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Abstract

Using the physics based model SUPIM and FORMOSAT-3/COSMIC electron density data measured at the long deep solar min-
imum (2008-2010) we investigate the longitude variations of the north-south asymmetry of the ionosphere at low latitudes (£30° mag-
netic). The data at around diurnal maximum (12:30-13:30 LT) for magnetically quiet (Ap < 15) equinoctial conditions (March—April
and September—October) are presented for three longitude sectors (a) 60°E-120°E, (b) 60°W-120°W and (c) 15°W-75°W. The sectors
(a) and (b) have large displacements of the geomagnetic equator from geographic equator but in opposite hemispheres with small
magnetic declination angles; and sector (c) has large declination angle with small displacement of the equators; vertical E x B drift
velocities also have differences in the three longitude sectors. SUPIM investigates the importance of the displacement of the equators,
magnetic declination angle, and E x B drift on the north-south asymmetry. The data and model qualitatively agree; and indicate that
depending on longitudes both the displacement of the equators and declination angle are important in producing the north-south
asymmetry though the displacement of the equators seems most effective. This seems to be because it is the displacement of the equa-
tors more than the declination angle that produces large north-south difference in the effective magnetic meridional neutral wind
velocity, which is the main cause of the ionospheric asymmetry. For the strong control of the neutral wind, east-west electric field
has only a small effect on the longitude variation of the ionospheric asymmetry. Though the study is for the long deep solar minimum
the conclusions seem valid for all levels of solar activity since the displacement of the equators and declination angle are independent
of solar activity.
© 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction deep solar minimum provided unique opportunities to

investigate the intrinsic properties of the upper atmo-

The solar minimum between solar cycles 23 and 24 was
an unusual minimum lasting over four years in 2006-2010,
which dipped to the deepest minimum in 2008 in a century
(Russell et al., 2010; Girish & Gopkumar, 2012). The long
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sphere-ionosphere—plasmasphere system, and its interac-
tions with the regions below with minimum forcing from
above. A number of interesting observations has been
reported covering the unusual solar minimum (e.g., Heelis
et al., 2008; Goncharenko et al., 2010; Luhr and Xiong,
2010; Abdu, 2012; Balan, Chen, Liu, & Bailey, 2012; and
references therein). In this paper using the physics based
model SUPIM (Sheffield University Plasmasphere Iono-
sphere Model) (Bailey and Balan, 1996) and the FORMO-
SAT-3/COSMIC electron density (Ne) data measured at
the long deep solar minimum (e.g., Lin et al., 2007; Liu
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et al., 2010a,b) we investigate the north-south asymmetry
of the ionosphere at low latitudes (£30° magnetic). Though
observations of the asymmetry at the unusual solar mini-
mum have been presented (e.g., Tulasi Ram et al., 2009),
to our knowledge, no modeling of the asymmetry has been
reported. Though the study is for the long deep solar min-
imum the conclusions seem valid for all levels of solar
activity.

The ionosphere is expected to be more or less symmetric
with respect to the geomagnetic equator at around equi-
noxes when inter-hemispheric transport of plasma is
expected to be a minimum. But observations have shown
significant north-south asymmetry at the equinoxes, with
the ionosphere being denser in one hemisphere than in
the other (e.g., Mchmet, 1988; Balan, Bailey, Moffett, Su,
& Titheridge, 1995; Tulasi Ram et al., 2009). Mchmet
(1988) studied the asymmetry in peak electron density
(Nmax) at magnetically conjugate low latitude stations in
African and West Asian regions, and found that daytime
Nmax in the northern equatorial ionization anomaly
(EIA) crest is greater than that in the southern EIA crest;
and at night the asymmetry is reversed. The observed
asymmetry is interpreted in terms of the north—south differ-
ences in the meridional neutral wind velocity. The north—
south asymmetry in total electron content (TEC) at low lat-
itudes during evening-midnight period was reported by
Balan et al. (1995).

The COSMIC Ne data have been used to study several
aspects of the low-mid latitude ionosphere at the long deep
solar minimum (e.g., Lin et al., 2007; Tulasi Ram et al.,
2009; Liu et al., 2010a,b; Balan et al., 2012; and references
therein). Lin et al. (2007) reported the first observations of
the COSMIC Ne data; they showed the evolution of EIA in
July—August 2006 and brought out the disappearance of
the well known winter anomaly at the long deep solar min-
imum. In a study of the behavior of EIA using COSMIC
Ne data Tulasi Ram et al. (2009) reported that the mag-
netic declination angle can modulate the north-south
structure of EIA at equinoxes. Recently, Zhang et al.
(2012) reported the importance of declination angle and
zonal neutral wind on the longitude variation of Ne at
mid latitudes.

The north-south ionospheric asymmetry at high solar
activity has been modeled (e.g., Balan et al., 1995; Balan,
Bailey, Abdu, Oyama, & Richards, 1997; Su, Bailey,
Oyama, & Balan, 1997). The models indicate that the
asymmetry is caused mainly by the north-south differ-
ences in the effective magnetic meridional neutral wind
velocity

U = UgcosD + U,sinD (1)

where Uy (positive southward) and U, (positive east-
ward) are the meridional and zonal wind velocities, and
D (positive eastward) is declination angle; and longitude
variation of the wind velocity causes the degree of the
asymmetry to vary with longitude. The neutral wind pro-

duces the asymmetry due to the (1) displacement of geo-
magnetic and geographic equators and (2) magnetic
declination angle.

The relative importance of the causes (1) and (2) can be
better understood at longitudes of maximum displacement
of the equators with minimum declination angle, and max-
imum declination angle with minimum displacement of the
equators. We selected three longitude sectors (a) 60°E—
120°E, (b) 60°W-120°W (or 240°E-300°E), and (c)
15°W-75°W (or 285°E-345°E) (Fig. 1). The sectors (a)
and (b) have large displacements of the geomagnetic equa-
tor from geographic equator but in opposite directions (up
to 7° and —12°) with small magnetic declination angles
(—1.20° and —1.87° near the centers); these sectors are
therefore best suited to study the opposite neutral wind
effects due to the displacement of the equators. Sector (c)
has large declination angle (—18.83° near the center) and
small displacement of the equators (0° near the center); sec-
tor (c) is therefore best suited to study the effect of mag-
netic declination angle. Also, on either side of the center
of sector (c), the displacements are nearly equal and oppo-
site in the sub-longitude sectors (d) 45°W-75°W and (e)
45°W-15°W. The sub-sectors (d) and (e) can therefore be
used to check the opposite effect of the displacement of
the equators with large and nearly equal declination angles.

The COSMIC Ne data under equinoctial conditions
(March—April and September—October) will be shown for
the three main longitude sectors (a, b and ¢) and two
sub-longitude sectors (d and e¢). Model calculations are car-
ried out for the longitudes 75°E, 75°W and 45°W (dots in
Fig. 1), which are near the centers of the longitude sectors,
and also fall close to the equatorial ionospheric stations in
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Fig. 1. Latitude of dip equator and magnetic declination angle at
geographic equator (in 2010) obtained from IGRF-2011; horizontal bars
indicate the longitude bands of interest, with the dots corresponding to the
longitudes of modeling.
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India (Trivandrum, 8.5°N, 76.9°E; 0.5°S dip angle), Peru
(Jicamarca, 11.9°S, 76.9°W; 1.0°N dip angle) and Brazil
(Fortaleza, 3.7°S, 38.5°W; 2.0°S dip angle). The purpose
of the study is to investigate the importance of the different
causes of the north-south asymmetry. However, no data/
model comparisons are attempted because measured values
of the solar EUV fluxes, and neutral densities and wind
velocities are not available.

2. Model and inputs

The physics based model SUPIM (Bailey and Balan,
1996) solves the coupled time-dependent equations of con-
tinuity, momentum and energy for the electrons and ions
(O, H', He", NI, NO™, and Oj) along closed eccentric-
dipole geomagnetic field lines. The modeling procedure is
same as that described recently (Balan et al., 2010). The
model inputs are the vertical E x B drift velocities at the
equator, neutral wind velocities, neutral densities and tem-
peratures, and solar EUV fluxes.

The vertical E x B drift patterns used are the average
patterns for the 500-800 km range at March equinox
(March-April) in 2009 measured by C/NOFS satellite
(Stoneback et al., 2011), which are shown in Fig. 2 (red
for 75°E, blue for 75°W and green for 45°W). The drift
velocities in the three sectors differ by up to 10 m s~' during
daytime; and unlike at normal solar minimum, the drift
velocities, in general, undergo semi-diurnal variations with
downward reversal in the afternoon (~14 LT) (Stoneback
et al., 2011). The drift velocities are applied to all field lines
(apex height 150-11,000 km) and hence to all altitudes and
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Fig. 2. Local time variations of the vertical E x B drift velocity at March
equinox in the three longitude sectors 60°E-120°E (red), 60°W-120°W
(blue) and 15°W-75°W (green) at the long deep solar minimum (2009);
scaled from Stoneback et al. (2011). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

latitudes. The possible altitude variation (over the equator)
of the E x B drift cannot be incorporated due to the non-
availability of the measured velocities at different altitudes
over the equator or at different latitudes, though SUPIM
has the capability to incorporate the variation (e.g., Bailey
and Balan, 1996). The drift velocity varies along the field
lines in accordance with the field-line geometry (Bailey
and Balan, 1996). Solar EUV fluxes are from the EUV94
model (Tobiska, 1991).

The neutral wind velocities are from HWM91 (Hedin
et al., 1991), and neutral densities and temperatures are
from MSIS86 (Hedin, 1987). HWM (horizontal wind
model) and MSIS represent the thermosphere reasonably
well; and provide values of neutral wind velocities, densities
and temperatures as function of altitude, latitude, longi-
tude and local time. SUPIM calculates the effective mag-
netic meridional wind velocity U (Eq. (1)). Sample local
time variations of U at 300 km height at 16°N and 16°S
(magnetic latitudes) are shown in Fig. 3 for the longitudes
75°E, 75°W and 45°W (panels a, b, and c). The wind veloc-
ities during daytime (11-15 LT) of interest are asymmetric
in north and south in all three longitudes. During this local
time interval, at 75°E and 75°W the wind flows in opposite
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Fig. 3. Sample local time variations of the effective magnetic meridional

neutral wind velocity at 300 km height at 16°N and 16°S magnetic
latitudes in (a) 75°E, (b) 75°W and (c) 45°W.
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directions in both north and south; and at 75°W and 45°W
the wind directions are same though the velocities are small
at 45°W.

3. Model results

As mentioned above, model calculations are carried out
for 75°E, 75°W and 45°W longitudes at the deep solar min-
imum (F10.7 =68) under magnetically quite (Ap=4)
March equinox (day number 80) conditions. First the same
E x B drift pattern (corresponding to 75°W, blue, Fig. 2) is
used in all three longitudes to model the effects of neutral
wind. Then the actual E x B drifts in the three longitudes
are used to model the effects of the drifts.

3.1. Neutral wind effect

Fig. 4 shows the altitude-latitude plots of the model elec-
tron density Ne at 13 LT in 75°E (panel a), 75°W (panel b)
and 45°W (panel c¢). To get a better picture of the altitude
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Fig. 4. Altitude-latitude plots of model Ne at 13 LT at March equinox
(day 80) for Ap =4 and F10.7 =68 in (a) 75°E, (b) 75°W and (c) 45°W
obtained using the same vertical E x B drift velocity (blue, Fig. 2) in all
three longitudes; positive latitude is north. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

dependence of the north-south asymmetry, the latitude
variations of the electron density Ne at fixed altitudes
and peak electron density Nmax (at 13 LT) are shown in
Fig. 5 (panels a—). The corresponding total electron con-
tent TEC (integrated up to 1600 km altitude) variations
are shown by the solid curves in Fig. 6 (red 75°E, blue
75°W, and green 45°W). As mentioned above, these results
are obtained using the same E x B drift (blue, Fig. 2). The
model values of Ne, Nmax and TEC produce the equato-
rial ionization anomaly (EIA) with trough around the
equator, crests at around 416° magnetic latitudes (in
Nmax) and crest-to-trough ratio about 1.5 (in Nmax) in
all three longitudes. However, in vertical TEC (Fig. 6)
the crests are at lower latitudes and crest-to-trough ratios
are smaller than those in Nmax; this is because the EIA
crests in Ne (Figs. 4 and 5) shift to lower latitudes with
increasing altitudes and disappear at around 600 km.
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Fig. 5. Latitude variations of model Ne (at 200 km, 300 km, 400 km,
500 km and 650 km) and Nmax at 13 LT at March equinox (day 80) for
Ap =4 and F10.7 = 68 in (a) 75°E, (b) 75°W and (c) 45°W obtained using
the same vertical E x B drift velocity (blue, Fig. 2) in all three longitudes;
positive latitude is north. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Latitude variations of model vertical TEC (integrated up to
1600 km) at 13 LT at March equinox (day 80) for Ap =4 and F10.7 = 68
in 75°E (red), 75°W (blue) and 45°W (green) obtained using same vertical
E x B drift (blue, Fig. 2) in all three longitudes (solid curves). The dashed
curves correspond to the TEC obtained using the E x B drift patterns
corresponding to the three longitudes (Fig. 2). Positive latitude is north.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The model results (Figs. 4-6) also show north-south
asymmetry in Ne, Nmax and TEC. However, there is no
significant asymmetry in Ne in the chemistry dominated
bottomside ionosphere (e.g., 200 km) indicating that ther-
mospheric composition is nearly symmetric in north and
south. Asymmetry in Ne exists at altitudes near and above
the ionospheric peak, especially in the topside ionosphere
(e.g., 400 km), indicating that the asymmetry is caused
mainly by neutral wind. Also, in all longitudes (75°E,
75°W, and 45°W) the denser ionosphere is in the hemi-
sphere of equatorward wind, compare Figs. 4-6 with the
winds in Fig. 3.

Figs. 4-6 also show that at 75°E and 75°W the iono-
spheric asymmetry is strong, and the denser ionosphere is
in opposite hemispheres (south at 75°E and north at
75°W) where neutral winds are equatorward (compare with
the winds in Fig. 3). Also, at 45°W the ionosphere has com-
paratively weak asymmetry though similar to that at 75°W.
These results seem to indicate that the north—south differ-
ences in the neutral wind velocity arising from the displace-
ment of the equators is more effective in producing the
north-south asymmetry in the ionosphere than that arising
from declination angle; discussed in Section 5.

3.2. Electric field effect

As mentioned above the model results in Section 3.1
were obtained using the same electric field (blue, Fig. 2)

in all three longitudes. To check the effect of the differences
in the electric fields, the model calculations in all three lon-
gitudes are repeated using the respective E x B drift veloc-
ities (Fig. 2). The resulting model TEC at 13 LT are shown
by the dashed curves in Fig. 6 (red 75°E, blue 75°W, and
green 45°W); the blue solid and dashed curves (75°W) coin-
cide as they are obtained using the same E x B drift. A
comparison of the solid and dashed curves (Fig. 6) shows
no significant differences, which seems to indicate that the
longitude variation of the east-west electric field has only
a small effect on the longitude variation of the north-south
asymmetry of the ionosphere compared to the longitude
variation of neutral wind; discussed in Section 5.

4. FORMOSAT-3/COSMIC data

The FORMOSAT-3/COSMIC satellite measures the
electron density Ne up to 800 km height on a global scale
using radio occultation technique (Lin et al., 2007; Liu
et al., 2010b). However, the density in the bottomside ion-
osphere (below about 250 km) may not be reliable due to
the limitations of the technique (Liu et al., 2010b; and ref-
erences therein). The COSMIC Ne data have been used to
study several aspects of the global ionosphere at the long
deep solar minimum, and revealed some new aspects such
as plasma caves in the bottomside low latitude ionosphere
(Liu et al., 2010a), longitude structure of F3 layer (Zhao
et al., 2011), and reversal of the hemisphere of high electron
density from winter hemisphere to summer hemisphere (or
disappearance of winter anomaly) after noon (e.g., Lin
et al., 2007; Tulasi Ram et al., 2009; Liu et al., 2010b; Balan
et al., 2012).

In this section, we show the north-south asymmetry in
the mean COSMIC celectron density at around diurnal
maximum (12:30-13:30 LT) under magnetically quiet
(Ap < 15) equinoctial conditions in 2008-2010 in different
longitudes. Fig. 7 shows the altitude-latitude plots of the
data in the longitude sectors 60°E—120°E (panel a) and
60°W-120°W (panel b). Fig. 8 is for the longitude sector
15°W-75°W (panel a), with panels b and ¢ showing the
data in the sub-longitude sectors 45°W-75°W and 45°W-
15°W. A common color scale is used in all figures for easy
comparison. The data distribution is found to be nearly
uniform in latitude in all longitudes.

As shown by the COSMIC data, the north-south iono-
spheric asymmetry is (1) significant in the longitude sectors
60°E~120°E and 60°W-120°W (Fig. 8) of large displace-
ment of the equators with small declination angle, and
(2) weak in the longitude sector 15°W-75°W (Fig. 8, panel
a) of large declination angle with small displacement of the
equators; (3) the denser ionosphere in the 60°E-120°E and
60°W-120°W longitudes is in opposite hemispheres (Fig. 8,
panels a and b) where the geomagnetic equator is displaced
from geographic equator; (4) the asymmetries in the sub-
longitude sectors 15°W-45°W and 45°W-75°W of large
declination angle with small and opposite displacement of
the equators (Fig. 8, panels b and c) is stronger than that
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in the combined longitude sector 15°W-75°W (Fig. 8, panel
a); and (5) the denser ionosphere in the two sub-longitude
sectors 45°W-75°W and 45°W-15°W is also in opposite
hemispheres where geomagnetic equator is displaced.
These observed features of the north-south ionospheric
asymmetry are in good qualitative agreement with the
model predictions (Figs. 4-8), and indicate that displace-
ment of the geomagnetic equator from geographic equator
is most effective in producing the north-south asymmetry
than magnetic declination angle, discussed below.

5. Discussion

The main points that came out from the observations
and modeling of the north-south asymmetry in the iono-
spheric F region at around diurnal maximum (13 LT) at
equinoxes at the long deep solar minimum are discussed.

(1) The ionospheric asymmetry is such that the iono-
sphere is dense in one hermisphere and weak in the
opposite hemisphere. This, as mentioned in Section 1,
is mainly due to the north-south difference in the
effective magnetic meridional neutral wind velocity
U (Eq. (1)). The ionosphere becomes dense in the
hemisphere of equatorward (or less poleward) wind
and weak in the opposite hemisphere of poleward
wind. The equatorward wind (i) raises (and supports)
the ionosphere to high altitudes of reduced chemical
loss by an altitude proportional to Ucoslsinl with I
being dip angle, and (ii) opposes (or reduces) the
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Fig. 8. Same as Fig. 7 but in longitude sectors (a) 285°E-345°E (15°W—
75°W), (b) 285°E-315°E (45°W-75°W) and (c) 315°E-345°E (15°W-
45°W).

downward field-aligned flow of plasma by Ucosl
(Balan et al., 2010). The processes (i) and (ii) together
increase Ne, Nmax and TEC in the hemisphere of
equatorward wind. At the same time the poleward
wind in the opposite hemisphere lowers the iono-
sphere in altitude and also accelerates the downward
field-aligned flow down to low altitudes of heavier
chemical loss. That causes the north-south iono-
spheric asymmetry.

(2) The north—south asymmetry is strong in longitudes of
large displacement of the equators with small declina-
tion angle, and weak in longitudes of large declina-
tion angle with small displacement of the equators
(e.g., Figs. 4-8). This is because the displacement of
the equators is more effective in changing the wind
velocity U than is the declination angle. This can be
understood from the values of U (Fig. 3). For exam-
ple, at 75°W (at 13 LT and 16°S magnetic latitude)
where displacement is large (~12°) and declination
is small (—1.87°) U= —27.94ms ' (panel b). On
the other hand at 45°W (at 13 LT and 16°S magnetic
latitude) where the displacement is small (0°) and dec-
lination is large (—18.83°) U=—16.10ms . In
other words, large displacement of the equators and
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large declination angle provide large and small values
of U, respectively, and hence cause strong and weak
north-south asymmetry in the ionosphere.

(3) Though the asymmetry is strong in 75°E and 75°W
the denser ionosphere is in opposite hemispheres
(e.g., Figs. 4-8). This is because in these longitudes
the displacements of the geomagnetic equator is large
(~7° and —12°) but in opposite hemispheres (Fig. 1).

(4) The points (1), (2), and (3) can be discussed further
with the equatorial plasma fountain. Fig. 9 shows
the model plasma fountain at 12 LT at 75°W; the
fountain is shown for only one longitude, for simplic-
ity. The plasma flux (product of density and velocity,
Fig. 9) is strong in the southern hemisphere of pole-
ward wind but the ionosphere is strong (in Nmax
and TEC) in the opposite hemisphere of equatorward
wind (e.g., Figs. 4-8). This is because in the hemi-
sphere of poleward wind the ionosphere lowers in
altitude and downward field-aligned plasma flow gets
accelerated down to low altitudes of heavy chemical
loss, which reduce Nmax and TEC. At the same time,
in the opposite hemisphere of equatorward wind the
ionosphere gains ionization by rising to high altitudes
of reduced chemical loss and by reducing the down-
ward field-aligned flow.

The chemical (or composition change) effect of the wind
can increase the O/N, ratio in the hemisphere of poleward
wind and decrease the ratio in the opposite hemisphere of
equatorward wind. However, the composition (O/N,) does
not seem to have any significant north-south difference as
understood from the nearly equal Ne values in the bottom-
side ionosphere (~200 km, Fig. 5). It may also be recalled
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Fig. 9. Model plasma fountain at 12 LT at March equinox (day 80) for
Ap =4 and F10.7 = 68 in 75°W; minimum vector length corresponds to
plasma flux <2 x 10° cm s~ !; latitude is magnetic and positive latitude
is north.

that the north-south ionospheric asymmetry occurs near
the ionospheric peak and above (Fig. 5) where the mechan-
ical (or dynamical) effects of the wind dominate over its
chemical effect.

(5) The longitude variation of the electric field (or
upward E x B drift) has only small effect compared
to that of neutral wind on the longitude variation
of the ionospheric asymmetry (e.g., Fig. 6). This is
because of the difference in the importance of the
E x B drift and neutral wind in determining the
strength of the low latitude ionosphere. The E x B
drift controls the strength of the ionosphere only at
around the equator (within about +10° magnetic lat-
itudes) in all longitudes, where ionosphere is generally
weak due to the upward drift removing the ionization
to higher altitude-latitude regions. At higher lati-
tudes, neutral wind takes control and makes the ion-
osphere stronger especially when the wind is
equatorward as discussed in point (1) above.

It may be mentioned that the effects of the displacement
of the equators and declination angle are same for all
levels of solar activity since the displacement and declina-
tion are independent of solar activity. However, the wind
velocity could be faster at the long deep solar minimum
compared to higher levels of solar activity due to reduced
ion-drag.

6. Conclusions

Longitude variation of the north-south asymmetry of
the ionosphere at around diurnal maximum at equinoxes
at low latitudes (£30° magnetic) is investigated using
SUPIM and COSMIC electron density data measured at
the long deep solar minimum (2008-2010). The asymmetry
is found to be strong in longitudes (e.g., around 75°E and
75°W) of large displacement of geomagnetic equator from
geographic equator than in longitudes (e.g., around 45°W)
of large declination angle. This seems to be because it is the
displacement more than the declination angle that pro-
duces large north-south difference in the magnetic meridi-
onal neutral wind velocity, which is the main cause of the
ionospheric asymmetry. For the strong control of the neu-
tral wind, east-west electric field has only a weak effect on
the longitude variation of the ionospheric asymmetry. The
conclusions seem valid for all levels of solar activity since
the displacement of the equators and declination angle
are independent of solar activity.
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