3-4 lonospheric Variations and Coupling
with the Middle and Lower Atmosphere

3-4-1 lonospheric Wavenumber 4 Longitudinal
Structure
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Recent satellite-based remote sensing observations have revealed the existence of an
ionospheric wavenumber 4 longitudinal structure. It had been known that a region of the lower
atmosphere having active cumulus convection is split in the longitudinal direction depending on
land-sea distributions, from which atmospheric waves giving the appearance of being wavenum-
ber 4 are formed (when viewed from a fixed local time perspective). The discovery of the
wavenumber 4 structure eloquently suggests the possibility of lower atmospheric activity affect-
ing the ionosphere and has since driven a number of studies, including those based on observa-
tions and simulations, to probe into the process of atmosphere-ionosphere coupling. This paper
introduces the starting point of these studies-the observation of a wavenumber 4 structure. It
proceeds to introduce a numerical simulation that reproduces a wavenumber 4 structure and
discusses the mechanism of atmosphere-ionosphere coupling in the wavenumber 4 structure.
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1 Introduction: lonospheric latitu-
dinal and longitudinal structures

The ionosphere is formed as the back-
ground neutral atmosphere becomes ionized
upon exposure to solar ultraviolet light.
Accordingly, the distribution of ionospheric
density depends on latitude, longitude, and
local time according to the distribution of neu-
tral atmospheric density and the intensity of
solar radiation. As for latitudinal distributions,
a characteristic structure known as an “equato-
rial ionization anomaly (EIA)” is also in place.
The term EIA refers to a structure in which
peaks in ionospheric density are latitudinally
divided across the magnetic equator, not locat-
ed right above the equator having an intense

level of solar radiation, and the structure was
originally detected by the Japanese from
ionosonde observations[1]. The cause of EIA
is closely related to an electric field generated
in the ionospheric dynamo process, as detailed
in Reference [2] of this feature article. Figure 1
shows an EIA caught by remote-sensing far
ultraviolet light from the IMAGE satellite [3].
The EIA shown in Fig. 1 is a nighttime air-
glow observation, though it is generated in the
morning and lasts until after sunset.
Longitudinal distributions of ionospheric
density (when viewed with local time fixed)
will not be manifested in ionization (provided
the background neutral atmosphere has a low
dependence on longitude). Some studies on
longitudinal distributions that have examined
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Equatorial ionization anomaly (EIA)
caught by observing far ultraviolet
light from the IMAGE spacecraft[3]

An EIA caught by remote-sensing far ultravio-
let light from the IMAGE spacecraft[3] Aver-
ages at 14:30 to 14:49 UT (Universal Time) on
April 14, 2002. The three white lines (from top
to bottom) designate the positions at geomag-
netic latitudes of +10 degrees, O degrees, and
-10 degrees, respectively. The nighttime air-
glow that appears latitudinally divided in the
center of the diagram points to an EIA. The
bright area in the upper-left part of the diagram
encloses an area exposed to daytime solar radi-
ation; the black area from the left-side center
downward marks an area beyond the field of
vision of the observation equipment.

the longitudinal dependence of equatorial
anomalies from ionosonde observations cite
the complex geometry of the geomagnetic
field, namely, the difference between the geo-
graphic equator and the magnetic equator, the
geomagnetic field’s angle of deviation (i.e.,
difference between the geographic north pole
and magnetic north), longitudinal dependence
of magnetic field intensity, and other factors
as being responsible for the longitudinal
dependence of equatorial anomalies (4]. Based
on recent satellite observations, longitudinal
dependence could not be explained by the
magnetic field geometry alone, and other
effects accounting for this dependence must
be explored.

This paper introduces a wavenumber 4
ionospheric longitudinal structure that was

recently spotted by satellite remote-sensing
observations (Chapter 2). The discovery of
this wavenumber 4 structure eloquently sug-
gests the possibility of lower atmospheric
activity affecting the ionosphere, and has since
encouraged a number of studies. Chapter 3
discusses the relation between the ionospheric
wavenumber 4 structure and the lower atmos-
pheric moist convection. Lastly, Chapter 4
introduces a numerical simulation that repro-
duces a wavenumber 4 structure and discusses
the physical mechanism of atmosphere-ionos-
phere coupling in the wavenumber 4 structure.

2 Wavenumber 4 longitudinal
structure discovered by satellite
remote sensing

Figure 2 shows the longitudinal distribu-
tion of EIA derived by extracting data for the
same local time (2200 to 2300 hours LT) from
far ultraviolet light observations (wavelength
135.6 nm) conducted by the IMAGE space-
craft as mentioned earlier(3]. Given the satel-
lite’s orbit, the data availability was limited to
the Northern Hemisphere. The axis of ordinate
represents the magnetic latitude, though suffi-
cient observation data in the vicinity of 300
degrees longitude was not available, since the
magnetic equator sizably shifts southward at
these locations. In Fig. 2, the intense airglow
observed at 10 to 20 degrees magnetic latitude
corresponds to the EIA crests (i.e., the region
having the highest density in the latitudinal
distribution). As for the longitudinal distribu-
tions of EIA, crests have intense airglow in the
vicinity of 20, 120 and 230 degrees longitude,
and weak airglow around 60, 150 and 250
degrees longitude, at longitude intervals of
wavenumber 4. Crests having intense airglow
are located at higher latitudes, with a high
crest-to-trough (lowest-density area in the
vicinity of the magnetic equator) airglow
intensity ratio. This finding suggests that elec-
tric field variations relate to the longitudinal
dependence of EIA.

Past studies of the longitudinal depen-
dence of equatorial anomalies based on

426 Journal of the National Institute of Information and Communications Technology Vol.56 Nos.1-4 2009



ground-based observations had not led to the
discovery of an ionospheric wavenumber 4
structure due to insufficient longitude resolu-
tions on a global scale. In the wake of the dis-
covery of a wavenumber 4 structure by the
IMAGE satellite, the presence of a wavenum-
ber 4 structure in the ionospheric density dis-
tributions has been confirmed by observations
from other satellites. These other satellites
have also spotted a wavenumber 4 structure in
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7o 74 Longitudinal structure of EIA caught
by observing far ultraviolet light
from the IMAGE spacecraft[3]

The longitudinal structure of the EIA caught
by remote-sensing far ultraviolet light from the
IMAGE spacecraft [3]. Nighttime distributions
(2200 to 2300 hours LT or local time) of the
averages for April 25 to 27, 2002. The magnet-
ic latitude is taken on the axis of ordinate. Due
to the satellite's orbit, data on the Southern
Hemisphere is missing. Observation data in the
vicinity of 300 degrees longitude is also miss-
ing, since the magnetic equator sizably shifts
southward at these locations. The three bottom
panels plot the magnetic latitude of each crest
(high-density area) in the EIA, the intensity of
its airglow, and the crest-to-trough (low-densi-
ty area) density ratio, respectively.

the daytime, as well as at nighttime [5].
Wavenumber 4 structures have also been
found in the background thermospheric atmos-
phere (6] and ionospheric current(7]. The
ionospheric longitudinal structure has been
found to vary from season to season, exhibit-
ing a wavenumber 4 structure from spring,
through summer, to autumn, but the
wavenumber 4 structure gets blurred in winter
(around December) to become a wavenumber
3 structure [8](9].

3 Relationship between ionos-
pheric wavenumber 4 structure
and lower atmospheric moist
convection

The reason why an ionospheric wavenum-
ber 4 structure attracts attention is that its ori-
gin is considered traceable to the lower atmos-
phere. Figure 3 shows yearly average rainfall
distributions (diurnal component) estimated
from cloud-top temperature measurements
made by satellite observations[10]. As can be
seen from Fig. 3, much rainfall is distributed
in four regions: the low-latitude African Con-
tinent, Southeast Asia, the Pacific Ocean, and
North America. In these regions with active
moist convection, latent heat is released upon
the formation of clouds and raindrops to ener-
gize the growth of atmospheric waves. The
atmospheric waves induced by convective
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Yearly average rainfall distributions
(diurnal component) estimated
from cloud-top temperature mea-
surements[10]

No satellite data is available for 50 to 90
degrees E longitude.
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activity may propagate their energy from a
troposphere located around an ionospheric
height of 10 km to an upper atmospheric
region at 100 km or higher to generate the
ionospheric longitudinal structure. A study of
atmospheric tides propagating as far as the
thermospheric region, based on the rainfall
distributions shown in Fig. 3, revealed the
dominance of nonmigrating (i.e., non-sun-syn-
chronously propagating) tides, especially DE3
(diurnal eastward propagating tide with zonal
wavenumber 3), as well as migrating (i.e.,
sun-synchronously propagating) tides such as
DW1 (diurnal westward propagating tide with
zonal wavenumber 1)[101(111. When viewed
with the local time fixed, DE3 has wavenum-
ber 4 longitudinal dependence, whereas DW1
has no longitudinal dependence, thereby sug-
gesting its effect on the ionospheric longitudi-
nal structure.

4 lonospheric wavenumber 4
structure reproduced by numer-
ical simulation and its formation
mechanism

The discovery of the ionospheric
wavenumber 4 structure entailed numerical
simulations concerning the process of atmos-
phere-ionosphere coupling. Figure 4 presents
the results of calculation made by an electro-
dynamic model introduced in Reference[2]
that represent the distributions of vertical plas-
ma drift driven by electric field (at ionospheric
height of 300 km, 1200 hours LT). Neutral

120

longitude

Vertical plasma drift driven by elec-
tric field as reproduced by an elec-
trodynamic model
(30-day averages at an ionospheric height of

300 km, and the local time is fixed at 1200 LT)

wind distributions as input to the electrody-
namics model had been provided from the sim-
ulation output of an extended atmospheric gen-
eral circulation model developed at Kyushu
University and Tohoku University [131[14].
Although the wind velocity of the atmospheric
general circulation model varied significantly
from day to day (leading to day-to-day varia-
tion of electric field (plasma drift)), only the
30-day (September) average of the plasma
drift is plotted in Fig. 4. Evidently from the
figure, the plasma drift peaks in four regions:
the low-latitude African Continent, Southeast
Asia, the Pacific Ocean, and North America.
Because east-west electric field (vertical plas-
ma drift) on the equator is a driving source for
EIA (21, the results of the electrodynamics
model are linked to the wavenumber 4 longi-
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Amplitude and phase of the DE3 (eastward
propagating diurnal tide with zonal wavenum-
ber-3) component extracted from results of the
extended atmospheric general circulation
model [14]

(Upper left: zonal (East-west) wind amplitude,
lower left: zonal wind phase, upper right:
meridional (north-south) wind amplitude,
lower right: meridional wind phase)
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tudinal structure of EIA as reported in Refer-
ence(3].

Because the calculations shown in Fig. 4
use as an input the wind velocity derived from
the atmospheric general circulation model
without modification, the calculations include
the contributions of all atmospheric waves
reproduced by the atmospheric general circu-
lation model. Chapter 3 stated that DE3—a
nonmigrating tide excited in the lower atmos-
phere—becomes dominant in the thermos-
phere in September equinox. To examine the
contribution of DE3 to the ionospheric
wavenumber 4 structure and its formation
mechanism, Reference([14] extracted migrat-
ing tidal components and DE3 from the distri-
butions of wind velocity simulated by the
atmospheric general circulation model, and
use the tidal winds as an input to the electro-
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Longitude-local time distributions of
vertical plasma drift driven by
dynamo electric field caused by
the DE3 component [14]

(a) Results of calculation by the electrodynam-
ics model only using migrating tides and
DE3 as input[14]. Longitude-local time
distributions of vertical plasma drift driven
by dynamo electric field at the height of
300 km

(b) The same as (a), but the contribution from
migrating tides is removed to highlight
only the contribution of the DE3 compo-
nent.

dynamic model. Figure 5 shows the distribu-
tions of amplitude and phase of the DE3 com-
ponent extracted based on the results of the
atmospheric general circulation model. Tidal
propagation from the lower atmosphere to the
upper atmosphere is clearly evident. More-
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Mechanism for the generation of
zonal electric field variation as sug-
gested by the electrodynamics
model[14]

The contour designates the longitude/local
time-ionospheric height distributions of elec-
trostatic potential (on the magnetic equatorial
plane), with the arrow indicating the flow of
dynamo current integrated along magnetic
field lines (Hall current marked in black, Ped-
ersen current in orange). These physical quan-
tities only represent the contribution of the
DE3 component.
(a) Snapshot taken at 05:20 UT (local time of
12 hours in the center of the diagram)
(b) Snapshot taken at 08:00 UT (local time of
20 hours in the center of the diagram)
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over, the east-west wind had large amplitude
at the ionospheric dynamo region (around 110
km, where the conductivities are largest in
their altitude profiles). In the dynamo region,
the DE3 wind had uniform phase distribution
in the latitude direction, which is an effective
condition to the formation of dynamo electric
field.

Figure 6 presents the longitude-local time
distribution of vertical electric field drift in the
plasma at an ionospheric height of 300 km as
the results of calculation made by the electro-
dynamics model using migrating tides and
DE3 as input. Only the contribution from DE3
is indicated in Fig. 6 (b). Evidently from Fig.
6, a wavenumber 4 structure has been formed
by the DE3 in vertical electric field drift dur-
ing the daytime. A wavenumber 4 structure
has also been formed in the electric field drift
after sunset, as well as during the daytime.

Figure 7 shows how DE3 creates a zonal
electric field (vertical drift). As detailed in
Reference (141, DE3 causes a zonal dynamo
current to flow in the daytime, resulting in a
positive charge being accumulated in the
dynamo current convergent region (around 75
degrees longitude in Fig. 7 (a)), and a negative
charge in the divergent region (around 135
degrees longitude in Fig. 7 (a)).Then, an east-
ward polarized electric field (upward vertical
electric field drift) is formed between 75 and
135 degrees from the convergent region to the
divergent region as shown in Fig. 7 (a). It
intensifies the eastward background electric
field in the daytime. Thus, DE3 promotes the
growth of EIA at these longitudinal locations.

References

5 Conclusions

As introduced in this paper, the recently
discovered ionospheric wavenumber 4 struc-
ture has been found to originate from the
lower atmosphere. Other than the wavenum-
ber 4 structure, phenomena suggesting a link-
age from the lower atmosphere to the ionos-
phere have been suggested by a growing num-
ber of reports, thereby driving probes into the
process of atmosphere-ionosphere coupling.
Meteorological activities near the ground sur-
face vary on many different spatial and tempo-
ral scales, with its impact possibly reaching as
far as the remote upper ionosphere. Some day-
to-day ionospheric variations relevant to space
weather may also have some bearing on the
lower atmosphere. To further advance probes
into the process of atmosphere-ionosphere
coupling, an integrated model of the Earth’s
whole atmospheric region covering from
meteorological activities near the ground sur-
face through the ionosphere would be neces-
sary. To meet this need, major institutions in
the U.S. and Japanese groups have embarked
on the development of large-scale models to
bolster further leaps in the implementation of
such probes.
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