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[1] We investigate an event of anomalous enhancement in ionospheric electron content on
28 June 2002 from a network of 70 GPS receivers and a chain of ionosondes
distributed around the Asian-Australian sector. After local sunset, the low-latitude peak
electron density of the F2 layer (NmF2) was observed to increase by 200% compared to the
27-day median value. Geomagnetic environment was quiet during 27–28 June as the
SYM-H index was larger than �20 nT and AE was less than 200 nT under conditions of a
constant northward interplanetary magnetic field Bz. A continuously enhanced
eastward electric field has been identified as the main cause of this effect, though it is not
fully consistent with the prediction of Scherliess and Fejer (1997) for wind disturbance
dynamo model. Our observations show that the ionosphere was very disturbed in the
Northern Hemisphere during summer even under low geomagnetic activity. The large
ionospheric disturbance may be caused by the combination of the effects due to
auroral activity and tides, a combination that still needs further investigation. This work
suggests that studying very large day-to-day variability under quiet geomagnetic
conditions could reveal more about the coupling processes between the ionosphere and
lower atmosphere.
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1. Introduction

[2] It is well known that ionospheric F2-layer parameters
have a large day-to-day variability. The peak electron
density (NmF2) of the ionosphere varies from day to day
with a standard deviation of typically about 20% by day and
33% by night [Rishbeth and Mendillo, 2001]. Since the day-
to-day variability is of great importance to the development
of empirical models such as the International Reference
Ionosphere [Bilitza, 2001], extensive studies have been
made to reveal the dependence of the ionosphere on local
time, seasonal and solar activity in different regions [e.g.,
Forbes et al., 2000; Kouris and Fotiadis, 2002; Ezquer et
al., 2004; Zhang et al., 2004; Dabas et al., 2006]. As
discussed by Forbes et al. [2000] and Fuller-Rowell et al.
[2000], the day-to-day variability, which is greater in the

region of the equatorial ionization anomaly (EIA) area and
at high latitudes, is attributed to ‘‘solar,’’ ‘‘geomagnetic,’’
and ‘‘other’’ causes. The ‘‘other’’ influences, which seem to
be originated from lower part of the atmosphere, were
termed ‘‘meteorological’’ by Rishbeth and Mendillo
[2001]. Generally, these papers broadly agree with that a
large part of this variability is attributed to the geomagnetic
activity, although meteorological effects may make a com-
parable contribution. However, there is a large class of
disturbances that are not directly due to geomagnetic
activity but have their origin in the atmosphere itself [e.g.,
Blagoveshchensky et al., 2006; Laštovička and Šauli, 1999;
Mikhailov et al., 2004, 2007a, 2007b]. A number of studies
have shown that meteorological processes such as planetary
waves, gravity waves, and tides can have direct or indirect
effects on the F region ionosphere [Laštovička, 2006;
Rishbeth, 2006]. Planetary waves of large spatial extent
and long period are more promising as a cause of F-layer
variations. The reviews by Kazimirovsky et al. [2003] and
Altadill et al. [2004] cited many papers dealing with
planetary wave effects, both in the F2 layer and lower
heights. On the basis of spectral analysis, wave structures
with periods of about 2–16 days in the F region parameters
are clearly detected [Altadill and Apostolov, 2003]. The
problem is that ionospheric disturbances caused by mag-
netic storms usually last 1–3 days or longer depending on
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the intensity of the solar wind energy input and global
thermospheric conditions [Field et al., 1998; Scherliess and
Fejer, 1997; Huang et al., 2005; Mendillo, 2006]. Besides,
the ionosphere, especially in the EIA region, not only
responds to magnetic storms but also is affected by the
electrodynamic coupling between the magnetosphere and
ionosphere known as the penetration electric field effect
[e.g., Fejer and Scherliess, 1995]. Hence, it is difficult to
separate the effects of geomagnetic activity and meteoro-
logical influence, especially during the solar maximum
period when geomagnetic disturbance are common and they
occur at a high enough rate that one is justified in asking
whether the upper atmosphere has returned to its quiescent
state.
[3] Mikhailov et al. [2004] put forward a term ‘‘Q distur-

bances’’ referring to hourly (NmF2/NmF2med � 1) deviations
of more than 40% if all 3-h Ap indices being �7 for 24
previous hours. This paper and a later work by Depueva et
al. [2005] described the morphology pattern of Q distur-
bances under different local time, season, and geographic
location conditions using observations from 26 ionosonde
stations in the Northern Hemisphere and 2 around the
geomagnetic equator. Later, an interpretation of some of
the features was provided by Mikhailov et al. [2007a,
2007b] based on Millstone Hill incoherent scatter radar
(ISR). Goncharenko et al. [2006] also revealed a pro-
nounced negative Q-disturbance effect using the Millstone
Hill ISR and TIMED/GUVI observations and attributed it to
the IMF By variations.
[4] Another quiet time disturbance is termed the prestorm

enhancement by Burešová and Laštovička [2007] or a
positive phase before the beginning of a geomagnetic storm
by Danilov [2001] and Kane [1973]. Typical examples of
the prestorm enhancement in the maximum electron density
(NmF2) or the critical frequency (foF2) can be found at
Chilton (358.7�E, 51.6�N) on 28 October 2003 [Burešová
and Laštovička, 2007] and at Murmansk on 1 March 1981
[Danilov, 2001]. In contrast to these studies which focus on
the middle and high latitudes, Liu et al. [2008] found strong
prestorm enhancements in the EIA region which were
associated with an enhanced equatorial eastward zonal
electric field. Their results indicate that the prestorm
enhancements are not accompanied by a corresponding
change of ionospheric peak height (hmF2). This hmF2

behavior during prestorm enhancements may be explained
in terms of the coupling nature of parallel and perpendicular
dynamics at low latitudes [e.g., Behnke and Harper, 1973;
Rishbeth et al., 1978].
[5] Abnormal changes in the ionospheric parameters

under quiet geomagnetic conditions over an equatorial
station Kodaikanal (10.23�N, 77.48�E, Dip: 3.5�N) was
reported by Sastri [1998]. Large, sudden increases of 52–
117 km in the height of the bottom-side F layer (h0F), were
observed in the postsunset sector (1800–2000 LT) on eight
geomagnetically quiet days (Ap � 5) during 1957–1969.
The perturbations were characterized by postnoon enhance-
ments of the equatorial electrojet (EEJ) and an attendant
intensification of the EIA before evening. Recently, by
using total electron content (TEC) values derived from
GPS signals over Japan, Kutiev et al. [2006, 2007] analyzed
the appearance and development of enhancements of TEC
of equatorial origin (ETEs); a part of the EIA, occurring

outside initial and main phases of geomagnetic storms.
They found that ETE structures appear mainly as single-
crest structures in the local evening hours with a TEC
peak around 1900 LT. They also observed that most of the
ETE events appeared during periods of low geomagnetic
activity in the 1–3 days after the main phase of the
storms. Their work provides a clue in clarifying the
sources of ionospheric variability through the investigation
of large ionospheric disturbances under geomagnetically
quiet conditions.
[6] In the present study, we report an abnormal behavior

of ionospheric F2 layer in the east Asian region where NmF2

at the EIA northern crest increased more than 200%
compared to the 27-day median value for times after
1800 LT during a geomagnetically quiet period. By using
GPS TEC and a chain of ionosondes in the Asian-Australian
sector, a continuously enhanced fountain effect has been
identified to be the main cause of this effect. Our study
suggests that this extremely large day-to-day variability or
so-called Q disturbance is caused by the combination of
auroral activity and a disturbance originated in the lower
atmosphere.

2. Data Sets

[7] The GPS data are from the Crust Movement Obser-
vation Network of China (CMONOC) and the International
Global Navigation Satellite System Service (IGS) GPS
tracking network covering the Asian-Australian sector.
Around 70 GPS receivers were used to derive the grid
TEC value at longitudes 120�–140�E. Using a least
squares fit and nearest neighbor interpolation method, slant
TEC observations are converted to vertical TEC data on a
2.5� grid. The details of the algorithm used are described
elsewhere [Zhao et al., 2005].
[8] The ionosonde data used for the present study are

provided by the Institute of Geology and Geophysics of the
Chinese Academy of Sciences, websites of the National
Institute of Information and Communications Technology
of Japan and the Ionospheric Prediction Service of Australia.
The ionosonde stations are Wakkanai (45.4�N, 141.7�E;
40.5�N magnetic latitude), Kokubunji (35.7�N, 139.5�E;
30.0�N), Wuhan (30.6�N, 114.4�E; 26.7�N), Yamagawa
(31.2�N, 130.6�E; 26.1�N), Okinawa (26.7�N, 128.2�E;
21.2�N), Darwin (12.5�S, 130.9�E; 23.5 �S), and Townsville
(19.6�S, 146.9�E; 30.4�S). Ionograms of Chinese and
Japanese ionosondes were obtained every quarter hour.
Ionograms for Australian ionosondes were obtained every
hour and were interpolated to every quarter hour for
comparison. All the ionograms were scaled manually. The
SAO-Explorer software (available at http://ulcar.uml.edu/
downloads.html) was used to obtain the basic ionospheric
parameters for the Chinese ionosonde [Reinisch et al.,
2005]. For Japanese ionosonde data, we downloaded the
images of the ionograms in PNG format from NICT and
developed our own software to extract the O wave trace. We
then used the true height inversion program NHPC [Huang
and Reinisch, 2001] to obtain the ionospheric height profile
information.
[9] Global Ionospheric Maps (GIMs) of TEC were pro-

vided from NASA Jet Propulsion Laboratory. There is a rich
literature describing the development of JPL GIM [e.g.,
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Mannucci et al., 1998], as well as their use in studies of
ionospheric behavior, particularly under disturbed condi-
tions [Ho et al., 1998]. The GPS system and the JPL GIMs
have become a standard ionospheric diagnostic tool. At the
same time, the ROCSAT-1 satellite made several passes
over Asian-Australian sector when a severe plasma enhance-
ment was observed in the evening. Plasma drift data
obtained by the ROCSAT-1 satellite were used to interpret
the regional characteristics of the event when a large
electron enhancement was observed on 28 June. To discuss
changes in the thermospheric composition, we use experi-
mental data of the daytime O/N2 column density obtained
by the Global Ultraviolet Imager (GUVI) instrument on
board the TIMED satellite. The GUVI column O/N2 ratio is
determined from the O (135.6 nm) and N2 (LBH) emissions
[Christensen et al., 2003; Paxton et al., 2004; Strickland et
al., 2004] and is estimated with 1.75� � 1.75� spatial
resolution. Detailed discussions on the definition of O/N2

column density ratio and the analysis technique can be
found in the above-referenced papers and references therein.
[10] The level of geomagnetic activity during the exam-

ined period is indicated by the Kp, SYM-H, AE, and Hpi
(hemispheric power index issued by the NOAA Space
Environment Center) indices. AE and Hpi are used as an
indicator of substorm activity. The Kp index describes
geomagnetic conditions at midlatitudes, and the SYM-H
index describes geomagnetic conditions at low latitudes.
The SYM-H index is used as a surrogate for a higher-
resolution Dst index. It also should be mentioned that the
AE index downloaded from the WDC-Kyoto Web site is
provisional data. Solar wind interplanetary magnetic field
(IMF) By and Bz components in the GSM coordinate are
obtained from the ACE satellite and to compute the
dawn-dusk component of interplanetary electric field Ey
(Ey [mV/m] = �Bz [nT] � Vx [km/s] � 10�3, Vx being
the solar wind velocity in Sun-Earth direction) and solar
wind dynamic pressure Pdyn (Pdyn [nPa] = mH � n [cm�3] �
V2 [km/s]; n being the proton number density, and V being
the bulk speed). We also use Pdyn from the Near-Earth
Heliospheric data set (OMNI) database to compensate for
the data gaps in the ACE satellite.

3. Results

3.1. Geomagnetic Environment and Associated TEC
Variation

[11] Figures 1a and 1b show the contour maps of the TEC
and DTEC (where DTEC is the difference between the
TEC and the 27-day smooth median value) as a function of
universal time and latitude for 26–29 June 2002. Figure 1c
plots the SYM-H, AE, Hpi, and 3-h Kp indices during the
corresponding period. Figures 1d–1f show the development
of IMF Bz, dawn-to-dusk component of the interplanetary
electric field Ey, IMF By component, and solar wind
dynamic pressure Pdyn. As shown in Figure 1, SYM-H
remained fairly small during this period. It decreased to
�20,�19, and�18 nT at 0000 UT and 1800 UT on 26 June
and 1800 UT on 27 June, respectively. According to the
magnetic storm classification of Gonzalez et al. [1994],
these disturbances are too small to be regarded as a storm.
The maximum Kp is 2.7 on 26 June and 1 on 27 and
28 June. Corresponding to the decrease in SYM-H index,

some small auroral activities occurred as AE increased to
300 and 450 nT at 0000 UT and 1800 UT on 26 June and
remained very low on 27 June. Hpi increased to 35, 48, and
23 GW during the three SYM-H depressions. On 26 June,
the IMF Bz component turned southward from 1200 to 2200
UT and was associated with enhancement of auroral activ-
ity. Bz was generally positive after 2000 UT on 28 June.
IMF By index kept positive with a magnitude of 3 nT until
1800 UT on 28 June. The geomagnetic environment on
28 June was rather quiet as SYM-H varied from 0�5 nT and
AE and Hpi were quite low. However, there was a large
enhancement in TEC observed in the EIA region on this day
as illustrated in Figures 1a and 1b. For most of the time
during 27–28 June, Ey is low as is Pdyn, which avoids the
situation described by Huang et al. [2002] wherein the solar
wind dynamic pressure causes global magnetosphere and
ionosphere disturbances. The phase difference between
values from ACE and OMNI database may be due to
different data source when calculating Pdyn. There is a data
gap in the Pdyn data after 1200 UT on 28 June. In the
northern crest EIA, enhancement of DTEC started around
0845 UT while in the southern crest about 0600 UT.
Furthermore, solar flux F10.7 index during the period
changed little. We also checked the SOHO/SEM EUV
fluxes and found no solar flare event during this period.

3.2. Ionosonde Observations in the Asian-Australian
Region

[12] Figure 2 shows the evolution of NmF2 in the Asian-
Australian ionosonde chain during 26–29 June. The gray
line represents the 27-day smooth median value. A signif-
icant increase in NmF2, which began at around 0845 UT on
28 June, was seen at the low-latitude station Okinawa. In
the postsunset sector, NmF2 increased from 0.9 � 106cm�3

to 2.8 � 106cm�3 (8.5 MHz to 15.5 MHz for foF2), about
200% of the median value. A similar enhancement in NmF2

was also observed at Darwin in the Southern Hemisphere
but started 2 h earlier in consistence with the interpolations
in the DTEC contour map. Actually, before 0600 UT on the
28 June there was a small enhancement in NmF2 at Darwin.
Note that in Figure 1 there was also a weak increase
observed in TEC around 0300–0500 UT at 10�S. At
Kokubunji and Wuhan, the postsunset NmF2 increment
occurred at 1045 UT, 2 h delay with respect to the
enhancement of NmF2 at Okinawa, indicating an expansion
process of EIA. Figure 3 presents the time evolution of
hmF2 during 27–29 June. As seen in hmF2 for stations
Kokubunji, Wuhan and Okinawa, there were usually valleys
around 1000 UT for reference values denoted by the gray
line. However, a maximum increase of about 50 km
appeared on 28 June during 0800–1200 UT. Here the
reference value is the average of 26, 27, and 29 June. At
this time, TEC in Figure 1 shows depletion at magnetic
equatorial area and large increase at crest region suggesting
there was enhanced fountain effect during the period. Near-
simultaneous elevation of F layer at low latitude and
enhanced fountain effect of EIA both indicate there was
most possibly an extra eastward electric field impinging on
the equatorial ionosphere during 0800–1200 UT. However,
at the middle-latitude station Wakkanai, hmF2 showed an
initial decrease at 0800–1000 UT on 28 June. We will give
a possible explanation for this in section 3.3.
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[13] Note that actually before the appearance of signifi-
cant enhancement at Okinawa, the NmF2 increase already
emerged at Wakkanai and Kokubunji around 2000 UT on
27 June and lasted until 1000 UT on 28 June. This positive
phase from predawn sector to the afternoon sector was not
seen evidently in TEC data shown in Figures 1a and 1b. The
increase in TEC was not as significant as that in NmF2. The

increased NmF2 and nearly unchanged TEC suggest that the
F layer was compressed with reduced scale height in the
topside ionosphere. This condition may possibly result from
the vertical meridional wind shear as pointed out by Lu et
al. [2001], which shows that when the meridional wind is
the dominant influence on hmF2 and foF2, the positive/
negative vertical wind shear due to the upward propagation

Figure 1. (a, b) Total electron content (TEC) and the deviations of TEC (dTEC) from the median value
along 110�E longitude during 26–29 June 2002; (c) SYM-H (blue line), AE (black line), hemispheric
power index (Hpi, magenta line), and 3-hourly Kp (text); (d) interplanetary magnetic field (IMF) Bz (blue
line) and Ey (green line); (e) IMF By; and (f) solar wind dynamic pressure Pdyn from ACE (blue line) and
Near-Earth Heliospheric data set (OMNI) (red line) and solar flux F10.7 index (text). Here and in Figures
2 and 3 the horizontal bar at the top indicates the daytime (white) and nighttime (black). OKI, Okinawa;
DAR, Darwin.
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gravity waves can compress/expand the layer, leading to the
anticorrelation between the hmF2 and foF2. These gravity
waves may originate from the auroral oval or generated by
the localized sources in the lower atmosphere. The data gap
at Kokubunji around 0300–0600 UT on 28 June is due to
the formation of an extraordinary strong sporadic E (Es)
layer which blotted out the F2-layer trace. Enhanced hmF2

was seen to occur earlier, at 1200 UT, on 27 June and
fluctuated during 1800–2400 UT. The irregular hmF2 during
this period was due to the spread F and a strong Es layer.
Thus, the positive ionospheric disturbances after 1800 UT
on the 27 June (Figure 2) at middle-latitude stations
Wakkanai and Kokubunji were most probably a response
to the weak depression of SYM-H together with the peak in
Hpi observed at the 1200–1800 UT. Contrary to what is
observed at Kokubunji at around 0600 UT on 28 June, NmF2

of the Wuhan station shows an evident decrease. As pointed
out by Burge et al. [1973], equatorward directed winds will
oppose the poleward transport of ionization along the

magnetic fields. This will hinder the formation of the
equatorial anomaly and generate negative storm effects in
the anomaly crest regions and positive storm effects near the
equator. Model calculations by Rüster and King [1976]
confirmed the validity of this concept. They noted that
without the fountain effect, equatorward directed winds will
increase the ionization density, just as the case at middle
latitudes. This tendency prevails down to about 20�magnetic
latitudes where a changeover takes place.
[14] Figure 4 shows the foEs variation at Kokubunji,

Wuhan, Yamagawa, and Okinawa from 1500 UT 23 June
to 1500 UT 29 June. The top axis shows the local time from
24 to 29 June. An abnormally large enhancement of foEs

was observed at Kokubunji, Yamagawa, and Okinawa at
0700–0900 UT, 0–3 h before the start of the postsunset
anomalous enhancement, which is denoted as a vertical
dashed line on 28 June. Besides, before 0300 UT, at
Okinawa, foEs was also strong leading to the appearance
of an intensified semidiurnal variation. Furthermore, foEs at

Figure 2. From top to bottom are NmF2 at ionosondes Wakkanai (WAK), Kukubunji (KOK), Wuhan
(WUH), Okinawa (OKI), Darwin (DAR), and Townsville (TOW) during 26–29 June. Gray lines indicate
the 27-day median. The magnetic latitude of each station is shown in parentheses.
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nearly all the stations was generally seen to be higher on
local 26 and 28 June but lower on 25 and 27 June. These
features maybe associated with processes originating in the
lower atmosphere: a question that needs a further study.

3.3. Combined Observations From ROCSAT-1 and
GIM TEC

[15] Figure 5 illustrates the comparison of JPL GIM TEC
difference maps (the 27-day median has been subtracted

Figure 4. Evolution of sporadic E critical frequencies (foEs) during 23–29 June at Kokubunji (blue
circles), Yamagawa (red circles), Wuhan (black circles), and Okinawa (green circles). The vertical gray
dashed line at 0900 UT on 27 June denotes the time at which extreme enhancement started.

Figure 3. From top to bottom are hmF2 (open circles) at the ionosondes at Wakkanai, Kukubunji,
Wuhan, and Okinawa during 27–29 June 2002. It is shown that simultaneous increases in hmF2 (solid
circles) were observed at 0800–1200 UT on 28 June at Kokubunji, Wuhan, and Okinawa. The gray line
in each case represents the reference value.

A11302 ZHAO ET AL.: ANOMALOUS ENHANCEMENT OF NMF2 AND TEC

6 of 12

A11302



Figure 5. Comparison of global TEC difference maps with in situ drift measurements from ROCSAT-1.
The left maps show the TEC at (a) 0200–0400 UT on 28 June and the ground tracks of ROCSAT-1
crossing the area during the period on 28 June (red line) and 27 June (blue line), (b) 0600–0800 UT on
28 June, and (c) 1200–1400 UT on 28 June. The black stars on the maps indicate ionosonde stations
marked with the first letter of their name; for example, ‘‘O’’ denotes Okinawa. The thin dashed lines
indicate the location dip equator. The profiles on the right show the drift measurements along the
ROCSAT-1 track. V// is the parallel-to-field component of ion drift velocity: a positive value is northward.
V?
M is the component of ion drift velocity in the magnetic meridian plane perpendicular to the vector

field: a positive value is outward.

A11302 ZHAO ET AL.: ANOMALOUS ENHANCEMENT OF NMF2 AND TEC

7 of 12

A11302



from the daily value at each time interval) for the Western
Pacific area with in situ drift measurements fromROCSAT-1,
�600 km in altitude. The TEC map in Figure 5a shows that
the enhanced fountain effect started at 0200–0400 UT on
28 June over a limited longitude range (about 130–190�E as
indicated by dashed lines). The ROCSAT-1 satellite just
passed through the area at 0400 UT. The red line in Figure 5a
denotes the value on 28 June, and the blue line denotes the
value on 27 June. The profiles on the right show the drifts of
the corresponding tracks. The V// is the parallel-to-field
component of the ion drift velocity; the positive values
represent the northward plasma flows. The V?

M represents
the ion drift component in the magnetic meridian plane,
which is perpendicular to the geomagnetic field; the positive
values correspond to outward plasma flows [Su et al.,
2002]. It can be seen that inside the enhanced EIA region,
V?
M shows a 30 m/s increase in the outward direction

comparing to the value of the previous day indicating an
extra eastward electric field. From 10 to 20�N, inside the
crest region, V// shows a maximum increase of 60 m/s
whereas from 10�N–10�S there is a 20 m/s decrease
indicating that the enhanced fountain effect has resulted in a
larger plasma diffusion. The local time of the enhanced EIA
region covers around 1200–1630 LT.
[16] Figure 5b shows that at 0720 UT on 28 June, inside

the enhanced northern crest region, V// and V?
M increased by

60 m/s and 75 m/s, respectively, compared to the values of
27 June. We believe this to be caused by a more intensified
eastward electric field compared to the values of Figure 5a.
Note that in Figure 3, the hmF2 at the low-latitude stations
Okinawa and Wuhan showed increases at 0800–1000 UT
on 28 June while at the higher-latitude station at Wakkanai a
decrease was observed. Such hmF2 behaviors may be
possibly explained in terms of the coupling nature of
parallel and perpendicular dynamics at middle latitudes
[e.g., Behnke and Harper, 1973; Rishbeth et al., 1978]. A
stronger eastward electric field produces larger field-aligned
ion flows, which tends to cancel out the possible lifting of
the peak height of the F2 layer at middle-low latitudes due
to that eastward electric field. This may result in nearly
horizontal motion or even a decrease of the height of the

F layer as observed at larger magnetic inclination stations
such as Wakkanai. In Figure 5b between 100 and 120�E and
15–28�N, the area below Wuhan (W), V// showed a general
decrease of 30 m/s, suggesting that plasma diffusing is
being retarded by an enhanced equatorward meridional
wind. This enhanced equatorward wind resulted in the
depletion near the crest region that was observed in NmF2 at
Wuhan during this period. The local time of the enhanced
EIA region covers around 1500–1800 LT.
[17] Another feature consistent with the ionosonde obser-

vations is that the southern enhanced EIA is not always
symmetric with its northern partner. Note that the location
of southern EIA is close to the longitudes 160–200�E,
which has a 10� positive magnetic declination. The diffu-
sion velocity has a westward component in the Southern
Hemisphere making the positive phase shift several degrees
to the west. Thus, at Darwin (denoted by D in Figure 5b),
the ionospheric parameters presented positive phase earlier
than what was observed at Okinawa (O). Figure 5c illus-
trates the extraordinarily intensified EIA at 1200–1400 UT
on 28 June. V?

M shows about a 50 m/s increase in the
northern enhanced EIA area. Note that two large spikes in
V?
M were observed: they could be the signature of plasma

bubbles. The local time of enhanced EIA during this time
covers from 1800 to 2400 LT which is consistent with this
suggestion.

3.4. Disturbance in Thermospheric Composition

[18] Figure 6 presents the GUVI O/N2 distribution during
26–29 June in the Asian region. The mean universal time of
every orbit was labeled on the map. The estimated errors in
O/N2 might reach 10% for high O/N2 values at latitudes
above 60� but are expected to be close to 5% for low O/N2

values and at lower latitudes [Christensen et al., 2003;
Strickland et al., 2004]. The TIMED spacecraft has an
inclination of 74.1� with a 97.8 min orbital period. The
orbital precession rate is such that the beta angle (the angle
between the Earth-Sun vector and the orbital plane) passes
through zero every 120 days; the local time of the ascending
node of the orbit varies with this periodicity. As a conse-
quence, GUVI samples all local solar times every 60 days,

Figure 6. Global Ultraviolet Imager (GUVI) O/N2 ratio during 26–29 June 2002. The data were
recorded around 1530 LT for the longitudes 70�–170�E. The centered universal time, mean value of each
orbit is labeled as white text. After 27 June, an increase in O/N2 can be seen over the east Asian region as
denoted inside the rectangle. The thin dashed lines represent the dip inclinations of 0� and ±30�.
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counting both the ascending and descending node orbits.
The local time of the ascending node changes by just 12 min
per day. As shown in Figure 6, the area inside the dashed
rectangle on 28 June denoted the east Asian region where
the satellite crossed the equator on the dayside close to
�1530 LT during this period. Generally, O/N2 in this area
was 0.45 on 28 and 29 June, which is about 30% larger than
0.35 on 26 and 27 June. This enhancement though not large
may favor the maintenance of the enhanced plasma density
in the east Asian area as observed in TEC and NmF2.

4. Discussion

[19] We have shown, from ground- and space-based
instruments, even under geomagnetically quiet conditions,
the ionosphere can undergo significant changes in the east
Asian region. The main features of this event can be
summarized as follows: (1) Anomalous enhancements in
NmF2 and TEC at low latitudes are preceded by 24 h of
geomagnetically quiet conditions and low auroral activity
(AE was around 500 nT, SYM-H > �30 nT) for the two
previous days. These conditions are similar to the events
of 25 March 2004 investigated by Kutiev et al. [2007].
(2) These anomalous low-latitude enhancements tend to
occur with peaks around latitudes of the EIA crests. (3) The
anomalous enhancements exhibited a local time depen-
dence, which evolved from noon to postsunset and became
much intensified in the postsunset sector. (4) Positive storm
effects in NmF2 associated with height disturbances were
observed at middle- to low-latitude stations before they
were observed at lower latitudes. (5) The Es layer experi-
enced a great increase before the start of the anomalous
enhancements in the east Asian region. These features could
be clearly identified in Figures 1–4. GIM TEC and drift
measurements from the ROCSAT-1 satellite showed that the
anomalous enhancement was caused by an enhanced east-
ward electric field as shown in Figure 5. This interpretation
is also supported by the simultaneously observation, at low-
latitude stations, of increased hmF2 values.
[20] A large ionospheric disturbance at middle latitudes

under low geomagnetic activity conditions has been inves-
tigated by Goncharenko et al. [2006]. In their case, a minor
storm occurred from 1200 UT of 15 April 2002 to 0700 UT
of 16 April, which is indicated with SYM-H index larger
than �25 nT and Hpi less than 25 GW. The IMF Bz
remained generally southward during the period. The most
interesting finding of that study was that a large negative
ionospheric storm effect was observed in middle latitude of
American region when there was a strong positive IMF By
component. Goncharenko et al. [2006] attribute the effect to
the changes in the plasma convection pattern at high
latitudes due to a positive IMF By. Through the modifica-
tion of high-latitude wind fields, decreased O/N2 has been
transported by the enhanced meridional wind to lower
latitudes as observed by GUVI satellite. However, our case
is different from theirs as the IMF Bz remained always
northward, which should lessen the high-latitude convection
effect. The feature of interest is that GUVI O/N2 shows an
increase around 1500 LT after 27 June 2002 in the east
Asian region. Model simulations showed that the diver-
gence and upwelling of the polar upper atmosphere during a
storm could set up a Hadley-type circulation cell that

produces convergence and downwelling in the low and
middle latitudes [Rishbeth et al., 1987; Burns et al.,
1995]. The downwelling of the atmosphere causes a decrease
in molecular gases in the F region and induces a positive
storm effect. Thermospheric neutral composition change is
an alternative explanation for positive ionospheric storm
effect. This effect requires further observational evidence
for its validation. The key point is: Do low values of
geomagnetic indices really mean that it will be a geomag-
netically quiet day? As shown in Figures 2 and 3, positive
storm effects after 1800 UT on 27 June at Wakkanai and
Kokubunji could be caused by enhanced meridional winds.
The heating of high-latitude region launches equatorward
wind surges that drag the low- to middle-latitude plasma to
higher altitudes along the magnetic field lines. An uplift of
the plasma in that region induces an increase in plasma
density owing to the decrease in O+ loss rate at higher
altitudes [Prölss, 1993]. Prölss [1993] used the AE index as
a reference for substorm onset and observed an increase in
hmF2 and NmF2, with a few hours delay (a 1–2 h delay at
middle latitudes and 3–5 h delay at low latitudes), after
substorm onset. For the present case, shown in Figure 1, the
AE index on 27 June is too small, and IMF Bz was
northward. However, an impulsive value of the Hpi index
of 20 GW appeared on that day. Furthermore, on 26 June,
there was substorm event where AE increased to 450 nT and
Hpi to 48 GWaround 1600 UT. These may have produced a
combined effect that led to a relatively strong equatorward
wind disturbance. This wind disturbance was superimposed
on the normal summer to winter circulation and may have
caused a large ionospheric storm effect though there was no
magnetic storm event visible in SYM-H data.
[21] At low latitudes, the anomalous intensification of the

EIA should be caused by the external electric field. We have
ruled out the possibility of the penetration electric fields as
the interplanetary conditions were stable. For the present
case, we tend to believe that the anomalous enhancement of
electron content in the east Asian–Australian region is
unlikely to be caused solely by the substorm occurred on
26 June since (1) the wind disturbance dynamo effect occurs
within 22–28 h after large increases in the high-latitude
currents [Fejer and Scherliess, 1997] and (2) the AE index
is rather small while the ionospheric disturbance is very
significant. The anomalous enhancement with increased
outward perpendicular drift actually started from noon in
the West Pacific Ocean area and became much more
significant after sunset and continued into the next day
morning as shown in Figures 2 and 5; so it is not consistent
with the model of Fejer and Scherliess [1997] for the local
time distribution of storm time dependence of equatorial
dynamo zonal electric fields. The inconsistency can be
attributable to the crude parameterization of the Joule
heating at high latitudes and from the day-to-day variability
of the quiet time atmospheric dynamo electric fields as
pointed out by Scherliess and Fejer [1997]. Actually we
used this model to calculate the disturbed drift during 26–
28 June and found that the maximum equatorial upward
drift does not exceed 1 m/s on 28 June. This is because the
model explicitly depends on the previous 48 h of auroral AE
index which is rather small for this case.
[22] Following the low-latitude electrodynamic theory

[Heelis et al., 1974], Sastri [1998] attributed the quiet time
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abnormal postsunset increases in h0F to the modifications of
the equatorial thermospheric zonal winds and a flux tube-
integrated Pedersen conductivity distribution favorable to a
very effective F region dynamo; conditions which arose
from an enhanced EIA process prior to postsunset. This
creates a mechanism for the anomalous enhancement of
TEC or NmF2 observed in the east Asian region but does not
address the origin of the process. What causes the enhanced
EIA process prior to the postsunset? A possible explanation
for this intensified EIA may be due to the processes
originating in the lower atmosphere. The processes which
couple upward propagating tides, planetary waves and
gravity waves with ionospheric changes occur, for instance,
through modification of turbulent mixing and hence O/N2

ratios, influences on E region conductivities, modulation of
the temperature and wind structure of the thermosphere, and
the generation of electric fields through the dynamo mech-
anism [Forbes, 1996]. Note that in the contour map of TEC
in Figure 1, the postsunset EIA shows a wave structure
during 26–29 June. The prereversal enhancement seems
very weak on 27 and 29 June. The planetary-wave-type
oscillation was observed in the mesospheric/lower thermo-
spheric (MLT) winds observed at Wuhan station during
summer 2002 using MF meteor radar [Xiong et al., 2006].
From 4 to 24 June, the meridional winds from 82 to 100 km
and ionospheric parameters fmin, hmF2 and foF2 displayed
quasi-2-day wave oscillations. Unfortunately, there is a data
gap for MLT wind data during the present case study.
However, as Mathews [1998] pointed out, the prevailing
periodicities in midlatitude sporadic E (Es) result from the
confluence of the vertical tidal wind shears in the lower
thermosphere, particularly in the altitude range between 100
and 120 km. The planetary waves superimposed on tides
may have its imprint in the Es, which has been, for the first
time, verified directly by Haldoupis and Pancheva [2002].
Using a series of ionosondes and MF radar in the east Asian
region, Igarashi and Kato [2001] also demonstrated the
possibility that planetary waves play a significant role in
generating long-period oscillations in the formation of
middle-latitude Es.
[23] We are not very certain whether there were strong

planetary waves during this period in the east Asian region.
foEs was, however, strong on local 26 and 28 June but weak
on 25 and 27 June. We also checked the TIDI data within a
15-day window from 25 June to 10 July. There appears to
be a region of enhanced 2.5-day wave with westward zonal
wave number 3 between 30�N and 50�N in the meridional
wind during 80–110 km (not shown here). Planetary waves
in the neutral atmosphere cannot propagate directly upward
to F2-layer peak heights owing to the atmospheric viscosity
and other factors. Model calculations do not predict signif-
icant penetration of planetary waves above 100–110 km
[Hagan et al., 1993]. However, upward propagating tides
can modulate the E-layer dynamo electric fields and affect
the F region. Recent simulations of 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 daytime while having practically no effect on
the prereversal enhancement for conditions of high solar
activity [Millward et al., 2001]. This is due in part to the
fact that the phase of the tidal forcing approaching zero at

the terminators. Nevertheless, these model results show that
the prereversal enhancement is clearly dependent upon the
magnitude and phase of the semidiurnal tide during periods
of low solar activity. Meanwhile, Fesen [1997] suggested
that modulations of up to 20% in hmF2 and NmF2 during the
daytime and as much as 40% during the night can be
induced. Any modulation of the E region dynamo during
the daytime is known to affect electron densities in the F
region, and hence may alter the ratio of the integrated
Pedersen conductivities in the two regions and, consequently,
alter the strength of the prereversal enhancement. However,
neither of the models in these studies was predicting
variations as strong as we have reported here.
[24] A compromise candidate for the explanation for the

anomalous enhancement would probably be the combina-
tion of the effects of auroral activity and tides. Note that at
Wakkanai and Kokubunji, the enhancement started at
2000 UT on 27 June in Figure 2 and by the enhanced
southward component of V// in Figure 5b, which suggests
an increased meridional wind in the F region. Model
simulations of Lin et al. [2005] assessed the relative
contribution of the upward E � B drift and meridional
winds in forming an extremely large enhancement of
equatorial density crests. The upward electrodynamic drift
lifts the plasma to higher altitudes which subsequently
diffuses downward along magnetic field lines. If meridional
winds blow equatorward at the same time the ion drag along
magnetic field lines will oppose the downward diffusion
and keep the plasma at altitudes where the recombination
rate is lower. As a result, the peak density will increase
significantly and the position of the peak will shift to higher
latitudes.

5. Conclusion

[25] We present a case study of large ionospheric storm
effects under geomagnetically quiet conditions using data in
the Asian-Australian sector from 28 June 2002. Both GPS
TEC and ionosonde show a continuous anomalous enhance-
ment at low latitudes due to the enhanced fountain effect
produced by large eastward electric fields. Moreover, this
low-latitude anomalous enhancement was preceded by a
positive storm effect of NmF2 at northern middle latitude,
which could be caused by an enhanced equatorward wind
due to the small auroral activities. The observation that large
increases in foEs occurred on the day prior to the start of
anomalous enhancement suggest that the enhancement
process originated with lower atmosphere processes and
led to the extremely large day-to-day variability. Our result
shows that in the summer hemisphere, the ionosphere was
quite disturbed even though the geomagnetic activity was
very low. Actually, both Dst and Kp indices indicated that
June 2002 was rather quiet geomagnetically while the
ionosphere in the Asian-Australian region was not quiet.
This elicits another question: To what extent do the present
geomagnetic indices reflect the real conditions of the
disturbed ionosphere? The answer to this question is beyond
the scope of this study.
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