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Abstract

:

To better understand the ionospheric morphology response to lithospheric activities, we study the global location preference of the positive and negative total electron content (TEC) anomalies persisting continuously for longer than 24 h at middle and low latitudes (within ±60° N geomagnetic latitudes). The TEC is obtained from the global ionospheric map (GIM) of Center for Orbit Determination in Europe (CODE) under the geomagnetic quiet condition of Kp ≤ 3o during the period of 2005 to 2018. There are a few (less than 4%) TEC anomalies that can persist over 24 h. The conjugate phenomenon is most significant in the eastern Asia to Australia longitudinal sector. The result shows the persistence of the positive TEC anomaly along the ring of fire on the western edge of the Pacific Ocean. The high persistence of the TEC anomalies at midlatitudes suggests that thermospheric neutral wind contributes to the anomaly formation.
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1. Introduction


It has been known that ionospheric structures are highly variable under both geomagnetic disturbed and quiet conditions because the drivers, such as electric field, neutral wind, pressure gradient, and gravity, can easily transport the ionospheric plasma [1]. Solar activity can disturb the ionosphere globally and induce ionospheric weather phenomena that transit rapidly through a large area [2,3].



On the other hand, lithospheric activities that occurred near the surface can possibly induce the anomaly of ionospheric plasma over a certain location. Liu et al. [4,5,6,7] reported that the ionospheric total electron content (TEC) anomaly persists over and near the epicenters of the 2008 Mw8.0 Wenchuan, 2004 Mw9.3 Sumatra–Andaman, 2010 Mw7.0 Haiti, and 2011 Mw9.0 Tohoku earthquakes. The TEC anomalies may have a geographical preference if the lithospheric activity is capable of maintaining a TEC anomaly above a certain area. The tectonic plates often slide past, collide with, and divergent away from each other at various areas of the Earth, therefore the lithospheric activities, such as earthquake ruptures and volcano eruptions, nonuniformly distribute all over the world. Better knowing the global distribution of persistence of TEC anomalies makes the connection between lithospheric activity and ionospheric morphology at different places of the world beneficial.



The global TEC measurements were archived since 1998 (ftp://cddis.gsfc.nasa.gov/pub/gps/products/ionex). Liu et al. [4,5,6,7] have proposed a spatial analysis method for efficiently detecting persistence of the TEC anomalies. The above facts motivate us to study the geographical preference of the TEC anomalies.




2. Data and Methodology


The global ionospheric map (GIM) is designed for monitoring, nowcasting, and even forecasting the rapidly changing ionospheric weather that critically impacts high accuracy positioning, navigation, and communication applications [8]. The TEC in the GIM derived from the Global Navigation Satellite System (GNSS: GPS, GLONASS, Galileo, and Beidou systems) are ideally utilized for discriminating regional anomalies from global-scale structures. The TEC is defined as the integration of the electron density between a ground-based receiver and its associated GNSS satellite. The GIM TEC is published by the Center for Orbit Determination in Europe (CODE) every 1 or 2 hours with a spatial resolution of 2.5° geographic latitude (71 grid points) and 5° geographic longitude (73 grid points) [9]. The temporal resolutions of the GODE GIM are 2 and 1 hours before and after 2014. In this study, the GIM TEC was downsampled to 2 h after 2014 to achieve correspondence to the temporal resolution of data before 2014.



We study the TEC anomaly from 2005 to 2018 because the number of ground-based GNSS receivers is less than and the solar activity is higher than that before 2005. To avoid the possible contamination of geomagnetic disturbances, the data under the condition of Kp > 3o (13.4%) are excluded from the archive. The data beyond ±60° N geomagnetic latitudes are also excluded to avoid effects from high-latitude.



A spatial analysis with the quartile-based process [4,5,6,7] is performed to detect anomalous signals of the GIM TEC variation. At each timestep, we compute the lower and upper bounds (LB and UB) from every consecutive 30 days of the TEC and find the deviation between that observed on the 31st day. Note that assuming a normal distribution with median, M, and standard deviation, σ, for TEC, the lower quartile (LQ) and upper quartile (UQ) are defined as LQ = M − Kσ and UQ = M + Kσ, respectively. The LB and UB are, respectively, defined as LB = M − K(M − LQ) and UB = M + K(UQ – M). The expected K is 1.34 [10]. To make the criterion stringent, here we set K = 3 which is strict with detecting the TEC anomaly. The negative and positive anomalies are the departures of the TEC from the associated LB and UB (i.e., TEC − LB and TEC − UB), respectively.



The probability of the anomaly continuously appearing at one certain lattice among the global lattices of 5183 (71 × 73) longer than one day corresponding to the 30 days’ LB or UB is less than 3.3% (=1 day/30 day). Therefore, Liu et al. [4,5,6,7] applied the spatial analysis with the quartile-based process to detect the persistence of the TEC anomalies induced by regional effects.




3. Results


Figure 1 and Figure 2 show an event of a TEC anomaly continuously appearing over a certain location for more than one day. In Figure 1a, the day-to-day variability in TEC that is higher than its UB at a location of 25° N, 90° W from 11 to 12 January 2010. The geomagnetic condition is quiet during that period [6]. Figure 1b displays that the positive anomaly appears worldwide at various timesteps during the period of 10 to 13 January.



Figure 2 shows an example of estimating the persistent duration of the anomaly since the timestep of 2000 UT on 10 January 2010. The positive TEC anomalies appear worldwide during the 6 hours from 2000 UT on 10 January to 0200 UT on 11 January, following that the anomaly continuously repeats for 50 h more in the Northern Hemisphere, and surviving around 25° N, 90° W eventually. Liu et al. [6] attributed the long-persistent positive TEC anomaly to the Mw7 Haiti earthquake that occurred on 12 January 2010. In this study, we treat the value of the persistent duration as 56 h at the timestep of 2000 UT on 10 January 2010.



Figure 3 displays the time series of the persistent duration for all the timesteps (2-h resolution) during the entire period of 2005 to 2018. The median values for both the negative and positive anomaly are 8 h. Only 1.45% (670 timesteps) of the negative anomaly and 3.78% (1675 timesteps) of the positive anomaly persist (continuously appear) longer than 24 h. To make the anomaly stringent, we next show the global preference of the TEC anomalies with persistency duration greater than the criterion of 24 h.



Figure 4 shows counts of the location of the negative and positive anomalies with the persistent duration longer than 24 h at each lattice from 2005 to 2018. The TEC anomalies mainly persist at midlatitudes (~30° to 60° geomagnetic latitudes). In Figure 4a, the negative TEC anomaly persists mainly over the areas of Weddell sea to the Eastern Pacific (270° to 340° E), Mongolia to Japan (115° to 150° E), and Northern America to Europe (210° to 30° E). In Figure 4b, the positive TEC anomaly persists mainly over the areas of Southern Australia to New Zealand (120° to 170° E), Weddell sea (280° to 10° E), Southern America (250° to 280° E), Europe (0° to 45° E), China Northeast to Japan (120° to 150° E), and Indonesia (120° to 170° E). The location of the positive TEC anomalies mainly distributes along the ring of fire on the western Pacific coast.




4. Discussion


The 8-h median value of the duration of persistence suggests that a TEC anomaly hardly persists across day and night over a particular location under geomagnetic quiet condition because the ionospheric morphology yields significant diurnal variation, such as the zonal electric field flipping its direction from eastward to westward mainly in day and night, respectively [1]. Therefore, quite a few TEC anomalies persist longer than 24 h (Figure 3). A TEC anomaly being capable of appearing continuously across day and night suggests that activity from the lithosphere or near-surface environment is a candidate for maintaining TEC anomaly over a certain location.



The conjugate phenomenon of the positive anomaly is obvious in the eastern Asia to Australia longitudinal sector (Figure 4b). Liu et al. [4,5,6,7] reported the occurrence of TEC anomaly around the epicenters of the Wenchuan, Sumatra, Haiti, and Tohoku earthquakes and their conjugate points. The anomalies are stronger near the epicenters than those at the conjugate points in the Southern Hemisphere. The weaker conjugate effect on the negative anomaly can be due to the fact that K = 3 is a strict criterion for defining the negative anomaly (Figure 3).



The interactions between tectonic plates could induce variations in electric and magnetic fields [11,12,13,14]. A strong location preference of the long-duration persistence of TEC anomalies may satisfy the persistence of regional electric field and/or an atmospheric gravity wave in the ionospheric dynamo region that induce TEC anomalies over a certain location through the dynamo process [15,16].



Several studies have reported in-situ satellite measurements of ion density (Ni), electron density (Ne), ion temperature (Ti), and electron temperature (Te) that record the ionosphere morphology response to large earthquakes. Liu et al. [17] examined seismo–ionospheric anomalies observed by the French satellite DEMETER (Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions) during the Wenchuan earthquake. They showed that the global distribution of the significant differences (or anomalous changes) in the nighttime Ne and Ni as well as daytime Ti 1 to 6 days before and after the earthquake specifically appear over the epicenter. Ryu et al. [18] analyzed the DEMETER Ni around large earthquakes in the north-east Asian region and reported that mid-latitude earthquakes contribute to the equatorial ionization anomaly enhancement. Oyama et al. [19] showed the ionospheric Te observed by HINOTORI satellite during three earthquakes and found that Te around the epicenters significantly decreases in the afternoon periods within 5 days before and after the earthquakes occurred in the eastern Asia longitudinal sector from 80º E to 120º E. The above studies showed the density and temperature measurements, but the response of eclectic field or ion drift to large earthquakes has not yet been fully understood. The electric field and ion drift measurements from the current missions of DMSP (Defense Meteorological Satellite Program), FORMOSAT-5, CSES (China Seismo-Electromagnetic Satellite), and SWARM, etc. should also be examined carefully to find out the connection between lithospheric activities and ionospheric morphologies.



The TEC anomalies appear over the Weddell sea area where the field-aligned component of thermospheric neutral wind highly controls the movement of ionospheric plasma and its density at the midlatitude of the Southern Hemisphere [20,21,22]. The northern Midlatitude Summer Nighttime Anomaly (MSNA) appears near the areas of Europe to Eastern America, Siberia to Alaska [23] that agree mainly with the distribution of the TEC anomalies in the Northern Hemisphere (Figure 4). The agreement reveals that the thermospheric neutral wind may contribute to the formation of the TEC anomalies at midlatitudes.



The high persistence of positive TEC anomaly in the longitudinal band between 105° E and 150° E in the Southern Hemisphere corresponds to the valley between the two peaks of ionospheric electron density over South Asia and the Central Pacific Ocean [24]. The regional persistence should be irrelevant to the ionospheric dynamo driven by global atmospheric tides from the lower atmosphere that result in the ionospheric four-peak structure [25,26].




5. Conclusions


This study defined the persistence of the negative and positive TEC (total electron content) anomalies with the strict criteria of K = 3 and persistent duration >24 h for examining the global preference of the TEC anomaly persistence under geomagnetic condition using the CODE GIM (global ionospheric map) TEC data from 2005 to 2018. Only 1.45% and 3.78% of negative and positive anomalies persist longer than 24 h. The conjugate phenomenon of the TEC anomaly is most significant at the eastern Asia to Australia longitudinal sector. The temporal and spatial anomalies of the ionospheric electric field, atmospheric electric field (flash), atmospheric gravity wave, and neutral wind over the ring of fire should be further examined for explaining the location preference of the persistence of the TEC anomalies. Distinguishing the effect of electrodynamics/electric field from the neutral wind effect on the persistence of the TEC anomalies at midlatitudes benefits to resolve the mechanism of the lithosphere–atmosphere–ionosphere coupling phenomena [27].
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Figure 1. (a) Day-to-day variability in the total electron content (TEC) (red line) from Center for Orbit Determination in Europe (CODE) global ionospheric map (GIM) at 25° N, 90° W. The TEC continuously exceeds the upper bound (UB) from 2000UT on 10 January 2010 to 0400UT on 13 January 2010. The gray and two black curves are the associated medians and UB/lower bound (LB), respectively. The bounds at the current timestep are constructed by the 1 to 30 previous days’ median, lower quartile, and upper quartile at the same universal time and lattices. (b) Global distribution of positive TEC anomaly (TEC–UB) from 10 to 13 January 2010. 
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Figure 2. The positive TEC anomaly persists over the Gulf of Mexico (near 25° N, 90° W) for more than two days. 
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Figure 3. Time series of the persistent duration of (a) the negative and (b) positive TEC anomalies. The dashed red line indicates the criterion of 24 h. 1.45% of the positive anomaly and 3.78% of the negative anomaly persist longer than 24 h. 
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Figure 4. Distribution of the (a) negative and (b) positive TEC anomalies persisting longer than 24 h. The dashed curve denotes the magnetic equator. The gray and black lines, respectively, sketch the coast and the boundaries of the tectonic plates. 
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