1997) also investigated by using ground based MF and
meteor radars. Then several works regarding the UF-Kelvin
wave characteristics observed from MF radars (Sridharan et
al., 2002) and meteor radars (Younger and Mitchell, 2006)
have also been reported. From the ground based airglow
observation Takahashi et al. (2002) reported 3—4 day period
oscillation of the mesospheric airglow and OH temperature
variations. Lichstein et al. (2002) presented the amplitude
of mesospheric airglow oscillation and estimated that the
amplitude of oscillation in the temperature reached about
6 K when the wave passed in the OH emission layer. Signa-
tures of the UF-Kelvin wave in the ionosphere were recently
reported by Takahashi et al. (2007). Due to a high hori-
zontal phase velocity (~130 m/s) and long vertical wave-
length (30-50 km), this wave can propagate upward with-
out much dissipation. Forbes (2000) showed in his model
atmosphere that the UF-Kelvin wave could propagate up
to the lower thermosphere producing zonal wind compo-
nents of 10—40 m/s and neutral atmosphere temperature of
10-25 K in the 100-150 km height region. Miyoshi and
Fujiwara (2006) demonstrated in their general circulation
model that the UF-Kelvin wave could propagate upward to
the lower thermosphere. Quantitative observations, i.e., am-
plitude and phase of the wind velocity and the temperature
field, are necessary for further investigations.

The present study, therefore, focuses on the discussion to
find out evidence of the UF-Kelvin waves, wave character-
istics, height structure, phase and amplitude. In the previ-
ous work by Takahashi er al. (2007) the presence of UF-
Kelvin waves in the upper mesosphere and possible pen-
etration into the ionosphere were discussed. In the present
work, further investigation of the UF-Kelvin waves was car-
ried out by using the TIMED/SABER temperature data in
a global scale, in addition to the meteor wind data using
a whole year of 2005. These parameters as well as the
F, layer evening uplift (h'F) were subjected to wavelet
spectral analysis. Then we investigate day-to-day variabil-
ity of the F, layer evening uplift which controls the spread
F onset time.

2. Observations

A SkiYmet meteor radar is in operation at Sao Joao do
Cariri (7.4°S, 36.5°W, geomag. 8°S), hereafter Cariri, since
June 2004. This is a pulsed radar, transmission power of 12
kW, operating at 35.2 MHz with an interferometric receiver
antenna array. The zonal and meridional wind components
are calculated in one-hour time bins for 7 atmospheric lay-
ers with a 3 km interval from 80 to 100 km of altitude. Data
processing and the other radar information have been pre-
sented elsewhere (Lima et al., 2004). Ionospheric parame-
ters were measured at Fortaleza (3.9°S, 38.4°W, geomag.
5°S) by a Digital ionospheric sounder (DPS-4). This is
a wide-band coded pulsed radar system with 500 W peak
power and a precise fast-switching frequency synthesizer,
covering a frequency range from 0.5 to 30 MHz. Iono-
grams are taken with a 10-min observational cadence. The
ionospheric parameters used in this work are the critical
frequency of the F, layer, f,F>, and the minimum virtual
height, #'F. Fortaleza is located at 450 km northwest of
Cariri, and both are in a same local time zone.
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The TIMED (Thermosphere Ionosphere Mesosphere En-
ergetics and Dynamics) satellite has been in operation since
2002 and its SABER (Sounding of the Atmosphere using
Broadband Emission Radiometry) instrument measures at-
mospheric neutral temperature from 10 to 130 km of alti-
tude (Russell et al., 1999). In the present work the level 2A
kinetic temperature data (version 01.06 of 2005) from 30 to
120 km were used. The precision of temperature retrieve is
1 K below 80 km and 2 K above 80 km. In order to find a
representative temperature for a given day and location, the
temperature profiles are grouped in a time bin of 24 h and
an area of 20 x 20 degrees along the geographic equator
zone. In this way at least 10 temperature profiles were used
to get a daily mean profile for each longitudinal zone.

3. Results
3.1 Wavelet analysis of wind, 2’F and f,F,

Equatorial Kelvin waves have burst like and short dura-
tion (2 to 5 crests) characteristics followed by their disap-
pearance (Lastovicka, 2006; Younger and Mitchell, 2006).
In order to find out their oscillations in a long period time
series, we have used Wavelet spectral analysis in this study.
In Fig. 1 Morlet wavelet power spectrum of the mesospheric
zonal wind at 90 km observed at Cariri in 2005 is shown.
It can be seen that there are several groups of ~4 day pe-
riod oscillations along the year. Among them an oscillation
group at around days 60—70 is the most prominent one. The
lower panel of Fig. 1 shows 3-5 day filtered phase and am-
plitude of the zonal wind oscillation at 90 km. The first
event (days 60-70) has an amplitude of 30 m/s, lasting 3
oscillations which then decreased. The second event can
be seen between days 190-220. During this period there
are two peaks of oscillation, one at around day-190 and the
other around day-210. Both the peaks have an amplitude of
20 m/s. Background wind was around —15 m/s (westward)
during the first event (days 60-70). During the second
event (days 190-210), the background wind changed the
direction from eastward (410 m/s) to westward (—10 m/s).
Comparing the magnitude of the background wind, the ob-
served amplitudes of the 4-day oscillation are relatively
large. From the phase and amplitude variations (the bottom
side panel of Fig. 1) one can also see ~4-day oscillations at
around days 240-260 and days 290-330. During these pe-
riods, however, a strong 6 day oscillation (the former) and
a 6-8 day oscillation (the latter) were observed. Therefore
the ~4 day oscillations might be covered by these longer
period oscillations, and this makes it difficult to analyze the
wave characteristics. These ~6 day and 6-8 day oscilla-
tions are worthwhile to investigate, but it is beyond of our
present work.

Wavelet analysis of day to day variability of the F-layer
bottom-side virtual height, #'F observed at Fortaleza in
2005 is shown in Fig. 2. The data between day-120 and day-
180 are missing in the present analysis. At the geomagnetic
equatorial region the F-layer is uplifted at sunset by the F -
region dynamo eastward electric field. In order to see the
day to day variability of this effect we chose 4'F at a fixed
local time. In the present study #'F at 2000 LT (2300 UT)
when it reaches the maximum height on most of the night
was used. During the period from day-50 to day-90 a strong
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Fig. 1. Wavelet power spectrum of the mesospheric zonal wind at 90 km (upper panel) and 3-5 day filtered phase and amplitude (lower panel) along

the year from January to December 2005 over Cariri (7.4 S, 35.6 W).
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Fig. 2. Wavelet power spectrum of the ionospheric F-layer bottom-side virtual height 4’ F (upper panel) and 3-5 day filtered phase and amplitude
spectrum (lower panel) observed at Fortaleza (3.9 S, 38.4 W) in 2005. The data between day-120 and day-180 are missing.

4-5-day oscillation can be noted. The strong oscillation
with the amplitude of 25 km is located at around days 60—
70. The next ~4-day oscillation is located at around days
190-210. Both of the events show the wavelet power spec-
trum with the 95% confidence level (Torrence and Compo,
1998). Similar analysis was applied for f,F, and the result
is shown in Fig. 3. During the period of days 60-70, again,
one can see ~4-day oscillation feature with an amplitude
of 0.8 MHz. Similar oscillation feature (3—5-day period)
can also be seen during days 200-220 with the amplitude

of ~1.0 MHz. There is a much stronger oscillation feature
during the period of days 230-250. This must be related
to the geomagnetic activity which occurred during the same
period. In Fig. 4 geomagnetic A, index in 2005 is shown
as a reference. Strong magnetic activity was observed in
January (days 15-25), May (days 130-150) and August—
September (days 230-260). The two ~4-day period oscil-
lation events, one at days 60—70 and the other at days 190—
210, are free from these geomagnetic activity events.
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Fig. 4. Geomagnetic activity A (3 hourly) index in 2005.

3.2 Wave characteristics of the ~4 day oscillations
from the wind and SABER data

In order to study the characteristics of the observed 3-5-
day oscillation we checked vertical phase propagation mode
in the mesospheric zonal winds. In Fig. 5 the phase of the
maximum of the 3.5-day period wind component for the
period of days 59-70 is shown as a function of height from
81 to 99 km. The downward phase propagation mode in-
dicates that the vertical wavelength is around 3945 km.
For the second event (days 190-210) also a similar result
was obtained, but with a rather longer vertical wavelength
84410 km. This could be due to background wind struc-
ture (Doppler effect) during the period as mentioned in the
previous section.

The presence of a 3—5-day period wave can also be seen
in the TIMED/SABER temperature data. From the daily
mean temperature time series over the Cariri area (20 x
20 degrees) we calculated 3—5-day filtered oscillation am-
plitude and phase for different altitude from 30 to 130 km.
The results are shown in Fig. 6 for 40, 60, 80, 100 and
120 km altitude. During the first event (days 60-70),
marked by a rectangular box, a large temperature field per-
turbation can be seen at 40 km with an amplitude of 3 K.
The oscillation decreased at 60 km, and appeared at 80 km
with the amplitude of 5 K. The amplitude of oscillation in-
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Fig. 5. Phase profile of the Cariri zonal wind from 80 to 100 km of altitude
during the period of days 59—70, 2005.

creased to 10 K at 120 km, indicating that the amplitude
increased with height. In the second period (days 190—
210), also marked by a rectangular box, the temperature
field at 40 km showed an oscillation of 2 K. In the 60 km
height region, the oscillation peak occurred at around day-
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Fig. 6. Phase and amplitude of the 4-day (3—5-day filtered) oscillation of the SABER temperature daily mean values over Cariri in 2005, for different

altitudes from 40, 60, 80, 100 and 120 km.

190 with the amplitude of 4 K. The oscillation packet at
around day-210 is very prominent at 80 km with the am-
plitude of 10 K. This oscillation feature propagated up to
120 km with a same amplitude of oscillation. These re-
sults suggest that there were wave packets propagating up-
ward from the stratosphere to lower thermosphere, increas-
ing their amplitude of oscillation from 2 K at 40 km to 10 K
at 80—100 km of altitude. From the phase propagation char-
acteristics between 80 and 100 km height we calculated the
vertical wavelength, to be 34+2 km. In addition to these
two wave packets, there are two more wave packets those
have significant amplitude of oscillation in the 80 to 100 km
height regions, i.e., day-110-120 and day-240-250. During
these periods, however, no ~4 day oscillation could be seen
in the wind structure, rather covered by strong ~6 day os-
cillations. Therefore we did not consider these oscillations
as a wave to be considered.

In order to see longitudinal extension of the wave events,
we plotted in Fig. 7 the amplitude of the 3—5-day oscillation
of the SABER temperature at 90 km height along the day-
48 to 88 as a function of longitude. A latitudinal range of
410 degrees was used along the equator. We note clearly
that during the period of days 60—70 the ~4-day period os-
cillation is strong and the phase propagates eastward. From
the longitudinal phase propagation mode, one can see the
wave number 1 with a mean phase velocity of 120 m/s. It
is interesting to note that the amplitude of oscillation is not
homogeneous along the longitude. Larger amplitude zones
can be seen over Eastern Pacific region (~120°W), South
Atlantic to African sector (0-60°W) and Indian Ocean sec-
tor (60—90°E).

Concerning the latitudinal extension of the waves, a pre-
vious analysis (Takahashi et al., 2007) showed that the ~4-
day oscillation disappeared at 29°S indicating that the wave
must be one which was trapped in the equatorial region. For
the second event (days 190-210) we applied a similar anal-
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Fig. 7. Longitudinal phase and amplitude structure of the SABER temper-
ature 35 day oscillation components at 90 km of altitude as a function
of day of the year (vertical access) from day-48 to 88, 2005.

ysis and found a same result. In Table 1 the observed wave
characteristics are summarized. From these wave character-
istics we may conclude that the two wave events observed
in the mesospheric wind and temperature in 2005 must be
the UF-Kelvin wave.

4. Discussion

From the mesospheric wind structure at 90 km, the UF-
Kelvin waves were observed in March and July 2005.
The stratosphere-mesosphere temperature fields observed
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Table 1.
sphere-mesosphere TIMED/SABER temperatures.

H. TAKAHASHI et al.: KELVIN WAVE IN THE EQUATORIAL IONOSPHERE

Ultra-fast Kelvin wave characteristics retrieved from the wavelet and harmonic analysis of the mesospheric wind and the strato-

Days 60-70 Days 190-210
Zonal phase velocity (m/s) ~120 ~120
Wave number 1 1

Vertical wavelength (km) 3945 84+10
Wind, amplitude at 90 km (m/s) 3043 2043
Temperature, amplitude at 90 km (K) 541 T2
h'F (amplitude in km) 2545 30+5

foF> (amplitude in MHz) ~0.8 ~1.0
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Fig. 8. Phase and amplitude of the 4-day (3-5-day filtered) oscillation of
the zonal winds at Cariri, SABER temperature daily means over Cariri,
ionospheric 4’ F and f,F, at Fortaleza in 2005.

by TIMED/SABER also presented the UF-Kelvin wave fea-
ture in March and July 2005. Further, the amplitude of the
temperature oscillation indicates that the waves propagated
up to 120 km of altitude (Fig. 6). In order to see any cou-
pling feature between the mesosphere and ionosphere, the
amplitude and phase of the 3—5 day filtered oscillation of the
mesospheric zonal winds, SABER temperatures, and iono-
spheric #'F and f,F, for the period of days 30-100, are
plotted in Fig. 8. The zonal wind at 90 km and SABER
temperature at 90 km are in phase, but they are in advance
(~1 day) to the temperature variation at 110 km. It is in-
teresting to note that the phase of the SABER temperature
at 110 km is in phase with f,F, and 4’'F, what indicates
a common oscillation process. These facts strongly sug-
gest that the observed 3—5-day oscillation of #'F and f,F,
should be caused by the 3.5-day UF-Kelvin wave. From the
present limited data, we could not see any seasonal depen-
dency of the Kelvin wave appearance in the mesosphere and
lower thermosphere.

During the local evening time in the equatorial iono-
sphere, the F-layer undergoes rapid uplift. Thermospheric
zonal winds change the direction from westward during the
daytime to eastward in the evening sector, producing po-

larization electric field through thermospheric dynamo pro-
cess. The polarization electric field E, is downward and
has a gradient along the longitudinal direction across the
terminator into the night side due to the variation of inte-
grated conductivities of the E- and F-region. Denoting the
integrated conductivities as Xg and X, respectively, the
vertical electric field is given by (Abdu et al., 2003):

X

,=UxB—"F |
Y+ 3

ey
where “z” denotes the vertical axis in altitude, U is ther-
mospheric zonal wind (positive to westward) in the 150 to
300 km, B is the magnetic field intensity. Under the curl-
free condition of the electric field we have

dE. _dE,

oy dz )

where “y” denotes horizontal axis in the zonal direction.
This vertical polarization field (E) and its longitudinal gra-
dient produce zonal electric field, £, which in turn gener-
ates the E x B drift resulting in the evening plasma uplift.
This curl-free electric field model has been examined by
Eccles (1998) and was well discussed in the recent works
(Abdu et al., 2003). Thus the F-layer uplift is mainly
controlled by the thermospheric zonal (eastward) wind. If
the UF-Kelvin wave reaches the ionospheric heights (150—
250 km) and modulates the zonal wind, its direct manifesta-
tion will be seen as the E x B uplift of the F region. In addi-
tion to this, the role of the E region dynamo, through mod-
ulation in the longitudinal gradient of its integrated conduc-
tivity brought about by E layer zonal winds, is also a factor
to be considered (Abdu et al., 2006). Direct measurement
of the thermospheric wind as a function of height and time
would be necessary for further discussion.

The Equatorial spread F occurrence (ESF) calls for a spe-
cial attention not only from the view point of scientific chal-
lenge, but also from that of space technology and space
weather application areas. ESF affects radio wave propa-
gations: satellite communications, GPS signal applications,
etc. Longitudinal distribution of ESF is monitored by recent
satellite observations (Burke et al., 2004; Park et al., 2005).
ESF onset time might be an important factor to take in ac-
count for forecasting the phenomenon. In this concern we
plotted the day to day variation of 2’ F at 2300 UT and the
ESF onset time over Fortaleza during the UF-Kelvin wave
events. Figure 9 shows day to day plot of 4'F from day-56
to 76. The h'F varied from 240 km to 320 km with a period
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Fig. 9. Day to day variation of the ionospheric F>-layer bottom-side vir-
tual height 4’ F at 2300 UT (2000 LT) over Fortaleza (line with circles,
legend on left side), 3—5 day filtered harmonic oscillation (smoothed
curve), and spread F onset time (star plot, legend on right side). The
UF-Kelvin wave was observed from days-60-70.

of 4 days. The spread F onset times taken from the iono-
gram are also shown (with star marks). During the equinox
seasons, the spread F' occurs almost every night after sun-
set, around 2200 UT (1900 LT) (Sobral et al., 2002). How-
ever, the onset time was delayed to 2300 UT on the days
62, and 66-68. One can note that when the A'F is lower
(~240 km) the ESF onset time is later (after 2300 UT), and
when the 4'F is higher (above 280 km) the ESF is earlier
(~2200 UT). This anti-phased relationship lasted at least
for two cycles between the days 60—70. During the second
UF-Kelvin wave event (days 190-210), a similar relation
was observed. Normally less spread F' activity occurs dur-
ing the period of June—July (Sobral et al., 2002). However,
when A'F was uplifted above 240 km, due to a passage of
the UF-Kelvin wave, the ESF could occur. It seems that the
E x B uplifting and ESF onset time are partly modulated
by the UF-Kelvin wave.

From Fig. 7 we note that there is a longitudinal modu-
lation in the 3-5-day oscillation amplitude. This suggests
us that the influence of UF-Kelvin wave on the ionosphere
could be different along the longitudinal zone. Recent ob-
servations of zonally modulated equatorial anomaly (Immel
et al., 2006) and longitudinal variability of the ionopheric
bubble formation (Park et al., 2005) might be in part due to
such Planetary scale wave propagation in the ionosphere.

5. Conclusion

From the simultaneous measurements of mesospheric
wind system and ionospheric parameters in the South
American low latitude, we observed a common ~4-day pe-
riod oscillation. Based on simultaneous identification of
such waves in the TIMED/SABER temperature data we
concluded that the observed oscillation are due to a passage
of the 3.5 day ultra-fast (UF-) Kelvin wave. The amplitude
of the UF-Kelvin wave is significant, 30 m/s in the zonal
wind at 90 km height, 10 K in temperature at 120 km, 20 km
of modulation in the 4’'F day to day variation, and ~1 MHz
in f,F,. The spread F (ESF) onset time is also modulated
by the UF-Kelvin wave with a magnitude of variation of
around 2 h. These results suggest us that the UF-Kelvin
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wave might have an important role in the ionosphere day to
day variability.
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