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Abstract

Ionospheric winter and annual anomalies have been investigated during the ascending phase of solar cycle 24 using high-resolution
global 3D – data of the FORMOSAT – 3/COSMIC (Formosa satellite – 3/Constellation Observing System for Meterology, Ionosphere
and Climate) radio occultation observations. Our detailed analysis shows that the occurrence of winter anomaly at low-latitudes is con-
fined only to the early morning to afternoon hours, whereas, the winter anomaly at mid-latitudes is almost absent at all local times during
the ascending phase of solar cycle 24. Further, in the topside ionosphere (altitudes of 400 km and above), the winter anomaly is com-
pletely absent at all local times. In contrast, the ionospheric annual anomaly is consistently observed at all local times and altitudes dur-
ing this ascending phase of solar cycle 24. The annual anomaly exhibits strong enhancements over southern EIA crest latitudes during
day time and around Weddle Sea Anomaly (WSA) region during night times. The global mean annual asymmetry index is also computed
to understand the altitudinal variation. The global mean AI maximizes around 300–500 km altitudes during the low solar active periods
(2008–10), whereas it extends up to 600 km during moderate to high (2011) solar activity period. These findings from our study provide
new insights to the current understanding of the annual anomaly.
� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Anomalies in the F2 layer always puzzle the ionospheric
research community. The solar zenith angle dependent
Chapman’s theory cannot explain the behavior of
ionospheric F2 layer due to its complex dynamics and elec-
trodynamic processes involved. Major anomalies of the
ionosphere, equatorial ionization anomaly, winter/seasonal
anomaly and semi-annual anomaly are relatively well
studied and understood than the annual anomaly or
non-seasonal anomaly. The physical mechanisms behind
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the ionospheric annual anomaly are still challenging and
listed as one of the top scientific targets of the ionospheric
community by Rishbeth (2007). Many studies in the past
have described the winter and annual anomalies in the
ionospheric F2-region. The winter or seasonal anomaly is
defined as the greater F2-layer peak density (NmF2) values
in the winter hemisphere than in the summer hemisphere
during the solstices. The winter anomaly was first discov-
ered by Berkner et al. (1936); and later Berkner and wells
(1938) found that there was an annual anomaly too. From
the global NmF2 maps, Torr and Torr (1973) concluded
that the winter anomaly is maximum/minimum during
the solar maximum/minimum. Recently, Burns et al.
(2014) found that the winter anomaly is not seen during
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Table 1
The 41-day mean F10.7 solar flux values centered on June 21 and
December 21 along with the Global Mean AI during the years 2008–2012.

Year F10.7 (solar flux units) Global mean AI

June December DF10.7 Noon Mid-night

2008 67.9610 67.0250 �0.9405 0.1468 0.1790
2009 70.9415 74.5732 3.6317 0.1997 0.2255
2010 75.5951 82.2400 6.6449 0.2438 0.2518
2011 96.3268 135.8250 39.4982 0.3368 0.4485
2012 134.8829 111.9859 �22.897 0.1008 0.1029
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low solar activity periods when the F10.7 solar flux is less
than the threshold level of 90–100 solar flux units
(1 sfu = 10�22 Wm�2 Hz�1). Further, Burns et al. (2014,
2015) concluded that the observed winter anomaly is due
to greater winter to summer changes in the atomic oxygen
to molecular nitrogen (O/N2) density ratio in solar maxi-
mum than in solar minimum.

In contrast, the ionospheric annual anomaly or non-
seasonal anomaly is defined as, the world as a whole,
December NmF2 values are significantly higher than those
in June solstice. By analyzing paired ionosonde NmF2
data, Yonezawa and Arima (1959) found that the Decem-
ber NmF2 values are significantly higher than June. Later,
Yonezawa (1971) concluded that the annual anomaly of
NmF2 decreases with increasing latitude and solar activity
during daytime as well as nighttime. Buonsanto (1986) sug-
gested that the greater flux in December solstice causes
greater dissociation of O2 than June solstice may influence
the production and loss coefficient of F2 layer. By analyz-
ing topside ionospheric data, Su et al. (1998) discussed the
role of neutral winds and ExB drift velocity in the annual
anomaly. Further, they concluded that the ExB drift may
significantly reduce the annual anomaly during daytime
and enhance the anomaly during the post-sunset hours.
Mendillo et al. (2005) used VTEC data to analyze the
annual anomaly and found that the observed anomaly
greatly exceeds the annual asymmetry of neutral atomic
oxygen/molecular nitrogen ratio derived from the TIMED
satellite data. From their model simulations using Coupled
Thermosphere-Ionosphere-Plasmasphere (CTIP) model,
Rishbeth and Muller-Wodarg (2006) attributed the
observed annual anomaly could be due to the tidal forcing
from the lower atmosphere. Zeng et al. (2008) studied the
annual asymmetry by using Constellation Observing Sys-
tem for Meteorology, Ionosphere and Climate (COSMIC)
radio occultation (RO) data during 2006 and they found
that the annual asymmetry index shows two distinct max-
ima around local noon and midnight. Further, they found
a significant longitudinal variation of the annual asymme-
try around noon. From the case controlled simulations
using TIEGCM (Thermosphere-Ionosphere-Electrodynam
ics Global Circulation Model), Zeng et al. (2008) have
identified that varying Sun-Earth distance, offset between
geographic and geomagnetic equator and the tilt of geo-
magnetic dipole axis are the main factors responsible for
ionospheric annual anomaly and its longitudinal variabil-
ity. Zeng et al. (2008) further shown that the tidal forcing
from lower atmosphere has only a minor effect on annual
anomaly.

Since both the winter and annual anomalies (seasonal
and non-seasonal anomalies) are co-exist at the same time,
it is often difficult to separate the effects of winter anomaly
and annual anomaly. Rishbeth and Muller-Wodarg (2006)
have raised a question whether the annual anomaly is sim-
ply due to stronger winter anomaly during the northern
winter or it has a distinct physical cause. Burns et al.
(2014) also expressed that weather the winter anomaly is
independent of changes in annual anomaly or not. Further,
most of the previous studies on annual anomaly are based
on the NmF2 data from the paired ionosonde stations or
total electron content (TEC) data, except a few (e.g.,
Zeng et al., 2008; Lee et al., 2011 and Burns et al., 2012),
which limits the studies only to the lateral variations of
annual anomaly. To the best of our knowledge, altitudinal
variation of the annual anomaly is less studied in the past.
Hence, in view of the above factors, the objective of the
current paper is focused on the ionospheric annual anom-
aly and its local time, latitude, altitude and solar cycle vari-
ation in comparison with winter anomaly during the
ascending phase of solar cycle 24.
2. Data

With a constellation of six microsatellites, the Constella-
tion Observing System for Meteorology, Ionosphere and
Climate (COSMIC/FORMOSAT-3) is primarily dedicated
Radio Occultation (RO) mission to study the Earth’s atmo-
sphere and ionosphere. In this present study, we considered
the vertical electron density profile data from COSMIC
Radio Occultation experiment during ascending phase of
solar cycle 24 (2008–2012) provided by University Corpo-
ration for Atmospheric Research COSMIC data Analysis
and Archive center (UCAR – CDAAC) (http://www.cos-
mic.ucar.edu). The data corresponding to 41 days centered
on June 21 (±20 days) and December 21 (±20 days) are
used to represent June and December solstice respectively.
Two step data quality control is applied to the raw data set.
1. Questionable electron density profiles with standard
deviation greater than 1.5 are removed as suggested by
Yang et al. (2009). 2. Disturbed days (with Kp > 3) are
removed to analyze the quiet time variations, however,
geomagnetically disturbed conditions are relatively rare
and the contribution of such rare events to the 41 day mean
is small (Burns et al., 2014). The 41-day mean solar flux
values during the period of study are tabulated in Table 1.
3. Results

With a view to examine the local time and latitudinal
behavior of the peak electron density of F2 layer, the
NmF2 data from the COSMIC electron density profiles
are binned in 30 min local time and 2.5� magnetic dip
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latitude grids. The NmF2 values in each grid which corre-
sponds to various longitudinal regions are averaged to
compute zonal mean NmF2 and a 5-point running mean
is applied in both latitude and local time directions.
Fig. 1 shows the local time and magnetic latitudinal varia-
tion of the zonally averaged NmF2 during June (a-e) and
December (f-j) from 2008 to 2012. The respective summer
and winter hemispheres during June and December sol-
stices are indicated in the figure. From the Fig. 1, one
can observe the local time variations of equatorial ioniza-
tion anomaly and its interhemispheric asymmetry during
solstices. During both the solstices, the NmF2 values in
their respective winter hemispheres are higher than in the
summer hemispheres during the morning to noon
(0700–1200 LT) hours, particularly, at EIA crest and
low-mid latitudes. This indicates the presence of winter
anomaly at morning to noon during the ascending
phase of solar cycle 24 (2008–2012) at low latitudes.
However, by around noon to early afternoon hours
(�1200–1300 LT), the winter anomaly subsides and the
EIA crests in summer hemisphere become stronger than
the winter EIA crests. Further, the larger NmF2 values in
summer hemisphere are maintained throughout from after-
noon to pre-dawn hours. Further, the subsidence of winter
anomaly and the transition of stronger EIA crest from win-
ter hemisphere to summer hemisphere occur slightly earlier
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Fig. 1. Local time and latitudinal variation of the zonally averaged NmF2 du
black horizontal line represents the dip equator. (Note the different color scales
of the references to colour in this figure legend, the reader is referred to the w
in the December solstice (�1100–1200 LT) (right panels)
than in June (�1300–1400 LT) (left panels). At middle
and high latitudes, the NmF2 values in winter hemisphere
are always smaller than in the summer hemisphere indicat-
ing that the winter anomaly is almost absent at mid-high
latitudes during 2008–2012.

Another interesting feature that can be observed from
Fig. 1 is that the NmF2 values are in general significantly
higher during December solstice (right panels) than in June
solstices (left panels) indicating the presence of annual
anomaly consistently through 2008–2012. In order to sepa-
rate the annual asymmetry from winter anomaly and to
quantify the strength of annual asymmetry, Rishbeth and
Muller-Wodarg (2006) suggested computing the annual
asymmetry index (AI) by averaging the conjugate hemi-
spheric NmF2 values, as

AI ¼ NmF 2NSðDECÞ � NmF 2NSðJunÞ
NmF 2NSðDECÞ þ NmF 2NSðJunÞ ð1Þ

where

NmF 2NSðh; kÞ ¼ 1

2
� ½NmF 2ðhN ; kÞ þ NmF 2ðhS ; kÞ� ð2Þ

Here, h is geomagnetic latitude, k is the geographic longi-
tude; and N and S indicate the corresponding conjugate
locations in northern and southern hemispheres, respec-
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tively. From Eq. (1), it can be understood that positive AI
means that the NmF2 values in December solstices are
greater than those in June solstice. For example, an AI of
0.2 (0.3) means that the NmF2 value in December is 50%
(85%) higher than in June solstice.

Fig. 2 shows the local time and latitudinal variation of
zonally averaged AI computed using (1) and (2) during
2008–2012. The solid black curve indicates the zero con-
tour level. Nevertheless, the overall dominance of positive
AI values indicate that the NmF2 values in December sol-
stice are globally higher than in June solstice, confirms the
existence of annual asymmetry throughout the ascending
phase of solar cycle 24 at all local times. The AI values
in 2011 are substantially larger, which could be due to
increased F10.7 solar flux (solar activity) in December
2011 with respect to June 2011 (Table 1). Though the over-
all asymmetry is positive in 2012, the AI values are rela-
tively smaller due to decrease in F10.7 solar flux during
December 2012 compared to June 2012 (Table 1). Further,
the local time variation of AI from Fig. 2 indicates that the
annual anomaly is significantly enhanced around noon and
mid-night periods with two broad maxima. This local time
behavior with noon and mid-night enhancements is consis-
tent with previous study by Zeng et al. (2008). The noon-
time enhancement in AI appears from latitudes greater
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Fig. 2. Local time and latitudinal variation of zonally averaged AI from
2008 to 2012. Positive (negative) AI values indicate NmF2 values in
December solstices are greater (smaller) than in June solstices. Solid black
curve indicates the zero contour level.
than �15� and extends up to �50�–60� dip latitudes. The
AI enhancement around mid-night hours starts from equa-
torial latitudes and extends up to mid-latitudes (40�–45�
dip latitudes). Further, we computed the global mean AI
around noon and mid-night periods during the ascending
phase of solar cycle 24 which is tabulated in Table 1. One
can see that the AI during mid-night is slightly higher than
during the noon consistently through 2008–2012.

Above mentioned results are based on the peak electron
density of the F-layer. With a view to understand the alti-
tudinal variation of ionospheric annual anomaly, the elec-
tron density values at fixed heights during 2009 are binned
in 30 min local time and 2.5� magnetic dip latitude grids.
To avoid the uneven solar flux values between June and
December solstices and its influence on the annual anom-
aly, we selected June and December solstice of 2009
because of nearly comparable solar flux values (see
Table 1). The electron density values in each grid which
corresponds to various longitudinal regions are averaged
to compute zonal mean electron density and a 5-point run-
ning mean is applied in both latitude and local time direc-
tions. It should be noted that the Abel inversion of RO
observations often introduces a systematic error due to
horizontal gradients in the ionosphere which violates the
spherical symmetry assumption in Abel retrieval (Liu
et al., 2010; Yue et al., 2010; Tulasi Ram et al., 2016). How-
ever, these errors in Abel inversion due to lateral inho-
mogenities are mostly below 200 km of equatorial and
low latitudes (Liu et al., 2010; Yue et al., 2010). Hence,
we excluded the COSMIC observations below 250 km in
this analysis to safely avoid the errors due to spherical
asymmetry in Abel retrieval.

Fig. 3 shows the local time and magnetic latitudinal
variation of zonal mean electron density at different heights
starting from 300 km to 700 km. The Left panels represent
the June solstice and right panels represent the December
solstice, respectively. From the Fig. 3, one can see that
the equatorial ionization anomaly and its local time and
altitudinal variation. During both the solstices, at 300 km
altitude, the electron density values in their respective win-
ter hemispheres are higher than the summer hemisphere
during the morning to noon (0700–1200 LT) hours, partic-
ularly, at low and EIA crest latitudes. This indicates the
existence of low latitude winter anomaly at morning to
noon at an altitude of 300 km (Fig. 3(a) and (f)). However,
by around noon to early afternoon hours (�1200–
1300 LT), the low latitude winter anomaly subsides and
the EIA crests in summer hemisphere become stronger than
the winter EIA crests. Further, the larger electron density
values in summer hemisphere are maintained throughout
from afternoon to pre-dawn hours. These observed local
time and latitude variation of electron density at 300 km
is similar to that of NmF2 data shown in Fig. 1. However,
in the topside ionosphere where the double crest structure
of EIA is mostly absent (at altitudes 400 km and above),
the electron density values in their respective summer hemi-
sphere are higher than the winter hemisphere during both
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the solstices and at all local times. Hence, we can conclude
that the winter anomaly is confined only to lower latitudes
and lower altitudes (below F2-peak) during this low solar
activity period 2009. Another interesting observation from
Fig. 3 is that the electron density values during December
solstice (right panels) is significantly higher than those in
June solstice (left panels) at all heights confirming that
the annual anomaly exists at all heights. Further, the elec-
tron density values in the summer hemisphere of December
solstice (southern summer) are significantly higher than in
the summer hemisphere of June solstice (northern
summer).

Results drawn from Figs. 1–3 are based on the zonally
averaged NmF2 data. Any longitudinal and altitudinal
variation in the annual anomaly cannot be resolved by this
approach. Hence, in order to understand the longitudinal
and altitudinal variation of the annual anomaly, electron
density data around noon (1130–1230 LT) and midnight
(2330–0030) hours during 2009 are binned in 5� longitude
and 2.5� magnetic dip latitude grids at the altitudes starting
from 300 km and above. The annual anomaly index (AI) is
computed using Eqs. (1) and (2) by averaging electron den-
sity data at different altitudes starting from 300 km
(±10 km) at every 100 km intervals (instead of NmF2). A
5-point running mean is applied in both longitude and
magnetic latitude directions for smoothing. Fig. 4 shows
the longitude, latitude and altitudinal variation of AI dur-
ing noon (left panels) and midnight (right panels) periods
of low solar activity year 2009. Solid black curve indicates
zero contour level. Overall positive AI values around noon
(Fig. 4a) indicate that the annual anomaly is distributed all
over the globe. Further, the AI exhibits significant longitu-
dinal variability. For example, at low to mid-latitudes (20�–
45�), the AI exhibits broad enhancements around �170�
W–90�W, �60�W–70�E and �120�E–180�E longitudes.
The observed longitudinal variability consistently observed
at all heights starting from 300 km and above. During mid-
night hours (Fig. 4b), one can see that a strong peak at
mid-high latitudes at western (120�W–30�W) longitudes.
This strong enhanced peak at high latitude is consistently
observed at all heights. Further, enhancements in AI can
be seen at low latitudes region over the longitudes from
60�W to 10�E and over the longitudes from 30�E to 10�
E. From Fig. 4b, one can see that the observed low-
latitude peaks around 60�W to 10�E longitudinal sectors
are further decreases in magnitude with increase in altitude.

Further, the global mean AI is computed by averaging
AI at all latitudes and longitudes at every 50 km interval
starting from 250 km altitude to examine the altitudinal
variation of global mean annual anomaly. Similar proce-
dure is applied to the entire data set to understand the alti-
tudinal variation of global mean AI during the ascending
phase of solar cycle 24. Fig. 5 shows the altitudinal varia-
tion of the global mean AI computed around noon time
(1130–1230 LT) during the ascending phase of the solar
cycle 24. Overall positive values of global mean AI at any
given altitude indicating that the annual anomaly exists
at all heights during the entire ascending phase of solar
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cycle 24. Further, AI maximizes around the altitude range
of 300–500 km and then decreases gradually at higher alti-
tudes during the years 2008–2010. Whereas the global
mean AI values in 2011 are substantially larger at all
heights, which could be due to significant increase of
F10.7 solar flux value (solar activity) in December 2011
with respect to June 2011 (see Table 1). Though the overall
AI at all heights is positive in 2012, the global mean AI val-
ues at all heights are relatively smaller due to decrease in
F10.7 solar flux during December 2012 compared to June
2012.
4. Discussion

The winter anomaly, characterized by higher electron
densities in the winter hemisphere than in the summer
hemisphere during the solstices, can occur mainly due to
two processes. At low latitudes, during solstices, the sum-
mer to winter hemispheric transequatorial neutral winds
can transport the plasma from summer hemisphere to win-
ter hemisphere causing higher plasma densities and intensi-
fied EIA crests in the winter hemisphere (Sastri, 1990;
Walker, 1981; Rishbeth et al., 2000). The stronger EIA
crests in the winter hemisphere observed from morning to
local noon hours in Fig. 1 can be attributed to summer
to winter hemispheric transequatorial neutral wind. Also,
these stronger winter EIA crests during morning to noon
hours were observed only at 300 km and F2 peak altitudes
and not observed in the topside ionosphere (400 km and
above). However, the equatorial zonal electric field and
the associated equatorial fountain process maximizes by
around noon hours (Raghavarao et al., 1978; Scherliess
and Fejer, 1999). In winter hemisphere, the electrodynamic
transport of plasma due to equatorial fountain process will
be in the same direction to the transport due to transequa-
torial neutral wind. Therefore, the combined action of
equatorial fountain and transequatorial wind push the
plasma downward along the field lines into the region of
higher recombination rate in the winter hemisphere causing
weakening of winter EIA crests. On the other hand, the
transport due to equatorial fountain process is in opposite
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direction to field aligned upward transport due to neutral
wind in the summer hemisphere. As a result, the plasma
accumulates at relatively higher altitudes (region of low
recombination) and stronger EIA crests forms in the sum-
mer hemisphere. Balan and Bailey (1995) have shown that
it is the effect of the neutral wind on the F-layer height that
determines the hemisphere of the stronger EIA through
model simulations. This interplay between transequatorial
neutral wind and equatorial fountain processes explains
the stronger EIA crests in the summer hemisphere during
noon and afternoon hours observed in Fig. 1. Further,
these results indicate that this distinct hemispheric behavior
of EIA asymmetry, previously observed by Lin et al.
(2007); Tulasi Ram et al. (2009) and Balan et al. (2013) dur-
ing deep solar minimum period of 2007–2008, is consis-
tently observed throughout the ascending phase of solar
cycle 24. Further in the topside ionosphere (400 km and
above) where the double peaked EIA structure is absent,
the ionization in summer low latitudes is higher at all local
times. The winter anomaly at middle and high latitudes is
generally attributed to higher O/N2 density ratio in winter
hemisphere than in summer hemisphere during the solstices
(Rishbeth and Setty, 1961; Johnson, 1964). Further, Burns
et al. (2014) have shown that the mid latitude winter anom-
aly stronger during high solar activity and does not occur
during low solar activity periods when the F10.7 solar flux
values becomes less than 90–100 sfu. From the present
study (Figs. 1 and 3), it is further confirmed that the mid
latitude winter anomaly not occurred during this ascending
phase of solar cycle 24, even though, the F10.7 solar flux
exceeded 100 sfu during 2011 and 2012.

In order to minimize the effects of winter anomaly on
the annual anomaly Rishbeth and Muller-Wodarg (2006)
suggested computing AI by averaging the conjugate hemi-
spheric NmF2 values during June and December solstices
as described in Eqs. (1) and (2). The computed AI varia-
tions shown in Figs. 2 and 4 indicate that the annual anom-
aly exists at all local times and altitudes consistently
through this ascending phase of solar cycle 24. However,
while averaging the conjugate hemispheric NmF2, one can-
not examine the different levels (magnitudes) of annual
anomaly in northern and southern hemispheres. Hence,
we need a different approach to understand the differences
in the hemispheric contributions to the annual anomaly at
any given altitude. Further, from the results presented
above, we can conclude that the winter anomaly is almost
absent during the period of investigation except from
morning to noon hours at low-latitudes. Hence, we can
directly compute the solstice difference of electron density
between December and June solstices (DNe = NeDEC -
� NeJUN) in order to understand the individual hemi-
spheric contribution. For that, the electron density data
around noon (1130–1230 LT) and mid-night (2300–
0030 LT) hours during 2009 is binned in to 5� longitude
and 2.5� latitude grids at the altitudes starting from
300 km and above. We selected the year 2009 because the
F10.7 solar flux values are nearly comparable during June
and December solstices in this year. Then the solstice differ-
ence in electron density (henceforth, DNe) is computed by
subtracting the electron density values during June solstice
from the December solstice. A 5-point running mean is
applied in both longitude and latitude directions to get
smooth variations. Fig. 6 shows the longitudinal and latitu-
dinal variation of the solstice difference of electron density
(DNe). Left panel represents noon (6a-e) and the right
panel represents mid-night (6f-j). Solid black line represents
the zero contour level. Positive DNe means electron density
values during December solstice is higher than June solstice
indicating the presence of annual anomaly. From the
Fig. 6, one can observe the hemispheric differences in the
annual anomaly. During noon at 300 km altitude
(Fig. 6a), DNe is positive in the southern hemisphere and
low latitudes of northern hemisphere. On the other hand,
DNe is negative from middle to high latitudes of northern
hemisphere indicating the absence of annual anomaly in
the northern mid-high latitudes. At altitudes of 400 km
and above (Fig. 6b–e), positive electron density values are
confined mainly to the southern hemisphere. Two impor-
tant results can be drawn from these observations. First,
in the absence of winter anomaly during this low and
ascending phase of solar cycle 24, the plasma density in
the respective summer hemisphere is larger than in the win-
ter hemisphere during both the solstices. That means, in the
northern hemisphere, DNe (NeDEC � NeJUN) which repre-
sents the winter minus summer becomes negative. Whereas
DNe in the southern hemisphere that represents the sum-
mer minus winter becomes positive. Second, the magni-
tudes of the positive DNe values in southern hemisphere
are significantly higher than the negative DNe values in
the northern hemisphere. This indicates that the electron
density values in the southern summer (during December)
are significantly higher than in northern summer (June)
indicating that the major contribution to the ionospheric
annual anomaly comes from the ‘‘southern summer” hemi-
sphere which is consistently observed at all altitudes (see
Fig. 6).

The significantly strong and positive DNe values at
southern EIA crest latitudes during noon (Fig. 6a) can be
attributed to formation of stronger summer EIA crests at
relatively higher altitudes in the summer hemisphere due
to the interplay of equatorial fountain process and transe-
quatorial neutral as discussed above. During the midnight
(Fig. 6b), the DNe exhibits strong positive values at middle
and high latitudes of 120�W–30�W longitudes. These
enhancements in DNe at western high latitudes are mainly
due to the presence of Weddell Sea anomaly (WSA) during
the December solstices (He et al., 2009; Jee et al., 2009; Lin
et al., 2009, 2010; Chen et al., 2011). This enhancement of
DNe over Weddell Sea Anomaly (WSA) region is consis-
tently observed at all heights from 300 to 700 km and is
responsible for enhanced AI values during midnight shown
in Fig. 4b. The WSA is mainly attributed to equatorward
neutral winds in the presence of southward offset of geo-
magnetic equator over the WSA region. Therefore, it is
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stressed that the neutral winds play significant role on the
ionospheric annual anomaly during both day and night
times. The detailed mechanisms and responsible factors
for the ionospheric annual anomaly during both day and
night times are further necessary. The role of neutral winds
in the presence of geomagnetic field configuration on the
local time and longitudinal variability of annual anomaly
will be the focus of our future study through model
simulations.
5. Conclusions

A detailed study on ionospheric winter anomaly and
annual anomaly and the differences in their local time, lat-
itude, longitude, altitude and solar cycle variability has
been carried out using Formosat-3/COSMIC Radio Occul-
tation observations during the ascending phase of solar
cycle 24. The important findings from this study are briefly
summarized hereunder. The occurrence of winter anomaly
at low-latitudes is confined only to morning to noon hours
at 300 km and F2-peak altitudes. The winter anomaly at
mid-latitudes is almost absent at all local times during this
ascending phase of solar cycle 24. Further, in the topside
ionosphere (altitudes of 400 km and above), the electron
density values in the respective summer hemisphere are
higher than the winter hemisphere at all local times indicat-
ing the complete absence of winter anomaly. On the other
hand, the ionospheric annual anomaly exists at all local
times and altitudes consistently during this ascending phase
of solar cycle 24. The local time variability of annual anom-
aly index (AI) exhibits broad enhancements around noon
and midnight hours. The annual anomaly exhibits strong
enhancements at southern EIA crest latitudes during noon
due to the interplay between equatorial fountain process
and transequatorial neutral wind; and around Weddle
Sea Anomaly (WSA) region during night times. The global
mean AI maximizes around 300–500 km altitude during
low solar activity years 2008–2010 and decreases gradually
at higher altitudes. These results provide better insights on
the ionospheric winter and annual anomalies and their spa-
tial and temporal variabilities.
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