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Abstract Global ionospheric total electron content (TEC) maps exhibit TEC intensifications and depletions
of various sizes and shapes. Characterizing key features on TEC maps and understanding their dynamic
coupling with external drivers can significantly benefit space weather forecasting. However, comprehensive
analysis of ionospheric structuring over decades of TEC maps is currently lacking due to large data volume.

We develop feature extraction software based on image processing techniques to extract TEC intensification
regions, that is, contiguous regions with sufficiently elevated TEC values than surrounding areas, from global
TEC maps. Applying the software to the Jet Propulsion Laboratory Global Ionospheric Map data, we generate
a TEC intensification data set for years 2003—2022 and carry out a statistical study on the number and strength
of TEC intensifications. We find that the majority of the TEC maps (about 86%) are characterized with one or
two intensification(s), while the rest of the TEC maps have three or more intensifications. Both the number and
strength of TEC intensifications exhibit semi-annual variation that peaks near equinoxes and dips near solstices,
as well as an annual asymmetry with larger values around December solstice compared to June solstice. The
number and strength of intensifications increase with enhanced solar extreme-violet irradiance. The strength of
intensifications also increases with elevated geomagnetic activity, but the number of intensifications does not.
In addition, the number of intensifications is not correlated with the strength of intensifications.

Plain Language Summary The ionosphere is an upper atmospheric layer containing free electrons
and ions. The abundance of ionospheric electrons varies from one location to another, creating electron
intensification and depletion regions of various sizes and shapes. We develop feature extraction software to
identify the electron intensification regions from two-dimensional electron abundance maps and generate a
data set of their strengths and locations over two decades. We conduct a statistical study of the data set and find
that most maps are with one or two intensification region(s). Maps with three or more intensification regions
also occur. The number of intensification regions on a TEC map is modulated by season and solar irradiance.
The strength of intensification regions is modulated by season, solar irradiance, and solar activity. Our result
advances the knowledge on global ionosphere structuring, which is critical for space-borne navigation and
communication.

1. Introduction

The ionospheric electron density and its height-integrated component, the total electron content (TEC), are widely
used variables to describe the state of the ionosphere. In situ and remote-sensing observations have revealed
comprehensive longitudinal and latitudinal variations of the ionospheric state over a range of spatial and tempo-
ral scales (Fejer, 2011; Forbes et al., 2000; Rishbeth & Mendillo, 2001), leading to a rich variety of ionospheric
features. In the longitudinal and latitudinal plane, these features manifest themselves as regions of electron density
or TEC enhancements and depletions with various sizes and shapes. According to their properties and driving
mechanisms, the electron density enhancements and depletions are named differently. Examples include the
equatorial ionization anomaly (EIA) (Appleton, 1946; Namba & Maeda, 1939), storm-enhanced density (SED)
in middle-high latitudes (Foster, 1993; Foster et al., 2021), tongue of ionization in polar regions (Sato, 1959),
mid-latitude ionospheric trough (Muldrew, 1965), equatorial plasma bubbles (Kil, 2015; McClure et al., 1977),
and plasma blobs (Kim & Hegai, 2016; Oya et al., 1986). These enhancement and depletion structures are found to
be driven and modulated by one or multiple factors including the solar irradiance, solar wind and magnetospheric
conditions, geomagnetic field, neutral wind, and lower atmospheric forcing. The dynamically-changing electron
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density enhancements and depletions can significantly alter radio signals transmitting through the ionosphere,
impacting space-borne navigation and communication (Hernandez-Pajares et al., 2011; Sparks et al., 2021).

Of all types of ionospheric electron density enhancement and depletion structures, the most significant and
persistent one is the EIA. The classical picture of the EIA is characterized by two electron density enhancement
regions separated by the geomagnetic equator with an electron density depletion region in-between. The so-called
two-peak EIA has been extensively observed and investigated over decades, leading to a good understanding
of the EIA formation (Balan et al., 2018), morphology (e.g., Andreeva et al., 2000; Eastes et al., 2019; Immel
et al., 2006; Khadka et al., 2018; Li et al., 2021; J. Liu et al., 2020; Loutfi et al., 2022; Luan et al., 2015; Nigussie
et al., 2022; Sagawa et al., 2005; Walker, 1981), temporal variability (e.g., Y. Chen et al., 2016; Y. N. Huang
& Cheng, 1996; C. H. Lin, Hsiao, et al., 2007; C. H. Lin, Liu, et al., 2007; H.-F. Tsai et al., 2001; T. C. Tsai
etal., 2019; Yeh et al., 2001; Yue et al., 2015), and its response to geomagnetic storms and lunar phase (e.g.,J. Y.
Liu et al., 2013; Luan, 2021; Mannucci et al., 2005; Mendillo, 2006; Padatella & Forbes, 2010; Wu et al., 2020).
Deviations from the classical two-peak EIA have also been reported. Specifically, a significant amount of single-
peak EIA events have been observed with TEC data along a certain longitude (L. Huang et al., 2014) and in
situ electron density measurements (Fathy & Ghamry, 2017; Hussien et al., 2023). The single peaks could be
manifestations of strong asymmetry in northern and southern EIA crests, which are caused by weakened equato-
rial plasma fountain and the neutral wind crossing the equator (Fathy & Ghamry, 2017; L. Huang et al., 2014).
Three or four peaks in the latitudinal distribution of the electron density or TEC have been identified under both
geomagnetic quiet and disturbed conditions (Astafyeva et al., 2016, 2017; Cai et al., 2020, 2022; Horvath &
Lovell, 2010; Jiang et al., 2020; Lei et al., 2015; C. S. Lin et al., 2022; Maruyama et al., 2016; Rajesh et al., 2016;
Xiong et al., 2019). The formation of the extra peak(s) has been attributed to several mechanisms. For instance,
during intense geomagnetic storms, SED structure (Coster et al., 2016) could extend from high latitudes to
middle latitudes to form extra ionization peaks poleward of the two-peak EIA. During geomagnetic quiet time
and depending on the local time when the extra ionization peaks appear, possible causes of the extra peaks
include meridional neutral winds (Maruyama et al., 2016), the combined effect of E X B drift, neutral winds, and
ionosphere-plasmasphere plasma flow (Rajesh et al., 2016), plasma diffusive flux (Jiang et al., 2020), and the
latitudinal variation of E X B drift (Cai et al., 2022).

The existence of EIA-like features with a single latitudinal peak and three or more latitudinal peaks implies
comprehensive underlying ionospheric processes beyond those responsible for the classical two-peak EIA features.
Our knowledge on the characterization and formation of large-scale ionospheric structuring is far from complete.
In particular, due to observational constraints, the majority of existing studies do not simultaneously reveal the
longitudinal, latitudinal, and temporal variations of ionospheric features on a global scale. This information can
be provided by time-dependent longitudinal-latitudinal maps of ionospheric electron density or relevant physical
parameters that cover either the entire globe or a significant portion of the globe. Different types of global-scale
longitudinal-latitudinal maps have been utilized to investigate EIAs or EIA-like features. Examples include
climatological maps of the F2-layer peak electron density obtained from a global collection of ionospheric radio
occultation measurements (e.g., Tulasi Ram et al., 2009; Yue et al., 2015), global TEC maps constructed from
Global Navigation Satellite System (GNSS) ground-based measurements (e.g., Verkhoglyadova et al., 2021), and
more recently, OI 135.6 nm emission maps for the nighttime ionosphere from Global-scale Observations of the
Limb and Disk (GOLD) imager (Cai et al., 2023; Eastes et al., 2019). These studies offer valuable global-scale
characterization of EIAs and EIA-like features. Nevertheless, long-term statistics of large-scale ionospheric
features, EIA included, are rarely extracted from global-scale longitudinal-latitudinal maps. This is partially due
to the difficulty in identifying desired patterns consistently from a vast amount of two-dimensional maps.

Recently, image processing techniques and machine-learning-based algorithms have been applied to recog-
nize patterns from ionospheric TEC maps or to complete ionospheric TEC maps (Z. Chen et al., 2019; Starr
et al., 2022; Sun et al., 2023; Verkhoglyadova et al., 2021, 2022). Motivated by these powerful approaches
and their promising performance, we develop feature extraction software based on an image processing library
and the prior work of Verkhoglyadova et al. (2021) to automatically identify intensification regions in global
ionospheric TEC maps. The software is then utilized to generate a data set of large-scale TEC intensifications
(with a spatial scale greater than 800 km) from global TEC maps over 20 years. The identified TEC intensifica-
tions include TEC enhancement regions of EIAs and EIA-like features. We use this data set of large-scale TEC
intensifications to determine how the properties of TEC intensifications statistically correlate with season, solar
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cycle, and geomagnetic activity. Our study offers new perspective to the characterization and understanding of
large-scale ionospheric structuring.

2. Methodology
2.1. Global Ionospheric Map Data Used in the Study

Global Ionospheric Maps (GIMs) are global ionospheric TEC maps generated from GNSS TEC measurements
using ground-based receivers worldwide (e.g., Hernandez-Pajares et al., 2017; Roma-Dollase et al., 2018).
Several GIM data products of various spatial and temporal resolutions have been generated at Jet Propulsion
Laboratory (JPL) (Mannucci et al., 1998). This study uses the most recently updated JPL. GIM data product JPLD,
which provides global TEC maps from year 2003 to year 2022 at a spatial resolution of 1° by 1° and a tempo-
ral resolution of 15 min (https://sideshow.jpl.nasa.gov/pub/iono_daily/gim_for_research/jpld/). The number and
distribution of GNSS ground-based receivers from which measurements are collected to generate the JPLD data
product evolves over time: about 200 receivers prior to 2019 and about 300 receivers or more subsequently. The
total available JPLD global TEC maps during 2003-2022 number about 0.7 million, so that manual identifica-
tion of TEC intensifications is not feasible. In addition, manual identification may introduce subjective biases.
Therefore, these global TEC maps are input into feature extraction software for an automatic extraction of TEC
intensifications and obtain TEC intensification data set for 2003-2022.

2.2. Feature Extraction Software

The TEC feature extraction software is built upon the labeling script reported in Verkhoglyadova et al. (2021).
The previous work utilized several methods from OpenCV's image processing library (https://opencv.org/) to
recognize boundaries of high density TEC regions (HDRs), that is, TEC enhancement regions, that meet the
defined criteria. The labeling script counts and outputs the number of HDRs for each given TEC map. The script
is used to determine the number of HDRs for approximately 10,000 TEC maps selected from 10 years of the JPL
GIM data. The occurrence of different HDR counts and its variation with solar cycle phase, season, and geomag-
netic activity are examined (Verkhoglyadova et al., 2021, 2022). For this work, we have modified and improved
the labeling script to construct the feature extraction software.

The workflow of the feature extraction software consists of five major steps: (a) For a given TEC map gridded in
longitude and latitude, the software computes the Laplacian value using the Laplacian operator from OpenCV for
each grid point. The Laplacian operator (V2) calculates the second-order derivative of the TEC to identify edges
of TEC intensification regions. The TEC map is then processed with a Laplacian threshold and filtered with a
TEC threshold. (b) The software applies Dilate and Erode operators from OpenCV on the remaining grid points
and cleans noises on the image with medianBlur operator to obtain an image with intensification regions only. (c)
The software identifies individual objects from the image and produces a statistics output for each object using
Connected Components operator from OpenCV. (d) The sizes of the objects and their possible intersections are
examined, so the objects are kept as, merged into, or removed from identified TEC intensifications. Merging of
objects occurs when they wrap around the east and west edges of a map. Removal of objects occurs when their
sizes fall below a size threshold. (¢) The number of TEC intensifications and characteristics of each intensifica-
tion on the given TEC map are collected as outputs of the software.

Apart from gridded TEC maps, the input to the feature extraction software also includes three adjustable
parameters:

e TEC threshold, in percentile of all TEC values on a given TEC map. The TEC threshold value can vary from
map to map. Grid points with TEC values below the value that corresponds to the TEC threshold are excluded
from being identified as intensification regions. This sets a lower threshold for the intensity of any possible
intensifications to be identified and can exclude faint TEC intensifications.

¢ Laplacian threshold, typically at a value between —1 and 0. Grid points with Laplacian values greater than
the Laplacian threshold are excluded from being identified as intensification regions. The Laplacian threshold
provides a cut-off for the sharpness of the edges of possible intensification regions, thus identified intensifica-
tions have a sufficiently large contrast with their surrounding areas in terms of the TEC values.

¢ Size threshold, in number of grid cells. The size threshold defines the minimum size of intensification regions.
Intensifications covering a smaller number of grid cells than the size threshold are discarded from the final
intensifications identified. The size threshold restricts the spatial scale of the TEC intensifications identified.
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2.3. TEC Intensification Data Set

We apply the feature extraction software to JPLD global TEC maps for years 2003-2022. A parameter sensitivity
study is first conducted to determine the input threshold values optimized for extracting large-scale intensifica-
tions from the global TEC maps. The Laplacian threshold is fixed to be 0, which defines the edge of an inten-
sification region at where the local TEC gradient maximizes. TEC threshold values between the 90th and 97th
percentiles are tested for a randomly selected subset of TEC maps from the 20 years of data. Threshold values
between the 95th and 97th percentiles do not significantly change the number of TEC intensifications identified.
Threshold values below the 95th percentile lead to less TEC intensifications with larger sizes compared to thresh-
olds of 95th-97th percentiles, such that the software identifies two-peak EIA features as single intensifications
for many maps. We also experiment with size threshold values between 50 and 100 grid cells, which do not
impact the result much. Therefore, optimal parameters are identified as follows. The TEC threshold is the 97th
percentile, which corresponds to a different TEC value for each TEC map, accommodating the variation in the
overall level of ionospheric background TEC under different space weather conditions, in particular for different
strengths of solar extreme-violet (EUV) irradiance driving. The Laplacian threshold is 0. The size threshold is
65 grid cells, corresponding to 0.1% of the total number of grid cells on the TEC map of 1° by 1° resolution.
This also defines the minimum spatial scale of the identified large-scale intensification to be at least 800 km.
With these optimal threshold values, the software is able to recognize TEC intensification regions from EIAs and
EIA-like features, providing both longitudinal and latitudinal structure information for the TEC intensifications.

The resulting TEC intensification data set consists of the number and characteristics of all TEC intensifications
identified for every JPLD TEC map during 2003-2022. For each TEC intensification, the data set includes
the following characteristics: the maximum, median, and minimum TEC within the intensification region, the
geographic longitude and latitude of the TEC maximum, the regional electron content (REC) of the intensifica-
tion, the size of the intensification, and the number of GNSS receivers located within and nearby the intensifica-
tion region. The REC is calculated as the summation of the multiplication of the TEC value and its corresponding
grid cell area for all grid cells falling into an intensification region: REC = 2, TEC,S,,
tudinal and latitudinal grid indices for the grid cells inside of the intensification region. TEC; is the TEC value

where i and j are longi-

of grid cell (i, j), and S is the area of grid cell (i, j). The REC is defined similarly to the global electron content
(GEC) that sums over global grid cells (Afraimovich et al., 2006, 2008). The unit of REC is GECU and 1
GECU = 10* electrons. The REC indicates the overall strength of an intensification.

Figure 1 displays examples of TEC intensifications found by the feature extraction software. Four TEC maps at
different times during a geomagnetically disturbed day, 7 December 2022, are shown, with one, two, three, and
four intensifications identified respectively. Identified intensification regions are bounded by thick gray curves.
The intensification regions with black stars, which mark the locations of local TEC maxima within the intensi-
fications, are written into the TEC intensification data set. Intensifications smaller than the size threshold, for
instance the small intensification near 60°E0°N/S in Figure 1d, are excluded from the data set. Figure 1b is a
representative case of the classical two-crest EIA feature being identified as two separated intensifications on the
TEC map, while Figures 1a, 1c, and 1d illustrate the additional variety in intensification morphology. Note that
the latitudinal TEC distribution along some longitudinal sectors would still display two peaks in the one-, three-,
and four-intensification cases shown in Figures 1a, 1c, and 1d. This distinguishes our TEC intensifications from
the latitudinal TEC or electron density peaks along certain longitudes investigated by many previous studies (e.g.,
Astafyeva et al., 2016; Fathy & Ghamry, 2017; L. Huang et al., 2014; Nigussie et al., 2022).

3. Results

In this study, we focus on analyzing the number and strength of TEC intensifications. The strength of inten-
sifications is calculated as the sum of the REC from all intensifications identified on a given map: Total REC
= 2,17:1 REC,, where N is the number of all intensifications in the map and # is the index of each intensification.
Thus, two time series are obtained: the number of TEC intensifications and the total REC of TEC intensifications
per 15 min map. Both time series are at 15 min temporal resolution and span the years 2003-2022 inclusive.
The properties of the two time series are displayed in Figure 2. Figure 2a displays a histogram of the number
of intensifications for all TEC intensifications from 2003 to 2022. The exact map counts for different numbers
of intensifications are given in Table 1. According to Figure 2a and Table 1, most TEC maps are characterized
by a single intensification or two intensifications. The occurrence of one-intensification and two-intensification
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(a) 2022-12-07 04:30UT 1 Intensification (b) 2022-12-07 08:30UT 2 Intensifications

90°N

180° 120°W

60°W 120°E 180° 180° 120°W 60°W 120°E 180°

(c) 2022-12-07 11:45UT 3 Intensifications (d) 2022-12-07 12:15UT 4 Intensifications

180° 120°W
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—_—
0 10 20 30 40 50 60 70 80
[TECU]

Figure 1. Example total electron content (TEC) maps with (a) one, (b) two, (c) three, and (d) four intensifications identified. The thick gray curve bounds an
intensification region, while the black star marks the location of the maximum TEC within the intensification. White dots represent Global Navigation Satellite System
ground-based receivers used for producing the map.

cases are comparable and together constitute 86.5% of all maps. A significant occurrence of TEC maps with
three intensifications are found as well and constitute 11.7% of all maps. The remaining less than 2% maps are
identified with four, five, or six intensifications. Shown in Figure 2b, the value for the total REC varies from less
than 0.05 GECU to 0.25 GECU with a peak around 0.06 GECU. Figure 2c plots the daily maximum and daily
average values for the number of intensifications as a function of time. The daily maximum number of intensifi-
cations is between two and five most of the time and can reach six occasionally, while the daily average number
of intensifications varies between one and three over the two decades. The daily averaged total REC, shown in
Figure 2d, exhibits a clear correspondence with the solar cycle of activity, represented by the monthly average
sunspot number.

3.1. Number of TEC Intensifications

Inspired by the apparent semi-annual variations of the total REC shown in Figure 2d, a natural question to ask is
whether the number of intensifications contains any semi-annual or other seasonal variabilities. To investigate this,
we obtain the average for each month of the year of the number of TEC intensifications in each 15-min-resolution
map, with the averages being taken over all years in 2003-2022 inclusive. The result is shown in Figure 3a, where
the black line plots the average for each month, and the upper and lower bounds of the gray-shaded area are respec-
tively the maximum and minimum number of intensifications seen in each month, over all years 2003—2022. The
plot shows a clear semi-annual variation, with more intensifications seen near equinoxes than near solstices.
Furthermore, we divide the series of intensifications into four seasonal subsets: northern hemisphere (NH) spring
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Figure 2. (a) Histogram of the number of intensifications per 15 min from years 2003 to 2022. The number of data points is equivalent to the number of total electron

content (TEC) maps. (b) Histogram of the

total regional electron content (REC) of intensifications, representing the strength of all intensifications identified on a TEC

map, for years 2003-2022. (c) Time series of the daily maximum and daily average numbers of TEC intensifications. (d) Time series of the daily average total REC.
The black dotted line represents the monthly average sunspot number.

for data in March, April, and May; NH summer for data in June, July, and August; NH fall for data in September,
October, and November; NH winter for data in December, January, and February. The occurrence of different
numbers of intensifications per map in each season is visualized in Figure 3b. The colors distinguish data from
different subsets/seasons. The bar values for fall and winter are plotted as negative to facilitate comparison among
four seasons. In addition, we estimate the uncertainty as + \/ﬁ on M counts to add the error bar for each bin. For
most bins, the uncertainty is within +1% of the bin value, thus the error bars are tiny in Figure 3b. For all seasons
except NH summer, two-intensification case is slightly more frequently occurring than one-intensification case.

Quantitatively, the counts for two-intensification case are 13%, 7%, and 25%

more than one-intensification case respectively for spring, fall, and winter.

For NH summer, however, one-intensification case is 37% more frequently

Table 1
Total Electron Content Map Counts for Various Numbers of Intensifications occurring than two-intensification case. In fact, among the four seasons, NH
From 2003 to 2022 summer contributes the largest to all one-intensification case counts. For
Cases Counts Counts/Total counts (%) TEC maps identified with a single intensification region, they have a higher
- . chance (30%) to occur in NH summer than spring (24%), fall (24%), and
One-intensification 300,165 42.8 .
winter (22%).
Two-intensification 306,414 43.7
Three-intensification 81,909 117 We now consider variation with the solar cycle of activity by testing for
. . ordering of the number of intensifications with the intensity of solar EUV
Four-intensification 11,789 1.7 . K X K .

o - irradiance. The daily F10.7 index is adopted as a proxy for the solar EUV
BT ) ! irradiance. Figure 4a shows how the F10.7 values are categorized into three
Six-intensification 40 0.006 levels: low (<80 SFU), middle (>80 SFU and <130 SFU), and high (>130
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Figure 3. (a) Monthly averaged number of total electron content (TEC) intensifications. The gray-shaded area is the spread
of the monthly averages for individual years during 2003—2022, and the black curve is the mean of all 20 years for the
monthly averages. (b) Histograms of the number of TEC intensifications for northern hemisphere spring (March—-May),
summer (June—August), fall (September—November), and winter (December—February), for all data during 2003-2022. The
black error bars are computed as + / M on M counts for individual bins.
SFU), indicated by gray, light purple and dark purple respectively. The thresholds for the three F10.7 levels are
chosen such that the time interval for the low level covers a few years around a solar minimum, and the time inter-
val for the high level covers a few years around a solar maximum. To be consistent with the temporal resolution of
(@)
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Figure 4. (a) The daily F10.7 index during 2003-2022, categorized into three levels marked by different colors. (b)
Normalized histograms of the daily maximum number of total electron content (TEC) intensifications for three different
F10.7 levels color-coded as in (a). (c) Normalized histograms of the daily average number of TEC intensifications for three
different F10.7 levels color-coded as in (a). Histogram values are plotted as dots with connected straight lines. For (b) and
(c), the data for different F10.7 levels are normalized separately. The black error bars are computed in the same way as for
Figure 3b then normalized.
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o Dt = 25nT F10.7, we use the daily maximum and daily average number of TEC intensi-
m -100nT < Dst < -25nT fications and categorize the intensification data by the three F10.7 levels. The
EEm Dst < -100nT histograms of the daily maximum and daily average number of TEC intensifi-
cations that occur during different F10.7 levels are displayed in Figure 4b as
a bar graph and (c) as a line graph respectively. In (c), the histogram values
are plotted as colored dots connected with straight lines. Note that for panels
(b) and (c), the histograms are normalized for each F10.7 level, therefore the
values of all same-colored data points add to 1. The normalization eliminates
potential bias introduced by different number of data points for different
categories. The error bars are computed using the same method as for those
in Figure 3b and then normalized along with the data. The daily maximum
number of intensifications peaks at 3 for the low F10.7 level and peaks at
four for middle and high F10.7 levels. The daily average number of inten-

sifications exhibits a similar shift toward the larger daily average number of
intensifications under higher F10.7 levels, peaking at 1.5, 1.75, and 2 respec-

Number of TEC Intensifications

tively for low, middle, and high F10.7 levels. In particular, cases when the

Figure 5. Normalized histograms of the number of total electron content daily average number of intensifications equal to/greater than 2 nearly always
(TEC) intensifications for three different geomagnetic activity levels based occur under middle and high F10.7 levels. The variability with the F10.7

on the Dst index. The histograms are normalized separately for different Dst
levels. The black error bars are computed in the same way as for Figure 3b

then normalized.

reveals the non-negligible impact of the solar EUV irradiance on the number
of TEC intensifications per map.

As the morphology of EIAs and EIA-like features can change significantly

during geomagnetic storms, we investigate the possible relation between the
number of intensifications and geomagnetic activity. The Dst index is used as a proxy for the level of geomag-
netic activity. According to the value of Dst, three levels of geomagnetic activity are defined: Dst > —25 nT
for no or little geomagnetic activity, —100 nT < Dst < —25 nT for weak and moderate geomagnetic storms, and
Dst < —100 nT for intense geomagnetic storms. The 15-min-resolution data, that is, number of intensifications per
map, is then categorized into three subsets corresponding to the three levels of geomagnetic activity. As Dst is an
hourly index, we assume that a Dst value is representative for the entire hour, and thus the categorization is based
on the date and hour each 15-min-resolution data point falls into. The result is displayed in Figure 5, in which
different colors represent different subsets of data. The histograms are normalized for each subset of data, so the
heights of all same-colored bars add to 1. During Dst > —25 nT, the chances for a TEC map featured with one,
two, three, and four intensifications are 43%, 44%, 12%, and 2%, respectively. During —100 nT < Dst < —25 nT,
the chances for a TEC map featured with one, two, three, and four intensifications are 43%, 43%, 12%, and 2%,
respectively. During Dst < —100 nT, the chances for a TEC map featured with one, two, three, and four inten-
sifications become 36%, 45%, 15%, and 4%, respectively. Therefore, the data subsets during Dst > —25 nT and
—100 nT < Dst < —25 nT have nearly identical histograms across various number of intensifications, while for
Dst < —100 nT, the histogram is slightly shifted toward higher numbers of TEC intensifications. The similarity
and difference among the histograms of the three data subsets indicate that geomagnetic activity has minimal
impact on the number of TEC intensifications, though intense geomagnetic activity can result in more TEC
intensifications appearing on a map.

3.2. Strength of TEC Intensifications

For the strength of TEC intensifications represented by the 15-min-resolution total REC data, we take a similar
approach as used above (to analyze the number of TEC intensifications) to investigate its variations with seasons,
solar EUV irradiance, and geomagnetic activity. The seasonal variability of the total REC is shown in Figure 6,
in the same format as Figure 3. The semi-annual variation of the total REC can be clearly seen in Figure 6a,
where the black line plots the average for each month, and the upper and lower bounds of the gray-shaded area
are respectively the maximum, and minimum number of intensifications seen in each month, over all years
2003-2022. The trend is similar to that seen in Figure 3a. The total REC peaks in March—April and October—
November, and dips in January—December and June—July. Classifying the total REC data by season, in the same
manner as for the number of intensifications above, gives the histograms shown in Figure 6b. The error bars are
tiny, as the uncertainty is within +£2% of the bin value for most bins. We again flip the vertical axis for the NH
fall and winter, for a better contrast among the four seasons. The histograms indicate very similar total REC
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Figure 6. (a) Monthly averaged total regional electron content (REC). The gray-shaded area is the spread of the monthly
averages for individual years during 2003—-2022, and the black curve is the mean of all 20 years for the monthly averages.

(b) Histograms of the total REC for northern hemisphere spring (March-May), summer (June—August), fall (September—
November), and winter (December—February), for all data during 2003—2022. The black error bars are computed in the same
way as for Figure 3b.

distributions during NH spring and fall, as well as a somewhat narrower distribution during NH winter, which has
less data points at larger total REC values during the winter than during the spring and fall. The histogram for NH
summer does not show the extended tail seen in the other seasons, with nearly no summer data points beyond 0.15
GECU. To emphasize this, approximately 47%, 46%, and 40% of data points in spring, fall, and winter respec-
tively are greater than 0.1 GECU, compared to 23% of data points in summer. The summer histogram also peaks
at a smaller total REC value (0.05-0.06 GECU) than the histograms for other three seasons (0.06—0.07 GECU).
The smaller total REC values during NH summer compared to NH winter agrees with the smaller spread of the
total REC in June—August than December—February in Figure 6a. This result implies stronger TEC intensifica-
tions during NH winter than NH summer.

The variation of the total REC with the solar EUV irradiance is displayed in Figure 7. As in the analysis for the
number of intensifications, the F10.7 index is used to represent the intensity of the solar EUV irradiance and
divide the total REC data into three subsets corresponding to three different F10.7 levels. We calculate the daily
maximum and daily average of the total REC and investigate their histograms under different F10.7 levels. The
histograms are obtained by binning the data every 0.01 GECU and normalizing the values so that all values add

(a) (b)

F10.7 = 80SFU
80SFU < F10.7 < 130SFU
—e— F10.7 = 130SFU

0.25 - j 1 0.30 - i

0.25 -
0.20 - I
0.20 - i
0.15 -
0.15 -

0.10 A
0104 I

0.05 7 0.05 1

Normalized Number of Data Points
Normalized Number of Data Points

x

* T ' ' ' 0.00 *> T ' '

0.05 0.10 0.15 0.20 0.25 0.05 0.10 0.15 0.20 0.25
Daily Maximum Total REC [GECU] Daily Average Total REC [GECU]

Figure 7. (a) Normalized histograms of the daily maximum total regional electron content (REC) for three different
F10.7 levels. (b) Normalized histograms of the daily average total REC for three different F10.7 levels. The histograms are
normalized separately for different F10.7 levels and displayed as line-connected dots with error bars. The error bars are
computed in the same way as for Figure 3b then normalized.
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0.16 A -100nT < Dst < -25nT connected with straight lines. The histogram of the daily maximum total REC
9014 —*= Dst = -100nT peaks at 0.07-0.08 GECU, 0.1-0.11 GECU, 0.18-0.19 GECU respectively
;; ¢ for low, middle, and high F10.7 levels. The histogram of the daily average
go012 total REC peaks at 0.06-0.07 GECU, 0.09-0.1 GECU, 0.14-0.15 GECU
95 0.10 respectively for low, middle, and high F10.7 levels. The histograms show a
g very distinctive trend: the higher the F10.7, the larger the total REC. In other
§ 0.081 words, the TEC intensifications are stronger under higher F10.7. In addition,
2 0.06 - the histograms are broader for the high F10.7 level than the low F10.7 level,
"E t indicating a larger spread of the total REC values during solar maxima than
5 0041 during solar minima.
0-021 : - Figure 8 visualizes the relationship between the total REC and the strength of
0.00 - : : = e geomagnetic activity. The data is classified using the same three levels of Dst
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Figure 8. Normalized histograms of the total regional electron content

for three different geomagnetic activity levels based on the Dst index. The
histograms are normalized separately for different Dst levels and are plotted as
line-connected dots with error bars. The error bars are computed in the same

way as for Figure 3b then normalized.

in the above analysis for the number of intensifications versus geomagnetic
activity. The data is binned every 0.01 GECU to obtain histogram values,
which are then normalized so all values sum up to 1 for each Dst level.
The normalized histogram values are plotted as dots connected with lines.
From Figure 8, the histograms of the total REC under the three different Dst
levels are clearly different, unlike the similar histograms of the number of
intensifications shown in Figure 5. The histogram maxima are at 0.06-0.07
GECU, 0.09-0.1 GECU, 0.1-0.11 GECU respectively for Dst > —25 nT,
—100 nT < Dst < =25 nT, and Dst < —100 nT. For Dst > —25 nT, about 35% of data points are with the total REC
above 0.1 GECU. For —100 nT < Dst < —25 nT, about 62% of data points have the total REC above 0.1 GECU.
For Dst < —100 nT, about 68% of data points have the total REC above 0.1 GECU. Essentially, with a lower Dst
level, the histogram shifts toward larger total REC values and peaks at a larger total REC. Thus, geomagnetic
activity can significantly affect the strength of the TEC intensifications. Higher levels of geomagnetic activity
typically correspond to stronger TEC intensifications.

3.3. Relationship Between the Number and Strength of TEC Intensifications

Both the number and strength are important characteristics of TEC intensifications identified from the global
TEC maps. Recall that the strength of TEC intensifications is defined as the total REC from all intensifications,
regardless of how many intensification regions there are, on a given TEC map. Does a TEC map with more inten-
sification regions have a larger total REC? Motivated by this question, we investigate the relationship between the
number and strength of intensifications.

Figure 9a displays the histogram of the total REC for each case of one, two, three, and four intensifications,
indicated by different colors. Five- or six-intensification cases are not considered as they are rare (see Table 1).
The histograms are binned every 0.005 GECU and the histogram bin values are plotted as colored curves. The
uncertainty is estimated as before using + \/M on M counts, and plot the uncertainty as color-shaded area around
each histogram curve. The shaded areas are nearly invisible in Figure 9a, as most of the uncertainties are within
2% of the corresponding histogram bin value for one-, two-, and three-intensification cases and within 6% for
four-intensification case. Despite their different number of data points, all histograms shown in Figure 9a peak
around similar total REC values 0.06—-0.07 GECU. The width of the histograms are also similar. The similarities
of the histograms to each other indicate that the number of intensifications does not have a clear correlation with
the total REC. TEC maps with more intensification regions do not typically correspond to larger total REC values.
In addition, the outstanding tail population of the two-intensification case is particularly interesting. Taking into
account the slightly more two-intensification maps than one-intensification maps (Table 1) and comparing the
histograms of one-intensification and two-intensification cases, the more tail population above 0.11 GECU in
the two-intensification histogram compensates for the lower peak total REC between 0.06 and 0.07 GECU in
the two-intensification histogram. A better view of the tail population for not only the two-intensification case,
but also three- and four-intensification cases is shown in Figure 9b, which displays the probability density of
the total REC, also binned every 0.005 GECU, and uncertainties in color-shaded areas around the probability
density curves. All two-, three-, and four-intensification cases exhibit a larger tail population above 0.11 GECU
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Figure 9. (a) Histograms of the total regional electron content (REC) for different numbers of intensifications for all data
during years 2003-2022. Colors represent different cases for the number of intensifications. (b) Probability density of the
total REC for different numbers of intensifications for all data during years 2003—-2022. For each number of intensification
represented by a colored curve, the area under the curve is one. (c) Same as (a) but for the relative strength of intensifications,
which is defined as the ratio between the total REC and global electron content (GEC). (d) Same as (b) but for the relative
strength of intensifications. In all four panels, the uncertainties, estimated as for Figure 3b, are plotted as color-shaded areas
around the curves.

than the one-intensification case. For one-intensification, the population above 0.11 GECU covers 23% of all
one-intensification maps, while for two-, three-, and four-intensification, the tail population above 0.11 GECU
is 37%, 40%, 49% of their respective total amount of maps. The different tail population for different number
of intensifications indicates that the TEC maps with more-than-one intensifications are 14%-26% more likely
to have larger total REC values than the TEC maps with a single intensification. However, the most proba-
ble total REC value (0.06-0.07 GECU) at the peak of the probability density is independent of the number of
intensifications.

The strength of TEC intensifications naturally varies with the background TEC over the globe. Specifically,
on TEC maps with elevated TEC values globally, the TEC within intensification regions are larger as well. For
further investigation on the relationship between the number and strength of intensifications, we define the rela-
tive strength of TEC intensifications, the relative total REC, as the ratio between the total REC and the GEC for
a given TEC map. The relative total REC is indicative of the ratio between the electron content within intensifi-
cation regions and the electron content globally, providing a quantitative measure of the intensification strength
with the impact of the background TEC variations excluded. The histograms and probability densities of the
relative total REC are shown in Figures 9¢ and 9d, respectively. The bin size is 0.004 for both the histograms and
probability densities. The uncertainties are plotted as color-shaded areas around the histogram and probability
density curves. Comparing to the histograms of the total REC shown in Figure 9a, the histograms of the relative
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total REC no longer show enhanced tail populations for two-, three-, and four-intensification cases. Moreover, the
probability density curves of one-, two-, three-, and four-intensification cases are strikingly similar as shown in
Figure 9d. The nearly identical probability density curves indicate little to no relationship between the number of
intensifications and the relative strength of intensifications. Therefore, without considering the background TEC,
the total strength of all intensifications on a TEC map, that is, the relative REC, does not depend on how many
intensification regions there are on the TEC map.

4. Discussion
4.1. Variations With Season, Solar Cycle, and Geomagnetic Activity

Both the number and strength of TEC intensifications exhibit seasonal variability similar to the extensively-studied
semi-annual and annual variations of the ionospheric F2-layer peak electron density and TEC (e.g., Croom
et al., 1960; Kawamura et al., 2002; Mendillo et al., 2005; Rishbeth, 1998; Torr & Torr, 1973; Yonezawa, 1959).
Both the semi-annual and annual variations are observed globally. The semi-annual variation refers to larger elec-
tron density or TEC around equinoxes than around solstices, while the annual variation, also known as the annual
asymmetry, refers to larger electron density or TEC around December solstice than around the June solstice. The
physical mechanism driving the semi-annual and annual variations is not fully understood, however several possi-
ble factors have been identified. Factors leading to the semi-annual variation include Earth's obliquity, mesopause
turbulent mixing, and lower atmospheric gravity wave and tidal mixing (Jones et al., 2018; Qian et al., 2013). For
the annual asymmetry, possible causes include the offset of the geomagnetic center from the geographic center,
different Sun-Earth distances at December and June solstices, mesopause turbulent mixing, and lower atmos-
pheric tidal forcing (Dang et al., 2017; Qian et al., 2013; Zeng et al., 2008). Both the semi-annual variation and
annual asymmetry are seen in the total REC of TEC intensifications (Figure 6). As the semi-annual variation and
annual asymmetry of ionospheric electron density and TEC are global phenomena, the TEC within intensification
regions can naturally exhibit the same variation patterns. Recall that the total REC takes into account the TEC
values inside intensification regions and the sizes of intensification regions, it is reasonable for the total REC to
inherit the semi-annual/annual variation patterns from the TEC. More interestingly, the semi-annual variation
and annual asymmetry are found in the number of TEC intensifications (Figure 3). This provides new insight
to the known semi-annual/annual variations of the ionosphere: These variations manifest in global ionospheric
structuring as well. Further research is needed to determine the cause of the semi-annual/annual variations in the
number of TEC intensifications, and whether the physical mechanism behind is the same mechanism responsible
for the semi-annual/annual variations in the electron density and TEC.

Variations with the solar cycle are also present in the number and strength of TEC intensifications. Specifically,
we find clear relationships between the number of TEC intensifications and the F10.7 index, as well as between
the total REC and the F10.7, shown in Figures 4 and 7. Both the number of intensifications and the total REC
tend to increase with increasing F10.7 values. The trend is particularly strong for the total REC. The variation
of the total REC with the F10.7 is expected as the ionospheric electron density is modulated by the solar EUV
irradiance. Stronger solar EUV irradiance typically leads to more daytime ionospheric electrons via photoioniza-
tion. Our result agrees with previous findings reporting globally enhanced ionospheric electron density or TEC
with an increasing F10.7 until saturation is reached at very high F10.7 values (e.g., Afraimovich et al., 2008;
Balan et al., 1994; L. Liu et al., 2006). The variation of the number of TEC intensifications with the F10.7 indi-
cates the modulation of the solar EUV irradiance on the global ionospheric structure. Specifically, photochemical
processes influence the occurrence of the intensifications. Although our definition of TEC intensifications is
different from the latitudinal electron density/TEC peaks studied previously, they still share some synergy as
most of our 1l-intensification scenarios correspond to latitudinally single peaks. We could compare our result
with previous results on the occurrence of single-peak events with solar EUV flux. L. Huang et al. (2014) reports
that single-peak TEC events around 120°E longitude preferably occur on days with low solar EUV flux. Hussien
et al. (2023) finds that the number of single-peak events in the electron density data from SWARM increases with
increasing F10.7. Our result shows that one-intensification case occurs more often with lower F10.7 values than
higher F10.7 values, supporting the conclusion of L. Huang et al. (2014).

The strength of TEC intensifications is found here to vary strongly with geomagnetic activity whereas number
of TEC intensifications varies only weakly with geomagnetic activity. For the strength of TEC intensifica-
tions, the total REC tends to be larger during geomagnetic storm times than during quiet times, and it tends to
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increase with decreasing Dst values. This suggests that the TEC intensification regions experience positive storm
effects (Buonsanto, 1999). The intensity of the positive storm effects scales with the strength of geomagnetic
storms. We have not considered possible time delays between the total REC response and the progression of
geomagnetic storms (Immel & Mannucci, 2013), which would be interesting to explore in future research. For
the number of TEC intensifications, its relation with the intensity of geomagnetic activity is weak. In particu-
lar, for one-intensification case, its occurrence is slightly reduced during intense geomagnetic storms with
Dst < —100 nT than during weak/moderate storms and quiet times. This is different from the previous find-
ing of enhanced occurrences of electron density single-peaks with increasing geomagnetic activity by Hussien
et al. (2023), although they used Kp instead of Dst as the indicator for the geomagnetic activity level. According
to our results, the number of intensifications has a small tendency to increase when geomagnetic activity becomes
more intense, which might be caused by SED structures during intense geomagnetic storms being identified
as TEC intensifications. In addition, our results show fairly frequent occurrences of three-intensification case
and four-intensification case even during geomagnetic quiet times, which implies that the classical two-peak
EIA structure does not always hold for the quiet-time ionosphere. This supplements the result of Astafyeva
et al. (2016) that latitudinal three-peak electron density structures occur often during geomagnetic quiet times.

4.2. Uncertainties of the Statistical Study

Our statistical study contains uncertainties that could impact the accuracy of the reported results. First, the study
relies on the TEC intensification data set generated with the TEC feature extraction software. The robustness of
the software in pattern recognition has been demonstrated via visually inspecting the identified TEC intensifica-
tion regions for ten thousands of TEC maps randomly selected (Verkhoglyadova et al., 2021). The software can
successfully recognize TEC intensification regions of various shapes over a vast majority of the TEC maps. In
this work we have introduced three adjustable parameters to the software: the TEC, Laplacian, and size thresh-
olds, in order to better control the effectiveness and robustness of the software. Our parameter sensitivity exper-
iment helps determine the optimal values of the TEC and size thresholds, with Laplacian threshold value fixed
at 0, for extracting TEC intensifications out of JPLD TEC maps. The zero Laplacian threshold determines the
edge of a TEC intensification along the local maxima of TEC gradient surrounding the intensification region.
Nevertheless, the Laplacian threshold can take a non-zero value, which would define the edge of an intensifi-
cation region differently from the zero Laplacian threshold. With various choices of the Laplacian threshold
value, optimal values of the TEC and size thresholds vary as well. In fact, different choices of three parameter
value combinations can lead to intensification regions of somewhat different sizes and shapes, and even different
number of intensifications identified from a map. The parameter values and the identified TEC intensification
regions are related in a subtle manner, requiring further investigation. For a more complete study in the future,
one could generate a statistically significant amount of parameter value combinations for input to the feature
extraction software and estimate the uncertainty of the intensification extraction for every TEC map. The resulted
uncertainty-bounded intensification characteristics can be added to the TEC intensification data set.

Second, the study utilizes one of the JPL GIM data products, the JPLD TEC maps, for years from 2003 to 2022.
While GIMs offer global TEC data continuously over decades, their accuracy heavily depends on the distribution
of GNSS ground-based receivers. As the JPL GIM relies on interpolating GNSS TEC measurements to generate
TEC data on a global grid, the TEC data in regions with a poor coverage of receivers is more smoothed out than
the TEC data in regions with abundant receivers. Therefore, the identified TEC intensifications are conservative,
since intensifications could be missed due to lack of TEC measurement (Verkhoglyadova et al., 2021). The TEC
intensification data set records the number of GNSS ground-based receivers within and surrounding each iden-
tified intensification region. About 90% of the intensifications in the data set have at least one receiver within or
surrounding them, while 75% intensifications have at least two receivers. Hence, most of the intensifications in
the data set investigated by the statistical study are with fairly reliable TEC data.

5. Conclusions

Motivated by the knowledge gap in large-scale ionospheric structuring, especially EIA-like features with single,
three, or more latitudinal electron density peak(s), we carry out a statistical study to characterize TEC intensi-
fication regions on global ionospheric TEC maps spanning 20 years. In the study, TEC feature extraction soft-
ware has been developed to identify elevated TEC regions on gridded TEC maps. Utilizing the software, a TEC
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intensification data set is generated from the 1° X 1° X 15 min JPL GIM of two decades from 2003 to 2022. For
each global TEC map, the data set records the number and characteristics of all TEC intensifications with spatial
scales of 800 km and above. For each TEC intensification, its characteristics includes the maximum, median, and
minimum TEC within the intensification, the geographic location of the TEC maximum, the REC and the size of
the intensification, as well as the number of GNSS ground-based receivers within and surrounding the intensifi-
cation region. We then focus on the number and total REC of the intensifications from the data set to investigate
the statistical behavior of the number and strength of the TEC intensifications. The main findings are:

e 86.5% of the global TEC maps during 2003-2022 are characterized with one or two TEC intensification(s),
with a slightly higher chance of two intensifications. 11.7% of the TEC maps are identified with three inten-
sifications, while the rest 2% TEC maps are with four to six intensifications.

e Both the number and strength of TEC intensifications exhibit semi-annual and annual variations similar to
the semi-annual variation and annual asymmetry observed previously in the ionospheric electron density
and TEC. Specifically, the number and strength of intensifications are larger around equinoxes than around
solstices, and they are larger around December solstice than around June solstice.

e The number and strength of TEC intensifications also vary with the solar EUV irradiance, proxied by F10.7.
A higher F10.7 level corresponds to more intensifications and, in particular, stronger intensifications on a
TEC map.

¢ The strength of TEC intensifications increases with enhanced geomagnetic activity indicated by the Dst index,
while the number of TEC intensifications does not clearly relate to the level of geomagnetic activity except
that it can slightly increase during intense geomagnetic storms with Dst < —100 nT.

e A TEC map with more intensifications identified does not necessarily have a higher total REC, indicating
little to no relationship between the number and strength of TEC intensifications.

Our results provide characterization of the large-scale TEC intensifications that could manifest themselves not
only as two-peak EIAs but also as EIA-like structures with a single peak or three-or-more peaks. Deviations from
the classical two-peak EIA structure are common even during geomagnetic quiet times, implying the complexity
of the global ionospheric structure. For the first time, we show that the number of TEC intensifications per map
exhibits semi-annual/annual variations and modulation from the solar EUV irradiance. The work contributes
to the knowledge of global ionospheric structuring and variability, as well as potentially benefits ionospheric
TEC forecasting. In addition, the 20-year TEC intensification data set offers valuable long-term data for iono-
spheric structures. Future work remains as to investigate other intensification characteristics from the data set, for
instance the geographic location and size. With additional observational data and modeling, case studies can also
be conducted for specific one-intensification and three-or-more-intensification events selected from the data set,
in order to understand the formation of these intensifications.

Data Availability Statement

The monthly average sunspot number is taken from https://www.sidc.be/SILSO/datafiles. The F10.7 index is
obtained from https://lasp.colorado.edu/lisird/data/cls_radio_flux_f107/. The Dst index is from https://wdc.kugi.
kyoto-u.ac.jp/dstdir/index.html. The JPL GIM data product JPLD is available at https://sideshow.jpl.nasa.gov/
pub/iono_daily/gim_for_research/jpld/. The TEC intensification data set generated in the study can be found at
Meng and Verkhoglyadova (2023).
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