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Abstract We use the Global Self-consistent Model of the Thermosphere, Ionosphere and Protonosphere
(GSM TIP) as the first-principle calculation of the physical system state, the quick-run ionospheric electron
density model (NeQuick) as the climatology background, and the International Reference Ionosphere-based
Real-Time Assimilative Model for a global view of the ionospheric weather during a quiet period of the
December 2009 solstice. The model computations are compared to the Constellation Observing System for
Meteorology, Ionosphere, and Climate (COSMIC) radio occultation profiles, CHAMP and Gravity Recovery and
Climate Experiment in situ densities, and GPS total electron content (TEC). It is shown that the plasma density
in the ionosphere is generally larger in the American/Atlantic longitudinal sector at any local time. The
high-latitude density enhancements are visible in the GSM TIP output at different altitudes but are not
reproduced by the NeQuick empirical model. Given that observational data confirm an existence of the
high-latitude areas where ionospheric densities are elevated in the altitude range between 300 and 480 km,
we conclude that the NmF2 maximum in the GSM TIP output can be trusted. Indeed, such high-latitude NmF2,
ionospheric electron content, and TEC maxima in the American longitude sector form on the proper places
as shown by the GSM TIP data, COSMIC and GPS observations. According to our results, the high-latitude
maximum of NmF2 (1) manifests itself only when the integration over LT or UT of the global maps for 22
December 2009 includes nighttime, i.e., supporting an argument of its close association with the Weddell Sea
Anomaly, and (2) also appears in the Ne distribution at altitudes above the F2 peak.

1. Introduction

Plasma in the Earth’s ionosphere-plasmasphere system plays the pivotal role in the transionospheric radio waves
propagation, in particular for signals of the Global Navigation Satellite Systems (GNSS). In order to model the
ionospheric electron density we need to know the typical variations at the quiet conditions. Usually, to determine
the typical (diurnal, UT, or longitudinal) variations of the ionospheric parameters at different latitudes, it is neces-
sary to average observations from all available data sets. This approach allows us to reveal the major temporal
and spatial features of the ionospheric parameters. The discovered morphology can be used to improve empiri-
cal ionospheric models like the International Reference Ionosphere (IRI) model [Bilitza and Reinisch, 2008].

Earlier, it was believed that diurnal variations of the ionospheric parameters significantly exceed the longitudi-
nal variations. However, the first satellite observations disproved this hypothesis [Eccles et al., 1971]. Our paper
presents the longitudinal variations and estimates their contribution to spatiotemporal variations of the
ionosphere-plasmasphere system parameters. Regardless of the recent progress in the description of the F2
layer peakdensity,NmF2, and the total electron content (TEC) longitudinal structuremorphology, there are very
fewpapersdevotedto the longitudinalvariationsofNmF2andTEC indifferent latitudinal regions [Klimenkoetal.,
2016a, 2016b]. One of the investigation where the seasonal variations of the plasmaspheric electron density
were studied at the different L shells (L is McIlwain parameter) was reported by Clilverd et al. [2007].
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In our paper, we report qualitative and quantitative characteristics of the longitudinal variations in NmF2, TEC,
and the ionospheric electron content (IEC) derived for all local time (LT) and latitudes. We present each of
NmF2, IEC, and TEC data set normalized to its maximum value in this particular data set. So we focus here
on these parameters’ variability only, and we do not consider the absolute values derived from the different
data sources. We examined the normalized TECmaps for potential artifacts of the biased values present in the
data that may expand the true variation range for visual representation; no significant issues were identified
with this approach. We analyzed data for the 2009 December solstice conditions, which were characterized
by the quiet geomagnetic conditions at the deep minimum of solar activity. We compared observations and
the Global Self-consistent Model of the Thermosphere, Ionosphere and Protonosphere (GSM TIP), quick-run
ionospheric electron density model (NeQuick), and IRI-based Real-Time Assimilative Mapping (IRTAM)
computation results, which allows us to understand these models’ performance.

It is often assumed that the TEC and NmF2 variations are correlated. This statement is based on an assumption
of a small plasmasphere contribution into TEC. However, recent studies demonstrate that (1) NmF2 and TEC
behavior can be significantly different during a geomagnetic storm especially at a recovery phase
[Cherniak et al., 2014]; (2) contribution of the topside ionosphere and plasmasphere to TEC results in a shift
to earlier hours and weakening of the Midlatitude Summer Evening Anomaly in TEC compared to one in
NmF2 [Klimenko et al., 2015b]; (3) sometimes, the regions above the F2 layer peak (hmF2) provide the major
contribution to TEC [Afraimovich et al., 2011; Klimenko et al., 2015c]. This effect is even more pronounced dur-
ing nighttime at the solar activity minimum, where the plasmaspheric contribution to TEC can exceed the
ionospheric one [Lunt et al., 1999a, 1999b; Cherniak et al., 2012; Klimenko et al., 2015c]. We address the follow-
ing problem in our study: can we use the NmF2 spatial structure to construct a model of TEC, and vice versa
can diurnal (LT) and longitudinal variations of TEC reduced from a ground-based network of GPS receivers be
applied to describe the F2 layer parameters?

2. Observation Data Description

We use simulated and measured NmF2 and TEC to study the diurnal, UT, and latitudinal and longitudinal
variations. The spatiotemporal distribution of the electron density in the ionosphere and plasmasphere can
be represented as a function “f” of time and space. When we consider nonstationary processes and spherical
geographic coordinate system this function becomes f (r, θ, λ, t), where r is a radius vector drawn from the
center of the Earth to a given point, θ is a colatitude or a polar angle measured from the geographical
North Pole, θ = 90°–ϕ, ϕ is a latitude, measured from the geographical equator, λ is a geographic longitude,
measured from the Greenwich meridian, and t is time. NmF2 and TEC are mapped on globe surface and there-
fore are functions of latitude ϕ, longitude λ, and time t. Time t is UT or LT. Data integration over all UT or LT
times is a technique that provides an insight into the latitude-longitudinal variability of an examined para-
meter. Similarly, an integration over all longitude or latitude gives us the diurnal variation of the parameter
versus latitude or longitude. When data are available on a particular data grid, the integration operation is
simply a sum of all values over the integration variable, divided by a number of the data grid nodes. For exam-
ple, UT/LT integration process sums 24 two-dimensional data sets, point by point, and divides this sum by 24.
This approach allows us to aggregate the major spatial and temporal features of NmF2 and TEC variations.

We analyzed the absolute TEC data from the International GPS Service (IGS) global ionospheric maps (GIMs)
based on data from worldwide network of ground-based GPS/Global Navigation Satellite System (GLONASS)
receivers. GIMs have spatial resolution of 5° in longitude and 2.5° in latitude and temporal resolution of 1–2 h.
Here we use the final GIM product generated by the IGS center at University of Warmia and Mazury in Olsztyn
(file name IGSGddd0.yyi). The final product is a weighted combination of all GIMs produced by Center for
Orbit Determination in Europe, European Space Agency, Jet Propulsion Laboratory, and Polytechnical
University of Catalonia. We consider this composite GIM product as a more optimal choice for our research
between a variety of GIMs from independent IGS centers: all of these maps (built by selecting different sub-
sets of GPS observatories) contribute to calculation of the combined GIM. However, even though the final
GIM includes results from all GPS stations used by four independent IGS centers for GIMs processing, it still
cannot solve problems with data gaps over oceans and regions with lack of GPS receivers.

Multisatellite measurements were used as an additional data source, which provided information about the
ionospheric plasma density at the different altitudes. CHAMP (CHAllenging Minisatellite Payload) satellite is a
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German LEO mission with various objectives in scientific research and application. It was launched on 15 July
2000 into a circular, near-polar (inclination is equal 87.3°) orbit with an initial altitude of ~450 km. The orbit
altitude was continuously decreasing and became ~315 km in December 2009. Planar Langmuir Probe
(PLP) provides in situ measurements of electron density (Ne in el/cm3) every 15 s.

The Gravity Recovery and Climate Experiment (GRACE)-B satellite follows GRACE-A satellite at a distance of
about 220 km. In order to determine in situ electron density we used the K band ranging system (KBR), which
measures the dual one-way range changes between two satellites. More detailed description of the electron
density determination from the GRACE KBR data is presented by Xiong et al. [2010]. The GRACE mission orbit
altitude was ~480 km at December 2009.

FORMOSAT-3/COSMIC, named hereafter COSMIC, is a joint Taiwan/U.S. mission consisting of six satellites,
placed at the orbit altitude of 700–800 km. Each satellite has a GPS Occultation Experiment payload to oper-
ate the ionospheric radio occultation (RO) measurements. We used the COSMIC RO measurements to derive
the global maps of IEC corresponding to the altitudinal range of 80–700 km. More detailed description of the
COSMIC RO data selection and processing is presented by Cherniak et al. [2012]. In a similar way, we
constructed the COSMIC-derived global maps of NmF2 for the December 2009 solstice.

3. GSM TIP Model Brief Description

The GSM TIP model [Namgaladze et al., 1988; Klimenko et al., 2007] was developed at the WD IZMIRAN (West
Department of Pushkov Institute of Terrestrial Magnetism, Ionosphere and Radiowave propagation of the
Russian Academy of Sciences, Kaliningrad). It was used for simulations of the time-dependent global struc-
ture of the near-Earth space environment from 80 km to 15 Earth radii. In the thermospheric block of the
model, global distribution of the neutral gas temperature (Tn) and N2, O2, O, NO, N(

4S), and N(2D) densities,
as well as the three-dimensional circulation of the neutral gas, N2

+, O2
+, and NO+, and also their temperature

(Ti) and velocities (Vi), is calculated in the range from 80 to 526 km in a spherical geomagnetic coordinate
system. In the ionospheric section of the model the global time-dependent distributions of ion and electron
temperatures (Ti, Te), vector velocity (Vi), and O+ and H+ ion concentrations are calculated in a magnetic
dipole coordinate system from 175 km in the Southern Hemisphere to 175 km in the Northern
Hemisphere. In this case, the ionosphere code for atomic ions does not require an upper boundary condition.
The total electron content (TEC) in the GSM TIPmodel is calculated by integration of the electron density from
bottom side ionosphere to the altitude of GPS/GLONASS satellites (20,200 km). Additionally, the model also
provides the two-dimensional electric potential distribution of the ionospheric and magnetospheric origin.
The Earth’s magnetic field is approximated by a tilted dipole.

The GSM TIP model takes into account the mismatch between geographic and geomagnetic axes, as well as
dynamical processes in ionosphere-plasmasphere system such as (1) plasma diffusion and transport along
geomagnetic field lines produced by thermospheric winds through neutral-ion collisions and (2) the zonal
and meridional electromagnetic plasma drift. It should be noted that this feature and processes must always
be taken into account in first-principle models for adequate description of the longitudinal and UT variations
in ionospheric and plasmaspheric electron density. GSM TIP model has already been used to study: the
longitudinal and UT variations of equatorial electrojet [Klimenko et al., 2007]; midlatitude and subauroral
anomalies in F2 layer peak electron density in separated longitudes [Klimenko et al., 2015a, 2015b]; the
magnitude of longitudinal and LT variation in foF2 and TEC [Klimenko et al., 2016a]; and the longitudinal
variations of NmF2 in different latitudinal regions [Klimenko et al., 2016b]. We tried to identify the main
morphological features of the longitudinal and LT variations in F2 layer peak electron density and ionospheric
and total electron content during 2009 northern winter solstice during solar activity minimum. For this reason
the GSM TIP runs were carried out for quiet solstice conditions on 22 December 2009 without taking into
account mesospheric tides on the lower boundary of the model (80 km).

4. IRTAM and NeQuick Brief Description

We used also empirical and assimilative models of the ionosphere to calculate reference values of the iono-
spheric electron density.
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The first model is the IRI-based Real-Time Assimilative Mapping (IRTAM) [Galkin et al., 2012]. The IRTAM uses
measurements from the Global Ionospheric Radio Observatory (GIRO) in combination with empirical knowl-
edge of the ionospheric climate provided by the International Reference Ionosphere (IRI) model for the global
ionospheric weather nowcast. GIRO is worldwide ionosonde network that currently includes over 80
ionosondes, of which about 50 stations provide near real-time data reports every 15min. Every 15min, in real
time, the IRTAM smoothly transforms (“morphs”) the IRI model prediction into agreement with the GIRO
measurements using non-linear error compensation technique for associative restoration [Galkin et al.,
2015] so that the new model representation closely follows the ionospheric weather variability. For IRTAM,
relative simplicity of the underlying model formalism in comparison to the first-principle models has allowed
4DDA computations to span past history of model-versus-observation behavior for up to 24 h. The 4DDA
stands for four-dimensional data assimilation: a class of assimilation techniques that use not only the latest
data but also a history of past observations at each update step of the assimilation process (thus, it is 3-D plus
1-D time). By using 24 h history of observations rather than one latest measurement we ensure IRTAM robust-
ness to data gaps and autoscaling errors.

The IRTAM assimilates available GIRO data by smooth modifications of the underlying IRI maps of the density
profile anchor points (foF2, hmF2) into a better agreement with the observations. Both foF2 and hmF2 global
maps for IRI and IRTAM are built using the same Jones-Gallet formalism [Jones and Gallet, 1962]. The under-
lying IRI model is configured to use URSI-88 coefficients for foF2 [Rush, 1992] and coefficients for hmF2 [Brunini
et al., 2013] (which is not the standard option of the original IRI). IRTAM uses the same formalism to represent
every ionospheric parameter (foF2, hmF2, etc.) and calculate updated representation (coefficient set) sepa-
rately for each of them. Magnetic field is accounted in IRTAM (as well as in IRI) by the use of International
Reference Magnetic Field (IGRF) model. Thus, IRTAM accounts for precise position of the magnetic equator
that is important to accurately reproduce ionospheric features at lowmagnetic latitudes. A 12month running
mean sunspot number, Rz12, does not have role of the driver for IRTAM modeling (it plays important role in
IRI), since all effects due to solar activity are “built-in” observational data. In the regions far away (more than
1500 km) from GIRO ionosondes IRTAM modeling results are close to IRI results. Within the 1500 km distance
from GIRO ionosonde locations, the IRTAM improvement of IRI climatology is on average twofold for a quiet
time ionosphere, and more than threefold during the periods of disturbed ionosphere and in some other
particular cases. IRTAM uses only three components: IRI climatology representation, IGRF magnetic field
representation, and observational data to do the computations. Thus, IRTAM provides reliable specification
of the ionospheric weather, given good data coverage.

However, IRTAM does not provide the entire electron density profile specification yet, pending implementa-
tion of the profile shape parameter mapping algorithms, which is the reason why NeQuick 2 empirical model
is used for TEC/IEC representations. The NeQuick 2 model is a three-dimensional and time-dependent iono-
spheric electron density model [Radicella and Leitinger, 2001; Nava et al., 2008]. The model of the topside
electron density profile is represented by a semi-Epstein layer where thickness is with empirically determined
height-dependent thickness parameter [Coïsson et al., 2006]. NeQuick 2 model is able to provide the electron
density and TEC values at different altitudinal regions up to 20,200 km.

5. Results and Discussion

In this section, we present a comparison of the GSM TIP numerical simulation results, IRTAM nowcasting and
NeQuick computations with different kinds of satellite measurements. All data correspond to the period of
December 2009 to January 2010. We performed different integration, as discussed above, to study the spatial
and temporal morphological features. As assimilative model, IRTAM is driven by the measurements of the
GIRO ionosonde network. The spatial coverage of data for December 2009 is better for the Northern
Hemisphere than for the Southern Hemisphere. Thus, the quality of the IRTAM maps is better in the Northern
Hemisphere and the IRTAM maps for the Southern Hemisphere should be analyzed with some cautions.

Figure 1 shows the NmF2, IEC, and TEC variations as a function of LT and geographic longitude variability
(latitude integrated maps). These maps are referred as diurnal variations and produced as follows: (1) we
calculate 24 (1 h resolution) global maps with the spatial resolution of 15° by longitude and 5° by latitude
for particular local time; (2) we integrate over latitude and join all longitudinal profiles according to local time
(for given longitude and UT we can uniquely find LT); and (3) finally, we normalize every map to a maximal
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value contained in this map. We can see the LT dependence of longitude variations according to all three
used models in general is in a good agreement with the observations. However, there is a distinct difference
between the GSM TIP and either IRTAM or NeQuick in terms of a correspondence to the COSMIC or GPS data:
(1) in general, the GSM TIP presents lesser longitudinal variation than either IRTAM or NeQuick; and (2) the
GSM TIP model results have a broader daytime LT extent in comparison to the empirical model. It is also nota-
ble that the nighttime normalized GPS TEC remains higher in comparison to the NeQuick (distinctly) and GSM
TIP (insignificantly) model results, which is an indication of the plasmasphere effect [Lunt et al., 1999a;

Figure 1. Longitudinal variations of the normalized NmF2 (left column), IEC (middle column), and TEC (right column) at the different local times. Maps are presented
as a function of longitude and LT. Data are integrated over latitude for 22 December 2009. Maps display the normalized NmF2, IEC (from height of 80 km up to
700 km) and TEC (from height of 80 km up to 20,200 km) variations as shown by (a) GSM TIP; (b) IRTAM NmF2 and NeQuickIEC and TEC computations; (c) and COSMIC
NmF2 and IEC observations and GPS TEC ground-based receivers measurements. (d) In addition, the longitudinal profiles of all these normalized parameters obtained
using GSM TIP (red color), IRTAM and NeQuick models (blue color), and COSMIC and GPS observations (black color) at 14:00 LT (dashed lines), 24:00 LT (solid lines),
and 04:00 LT (dotted lines) are presented.
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Mazzella, 2009]. These results show that (1) the empirical and numerical models represent adequately the
longitudinal variations of Ne and TEC, which agree with our earlier studies [Klimenko et al., 2015a, 2015b];
and (2) themain reason for a longitude variation is themisalignment of the geographic and geomagnetic axis
accounted in all three models. In our opinion, the main reason that the GSM TIP shows lesser longitudinal
variation in comparison to the NeQuick and GPS map-derived TEC could be a usage of a simplified dipole
geomagnetic field model in the GSM TIP instead of the IGRF model in IRTAM and NeQuick models. In
addition, the GSM TIP computes the longitudinal variations without accounting for the mesospheric tides
in the GSM TIP model simulations, which are an important source of the longitudinal variations in the
ionospheric electron density. The magnitude of longitudinal variations is larger at night compared to noon-
time and morning time in both model computations and observational data. The evening longitudinal varia-
tions of electron density may be even larger than the nighttime variations according to IRTAM and NeQuick
empirical models, COSMIC, and GPS observations. The main distinct difference of the magnitude of longitu-
dinal variations in the electron density between GSM TIP and either IRTAM or NeQuick, in terms of their
matching of the COSMIC or GPS data, appears during the evening hours. This can be explained by absence
in the description of the GSM TIP model such phenomena as the F region dynamo electric field, mesospheric
tides, and South Atlantic Anomaly in magnetic field. The notable data features, such as the LT at which the
NmF2/IEC/TEC maxima occur as a function of longitude, or the temporal scales associated with the density
enhancements depict some differences between observations and the GSM TIP model results. An important
feature that the GSM TIPmodel is yet to reproduce is the higher magnitude of the longitude variations during
evening hours versus the morning time. Probable mechanism for formation of this feature is prereversal
enhancement. GPS TEC maps for December 2009 to January 2010 indicate an occurrence of the prereversal
enhancement influence on the low-latitude TEC structure (see supporting information) that is absent in
the GSM TIP TEC maps. Distinctly different longitudes of the maxima appear to disagree more between
the models and the data than between the different quantities (NmF2, IEC, and TEC). The data maxima
(COSMIC or GPS) appear to be near 330° longitude, while the NeQuick maxima (IEC and TEC) appear to
be near 270° longitude, the IRTAM NmF2 maximum appears to be near 210° longitude, and the GSM
TIP maxima in IEC, TEC, and NmF2 appear to be broadly spread around 330° longitude. We note a close
resemblance between the NeQuick-derived IECnorm and TECnorm results, which can be explained by
the fact that the NeQuick model has not a specific plasmasphere model and uses a simplified extension
of the electron density profile toward the altitudes above 20,000 km. That is why the NeQuick TEC repro-
duces the same features as the NeQuick IEC. The NeQuick model performance on the topside electron
content representation, including analysis of the absolute TEC values for the December 2009 conditions,
was discussed by Cherniak and Zakharenkova [2016].

Figure 2 presents the NmF2, IEC, and TEC variations as a function of longitude and latitude (time integrated
maps). These maps are referred as latitude variations and produced as follows: (1) we calculate 24 (1 h resolu-
tion) NmF2, IEC, and TEC global maps with a spatial resolution of 15° by longitude and 5° by latitude for each
UT hour; (2) we integrate over time (LT or UT, it does not matter since we consider 24 h time interval) at the
same longitude; and (3) finally, we normalize every map to a maximal value of this map. Polar ionospheric
cavity and the main ionospheric trough are the major features seen in the high-latitude region of the
Northern Hemisphere as equatorward as ~55°N. We note that it is difficult to discern the polar ionospheric
cavity and the main ionospheric trough as distinct features in the NmF2 contour panels of Figure 2, so a
detailed analysis of the NmF2 latitudinal structure (see supporting information) together with morphological
position of the polar ionospheric cavity and main ionospheric trough according to Brinton et al. [1978] and
Benson and Grebowsky [2001] was applied in order to identify these features. Both GSM TIP and IRTAM depict
these features, which are also in agreement with the COSMIC observations. The GSM TIP appears to match
the COSMIC data more closely in the northern polar region in comparison to the IRTAM results. Polar iono-
spheric cavity appears at 290°E and 270°E longitude in GSM TIP and IRTAM maps, correspondingly, and it
is more pronounced in the GSM TIP map rather than in the IRTAMmap. The main ionospheric trough appears
to have a minimum at 75°N according to all considered data sets, but at slightly different longitudes: 120°E as
modeled by GSM TIP; 60°E as mapped by IRTAM; 60°E as mapped by COSMIC. The GSM TIP longitudinal
profiles for NmF2 and IEC at 75°N appear to be quite similar to each other. The ionospheric vertical profile
of electron density at 75°N latitude is formed by only O+ ions due to the O+/H+ transition height, located
much higher than 700 km. In addition, the main role in the diffusive distribution of electron density at heights
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of the F region and topside ionosphere does not play processes of the vertical plasma transport but the
uniform horizontal plasma transport due to electromagnetic drift. These two reasons lead to the qualitatively
similar latitude-longitude distribution of electron density at different heights of the F region and topside
ionosphere at high latitudes. At all latitudinal regions the GSM TIP model results show one or two peaks in
the NmF2 and IEC longitudinal distribution, but the IRTAM NmF2 and NeQuick IEC show several such peaks.
This discrepancy can be caused by the limitations of the models. On one hand, the GSM TIP accounts for
the magnetic field as for the simple dipole-like field and also it does not take into account the mesospheric
tides. On the other hand, the IRTAM depends on data coverage. Ionosondes in the Northern Hemisphere are
concentrated mainly in the three sectors: North American, European, and Asian. Hence, the observed

Figure 2. The same as in Figure 1 but at different latitudes. Maps are presented as a function of longitude and latitude. The longitudinal profiles of all normalized
parameters obtained using the GSM TIP (red color), IRTAM and NeQuick models (blue color), and COSMIC and GPS observations (black color) at 60°S (dashed
lines), 45°S (solid lines), and 75°N (dotted lines) are presented in Figure 2d.
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maximum might be an artifact of the nonuniform data coverage. It could be also noted that the COSMIC
results appear to more closely resemble to the corresponding IRTAM and NeQuick results in comparison to
the GSM TIP model output. We also note differences in the representation of the northern (winter) crest of
the equatorial ionization anomaly between the COSMIC and IRTAM results, which could be explained by
the facts: (1) definitely, a number of COSMIC RO profiles with F2 peak values appeared exactly within a narrow
band of the equatorial ionization anomaly northern crest during December–January are rather small; (2) Abel
inversion technique assumed a spherical symmetry of the ionosphere, which, in fact, is far from reality in the
equatorial region; that is why a proper reproduction of the crest-trough-crest structure in the presence of the
large plasma density gradients could be rather problematic and it is a well-known issue for the RO
measurements [e.g., Pedatella et al., 2015].

Also, GSM TIP, NeQuick, and IRTAM show the most pronounced equatorial anomaly crests nearly in the same
longitudinal region: (240°E–300°E) for the GSM TIP and NeQuick and (210°E–270°E) for the IRTAM. The mod-
eled position of maxima and minima of longitudinal variability of the F2 peak electron density at the midla-
titudes of the Southern Hemisphere also shows a good agreement with the COSMIC observations. The
magnitude of this longitudinal variability is much lesser in the GSM TIP model in comparison with the obser-
vation data and the IRTAM model results. The summer midlatitudinal minimum of the NmF2 distribution is
located at (45°S, 90°E), and its maximum is located in the longitudinal range of 220°E–330°E that coincides
with a longitudinal position of the midlatitude summer nighttime/evening anomaly and the Weddell Sea
Anomaly (WSA) [Lin et al., 2010; Liu et al., 2010; Klimenko et al., 2015a, 2015b] in the Southern Hemisphere.
The main difference between the GSM TIP and either the IRTAM or NeQuick simulations appears in the
high-latitude region of the Southern Hemisphere. The GSM TIP model depicts the local high-latitude maxi-
mum at (75°S, 300°E) that is also slightly visible according to the COSMIC observation; however, IRTAM and
NeQuick do not demonstrate the same feature. We can explain this by the insufficient data coverage in
the region. Themaximum in the longitudinal variation of NmF2 and IEC in the Southern Hemisphere is located
in the American longitudinal sector. The latitudinal structure of the ionospheric plasma maximum in the
American longitudinal sector is more complex as simulated by the GSM TIP and observed by the COSMIC,
rather than IRTAM and NeQuick (Figure 2).

Figure 3 shows the normalized Ne values on a longitude-latitude (geographic) grid. Ne corresponds to the
different altitude: ~480 km (left), maps are based on the GRACE observations and ~300 km (right), maps
are based on the CHAMP-derived in situ observations (Figure 3b); 480 km, maps are based on the GSM
TIP results and are integrated over local time intervals of 23:00–04:00 LT and 13:00–18:00 LT that consists
of the temporal intervals of the GRACE measurements (Figure 3c, left); 300 km, maps are also based on the
GSM TIP results and are integrated over local time intervals of 06:00–11:00 LT and 17:00–22:00 LT that con-
sists of temporal intervals of the CHAMP measurements (Figure 3c, right); the same as Figure 3c but inte-
grated over 24 h (Figure 3d). Basically, Figure 3d (left and right) shows the same picture as corresponding
to Figure 3c (left and right) and we provide both of them for a reference. Figure 3a shows a distribution of
the measurements quantity for GRACE and CHAMP data on the left and right, respectively. Measurement
number is integrated over a latitude, and thus, Figure 3a shows an amount of data under investigation for
a particular LT and longitude. The reason for having Figure 3c along with Figure 3d is that Figure 3c fol-
lows the CHAMP and GRACE observations availability, and thus, it is more rationally to compare Figure 3b
with Figure 3c than with Figure 3d.

The TEC longitudinal variations as modeled by the GSM TIP and shown by observations are agree in general
with each other. One model/observations discrepancy is that the high-latitude summer maximum in the GPS
TEC appears at ~60°S in observations and at ~75°S in the GSM TIP results (Figure 2, right column). It is neces-
sary to note that low coverage of GPS TEC data at high-latitudes of the Southern Hemisphere makes it harder
to identify this density enhancement feature reliably. Another issue is about the relative distribution of NmF2
(Figure 2, left column) and TEC in the high-latitude region of the Southern Hemisphere and in the equatorial
region. Plasma density in the Southern Hemisphere is greater than that in the Northern Hemisphere, which is
reasonable since the Southern Hemisphere is subjected to more solar ionizing radiation (December corre-
sponds to the local summer condition in the Southern Hemisphere). However, we can see that NmF2 and
TEC are even higher at high latitudes of the Southern Hemisphere than in the low-latitude and equatorial
ionosphere. In our opinion, a nature of the high values of NmF2 and TEC at the high latitudes of the
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Figure 3. Longitude variations of the normalized electron density Ne at an altitude of ~480 km (left column) and ~300 km (right column) at different latitudes. Maps
show the normalizedNe on longitude-latitude grid. Data are accumulated for December 2009 to January 2010. (a) The number of Ne measurements from GRACE (left)
and CHAMP (right) satellites in the different LT epochs at different longitudes, integrated over a latitude; (b) normalized Ne variations as derived from the GRACE (left)
and CHAMP (right) observations; (c) normalized Ne variations by GSM TIP computations integrated over local time in the time interval 23:00–04:00 LT and 13:00–18:00
LT at altitude of 480 km (left) and 06:00–11:00 LT and 17:00–22:00 LT at altitude of 300 km (right); (d) the same as Figure 3c but integrated over 24 h.
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Southern Hemisphere is a “polar day,” i.e., solar ionizing radiation throughout the whole day. This result
should be subjected for further study, and it is not discussed in detail in this paper. Here we perform only
the qualitative comparison. We expect that the high-latitude TEC maximum in the American longitude sector
as seen by the GPS observations and reproduced by the GSM TIP (Figure 2, right column) should yield the
similar maximum in NmF2 (Figure 2, left column). Indeed, such a maximum in NmF2 forms over the same
region as shown by the GSM TIP data and COSMIC observations, but it is absent in the IRTAM and NeQuick
maps, which again can be attributed to the insufficient data coverage.

Finally, we attempted to verify an existence of this high-latitudinal maximum using the CHAMP (~300 km)
and GRACE (~480 km) in situ electron density measurements for the same time epoch (Figure 3).
Independentmeasurements on board the CHAMP and GRACE satellites prove that this maximum is a real fea-
ture. The maximum seems to be more pronounced in the topside ionosphere (GRACE observations) than clo-
ser to the F2 layer peak (CHAMP observations). However, we cannot be absolutely sure since the CHAMP and
GRACE observations are related to a different local time. We plot a number of both GRACE and CHAMP sam-
ples as a function of LT and longitude grid (integrated over latitude). According to Figure 3a, GRACE data cor-
respondedmostly to daytime and nighttime LT, whereas CHAMP data corresponded tomorning and evening
times. Klimenko et al. [2016a] concluded that local time distribution of observations defines mainly the fea-
tures of the latitude-longitude variations. The maximum, that we consider, is obviously related to the WSA
maximum from ~23 LT to ~04 LT, and, hence, the GRACE observations depicted it more clearly.
Zakharenkova and Cherniak [2015] indirectly confirmed this assumption using the GOCE and TerraSAR-X
satellite GPS observations. They showed that the high-latitude maximum did not appear during evening
hours (17:00–18:00 LT) and only slightly appeared at morning hours (05:00–06:00 LT). To check our assump-
tion we integrated the GSM TIP results: (1) for the whole day (over all 24 h) at the heights of CHAMP and
GRACE satellites (Figure 3d) and (2) only during 23:00–04:00 LT and 13:00–18:00 LT at height of ~480 km
and 06:00–11:00 LT and 17:00–22:00 LT at height of ~300 km (Figure 3c). We can note that the aforemen-
tioned maximum is depicted clearly at every map.

6. Summary

We have analyzed the major morphological features that characterize latitudinal, longitudinal, and LT varia-
tions of NmF2/IEC/TEC for the December 2009 solstice. Intercomparison of TEC, IEC (ionospheric electron con-
tent from 80 to 700 km), and NmF2 data demonstrates that they are overall similar. However, locations and
magnitudes of their longitudinal features, as seen at different latitudes and LT, can be different. There are
many publications where people try to convert the vertical TEC derived frommuchmore dense GPS networks
than the ionosonde one into the absent NmF2 values using very simple formulas [Houminer and Soicher, 1996;
Krankowski et al., 2007; Yu et al., 2013;Maltseva and Mozhaeva, 2015]. We wanted to stress that our results do
not support correctness of such simple conversion between NmF2/IEC/TEC. We emphasize that according to
the first-principle, empirical, and assimilation models, as well as satellite observations, the longitudinal max-
ima in NmF2, IEC, and TEC are formed at all local times and at almost all latitudes (summer Southern
Hemisphere and midlatitude and high latitude in winter Northern Hemisphere) in the American/Atlantic
longitudinal sector (240–360°). The plasma density in the ionosphere is generally greater in the American
longitudinal sector at any LT epoch. We can distinguish the near-equatorial and high-latitude maxima for
all three parameters in this longitudinal sector. High-latitudemaximum over the American longitudinal sector
appears in the GSM TIP and COSMIC NmF2 and IEC; GSM TIP, CHAMP, and GRACE Ne; and GSM TIP and GPS TEC
but does not appear in the NeQuick and IRTAM results. The local maximum in the Atlantic/American sector is
related to the WSA manifestation. The most probable reason of the absent or weak WSA effects in the IRTAM,
as well as NeQuick, is that only one ionosonde (Port Stanley located at the Falkland Islands) operates routinely
now in the whole southeastern Pacific and southwestern Atlantic region. So lack of actual measurements
does not allow to reproduce signatures of the WSA at middle and high latitudes of the South American sector
in the ionosonde data or ionosonde-based empirical models. What we can conclude about this local maxi-
mum now? According to our results, the high-latitude maximum of NmF2 (1) manifests itself only when the
integration over LT or UT of global maps for 22 December 2009 includes nighttime, thus supporting an argu-
ment of its association with theWeddell Sea Anomaly, and (2) also appears in Ne distribution at heights above
the F2 peak. We would recommend an inclusion of this maximum for building of an accurate empirical model
of the quiet time ionosphere.
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