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Abstract—The properties of the annual asymmetry in the electron density of the F2-layer maximum NmF2 at
noon are analyzed based on the global empirical model of the F2-layer critical frequency median (SDMF2
model). As a characteristic of this asymmetry, we used the R index, i.e., the January/July ratio of the total (at
a given and geomagnetically conjugate points) NmF2 density at noon averaged over all longitudes. It was
found that the R index decreases with increasing solar activity at low geomagnetic latitudes (® < 31°—33°).
At higher latitudes, the R index increases with an increase in solar activity. During low solar activity, the main
R maximum is located at latitude ® = 22°—24°. During high solar activity, this R maximum is located at ® =
64°—66°. At latitude @ = 22°—24° in the Northern and Southern hemispheres, the longitudinal average
NmF2 density in January is higher than that in July for any level of solar activity. At ® = 64°—66°, an increase
in R with increasing solar activity is mainly caused by a January increase in Nmf?2 in the Northern Hemi-
sphere. The global (average over all latitudes) R index increases with increasing solar activity. Additional anal-
ysis showed that the global R index decreases with increasing solar activity in the IRI model both with URSI
option and, even more so, with CCIR option. This appears to be due to the limited amount of experimental

data on the obtainment of the CCIR and URSI coefficients, especially over the oceans.
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1. INTRODUCTION

The term “annual asymmetry” (annual anomaly,
December anomaly) refers to ionospheric phenomena
in which the globally averaged electron density at a
given local time in January is greater than that in July
(Rishbeth and Miiller-Wodarg, 2006). This asymme-
try is often identified with the use of the electron den-
sity of the F2-layer maximum NmF2 based on data
from the network of ionospheric stations (Rishbeth
and Miiller-Wodarg, 2006; Mikhailov and Perrone,
2015; Brown et al., 2018), topside sounding of the ion-
osphere (Gulyaeva et al., 2014), or radio occultation
measurements on the FORMOSAT-3/COSMIC sat-
ellites (Zeng et al., 2008; Sai Gowtam and Tulasi Ram,
2017a). In addition, the total electron content of the
ionosphere (Mendillo et al., 2005; Zhao et al., 2007;
Gulyaeva et al., 2014) or the altitudinal distribution of
the electron density in the ionospheric F region (Sai
Gowtam and Tulasi Ram, 2017b) are used. The asym-
metry index (Rishbeth and Miiller-Wodarg, 2006)

Al = (NmF2XN +S);,, = NmF2(N +8),,,,)/ )
(NmF2(N +8S),,, + NmF2(N + S),,,)

or the relation (Rishbeth and Miiller-Wodarg, 2006;
Mikhailov and Perrone, 2015)

R = NmF2N +8);,,/NmF2(N +S)y,  (2)

are used as a characteristic of this asymmetry, e.g., for
NmPF2. Here, NmF2(N + S);,, and NmF2(N + S),,
are the total (for the Northern and Southern hemi-
spheres) NmF?2 values in January and July at a fixed
local time. These equations typically use NmF2
monthly means or monthly medians (Rishbeth and
Miiller-Wodarg, 2006; Mikhailov and Perrone, 2015;
Brown et al., 2018). Below, for definiteness, we use the
R index for the NmF2 monthly medians. The A/ value
can be estimated from the known R index with the
ratioAI=(R—1)/(R+ 1).

To analyze the properties of the global R index, it is
necessary to know the regularities and properties of the
R(®) index at a given geomagnetic latitude ®@. The R(D)
index is defined by Eq. (2), in which NmF2(N + S),,,
and NmF2(N + S),,, are the total average over all lon-
gitudes (at a given latitude @ in the Northern Hemi-
sphere and conjugate latitude —® in the Southern
Hemisphere) Nm F2 values in January and July at fixed
local time and level of solar activity. For brevity, the
R(®) index is called the local R index.

To obtain correct estimates of the global and local
R indices for a given local time and level of solar activ-
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ity, it is necessary to have the corresponding NmF2
data for January and July at all longitudes. The data
from ionospheric stations do not meet this criterion,
since the Southern Hemisphere has such stations only
in certain longitudinal sectors. Nevertheless, some
properties of the R or A indices were studied based on
data from ionospheric stations (Yonezawa, 1971;
Rishbeth and Miiller-Wodarg, 2006; Mikhailov and
Perrone, 2015; Brown et al., 2018). For example, con-
trary to the previous conclusions (Yonezawa, 1971), an
analysis of four pairs of stations with this method
revealed that A/ in the solar maximum is generally
higher than that in the solar minimum (Rishbeth and
Miiller-Wodarg, 2006). Satellite data, primarily, data
from radio occultation measurements of NmF?2 by the
COSMIC satellite (Constellation Observing System
for Meteorology, Ionosphere, and Climate) make it
possible to obtain a nearly global picture of NmF?2 for
specific geophysical conditions and, thus, to judge the
regularities of the spatial distribution of the R or A/
indices for these conditions (Zeng et al., 2008; Sai
Gowtam and Tulasi Ram, 2017a). According to the
COSMIC data centered on June 21 and December 21,
2006, in the interval of 90 days, a distinct peak of the
Al index was identified at a geomagnetic latitude of
approximately 25°, and it was shown that the globally
averaged NmF2 value at noon is 30% higher in
December than that in June (Zeng, 2008). These
results were obtained for low solar activity (Zeng,
2008). Attempts to estimate the solar-activity depen-
dence of the annual asymmetry in NmF2 (or in the
altitude distribution of the electron density in the ion-
ospheric F region ) based on COSMIC data in the
growth phase of solar cycle 24 made it possible to
establish only the qualitative trend of this dependence
(Sai Gowtam and Tulasi Ram, 2017b). This is due to the
fact that, in order to obtain a correct R or Al estimate, it
is required that the data for December (or January) and
June (or July) correspond to a fixed level (or interval)
of solar activity. This requirement is rarely met during
the phases of growth and decline of the solar cycle,
since the variations in the solar-activity index for a
half-year interval are usually significant. For example,
the highest and lowest values of the global A7 index in
the growth phase of solar cycle 24 in the interval
2008—2012 were observed in the adjacent years 2011
and 2012 due to the significant and opposite difference in
solar activity indices in June and December during these
years (Sai Gowtam and Tulasi Ram, 2017b). Therefore,
the problem of regularities in the variations in the annual
asymmetry in NmF2 with respect to geomagnetic activity
and latitude cannot be considered solved.

One way to solve this problem is based on the use of
the global model of the NmF2 median, which takes
into account the dependence of NmF?2 on geophysical
conditions, including the dependence of NmF2 on lat-
itude and solar activity. The implementation of this
method on the example of the analysis of data of
NmF2 medians at noon with the SDMF2 (Satellite
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and Digisonde Data Model of the F2 layer) model
(Shubin, 2017) was the main goal of this study. The
SDMF2 model was chosen, because it is based on a
large database of ionospheric stations and satellite
radio occultation measurements of the F2-layer criti-
cal frequency foF2. This provided almost global cover-
age of the foF2 data (with a 15° step in longitude and 5°
in latitude) for each month and a fixed hour UT at low
and relatively high solar activity. In the construction of
the SDMF2 model, the Legendre method was used for
the spatial expansion of the fo /2 monthly medians cal-
culated from this database, and the Fourier method
was then used to expand the obtained coefficients in
UT. In addition, the foF2 moving medians for a given
day of the month were obtained via linear interpola-
tion of the foF2 medians for a given month and the
nearest month. As a result, the input parameters of
this model are the geographic coordinates, UT, day,
month, year, and integral index F10.7(7) of solar activ-
ity for the given day. The FI10.7(t) index is the
weighted average F10.7 index (with a characteristic
time 7= 27 days or T = exp (—1/7) = 0.96), reflecting
the dependence of foF2 on the pre-history of varia-
tions in £10.7 (Shubin, 2017).

To solve the problem, we used a version of the
SDMF2 model in which foF2 is not interpolated for a
given day of the month. In this case, the input (speci-
fied) parameters of the model are the geographic
coordinates, UT, month of the year, and solar-activity
index F, i.e., the measured solar radio flux at 10.7 cm for
a given month. The analysis of the annual asymmetry
uses not geographic but geomagnetic (Mikhailov and
Perrone, 2015) or magnetic (Rishbeth and Miiller-
Wodarg, 2006; Brown et al., 2018) coordinates. Here, for
definiteness, we use geomagnetic coordinates ® and A,
when the Earth’s magnetic field is approximated by a
centered dipole for 2010; the geographic coordinates of
its pole in the Northern Hemisphere are 80.01° N,
287.79° E (Koochak and Fraser-Smith, 2017).

Therefore, the more specific goal of this study was
to analyze the dependence of the annual asymmetry
index R at noon on geomagnetic latitude ® and solar-
activity index Fwith the SDMF2 model. The results of
this analysis, as well as the analysis of the properties of
the global R index based on the SDMF2 model and
the basic model of the foF2 median in the IRI model
(Bilitza, 2018) with the CCIR (International Radio Con-
sultative Committee) coefficients (Jones and Gallet,
1962, 1965) and URSI (International Union of Radio
Science) coefficients, (Rush et al., 1984, 1989) are
sequentially presented below, along with a discussion of
these results and the main conclusions of the study.

2. RESULTS OF ANALYSIS

To obtain the local index R(®) at noon at a given
geomagnetic latitude @ for a fixed index of solar activ-
ity F, we calculated the average Nm[?2 values over all
longitudes at noon for January (and July) at latitude ©
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in the Northern Hemisphere (and conjugate latitude —®
in the Southern Hemisphere) for this solar activity.
The algorithm for this calculation of NmF2 at noon,
e.g., for January at latitude ® for a given solar-activity
index F, is as follows. Let us set the geomagnetic lon-
gitudes A(i) with a longitude step of 15° (24 values).
For each point with geomagnetic coordinates ®, A(i),
we sequentially calculate geographic coordinates @(i),
A(i) and time UT(i), which corresponds to the local
noon; we calculate foF2(i) (and therefore NmF2(i))
from the resulting (i), A(i), UT(i), and F using the
SDMF2 model. We further calculate NmF2(N)j,,,
i.e., the average NmF2 over all longitudes in January at
noon in the Northern Hemisphere at latitude @ for a
given solar-activity index F Similarly, we calculate
NmF2(S)jan, NmF2(N)y,, and NmF2(S);,,, from which
we then calculate the total values NmF2(N + S);,, and
NmF2(N + S);,. Using Eq. (2), we determine the
sought value of the local index of annual asymmetry
R = R(®D) at noon at a given geomagnetic latitude ®
for a given solar-activity level F. The average R(®D)
value over all latitudes gives the global index of annual
asymmetry R at noon for a given level of solar activity
F The global R; index was calculated with a latitude
step of 1°. The same step was used in the analysis of the
dependence of the local annual asymmetry index R on
the geomagnetic latitude ®.

Figure 1 shows the dependences of the local annual
asymmetry index R at noon on the geomagnetic lati-
tude for two solar-activity levels; the dependences
were obtained with the SDMF2 model and the above
algorithm. It can be seen that the main R maximum is
clearly distinguished at low solar activity (F = 75) at
low latitudes, more precisely, at geomagnetic latitudes
of 22°—24°, where R = 1.45. At middle and high lati-
tudes (D > 40°) the latitude variations in the local
annual asymmetry index R are relatively weak (1.19 <
R < 1.24). The R index during relatively high solar
activity (F = 150) is greater than that during low solar
activity (£ = 75) at latitudes of ® > 31°—33°. At lower
latitudes, the R index decreases with an increase in
solar activity. As a result, for F= 150, the main R max-
imum is located at geomagnetic latitudes of 64°—66°,
where R = 1.47. The data in Fig. 1 allow us to conclude
that the local R index is greater than unity at all lati-
tudes and any solar-activity level.

From the data in Fig. 2, one can judge in more
detail the character of the solar activity dependences of
the R index at geomagnetic latitudes of 23° and 65°,
which are obtained from the SDMF2 model. These lati-
tudes correspond to the maximum R at low and high
solar activity (Fig. 1). Figure 2 also shows the solar activ-
ity dependences of the R components, i.e., NmF2 for
appropriate geophysical conditions (see Eq. (2)). It
can be seen that the R index decreases with increasing
solar activity at a geomagnetic latitude of 23°. This
decrease is rather minor: from R = 1.47 for F= 70 to
R = 1.30 for F = 230. At a latitude of ® = 23°, the
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Fig. 1. Variations in the local index of annual asymmetry R
at noon with geomagnetic latitude @ according to the
SDMF2 model for low (F = 75) and relatively high (F =
150) solar activity.

NmF?2 density at noon in January is higher than that in
July in the Northern and Southern hemispheres at any
solar-activity level.

At a geomagnetic latitude of 65°, the R index
increases with an increase in solar activity. This
increase is significant: from R= 1.2 for F=70to R=
1.57 for F = 230 (Fig. 2). At this latitude, the noon
NmF?2 density in January is higher than that in July in
the Northern and Southern hemispheres at F > 75,
i.e., almost at any solar-activity level. The only excep-
tion is a very low solar-activity level. At a latitude of
®d = 65°, the dependence of NmF2 on solar activity is
maximal in January in the Northern Hemisphere,
when NmF2 increases by approximately 5.3 times
upon moving from F = 70 to F'= 230. For the rest of
the cases (July in the Northern Hemisphere, January
and July in the Southern Hemisphere), such increases
are maximal in July in the Southern Hemisphere,
when they reach a factor of 3.8. Therefore, at a latitude
of @ = 65° at noon in the Northern and Southern
hemispheres, the dependence of NmF2 on solar activ-
ity in local winter is greater than that in local summer,
and this difference in the Northern Hemisphere is
much stronger than that in the Southern Hemisphere.
This is what leads to an increase in the R index at a
given latitude with solar activity.

The all-latitude average value of the R index at
noon for a fixed level of solar activity Fgives the global
index of annual asymmetry R at noon for this solar-
activity level. Figure 3 shows the solar-activity depen-
dences of the R index obtained with the SDMF2
model and the IRI model with the CCIR and URSI
coefficients. It can be seen that the R index increases
with solar activity according to the SDMF2 model.
This increase is very weak: R = 1.26 at F = 70 and
R = 1.37 at F=230. According to the IRl model with
CCIR and URSI coefficients, the R; index decreases
with increasing solar activity. The use of the CCIR
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Fig. 2. Dependences of the local index of annual asymmetry R at noon and the components of this index— NmF2 densities (1—
January, 7—July, N—Northern Hemisphere, S—Southern Hemisphere) on the solar activity index F at geomagnetic latitudes

® = 23° and ® = 65° according to the SDMF2 model.
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Fig. 3. Dependences of the global index of annual asymmetry Rg at noon on the solar-activity index F according to the SDMF2
model and the IRI model with the CCIR (1) and URSI (2) coefficients.

coefficients leads to a stronger dependence of R5 on
solar activity (R = 1.45 at F= 70 and R; = 1.23 at
F=230) than the URSI coefficients (R; = 1.35at F=
70 and R; = 1.25 at F = 230). Despite the qualitative
difference between the R indices in the SDMF2
model and the IRI model with URSI coefficients,
their average values range from 1.25 to 1.37. Therefore,
the average values of the R indices for these models
do not contradict each other.
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3. DISCUSSION

The existence of a maximum of the annual NmF2
anomaly at low latitudes (approximately in the region
of the crests of the equatorial anomaly) at noon during
low solar activity was previously noted based on the radio
occultation data of the FORMOSAT-3/COSMIC satel-
lites for specific measurement periods, e.g., the data
centered on June 21 and December 21, 2006, within
90 days (Zeng et al., 2008) or the 2009 data (Sai Gow-
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tam and Tulasi Ram, 2017a). The data in Fig. 1 show
that, according to the SDMF2 model, this maximum
at @ = 22°-24° is a regularity of the annual-anomaly
index R at noon at low solar activity. It was concluded,
apparently for the first time, that the longitudinal
average NmF2 density in January is higher than that in
July at any level of solar activity at latitudes of ® =
22°—24° in the Northern and Southern hemispheres.

The SDMF2 model gives a decrease in the R index
with an increase in the solar-activity index F'at low lat-
itudes (® < 31°-33°) and an increase in this index
with increasing F at middle and high latitudes. The
ionospheric stations are concentrated mainly at mid-
latitudes and, on average, they give an increase in the
R index with an increase in F' (Rishbeth and Miiller-
Wodarg, 2006; Brown et al., 2018), which is consistent
with the conclusions from the SDMF2 model. In turn,
the inclusion of a larger number of low-latitude sta-
tions in the analysis can lead to the opposite depen-
dence of the average R index on solar activity. This is a
possible reason for the decrease in the average R index
with an increase in Faccording to the data of mid- and
low-latitude ionospheric stations (Yonezawa, 1971).

The possibility of the existence of a maximum R at
noon at latitudes of ® = 64°—66° is noted, apparently,
for the first time. This maximum exists at any level of
solar activity; it is weakly expressed at low solar activity
and becomes the main maximum at increased and
high solar activity (Fig. 1). Therefore, the strongest
increase in R with an increase in the solar-activity
index F occurs at latitudes of ® = 64°—66°. This
increase is mainly due to the relatively strong increase
in NmF2 with an increase in Fin January in the North-
ern Hemisphere as compared with other components
of the R index (Fig. 2). According to the estimates, the
relatively strong increase in Nm F2 with increasing Fin
January in the Northern Hemisphere is a property of
the ionosphere at middle and high latitudes, i.e., the
entire region of the ionosphere, where an increase in R
is observed with an increase in F. Based on an analysis
of data from only one pair of the midlatitude stations
Boulder and Hobart, it was found that the increase in
the R (or Al) index with increasing solar activity for the
NmF2 median is more significant than that for NmF2
at low geomagnetic activity (Deminov and Deminova,
2021), because the NmF2 median at middle latitudes
during low solar activity usually corresponds to low
(ap(t) < 9) geomagnetic activity, and the NmF2
median during high solar activity more often corre-
sponds to moderate (9 < ap(t) < 20) geomagnetic
activity, where ap(1) is the weighted average ap index
of geomagnetic activity with a characteristic time of
T=14hort=exp(—3/7) = 0.8 (Deminov and Dem-
inova, 2021). Moderate geomagnetic activity is usually
associated with substorms as the most frequent cause
of geomagnetic disturbances. One possible cause of
the higher R index at midlatitudes during moderate
geomagnetic activity as compared to that during low
activity is the winter/summer asymmetry in the fre-
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quency of substorm occurrence (Tanskanen et al.,
2011) and the annual asymmetry in the thermospheric
density (Lei et al., 2013). The first factor is the higher fre-
quency of substorms, which are associated with the gen-
eration of large-scale internal gravity waves (IGWs) in the
auroral region, during the local winter. The second factor
provides increased IGW amplitudes at midlatitudes in
January as the most common cause of increased NmF2
values at midlatitudes at noon (Deminov and Deminova,
2021). This allows a qualitative understanding of some
features of the dependence of R on solar activity at mid-
dle and, apparently, high latitudes. Nevertheless, the
question of the possible causes of the maximum R at lat-
itude ® = 64°—66° remains open.

According to the SDMF2 model, the global annual
asymmetry index R increases with an increase in the
solar-activity index F (Fig. 3). The dependence of R;
on F'is very weak, which is largely due to the opposite
dependence of the local Rindex on Fat low and higher
latitudes. This means that it is advisable to study the
mechanisms of the annual asymmetry of NmF2 based
on an analysis of the latitudinal distribution of the
local R index, rather than the global R; index. The
model of the Nm[2 median with the CCIR coeffi-
cients (as part of the IRI model) is entirely based on
the data from ionospheric stations, which occupy a
small part of the Southern Hemisphere, even at mid-
latitudes (Jones and Gallet, 1962, 1965). Therefore,
calculations of the Rg index from the IRI model with
the CCIR coefficients lead to erroneous conclusions:
the R index decreases with increasing F, and such a
decrease is rather strong (Fig. 3). The model of the
NmF2 median with the URSI coefficients was also
constructed from ground-based data, but it addition-
ally took into account the results of ionospheric mod-
eling, including over the oceans (Rush et al., 1984,
1989). As a result, the R index according to the IRI
model with the URSI coefficients does not differ much
from this index according to the SDMF2 model, but a
qualitative difference remains: the R index according to
the IRI model with the URSI coefficients decreases with
an increase in solar activity (Fig. 3). The SDMF2 model
is largely based on foF2 satellite data, which provided
almost complete coverage of all longitudes and latitudes
for the selected geophysical conditions (Shubin, 2017).
This is the main reason for the higher accuracy of the R
index according to the SDMF2 model as compared to
this index according to the IRI model with both CCIR
and URSI coefficients.

4. CONCLUSIONS

The properties of the annual asymmetry in the
electron density of the F2-layer maximum NmF2 at
noon were analyzed based on the global empirical
model of the F2-layer critical frequency median
(SDMEF2). As a characteristic of this asymmetry, we
used the R index, i.e., the January/July ratio of the
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total (at a given and geomagnetically conjugate points)
NmF2 density at noon averaged over all longitudes.
The following conclusions were obtained.

(1) It was found that the R index decreases with
increasing solar activity at low geomagnetic latitudes
(@ < 31°-33°). At higher latitudes, the R index
increases with an increase in solar activity.

(2) During low solar activity, the main R maximum
is located at latitude @ = 22°—24°. At this latitude in
the Northern and Southern hemispheres, the longitu-
dinal average NmF2 density in January is higher than
that in July for any solar-activity level.

(3) During high solar activity, this maximum R is
located at ® = 64°—66°, where the strongest depen-
dence of R on solar activity is observed. This is mainly
due to the relatively strong increase in NmF2 with solar
activity in January in the Northern Hemisphere.

(4) The global (average over all latitudes and longi-
tudes) R index at noon increases with increasing solar
activity in the range from 1.26 to 1.37. Additional anal-
ysis showed that the global R index decreases with
increasing solar activity in the IRI model (with the
URSI coefficients and even more so with the CCIR coef-
ficients). This seems to be due to the limited amount of
experimental data on the obtainment of the CCIR and
URSI coefficients, especially over the oceans.
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