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Abstract The magnitudes of the two crests of equatorial ionization anomaly (EIA) vary with local time.
During the solstices, EIA crest in the winter hemisphere is larger than that in the summer hemisphere
before noon/early afternoon. Whereafter, the crest in the summer hemisphere becomes intensified, and the
stronger EIA crest transits to the summer hemisphere. Using Constellation Observing System for
Meteorology, Ionosphere, and Climate ionospheric radio occultation data, we examine the longitudinal and
altitudinal variations of this interhemispheric transition in four longitudinal sectors and at seven heights
under low/high solar activity conditions. The results show that during the June solstice the transition of the
stronger EIA peak from the winter to the summer hemisphere is earlier in the sectors where the geomagnetic
equator is further away from the subsolar point and the geomagnetic field declination is larger, while during
the December solstice the longitudinal variations generally show the opposite compared with that in the
June solstice. The distance between the geomagnetic equator and subsolar point and the geomagnetic field
configuration control the upward/downward plasma movements in the summer/winter hemisphere, leading
to the different transition times in different longitudinal sectors. For both solstices, transition times emerge
earlier as height increases, which is mainly caused by the larger effective scale height in the summer
hemisphere than in the winter hemisphere, resulting in a smaller electron density difference at higher
altitudes with a fast transition. Solar activity alters the transition time below 320 km, whereas it has no evident
effect at higher altitudes.

1. Introduction

Equatorial ionization anomaly (EIA) is a phenomenon in the equatorial ionospheric F layer with two electron
density crests at about ±15° magnetic latitudes and a density trough at the geomagnetic equator (Appleton,
1946; Croom et al., 1959; Duncan, 1960). It is generally believed to be caused by the fountain effect, which lifts
the equatorial plasma by upward E × B drifts and redistributes the plasma downward along magnetic field
lines under the influence of gravity and pressure gradient forces (Balan et al., 1997; Hanson & Moffett,
1966; Stening, 1992; Zhang et al., 2016). This process is anticipated to form symmetric density humps on both
sides of the geomagnetic equator. However, observations of ionospheric critical frequency (foF2), total elec-
tron content, and F2 layer peak electron density (NmF2) have shown interhemispheric asymmetries in both
the latitude location and the magnitude of the peaks of the EIA (e.g., Rajaram, 1977; Walker et al., 1994;
Yue et al., 2015).

Many researchers have studied this asymmetry by using data from ionosonde chains (Croom et al., 1959;
Lyon & Thomas, 1963; Thomas, 1968). They found that foF2 peak was usually larger on the winter side than
on the summer side during the daytime and smaller at night. This asymmetry occurs in equinox seasons as
well as in solstice seasons (Rao & Malthotra, 1964). In addition, the numerical work by Abur-Robb and
Windle (1969) also showed similar characteristics, and they proposed that plasma transport by neutral winds
from the summer hemisphere to the winter hemisphere is the dominant factor that leads to the daytime
asymmetries, whereas molecular recombination dominates at night and the peak height is much lower in
the winter hemisphere than in the summer hemisphere, leading to the nighttime asymmetries. Recently, with
the global spatial and temporal coverage of the Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) data, a global three-dimensional EIA structure around the June solstice
in solar minimum was given by Lin, Liu, et al. (2007). The results indicated that the EIA crest in the winter
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hemisphere forms earlier in local time than the crest in the summer hemisphere. At the same time, winter
crest is stronger than the summer one in the morning. Then the summer crest becomes stronger after
15:00 LT. Further, Tulasi Ram et al. (2009) studied the local time evolution of EIA around both the June and
December solstices, obtaining a similar diurnal variation of EIA with that in Lin, Liu, et al. (2007). The time that
the larger crest transits from the winter hemisphere to the summer hemisphere (transition time) occurs
around 12:00–13:00 LT during the December solstice and is about 2-hr late during the June solstice. They
attributed the delay in the transition time in June to the delay in the decrease of the integrated equatorward
meridional neutral winds of the respective summer hemisphere in the June than in the December solstice. As
the COSMIC data accumulate, Luan et al. (2015) compared the interhemispheric asymmetry of EIA at low and
medium solar activity levels and concluded that the transition time was anticorrelated with solar activity.

The mechanism for the interhemispheric asymmetry was proposed to be mainly the relative contribution of
the photochemical process and the transport process under different conditions. Walker et al. (1994) sug-
gested that the distance between the crest and the subsolar point might have an effect on the asymmetry,
since this might increase the local ion production. On the other hand, the seasonal variation of the relative
location of the subsolar point and the magnetic equator might alter the plasma ambipolar diffusion rates.
The geomagnetic field configuration also plays an important role in transferring plasma from one hemi-
sphere to another by pushing the plasma up in one hemisphere and down in the opposite hemisphere
(Chen et al., 2016; Lin, Hsiao, et al., 2007). The interhemispheric asymmetry has also been studied by using
the physics-based National Center for Atmospheric Research Thermosphere-Ionosphere Electrodynamics
Global Circulation Model. Dang et al. (2016) compared the role of meridional neutral winds, photochemical
effects, and magnetic field configuration played in the EIA interhemispheric asymmetry. They confirmed that
the trans-equatorial neutral wind is the major contributor to the north-south asymmetry.

In the recent work on the global EIA structure using COSMIC data (Lin, Hsiao, et al., 2007; Tulasi Ram et al.,
2009), it is revealed that the magnitude of the interhemispheric asymmetry varies with longitude. The long-
itudinal differences of the interhemispheric asymmetry were studied by using modeling and observations
together at the deep solar minimum of 2008–2010 (Balan et al., 2013). The results revealed that the displace-
ment between geomagnetic and geographic equators and the magnetic declination angle are important in
producing interhemispheric asymmetry in different longitudinal sectors. Although there have been some
studies on the longitudinal differences of the north-south asymmetry of EIA, the longitudinal variation of
the transition time was less studied. Luan et al. (2015) reported that the longitudinal variation of the transition
time relies on the solar zenith angle difference between the two hemispheres, but the reason why a large
solar zenith angle difference can lead to a different transition time is still not very clear.

As for the altitudinal variation of the EIA interhemispheric asymmetry, Xiong et al. (2013) depicted that EIA
crest is stronger in the winter hemisphere from morning to noon and reversed in the afternoon at the
Challenging Minisatellite Payload satellite altitude (~400 km), while at the Gravity Recovery and Climate
Experiment satellite altitude (~480 km), EIA crest is always stronger in the summer hemisphere for the whole
day. Chen et al. (2016) used the ion/electron density data obtained from ROCSAT-1 (~600 km) and Defense
Meteorological Satellite Program (~840 km) satellites to investigate the features of the topside EIA. They
found that there is no discernable EIA structure at 840 km, while electron densities at 600 km show a larger
peak in the winter/summer hemisphere during the June/December solstices at 13:00 LT for F10.7 = 200 sfu.
Significant altitude variation of the interhemispheric asymmetry was revealed from these studies. However, a
systematic investigation of altitude dependence of the transition times has not been done so far.

Even though many studies have been dedicated to the interhemispheric asymmetry of the EIA peaks, the
transition time of this asymmetry and especially its longitudinal and altitudinal variations are less studied
and not characterized. At the same time, the mechanisms for such variations are not well understood. To fill
in this gap, we use the COSMIC ionospheric radio occultation (IRO) data to study the longitudinal and altitu-
dinal variations of the transition time at four longitude sectors and seven heights during June and December
solstices in this work. The 11 years of COSMIC IRO data covering a whole solar cycle have been collected. This
enables us to investigate the EIA asymmetry and its variations at lower and higher solar activity levels, respec-
tively. By analyzing the O/N2 ratio from the Thermosphere Ionosphere Mesosphere Energetics and Dynamics/
Global Ultraviolet Imager observations, neutral winds from the Thermosphere Ionosphere Mesosphere
Electrodynamics General Circulation Model (TIME-GCM), and the distance between the latitude of subsolar
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point and the location of EIA peaks, we also investigate the possible mechanisms responsible for the
longitudinal and altitudinal variations of the transition time.

2. Data and Methodology

COSMIC constellation consists six satellites launched first to an altitude of 500 km, then each satellite entered
into their own orbital plane at around 800 km. More than 2,000 radio occultation events per day were
recorded in the first 5 years, then the number reduced to 1,000–1,500 for recent years. Each occultation event

Figure 1. Electron density maps at hmF2 and 340 km at 13:00 LT during the June solstice (left) and December solstice
(right) for F10.7 < 90 sfu. The white line stands for the geomagnetic dip equator. Blue, magenta, red and green rectan-
gles indicate four longitudinal sectors of 170° to �130°, �125° to �65°, �30° to 30°, and 70° to 130°, respectively.
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Figure 2. Same as Figure 1, but for F10.7 > 120 sfu.

10.1029/2018JA026055Journal of Geophysical Research: Space Physics

HUANG ET AL. 3



can be inverted into an electron density profile (EDP) using the Abel inversion. Although the assumption used
by the Abel inversion leads to some discrepancies between electron densities derived from the COSMIC IRO
data and other observations in the lower ionosphere, their morphologies are consistent (Chu et al., 2010; Hu
et al., 2014; Lei et al., 2007; Yue et al., 2010). COSMIC data have been used in various researches, including the
characteristics of the F2 layer peak electron density (NmF2), F2 layer peak height (hmF2), slab thickness, and
equatorial dynamics, and obtained reasonable results (Guo et al., 2011; He et al., 2009, 2011; Huang et al.,
2016; Lin, Wang, et al., 2007; Lin, Liu, et al., 2007; Liu et al., 2009). In this study, we used COSMIC EDPs from
day 194 of 2006 to day 180 of 2017, downloaded from the COSMIC Data Analysis and Archive Center. The
EDPs have the vertical resolution of approximately 1 km. Being an ionospheric F layer phenomenon, EIA typi-
cally appears around hmF2 (~250–400 km at low latitude, depending on different solar activity conditions,
seasons, local times, longitudes, and latitudes) and several hundred kilometers above. Meanwhile, most

Figure 3. Local time variation of hmF2 at the EIA peak latitude during the June (the top two rows) and December (the bottom two rows) solstices. The four long-
itudinal sectors are marked on the top on each column. The hollow and the filled squares represent hmF2 under low and high solar activity conditions, respec-
tively. The blue and red lines indicate hmF2 at southern and northern EIA peaks.
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Figure 4. Location and magnitude of equatorial ionization anomaly peaks at 13:00 LT during June (left) and December
(right) solstices for F10.7 < 90 sfu. Four color lines indicate the smoothed latitudinal profiles of electron densities in the
four longitudinal sectors illustrated in Figures 1 and 2. The triangles mark the locations and the magnitudes of the peaks at
different heights. The altitudes are marked in the upper left corner of each panel.
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Figure 5. Same as Figure 4, but for F10.7 > 120 sfu.
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COSMIC EDPs were obtained during year 2006–2010. After examining the COSMIC data, we find that there is
no obvious EIA phenomenon above 400 km during this deep solar minimum. Thus, we study the electron
densities every 20 km from 300 to 400 km along with NmF2 to explore the altitude variation of the
transition time. NmF2 are extracted by the following steps. As the altitude gradient of EDPs is very large
near the F2 layer peak, the data outliers may introduce uncertainties in the estimation of NmF2 and hmF2,
especially when the EDP is very sharp. To avoid this, for each EDP, points above 140 km were smoothed
by using 11 points moving average after electron densities smaller than 100 (cm�3) or larger than 2 × 107

(cm�3) being removed. Profiles with a mean deviation (PrfMD) described in equation (1) larger than 0.15
were also rejected. SEDPj and EDPj represent the smoothed electron density points and the original
electron density points in each profile, respectively. N is the number of data points of the profile.

PrfMD ¼
∑
N

j¼1
SEDPj � EDPj
�
�

�
�=SEDPj

N
(1)

Second, we identified the maximum electron density (npeak) between 170 and 650 km and the correspond-
ing height (hpeak). Then we fitted the EDP within hpeak ±25 km with a quadratic polynomial. The value and

Figure 6. Local time evolution of equatorial ionization anomaly peaks of NmF2 during the June solstice (left) and
December solstice (right). Four longitudinal regions are marked to the right of each row. Red and blue lines depict the
northern and southern crests with the corresponding standard deviations given as error bars. The thick (thin) solid line with
filled (hollow) circles of which the magnitude is given in the right (left) vertical coordinate represents the condition under
high (low) solar activity.
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the location of the vertex are defined as NmF2 and hmF2 of the profile. Profiles with hmF2 lower than 170 km
or higher than 650 km were discarded. About 4.29 million pairs of NmF2 and hmF2 were determined by
this method.

To obtain the electron density at every 20 km from 300 to 400 km (hereinafter referred to as Neheight), a
7-point running mean is sufficient to remove data outliers and retain a reasonable EDP. Then Neheight
was linearly interpolated at the given height, and the corresponding latitude and longitude were also inter-
polated by the nearest neighbor interpolation. The data volume at each altitude level is about
4.4 million points.

Moreover, NmF2/Neheight were grouped into two solstice seasons (±45 days centered on the June and
December solstices) with hourly data centered at 08:00, 09:00, …, and 20:00 LT with a window of 0.9 hr.
According to the 10.7-cm solar radio flux index F10.7, NmF2 and Neheight were also grouped into two cate-
gories: F10.7 < 90 solar flux units (sfu, 1 sfu = 10�22 W·m�2·Hz�1) and F10.7 > 120 sfu to represent low and
high solar activity levels. The data with Ap > 23 nT were excluded for quiet geomagnetic activity conditions
with the same criterion of Zeng et al. (2008). For each group, electron density observations were averaged to
construct a longitude versus latitude map covering �180° to 180° in longitude and �50° to 50° in latitude
with a longitudinal and latitudinal resolution of 15° and 2.5°, respectively. Considering that EIA structures fade
rapidly with height during the period we studied, at altitudes higher than 340 km there may be lack of
obvious EIA structures at some longitudinal sectors and in a particular season. Therefore, 340 km is the

Figure 7. Same as Figure 6, but for electron densities at 340 km.
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highest altitude that we can show the electron density maps that have clear EIA patterns for all longitudinal
sectors and for both seasons. This allows us to give examples of the electron density maps at hmF2 and
340 km at 13:00 LT during the June solstice (Jun. for short) and December solstice (Dec.) under low and
high solar activity, shown in Figures 1 and 2, respectively. The white line stands for the geomagnetic
equator. A striking feature revealed in both figures is the longitudinal structures of EIA. After we carefully
examined all NmF2 and Neheight maps under two solar activity levels, during two seasons and in 13 local
time bins, four longitudinal sectors with obvious EIA structures were determined (170° to �130°, �125° to
�65°, �30° to 30°, and 70° to 130°) to investigate the longitudinal variations of the transition time. The
corresponding longitudinal sectors are indicated by blue, magenta, red, and green rectangles in the
bottom of the figures. It is worth noting that the longitudinal structures are not exactly the same during
the December and June solstices. In order to keep the consistency between the two seasons, in this work
we study the longitudinal variations of the interhemispheric asymmetry with the same longitudinal sectors
described above. Figure 3 illustrates the local time variation of hmF2 at the latitude of EIA peaks during
the June (the top two rows) and December (the bottom two rows) solstices in the four longitudinal
sectors. The hollow and the filled squares represent hmF2 under low and high solar activity conditions,
respectively. Blue and red lines indicate hmF2 at southern and northern EIA peaks. From the figure we
could conclude that hmF2 is higher in the summer hemisphere than in the winter hemisphere. HmF2
shows different local time evolutions in the four sectors and seasons. For example, the northern (summer)
hmF2s reach the maximum, while the southern (winter) ones are the lowest at 10:00 LT in longitudinal

Figure 8. Longitudinal and altitudinal variations of the transition time during June (top) and December solstices (bottom)
under low (left) and high (right) solar activity conditions. Four color lines represent the transition time from 300 to 400 km in
four longitudinal sectors indicated in Figure 1. The short color bars at the top of the figure mark the transition time of NmF2
in the corresponding longitudinal sectors.
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sector 170° to �130° during the June solstice, whereas both the summer and winter hmF2 peak around
11:00–12:00 LT in the sector of �30° to 30°.

In the four longitudinal sectors, we calculated the median of the electron density in each geomagnetic lati-
tude grid from�40° to 40° with a step of 2.5°. The typical number of data points in each altitude (7 altitudinal
levels), longitude (4 sectors), latitude (33 bins), local time (13-hr bins), and season (2 solstices) grid are about
120 and 30 for F10.7< 90 sfu and F10.7> 120 sfu, respectively. This ensures that statistically meaningful ana-
lysis can be made with the data. Next, the latitudinal profile of the electron densities was smoothed with 5-
point running average for each longitudinal sector. Then EIA crests or a single peak (as height increases, the
two crests of EIA merge into one single peak around the geomagnetic equator; Bilitza, 2009; Huang et al.,
2015) were determined within ±35° geomagnetic latitude in the Northern and the Southern Hemispheres.
Figures 4 and 5 show the location and the magnitude of the EIA peaks marked by triangles from 300 to
400 km as well as NmF2, during the June and December solstices at 13:00 LT for low and high solar activity
conditions. The four color lines indicate the smoothed latitudinal profiles of the electron densities at the four
longitudinal sectors illustrated in Figures 1 and 2. The altitudes are marked in the upper left corner of each
panel. As altitude increases, the distance between the northern and southern peaks and the magnitude of
the two peaks decreases. At higher altitudes, there is only one single peak in some longitudinal sectors
(red, blue, and magenta sectors at 380/400 km during the June solstice and red and magenta sectors at
400 km during the December solstice) under the condition of F10.7< 90 sfu. Therefore, in this work, we focus
on the transition time below 400 km.

3. Observations and Results

Figures 6 and 7 show the local time evolution of EIA peaks of NmF2 and Ne340 during the June solstice (left)
and December solstice (right). Four longitudinal regions are marked to the right of each row. Red and Blue

Figure 9. Altitude and latitude variation of the electron density during a day in the June solstice for F10.7 < 90 sfu and in
the �95° ± 15° longitude sector (the magenta area).
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lines depict the northern and the southern crests. We calculate standard deviations of all the densities in each
longitudinal sector in each altitude and latitude bin. Then the corresponding standard deviations at EIA peak
latitudes are marked as error bars in Figures 6 and 7. The thick (thin) solid line with filled (hollow) circles of
which the magnitude is given in the right (left) vertical coordinate represents the condition under the high
(low) solar activity level. The cross point of the two lines indicates the local time (transition time) when the
stronger crest transfers from one hemisphere to another hemisphere. The winter crest is stronger than the
summer one in the morning (Dec.) or before the early afternoon (Jun.) at both heights and in the four
longitudinal sectors, which is consistent with the previous work (Lin, Liu, et al., 2007; Luan et al., 2015;
Tulasi Ram et al., 2009). After the transition time, the stronger crest shifts to the summer hemisphere from
the winter hemisphere. The transition times show clear longitudinal variations. For example, the NmF2
transits the earliest at 12:00 LT in longitudinal sector �125° to �65° (magenta sector), while it occurs the
latest at 15:00 LT in longitude sector �30° to 30° (red sector) in the June solstice for F10.7 < 90 sfu. This
transition time may vary under different solar activity, while the general features do not change. This is
also true at other altitudes (320, 360, 380, and 400 km, not shown here).

Figure 8 depicts the longitudinal and altitudinal variations of the transition time during the June (top) and
December solstices (bottom) under low (left) and high (right) solar activity. Four color lines represent the tran-
sition times from 300 to 400 km in four longitudinal sectors indicated in Figure 1. The short color bars at the
top of the figure mark the transition time of NmF2 in the corresponding longitudinal sectors. There are no
results above some certain heights, where the two crests have already merged into one single peak. Clear
longitudinal differences could be seen from the figure. During the June solstice, Ttm < Ttb < Ttg < Ttr
(Ttm, Ttb, Ttg, and Ttr represent the transition times in the four longitudinal regions marked by magenta,
blue, green, and red rectangles in Figure 1, respectively) could be observed for the lower solar activity level
and for the high solar activity case above 320 km. The early transition time is clear in the sectors where the
offset between the dip equator and the geographic equator is larger and the geomagnetic declination is

Figure 10. Same as Figure 9, but for 0° ± 15° (the red area).
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greater (magenta and blue longitudes). Compared with the June solstice, the longitudinal variations of the
transition time in the December solstice generally reveal the opposite trend (Ttr < Ttg < Ttb < Ttm)
above 320 km for F10.7 > 120 sfu. However, under lower solar activity, the transition time does not show a
clear longitude dependence in the red, blue, and green longitudes, which appear to move close to each
other. Ttm does become the latest compared with the other three transition times (i.e., Ttr, Ttg, and Ttb). It
seems that solar activity alters the transition time below 320 km, whereas it has no evident effects at
higher altitudes. Such a solar activity effect is more prominent during the June solstice than in the
December solstice. As hmF2 is around 250 to 350 km from Figure 3, we could expect that the transition
time of NmF2 is similar with that at lower altitude. A uniform feature is that the transition time occurs at
earlier local times as height increases for both the solstice seasons and solar activity levels, which has not
been reported previously.

To illustrate directly the longitudinal and altitudinal variation of the transition time, we use the longitudinal
sectors of �95° ± 15° (magenta area) and 0° ± 15° (red area) as examples. Figures 9 and 10 depict the altitu-
dinal versus latitudinal cross sections of electron densities during a day in the June solstice for F10.7< 90 sfu.
These two longitudinal sectors represent the earliest/latest transition time in the June solstice shown in
Figure 8 (magenta and red lines in the upper left panel). The transition times in these two sectors are around
12:00 and 16:00 LT during the June solstice, respectively.

4. Discussion
4.1. The Transition of Interhemispheric Asymmetry of EIA

As mentioned in section 1, both photochemical process and trans-equatorial neutral wind transportation
could contribute to the asymmetry of EIA. We examine the latitudinal and daytime variation of thermospheric
O/N2 ratio obtained from the Global Ultraviolet Imager observations in each longitudinal sector under
low/high solar activity levels for both June and December solstices. The results are shown in Figure 11. It
can be seen that the winter hemisphere to summer hemisphere the O/N2 ratio latitudinal gradient before
noon is much larger than that in the afternoon for all conditions. A larger O/N2 indicates the production
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rate of ionization can be greater than the recombination process that can
lead to a stronger EIA crest. Thus, the stronger EIA peak appears in the win-
ter hemisphere before local noon. Besides, during the solstice, the neutral
wind transports plasma from the summer hemisphere to the winter hemi-
sphere, which has been proposed to be the mechanism to enhance the
winter EIA peak in the morning (Lin, Liu, et al., 2007; Luan et al., 2015;
Tulasi Ram et al., 2009). After the noontime, O/N2 ratio becomes smaller
in the winter hemisphere while it only decreases slightly in the summer
hemisphere. In addition, solar radiation in the summer hemisphere is more
intense compared to that in the winter hemisphere. When the difference
of O/N2 between the two hemispheres becomes smaller toward the after-
noon, more ionization is produced in the summer hemisphere leading to a
stronger EIA peak in the summer hemisphere.

In the meanwhile, the F region ionosphere in the summer hemisphere
occurs at a higher altitude than the winter hemisphere one because of
the thermal expansion in the summer. Zonal and meridional winds also
push up (down) the summer (winter) hemispheric ionosphere, this process
is closely related to geomagnetic declination D (eastward as positive) and
inclination I (downward as positive). Figure 12 depicts a sketch of neutral
winds in three seasons along with the geomagnetic dip equator in the four
longitudinal sectors studied in this work in geographic coordinates. The
gray line indicates the dip equator. Zonal neutral wind Un is generally
westward during the daytime in all three seasons (Chen et al., 2016; Ren
et al., 2008). Trans-equator neutral wind Vn is southward during the June
solstice and northward during the December solstice. We take Vn to be
zero during equinoxes approximatively, as the Sun insolation on the two
hemispheres is roughly symmetric, which results in weak trans-equator
winds. Ui = UnsinD and Vi = VncosD are the velocity projection of Un and
Vn in the geomagnetic field meridional plane. As geomagnetic declination
D is small in red and green sectors, the projection of the zonal wind Ui is
close to zero in these two sectors, whereas in the blue and magenta sec-
tors, Ui cannot be neglected and has the same direction with Vi in the

June solstice, while the directions are opposite in the December solstice. The corresponding latitudinal and
altitudinal cross sections of Ui and Vi in the blue or magenta area during the June and December solstices
are shown in Figure 13. For the cross sections of the red or green area, the dark green lines (representing
Ui) can be omitted as mentioned above. The black curved line with arrow and gray straight line stands for
the geomagnetic field line and its tangent line, respectively. From Figure 13 we know that Ui and Vi push
the plasma to move along geomagnetic field lines at a velocity of Ui// = UnsinDcosI and Vi// = VncosDcosI.
The horizontal and vertical components of Ui// are Ui//H = UnsinDcosIcosI and Ui//V = - UnsinDcosI sin I (as
plasma vertical E × B drifts is positive upward, which is opposite to the direction of positive I), respectively.
Similarly, the corresponding horizontal and vertical components of Vi// are Vi//H = VncosDcosIcosI and Vi//

V = - VncosDcosIsinI. Thus, the neutral wind causes a vertical plasma motion at the speed of VZ = -
(UnsinD + VncosD)cosIsinI. Under the effects of thermal expansion and neutral winds, the summer hemisphere
is uplifted to a higher altitude after about 10:00–11:00 LT (Figure 9) or 12:00–13:00 LT (Figure 10) for the two
longitude sectors. The upward movement of the plasma reduces the recombination effect in the summer
hemisphere, thus enhancing electron densities. On the contrary, the downward movement of the plasma
enhances the recombination effect in the winter hemisphere, which decreases the electron density. This
downward/upward vertical movements, therefore, contribute to the stronger EIA crest transferring from
the winter hemisphere to the summer hemisphere approximately after local noon.

4.2. Longitudinal Variation of the Transition Time

Clear longitudinal variations in the transition time of the EIA interhemispheric asymmetry can be seen from
Figures 8–10. As discussed in sections 1 and 4.1, neutral winds are proposed to be one of the reasons in

Figure 12. A sketch of neutral winds during equinox seasons and solstices
seasons along with the geomagnetic dip equator in the four longitudinal
sectors in geographic coordinates. The gray line indicates the dip equator.Un
and Vn stand for zonal neutral winds and meridional neutral winds during
the corresponding season, respectively. Ui and Vi are the field-aligned com-
ponents of Un and Vn in the geomagnetic field meridional plane,
respectively.
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producing the interhemispheric asymmetry of EIA. The neutral wind effects rely heavily on the geomagnetic
declination and inclination angles as shown in Figures 12 and 13. Hence, the longitudinal variations of D and I
could lead to different transition times in different sectors. Hereinafter, we take Figures 9 and 10 (magenta/
red sectors) as examples to discuss the mechanisms for the longitudinal variation of the transition time.
During the June solstice, Vn is southward; Un is westward during the daytime as shown in Figure 12
(middle). From the middle panel of Figure 12, Ui has the same direction as Vi in the magenta sector,
enhancing the upward (downward) plasma transport, which moves the plasma to a higher (lower) altitude
where the recombination loss of plasma is smaller (larger) in the summer (winter) hemisphere. However,
Un has a negligible effect in the red sector as the geomagnetic declination is small there. Thus, the
transition occurs early in Figure 9, compared with Figure 10, during the June solstice. On the contrary, Ui

and Vi are in the opposite direction as indicated in the bottom panel in Figure 12, tending to cancel each
other in the magenta area. This will weaken the upward (downward) transport in the summer (winter)
hemisphere during the December solstice. Hence, the transition time is later in the magenta sector than in
the red sector, which is directly opposite to the case of the June solstice (not shown here). From the
discussion above, it is suggested that the geomagnetic declination in different longitudinal sectors and the
relative direction between Ui//V and Vi//V modify the transition time during the two solstice seasons.

Moreover, the relative location between the latitude of the subsolar point and the geomagnetic equator (or
the location of EIA peaks) also plays a role in the longitudinal variation of the transition time. Figure 14 shows
the average geographic latitudes of the two EIA peaks at different altitudes during June (left) and December
(right) solstices under the high solar activity condition. The blue, magenta, red and green lines stand for the
four longitudinal sectors, as indicated by the same colored rectangles in the bottom of Figure 1. The solid and

Figure 13. Latitudinal and altitudinal cross sections of Ui and Vi in the blue or magenta area during equinox seasons and
solstice seasons. The black line with arrow and the gray line stand for the magnetic field line and the tangent line,
respectively. Ui// and Vi// are plasma velocities along the geomagnetic line. Their horizontal and vertical components are
Ui//H and Vi//H, and Ui//V and Vi//V, respectively.
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dashed lines illustrate the northern and southern peak locations. The yellow line indicates the latitudes of
subsolar points in the two hemispheres for June and December solstice conditions. The gray arrows
superposed in the figure are the neutral winds calculated by the TIME-GCM with the same scale in each
panel. The TIME-GCM is a three-dimensional time-dependent model that simulates the circulation,
temperature, and compositional structure of the middle and upper atmosphere and the electron density
in the ionosphere (Roble et al., 1998; Roble & Ridley, 1994; Liu & Roble, 2002). It extends from ~30 to
above 500 km with a vertical resolution of ¼ scale height. The model was run with the horizontal

Figure 14. The average geographic latitudes of the two equatorial ionization anomaly peaks at different altitudes during
June (left) and December (right) solstices under the high solar activity condition. The blue, magenta, red, and green lines
stand for the four longitudinal sectors indicated by the same colored rectangles in the bottom of Figure 1. The solid and
dash lines illustrate the north and south equatorial ionization anomaly peak locations. The yellow line indicates the latitude
of the subsolar point. The gray arrows superposed in the figure are the neutral winds calculated by the Thermosphere
Ionosphere Mesosphere Electrodynamics General Circulation Model with the same scale for the winds in each panel.
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resolution of 2.5° × 2.5° (latitude × longitude) for the two solstices and for high and low solar activity levels,
respectively. It can be seen from the left column of Figure 14 for the June case that the latitudes of EIA peaks
in themagenta sector are further away from the latitude of the subsolar point in the summer (northern) hemi-
sphere, experiencing a larger wind, as compared to those in other longitudes. Whereas in the red sector, EIA
peaks are closer to the latitude of subsolar point, encountering a smaller wind. A large wind transports more
plasma to higher (lower) altitude in the summer (winter) hemisphere. Hence, the transition time is earlier in
the sector where neutral wind is large, which corresponds to the magenta sector and consistent with the
results during the June solstice shown in the top two panels of Figure 8. Similarly, during the December sol-
stice (right column of Figure 14), EIA peaks in the red sector are further away from the latitude of subsolar
point, compared with the magenta sector. Hence, the red sector experiences larger neutral winds causing
an earlier transition of the stronger peak to the summer hemisphere than in the magenta sector during
the December solstice.

4.3. Altitudinal Variation of the Transition Time

The effective scale height of plasma density is a mathematical parameter to quantify the altitudinal distribu-
tion of plasma density, which has a positive correlation with plasma temperature. As height increases, plasma
temperature increases so that plasma density decreases slowly. According to Liu et al. (2008), the effective
scale height of plasma density is larger in the summer hemisphere than in the winter hemisphere at low lati-
tudes during the daytime due to the higher plasma temperatures in the summer. Therefore, the electron den-
sity decreases slower in the summer hemisphere with altitude, compared to the winter hemisphere case. The
electron density difference between the winter and summer hemispheres becomes smaller as height
increases, which is shown in Figures 9 and 10. The smaller differences at high altitudes require less amount
of time to transit, which explains the fact that the transition time occurs earlier at higher altitudes. We also
examine the diurnal variation of the interhemispheric asymmetry of EIA at 480 km following Xiong et al.
(2013) who reported that the summer hemisphere EIA was always larger than the winter one. However,
our work shows that under most conditions the two peaks of the EIA have already merged into one single
peak at higher altitudes under both low and high solar activity conditions. This discrepancy is probably
related to the fact that the period we studied is mainly in solar cycle 24, when the solar radiation was in gen-
eral lower than that in the period of solar cycle 23 of their work.

5. Conclusions

In this work, the transition of the stronger EIA peak from the winter hemisphere to the summer hemisphere
during the daytime has been studied by using COSMIC IRO EDP data. The diurnal variation of O/N2 ratio in the
two hemispheres along with the more intense solar radiation in the summer hemisphere and vertical plasma
transport caused by the neutral winds are likely the possible mechanisms for the transition. The longitudinal
and altitudinal variations of the transition time are examined systematically in four longitudinal sectors and at
hmF2, and for altitudes every 20 km from 300 to 400 km for the first time. The major results are summarized
as follows:

1. The longitudinal sector where Ui and Vi are in the same direction has an earlier transition time, whereas
the transition time occurs later where Ui and Vi are in the opposite directions. Another factor that influ-
ences the longitudinal variation of the transition time is the relative distance between the latitude of sub-
solar point and geomagnetic equator in different longitudinal sectors. Longer/shorter distance results in
larger/smaller cross-equator neutral winds. These two factors can either enhance or reduce plasma trans-
port in the vertical direction, depending on the geomagnetic field configuration in different longitudes,
and lead to different transition times.

2. The earlier transition at higher altitude is mainly caused by the larger effective scale height in the summer
hemisphere and the resultant smaller differences in the electron density between the two hemispheres.

3. Solar activity alters the transition time below 320 km but has no obvious effects on the longitudinal and
altitudinal variations of the transition time at higher altitudes.

An interesting feature is that the transition is delayed by about 2 hr during the June solstice compared with
that in the December solstice. The ionospheric annual asymmetry seems to be a possible reason. Previous
researchers utilized different models to investigate the impacts of photochemical process, ambipolar diffu-
sion, and the Sun-Earth distance difference between June and December solstices on the electron density
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distributions (Dang et al., 2017; Rishbeth & Müller-Wodarg, 2006; Zeng et al., 2008). They found that the Sun-
Earth distance difference between June and December could strongly impact the electron density distribu-
tions, which may further affect the transition time and lead to its difference. The relationship between the
2-hr delay and annual asymmetry and the cause of it require further investigations. Another future work topic
is to explain the fact that the longitudinal variation of the transition time is stronger during the June solstice,
as compared with that in the December solstice case. We will focus on these topics using more data as well as
model simulations in our future work.
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