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Abstract The ionospheric annual anomaly or nonseasonal anomaly of the ionosphere is characterized by
globally increased ionization in December solstice than in June solstice. Though this phenomenon was
reported several decades ago, the causal mechanisms have not been fully understood till today. In this paper,
the F2 layer peak electron density (NmF2) data from Formosa satellite 3/Constellation Observing System for
Meteorology, Ionosphere, and Climate-radio occultation observations during the low solar activity year 2009
were systematically analyzed to investigate the physical mechanisms responsible for annual anomaly and
its local time, latitudinal, and longitudinal variability. It is found that the annual anomaly is primarily dominant
at Southern Hemisphere at all local times, with significant enhancements at equatorial ionization anomaly
crest latitudes during noon to afternoon hours and at high latitudes during nighttimes. The annual anomaly
in Northern Hemisphere occurs with relatively smaller magnitudes and confined only to morning to early
afternoon hours (08–14 LT). This study brings out the important roles of effective neutral winds due to the
geomagnetic field configuration and the offset between geomagnetic equator and subsolar point for
the enhanced plasma density in the Southern Hemisphere during December that majorly contributes to the
ionospheric annual anomaly. These results provide new insights to the responsible mechanisms behind
the ionospheric annual anomaly and its local time latitudinal, and longitudinal variation

Plain Language Summary Ionospheric annual anomaly, characterized by globally enhanced ion
densities during December than during June, is one of the unresolved problems of ionospheric physics
since its discovery several decades ago. In this paper, the important role of thermospheric neutral winds for
the ionospheric annual anomaly is discussed in detail. This study provides better insights to the causative
physical mechanisms for the ionospheric annual anomaly.

1. Introduction

In ionospheric studies, the term “anomaly” is usually referred to the inconsistency of the F2 layer electron
density distribution with the Chapman theory of photoionization. In fact, the Chapman theory can explain
the behavior of D, E, and F1 layers of ionosphere. However, being that the transport processes are more
important than chemical loss, F2 layer is different from the other regions of ionosphere. Plasma transport
processes due to E × B drifts and thermospheric winds can significantly alter the electron density distribution
in the F2 layer. Four types of anomalies, namely, equatorial ionization anomaly, winter or seasonal anomaly,
semiannual anomaly, and annual anomaly or nonseasonal anomaly, are often found in the F2 layer. One of
the well-known anomalies of the equatorial ionosphere is the equatorial ionization anomaly (EIA) with its
two maxima at off equatorial latitudes and minima at the dip equator. Detailed studies of EIA and its diurnal,
seasonal and solar cycle variability in the latitudinal and altitudinal patterns using ionosondes, topside soun-
ders, GPS-TEC data, and radio occultation measurements can be found in the literature [Rajaram, 1977;
Moffet, 1979; Anderson, 1981; Walker, 1981; Raghavarao et al., 1988; Sharma and Raghavarao, 1989; Abdu
et al., 1990; Rastogi and Klobuchar, 1990; Stening, 1992; Walker et al., 1994; Bailey et al., 1997; Rishbeth, 2000;
Sagawa et al., 2005; Immel et al., 2006; Lin et al., 2007a, 2007b; Tulasi Ram et al., 2009; Balan et al., 2013].
The second one is winter anomaly, characterized by the higher daytime NmF2 values in winter hemisphere
than its conjugate summer hemisphere during solstices [Rishbeth and Setty, 1961; Johnson, 1964; Torr and
Torr, 1973; Zhao et al., 2007]. Torr and Torr [1973] and Burns et al. [2014] have shown that the winter anomaly
is stronger in the Northern Hemisphere than in the Southern Hemisphere. The third anomaly is semiannual
anomaly, in which the NmF2 values during equinoxes are much larger than solstices [Volland, 1969; Mayr
and Mahajan, 1971; Millward et al., 1996; Balan et al., 2000; Ma et al., 2003; Li and Yu, 2003]. Further, it is also
reported that the ionization among the two equinoxes exhibits an asymmetry with higher plasma densities in
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March equinox than in September equinox [L. Liu et al., 2010]. The fourth is the annual anomaly or nonsea-
sonal anomaly, in which, in the world as a whole, NmF2 values during December solstices are significantly
greater than those in June solstices globally. Apart from these anomalies, recent studies also show that the
nighttime midlatitude ionosphere often exhibits anomalous enhancements in the summer hemisphere,
known as midlatitude summer nighttime anomaly (MSNA) [e.g., Thampi et al., 2009; H. Liu et al., 2010] in
the northern hemispheric summer and Weddell Sea Anomaly (WSA) [e.g., Bellchambers and Piggott, 1958;
He et al., 2009; Chen et al., 2011] in the southern hemispheric summer.

The ionospheric annual anomaly was first observed and reported by Berkner and Wells [1938]. Later, several
studies on the annual anomaly have been carried out using the NmF2 data from paired ionosonde stations at
nearly conjugate locations in Northern and Southern Hemispheres [Yonezawa, 1971; Rishbeth and Muller-
Wodarg, 2006], the total electron content (TEC) data from a worldwide network of GPS stations [Mendillo
et al., 2005], topside ionospheric observations [Su et al., 1998; Liu et al., 2007] and Global NmF2 data from
Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC) radio occultation obser-
vations [Zeng et al., 2008]. These studies demonstrated that the annual anomaly exhibits significant local time
and longitudinal and solar activity variations providing some important insights on the responsible mechan-
isms. Rishbeth and Muller-Wodarg [2006] employed the Coupled Thermosphere-Ionosphere-Plasmasphere
(CTIP) model to study the annual anomaly. However, their CTIP simulations show a much smaller annual
anomaly than was originally observed, which they speculatively attributed to dynamical influences of the
tides of lower atmospheric origin. Liu et al. [2007] have investigated the annual anomaly in the topside iono-
sphere (~840 km) and shown that the changes in atomic oxygen concentration [O] can partially explain the
annual anomaly using Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar
Exosphere (NRLMSISE-00) model. Zeng et al. [2008] studied the annual anomaly by using Formosa satellite
3 (Formosat-3)/COSMIC radio occultation (RO) measurements during 2006. They found that annual asymme-
try index maximizes during local noon and midnight with a significant longitudinal variability. From the case-
controlled model simulations using Thermosphere-Ionosphere Electrodynamics General Circulation Model,
Zeng et al. [2008] have identified that the important factors that are responsible for ionospheric annual anom-
aly are the solstice difference of Sun-Earth distance, offset between geomagnetic and geographic center, tilt
of geomagnetic dipole axis, and only a minor contribution from atmospheric tides of lower atmospheric
origin. However, the detailed physical mechanisms about how the above factors contribute to the annual
anomaly are still missing.

The interaction between vertical electrodynamic (E × B) drift and field-aligned transport due to neutral winds
often causes hemispheric asymmetry in the equatorial ionization anomaly (EIA) during solstices with
enhanced plasma density in the respective summer hemisphere during afternoon to midnight hours [Lin
et al., 2007a and Tulasi Ram et al., 2009]. With the recent advancements in understanding the summer hemi-
spheric enhancements due to hemispheric asymmetry of EIA during daytime andmidlatitude enhancements
(MSNA and WSA) during nighttimes via electrodynamic and wind-driven field-aligned transport processes,
the physical processes involved in the unresolved ionospheric annual anomaly are revisited in this paper
in connection with the above phenomena. In the present study, the important processes that are responsible
for the annual anomaly and its local time, latitudinal, and longitudinal variations are investigated using the
global radio occultation observations from Formosat-3/COSMIC during a low solar activity year 2009. The
data selected for this study are briefly described in section 2; the ionospheric annual anomaly in F2 layer peak
electron density (NmF2) and its local time, latitudinal, and longitudinal variations are presented in section 3;
the responsible mechanisms in terms of electrodynamic drifts and wind-driven transport processes are
discussed in detail in section 4, and the important conclusions are briefly summarized in section 5.

2. Data

The FORMOSAT-3/COSMIC, a Taiwan-United States joint mission, primarily dedicated to radio occultation
experiment to study the Earth’s atmosphere and ionosphere. COSMIC is a constellation of six microsatel-
lites, orbiting at an altitude of ~800 km in 72° inclined circular orbits. COSMIC-retrieved ionospheric profiles
are in good agreement with the ground-based ionosonde and Radar electron density profiles [Schreiner
et al., 2007; Lei et al., 2007]. In the present study, we used COSMIC data during 2009 provided by the
University Corporation for Atmospheric Research (UCAR) COSMIC Data Analysis and Archival Center
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(CDAAC) (http://www.cosmic.ucar.edu). All COSMIC data observations under quiet geomagnetic conditions
with Kp index less than 3 are used to avoid the anomalous changes in ionosphere during geomagnetically
disturbed periods. Also, the bad profiles with a standard deviation value that is greater than 1.5 are
discarded following the method by Yang et al. [2009]. Nearly 2000 electron density profiles per day
provide a high spatial and temporal resolution to study the ionosphere. In the present study, the 41 day
period that centered on 21 June and 21 December is considered to represent the June and December
solstices, respectively. The 41 day mean F10.7 solar flux values of June and December solstices are 70.94
and 74.87 solar flux unit (sfu) (1 sfu = 10�22 W m�2 Hz�1), respectively, which are nearly comparable,
hence, best suitable for comparison excluding the solar cycle effects (between June and December
periods in an ascending phase of solar cycle). The 41 day period data from COSMIC during both June
and December solstices provide good spatial and temporal coverage. For example, Figure 1 shows the
coverage of COSMIC RO observations every 30 min local time (top row), 2.5° dip latitude (middle row),
and 5° geographic longitude (bottom row) bins during the December (Figure 1a) and June solstices
(Figure 1b).

3. Results

The F2 layer peak electron density (NmF2) values from Formosat-3/COSMIC vertical electron density profiles
during both June and December solstice periods were binned into 2.5° magnetic dip latitude and 30 min
local time bins. Within each dip latitude and local time grid, the NmF2 values that correspond to different
longitudes are averaged and the zonal meanNmF2 values are computed. Further, a five-point moving average
is applied in both dip latitude and local time directions, and the smoothed zonal mean NmF2 variation as a
function of magnetic dip latitude and local time for both June and December solstices of the year 2009
are shown in Figures 2a and 2b, respectively. During the June (December) solstices, the Northern

Figure 1. The local time (top row), dip latitude (middle row), and geographic longitude (bottom row) coverage of
Formosat-3/COSMIC RO observations during the 41 day periods of (a) December and (b) June solstices.

Journal of Geophysical Research: Space Physics 10.1002/2017JA024170

SAI GOWTAM AND TULASI RAM IONOSPHERIC ANNUAL ANOMALY 8818

http://www.cosmic.ucar.edu


Hemisphere will be the summer (winter)
and the Southern Hemisphere is winter
(summer). The respective summer and
winter hemispheres during the June
and December solstices are indicated
in Figures 2a and 2b.

A double-crest equatorial ionization
anomaly (EIA) structure with a trough
at the dip equator can be clearly seen
during daytime in both the solstices. A
careful examination reveals that the
EIA crests in the respective winter hemi-
spheres are stronger from morning to
noon hours (say ~0800 to ~1200 LT)
during both the solstices. However,
at later local times, the EIA crests in
the respective summer hemispheres
become much stronger than those in
the winter hemispheres during both the
solstices. The larger NmF2 values in the
summer hemisphere are further main-
tained throughout from afternoon to
predawn hours. Interestingly, at middle
to high latitudes (>30° magnetic dip
latitudes), the NmF2 values in their

respective summer hemispheres are higher than those in winter hemisphere at all local times. This actually
indicates the absence of winter anomaly at midlatitudes during this low solar activity year 2009. Similar
results were consistently observed throughout the ascending phase of solar cycle 24 from 2008 to 2012 from
the Formosat-3/COSMIC NmF2 data, presented elsewhere [Sai Gowtam and Tulasi Ram, 2017]. Using the har-
monic analysis of COSMIC radio occultation data during 2006–2008, Liu et al. [2009] have shown the similar
hemispheric asymmetry in both NmF2 and topside electron densities. Further, Liu et al. [2009] have shown
that the winter/seasonal anomaly exists only at lower altitudes and gradually disappears at higher altitudes.
Recently, Burns et al. [2014] have also shown that the winter anomaly does not occur during the low solar
activity periods with the F10.7 solar flux below 90–100 × 10�22 W m�2 Hz�1.

Further, the comparison of NmF2 between June (Figure 2a) and December (Figure 2b) solstices clearly shows
that the overall ionization (NmF2) in December solstice is significantly higher than in June solstice clearly indi-
cating the ionospheric annual anomaly. Ionospheric annual anomaly is generally studied using the observa-
tions from magnetically conjugate locations [e.g., Yonezawa, 1971; Rishbeth and Muller-Wodarg, 2006] in
order to avoid the effects of winter anomaly. Rishbeth and Muller-Wodarg [2006] suggested annual anomaly
index (AI) to quantifying the strength of annual anomaly as

AI ¼ NmF2NS Decð Þ � NmF2NS Junð Þ
NmF2NS Decð Þ þ NmF2NS Junð Þ (1)

where

NmF2NS θ; λð Þ ¼ 1
2
: NmF2 θN; λð Þ þ NmF2 θS; λð Þ½ � (2)

and θ is the magnetic dip latitude and λ is the geographic longitude. The subscripts N and S in equations (1)
and (2) represent the northern and southern hemispheric conjugate latitudes, respectively. The positive AI
indicates occurrence of ionospheric annual anomaly with higher December NmF2 values than in June. As
an example, the value of 0.2 for AI indicates that the ionization in December is 50% higher than in June.
The annual anomaly index (AI) is computed using equations (1) and (2) at 2.5° dip latitude and 30 min local
time bins. Figure 3a presents the zonally (longitudinally) averaged AI as a function of local time and dip

Figure 2. Local time and magnetic dip latitudinal variation of the zonally
averaged NmF2 during (a) June and (b) December solstices of the year
2009. Solid black horizontal line represents the dip equator.
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latitude. It can be observed from this fig-
ure that the AI is positive at all local
times indicating the occurrence of
annual anomaly. Further, the AI is gener-
ally intense around local noon and mid-
night hours and relatively weaker
around dawn and dusk periods. The
increase in AI around noon hours can
be seen at low to midlatitudes
(15–50°), and the higher AI values
around midnight occur starting from
the equatorial latitudes.

It should be noted that the variations of
AI shown in Figure 3a were longitudin-
ally averaged AI values; hence, the long-
itudinal variability in the annual
anomaly cannot be observed. The ques-
tion whether the observed noon and
midnight enhancements in AI corre-
spond to global or to a specific longi-
tude sector cannot be resolved from
Figure 3a. Therefore, with a view to
further examine the detailed latitudinal
and longitudinal distributions of AI, the
NmF2 values that correspond to noon
(between 1130 and 1230 LT) and mid-
night (between 2330 and 0030 LT) peri-

ods were gridded into 2.5° magnetic dip latitude and 5° longitude grids. Then the longitudinal and magnetic
dip latitudinal variation of AI is computed using equations (1) and (2). Figures 3b and 3c show the longitu-
dinal and latitudinal variations of AI during noon and midnight periods, respectively. The solid black curves
in Figures 3a and 3b represent the zero AI contour level. During noon (Figure 3b), the AI exhibits overall
positive values at all longitudes except small equatorial regions centered at ~80°E and 150°E longitudes.
Further, the longitudinal variation of AI shows broad enhancements around ~150°W–110°W, ~60°W–50°E,
and ~130°E–150°E longitudes of low latitude to midlatitude (20°–40°). Another strong enhancement can
be observed at high latitudes (~50°–70° dip latitude) of western longitudes from ~120°W to 20°W. During
midnight hours (Figure 3c), this high-latitude enhancement at western longitudes is further intensified
and extended equatorward up to ~35° latitude. Also, the AI during nighttimes exhibits significant enhance-
ments at equatorial and low latitudes over the longitudes from 80°W to 150°E. Further, the AI is negative at
middle and high latitudes of 50°E–180°E longitudes and also around low latitudes of 180°W to 120°W long-
itudes. The global mean values of AI during noon and midnight periods are 0.1997 and 0.2255 indicating
that the global mean NmF2 in December are ~50% and ~58% higher than in June during noon and midnight
periods, respectively.

Therefore, from the results presented in Figures 2 and 3, one can conclude that the ionospheric annual anom-
aly occurs at all local times with broad enhancements around noon and midnight periods (Figures 2 and 3a).
Further, the annual anomaly index (AI) exhibits significant latitude and longitudinal variability during both
noon and midnight hours (Figures 3b and 3c). It should be noted that the anomaly index (AI) presented in
Figure 3 is computed using equations (1) and (2) which averages the NmF2 values at conjugate latitudes from
Northern and Southern Hemispheres. Averaging of NmF2 values from conjugate southern and northern lati-
tudes minimizes the summer and winter differences in the respective hemispheres and also removes the
effects of winter anomaly. As a result, equation (1) brings out the quantitative estimate of ionospheric annual
anomaly as the difference between December and June solstices.

However, by averaging the conjugate latitude NmF2 values while computing AI, one cannot observe
the magnitude differences of annual anomaly in Northern and Southern Hemispheres. In other words,

Figure 3. (a) Local time and magnetic dip latitudinal variation of zonally
averaged AI during 2009. (b, c) Variations of AI as function of longitude
andmagnetic dip latitudes during noon andmidnight hours, respectively.
Positive (negative) AI values indicate that NmF2 values in December
solstices are greater (smaller) than in June solstices. Solid black curve
indicates the zero contour level.
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whether the strength of ionospheric annual anomaly is equal in both hemispheres or there is any
hemispheric dominance cannot be resolved from AI computed using equations (1) and (2). Therefore,
with a view to examine the relative contributions from Northern and Southern Hemispheres to the annual
anomaly, the difference in NmF2 between December and June solstices (ΔNmF2 = NmF2Dec � NmF2Jun) is
computed without combining the opposite hemispheres. Figure 4 shows the two-dimensional
longitudinal and latitudinal distributions of ΔNmF2 every 2 h local time intervals from 00 LT to 22 LT. The
ΔNmF2 variations presented in each panel represent an average of ±1 h LT interval centered on the time
shown in the respective panels. The positive (negative) values indicate the higher (smaller) values of
NmF2 in December than in June. The black curves represent the zero contour level. It can be observed
from this figure that the Southern Hemisphere shows large positive values of ΔNmF2 at all local times.
During noon to afternoon hours (1200 to 1800 LT), the ΔNmF2 values are significantly large at southern
EIA crest latitudes. These higher ΔNmF2 values at southern EIA crest latitudes persisted up to midnight
around 60°W to 150°E longitudes. During nighttimes (2000 to 0600 LT), the ΔNmF2 exhibits substantial
enhancements at southern high latitudes around 150°W to 60°W longitudes. On the other hand in the
Northern Hemisphere, the ΔNmF2 is negative (NmF2 in December is smaller than in June) during most
local times, i.e., from 00 to 06 LT and 1600 to 2200 LT. Only during the production dominant hours of
10–14 LT, the ΔNmF2 is slightly positive in Northern Hemisphere and the positive values are confined
only to northern low-latitudes at 08 LT. Further, one important observation from the ΔNmF2 variations
presented in Figure 4 is that the positive ΔNmF2 values in Southern Hemisphere are generally much
stronger (higher magnitudes) than the negative ΔNmF2 in the Northern Hemisphere. This suggests that
the ionization (NmF2) in December is substantially larger than that in June. Therefore, the results
presented in Figures 3 and 4 clearly indicate that the ionospheric annual anomaly (and the positive AI
values) primarily comes from the southern (summer) hemisphere, with a smaller contribution from the
Northern Hemisphere during the production dominant morning (0800 LT) to early afternoon (1400 LT)
hours. Liu et al. [2007, 2009] have also shown that annual variation in NmF2 is significantly stronger in
Southern Hemisphere. Similar enhancements in southern (summer) hemisphere were also observed at
different altitudes including topside ionosphere, reported by Sai Gowtam and Tulasi Ram [2017].

Figure 4. Geographic longitudinal and latitudinal variations of NmF2 difference between December and June solstices (ΔNmF2 = NmF2Dec� NmF2Jun) without com-
bining the opposite hemispheres every 2 h local time intervals centered on the time shown in respective panels. Solid black curve indicates the zero contour level.
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However, they have not discussed the responsible mechanisms which will be addressed in detail in the
present paper.

4. Discussion

The important insights about ionospheric annual anomaly drawn from the results presented in Figures 2–4
are as follows: (i) the annual anomaly primarily occurs in the Southern Hemisphere at all local times, (ii) the
annual anomaly is significantly enhanced at southern EIA crest latitudes during noon to afternoon hours sug-
gesting its close relationship with the enhanced EIA crests in the summer hemisphere during December, (iii)
the annual anomaly during nighttimes exhibits significant enhancements at southern high latitudes around
150°W to 60°W indicating the role of Weddell Sea Anomaly (WSA) region, and (iv) the annual anomaly in the
Northern Hemisphere occurs with relatively smaller magnitudes only during the production dominant hours
of 0800 to 1400 LT and is mostly absent at other local times. These results bring out the importance of
Southern Hemisphere contribution to the annual anomaly during both daytime and nighttime. The possible
mechanisms responsible for the above observations are discussed in the following sections.

Several physical processes contribute to the observed annual anomaly and its local time, latitudinal, and
longitudinal variability. The positive ΔNmF2 values in both hemispheres during the morning to early after-
noon hours (08–14 LT) (Figure 4) suggest that the varying Sun-Earth distance between December and
June solstices is one of the important factors, particularly, during daytime when the production is dominant.
The annual variation of ~3.5% in Sun-Earth distance (0.983 AU for December and 1.017 AU for June) can
account for ~7% higher solar EUV radiation during December than in June that contributes to the annual
anomaly. Zeng et al. [2008] have demonstrated through model simulations that the varying Sun-Earth
distance between December and June solstice can account for about 7% of annual asymmetry. In addition
to the varying Sun-Earth distance, the neutral and electrodynamic processes in the presence of geomagnetic
field configuration play important roles in strengthening the southern EIA crests in December and thus
majorly contributing to the annual asymmetry during noon to afternoon hours.

4.1. Interplay Between Transequatorial Neutral Wind and Equatorial Fountain Process

During solstices, the thermospheric neutral wind blows across the equator from summer hemisphere to
winter hemisphere. This summer to winter transequatorial wind causes field-aligned transport of plasma
upward/equatorward in the summer hemisphere and downward/poleward in the winter hemisphere due
to finite inclination of geomagnetic field lines. Another important electrodynamic process that operates
during daytime is the equatorial fountain due to enhanced eastward zonal electric field at the equator.
The plasma over the geomagnetic equator is uplifted via E × B drift which diffusively settles at low latitudes
on both sides of the equator under the gravity and pressure gradient forces. In the summer hemisphere, the
field-aligned plasma transport due to neutral wind and equatorial fountain process is in opposite direction,
whereas the plasma transport due to the two processes is in the same direction in winter hemisphere.
Thus, the NmF2 values at low-latitude region of both summer and winter hemispheres are largely controlled
by the relative strengths of transequatorial neutral wind and equatorial fountain process. During morning
period, the transequatorial neutral wind is dominant and causes interhemispheric transport of plasma along
the field lines to the winter hemisphere. This leads to higher NmF2 values in the winter hemisphere (Figure 2).
However, the zonal electric field maximizes and equatorial fountain process reaches its maximum strength
around noon. The intensified fountain process impedes the interhemispheric plasma transport by neutral
winds. In summer hemisphere, the upward/equatorward field-aligned transport by neutral winds is counter-
acted by the equatorial fountain process causing formation of stronger EIA crests at relatively higher altitudes
around noon to early afternoon hours. On the other hand, the downward/poleward field-aligned transport by
neutral winds is augmented by the equatorial fountain process causing weak EIA crests and smaller NmF2
values in the winter hemisphere. This transition of higher NmF2 values from winter to summer hemisphere
usually occurs around noon when the equatorial fountain process becomes stronger (Figure 2). It should
be noted that the results drawn from Figure 2 correspond to asymmetry in the zonal (longitudinal) mean
in NmF2, discounting the longitudinal variability, for simplicity.

This diurnal variation in the hemispheric asymmetry of EIA has significant effects on annual anomaly.
For example, Figure 5 shows the latitudinal and altitudinal distribution of electron density during the
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December (Figure 5a) and June (Figure 5b) solstices every 2 h local time intervals along the 120°E (±10°)
longitudinal sector. It can be observed that during December solstices (Figure 5a), the ionization starts
building in the summer (southern) hemisphere at 6 LT because of early sunrise in the summer hemisphere.
However, the plasma density in the winter (northern) low latitudes becomes stronger than that in summer
hemisphere at 8 LT, probably, due to interhemispheric plasma transport by dominant transequatorial
neutral winds. At 10 LT, the EIA crest in summer hemisphere is intensified and becomes nearly equal to
winter hemisphere due to impeding interhemispheric plasma transport by counteracting equatorial
fountain process. Around noon (12 LT), the EIA crest in summer (southern) hemisphere becomes stronger
and elevated to higher altitudes than in winter hemisphere because of the interplay between neutral
winds and dominant equatorial fountain process acting in opposite direction in the summer hemisphere.
The EIA crests in summer hemisphere are further intensified during the afternoon hours (14–16 LT). Also,
the electron densities in the summer hemisphere remain to be higher and maintained at higher altitudes
even after sunset (18 LT) and up to midnight, perhaps, assisted by the equatorward neutral wind. Similar
diurnal variations in the hemispheric asymmetry of EIA can also be observed during the June solstices from
Figure 5b. However, the transition of stronger EIA crests from winter to summer hemispheres occurred at
14 LT and the magnitudes of summer EIA crests are much stronger in December than in June solstice. The
mechanisms responsible for this magnitude difference in summer EIA crests between December and June
solstices are discussed in sections 4.2 and 4.3.

The comparison of electron density distributions between December (Figure 5a) and June (Figure 5b) clearly
shows that the electron densities in Southern Hemisphere are significantly higher during December solstices
than in June solstices. This annual anomaly is due to involvement of several physical mechanisms: First, the
closer Sun-Earth distance during December compared to June solstices as discussed earlier, and second, the
above discussed hemispheric asymmetry of EIA (due to the interplay between neutral winds and equatorial
fountain process) gives not only the higher electron densities in the Southern Hemisphere during December
but also the smaller densities during June around noon to afternoon hours. As a result, the Southern
Hemisphere exhibits significantly large asymmetry between December and June solstices particularly at

Figure 5. Latitudinal and altitudinal distribution of electron density during the (a) December and (b) June solstices every 2 h local time intervals along the 120°E
(±10°) longitudinal sector.
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low to middle latitudes, which is themajor contribution for annual anomaly during daytime. This is consistent
with the observed strong enhancements in ΔNmF2 at southern low latitudes during noon to afternoon hours
in Figure 4. Further, the higher electron densities in the southern low latitudes are maintained even after
sunset and up to midnight during December (Figure 5a). In contrast, the electron density in the southern
low latitudes is quickly recombined after sunset during June (Figure 5b) solstice. This is responsible for
positive ΔNmF2 values observed at equatorial and southern low latitudes during nighttimes in Figure 4.
Further, it is also interesting to observe higher electron densities at northern midlatitudes during
nighttime (2000–0600 LT) in June solstice, which is responsible for negative values of ΔNmF2 in the
Northern Hemisphere during nighttimes (Figure 4). This midlatitude enhancement in June solstice can be
attributed to midlatitude summer nighttime anomaly (MSNA) reported by Thampi et al. [2009] and H. Liu
et al. [2010] due to phase reversal of diurnal cycle.

Figure 6 shows the similar latitudinal and altitudinal distributions of electron density shown in Figure 5, how-
ever, for a longitudinal sector centered at 90°W. The latitudinal and altitudinal variations of electron density at
equatorial and low latitudes during daytime are similar to those observed in Figure 5 during both December
and June solstices. However, the interesting feature that can be observed in Figure 6a is the significantly
higher electron densities at southernmiddle and high latitudes (40–70°S) during nighttimes in December sol-
stices. Further, this nighttime density at high latitudes maximizes at midnight (00 LT) and significantly higher
than its midday (12 LT) values. This nighttime high-latitude feature at the southern Pacific region during
December solstices is widely known as Weddell Sea Anomaly (WSA) [Bellchambers and Piggott, 1958;
Penndorf, 1965; Dudeney and Piggot, 1978; Lin et al. 2009; He et al. 2009]. The WSA at southern Pacific region
is generally attributed to the combined effects of finite ion production at high latitudes, southward offset of
geomagnetic equator with respect to geographic equator, eastward declination of field lines, and equator-
ward neutral wind [He et al. 2009; Lin et al. 2009]. Further, Lin et al. [2010] have shown that the WSA in south-
ern Pacific region and MSNA in northern Asian and European regions are similar midlatitude nighttime
features that exist in summer hemispheres at longitudes where the geomagnetic equator is located poleward
of geographic equator. Later, H. Liu et al. [2010] have shown that these midlatitude nighttime enhancements

Figure 6. Latitudinal and altitudinal distribution of electron density during the (a) December and (b) June solstices every 2 h local time intervals along the 90°W
(±10°) longitudinal sector.
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(WSA and MSNA) are the part of reversed diurnal cycle which includes not only nighttime enhancement but
also a noontime depletion mainly due to combined effects of geomagnetic field configuration and
equatorward neutral winds. These enhanced nighttime densities due to WSA are responsible for enhanced
ΔNmF2 values over 150°W to 60°W longitudes in the Southern Hemisphere shown in Figure 4.

The F2 layer peak height (hmF2) generally reflects the dynamics of ionosphere due to the E × B drift and field-
aligned plasma transport by the neutral winds. For example, Figure 7 shows the longitudinal and latitudinal
variations of hmF2 during December (Figure 7a) and June (Figure 7b) at every 2 h local time interval. As dis-
cussed earlier the summer-to-winter hemispheric transequatorial neutral wind transports the plasma
upward/equatorward in the summer hemisphere and downward/poleward in the winter hemisphere.
Further, the interaction between transequatorial neutral winds and equatorial fountain process leads to
the formation of EIA crests at relatively higher altitudes in the summer hemisphere than in the winter hemi-
sphere. This can be clearly observed as significantly increased hmF2 at low latitudes in their respective sum-
mer hemispheres around 08–20 LT in December (Figure 7a) and around 08–18 LT in June (Figure 7b) solstices.
The higher hmF2 values indicate the elevation of F2 layer to higher altitudes leading to the formation of stron-
ger EIA crests (due to reduced recombination loss) in the respective summer hemispheres as noted in
Figures 5 and 6. The nighttime enhancements at summer hemispheric midlatitudes can also be observed
in hmF2 around Weddell Sea Anomaly region during December (Figure 7a) and northern midlatitudes during
June (Figure 7b). Another interesting observation from Figure 7 is that the low-latitude summer hemispheric
hmF2 values are generally higher in December solstices (Figure 7a) than in June solstices (Figure 7b).

4.2. Offset Between Geomagnetic Equator and Subsolar Point

As discussed in section 4.1, the interplay between the transequatorial neutral winds and equatorial fountain
process leads to stronger EIA crests in the respective summer hemisphere during both June and December
solstices. However, during December, the effect of neutral winds appears to be more pronounced over large
portion of globe where the geomagnetic equator is located over northern geographic latitudes. During
December, the subsolar point located around ~23.5°S latitude creates the pressure bulge and drives interhe-
mispheric wind toward northern latitudes. Due to significant inclination angle of field lines around subsolar

Figure 7. Longitudinal and latitudinal variations of hmF2 during the (a) December and (b) June solstices every 2 h local time interval.
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point, the northward wind can effectively uplift the plasma along the field lines and the counter action due to
equatorial fountain process causes stronger EIA crests in the Southern Hemisphere during December
solstices. On the other hand, the subsolar point during June (~23.5°N) is relatively closer to the geomagnetic
equator and the inclination angle of field lines near subsolar point is relatively smaller. Hence, the upward
push of plasma due to southward wind is relatively less effective during June at longitudes where the geo-
magnetic equator is located in northern geographic latitudes. This difference in the effectiveness of neutral
winds between December and June solstices can be observed as the higher hmF2 values at southern low lati-
tudes during December (Figure 7a) than at northern low latitudes of June (Figure 7b) over most longitudes.
Therefore, the difference in the offset between subsolar point and geomagnetic equator causes relatively
higher hmF2 values and stronger EIA crests in southern summer (December) than in northern summer (June)
(Figure 5) thereby contributing to the annual anomaly, particularly during noon to afternoon hours at low lati-
tudes. The same mechanism could produce higher hmF2 values and stronger EIA crests in northern summer
(June) around the longitudes where the geomagnetic equator is located at southern geographic latitudes.
One can observe that the northern EIA crests are stronger at 90°W longitude (Figure 6b) (where the geomag-
netic equator is displaced to southern geographic latitudes) compared to 120°E longitude (Figure 5b). This
causes strong negative ΔNmF2 values in northern low latitudes as seen from Figure 4 during 1400–1800 LT
at these longitudes. However, the plasma density in Southern Hemisphere is still slightly higher in
December than in June in this sector, probably, due to other factors such as Sun-Earth distance and westward
zonal wind in the presence of large declination angles of field lines as discussed in the following section.

4.3. Effective Neutral Wind—HWM Model Simulation

In addition to the transequatorial meridional winds, the zonal winds also can play significant role in F region
plasma transport where the magnetic declination angle is significant. For example, at Brazilian longitudes
where the declination angle of field lines is largely westward, the westward zonal wind during daytime causes
upward field-aligned transport of plasma leading to the enhanced ionization in the southern magnetic low
latitudes. Similarly, the westward wind causes downward push of plasma leading to plasma density reduction
in northern magnetic low latitudes. With a view to examine the combined effects of zonal and meridional
neutral winds on the plasma transport, the effective wind that can cause upward/downward transport of
plasma along field lines is computed following the equation given by Titheridge [1995] as

Weff ¼ MW cos D±ZW sin Dð Þ cos I sin I (3)

where MW and ZW are meridional (equatorward positive) and zonal (eastward positive) winds, respectively.
Here + and – signs apply in the Southern and Northern Hemispheres. Here the meridional and neutral winds
are derived from Horizontal Wind Model (HWM-2014) [Drob et al. 2015] andmagnetic inclination (I) and decli-
nation (D) angles are obtained from International Geomagnetic Reference Field Model—2011. The effective
upward/downward wind is computed using (3) at every 10° longitude and 5° latitude intervals. For example,
Figures 8a and 8b show the longitudinal and latitudinal variations of effective wind (Weff) during December
and June solstices, respectively, at local noon. The positive/negative values ofWeff indicate that the transport
of plasma due to this effective wind is upward/downward; hence, in short, we refer it as upward/downward
effective wind. This upward/downward effective wind can cause increase/decrease of plasma density due to
reduced/increased loss due to recombination. In general, the effective wind variations presented in
Figures 8a and 8b capture the hmF2 variations at 12 LT presented in Figures 7a and 7b, respectively. The effec-
tive wind at low latitudes is upward (downward) in their respective summer (winter) hemispheres during
both June and December solstices because of summer to winter hemispheric wind. However, the upward
effective wind around noon is relatively larger in southern summer hemisphere during December (Figure 8a)
at longitudes where the geomagnetic equator is located in northern geographic latitudes as well as at
longitudes with westward magnetic declination. Similar enhancement in upward Weff can also be observed
in northern low latitudes during June (Figure 8b) at longitudes where the geomagnetic equator is located in
southern geographic latitudes and with eastward magnetic declination.

In southern low latitudes, the Weff is not only largely upward during December but also downward during
June causing large difference between December and June. This can also be seen as significantly large
hmF2 values during December and small hmF2 values during June at southern low latitudes in Figures 7a
and 7b. This difference explains the large difference in NmF2 values between December and June solstices
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in the Southern Hemisphere, particularly at southern EIA crest latitudes as strong positive ΔNmF2 values
observed in Figure 4 during noon and afternoon hours. On the other hand, the upward Weff in the
northern low latitudes is relatively smaller during June (Figure 8b), hence, causing relatively smaller hmF2
values (Figure 7b) and weaker EIA crests when interacted with equatorial fountain process as observed from
Figure 5b. The smaller positive ΔNmF2 values around 08–14 LT in the Northern Hemisphere (Figure 4) would
probably be due to these weaker EIA crests which more or less are compensated by the additional ionization
by ~7% increase in solar EUV flux during December. Further, the higher O/N2 density ratio generally observed
in December solstices than in June solstices in Northern Hemisphere [Burns et al. 2014] may also support the
smaller positive ΔNmF2 values observed at northern midlatitudes during the production dominant hours
of 10–14 LT.

Figures 8c and 8d show the variations of Weff during December and June solstices, respectively, during
midnight hours. In the Northern Hemisphere, the Weff is largely upward during June and very small during
December. This large upward Weff during June is responsible for enhanced nighttime densities (MSNA)
[Thampi et al. 2009; Lin et al. 2010; H. Liu et al. 2010] and negative ΔNmF2 values in the Northern
Hemisphere during around midnight (Figure 4). In the Southern Hemisphere, theWeff is relatively higher dur-
ing December than in June solstice. This difference between December and June becomesmore pronounced
at southern high latitudes around WSA region causing large positive ΔNmF2 values around WSA region
(Figure 4), thereby largely contributing to the annual anomaly around midnight. Further, one can observe
good spatial correspondence between midnightWeff in Figure 8c and the ΔNmF2 values around midnight in
Figure 4 indicating that the role ofWeff in the presence of geomagnetic field configuration is the main factor
responsible for ionospheric annual anomaly. Through case-controlled model simulations, Zeng et al. [2008]
identified that the offset between geomagnetic center and geographic center is the important factor for
annual anomaly in F2 layer and the tilt of geomagnetic dipole is responsible for its longitudinal variation.
However, Zeng et al. [2008] have not explained the physical mechanisms about how the offset between
geomagnetic center and geographic center causes annual anomaly and did not discussed about the role
of neutral winds. In this paper, we have further investigated about how the neutral winds in the presence
of geomagnetic field configuration cause annual anomaly during both daytime and nighttime and its latitu-
dinal and longitudinal variability [sections 4.1–4.3].

The hmF2 and effective neutral wind (Weff) variations presented in Figures 7 and 8 generally explain the
important features of ionospheric annual anomaly observed from the ΔNmF2 variations in Figure 4, such as

Figure 8. Geographic longitude and latitudinal variations of effective wind Weff (upward positive) during (a, c) December and (b, d) June solstices at noon and
midnight hours.
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(i) dominant southern hemispheric contribution during both daytime and nighttime, (ii) enhanced ΔNmF2
values at southern low latitudes during noon and afternoon hours, (iii) significant enhancements in
ΔNmF2 around WSA region during nighttime, and (iv) negative ΔNmF2 values in the Northern
Hemisphere during nighttimes. However, there are still some features which cannot be fully explained
by the Weff, such as stronger southern EIA crests during June at noon (12 LT) (Figures 5b and 6b) and
enhanced southern EIA crest at 90°W longitude (Figure 6a) where the geomagnetic equator is south of
the geomagnetic equator. As discussed earlier, the ionization around EIA latitudes during solstices is largely
controlled by the interaction between transequatorial neutral winds and equatorial fountain process. It
may be speculated that the seasonal and longitudinal variations in the zonal electric field (strength of
equatorial fountain process), probably, are responsible for the observed discrepancies. For example,
Dang et al. [2017] have shown that the plasma fountain can also be modulated by Sun-Earth distance
and contribute to the annual anomaly. Further, Liu et al. [2009] have shown that the concentration of
atomic oxygen [O] is substantially higher during December than in June solstices, particularly in
Southern Hemisphere, which can partly contribute to the annual anomaly in Southern Hemisphere.
More modeling efforts with accurate inputs of neutral composition, zonal electric field, and neutral winds
are necessary to explain these features.

Finally, it should be noted that the winter anomaly is almost absent at midlatitudes at all local times during
this low solar activity year 2009 (Figure 2). The winter anomaly is the condition where the daytime NmF2 is
greater in the winter hemisphere than in summer hemisphere during solstices. The winter anomaly will be
coherent with annual anomaly in the Northern Hemisphere where the northern winter occurs in
December solstices, hence, complementing each other. Whereas the winter anomaly generally counterba-
lances the annual anomaly in the Southern Hemisphere where the southern winter occurs in June solstices,
particularly, during high solar activity periods [Burns et al. 2014]. However, the absence of winter anomaly
during the present low solar activity year 2009 made it possible to observe the southern hemispheric dom-
inance in annual anomaly. Obviously, further studies are required to investigate the southern hemispheric
contribution to annual anomaly at high solar activity levels.

5. Conclusions

A detailed study on the ionospheric annual anomaly and its local time, latitudinal, and longitudinal variability
is carried out using the F2 layer peak density (NmF2) data from Formosat-3/COSMIC radio occultation obser-
vations during the low solar activity year 2009, and the responsible physical mechanisms were investigated.
The results consistently indicate that the annual anomaly occurs predominantly at Southern Hemisphere at
all local times with significant enhancements at southern EIA crest latitudes during noon to afternoon hours
and aroundWeddell Sea Anomaly region during nighttimes. The possible mechanisms are discussed in terms
of effective upward neutral winds due to the geomagnetic field configuration and the interplay between the
transequatorial neutral winds and equatorial fountain process. The field-aligned transport of plasma due to
upwardWeff is more pronounced in southern low latitudes during December due to higher inclination angle
of field lines around subsolar point over large portion of globe where the geomagnetic equator is located in
northern geographic latitudes as well as at longitudes with westward magnetic declination. This leads to the
significantly elevated F2 layer (increased hmF2 values) around southern low latitudes and formation of stron-
ger EIA crests in Southern Hemisphere during the December solstice. This wind-driven upward transport pro-
cess could be responsible for significantly enhanced annual anomaly at southern EIA crest latitudes during
noon and afternoon hours. The enhanced hmF2 and stronger EIA crests in the summer hemisphere persist
even after the sunset (assisted by equatorward wind) extending the annual anomaly at equatorial and low
latitudes into nighttimes (Figure 4). The Weddell Sea Anomaly (WSA) also caused by large effective upward
winds, and large declination angles of field lines [Lin et al. 2009; H. Liu et al. 2010] positively contribute to
the annual anomaly during nighttimes in Southern Hemisphere. On the other hand, the annual anomaly
occurs only during the production dominant hours of 08–14 LT in the Northern Hemisphere with relatively
smaller magnitudes. The annual anomaly is almost absent at other local times in the Northern
Hemisphere. This study reveals the role of effective upward winds and the southern summer hemispheric
contribution to the ionospheric annual anomaly and provides important insights to physical mechanisms
responsible for its local time, latitude, and longitudinal variability.
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