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[1] A newly discovered 1000-km scale longitudinal
variation in ionospheric densities is an unexpected and
heretofore unexplained phenomenon. Here we show that
ionospheric densities vary with the strength of non-
migrating, diurnal atmospheric tides that are, in turn,
driven mainly by weather in the tropics. A strong
connection between tropospheric and ionospheric
conditions is unexpected, as these upward propagating
tides are damped far below the peak in ionospheric density.
The observations can be explained by consideration of the
dynamo interaction of the tides with the lower ionosphere
(E-layer) in daytime. The influence of persistent tropical
rainstorms is therefore an important new consideration for
space weather. Citation: 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.

[2] The ionosphere is the region of highest plasma
density in Earth’s space environment. It is a dynamic
environment supporting a host of plasma instability pro-
cesses, with important implications for global communica-
tions and geo-location applications. Produced by the
ionization of the neutral atmosphere by solar x-ray and
UV radiation, the uppermost ionospheric layer has the
highest plasma density with a peak around 350–400 km
altitude and primarily consists of O+ ions. This is called the
F-layer and it is considered to be a collisionless environ-
ment such that the charged particles interact only weakly
with the neutral atmosphere, lingering long after sunset. The
E-layer is composed of molecular ions and is located
between �100–150 km where collisions between ions
and neutrals are much more frequent, with the result that
the layer recombines and is reduced in density a hundred-
fold soon after sunset [Rees, 1989; Heelis, 2004]. The
respective altitude regimes of these two layers are com-
monly called the E- and F-regions.
[3] The ionosphere glows as O+ ions recombine to an

excited state of atomic oxygen (O I) at a rate proportional to

the product of the electron and O+ densities, Figure 1 shows
an image of the Earth obtained at the far-ultraviolet (FUV)
135.6-nm wavelength, produced in the 5S-3P transition of O
I. The ionosphere is significantly structured, with dense
bands of plasma at low latitudes straddling the magnetic
equator of Earth. This is the equatorial ionospheric anomaly
(EIA) [Namba and Maeda, 1939; Appleton, 1946]. Prom-
inent from daytime to evening sectors, these bands are a
result of the uplift of ionospheric plasma at the equator to
altitudes >800 km and the subsequent diffusion down
magnetic field lines. The uplifting process is driven by
eastward dynamo electric fields generated by the interaction
of neutral winds in the lower thermosphere with the daytime
ionospheric E-layer. Figure 2 describes this process. Any
phenomenon that can interfere with this process, particularly
by changing the daytime electric field (Figure 2 highlight
(1)), can therefore affect the growth of the EIA.
[4] Active atmospheric phenomena in this region include

atmospheric thermal tides, planetary-scale internal waves
driven by the diurnal heating cycle [Chapman and Lindzen,
1970]. Conversion of solar radiation to heat directly ener-
gizes many tidal modes throughout the atmosphere, but the
largest tides at E-region altitudes originate in the atmo-
sphere below, rising in height and magnitude to dominate
the weaker, locally driven tidal wind structures [Williams
and Avery, 1996; Miyahara and Miyoshi, 1997; Hagan and
Forbes, 2003; Forbes et al., 2003]. Dynamical atmospheric
simulations indicate the importance of tides in determining
conditions in this region of the atmosphere [Akmaev and
Shved, 1980; Roble and Shepherd, 1997]. Recent simula-
tions performed to study the effect of upward-propagating
tidal energy in a global circulation model showed that
several of the major diurnal tidal modes have a significant
influence on the vertical plasma drifts in the F-region during
the daytime [Millward et al., 2001]. Until now, no obser-
vations supporting this work have ever been made.
[5] Because the upward-propagating tides are heavily

damped at and above the E-layer, one may not initially
expect lower-atmospheric tides to affect the properties of the
F-layer directly. However, upward-propagating tides should
modulate the E-layer dynamo electric fields produced as
winds push plasma perpendicular to the magnetic field.
These electric fields largely control the daytime develop-
ment of the F-layer. In a related manner, day-to-day vari-
ability in the ionospheric electric current system has been
attributed to variations in tidal strength [Stening, 1975]. As
heat exchange in the lower atmosphere and radiative ab-
sorption throughout the atmosphere generate a large number
of tides with common frequencies but different propagation
characteristics, longitudinal variations in the combined tidal
strength exist at E-layer altitudes [Hagan and Forbes,
2002]. Therefore, one may postulate that these could induce
a longitudinal variation in the E-layer dynamo and hence in
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the development of the dayside F-layer. To date, investiga-
tions of ionospheric structure in the F-layer and above have
either found no evidence of such a longitudinal variation, or
found a variation that would be inconsistent with tidal
forcing [Coley et al., 1990; Fejer et al., 1995]. Recent
studies using space-based magnetometers [Ivers et al.,
2003; Lühr et al., 2004] or ionospheric density measure-
ments [Vladimer et al., 1999] have found some new
indications of longitudinal ionospheric structure, but those
studies discussed no causal mechanisms. A connection to
tides has been recently suggested [Jadhav et al., 2002;
Sagawa et al., 2005], and this work is undertaken to test
these hypotheses of tidal influence.
[6] The IMAGE satellite can observe the nighttime

135.6–nm emissions of the EIA for up to six hours of each
14-hour orbit, allowing the temporal and spatial evolution
of the plasma to be monitored [cf. Immel et al., 2003, Lin et
al., 2005]. The present study uses the particularly clear
observations that IMAGE made in March and April 2002,
such as the example of Figure 1, to examine the large-scale
morphology of the EIA around equinox. We collected and
averaged all of the nightside FUV observations between
March 20 and April 20 as a function of local time, magnetic
latitude and longitude. Then, the mean coefficients of a
Gaussian fit to the latitudinal distribution of emissions are
determined in every local time and longitude sector to
determine the mean morphology of the ionosphere. The
resultant image shown in Figure 3 presents a reconstruction
of the ionospheric emissions from those coefficients for the
20:00 local time sector, showing the mean ionospheric state.
A greater mean separation of the EIA peaks is evident at
four locations around the planet: South America, Africa,
Southeast Asia, and the central Pacific. The repeated sep-
aration and rapprochement of the EIA peaks in Figure 3 was
identified by Sagawa et al. [2005], who noted that this

structure cannot be explained by any simple interaction of
the known electric and magnetic fields that combine to
produce the EIA. We have reproduced the southern band by
assuming conjugacy and mapping the northern band across
the magnetic equator, which is valid for equinox. Some
asymmetry may be expected where the magnetic equator
depart significantly from the geographic equator.
[7] Overlaid on this image are contours of the equinoctial

amplitude of the diurnal temperature variation at 115 km
determined from the Global Scale Wave Model (GSWM)
[Hagan et al., 2001; Hagan and Forbes, 2002, 2003;
Forbes et al., 2003]. Equinoctial model outputs are selected
for best comparison to the March–April FUV data. Peaks in
the temperature amplitude along the equator indicate areas
where the major components of the diurnal tide combine
most effectively to alter winds and temperatures at the given
altitude. A remarkable correspondence between the peaks in
tidal strength and the maxima in the separation of the peaks
is evident. The relationship is notable in comparisons with
the brightness of the EIA as well. Conversely, the anomalies
draw much closer together and are generally fainter where
the tidal forcing is weakest, particularly over the Indian
Ocean.
[8] A closer investigation of the tides and the ionospheric

distribution further demonstrates the correspondence be-
tween the tidal temperatures in the E-region and both the
latitude and brightness of the anomaly. Figure 4a shows this
by comparing diurnal tidal temperature amplitudes at 115-km
altitude along the equator (dashed blue line) and latitude of
peak brightness in the northern anomaly (black line). The
correspondence between the parameters is evident, with 4
matching peaks and one additional peak in the FUV
measurements at the location of a tidal temperature mini-
mum at longitudes of �330�. We discuss this single
discrepancy later in the report. Also shown here is the
latitude of the northern anomaly from a new model of the

Figure 1. Projection of ionospheric ultraviolet emissions
measured by IMAGE-FUV onto a grid of geographic
coordinates. 14 5-second images obtained over 28 minutes
of time are combined to produce an average emission map.
Selected raw FUV images are shown to the left, showing the
bright airglow on the dayside and the glowing ionospheric
anomalies stretched across the night. Both the northern
and southern equatorial ionospheric anomalies are visible
here, though the southern anomaly is near the edge of the
field-of-view. The green line in the mapped image indicates
the edge of viewable locations on Earth from the satellite’s
point-of-view.

Figure 2. Diagram describing the development of the
equatorial ionospheric anomaly, the magnetic and electric
fields that combine to produce it. (1) The E-region dynamo,
driven by neutral wind-E-layer interaction, produces an
eastward electric field across the dayside. (2) These fields
are transmitted upward along magnetic field lines into the
F-region, causing the plasma to E � B drift upward (3, 4) at
the magnetic equator. (5) Through diffusion and gravita-
tional sedimentation, the upward lifted plasma settles along
the magnetic field to locations north and south of the
equator.
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EIA constructed using FUV data from the NASA TIMED
mission [Henderson et al., 2005a, 2005b]. The IMAGE and
TIMED measurements of the latitude of the EIA agree
remarkably well, and both match the temperature peaks
from the GSWM.
[9] Just as the latitude of the anomaly can be used as an

indication of the strength of the processes that helped form
it during the day, the density of the anomaly can also
indicate the strength of the formation process. The bright-
ness of the northern anomaly is shown in Figure 4b,
alongside the tidal temperature amplitudes in a similar
format similar as Figure 4a. Figure 4b demonstrates a clear
relationship between the tidal strength and density of the
anomaly. The brightness peaks nearly coincide with the four
tidal amplitude peaks. The TIMED model of ionospheric
emission brightness is also shown, again agreeing very well
with the IMAGE data. The longitudinal offset between the
FUV and tidal peaks is more pronounced than in Figure 4a,
though also present in that previous plot.
[10] The temperature amplitudes shown in Figure 4a

indicate the longitudes at which the combined diurnal tidal
oscillations maximize. According to the GSWM, the phase
of this oscillation is such that the meridional wind compo-
nent in the vicinity of the E-layer peak maximizes close to
local noon, with winds blowing away from the temperature
maximum at the equator at that time. The density of
the E-layer, and the degree of ion-neutral coupling in the
E-region, also reaches its peak at noon. The upward-
propagating tides therefore enhance the regular noon-time
E-region dynamo wind that is also directed away from the
equator at noon, which supports the growth of the daytime
low-latitude F-layer. This reinforcement of the background

dynamo winds is concentrated in four peaks around the
globe where the tides are greatest. The interaction will
enhance the dynamo electric field in these four regions,
resulting in the global-scale variation in the morphology of
the EIA that we observe.
[11] Aside from the dayside dynamo electric field, the

most important low-latitude ionospheric phenomenon is the
pre-reversal enhancement (PRE) in the uplifting, eastward
electric field that occurs near sunset. Using a coupled
atmospheric-ionospheric model, Millward et al. [2001]
showed that lower thermospheric tides can strongly modu-
late the dayside dynamo electric field while having practi-
cally no effect on the PRE. This is due in part to the phase
of the tidal forcing approaching zero at the terminators.
Though this may be reconsidered for the solar-maximum
conditions present in 2002, it is likely that the PRE is not
the mediator of energy transfer from the lower atmosphere

Figure 3. Reconstruction of nighttime ionospheric emis-
sions from 30 days (March 20–April 20) of observations
with the IMAGE-FUV imager. The average location and
brightness of the equatorial ionospheric anomaly stand out
in this presentation. Due to the poor sampling of emissions
from the southern anomaly, it is represented here with a
mirror image of the northern anomaly across the magnetic
equator. This image is representative of the local iono-
spheric properties at 20:00 LT. Overlaid on this figure with
white dashed contours is the amplitude of the diurnal
temperature variation at 115 km due to upward-propagating
lower atmospheric tides, as reported by the GSWM.

Figure 4. Figure 4a shows the average latitude of the peak
brightness (vs. longitude) of the EIA determined from
IMAGE FUV images of the 135.6-nm recombination
airglow emissions (black line) in the 20:30-22:00 LT sector.
The red line shows the same parameter from an ionospheric
model developed using FUVobservations from the TIMED
satellite. The blue dashed line shows the amplitude of the
temperature variation driven by the diurnal tide at 115 km,
as reported by the GSWM. The 2–3� overall latitudinal
offset between the IMAGE data and TIMEDmodel are likely
due to uncertainty in the exact height of the F-layer (assumed
for this work to be 400 km), which weighs on the remote
IMAGE observations. Figure 4b shows the brightness of the
EIA (vs. longitude) from IMAGE and TIMED in a format
similar to Figure 4a. The data used in the TIMED model are
entirely within the period of IMAGE observations.
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to the ionosphere, but rather (possibly) an amplifier of the
wave-4 zonal morphology as the tide-modified ionosphere
rotates to the nightside.
[12] It is clear that coupling between the lower and upper

regions of the atmosphere must be addressed in terms of the
momentum carried by the atmospheric tides. Although the
upward-propagating tidal momentum is heavily damped at
upper E-region altitudes, it is now apparent that the polar-
ization electric fields the tides produce are transmitted
upward along the magnetic field into the F-region with
significant results. We find that recent simulations of tidal
effects on upper atmospheric electric fields were accurate in
their predictions of significant modification of the dynamo
electric fields by upward-propagating tides [Millward et al.,
2001]. The good correspondence of the tidal parameters
from the GSWM with two separate FUV ionospheric
imaging analyses of the structure of the EIA strongly
supports our conclusion that the longitudinal variability in
the EIA results from lower-atmospheric tidal forcing of the
upper atmosphere. No other known terrestrial phenomenon
or combination thereof could induce this type of variability
in the F-region, and the close correspondence of peak
densities and latitudinal separation of the EIA bands indi-
cates a modulation of ionospheric growth. This growth is
driven on the dayside by the E-region dynamo electric field
(see Figure 1), the very electric field that we believe is
modified by the longitudinal structure in the tidal winds.
[13] The four-peaked longitudinal signature is unique to

Earth, with its particular distribution of landmasses and
associated meteorological forcing. It is found at equinox
times, when the meridional component of E-region neutral
winds at low latitudes is not dominated by inter-hemispheric
flows. We expect that the troposphere-ionosphere coupling
will be greatest at the peak of the solar-cycle when E-region
densities are highest. Questions remain, however, about the
relative importance of the diurnal and semi-diurnal tides, the
seasonal variation of the tidal effects, magnetic conjugacy,
and the large-scale impulsive effects of prodigious producers
of wave energy such as tropical cyclones. Answering these
questions will require significant cooperation between sci-
entific communities that often specialize in particular altitude
regions of the atmosphere (e.g., troposphere vs. thermo-
sphere). Ionospheric studies from ground and space will
need to be undertaken using this new knowledge as a basis.
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