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Abstract. The main purpose of this study is to investigate the It is believed that they are excited by tropical convection sys-
vertical coupling between the mesosphere and lower thermotems (Holton, 1972; Salby and Garcia, 1987; Bergman and
sphere (MLT) region and the ionosphere through ultra-fastSalby, 1994; Pancheva et al., 2008).

Kelvin (UFK) waves in the equatorial atmosphere. The ef- The UFK wave effects in the mesosphere were first dis-
fect of UFK waves on the ionospheric parameters was esticussed by Forbes (2000) in the GSWM (global scale wave
mated using an ionospheric model which calculates electromodel). He indicated that a UFK wave with a period of about
static potential in the E-region and solves coupled electrody-3 days and zonal wavenumber 1, can reach the lower thermo-
namics of the equatorial ionosphere in the E- and F-regionssphere with amplitudes of 10-25K in the temperature field,
The UFK wave was observed in the South American equa-and variations of 10—40 nT$ in the zonal wind field. More-
torial region during February—March 2005. The MLT wind over, the model predicted a possibility for the wave to reach
data obtained by meteor radar &dSJ@&o do Cariri (7.8S, higher altitudes.

37.5 W) and ionospheric F-layer bottom heighit'F) ob- In relation to the presence of UFK waves in the iono-
served by ionosonde at Fortaleza (33938.4 W) were used  sphere, several mechanisms have been proposed to explain
in order to calculate the wave characteristics and amplitudehe propagation of these waves from the MLT region to the
of oscillation. The simulation results showed that the com-ionosphere. One of them is through the ionospheric dynamo
bined electrodynamical effect of tides and UFK waves in theeffects. It is known that the neutral wind responsible for the
MLT region could explain the oscillations observed in the ionospheric dynamo is modulated mainly by tides, and also
ionospheric parameters. by other dynamical effects such as planetary waves. These
neutral wind components between 100-170 km altitude have
enough magnitude to create electric fields which could mod-
ulate the peak height and plasma density of the ionospheric
F layer.

In the Brazilian equatorial region, Takahashi et al. (2005,
2006, 2007, 2009) pointed out the occurrence of UFK wave
1 Introduction oscillations in both MLT and ionosphere observations. Taka-

hashi et al. (2007) applied wavelet analysis to meteor radar
In the equatorial atmosphere, where the Coriolis force isyind data from %o J&o do Cariri (7.4S, 36.8 W), iono-
insignificant, the Kelvin waves, as well as Rossby-gravity spheric parameters’F (minimum F layer virtual height)
waves modes become important (Holton, 1992). KelvinandfoF2 (F layer critical frequency) measured by a digis-
waves are due to the change in the Coriolis parameter nea§gnde installed at Fortaleza (39, 38.4W), and tempera-
the equator and are considered to be a special kind of gravyre data from the TIMED/SABER satellite in order to inves-
ity wave modified by the Earth’s rotation (Andrews et al., tijgate UFK wave oscillations in both mesospheric and iono-
1987). These waves are trapped in the equatorial region ingpheric parameters. This was the first report of a clear evi-

and geopotential fields, and the phase propagates eastwards.

Keywords. lonosphere (Equatorial ionosphere; lonosphere-
atmosphere interactions) — Meteorology and atmospheric dy
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to the ionosphere. From the characteristics of the downwardhermospheric winds are atmospheric tides driven by the ab-
phase propagation (wavelength40km), longitudinal and  sortion of solar ultraviolet radiation in the thermosphere and
latitudinal extension, the authors concluded that the oscilla-heating in the troposphere and stratosphere (Fejer, 2011).
tion was compatible with a 3.5-day Ultra Fast Kelvin wave. The atmospheric tides are global-scale waves with periods
In a subsequent work, Takahashi et al. (2009) investigated thef 24 h and the harmonics of a day.
day-to-day variability of the F2 layer evening uplift which ~ Other waves from tropospheric origins like planetary and
controls the spread F onset time. The results also revealegravity waves also play an important role in ionospheric vari-
UFK wave modulations, reinforcing the importance of this ability. These waves can propagate upwards carrying mo-
kind of wave in the coupling between the neutral and ionizedmentum and energy to higher altitudes modifying the atmo-
atmosphere. spheric structure of that region. In the present work we in-
Coupling mechanisms between the neutral atmosphereluded UFK wave induced wind oscillations observed in the
and ionosphere by wave propagations have recenthyMLT region as an input to the model. The results are com-
been studied by modeling. Liu et al. (2010) used pared with the F-layer vertical drift observed at Fortaleza
the NCAR thermosphere—ionosphere—mesosphere electrodgluring the UFK event, from 1 to 11 March 2005, which has
namics general circulation model (TIME-GCM) to demon- been observed by Takahashi et al. (2007).
strate that the presence of a quasi-stationary planetary wave
could generate large ionospheric changes, including changes
in the dynamo electric field/ion drift, F2 peak height and 2

afﬁri?]?mif:ségr’] dailt?gn-erSsi(r:Ot?lheelggtrr]Oenrrfggtta(langr:‘grrl S(;'tThe vertical drift model developed by Batista et al. (1986)
) 9 ' 9 (hereafter referred as CODB) is a theoretical model used

al. (2010) investigated the effect of an UFK wave on theto simulate the electrodynamic coupling process between E
thermosphere and ionosphere. They found that UFK waves y pling p

with amplitudes of approximately 2040 misin zonal wind and F ionospheric regions, based on the model developed by

fields and 10-20K in temperature fields in the MLT region Heelis et aI.. (19743]' In the ”.‘Ode' the cgordmaéebdlr:ctmrr:s
could result in approximately 8—-12 % of neutral density per- I(g;l rgi;%l%;gﬁ::te’;?ggnf tl?hiajé)rsézlvergg zor):etlve spher
turbations at 350 km of altitude. They also found perturbation. P » ¢)- n ¥

of 25-50% in the TEC in the region of the equatorial ion- ionospheric plasma drifts can be calculated using the follow-

ization anomaly. Miyoshi et al. (2011) studied the generationIng equations:

Methodology

mechanism of the equatorial mass density anomaly (EMA) in VA2 v vE, E,

the equatorial upper atmosphere using the ground-to—topsid%1+ (;) } Vin="Up+—F+ 5 (1)
model of the Atmosphere and lonosphere for Aeronomy

(GAIA). The results showed that the daytime EMA is caused

by the in situ diurnal tide and the upward propagating terdi- vy 2 v\ 2 vE, En

urnal tide from the lower atmosphere. This is the first report[ + ( ) } Vip = (‘) Uy + » B B’ )

concerning the importance of upward propagating tides in the
EMA formation. whereuv is the collision frequency between the ions and neu-

Takahashi et al. (2006) highlighted that the possible in-trals,w is the ion gyrofrequencys is the geomagnetic field,
fluence of Kelvin waves in the equatorial ionosphere would E,, and E,, are the electric fields in the vertical and zonal
be through the interaction of the wave with the winds gen-directions, respectively, antl, is the thermospheric zonal
erating the E- and F-region dynamos. Miyoshi and Fujiwarawind calculated from a nonlinear partial differential equa-
(2006) demonstrated in their general circulation model thattion.
the UFK wave could propagate upward to the lower ther- The total electric field of the E region can be expressed as
mosphere. Chang et al. (2010) showed that the effects of &; = E* + UF x B, where E* is the electrostatic field, and
UFK wave can be transmitted to the thermosphere by windUE is the tidal wind velocity at the E-region{(120 km of al-
dynamo modulation and direct vertical wave propagation, af-titude). The tidal wind velocity used in this work is the same
fecting the thermosphere neutral densities at 350 km and thene used in the previous works by Heelis et al. (1974) and
total electron content. Batista et al. (1986) for the evanescent diurnal mode 2},

In the present study, we use a numerical model that takegTarpley, 1970). The reason for using only this mode is that
into account the electrodynamical coupling between the low-this is the main mode responsible for the generation of the
latitude E-region and the equatorial F-region (Batista et al.,solar quiet (Sq) ionospheric currents and electric fields. It is
1986; Carrasco et al., 2007) in order to explain the verticalknown that other tidal modes give their contribution to the
drift of F-layer observed by Takahashi et al. (2007, 2009).Sq currents and electric fields, but the vertical drifts resulting
The low latitude quiet-time ionospheric electric fields and from these modes, without the inclusion of F-region dynamo,
plasma drifts are driven by the dynamo action of E- and F-could not simulate the pre-reversal peak. As there is no in-
region thermospheric neutral winds. The major sources ofluence from other tidal modes on the vertical drift F-region
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pre-reversal peak results in this study, we considered only thenodulate the tidal winds (mainly the zonal component), re-
(1,—2) mode. We assume th&E has no vertical component sulting in an electron density variation of the E-layer by the

and thatE* can be expressed in the form: E-region dynamo. If the UFK waves reach more elevated al-
. titudes (between 150 to 200 km), they can modulate the ther-
E"=-VV, 3) mospheric zonal wind velocity directly, resulting in a direct

modulation of theE x B drift in the F-layer too, thus af-
fecting the F-region dynamo. In the present work we stud-
ied the UFK wave effects over the ionosphere by the E-F
layer coupling model (considering the E-layer dynamo field
is mapping to F-layer, consequently inducing the F-layer up-
Asimdo* W\ * lift). The mechanism associated with direct propagation of
En= (@) ) (4) an UFK wave into the F-region was not considered, since we
have no estimation of UFK wave amplitude in these altitudes.
Our analysis consisted primarily in obtaining the UFK
1 Jw\ * wind amplitudes at 120 km, which will be superposed to the
(w) ) (5) tidal winds present in the model. As we do not have wind
observations around this altitude due to instrumental limi-
where I'* is the magnetic inclination angle in the limit be- tation, we developed a methodology to calculate the UFK
tween the E- and F-regions. The asterisks denote that valuesmplitudes from observed meteor wind data taken at MLT
are taken at the point where the field line enters into the E-altitudes. The details of the process will be given bellow.
region. The solutions of Egs. (4) and (5) are used to calculate The mesospheric neutral wind observations by meteor
the ionospheric plasma drifts in the Egs. (1) and (2), and theadar were taken between 80 and 100 km altitude over differ-
thermospheric zonal wind. Details about the equations carent equatorial stations as shown by Takahashi et al. (2007).
be found in the study of Heelis et al. (1974) and Batista etDuring the period from 1 to 11 March 2005 (days 60-70),
al. (1986). wavelet spectral analyses of both the mesospheric and iono-
The E-region polarization electric fields (Egs. 4 and 5), spheric temporal series showed simultaneous oscillations
mapped to the F-region through magnetic field lines, are recompatible with those caused by UFK waves. Amplitude and
sponsible for controlling the plasma drifts and currents in thisphase analysis performed over the UFK zonal wind com-
region, mainly during the daytime. During the local evening ponents showed that this wave had a vertical wavelength of
in the equatorial ionosphere, the F-layer undergoes rapid uparound 40 km and phase velocity of 120 sin agreement
lift. Also thermospheric zonal winds change direction from with theoretical prediction of the UFK waves.
westward during the daytime to eastward in the evening sec- Once the vertical wavelength is known, itis possible to cal-
tor. According to the model from Farley et al. (1986) for the culate the UFK wave component at 120 km. The expression
pre-reversal enhancement, near the sunset terminator the F{z,r) = A(t) co9mz — ¢) exp(z/2H) was used to estimate
region dynamo electric field, is no longer shorted out and the vertical wind profile at each timeand altitudez. H is
approaches-U x B (whereU is thermospheric wind and the scale heighty = 27/, is the vertical wavenumber, and
B is the magnetic field). This field maps to an equatorwardir, = 40 km was obtained from observation. The amplitude
electric field in the E-layer and drives a westward Hall cur- A(t) and the phase differenge were obtained from least
rent. But if no current flows in the nightside E-region, a nega-squares analysis made over each vertical zonal wind profile
tive polarization charge must develop at the terminator, withfrom observed UFK zonal wind components. The exponen-
polarization electric fields€y (in the zonal direction). This tial factor present in the equation represents the amplitude
Ey maps back to the F-region and causes an upviasdB wave growth with altitude. These calculations were made as-
plasma drift in the dayside and later a downward drift in the suming that the UFK waves propagate vertically (if a wave
nightside. The vertical plasma transport is a very importantpropagates upwards without attenuation its amplitude grows
component in the formation and structuring of the ionization exponentially as the atmospheric density decreases with the
layers. A wide range of variability can be seen in the iono- altitude). This approximation is necessary in this present
sphere. They can arise from magnetosphere—ionosphere costudy because we do not know the UFK wave amplitudes
pling processes or from vertical coupling of atmospheric andat the E-region dynamo altitudes. In the TIMED/SABER
ionospheric regions through atmospheric waves (Abdu et al.temperature UFK oscillations, Takahashi et al. (2009) found
2006), including the UFK wave. an amplitude of 5K at 80km, and an amplitude of 10K at
According to Takahashi et al. (2009), the UFK waves can120 km. This indicates that the wave amplitude increased
play an important role over the equatorial ionosphere througtwith height by a factor of 2 from the 40 km height range.
dynamo effects. The zonal wind in the lower thermosphere
could be one of the principal causes of the day-to-day vari-
ability in #'F. The UFK waves can superimpose onto, and/or

where W is a 2nd order partial differential equation of the
E-region electrostatic potential. Knowing, the E-region
polarization electric fields, mapped to the F-region through
magnetic field lines are given by

~ rrA*SInI*sinde

E, =

 r*sing
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Fig. 1. UFK zonal winds amplitudes at 120km. Three different
cases for the Vertical propagation function were ConSiqueChO N e Wavelet Power Spectrum - Vertical Drift - 50% of attenuation
attenuation(b) 50 % of attenuation(c) 75 % of attenuation and 3
(d) without exponential growth. Panét) shows the UFK zonal
wind at 90 km measured ove&8 J@o do Cariri.

3 Results

IS
By
Power (10*ms™)?

In order to test the influence of different wind amplitude Eamm e, 48 e g
on the F-layer vertical drifts, we considered four different I N PO L T
conditions for the upward propagating wave: (1) exponential
growth of the wave amplitude from 90 to 120 km altitude, Fig. 3. (a)vertical drift cglculated for the case where the UFK wave
(2) a 50 % attenuation applied to the exponential growth fac-Propagated upwards with 50 % attenuatif) wavelet power spec-
tor, (3) a 75 % attenuation applied to the exponential growth™™"
factor, and (4) no exponential growth but a constant ampli-
tude with height. The results at 120 km are shown in Fig. 1
(panels a, b, c and d) together with the UFK zonal wind am-of tidal winds. For all of the propagation cases discussed in
plitudes observed at 90 km a&& J&o do Cariri (Fig. 1€). this study, the UFK wave is superposed on the tidal winds in
The values at 120 km will be used as input parameters in th@eneration of the ionospheric electric fields. The tidal winds
CODB model. It is possible to see that the main differenceamplitude used in the model was around 20that 120 km
between the four amplitudes at 120 km is their magnitudesaltitude. Figure 2a shows the temporal variation of the ampli-
The higher values~ 150 ms!, Fig. 1a) are related to the tude of vertical plasma drift velocity calculated by the model.
propagation with no attenuation in the exponential growth The vertical drift velocity varied from-200 to+120m st
factor; for the 50 % attenuation case (Fig. 1b), the higherduring the period of days 60—66. Figure 2b shows the wavelet
values were approximately 80 m’s For the 75% attenu- spectrum of the vertical drift velocities. It is possible to see
ation case (Fig. 1c), the UFK temporal variations are be-an amplitude increase of the drift velocity (acceleration and
tween+44mst. The smallest values are associated with deceleration) between the days 60-67 (1 to 8 March). In ad-
the propagation without exponential growth with altitude dition to the 3.5 day oscillation feature, it is interesting to
(~12ms, Fig. 1d). It should be noted that for this case, note that there is a modulation of the diurnal component and
the amplitude at 120 km is smaller than those observed aan additional semidiurnal tidal component.
90km (~ 20ms1, Fig. 1e), because of the phase difference  Figure 3 shows the case of 50 % attenuation of the wind
in vertical variation of the UFK wave amplitude. The results growth in the CODB model, and the corresponding wavelet
shown in Fig. 1 were used as input to CODB to calculate thepower spectrum. Figure 3a shows the daily variation of ver-
new vertical drifts in the model. tical drifts, and their minimum and maximum values were
Figure 2 shows the F-layer vertical drift velocity at 300 km around—150 and 90 ms!, respectively. Figure 3b shows a
altitude calculated using CODB model, considering a UFK similar behavior to that seen in Fig. 2b. In Fig. 3b it is possi-
wave propagating with no attenuation, and the correspondindple to see a significant 3.5 day oscillation feature between the
wavelet power spectrum. The CODB model originally con- days 60—-66, in addition to the tidal oscillation over the entire
siders that the E-region dynamo is generated by the actiotime interval. Some semidiurnal tidal modulations can also

Ann. Geophys., 31, 209215, 2013 www.ann-geophys.net/31/209/2013/
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Wavelet Power Spectrum - Vertical Drift - 75% of attenuation Wavelet Power Spectrum - Vertical Drift - no exponential growth
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Fig. 4. (a)vertical drift calculated for the case where the UFK wave Fig. 5. (a) vertical drifts calculated by the CODB model consid-
propagated upwards with 75 % attenuatigiy).wavelet power spec-  ering the case where the UFK wave propagated upwards with no
trum. exponential growth of amplitudéb) wavelet power spectrum.

be observed in the time interval where the 3.5 day oscillation
signature is present.

Figure 4 shows the CODB model results for the case
of 75% of attenuation. Figure 4a shows the vertical drifts

spheric vertical drift. This could be an indicator of a non-
linear interaction between the UFK waves and tidal waves,
as pointed out by Teitelbaum and Vial (1991). They showed
daily variations from day 55 to 73; these variations Werethat the nonlinear interactions between tides and_planetary
17 o ; .. waves could generate two secondary waves (or child waves)
around—115 and 65 ms*. Figure 4b shows the vertical drift ; . .
of which frequencies are the sum and difference of frequen-

wavelet power spectrum. As seen in Figs. 2b and 3b, a Cleacr:ies of the primary waves. The nonlinear interaction between

U.FK oscillation is pr?se”t be_tween the days_ 6.0_66' I.t IS pos"the UFK wave and the diurnal and semidiurnal waves can
sible to see modulation of diurnal and semidiurnal tidal os-

cillations and a two-day wave oscillation, too. The diurnal gener.ate child waves V.V'th periods qf 1.4 and 1.71 days, re-
tidal modulations seem to be weaker in comparison with thes_p_ectlvely. Although this _study considers only the_superpo-
wavelet spectrum of Figs. 2b and 3b. Analvzing Fia. 4. it sition of the UFK to the tidal waves at 120 km altitude the
is possiblg to confirm tgha.t an UFK z;)nal v%ndgamgl.ituéje nonlinear interaction could still occur through the electrody-

: . . namical processes.
at 120 l.(m’ .W'th maximum amplitudes around 44.Tﬁ $as . England et al. (2012) reported evidence of a nonlinear in-
shown in Fig. 1c), can modulate the F-layer vertical uplift-

ing teraction between the UFK wave and the diurnal tides using
. . . the ground-based meteor radar at Thumba°(®,577 E)
Figure 5 presents the vertical drift results calculated forand the incoherent scatter radar at Areciba® (1866° W).

the case (4) no exponential growth in the CODB model andThe nonlinear interaction appeared to happen in altitudes

corresponding wavelet power spectrum. The effect of 3.5 da}?rom 82 to 88km. The child waves produced by the inter-
oscillation is very small, which is different to what was seen :

in Figs. 2b, 3b and 4b. No significant modulation of the di- "’.‘C“O” could propagqte upward to apprOX|maf[er.150 km al-
. . . fitude through the altitude range of the E-region ionosphere
urnal tides can be seen. Figure 5a shows the vertical dri

: 2 : L 110 km). It might be possible that the UFK wave indirectly
results for this case. The minimum and maximum variations: . . .
1 . impacts the ionosphere through this mechanism. A subse-
were around-100 and 60 ms*, respectively.

quent study by Liu et al. (2012) observed this same 3-day
wave signature in the top side of ionosphere at mid-latitude,
4 Discussion and suggested that the UFK wave oscillations were transmit-
ted through modulations of the ionospheric dynamo in the
From Figs. 2, 3, 4 and 5, we understand that the effectdower latitudes.
of UFK waves on the ionospheric vertical drifts are promi-  In order to compare the model calculation with observa-
nent when the zonal wind amplitude at 120 km is larger thantions, the maximum vertical drift velocities observed at For-
40ms1. In all the cases considered is this work the am-taleza during the period from 27 February to 9 March 2005
plitude of wavelet spectrum is smaller for the UFK wave in (days 58-68) are shown in Fig. 6, together with the model
comparison with the tidal waves. However the significanceresults. The maximum vertical drift velocities were obtained
level of the wavelet spectrum for the UFK wave oscillations from the vertical drift displacement of the F-layer minimum
is beyond 90%. In the present study it was also possible tovertical height &’F) during the evening pre-reversal enhance-
verify that the superposition of UFK and tidal waves in the ment. The observed values (blue lines) were obtained from
generation of the ionospheric E-region dynamo is capableghe i'F evolutions during the evening pre-reversal uplifting.
of modulating the diurnal tide as well as generating semid-The four cases with different UFK wave amplitude at 120 km
iurnal tides and, further, two day wave signatures in iono-altitude are represented by the green (exponential growth),

www.ann-geophys.net/31/209/2013/ Ann. Geophys., 31, 2295, 2013
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5 Conclusion
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