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72! inclination angle. After 16 months the constellation will
reach the mission orbit of !800 km altitude, 72! inclination
angle, and 30! separation in longitude between each satel-
lite. Currently (as of 27 October 2006), one F3/C satellite
has reached its 800 km mission altitude, separating in
longitude from the other five satellites that are still clustered
close together in a similar orbital plane. Although the
constellation has not yet reached its final mission orbit,
!2500 ionospheric soundings are performed daily provid-
ing measurements of global three-dimensional ionospheric
electron density structure up to 500 (800) km altitude.
Monthly averaged global ionospheric soundings that vary
with altitude can be obtained by binning measurements
from 30 geomagnetically quiescent days (e.g., 15 days prior
and 15 days after September 21) in two hour bins and taking
median value of the soundings located in the same 5 degree
by 5 degree grid in both longitude and latitude. Figures 1a
and 1b show the constructed electron content map for
measurements made between 2000–2200 LT and integrated
from 100–500 km and 300–350 km altitudes, respectively.
The integrated ionospheric electron contents between 100–
500 km and 300–350 km, hereafter referred to as IEC(100–
500) and IEC(300–350), respectively show a clear four-

peaked longitudinal structure with large electron content
occurring in the South America, Africa, Southeast Asia, and
the central Pacific sectors as reminiscent of the IMAGE
nightglow images. These same structures are also observed
in F3/C daytime electron content measurements and will be
the subject of a follow-on report.

3. Comparison With the TIMED-GUVI
Observation

[5] To examine whether the four-peaked longitudinal
signature also exists in the ionospheric nightglow during
the same time period, 135.6 nm nightglow observation from
the Global Ultraviolet Imager (GUVI) [Christensen et al.,
2003] on board the NASA TIMED (Thermosphere Iono-
sphere Mesosphere Energy and Dynamics) satellite is pre-
sented in Figure 2. The GUVI 135.6 nm observations at
2000–2200 LT during the 15-day period after September 21,
2006 are analyzed to reconstruct the Figure 2 with similar
data binning method used to create Figure 1. Four strong
airglow brightness zones are clearly seen at the low-latitude
longitude regions that are highly correlated with the F3/C
electron density measurements. The locations of the EIA

Figure 1. Ionospheric electron content (IEC) integrated between (a) 100–500 km altitude range and (b) 300–350 km
altitude range of the FORMOSAT-3/COSMIC electron density observation at 2000–2200 local time period during around
September Equinox, 2006. 1TECu = 1012 electrons/cm2.

Figure 2. Median-valued TIMED-GUVI 135.6 nm nightglow observation during 2000–2200 local time period during
around September Equinox, 2006.
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Migrating Tides (n = -s): 
Sun-synchronous. Identical local time variation at all longitudes (λ).

Nonmigrating Tides (n ≠ -s): 
Non Sun-synchronous. Local time variation changes at different longitudes (λ).

Lin et al., GRL 2007, doi:10.1029/ 2007GL029265

20 - 22 LT

Tides in Constant Local Time

Aliased into zonal mean
Aliased into as stationary planetary waves
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Observations and model results suggest migrating tides drive 
most ionospheric variability around SSWs.

Lin et al., GRL 2012, doi:10.1029/2011GL050248

120°E

QUESTIONS:
•What features of ionospheric local 
time variation correspond to migrating 
tides in the ionosphere?

•What is the relation between 
migrating tidal components in the 
ionosphere and in the MLT?

global ionospheric responses to the 2009 stratospheric sudden
warming event by FORMOSAT-3/COSMIC, manuscript
submitted to Journal of Geophysical Research, 2011 here-
inafter referred as Lin et al., submitted manuscript, 2011).
For the F3/C satellites, one needs to accumulate around
20-day observations to obtain the full global and local time
coverage required for unambiguous tidal retrieval. In this
paper 20-days of ionospheric peak electron density (NmF2)
data (with storm days removed) are binned into a 5° ! 5°
grid in geographic longitudes and magnetic latitudes
between "40 magnetic latitude (MLAT) with the time
interval of one hour in local time. The 20-day window is
then moved through the time series with steps of one day
in order to obtain the daily values.
[6] The NmF2 are further analyzed in terms of their vari-

ous migrating and nonmigrating tidal components. Similar
to analysis of solar atmospheric tides [e.g., Zhang et al.,
2006; Pedatella and Forbes, 2010], the NmF2 are fit to the
following harmonic functions by using the least-squares
method:

X tLT ; lð Þ ¼ !X þ
X3

n¼1
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s¼'4

An;s cos nWtLT ' nþ sð Þlþ qn;s
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þ
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! "

: ð1Þ

[7] Where X denotes the binned observational data, !X the
zonal and time mean, n is subharmonics of a solar day, W is
the rotation rate of the Earth (2p/day), tLT the local time, s
the zonal wavenumber propagating in the eastward (posi-
tive values) or westward (negative values) direction, and l
the longitude, while An,s, qn,s and A0,s, q0,s are amplitudes
and phases of migrating/nonmigrating tides and stationary
planetary wave, respectively. The n = 1, 2, 3 components
are referred to as diurnal, semi-diurnal, and ter-diurnal
tides, respectively. The fit is performed for n = 0, 1, 2, 3
and s = '4, '3, … 3, 4 and a nearly full spectrum of
migrating/sun-synchronized (n + s = 0) and nonmigrating

(n + s ≠ 0) tidal components and stationary planet waves
for a range of latitudes are obtained.

3. Results and Discussion

[8] Figure 1 shows the day-to-day variations of the
retrieved zonal and time mean ( !X ) and amplitudes of
migrating (DW1, SW2 and TW3) and SW1 nonmigrating
tide during DOY 001-055 2009. The zonal and time mean
shows a clear reduction and hemispheric asymmetry during
DOY 020-040 in both northern and southern EIA regions
(15(40° MLAT), before returning to a larger value sym-
metrically in both hemispheres. Similar reductions during
DOY 020-040 are seen in DW1 amplitude at EIA regions
and TW3 around the magnetic equator. Reductions in the
zonal and time mean and the DW1 are consistent with those
reported by Pancheva and Mukhtarov [2011]. It is noted that
the decrease of TW3 amplitude occurred only during the
SSW period when inspecting the TW3 variations during
DOY 305 2008 - DOY 055 2009 (figure not shown). The
SW2 shows apparent reductions in the southern EIA region
after DOY 020, whereas intensifications of SW2 in the
northern EIA region appear after DOY 030. The SW1 non-
migrating tide weakens as early as DOY 015 followed by
major intensifications in both hemispheres after DOY 030.
The intensifications coincide with amplitude enhancement
of SW2. Appearance of SW2 reduction before the peaked
stratospheric temperature may be related to the reversal of
the zonal mean zonal wind (from eastward to westward).
The strong westward wind in the MLT region could decrease
the strength of westward propagating tides prior to the SSW
[Pedatella and Forbes, 2010].
[9] Electron density observations indicate that the iono-

spheric SSW effect is characterized by a morning enhance-
ment and afternoon reduction [Goncharenko et al., 2010a].
Lin et al. (submitted manuscript, 2011) show that during the
2009 SSW the global ionosphere reveals a strong electron
density reduction for several hours in the afternoon period,
while the morning enhancement occurs for a shorter dura-
tion. It is also known that the usual EIAs become well

Figure 2. Amplitudes of DW1, SW2 and TW3 migrating tides (a, b, c) before SSW on DOY 009 and (d, e, f) during SSW
on DOY 028. Superposition of migrating tides (g) before and (h) during SSW and (i) their difference.
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low and constant levels of auroral precipitation, cross‐cap
potential fields, and hemispheric power were used. Details of
the numerical experiments are given by Liu et al. [2010].

3. Results and Discussion

[6] At the end of January 2009, the strongest and most
prolonged major Stratospheric Sudden Warming (SSW) on
record developed in the stratosphere‐mesosphere system
[Manney et al., 2009]. This event resulted in dramatic

changes in stratospheric temperature and dynamics. We
report here that several days after the peak in high‐latitude
stratospheric temperature, large anomalous variations were
observed in the low‐latitude ionosphere, as illustrated in
Figure 1. The mean TEC between 3 and 12 January 2009 is
shown in Figure 1a for 15UT and Figure 1b for 21UT. It is
characterized by low TEC in the morning sector (Figure 1a)
and higher TEC in the afternoon sector (Figure 1b), with well
developed peaks in the Appleton anomaly [Anderson, 1981]
within ∼15° from the magnetic equator. This behavior

Figure 1. Observations of ionospheric behavior during stratospheric warming. (a) Typical distribution of total electron
content (TEC) in the western hemisphere at 15 UT (morning sector, 10 LT at 75°W). Black line shows magnetic equator.
Star shows location of Jicamarca radar. (b) Same as Figure 1a, but for 21 UT (afternoon sector, 16 LT at 75°W). (c) TEC in
the morning sector (15 UT) on Jan 27, 2009, during SSW. Increase in TEC is observed in the extended range of longitudes
and latitudes. (d) TEC in the afternoon sector (21 UT) on Jan 27, 2009. In contrast to observations during morning hours, in
the afternoon TEC is decreased. (e) Vertical drift observations by Jicamarca radar (12°S, 75°W) at 200–500 km above
ground. Red line presents observations on Jan 27, 2009, during SSW. Black line presents average behavior for winter sea-
son and low solar activity. Strong semidiurnal variation is observed during SSW. (f) Change in TEC at 75°W during SSW
as function of local time and latitude. Ionospheric variations during SSW are observed during daytime hours.
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Goncharenko et al., GRL 2010, doi:10.1029/2010GL043125
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FORMOSAT-3/COSMIC:
Zonal Mean TEC & F10.7 

Zonal Mean TEC (TECu)

2007

2008

2009

2010

2011

Inter-annually repeating 
variation, consistent with 
seasonal composition 
changes in O/N2 found by 
previous studies.

All fitted tidal components 
show positive relation to 
zonal mean and F10.7.

Electron densities from 2007 
- 2011 FORMOSAT-3/
COSMIC occultations 
vertically integrated from 200 
- 800 km, and fitted to tidal, 
SPW, and zonal mean.
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FORMOSAT-3/COSMIC: TEC Migrating Tides
Equinox Local Time Variation
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FORMOSAT-3/COSMIC: TEC Migrating Tides
Solstice (NH Summer)
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TIE-GCM:
Migrating Tidal Coupling
Physics based TIE-GCM 
reproduces most seasonal 
variability in TECs.

1 year runs of TIE-GCM (F10.7 = 
70) to understand relation 
between migrating tides in neutral 
middle atmosphere and 
ionosphere.

TIE-GCM lower boundary (99 km) 
forced by migrating tide 
climatology from GSWM:

• DW1 + SW2
• No lower boundary forcing
• SW2 only
• DW1 only

TIE-GCM
DW1+SW2

TIE-GCM 
No LB Tides

TIE-GCM 
SW2 Only

TIE-GCM
DW1 Only

Zonal Mean TEC (TECu)

Zonal Mean TEC (TECu)

2008 
F3/COSMIC
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TIE-GCM
DW1+SW2

TIE-GCM 
No LB Tides

TIE-GCM 
SW2 Only

TIE-GCM
DW1 Only

Zonal Mean TEC (TECu)

Zonal Mean TEC (TECu)

TIE-GCM
Zonal Mean TEC Sensitivity

Zonal Mean Zonal E x B Drift Change (m s-1)

Zonal mean TEC decreases coincident with enhanced westward E x B drift throughout 
entire model (vertical and meridional E x B drift changes small).
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TIE-GCM
DW1+SW2

TIE-GCM 
SW2 Only

TIE-GCM
DW1 Only

Zonal Mean TEC (TECu)

TIE-GCM
Zonal Mean TEC Sensitivity

Zonal Mean Zonal E x B Drift Change (m s-1)

Enhanced westward E x B drift can be 
attributed to westward forcing on neutral 
zonal mean zonal winds by migrating 
tides.

• May result in further changes to 
neutral thermospheric circulation and 
composition.

 
• TEC DW1 morphology nearly 
identical to zonal mean TECs.MLT SW2 strong at solstices

[31] The height versus latitude structures of both SABER
and GSWM in Figures 3b and 3e clearly carry the imprint of
the first symmetric propagating component of DW1 above
60 km, but there are notable differences. First, wave growth
with height over the equator is more rapid for SABER than
GSWM below about 80 km; i.e., note the difference in
spacing between the 2, 4, 8, 16 K contours. In fact, it
appears that the observed tide has undergone saturation
within the 80–100 km region, while it is still growing with
height in the model. This behavior suggests that the GSWM
may be overdamping the wave above 40 km (i.e., excessive
eddy diffusivity) but not sufficiently so to cause cessation of

exponential growth. Referring to Figures 3c and 3f, note
also that the vertical wavelength is significantly shorter
(!22 km) for SABER than GSWM (!30 km). A saturated
tide might suggest the onset of convective instability, which
would require the stability G to be near zero

G ¼ @T0
@z

þ @T 0

@z
þ g

cp

! "

$ 0 ð110Þ

where T0 is the background temperature, T 0 is the tidal
temperature amplitude, z is altitude, g is the acceleration due
to gravity, and cp is the specific heat at constant pressure. At

Figure 3. Diurnal migrating tide from (a–c) SABER temperature measurements and (d–f) GSWM
[Hagan and Forbes, 2002]. Figures 3a and 3d show latitude versus month contours of diurnal temperature
amplitude at 86 km. Figures 3b and 3e show height versus latitude contours of diurnal temperature
amplitude for March. Figures 3c and 3f show height versus latitude contours of diurnal temperature phase
(local time of maximum) for March. All depicted quantities represent 120-day means centered on the
given month.
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these altitudes, g/cp ! +9.5 K km"1 and @T0/@z is of order
"2.0 K km"1 over the equator according to climatological
models ([Hedin, 1991]. The second term in (11) can be
approximated by jT 0j2plz

where lz ! 22 km is the vertical
wavelength and jT 0j ! 18 K. Thus we find that G can be as
small as !+2.4 km"1. While this is not zero, it is
sufficiently close to suggest that convective instability
might have occurred on a significant fraction of the days
comprising the fitting interval, such that the 120-day mean
structure depicted in Figure 3 is consistent with this
hypothesis. A similar type of behavior was noted in the
September GSWM and SABER profiles for the diurnal tide
over the equator. A statistical examination of individual
equatorial temperature profiles is required to gain better
insight into this possibility, although this is beyond the
scope of the present study.

[32] Between 40 and 60 km, one expects the effects of
absorption by solar radiation by ozone to dominate, giving
rise to an in situ diurnal temperature response that is
strongly influenced by the latitudinally-broad trapped (non-
propagating or evanescent) diurnal tidal modes [Forbes and
Garrett, 1979a, 1979b]. Note that the GSWM predicts a
symmetric temperature response of order 1–2 K at extra-
tropical latitudes in this height regime, with some latitudinal
phase shifts suggestive of nonnegligible presence of the
diurnal propagating component in addition to the trapped
tides. However, the SABER response is significantly asym-
metric, with amplitudes of order 2–4 K, and maxima away
from the equator. These differences are sufficient to warrant
a future reexamination of stratospheric tidal heating in the
model, as well as a more comprehensive look at the
measured temperature response and its consistency with
other observational data.

Figure 4. Same as Figure 3 except for semidiurnal migrating tide at 90 km for August.
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MLT DW1 strong at equinoxes

Zhang et al., JGR 2006, doi:10.1029/2005JA011504

Westward changes in zonal mean E x 
B drift nearly identical to those resolved 
in TIE-GCM neutral zonal mean zonal 
winds

Dynamics and Electrodynamics of the Equatorial Zone 81
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Figure 3.8 (a) Schematic equatorial plasma density profile in the evening local time
period. (b) Electrodynamics of the equatorial F region in which the density and conduc-
tivity profiles are modeled with a slab geometry, subject to a constant zonal eastward
neutral wind. Even though the plasma density does not fall off quickly with height alone,
the peak, νin and thus σp , falls off exponentially.

which yields

Ez = −uB (3.7)

Note that the plasma inside the slab will drift with an E×B/B2 velocity equal
in magnitude and direction to the zonal wind speed. Furthermore, the electric
field in the reference frame of the neutral wind, E′ = E + U × B, vanishes. This
must be true because the current is independent of reference frame and we have
set the current equal to zero—that is, since J = J′ = σPE′ = 0, E′ must be zero.

In this simple model there is a very strong shear in the plasma flow velocity at
the two interfaces that is not shared by the driving neutral wind; that is, at the
interfaces, the plasma velocity changes abruptly from u to 0. This “prediction”
of a sheared plasma flow is intriguing, since such shears have been observed in
the equatorial F-region and are discussed following. However, in this model the
shear is created somewhat artificially by the slab conductivity assumption.

The insulating end plate assumption made here is most nearly valid at night
when the E-region molecular ion and electron pairs rapidly recombine with
no offsetting production by sunlight (see, for example, Rishbeth and Garriott,
1969). The dominant O+ (atomic) ions in the F layer are much longer lived
and support the F-layer dynamo. As shown in Fig. 3.1, the maximum nighttime

Pederson conductivity drives E x B 
drift identical to neutral zonal winds.

Kelley, The Earth’s Ionosphere [2009]
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TIE-GCM:
Zonal Mean Neutral Density Sensitivity

Change in zonal mean neutral density due to migrating tidal 
forcing consistent with contraction of scale height due to 
decrease of O/N2.
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TIE-GCM
Changes to Local Time Variation (Equinox)
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Conclusions
Migrating tides in FORMOSAT-3/COSMIC TECs correspond to specific features of 
ionospheric local time variation:

TEC Tidal 
Component

Ionosphere LT 
Variation Feature

Coupling 
Mechanism Coupled To

Zonal Mean Background
Westward forcing on 
neutral zonal mean 

winds
MLT DW1

DW1 Elevated daytime 
plasma densities

In-situ 
photoionization Zonal mean TECs

SW2 EIA crests Equatorial fountain MLT SW2

TW3 Equatorial trough 
between EIAs

In-situ 
photoionization + 

nonlinear interaction
MLT SW2

Chang, L.C., C.-H. Lin, J.-Y. Liu, B. Nanan, J. Yue, and J.-T. Lin (2013), 
Seasonal and Local Time Variation of Ionospheric Migrating Tides in 2007-2011 FORMOSAT-3/COSMIC and 
TIE-GCM Total Electron Content, J. Geophys. Res., 118, doi:10.1002/jgra.50268. 

12


