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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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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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production and loss and ion transport could reproduce some of the features of the observed
wavenumber-pattern observed in the ionosphere when non-migrating tides were included in
this model, providing strong evidence for a causal link between these waves in the neutral
atmosphere and the wave-like response seen in the low-latitude ionosphere.

4.5 Airglow

Along with the changes in the ion density of the F-region are changes in the airglow emis-
sions from this region. Both the 630.0 nm and 135.6 nm nighttime emissions are related to
the recombination of O+, the main species in the F-region ionosphere and both have been
used to study the longitudinal variations of the F-region. Thuillier and Blamont (1973) pre-
sented early observation of the wavenumber-4 structure in the 630.0 nm emissions from
OGO-4 during equinox conditions. Sagawa et al. (2005) and Henderson et al. (2005) found
wavenumber-4 variations in the 135.6 nm emissions observed by IMAGE-FUV and TIMED-
GUVI respectively. Sagawa et al. (2005) postulated that this structure in the airglow was
related to non-migrating semi-diurnal tides.

Immel et al. (2006) wer the first to present a direct comparison of the observed airglow
brightness to non-migrating tides in the thermosphere (see Fig. 14) and argued that in-fact
the diurnal tide, DE3, was primarily responsible for creating the wavenumber-4 variation in
the airglow brightness and location. England et al. (2006b) compared the 135.6 nm airglow
observations from IMAGE-FUV and TIMED-GUVI with the much earlier OGO-4 630.0 nm
observations, showing that for equinox conditions the longitudinal patterns in the airglow
at these two wavelengths were out of phase with one another, which is consistent with both
emissions responding to the same variation in the ionospheric dynamo (see Sect. 5). Kil et al.
(2008) and England et al. (2009) both showed that the seasonal variations in the airglow pat-
terns corresponded to the seasonal changes in atmospheric tides in the lower thermosphere
observed by TIMED-SABER.

McDonald et al. (2008) used the 135.6 nm limb observations from ARGOS-LORAAS
to study the longitudinal variation in the airglow during the late evening (02:30 LT). Using
these limb data, the authors were able to determine the variation in brightness, F-region
peak height and density. The authors reported that at this LT, the airglow pattern displayed a
strong inter-hemispheric asymmetry on top of the wavenumber structure reported by other

Fig. 14 Reconstruction of the
135.6 nm airglow brightness at
20 LT based on the IMAGE-FUV
observations from March–April
2002. Overlaid are the
temperature amplitudes of the
diurnal migrating tide at 115 km
from the GSWM (white dashed
line). Due to poor sampling of
the southern airglow band, the
airglow band shown south of the
geomagnetic equator are based
on a mirror image of the northern
band. After Immel et al. (2006).
Reproduced by permission of
American Geophysical Union

DynamoBreaking
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condition can generate nonmigrating tides effect in the thermo-
sphere and ionosphere. Preliminary comparison with TIMEGCM
results showed consistent amplitude of DE3 in the upper thermo-
sphere. The results also appear to agree with the CHAMP observa-
tion. More analysis of the model results is planned.
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Häusler, K., Lühr, H., 2009. Nonmigrating tidal signals in the upper thermospheric
zonal wind at equatorial latitudes as observed by CHAMP. Annals de Geophy-
sique 27 (7), 2643–2652.

Häusler, K., Lühr, H., Hagan, M.E., Maute, A., Roble, R.G., 2010. Comparison of
CHAMP and TIME-GCM nonmigrating tidal signals in the thermospheric zonal
wind. Journal of Geophysical Research 115, D00108. doi:10.1029/2009
JD012394.

Immel, T.J., Sagawa, E., England, S.L., Henderson, S.B., Hagan, M.E., Mende, S.B.,
Frey, H.U., Swenson, C.M., Paxton, L.J., 2006. Control of equatorial ionospheric
morphology by atmospheric tides. Geophysical Research Letters 33, L15108.
doi:10.1029/2006GL026161.

Killeen, T.L., Skinner, W.R., Johnson, R.M., Edmonson, C.J., Wu, Q., Niciejewski, R.J.,
Grassl, H.J., Gell, D.A., Hansen, P.E., Harvey, J.D., Kafkalidis, J.F., 1999. TIMED
Doppler Interferometer (TIDI). Proceedings of SPIE 3756, 289–315.
doi:10.1117/12.366383.

Lei, J., Roble, R.G., Kawamura, S., Fukao, S., 2007. A simulation study of thermo-
spheric neutral winds over the MU radar. Journal of Geophysical Research 112,
A04303. doi:10.1029/2006JA012038.
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Vertical Coupling from E Region Dynamo (DE3)

How do these effects vary over seasonal and inter annual time scales? 

Latitude / Time amplitude trends decomposed using Multi-dimensional Ensemble 
Empirical Mode Decomposition (MEEMD).
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Figure 5. Latitude and local time variation in TEC reconstructed from fitted COSMIC migrating tidal
amplitudes and phases, averaged between days 45 and 135. From top to bottom, rows correspond to results
from 2007 through 2011. From left to right, columns correspond to DW1, SW2, TW3, and superposition
of all three migrating tides, respectively. Units are % of maximum zonal mean value. Contours of 5% for
DW1 and superimposed values, 2.5% for SW2 and TW3.

The results therefore indicate that the ionospheric SW2
component corresponds to the formation of the EIA crests.

[36] The latitude and local time variation of TW3 is shown
in Figures 5k–5o. With the exception of 2010 where some
splitting occurs, TW3 manifests primarily as a single peak,
occurring near the latitude of the DW1 peak around 0–5ıN.
Comparing the local time variation of TW3 to that of SW2,
it can be seen that the trough of TW3 occurs at around
13 h local time, which is roughly the same time that SW2 is
maximizing. TW3 therefore serves to reduce TECs near the
magnetic equator at the same time SW2 increases TECs at
the EIA crests.

[37] Superimposing all three migrating tidal components
(Figures 5p–5t), we therefore find that DW1 corresponds to
the general daytime increase in TEC tied to photoioniza-
tion, SW2 contributes to the EIA crests, and TW3 serves
to deepen the EIA trough around midday. Similar results
are found for the time period around the September/October
equinox (not shown).

[38] Figure 6 shows the individual and combined migrat-
ing tidal latitude and local time variation from COSMIC
results averaged between days 135 and 225, representative
of solstice conditions during the northern summer/southern
winter. Compared to the prior equinox results in Figure 5,

the solstice DW1 results shown in Figures 6a–6e are
considerably more asymmetric in local time. Although the
equatorial peak of DW1 occurs around 14 h local time, it can
be seen that the local time of maximum shifts toward later
times in the northern (summer) hemisphere while remain-
ing similar to or slightly earlier than equatorial values in
the southern (winter hemisphere), as seen previously in
Figures 2f–2j.

[39] Figures 6f–6j show the latitude and local time vari-
ation of SW2 during this time. The peaks of SW2 at EIA
latitudes are also much more asymmetric in local time with
the peak in the northern (summer) hemisphere occurring
2–3 h later than that in the southern (winter) hemisphere. As
noted previously, an enhancement in SW2 relative ampli-
tudes occurs near 45ıN, which is also out of phase with
the EIA latitude peaks. From the local time variation shown
here, it can be seen that these midlatitude enhancements
peak at around 8 and 20 h local time, coincident with times
around sunrise and sunset where DW1 is small. Examin-
ing the superimposed results shown in Figures 6p–6t, it can
be seen that the SW2 midlatitude enhancements combine
with DW1 to broaden the daytime TEC response in the
northern (summer) hemisphere. A similar but smaller SW2
enhancement near 45ıS is in phase with the SW2 peak at the
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What drives the ionospheric QBO?
Equatorial Zonal Wind, Deseasoned M?nthly Means 
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Plate 1. (top) Time-height section of the monthly-mean zonal wind component (m s-•), with the seasonal 
cycle removed, for 1964-1990. Below 31 km, equatorial radiosonde data are used from Canton Island (2.8øN, 
January 1964 to August 1967), Gan/Maledive Islands (0.7øS, September 1967 to December 1975), and 
Singapore (1.4øN, January 1976 to February 1990). Above 31 km, rocketsonde data from Kwajalein (8.7øN) 
and Ascension Island (8.0øS) are shown. The contour interval is 6 m s -•, with the band between -3 and +3 
unshaded. Red represents positive (westerly) winds. After Gray et al. [2001]. In the bottom panel the data are 
band-pass filtered to retain periods between 9 and 48 months. 
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Plate 2. Dynamical overview of the QBO during northern winter. The propagation of various tropical waves 
is depicted by orange arrows, with the QBO driven by upward propagating gravity, inertia-gravity, Kelvin, and 
Rossby-gravity waves. The propagation of planetary-scale waves (purple arrows) is shown at middle to high 
latitudes. Black contours indicate the difference in zonal-mean zonal winds between easterly and westerly 
phases of the QBO, where the QBO phase is defined by the 40-hPa equatorial wind. Easterly anomalies are 
light blue, and westerly anomalies are pink. In the tropics the contours are similar to the observed wind values 
when the QBO is easterly. The mesospheric QBO (MQBO) is shown above --•80 km, while wind contours 
between --•50 and 80 km are dashed due to observational uncertainty. 
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Singapore (1.4øN, January 1976 to February 1990). Above 31 km, rocketsonde data from Kwajalein (8.7øN) 
and Ascension Island (8.0øS) are shown. The contour interval is 6 m s -•, with the band between -3 and +3 
unshaded. Red represents positive (westerly) winds. After Gray et al. [2001]. In the bottom panel the data are 
band-pass filtered to retain periods between 9 and 48 months. 
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Plate 2. Dynamical overview of the QBO during northern winter. The propagation of various tropical waves 
is depicted by orange arrows, with the QBO driven by upward propagating gravity, inertia-gravity, Kelvin, and 
Rossby-gravity waves. The propagation of planetary-scale waves (purple arrows) is shown at middle to high 
latitudes. Black contours indicate the difference in zonal-mean zonal winds between easterly and westerly 
phases of the QBO, where the QBO phase is defined by the 40-hPa equatorial wind. Easterly anomalies are 
light blue, and westerly anomalies are pink. In the tropics the contours are similar to the observed wind values 
when the QBO is easterly. The mesospheric QBO (MQBO) is shown above --•80 km, while wind contours 
between --•50 and 80 km are dashed due to observational uncertainty. 

Baldwin et al. [1999]

Stratosphere / Mesosphere QBO  
Modulates eddy mixing in lower 

thermosphere from waves / tides.

Solar QBO  
Modulates photoionization.



Ionosphere QBO Drivers

Low Solar Activity: GUVI O/N2 (composition).  
High Solar Activity: F10.7 (solar irradiance) and GUVI O/N2 (composition).



TIE-GCM Sensitivity Study

• Atmospheric tides specified at 97 km model lower boundary using assimilated 2003 - 2009 TIMED 
observations [Wu et al., 2012].

• Empirical tidal model constructed using linear fit of TIMED assimilated tidal amplitudes to 
stratosphere QBO index.

• Weaker migrating tidal amplitudes during stratospheric QBO westward phases, due to reduced 
vertical wavelength in westward background winds.

Neutral Temperature, DW1 Amplitude
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ΔTEC 
Strat. QBO West - Strat. QBO East

• Larger zonal mean and DW1 TEC amplitudes during stratospheric QBO 
westward phase (fixed F10.7 = 180).

• Difference attributed due to reduced O/N2 due to dissipation of 
increased MLT tidal amplitudes.
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Ionosphere QBO Drivers

Results confirm drivers postulated from COSMIC / GUVI observational 
analysis: 
High Solar Activity: F10.7 (solar irradiance) and atmospheric tidal dissipation 
(composition). 
Low Solar Activity: Atmospheric tidal dissipation (composition).
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Figure 3.32. TECs from TIE-GCM during 2006 to 2014 at 12.5 magnetic latitude. (blue line) For 
stratospheric QBO westward phase. (red line) For stratospheric QBO westward phase. (dash line) 
Corresponding solar QBO signals in EMD analysis of F10.7 index.
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Ongoing Work

Neutral Temperature, DW1 Amplitude
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• Can O/N2 QBO be 
reproduced using MLT tidal 
empirical model results?

• Does the 97 km TIE-GCM 
lower boundary correctly 
reproduce tidal amplitudes 
peaking above 97 km? (eg., 
DE3, SW2)

• What is the relative mixing 
effect of QBO signals in the 
atmospheric tides 
compared to gravity waves?



Conclusions
• Ionospheric tides formed by both in-situ and vertical 

coupling mechanisms. Amplitudes reflect both solar 
activity, dynamo coupling, and composition change. 

• Identified ionospheric quasi-biennial osccillation (QBO), 
driven both by solar irradiance, as well as composition 
changes from eddy mixing by dissipating atmospheric 
tides in lower thermosphere. 

• Preliminary results from observations and sensitivity study 
show that eddy mixing from tides has a larger effect in 
driving the ionospheric QBO during low solar activity.



Information and Registration:  
http://www.ss.ncu.edu.tw/~vcais6/ 

Registration Deadline: June 1 June 15

http://www.ss.ncu.edu.tw/~vcais6/

