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Abstract Total Electron Content (TEC) is central to characterizing ionospheric response to solar and
geomagnetic activity. Variations in TEC structures over time provide insight into underlying physical processes
and inform monitoring of space weather events, which pose a risk to navigation and communication systems.
JPL processed GNSS observations over 20 years provide a series of 15-min Global Ionospheric Maps (GIMs) of
spatial resolution 1° X 1° longitude/latitude. We translate these into geomagnetic coordinates centered about
the sub-solar point and we isolate the top 1% of TEC values in each map to define High Density Regions (HDRs)
of TEC. Image processing tools are used to develop an algorithm that detects and tracks these to compile a set of
contiguous, uniquely labeled space-time TEC HDRs. We find that HDRs naturally divide into two populations
by peak area, separated by a size of 8.0 X 10°%km?, which is around the continental scale. These populations are
studied for different storm conditions—quiet (Kp < 4), moderate (4 < Kp <7) and extreme (Kp > 7): small
HDRs form primarily around four magnetic latitude bands and move roughly parallel to lines of constant
magnetic latitude toward later MLT. Large HDRs form around the same latitude bands but follow more complex
paths. The statistical nature of these results could be used in predictive ionospheric models and identify
reproducible trends on these spatial/temporal scales.

Plain Language Summary The ionosphere is a layer above the atmosphere consisting of free
electrons and ions. Due to differing levels of exposure to solar radiation, cosmic rays and the effect of
geomagnetic activity, the number density of electrons varies across the ionosphere. This will result in regions of
high and low electron number densities of varying shapes, sizes, and lifetime. We first define a method to find
High Density Regions (HDRs), that is areas of enhanced line-integrated electron number density, using a
quantile TEC threshold. We then develop an algorithm that identifies, isolates then tracks these regions for
20 years of TEC data. From this new data set of contiguous space-time enhancements we conduct a statistical
study to look for noticeable trends in HDR location, size, trajectory and duration. Our results provide an insight
into future HDR behavior; in particular, given geomagnetic indices we can begin to predict the location and path
over which space weather events may cause the largest enhancements of TEC, thus identifying regions that are
most likely to experience problems with communication/navigation under specific geomagnetic conditions.

1. Introduction

Ionospheric structures can be characterized by Total Electron Content (TEC), the height-integrated electron
column density along a line-of-sight path between satellites and ground receivers (Janssen, 2012; Lalgudi
Gopalakrishnan & Schmidt, 2022). This electron density varies with altitude, with the highest concentration of
TEC found between ~350 — 500km (Bilitza et al., 2022; Hernandez-Pajares et al., 2011; Immel et al., 2006;
Keskinen et al., 2003; Lalgudi Gopalakrishnan & Schmidt, 2022; Wang et al., 2016). The Global Navigation
Satellite System (GNSS) has facilitated the measurement of TEC globally, across a range of scales captured by 2D
or 3D ionospheric maps. Previous work includes regional analysis over countries/continents (Badeke et al., 2018;
Z. Chen et al., 2015; Doherty et al., 2004; Kintner & Lledvina, 2004; J. Y. Liu et al., 2013; Seemala & Valla-
dares, 2011; Takahashi et al., 2016) up to global coverage (Astafyeva et al., 2008; P. Chen et al., 2022; Emmert
et al., 2017; He et al., 2024; Janssen, 2012; L. Liu et al., 2009; Mannucci et al., 1998; Martire et al., 2024; Meng
et al., 2024; Nikitina et al., 2022; Tsai et al., 2019; Verkhoglyadova et al., 2021). The TEC database is accu-
mulated over the last couple of solar cycles, in which it is possible to see patterns in TEC spatial-temporal
variation across the globe over hourly, Earth/solar rotation, seasonal and yearly scales as well as sensitivity to
geomagnetic activity (Amiri-Simkooei & Asgari, 2012; Aravindan & Iyer, 1990; Badeke et al., 2018; Buzulukova
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& Tsurutani, 2022; Knudsen, 2022; Nikitina et al., 2022; Qian et al., 2013; Yasyukevich & Yasyukevich, 2021).
Identifying the occurrence likelihood of rapidly changing TEC enhancements, along with regions at which these
enhancements are most likely, is important to space weather monitoring/risk identification, since large-scale TEC
fluctuations can result in major perturbations to radio communication and navigation signals propagating through
the ionosphere (Alcay & Gungor, 2020; Janssen, 2012; Pulkkinen, 2007).

A common feature seen in the low-latitude ionosphere is the Equatorial Ionization Anomaly (EIA). In general this
is a two-peak TEC intensification located at magnetic latitudes of ~+ 10 — 20° (Balan, Souza, & Bailey, 2018;
Balan, Liu, & Le, 2018; Cai et al., 2022; Wood et al., 2022). From extensive analysis of EIAs over the last few
decades, it is well understood that their formation mechanism involves vertical E X B drifts that move plasma
along field lines known as the Fountain Effect (Y. Chen et al., 2016; P. Chen et al., 2022; Dunn et al., 2024; He
et al., 2024; Luan, 2021; Nigussie et al., 2022; Oryema et al., 2015; Sparks et al., 2021; Walker, 1981). Not all
EIAs exhibit a dual-peak structure however; a significant number of EIAs observed are single-crest TEC en-
hancements, primarily in the northern hemisphere (Fathy & Ghamry, 2017; L. Huang et al., 2014; Meng
et al., 2024). Three, four or even more enhancements have also been detected (Cai et al., 2022; Y. Huang
et al., 2024; Maruyama et al., 2016; Tsai et al., 2019; Tulasi Ram et al., 2009). The mechanisms for the formation
of single/extra peaks are not as well understood. Under quiet geomagnetic conditions it has been suggested that
extra peaks arise due to a combination of drivers, for example, E X B drifts over a range of latitudes (Cai
etal., 2022; Maruyama et al., 2016; Tsai et al., 2019), neutral winds as a result of coupling with the thermosphere
(Balan, Liu, & Le, 2018; Balan, Souza, & Bailey, 2018; Immel et al., 2006; Lin et al., 2005) and plasma bubbles
from the nightside ionosphere (McClure et al., 1977; Patil et al., 2023). For active geomagnetic conditions it is
possible that these peaks could be influenced by Storm Enhanced Densities, large-scale ionospheric electron
density enhancements found in the afternoon ionosphere at mid-latitudes (Foster, 1993; J. Liu et al., 2016).

Global Ionospheric Maps (GIMs) provide continuous spatial observations of ionospheric structures over arange of
temporal scales. Different types of global maps have been used to investigate ionospheric structures, for example,
gridded TEC maps produced from GNSS ground-based measurements (Li et al., 2019; Mannucci et al., 1998) and
climatological maps using radio occultation measurements between satellites (Anthes, 2011; Tulasi Ram
etal.,2009; Yueetal., 2015). Recently, image processing techniques driven by machine learning have been applied
to ionospheric TEC maps (both globally and locally) to identify trends and patterns seen in large-scale TEC en-
hancements and structures (Adkins & England, 2023; Rukundo et al., 2023; Verkhoglyadova et al., 2022). Meng
et al. (2024) considered the statistical characteristics of the number of TEC intensifications and their resulting
enhancements in global TEC maps produced by the Jet Propulsion Laboratory (JPL) using 20 years of data between
2003 — 2022. They showed that most maps follow the classic two-peak EIA structure as outlined previously, with
the strength of these enhancements varying with geomagnetic activity independent of the number detected.

This paper focuses on the dynamics of these regions of enhanced TEC, in particular we aim to determine where
these enhancements form and their subsequent motion for given initial conditions. We work in geomagnetic, sun-
centered coordinates, described in Section 2, as TEC variations can be driven by geomagnetic activity. A quantile
threshold is used to isolate High Density Regions (HDRs) of TEC, that is, areas of enhanced line-integrated
electron number density. This procedure is described in Section 3. We then apply image processing tools to
detect and track these regions in an automated manner in Section 4. This is done for 20 years of TEC maps from
2003 — 2022 to generate a data set of fully labeled, contiguous large-scale space-time TEC enhancements with
information about their location, path, duration, size and intensity. We analyse the response of these properties to
season, geomagnetic activity and geomagnetic latitude in Section 5. Our results identify features of ionospheric
enhancements that are reproducible in a statistical sense. This in turn offers an ensemble level constraint for
ionospheric models at given spatial/temporal resolutions, facilitating our understanding of the risks of space
weather.

2. JPL Global Ionospheric Map Data in Geomagnetic Coordinates

2.1. Geographic TEC Maps Data

Global Ionospheric Maps (GIMs) provide global maps of TEC derived from GNSS data collected by ground-
based receivers across the world. The maps used for this study are generated by JPL, for which there are
various spatial and temporal resolutions available (Emmert et al., 2017; Mannucci et al., 1998, 1999; Martire
etal., 2024; Meng & Verkhoglyadova, 2023; Verkhoglyadova et al., 2021). We use the more recent JPLD product
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Figure 1. Example TEC map for 2009 — 07 — 23 at 16 : 30 : 00 UTC in geographic coordinates. Panel (a) plots ground
stations that provide the data compiled on this date, black lines plot great circles at 10° inclination to indicate the coverage of
each station. A histogram of the percentage of grid points at every 1° of longitude enclosed by these great circles is plotted across
the bottom of panel (a). Panel (b) plots the resulting geographic TEC map for this date-time. Each 1° X 1° grid point plots the
VTEC at that longitude/latitude. Black triangles show the locations of ground stations in both sub-figures. Panel (c) plots the
same TEC map in Solar Magnetic (SM) coordinates (geomagnetic latitude vs. MLT). White grid points in the map are regions of
undefined TEC resulting from the coordinate transform. The TEC values are indicated by the color-bar at the bottom of each
TEC map.

(see Data Sources), taking data from 2003 to 2022 at spatial resolution 1° geographic longitude by 1° geographic
latitude and temporal resolution 15 min. The number of GNSS ground-based stations varies over this time-frame,
with >200 ground stations before 2018 and >300 ground stations thereafter (Meng & Verkhoglyadova, 2023).
Figure 1a plots the ground stations used and the possible global coverage on 2009 — 07 — 23 using the JPL
product, plotting great circles around each ground station assuming an elevation angle cut-off of 10°. The dis-
tribution of these ground stations is non-uniform, with a larger proportion of stations located in the northern
hemisphere (most coverage is over Europe and the continental US). Regions with little to no coverage tend to be
over the oceans. Measurements of the line of sight between ground station and satellite are read as Slant TEC
(STEC) by ground stations, then re-parameterized to Vertical TEC (VTEC) for use in maps (Janssen, 2012;
Lupsic & Takacs, 2022; Mannucci et al., 1998). This assumes a thin-shell ionosphere, where VTEC measure-
ments are derived at an lonospheric Pierce Point (IPP) at 4;,,, = 450km altitude (Mannucci et al., 1998; Martire
et al., 2024). Gaps in the observation field are filled using interpolation from existing neighboring grids (Man-
nucci et al., 1998; Mendillo et al., 2005). Figure 1b plots the corresponding global TEC map for 2009 — 07 — 23
at 16 : 30 : 00 UTC (Coordinated Universal Time).

A limitation of GIMs is the non-uniform spatial sampling of regions around the world and of available signal
paths between emitter and receiver. This results in undefined TEC regions which need to be filled to complete the
global map. Depending on the product, there are different methods of TEC estimation including interpolation
using bilinear/kriging methods (Astafyeva et al., 2008; Mannucci et al., 1998; Tsai et al., 2019) and extrapolating
TEC by fitting approximations of coefficients of Spherical Harmonics (Li et al., 2019; J. Liu et al., 2011; Xiong
et al., 2022; Zhang & Zhao, 2019). These estimations may lack reproducibility during strong geomagnetic ac-
tivity, for example, Jehle et al. (2006) showed that difference maps between observed and modeled data gave the
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largest differences during solar maximum (2003). Roma-Dollase et al. (2018) tested the consistency of TEC
measurements from seven different GIM techniques over a solar cycle by comparing the vertical TEC (VTEC)
approximations from these maps with millions of VTEC-altimeter measurements over various locations with
differing ground-station coverage and found the largest deviations between products were during periods of
strong geomagnetic activity.

2.2. Geographic to Geomagnetic TEC Coordinate Transform

We wish to analyse the dynamics of TEC enhancements ordered by the Earth's magnetic field and the position at
which the Sun is directly overhead (the sub-solar point). The TEC maps are translated into Solar Magnetic (SM)
coordinates, described in Appendix A1: For each geographic longitude and latitude (igeo, gageo) grid point from a

map such as Figure 1b we find the equivalent magnetic coordinates (lsM, (pSM) such that for each 1° X 1° grid:
TECgeo (j'geov (pgeo) - TECSM (]'SM (}“geo’ qggeo)’ Psm (}‘geo’ (pgeo)) (1)

This is shown in Figure 1c, with magnetic longitude defined in terms of Magnetic Local Time (MLT). By the
nature of the coordinate transform, some grid points in the SM maps will contain multiple TEC values and some
will be empty. For the former we assign an average TEC value to that grid point. The latter are shown as white grid
points in Figure 1c and we can see that empty regions predominate nearer the poles (beyond latitudes of +£70°)
(Laundal & Richmond, 2017). We therefore focus our analysis on features seen within magnetic latitudes of
+50°. The choice in geomagnetic coordinates for this study is such that the motion of TEC enhancements are
defined relative to the sun, situated at MLT 12 at all times, and the dipole axis of the Earth's magnetic field (see
Appendix Al). A straight-line trajectory with constant magnetic latitude corresponds to an ionospheric
enhancement which is co-located with a fixed magnetic field line footprint in a magnetic dipole which is rotating
with the Earth. Importantly, this will not be a straight-line trajectory in geographic coordinates. These dynamics
of TEC enhancements are studied in Section 5. The conversion is carried out using SpacePy (see Data Sources and
Nieohof et al. (2022)), which uses the International Radiation Belt Environment Modeling (IRBEM) library.

3. Fixed Quantile as an HDR Identifier

In this section we outline the procedure for identifying large-scale TEC enhancements. We define High Density
Regions (HDRs) of TEC as areas with TEC values that exceed a certain threshold. Previous work used feature
extraction tools such as the Laplacian operator (e.g., Verkhoglyadova et al. (2021) and Meng et al. (2024)) or
applied a specific TEC value (e.g., Nikitina et al. (2022)) to define thresholds. For this study we apply a fixed
quantile of the TEC data in each map as the threshold, where the ¢ quantile of a data set is the value that exceeds
p% of the data (¢ = p/100). The threshold that identifies the HDRs in each map is at a fixed quantile rather than a
fixed TEC value as this ensures that each map contains at least one HDR independent of geomagnetic activity;
Figure 2a shows Cumulative Density Functions (CDFs) for a subset of maps during solar cycle 24 (between 2009
and 2020) at the same timestamp of 12 : 00 : 00 UTC. Each line is color-coded by the monthly mean sunspot
number for the day in which the map is acquired to show the effect of solar cycle variations over all activity
(Pulkkinen, 2007; Vaishnav et al., 2019). As expected, maps that correspond to times with a higher sunspot
number have larger TEC values corresponding to a given quantile. This is further shown in Figure 2b, which
selects quantiles g = 0.99,0.9,0.75 and 0.5 for the same subset of maps and plots the monthly mean sunspot
number against TEC. Regardless of choice in g we find that the TEC threshold associated with that solar activity
level is clustered around a linear dependence on sunspot number. The gradient between sunspot number and TEC
decreases with increasing g, meaning a greater range of TEC values is seen at higher quantiles. Figure 2c plots the
percentage of TEC maps between the calendar years 2003 and 2022 which have a maximum TEC value that
exceeds a given TEC threshold. These figures demonstrate that using a fixed TEC threshold value would bias the
identification of HDRs to maps acquired during solar maximum years. This will result in a reduced sample size of
the possible 701184 maps - the percentage of available maps drops to below 50% when fixing a TEC threshold
between 40 — S0TECU.

We have shown that any choice in quantile yields a linear relationship between the sunspot number and the TEC
value at quantile g. This can be used to select a specific quantile for analysis; we are interested in the behavior of
extreme TEC enhancements and how these change between activity and season. Appendix B provides an example
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Figure 2. Panel (a) plots the CDFs of a subset of maps from solar cycle 24 (between 2009 and 2020) at 12 : 00 : 00 UTC. Each
line is color-coded to indicate the monthly mean sunspot number for that date-time. Panel (b) plots the monthly mean sunspot
number for the same subset of maps against the associated TEC value for the given quantiles ¢ = 0.99,0.9,0.75 and 0.5,
defined in the legend. A straight line is fitted to each quantile data group. Panel (c) plots the percentage of maps which have a
maximum TEC value that exceeds a given TEC threshold, obtained for 20 years of 15 min maps.

of HDRs at different quantiles. We define an HDR for this study as the region within which all TEC values exceed
the ¢ = 0.99 quantile (the top 1% of TEC). As we increase the quantile value the number of HDRs obtained will
decrease. We will study the HDRs at different levels of geomagnetic activity, and the most active days will be a
smaller fraction of the total data set. For the TEC maps under study we find that for Kp > 7 the entire data set
yields 339 for g = 0.99 and 236 for g = 0.999. On the other hand, as we decrease the quantile value we lose
spatial definition of the HDRs as can be seen in the examples shown in Appendix B. We have found that the 0.99
quantile offers a good trade-off between feature identification and meaningful statistics.

We now explore how a fixed high quantile of the TEC maps tracks TEC climate over our 20 years data set.
Figure 3a plots the time series of the 0.99 quantile value of TEC for two calendar years around solar maximum
(2003 and 2014) and two calendar years around solar minimum (2009 and 2020), defined with respect to how
F10.7 varies over the solar cycle (Meng et al., 2024; Vaishnav et al., 2019; Yaya et al., 2017). At this temporal
scale we note seasonal fluctuations, where TEC values for spring and autumn are larger than for summer and
winter for all years. This is consistent with enhanced geomagnetic activity driven by the Russell-McPherron effect
(Russell & McPherron, 1973). Figure 3b plots the Welch estimated power spectral density for 3-year long time
series spanning the calendar years 2003 — 2005, 2008 — 2010, 2013 — 2015 and 2018 — 2020 (see Python
Packages section for documentation (Virtanen et al., 2020; Welch, 1967)). The spectra show peaks around fre-
quencies corresponding to 27-day, 24-hr, 12-hr and higher frequency fluctuations as expected (Amiri-Simkooei &
Asgari, 2012; Nikitina et al., 2022). We see spectra of approximately power law form for high frequencies, which
flatten at periods below 12-hr. During solar maximum, all quantile values are larger than during solar minimum.
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Figure 3. TEC climate as seen in the long-term variation of the 0.99 quantile of TEC. Panel (a) plots year-long time-series for
2 years during solar maximum (2003 and 2014) and 2 years during solar minimum (2009 and 2020). Panel (b) plots the
Welch-estimated power spectrum for 3-year long intervals during solar maximum (2003 — 2005 and 2013 — 2015) and
solar minimum (2008 — 2010 and 2018 — 2020). Vertical black dashed lines indicate frequencies at 12-hr, 24-hr, and 27 days.
Panel (c) plots the daily averaged 0.99 quantile TEC on a year versus month grid. Black grid points indicate no data for that day,
or alignment with leap days.

Figure 3¢ combines year-long time series from 1% January to 31%' December for all 20 years of data into a color-
mesh plot, with year along the y-axis and month along the x-axis. Each grid point plots the daily averaged value
of TEC at the 0.99 quantile. Grid points along the x-axis show an approximately 27-day periodicity and along
the y-axis an approximately 11-year periodicity, where the largest daily averaged TEC quantile occurs during
solar maximum years (2003 and 2014). This variability tracks that of sunspot number/F10.7 over the solar cycle
(Meng et al., 2024; Vaishnav et al., 2019; Yaya et al., 2017).

4. Method of HDR Detection, Tracking, and Ordering

In order to capture the dynamics of TEC enhancements we first can identify where the top 1% of TEC values lie in
each map. We then can follow these enhancements in space and time in order to track their motion. In this section
we present our method to isolate, detect and track HDRs and assign labels to each unique HDR using tools from
the OpenCV library in Python (documentation is available in Python Packages section and Bradski (2000)). This
procedure (which identifies the time varying area, the duration and the trajectories of the centroid of each HDR) is
shown in Figure 4.
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Figure 4. Sub-figure (a) outlines the procedure for HDR identification and tracking shown for TEC maps for

2009 — 07 — 23 at 16 : 30 : 00 UTC in geomagnetic coordinates. Panel (i) plots the geomagnetic TEC map with gray
contours at the top 1% value of TEC in the map, defining the High Density Regions (HDR). Panel (ii) isolates these HDRs and
plots them in black. Panel (iii) shows the binary image of the HDRs with green contours drawn around each black region to
demonstrate the algorithm's contour detection. Panel (iv) plots the isolated HDRs in SM coordinates with bounding rectangles in
blue and centroids marked in black, obtained by the detection/tracking algorithm. Sub-figure (b) demonstrates the labeling
process for consecutive images for the date 2013 — 04 — 02 from 09 : 30 : 00 to 10 : 15 : 00 UTC. Dashed lines connect the
same labeled HDRs between images, with different colors for each unique HDR.

4.1. HDR Detection and Tracking

Figure 4a (i) plots the 0.99 quantile threshold on a geomagnetic TEC map in gray. Each (MLT, goSM) grid
enclosed by these contours defines an HDR. We plot only these grids in Figure 4a (ii) to isolate HDRs from the
rest of the map. This reduces the original TEC map to a black and white image, where black defines HDRs and
white is the background.

HDRs in each image are detected with a contour finding function from OpenCV. Figure 4a (iii) plots green
contours around each black region to demonstrate the process. From the contour data we calculate the centroid
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location, area and the size of the HDR in MLT and magnetic latitude. These are in units of pixels, Appendix A2
outlines the transformation into geomagnetic coordinates (MLT, (pSM). The TEC average, maximum and sum is
calculated for each HDR detected.

To track HDRs in time we first assign a unique label to each of the HDRs in each image. We then take images i
and i + 1 and overlay them to test for HDRs that overlap between the two images; if there is an overlap detected,
the label for the HDR inimage i + 1 is matched to the overlapping HDR in image i. Any HDRs that have multiple
overlaps or label changes arise from splitting and merging HDRs respectively. For these instances we assign the
largest HDR in image i + 1 the label corresponding to the largest HDR that overlaps it in image i. All other
overlapping HDRs in image i + 1 are assigned a new unique label. Figure 4b demonstrates the labeling process
for four example date-times on 2013 — 04 — 02 from 09 : 30 : 00 UTC to 10 : 15 : 00 UTC. We repeat this
across the sequence of 20-year of images at a 15-min cadence, giving a data set of 110385 unique, contiguous
space-time HDRs. Figure 4a (iv) shows HDRs plotted in geomagnetic coordinates with marked centroids and
bounding rectangles to demonstrate the functionality of our algorithm. The results of this data set provide in-
formation on HDR path, duration and size, explored in the next section.

4.2. Ordering HDRs by Geomagnetic Activity and Area

Having obtained a data -set of uniquely labeled HDRs, we first bin the data by geomagnetic activity using the Kp
index, which takes values between 0 and 9 and is derived from a global array of ground-based magnetometers
(Alcay & Gungor, 2020). We divide the HDR data -set into three groups: quiet (Kp <4), moderate (4 < Kp <7)
and extreme (Kp > 7) (Hanslmeier, 2002; Palacios et al., 2017). An HDR is assigned a Kp range based on the
maximum Kp of its corresponding TEC maps during its lifetime. Kp data is taken from the NASA OMNIWeb
archive (see Data Sources). Since this is a 3-hr index, each map within those 3-hr intervals share the same Kp
value. Appendix C shows how using other indices such as Dst compare to Kp.

We next bin the data by HDR size: Figure 5 plots histogram distributions of the largest HDR area for (a) all the
data and (b) different seasons for the calendar years (i) 2003, (ii) 2009, (iii) 2014 and (iv) 2020. These histograms
are found to be bimodal in form, independent of season, year and activity. We will analyse HDRs as two distinct
populations as shown in the bottom panel of Figure S5a—Small and Large, the latter group described by HDRs that
exceed an area of 8.0 X 10°%km? at some point in their lifetime. Given that the ground stations are generally land-
based, this splits the data into HDRs that reach an area of roughly continental scale and HDRs that for their
lifetimes have an area smaller than this. Small HDRs have approximately an exponential size distribution, while
large HDRs have an approximately Gaussian size distribution with a sample mean ALarge ~ 8.4 x 10°%km? and
standard deviation 6y 4 ~ 0.2 X 10°km?. The largest HDR reaches A,y & 1.1 X 10’km?. Figure 5b shows
that small and large HDRs follow distributions that vary weakly with season and level of geomagnetic activity.
For spring, autumn and winter there are fewer continental-scale HDRs during solar maximum years (2003 and
2014) than during solar minimum years (2009 and 2020).

The data coverage spans latitudes from ~70°S to 45°N. For high latitudes (beyond +50°) there are 24 HDRs
detected (~0.02% of the data). Magnetic coordinates at higher latitudes are also not as well-defined as they are
near the magnetic equator (Laundal & Richmond, 2017; Niehof et al., 2022). Thus we concentrate our analysis
between latitudes of +50° (mid to low latitudes), focusing on EIA-like structures. This gives 110361 unique
HDRs for analysis.

5. The Dynamics of HDRs
5.1. HDR Trajectories in Geomagnetic Coordinates

The dynamics of the centroids of both the small and large HDR populations during quiet, moderate and extreme
levels of activity are plotted in Figure 6. Each trajectory is color-coded by peak HDR area and a filled circle marks
the termination of each trajectory. If an HDR persists on one map only (duration 7 < 15 min) then a filled circle is
plotted, which occurs for ~23% of the data. On each panel we give the sample size, which changes between
different size groups and activity levels; of the 110361 HDRs identified, approximately 90.4% lie completely
within Kp < 4, 9.3% reach the range 4 < Kp < 7 and only 0.3% exist in maps with Kp > 7. Below and to the right
of each axis we plot stacked histograms of the coordinates where HDRs form in MLT and magnetic latitude
respectively. These are also colored by peak HDR area.
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Figure 5. Sub-figure (a) plots distributions of the maximum area for each unique HDR in the data -set. The upper panel plots
all the data and the bottom plots the distribution split into large (orange) and small (blue) HDRs, separated by an area of
8 x 10%km?. Sub-figure (b) plots these area distributions divided by for calendar years (i) 2003, (ii) 2009, (iii) 2014 and (iv)
2020. Histograms are normalized to integrate to 1.
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Figure 6. HDR trajectories plotted in SM coordinates. Each panel plots HDR paths for each label at different levels of Kp.
The top row plots small HDRs and the bottom row plots large HDRs. Each column shows HDRs that occur during different
activity levels, labeled at the top. Path endings are indicated by a filled circle. For Kp < 7 line plots are a sample equal to the
number of HDRSs in the extreme case. Paths are colored based on peak HDR area for that duration, with color-bars provided on
each row. MLT 12 is marked with a black dashed vertical line for each panel. Horizontal purple dashed lines at constant latitude
mark K-means centroids for each of the four clusters found, labeled with the calculated magnetic latitude value. PDFs for the
location at which HDRs form in MLT and magnetic latitude are plotted alongside each panel along the relevant axes. They are
colored based on the peak HDR area. The histograms are normalized to integrate to 1. The sample mean X and standard
deviations ¢ for MLT distributions are given in legend of these panels in hours.

The locations at which small HDRs form is concentrated around four magnetic latitudes for all levels of activity.
Using K-means clustering (see Python Packages section for documentation (Pedregosa et al., 2011)), we can
approximate the mean position of these populations. In general these are found at ¢g,; ~ 10°S, ~0°, ~10°N and
~20°N. For Kp > 7 these HDR formation points spread out toward higher latitudes, increasing the absolute value
of the calculated K-means centroid for these latitudes. The largest population, which is 31 — 36% of the small
HDR data, form around 10°N. The cluster around 10°S contains 30 — 34% of the data, 21 — 22% form around
the equatorial cluster and 13 — 14% form in around 20°N. These percentages are independent of geomagnetic
activity. In MLT the mean position at which small HDRs first form lies within MLT 14 — 15, however the peaks
of the distributions are skewed toward MLT 12. The standard deviation of these distributions spans 2.3 — 2.6
hours in MLT. Both the sample mean and standard deviation increase with geomagnetic activity.

The large HDRs also form at locations concentrated around four clusters in magnetic latitude, however partic-
ularly for Kp < 4 we see the distribution appears smoother over lower latitudes when compared to small HDRs—
trajectories in the main panel are less ordered by magnetic latitude. The most concentrated cluster is around 10°N,
comprised of 37 — 40% of the large HDR data. For large HDRs with Kp > 7 the cluster around 10°S only
contains ~ 6% of the data, indicating a preference for northern hemisphere production of these HDRs. In MLT the
histogram distribution for where HDRs form are narrower than for small HDRs, with a standard deviation of
1.4 — 1.5 hr, and peak around the sample mean of ~MLT 12.5.

The seasonal dependence of the locations at which HDRs form is shown in Figure 7. The left-hand plots show the
distributions of where the HDRs form separated by spring and autumn and different levels of geomagnetic
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Figure 7. Seasonal histograms for the coordinates where HDRs first form. Sub-figure (a) plots MLT and sub-figure (b) plots the magnetic latitude. MLT 12 is marked as
dashed lines in each panel of (a). The top group of each sub-figure plots small HDRs and the bottom group plots large HDRs. Each row plots data within a given Kp
range, denoted in the legend. Spring/autumn are plotted on the left-hand column and summer/winter are plotted on the right-hand column. Error bars due to the sample

size are plotted.
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activity. We can see that the locations if HDR formation are insensitive to spring or autumn seasons for all HDR
sizes and geomagnetic activity levels. The right-hand plots show the distributions of where HDRs form separated
by summer and winter and different levels of geomagnetic activity. The formation latitude, and to a lesser extent
MLT, are sensitive to summer or winter seasons. This is most apparent in the large HDRs and in the latitude of the
formation point, where the trend is consistent with the seasonal variation of the sub-solar point latitude (Mendillo
et al., 2005). Each distribution plots error bars showing the sample error, calculated from the sample standard
deviation for each season's data (Hughes & Hase, 2010). These are very small for Kp < 7 but increase noticeably
for Kp > 7 due to the significantly smaller sample sizes from all seasons.

5.2. Magnetic Bearing of Net HDR Motion

Results from Figures 6 and 7 suggest that the location of TEC enhancement formation is partially but not
completely controlled by the sub-solar point. We now test the idea that the subsequent HDR trajectories after
formation are simply ordered by a combination of Earth rotation and magnetic confinement of the HDR such that
the HDR remains at constant magnetic latitude (motion is parallel to the MLT axis). For this we consider the
magnetic bearing; given the start coordinates (/11, @ 1) and end coordinates (/1,\,, qu), where N = 7/15 for some
duration 7 (in minutes), for an HDR centroid trajectory we can find the start-to-end separation vector r in
geomagnetic longitude/latitude:

r = (Rg + hiono)[ Adsp cOS (401)[\ + A(/)SM(IA)] @)

where Rg, is the Earth radius, &, is the altitude of the ionosphere, Algy and Agg), are the change in geomagnetic
longitude/latitude and A and & are the unit vectors in magnetic longitude/latitude. The factor of cos (901) arises
from the curvature of the Earth taken with respect to the starting latitude of the HDR (Laundal & Rich-
mond, 2017). We define the magnetic bearing f of an HDR trajectory as the clockwise angle from the

geomagnetic latitude unit vector d to the separation vector r:

b -
cos ! ( |r|r) Adsm 20

p= o 3)
360° — cos ™! <|T|r) Adgyy <0

Motion exactly parallel to MLT corresponds to # = 90° or # = 270°. We require a start and end point in the
trajectory to define a path, meaning only HDRs with durations exceeding and including 7 = 15 minutes are
accounted for. This gives 84775 unique HDRs (77% of the whole data).

Figure 8 plots log-scaled distributions of the magnetic bearings for small and large HDRs under different levels of
geomagnetic activity and binned by their formation location. The blue and orange bars represent small and large
HDRs respectively. Magnetic latitude bearings # = 90° and f = 270° are indicated with vertical yellow lines.
The majority of the HDRs have trajectories with bearings close to f = 90°,270° (yellow vertical lines), found
within £15° as shown by gray shaded regions. The motion of these HDRs is essentially parallel to lines of
constant geomagnetic latitude. The population with f = 90° + 15° is approximately an order of magnitude
greater than that with f = 270° = 15° for small HDRs, and approximately two orders of magnitude for large
HDRs. This is seen for all levels of geomagnetic activity; for Kp > 7 the distribution is not smooth, though the
majority of bars are in/around the shaded horizontal regions. Calculating the percentage of data within the shaded
regions we find 65 — 75% of small HDRs and 80 — 83% of large HDRs have a net trajectory parallel to MLT.
This primarily consists of HDRs co-located with a fixed magnetic field line footprint that are moving in the sense
of Earth rotation (toward later MLT), with 61 — 72% of small HDRs and 79 — 83% of large HDRs moving with
anet bearing of # = 90° =+ 15°. These percentages are independent of latitude, season and geomagnetic activity
for Kp <7, but fewer HDRs follow a net horizontal path for Kp >7.
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Figure 8. Log-scaled histogram plots of the magnetic bearing f, the clockwise angle from magnetic north, for large (orange)
and small (blue) HDRs in 15° bins. The histograms are normalized to integrate to 1. Each panel plots net trajectory bearings
within a latitude band for each K-means cluster determined in Figure 6 for different activity levels shown in each column.
Legends in each panel indicate the latitude band and the number of small/large HDRs that form in these regions. The shaded
regions =£15° from # = 90° and = 270° indicate motion with approximately constant magnetic latitude. Only HDRs with
durations 7> 15 minutes are included.

5.3. Parameterizing the Straightness of Trajectories

In this section we will propose a new parameter which quantifies the extent in which a trajectory is ballistic or
meandering. Having obtained this parameter we can then plot it against latitude and duration. Our analysis so far
suggests an overall trend in HDR behavior: they primarily form between MLT 12 — 18 at four distinct magnetic
latitudes partially influenced by the sub-solar point location. Subsequent net motion of HDRs shows a high
proportion moving at these latitudes toward positive MLT. This would suggest close to ballistic (straight-line)
trajectories for HDRs. We now quantify the extent to which the trajectories of the HDRs are ballistic: We
introduce a ballistic parameter { as the ratio between the start-to-end separation distance |r| and the total path

distance d = Z?/:l |r;] (the sum of all pairwise separations for N = z/15 points in the trajectory, where 7 is the
duration in minutes):

c="11 4

This is defined such thatas { — 1 the path tends toward a straight line between the start and end HDR coordinates
and as { — O the path increasingly deviates from the separation vector (d > |r|). HDRs that appear on only one
map (z < 15 minutes) will have no path (thus d = 0 and ¢ is undefined) and HDRs that persist across two maps
will always execute a straight line between start and end coordinates ({ = 1). We then consider HDRs with
durations 7 > 30 min of which there are 71235 unique HDRs (65% of the full set of HDRs).

Figure 9a plots the magnetic latitude where an HDR forms versus ¢ for small and large HDRs under different
levels of geomagnetic activity. Each point is colored by duration, represented by the color-bar, and are plotted
such that the shortest durations are plotted first and longer durations are over-plotted. Small HDRs on average last
for around 2.75 — 3.75 hr and at most last ~1.5 days, whereas large HDRs on average last for around
10.25 — 11.25 hr and can persist for at most ~2.5 days. The longest durations occur under quiet geomagnetic
conditions. Moreover, the longest-lived HDRs tend to form within the £10° clusters in magnetic latitude,
particularly for small HDRs.
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Figure 9. Sub-figure (a) plots the magnetic latitude of HDR formation plotted against the ballistic parameter {. The top row
plots results for small HDRs and the bottom row for large HDRs. Each point is colored by the duration z of the HDR, color-
bars provided on each row, and the smallest durations are plotted underneath the longest durations. The number of HDRs and the
maximum/average durations are shown in each axis. Below each axis the CDFs are plotted for ¢ colored based on the duration
bands defined by the color bar. Only HDRs with durations 7 > 30 minutes are plotted. Sub-figure (b) plots the percentage of
HDRs that exceed a given value of ¢ for small (left panel) and large (right panel) HDRs with durations 7 < 3,6,12,24,48 and
60 hr. The number of HDRs within each data sub-set is shown in the legend for each axis. Vertical dashed lines indicate the
choice in ¢ above which an HDR is defined to follow a ballistic trajectory.
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Beneath each panel in Figure 9 plots the CDF for ¢ for each duration band defined by the color-bar. There is a
general tendency for longer-lived HDRs to be more meandering (they have a lower value of {) for all sizes and
levels of geomagnetic activity. We can quantify the number of HDRs that travel in a straight trajectory from start
to finish, defined as ballistic motion, by the criterion { > 0.9. We plot the percentage of HDRs that exceed a given
value of ¢ in Figure 9b for small and large HDRs with durations at most 3,6, 12,24,48 and 60 hr (where 60 hr is
the maximum measured duration, thus representing all HDRs with z > 30 minutes). Small HDRs show that the
percentage of longer-lived HDRs following ballistic trajectories decreases. This trend is not clearly seen in large
HDRs with duration 7 < 3, and to some extent those with duration 7 < 6 hr, as the sample size is significantly
smaller than other duration bands. For HDRs of duration approximately z > 24 hr the percentage of ballistic
HDRs follows the same trend. We focus on HDRs of 12 hr durations or less to determine the prevalence of
ballistic trajectories, with { > 0.9 as our condition for ballistic motion we find that 62% of small HDRs and 20%
of large HDRs follow straight-line trajectories.

6. Discussion
6.1. Sub-Structures of EIAs From Quantile Analysis

The clustering in magnetic latitude in Figure 6 demonstrates a possible four-peak EIA structure for low latitudes.
The organization of the formation point of the HDRs into these latitude bands favors HDR production at the +10°
latitudes, consistent with studies such as Meng et al. (2024) and Dunn et al. (2024). This suggests a primary
mechanism for EIA formation to be E X B drifts producing enhanced electron regions at these latitudes,
consistent with existing research (Balan, Liu, & Le, 2018; Balan, Souza, & Bailey, 2018; Sparks et al., 2021). The
other two clusters have been seen previously (Cai et al., 2022; Fathy & Ghamry, 2017; L. Huang et al., 2014;
Y. Huang et al., 2024; Maruyama et al., 2016). Possible drivers for these clusters were discussed, concluding that
the likely cause was from thermospheric winds carrying plasma to these regions from both mid and low latitudes.
Equatorial EIAs could be as a result of the +£10° enhancement pair merging around the equator, forming one large
enhancement. This may explain the smoother histogram distribution seen for large HDRs during quiet
geomagnetic conditions in Figure 6, where the four-peak structure begins to disappear. Large HDRs also show a
sharper peak at the 10°N cluster in Figure 6, which indicates a preference for northern hemisphere production of
large-scale TEC enhancements independent of the Kp range. This could be a feature of ground station coverage,
where Figure 1a and Mannucci et al. (1998) show substantially more ground stations and hence better coverage
for the northern hemisphere.

Our results may also depend on the thresholding used in our analysis, see Appendix B: by setting the HDR
threshold to be at a fixed quantile of TEC values per map, the threshold value of TEC tracks the overall season and
solar cycle variation as shown in Figure 3. Under more active geomagnetic conditions it is possible that not all of
the EIA seen in other studies will be resolved at the 0.99 quantile—smaller HDRs for higher Kp might be sub-
structures all part of a wider EIA that has similar boundaries to those detected at quieter times (see Nikitina
et al. (2022) for suggested thresholds of TEC for different latitude bands and activity levels). This suggests that
the HDR area can potentially contain information about the spatial structure within EIA TEC enhancement re-
gions, possibly explaining the natural divide in the area distributions from Figure 5. The functional form of the
HDR size distributions will in part depend on the specific methodology used to identify the TEC threshold which
defines the HDRs. Here, the 0.99 quantile was used in order to explore the high values of TEC that form over a
range of geomagnetic activity. Detailed physics questions, such as defining the full EIA structure, or specific
practical applications may have different requirements for HDR selection. The methodology developed here, and
the results can provide the basis for such studies.

6.2. Uncertainties in GIM Observations

The results from this study are all based on one of the JPL. GIM products: the JPLD TEC maps, produced every
15 min for the years 2003-2022 (Meng & Verkhoglyadova, 2023). Issues arise with the accuracy of the maps,
which are heavily reliant on the distribution of GNSS ground-based receivers seen in Figure 1a. Caution is needed
for HDRs that are “detected” over the oceans, where TEC data is purely statistical, but over continents we assume
the data is reliable. Meng et al. (2024) showed that 75% of TEC intensifications they detected contained at least
two receivers and 90% contained at least one. Although these enhancements were obtained from a slightly
different method to this study (use of a Laplacian over a quantile threshold), their results suggest that data from
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these GIMs offered reliable representations of TEC enhancements. Given the length of the data -set (20 years), we
have comprehensive coverage of all MLT, seasons and activity levels with a high density of ground stations. This
is also in agreement with other studies using different TEC estimation methods (Astafyeva et al., 2008; Amiri-
Simkooei & Asgari, 2012; Badeke et al., 2018; Knudsen, 2022) and with our TEC variability results from
Figure 3. It is then reasonable to conclude that despite smoothing of TEC over undefined regions, the overall TEC
behavior at the extremes is still captured in the maps. The comparison of GIMs with independent measurements
showed a typical error <3 TECU outside of high latitudes (Roma-Dollase et al., 2018). This is also carried out
over oceans (with space altimeters). This result is in agreement with detailed analysis of JPLD data product error
in Martire et al. (2024). Furthermore, Maruyama et al. (2021) and Xiong et al. (2022) tested the response of TEC
on maps produced using spherical harmonics and showed diurnal, latitudinal and geomagnetic activity sensi-
tivities in agreement with results found in Figure 3. It may be useful to compare the statistics of HDR dynamics
using different types of maps to the results from JPL GIMs in this study in a similar analysis as Roma-Dollase
et al. (2018) to further test consistency between current TEC map products.

Another limitation to the analysis arises from sample size variations between geomagnetic activity and season—
HDRs when Kp >7 is about 0.3% of the 20-year data set, whereas HDRs with Kp < 4 is about 90.4%. This
difference in sample size will always be the case regardless of the number of solar cycles we analyse, since
extreme geomagnetic events are rare in comparison to quiet conditions (Nikitina et al., 2022). However by
considering the number of samples available from this data set it is clear that for a comprehensive analysis on TEC
extremes we require more TEC data to determine the statistics of HDRs with Kp > 7 more reliably. This is even
more apparent if we are to consider seasonal affects to these HDRs, where splitting the data by season reduced the
sample size to as low as 10 HDRs for winter months. With just two solar cycles it is difficult to decisively
conclude how seasons affect our results for high geomagnetic activity, shown by Figure 7 where the error bars for
the Kp > 7 histograms are substantial.

7. Conclusions

We have studied the dynamics of TEC enhancements in 1° X 1° X 15 min global ionospheric TEC maps
provided by JPL between 2003 and 2022. Maps were converted to a geomagnetic coordinate frame to analyse
TEC behavior with respect to the sub-solar point and the Earth's magnetic field. A fixed quantile threshold was
defined for each map and was used to identify TEC enhancements. An algorithm was developed to detect and
track these regions, providing the centroid location, area, TEC intensification, duration and path of unique HDRs
for magnetic latitudes between £50°. The main findings are:

e The 0.99 TEC quantile threshold is sensitive to Earth/Solar rotation, season and solar cycle.

 The distribution of peak HDR area naturally separates the HDRs into small and large area at 8.0 X 10°%km?,
roughly at the continental-scale.

o Small HDRs on average are found to form at MLT 14 — 15 for all activity bands, while Large HDRs on
average form just after MLT 12. The HDR areas within both populations are largest around MLT 14 — 15.
The spread in MLT where the HDRs form is larger for small HDRs than for those at a continental-scale.

¢ The magnetic latitude at which HDRs form clusters around four populations, which are centered about
@sm = 10°S, 0°, 10°N & 20°N. The majority of HDRs form within the £10° clusters.

o Small HDRs cluster at later MLT in summer and earlier MLT in winter. In winter, all HDRs cluster more
toward southern hemisphere latitudes, and more towards the northern hemisphere in summer. For spring/
autumn the distributions of HDRs are indistinguishable from each other for all sizes.

e 61 — 72% of small HDRs and 79 — 83% of large HDRs move on trajectories that are within £15° of constant
magnetic latitude and are directed toward later MLT. This is independent of the latitude cluster an HDR is
formed in. We find the lowest number of horizontally moving HDRs for higher Kp.

+ Small HDRs on average last between 2.75 — 3.75 hours and at most last for ~ 1 day. Large HDRs on average
last between 10.25 — 11.25 hours and at most exist for ~2.5 days.

o The longest duration HDRs for both populations tend to form within the clusters located around +10°
magnetic latitude, with the HDR duration decreasing with increasing activity.

o Shorter-lived, small HDRs tend to have ballistic trajectories, where for durations 0.5 < 7 <12 hours 62% have
avalue of ¢ > 0.9. Large HDRs have more complex meandering paths, where only 20% with durations 7 < 12
hr have a value of { > 0.9.

CAFOLLA ET AL.

16 of 22

85U8017 SUOWWIOD 8AIea.D 3(qedldde a3 Aq peusenob ke sapiie YO ‘@S Jo Seini o Akeiqi8uljuO AB|IM UO (SUORIPUOD-PUR-SLLBIWI0D A8 | 1M Afe.d 1 BuIUO//SdNL) SUORIPUOD PUe SWB | 8L 88S *[520Z/70/82] U0 AreiqiTaulluO /8|1 * 9L -B|[0JeD Ui N Aq L0Er00MSYZ02/620T 0T/I0p/W00" A8 Areiq 1 pul|uo'sgndnBe//:sdny wouy papeojumoq ‘v ‘SZ0Z ‘06€L2YST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2024SW004307

Our analysis has considered the dynamics of large-scale TEC enhancements at the 0.99 quantile of global
ionospheric maps and showed how their statistics depend on latitude, season and geomagnetic activity. HDR
formation is shown to be partially influenced by the sub-solar position, typically forming at four latitude bands
spanning the afternoon ionosphere. The majority of HDRs in general move roughly parallel to lines of constant
magnetic latitude toward later MLT, that is, the HDRs are co-located with a fixed magnetic field line footprint that
are moving in the sense of Earth rotation. Small, short-lived HDRs tend to have ballistic trajectories, while large,
longer-lived HDRs tend to have more meandering trajectories. Further work that is tailored to the specific re-
quirements of the user community could usefully refine the parametrization used here, specifically the quantile
threshold for HDR identification and the ballistic parameter. The statistical trends seen in these ionospheric HDRs
provide a benchmark which can be compared to ensembles of the outputs of detailed ionospheric modeling. Our
study also provides necessary information and a tool to create training and testing data sets for Al-based model
development (Poduval et al., 2023).

Appendix A: Coordinate Transformations
Al. Solar Magnetic Coordinates

The SM coordinate system defines an orthonormal basis with basis vectors m (the Earth magnetic dipole field
vector), m X § (where § is the sub-solar vector pointing from the Earth to the Sun) and a cross product of these two
vectors (Jursa, 1985; Laundal & Richmond, 2017). The magnetic longitude and latitude are defined from these
basis vectors. We express magnetic longitude in terms of Magnetic Local Time (MLT) in our maps:

A=
MLT = 5 >+ 12 (A1)

for a given longitude 1 and sub-solar point longitude Ag. This definition is universal for any magnetic coordinate
system (Laundal & Richmond, 2017). For SM coordinates 4; = 0° for all times, fixing the sub-solar point in
longitude to the center of our maps. This means Agy; = 0° always corresponds to MLT 12.

A2. Conversions From Pixel Coordinates

HDR parameters derived from the algorithm in Section 4.1 are given in pixel units. The dimensions of each image
is defined such that the pixel width W corresponds to the MLT axis, from MLT 0 to MLT 24, and the pixel height
H corresponds to the magnetic latitude gg, axis, from —90° to 90°. We convert from pixel coordinates (x,,, y,,)

into geomagnetic coordinates (MLT, (pSM):

24 180
Each image is defined such that the image width W = 720 pixels and the image height H = 360 pixels. This is to

ensure our image is large enough to identify smaller structures in the maps, but not too large as to introduce
substantial errors to calculations.

Areas are calculated in square pixel units using OpenCV. Assuming a spherical thin-shell approximation of the
ionosphere, we can derive a small area element on the surface of a sphere of radius ras dA = 2 sin dfd¢, where
0 = 90° — @gy\ is the co-latitude, df = Aggq),, the change in latitude and d¢p = Algy; the change in longitude
(Laundal & Richmond, 2017). For a given image width W and height A and using the conversions from
Equation A2 we calculate the area of a 1 X 1 pixel on our global maps in km? as

272(Rgy + hiono )
Ale = %COS (gocent) (A3)
where Rg is the Earth radius, 7, is the ionospheric altitude (set at 450km for these maps (Lalgudi Gopa-
lakrishnan & Schmidt, 2022; Mannucci et al., 1998; Wang et al., 2016)) and ¢, is the magnetic latitude of an
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HDR centroid. This conversion factor is multiplied by the area calculated using OpenCV to give the HDR area
in km?.

Appendix B: Isolated HDRs for Different Quantile Thresholds

We consider how varying the quantile threshold affects the size of HDRs detected in our algorithm. Figure B1
plots the isolated HDRs for the TEC map on 2009 — 07 — 23 at 16 : 30 : 00 UTC for different quantiles
g = 0.999,0.99,0.95,0.90,0.75 and 0.50. Smaller structures seen when using higher quantile thresholds merge
together at lower quantiles.

Geomagnetic jpld 2009-07-23 16:30:00 UTC, 0.999TEC = 24.0 TECU Geomagnetic jpld 2009-07-23 16:30:00 UTC, 0.99TEC = 22.1 TECU
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Figure B1. Isolated HDRs for the TEC map on 2009 — 07 — 23 at 16 : 30 : 00 UTC in geomagnetic coordinates using
different quantile thresholds: ¢ = 0.999,0.99,0.95,0.90,0.75 and 0.50. The value of TEC for these quantile thresholds is
given in the title of each plot, along with the date and map type.

Appendix C: Comparing Kp to Dst

We use the Kp index to define the level of geomagnetic activity in the ionosphere, as Kp is widely used for this
purpose (Matzka et al., 2021). Other geomagnetic indices can be used (Bergin et al., 2022, 2023; Wanliss &
Showalter, 2006), for example, the hourly Dst index. Figure C1 plots the average and peak Dst in 3-hr intervals
against Kp value between the calendar years 2003 and 2022. Dst data is taken from the NASA OMNIWeb archive
(see Data Sources). Vertical dashed lines and the color of the points demarcate the ranges of Kp used to bin the
data by geomagnetic activity. For the ranges covering quiet and moderate geomagnetic activity (blue and orange),
that is Kp <7, Dst changes slowly with Kp in a manner which is well within the vertical scatter of the plot. For
Kp >7 (red), Dst varies more strongly with Kp, however this variation is still within the vertical scatter.
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Figure C1. Peak/average hourly Dst over a 3-hr interval versus Kp. The plot is split between the three different storm
conditions defined in Section 4.2: quiet (Kp < 4), moderate (4< Kp <7) and extreme (Kp >7). The bounds are indicated by
vertical dashed lines and each storm type is color-coded as per the legend in the top panel. A fitted exponential curve is plotted in
black.
Data Availability Statement
Data Sources. All data taken between 2003 — 01 — 01 and 2022 — 12 — 31.
e JPL data: https://sideshow.jpl.nasa.gov/pub/iono_daily/gim_for_research/jpld/, JPLD data used, created
2023 — 04 — 21. Note there is a missing day of data on 2003 — 10 — 30
e Kp and Dst Index: NASA OMNIWeb service, https://omniweb.gsfc.nasa.gov/form/dx1.html, down-
loaded 2023 — 08 — 16
e Sunspot Data: Silso, https://www.sidc.be/SILSO/datafiles, downloaded 2023 — 08 — 04.
Python Packages. All work was carried out in Python. A list of key Python packages from this work is given
below, noting the version, documentation and the section of the analysis the package was used:
¢ Detection and Tracking algorithm: OpenCV, v4.7.0.72 (https://opencv.org/)
o Coordinate Transformations and the Sub-Solar Point: SpacePy, v0.4.1 (https://spacepy.github.io)
o Statistics and Time-Series analysis: SciPy, v1.10.1 (https://scipy.org)
o K-means clustering: scikit-learn, v0.24.1 (https://scikit-learn.org/stable/index.html)
« Station Coverage: PyProj, v3.4.0 (https://pyproj4.github.io/pyproj/stable/).
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