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Abstract

:

There are significant challenges to model the ionosphere due to different anomalies, especially under the increasing requirements for precision level. We used network theory to construct an ionospheric network analysis based on the data of global ionospheric maps for the period from 1998 to 2015. The network approach revealed different domains in the ionosphere. Besides the well-known equatorial anomaly, we revealed two more essential areas with “anomalous” behavior in the total electron content (TEC). Both anomalies are located at mid-latitudes: the first over most of North America, and the second one over the southeast part of Australia and the adjacent part of the Indian Ocean. The revealed areas partly coincide with the winter anomaly regions. Our results demonstrate that complex ionosphere/magnetic field/neutral atmosphere interaction can result in atypical ionosphere dynamics in huge areas.
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1. Introduction


The ionosphere is the region of the Earth’s upper atmosphere, from about 60 km to 1000 km, that contains electrons and electrically charged atoms and molecules. Its importance, in practical terms, is that it enables the propagation, reflection or refraction of radio wave signals that can be transmitted to distant places on Earth. The radio propagation depends uniquely on electron density. Hence, temporal and spatial variability in ionospheric electron density considerably affects the functionality of radio communication [1] and global navigation satellite systems (GNSS) such as GPS or GLONASS [2].



The ionosphere coexists with the upper portion of the neutral atmosphere called the thermosphere [3,4]. In simplified terms, the solar radiation spectrum determines the ionosphere‘s vertical structure, while the geomagnetic field determines its latitudinal structure [4]. Moreover, the global circulation of the thermosphere significantly impacts the global ionization distribution [5,6].



Scientists use the satellite and ground-based facilities to study the ionosphere around the globe. The total electron content (TEC) is an important measured quantity for the ionosphere of the Earth. TEC is the total number of electrons in a column of the unit area defined as TECU = 1016 el/m2, where TEC varies between 2 and 200 TEC units. The seasonal anomalies within the context of seasonal changes in the TEC (e.g., [5]) are an area of intensive research, e.g., the Weddell Sea anomaly [7], the Midlatitude summer evening anomaly [8].



The location and geographical boundaries of the anomaly areas are crucial for the development of ionosphere semiempirical models such as the international reference ionosphere (IRI) [9]. The models are used operationally for predicting radar range errors [10], for microwave remote sensing [11], for validation of TEC profiles obtained by radio occultation technique with the satellites to forecast the environment state (e.g., NASA’s International Solar-Terrestrial Physics Program (http://istp.gsfc.nasa.gov [accessed on 13 July 2022]) or VarSITI (http://www.varsiti.org, etc.)).



The ionospheric model is a mathematical description of the ionosphere as a function of location, altitude, day of a year, phase of the sunspot cycle and geomagnetic activity. GPS satellites broadcast the parameters of the Klobuchar ionospheric empirical model for single-frequency users [12]. The model assumes that the electron density is concentrated in a thin layer. The model reduces up to the 50% RMS ionospheric range error worldwide.



However, the difference between the real ionosphere and a model used in single-frequency GNSS (NeQuick-G [13] model in Galileo, Klobuchar model [12] in GPS, BDGIM model in BeiDou [14]) could cause significant errors in user-position estimation [15], e.g., GNSS of smartphones, drones, airborne GNSS receivers, etc. To improve navigation, engineers and scientists need to improve the global ionospheric models. Different spatial and temporal anomalies still challenge ionosphere modelling, especially under the increasing requirements for precision level. In this paper, we step forward to improve the accuracy of the current description of the global ionosphere via new ways to catch spatial anomalies.



Recently, McGranaghan et al. [16] involved network theory for the high-latitude ionosphere based on Madrigal TEC data to study multiscale connectivity in the geospacer. They showed that network analysis can identify significant patterns in observational data and revealed that distinct regions emerge within the dayside and night-side systems that react to geophysical processes together. Lu et al. [17] developed an ionospheric network based on global ionosphere maps for 2012. They showed that ionospheric network is not scale-free so there is no unique spatial position acting as the source or sink.



On the basis of observational results (for the period from 1998 to 2015), below we show that there are two essential areas with “anomalous” behavior in the total electron content (TEC). A method of an ionospheric network construction is developed, showing that anomalies can be effectively detected in the total electronic content. We further discuss the origins of these patterns, suggesting possible relations between anomalies and other effects.




2. Materials and Methods


2.1. Data


Global ionospheric maps (GIM) of total electron content in the ionosphere were used in the study. Several scientific groups produce GIM [18]. They cover the whole globe: from –87.5° to 87.5° in latitude and 360° in longitude (but note that 0° and 360° are the same longitudes). Each cell has the size of 2.5° in latitude and 5° in longitude and contains the value of the vertical total electron content (TEC). Depending on technique/analytic center, maps are generated every 15 min, 1 h or 2 h and are available since 1998. Data on a separate map are arranged on the grid with the size of 71 × 72 cells, so we have 5112 different cells in total.



The initial data for the maps are “slant” TEC series obtained from several hundred GNSS stations [2]. Each analytic center uses its own approach to reconstruct “vertical” TEC and spatial interpolation [19,20,21,22]. Therefore, following the general tendency, the maps of different centers differ from each other [18].



In the paper, we used the GIM final product (CODG) made by the Center for Orbit Determination in Europe (CODE), which applies the single-layer spherical harmonic model to reconstruct the TEC value [21,22]. Figure 1 shows an example of the map on 1 January 2008, at 16:00, UT. The TEC value is in TECU units (1016 electron/m2). Global ionosphere maps in the IONEX format [23] are freely available via the Internet (https://cddis.nasa.gov, accessed on 12 July 2022).




2.2. Method


We used the GIMs for the period from 1 June 1998 to 31 December 2015. The total number of treated files was 8495.



For each GIM cell over that period, we calculated the deviation series of TEC mean diurnal value from the mean annual value in a moving window of ±182 days   d I  :


  d  I  l o n ,   l a t    (  d a y  )  = <  I  l o n , l a t    >  d a y   − <  I  l o n , l a t    >  d a y ± 182    



(1)




where   d a y   is the current day,   l a t   and   l o n   are latitude and longitude of a current GIM cell,   <  I  l o n , l a t    >  d a y     is the mean diurnal TEC value in the cell, and   <  I  l o n , l a t    >  d a y ± 182     is the mean TEC value calculated with the moving average in the sample window of ±182 days relative to   d a y  .



A network approach was applied to these data. This approach is well developed and is applied to investigate different complicated systems [24], including neutral atmosphere [25]. The application of the network approach allows us to detect the relation between different regions and to find the regions with special dynamics of TEC.



The network theory deals with a set of nodes (or vertices) and the links (or edges) between them. A node is an object with some properties. One can consider any object as a node if we have a set of objects and some links between them. Examples of nodes/links include people/know each other; web servers/connected; cities/roads between; and many others. A node and a link can be described by different parameters. Below we use the term “degree”, i.e., how many links the node has.



We consider the ionosphere as a spatial network, where a GIM cell is a node. Thus, each node is associated with geographical coordinates and TEC deviation series calculated by equation (1) for this cell. Any two GIM cells form a node pair. In total, we have    C  5112  2  ≈ 13   million pairs.



To find links between a node pairs we need a rule. Investigations often use correlation analysis to reveal interconnection [26]. If the cross-correlation function exceeds some limit, we consider the nodes to be linked. As the criterion of the link between two nodes, we used the maximum value rmax of cross-correlation function r(Δt) in the window of Δt = ±1 day.


  r  (  Δ t  )  =     ∑   t = 2   N − 1   d  I  1 ,   1    ( t )  d  I  2 ,   2    (  t + Δ t  )  −   ∑   t = 2   N − 1   d  I  1 ,   1    ( t )    ∑   t = 2   N − 1   d  I  2 ,   2    (  t + Δ t  )  /  (  N − 2  )        ∑   t = 2   N − 1   d  I  1 , 1  2   ( t )  −    [    ∑   t = 2   N − 1   d  I  1 , 1    ( t )   ]   2  /  (  N − 2  )        ∑   t = 2   N − 1   d  I  2 , 2  2   (  t + Δ t  )  −    [    ∑   t = 2   N − 1   d  I  2 , 2    (  t + Δ t  )   ]   2  /  (  N − 2  )       



(2)




where N is a number of days (8495), dI1,1 and dI2,2 corresponds TEC deviations at first and second nodes, Δt is the time lag of −1, 0, or +1 day.



We need to calculate rmax (rather than just the Pearson correlation coefficient r(0)) to remove diurnal variation effects. UT time is used in the initial time series of TEC, so variation maxima may turn out to be in different days according to LT.



We consider two nodes to be linked when the value rmax between two series exceeds the threshold A ≈ 0.86. It corresponds to the value of the third quartile Q3 (75%) on the distribution of values rmax calculated between all the possible series of node pairs (Figure 2).





3. Ionospheric Network


The analysis of the distribution of rmax values made it possible to choose the threshold. The distribution is bimodal and the values are distributed more or less evenly to some inflexion point ~0.7, after which sudden growth begins (Figure 2). We think that the processes responsible for correlation coefficient value change qualitatively in the vicinity of this point, so it is reasonable to choose the threshold here or higher. At this stage, we chose Q3 because this value is deliberately higher than the inflexion point and is easily estimated for any set of initial data.



Having determined the nodes and the link criterion, we constructed an ionospheric network. To make it visual, we referred to the fact that each node is associated with the geographical coordinates of a GIM cell. That is why we put the degree, i.e., how many links the node has, of each node on the geographical map (Figure 3).



The maximal value of a node’s degree can be 5111, i.e., the number of GIM cells minus the current. However, the nodes in different hemispheres are almost not connected. Therefore, the actual maximal value of the degree is 2188, the minimal value is 81 and the median value is about 1200.



Figure 3 shows the main domains with separate dynamics. A large white circle is an example of a node and small black circles are the nodes directly linked with it (so-called neighbors). Panel (a) shows nodes (−75° E, −42.5° N) and (50° E, 52° N) with their neighbors in the regions of the North American and Australian anomalies. Panel (b) shows node (−155° E, 0° N) in the equatorial region, node (−85°E, 45° N) in the northern hemisphere and node (90° E, −45° N) in the southern hemisphere with their neighbors.



The topology of the obtained network features typical spatial distribution and dynamics of the ionospheric plasma. It is generally assumed to divide the ionosphere into several latitudinal regions: high-, mid-, and low-latitude regions with the equatorial anomaly [27]. They appear as domains, large, isolated parts, in the network. Nodes inside the domain are linked, and the domains almost do not have links outside (Figure 3). Panel (b) shows two nodes in the middle of these regions and the corresponding neighbors. Thus, TEC dynamics inside the domains have the same character. The domains of the hemispheres (northern and southern), equator and equatorial anomaly regions are clearly seen in the figure, whereas the polar regions are weakly marked.



Moreover, the network contains two “anomalies”, clear patterns over North America and in the region of Australia, located symmetrically relative to the geomagnetic axis. They are characterized by a fewer number of links in comparison to the rest of the part of corresponding hemispheres (Figure 3). The North American anomaly has a minimum number of “outside” links and, thus, is virtually closed upon itself. The Australian anomaly has a greater (in comparison to the North American one) number of links and is more extended in the longitudinal direction. The patterns standing out against the domains indicate that TEC dynamics inside these regions differ from those in the larger part of the corresponding hemispheres.




4. Discussion


Can the obtained results be just some artifacts? We supposed that the patterns have a natural character and are not artifacts which appeared in the process of the reconstruction of global ionospheric maps. To verify that, we constructed an ionospheric network based on the data of another scientific group. The group of Astronomy and Geomatics of the Polytechnic University of Catalonia (gAGE/UPC) applies an approach different from the Center for Orbit Determination in Europe to recover TEC: they apply the two-layer tomographic model to reconstruct the TEC value [28]. In spite of that, the network obtained on the basis of UQRG data differs in detail but has a similar typology with clearly defined domains of the hemispheres and “anomaly” patterns (not shown here).



We suppose that patterns are associated with the seasonal anomaly of the ionosphere F-region. The seasonal (or winter) anomaly is the situation in which the highest value of electron density maximum NmF2 (or critical frequency foF2 values) is observed in winter [5]. It occurs due to the transfer of the atmosphere neutral component by vertical and horizontal winds associated with the global thermospheric circulation [5,6]. Winter anomaly also affects the total electron content [29].



TEC seasonal variations significantly influence the value of the correlation coefficient between the used TEC deviation series dI. TEC initial values are daily averaged and the most evident harmonics in the series obtained by equation (1) are seasonal changes. The differences in the TEC seasonal variations cause the decrease in the correlation coefficient between nodes inside and outside an “anomalous” region, which decreases the degree of a node in the “anomalous” regions.



The geographical location of patterns in our network is similar to the location of seasonal (winter) anomaly regions [30]. Torr and Torr [30] drew maps which reflect the regions where noon value of the critical frequency foF2 reaches its maximum in winter. The most outstanding feature of these maps is the presence of regions with strong seasonal anomaly at middle latitudes in the North American and European sectors. There is also such a region near Australia, though its area is significantly lesser. Winter anomaly intensity and regions depend on solar cycle and geomagnetic activity [31]. During the solar minima, the winter anomaly disappears in Australia and changes over North America and Europe (but is still well defined here).



At the same time, the spatial patterns of the ionospheric network differ from the patterns of the winter anomaly [30]. The network shows no peculiarities over Europe, but the winter anomaly does. The differences may be the result of the fact that different time periods and various ionospheric parameters were used. The data on which the network is based cover the period from 1998 to 2015. It includes two cycles of solar activity with F10.7 [32] varying within 65–325 s.f.u. (“solar flux units”). Whereas foF2 maps [30] correspond to 1958, 1969 and 1964 for very high (mean annual value F10.7 ≈ 241 s.f.u), moderate (≈151 s.f.u.) and low solar activity (≈72 s.f.u.), respectively. In addition, noon NmF2 (or TEC) values are usually considered in the investigation of the seasonal anomaly, but we used mean daily values.



Yasyukevich et al. [31] showed that the winter anomaly in TEC resembles the winter anomaly in foF2, especially at the solar maximum. Figure 4 compares the ionospheric network and the winter anomaly. We still see a clear difference for these “anomalies”, but the close position implies that the ionospheric network catches manifestation of the winter anomaly.



Current research used only one metric (cross-correlation between nodes, only one parameter), the deviation between diurnal mean TEC and semi-annual mean TEC and only one chosen period. Other parameters/metrics/input data could provide a deeper insight into the ionospheric dynamics.




5. Conclusions


The ionospheric network has been constructed. Experimental data of GIM CODG for the period from 1998 to 2015 were used. We showed that network topology corresponds to general conception on the dynamics and spatial distribution of ionospheric plasma. The main finding is that the network contains two clear patterns over North America and Australia. We attribute their occurrence to the winter anomaly. The obtained results open the possibility to better understand the interaction of geographically different regions of the ionosphere. We hope that researchers will use the suggested technique to validate and improve the ionospheric models.
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Figure 1. Global ionospheric map of TEC based on CODE data for 1 January 2008, at 16:00 UT. Dashed line indicates geomagnetic equator and geomagnetic parallels, triangles are GPS/GLONASS stations used to create the map. 
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Figure 2. Distribution of maxima rmax of cross-correlation functions calculated for the series of deviations of mean daily TEC values from the mean annual TEC dI for the period from 1998 to 2015; the shaded area indicates the values where rmax is higher than the threshold A = 0.86. 






Figure 2. Distribution of maxima rmax of cross-correlation functions calculated for the series of deviations of mean daily TEC values from the mean annual TEC dI for the period from 1998 to 2015; the shaded area indicates the values where rmax is higher than the threshold A = 0.86.



[image: Atmosphere 13 01333 g002]







[image: Atmosphere 13 01333 g003 550] 





Figure 3. Ionospheric network. Color indicates the degree—how many links each node υ of the network has. Dashed lines on both panels indicate the geomagnetic equator. A large white circle is an example of a node in the chosen region, and small black circles are the nodes directly linked with it (so-called neighbors). Panel (a) shows nodes (−75° E, −42.5° N) and (50° E, 52° N) with their neighbors in the regions of the North American and Australian anomalies. Panel (b) shows node (−155° E, 0° N) in the equatorial region, node (−85° E, 45° N) in the northern hemisphere and node (90° E, −45°N) in the southern hemisphere with their neighbors. 






Figure 3. Ionospheric network. Color indicates the degree—how many links each node υ of the network has. Dashed lines on both panels indicate the geomagnetic equator. A large white circle is an example of a node in the chosen region, and small black circles are the nodes directly linked with it (so-called neighbors). Panel (a) shows nodes (−75° E, −42.5° N) and (50° E, 52° N) with their neighbors in the regions of the North American and Australian anomalies. Panel (b) shows node (−155° E, 0° N) in the equatorial region, node (−85° E, 45° N) in the northern hemisphere and node (90° E, −45°N) in the southern hemisphere with their neighbors.



[image: Atmosphere 13 01333 g003]







[image: Atmosphere 13 01333 g004 550] 





Figure 4. Comparison of ionospheric network based on CODE data (a) and the winter anomaly intensity in TEC (b). In panel (a), color shows the degree (deg, how many links the node has) for each node v of the network. In panel (b), the color shows the winter anomaly intensity (winter-to-summer TEC) at high solar activity (F10.7 = 200 s.f.u.) and moderate geomagnetic activity. Panel (b) was re-drawn from Figure 4f in [31]. Dashed lines show the geomagnetic equator. 
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