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Abstract In this study, we investigate the effects caused by interplanetary (IP) shock impact angles on the
subsequent ground dB/dt variations during substorms. IP shock impact angles have been revealed as a major
factor controlling the subsequent geomagnetic activity, meaning that shocks with small inclinations with the
Sun‐Earth line are more likely to trigger higher geomagnetic activity resulting from nearly symmetric
magnetospheric compressions. Such field variations are linked to the generation of geomagnetically induced
currents (GICs), which couple to artificial conductors on the ground leading to deleterious consequences. We
use a sub‐set of a shock data base with 237 events observed in the solar wind at L1 upstream of the Earth, and
large arrays of ground magnetometers at stations located in North America and Greenland. The spherical
elementary current system methodology is applied to the geomagnetic field data, and field‐aligned‐like currents
in the ionosphere are derived. Then, such currents are inverted back to the ground and dB/dt variations are
computed. Geographic maps are built with these field variations as a function of shock impact angles. The main
findings of this investigation are: (a) typical dB/dt variations (5–10 nT/s) are caused by shocks with moderate
inclinations; (b) the more frontal the shock impact, the more intense and the more spatially defined the
ionospheric current amplitudes; and (c) nearly frontal shocks trigger more intense dB/dt variations with larger
equatorward latitudinal expansions. Therefore, the findings of this work provide new insights for GIC
forecasting focusing on nearly frontal shock impacts on the magnetosphere.

Plain Language Summary Space weather effects caused by solar perturbations can increase the
intensity of electric currents flowing in the Earth's upper atmosphere. These currents in turn induce geoelectric
currents on the ground that couple with ground infrastructure, such as power transmission lines, oil/gas
pipelines, and railways, which further cause deleterious consequences. Recent studies have shown that the angle
with which solar perturbations impact the Earth closely controls intensifications of electric currents in the upper
atmosphere and the subsequent ground magnetic field perturbations causing geoelectric currents. When these
space weather drivers impact Earth more frontally, the resulting atmospheric current enhancements and the
subsequent ground magnetic field perturbations are generally more intense. In this study, we use a large amount
of magnetic field data recorded in North America and Greenland. We find that the most intense geomagnetic
field disturbances are caused by the impacts of nearly frontal solar perturbations on the Earth and cover large
geographic areas reaching southern Canada and northern United States. The results of this work can be used by
space weather forecasters when predicting events with significant magnetic field variations leading to intense
geoelectric currents, particularly when tracking space weather drivers that are forecasted to impact Earth nearly
frontally.

1. Introduction
The Sun is a magnetically active star that generates the constant expansion of a ubiquitous plasma, named the
solar wind, that flows away in the heliosphere. Solar disturbances are created on the Sun's surface and propagate
explosively away and can be observed in many heliospheric regions (Echer, 2019; Hajra, 2021; Harada
et al., 2017; Lamy, 2020; Mostafavi et al., 2022; Pérez‐Alanis et al., 2023; Winslow et al., 2015). If the
disturbance speed with respect to the ambient solar wind flow speed is greater than the local magnetosonic speed,
a fast forward interplanetary (IP) shock is formed (Burlaga, 1971; Schwartz, 1998; Stone & Tsurutani, 1985). The
strengths of IP shocks are frequently determined by means of solar wind parameters such as the ratio of
downstream to upstream plasma densities and shock Mach numbers (Andréeová & Pr̆ech, 2007; Lugaz
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et al., 2016; Tsurutani & Lin, 1985). When IP shocks strike the Earth's magnetosphere, many geomagnetic
perturbations are observed in the magnetosphere‐ionosphere (MI) system, including magnetic field perturba-
tions in geosynchronous orbit (Villante & Piersanti, 2011; C. Wang et al., 2010), ultra‐low frequency wave
activity (C.‐R. Wang et al., 2010; Zong et al., 2009), satellite orbital drag (Krauss et al., 2018; Oliveira &
Zesta, 2019), ionospheric disturbances (Belakhovsky et al., 2017; Liu et al., 2023), and sudden impulse signatures
observed by ground magnetometers around the world (Chao & Lepping, 1974; Russell et al., 1994; Smith
et al., 2020). Therefore, understanding IP shock geoeffectiveness is of paramount importance in space weather
investigations (Alves et al., 2011; Echer et al., 2004; Su et al., 2009).

In addition to solar wind parameters, the shock impact angle, the angle the shock normal vector performs with the
Sun‐Earth line, has been shown to be a major factor controlling shock geoeffectiveness. For example, in general,
numerical simulations and data analyses show that the more frontal the shock, the shorter the rise times of positive
sudden impulses recorded by ground magnetometers worldwide (Rudd et al., 2019; Takeuchi et al., 2002; C.
Wang et al., 2006). Additionally, nearly frontal shocks are more likely to trigger ultra‐low frequency waves with
intense wave power (Oliveira & Raeder, 2014; Oliveira et al., 2020; Rubtsov et al., 2023; Takahashi et al., 2023),
and more intense field‐aligned currents in the MI system (Guo et al., 2005; Selvakumaran et al., 2017; Shi
et al., 2019). Oliveira and Samsonov (2018) and Oliveira (2023a) have reviewed the topic of geomagnetic activity
triggered by shocks with different orientations.

Impacts of IP shocks on the magnetosphere can enhance two major Earth's current systems: (a) the magnetopause
current in the magnetosphere (>10 Earth radii), and (b) the auroral electrojet currents in the ionosphere (∼120 km
altitude) (Cowley, 2000; Fiori et al., 2014; Milan et al., 2017). Magnetospheric substorms occur when large
amounts of electromagnetic energy are explosively released from the Earth's magnetotail and mapped down into
the ionosphere (Akasofu, 1981; Burch, 1972; Kalmoni et al., 2018; Sitnov et al., 2019). Such substorm activity
enhances the auroral electrojets (Gjerloev et al., 2004; Kamide & Nakamura, 1996) leading to intense magnetic
field variations (dB/dt) on the ground (Freeman et al., 2019; Ngwira et al., 2018; Piccinelli & Krausmann, 2018;
Viljanen et al., 2006). According to Faraday's law curl E = −dB/dt, such field variations couple with artificial
conductors on the ground leading to the generation of geomagnetically induced currents (GICs) flowing in the
conductors, which are detrimental to power infrastructure, oil/gas pipelines, and railway infrastructure (Molin-
ski, 2002; Oliveira & Ngwira, 2017; Patterson et al., 2023; Piersanti & Carter, 2020; Pulkkinen et al., 2013; Smith
et al., 2022; Thaduri et al., 2020; Tsurutani & Hajra, 2021).

Shock impact angle effects on the subsequent substorm triggering was first investigated by Oliveira and
Raeder (2014) with numerical simulations. The authors simulated the impacts of two shocks on the magneto-
sphere, with one being a moderate frontal impact, and the other, a strong inclined impact. Oliveira and
Raeder (2014) noted that intense substorm activity occurred after the frontal shock impact, whereas the substorm
activity following the inclined shock impact was mild, even though the inclined shock was stronger than the
frontal shock. Following that work, Oliveira and Raeder (2015) performed a statistical analysis with hundreds of
shock events and a global array of ground magnetometers to study the shock impact angle effects on the sub-
sequent substorm activity. The authors concluded that the faster and the more frontal the shock, the more intense
the westward auroral electrojet, a well‐known substorm signature (Davis & Sugiura, 1966; Gjerloev et al., 2004;
Kamide & Nakamura, 1996). More recently, Oliveira et al. (2021) performed a comparative study of two similarly
strong shocks, with one being nearly frontal, and the other, highly inclined, to investigate the subsequent dB/dt
variations during the respective substorm activity. The authors used ground magnetometer data from stations in
North America and Greenland. Oliveira et al. (2021) concluded that dB/dt variations occurred faster, were
stronger, and covered larger geographic areas in the frontal case when compared to the inclined case. The general
conclusion of the works mentioned above is that nearly frontal impacts compress the magnetosphere almost
symmetrically setting the stage with favorable conditions for effective energy release by the magnetotail, which
does not clearly occur with inclined shock impacts (Oliveira, 2023a; Oliveira & Samsonov, 2018).

The goal of this work is to follow up on the case study published by Oliveira et al. (2021) and perform a su-
perposed epoch analysis and statistical study of shock impact angle effects on ground dB/dt variations during the
subsequent substorms triggered by the shocks. Section 2 describes the data and methodology used in this study.
Results are shown in Section 3, and a discussion of the results is presented in Section 4. Finally, Section 5
summarizes and concludes the paper.
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2. Data and Methodology
2.1. Interplanetary Shock Data Base

The fast forward IP shock data base published by Oliveira (2023b) is used in
this study. Solar wind plasma and interplanetary magnetic field (IMF) data
measured by Wind and Advanced Composition Explorer spacecraft were
used to compile the list. The original list has 603 events from January 1995 to
May 2023.

The IP shock impact angle, θxn
, is defined as the angle the shock normal vector

performs with the Sun‐Earth line. Basically, equations using magnetic field
data and solar wind velocity data (and combinations of both data sets) are
used to compute shock impact angles (Abraham‐Shrauner, 1972; Cole, 1962;
Oliveira, 2017; Oliveira & Samsonov, 2018; Schwartz, 1998). If data of a
single satellite is available, a tri‐dimensional normal vector n = (nx, ny, nz) can
be obtained, from which the shock impact angle

θxn
= cos−1 (nx) (1)

can be computed. Since this angle is written in GSE (geocentric solar ecliptic)
coordinates, an angle of 180° indicates a purely head‐on (frontal) shock. As a

result, the shock becomes more inclined as θxn
decreases. Assumptions of energy and momentum conservation,

represented by the Rankine‐Hugoniot jump conditions (Jeffrey & Taniuti, 1964; Oliveira, 2017; Priest, 1981), are
used in the calculations of shock‐related parameters including the shock normal vector n. Figure 1 of Oli-
veira (2023a) brings schematic representations of a purely frontal shock and a highly inclined shock.

Figure 1 shows the shock impact angle number distribution for the 237 shock events here investigated (magenta
bars). Only a sub‐set of the events provided by Oliveira (2023b) is used in this study due to availability limitations
imposed by one of the main data sets here used (see Section 2.3). The thick blue line is a Gaussian curve fitted to
the histogram. For this sub‐data set, the mean θxn

value is μ = 147.6°, and the standard deviation is σ = 16.5°.
Therefore, a typical shock event in the data base has a moderate inclination (see equations below).

According to the θxn
definition, shock impact angles can be classified as follows:

θxn
< 140° Highly inclined shocks (2)

140°≤ θxn
< 160° Moderately inclined shocks (3)

θxn
≥ 160° Nearly frontal shocks (4)

Figure 2 shows a histogram for the number distributions, with respect to shock inclination category, of the 237
events used in this study. The blue bar indicates all shocks (ALL); green bar, highly inclined shocks (HIS); orange
bar, moderately inclined shocks (MIS); and red bar, nearly frontal shocks (NFS). The relative distributions of
these three shock inclination categories are shown in the pie diagram inset in the figure. The relative number
distributions of these categories vary from ∼30%–35%, with more shocks in the MIS class, fewer shocks in the
NFS class, and HIS class in between. Although less frequent, NFS tend to occur more often during times of high
solar activity as represented by sunspot numbers: in general, the higher the yearly sunspot numbers, the higher the
annual number distribution of IP shocks, including NFS (Kilpua et al., 2015; Oliveira, 2023b; Rudd et al., 2019).

2.2. Ground Magnetometer Data

We use ground magnetometer data recorded by stations located in North America (from Alaska to Labrador/
Colorado to Nunavut) and Greenland (west coast) to compute ionospheric current amplitudes and corresponding
dB/dt variations on the ground. The main ground magnetometer data is provided by the Time History of Events
and Macroscale Interactions during Substorms (THEMIS) ground magnetometer (GMAG) array, with resolution
of 1–2 Hz (Mende et al., 2008; Russell et al., 2008). In addition to THEMIS/GMAG, other ground magnetometer

Figure 1. Magenta bars: Number distribution of shock impact angles for the
237 events here investigated. Thick blue line: Gaussian curve fitted to the
shock impact angle number distribution. The values shown in the plot are the
mean (μ) and standard deviation (σ).
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arrays are used to complement calculations. The THEMIS/GMAG and
additional ground magnetometers are referred to as SECS stations in this
paper. More details about the additional arrays, including their stations' names
and geographic locations, are provided in Supporting Information S1.

2.3. The Spherical Elementary Current System (SECS) Technique

The Spherical Elementary Current System (SECS) method (Amm & Vilja-
nen, 1999) is applied to the ground magnetometer data described above to
obtain a bi‐dimensional picture of the ionospheric currents. As described by
Weygand et al. (2011), ionospheric current amplitudes are computed at
100 km altitude with SECS by means of inverted magnetic field fluctuations
decomposed to single values. This procedure yields two outputs, one being
the equivalent ionospheric currents, and the other, the real Hall and Pedersen
currents (Weygand et al., 2012). First, ionospheric equivalent currents, the
divergence‐free currents that are horizontal to the ground, are computed.
Second, equivalent ionospheric currents are used to derive the current am-
plitudes, which are the curl‐free currents that are perpendicular to the iono-
sphere (not field aligned currents, but a proxy for the field‐aligned current)
(Amm et al., 2002) The spatial resolutions of the equivalent currents is 6.9° in
geographic longitude and 2.9° in geographic latitude, whereas the spatial
resolutions of the current amplitudes are 1.5° and 3.5° in geographic latitude
and longitude, respectively. The time resolution of both SECS currents is 10 s.
The only SECS current output used in this work are the SECS ionospheric
current amplitudes, henceforth referred to as SECS currents.

The Biot‐Savart law (Jackson, 1999) is applied to both SECS currents to obtain the horizontal ground dB/dt

variations given by dB/dt =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(dBx/dt)2 + (dBy/dt)2
√

. Here, dBx /dt and dBy /dt are the northward and eastward

components of the geomagnetic field variations. The Fukushima theorem (Fukushima, 1994) states that, in all
regions below the ionosphere, magnetic fields generated from field‐aligned currents and their corresponding
Pedersen currents cancel each other out. However, this theorem is only valid for the ionosphere with constant
conductance, which is not the case during storms and substorms when conductances can vary by a few siemens
(Stepanov et al., 2021). More details of the use of the SECS technique to obtain dB/dt variations can be found
elsewhere (Weygand, 2021; Weygand et al., 2011, 2012).

Since both SECS data sets (currents and dB/dt variations) used in this study span from January 2007 to December
2022, we use events from the shock list corresponding to the same time range, hence the 237 events shown in the
first two figures. We use SECS data as opposed to deriving dB/dt variations directly from in‐situ ground
magnetometer data because many interpolation techniques fail in areas of the map that are not well populated by
magnetometers such as northern Canada or the middle of Hudson Bay.

2.4. Field‐Aligned Current Densities From AMPERE

Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) data are used in this
study as a supporting data set. AMPERE is a data set of Birkeland currents that combines magnetic field per-
turbations from Iridium satellites by spherical harmonic fitting. The data processing techniques have been
documented by Anderson et al. (2000) and Waters et al. (2020). The AMPERE current density is found on a grid
with resolutions of 1° in magnetic latitude (MLAT) and 1 hr of magnetic local time (MLT), computed at 780 km
altitude in Altitude‐Adjusted Corrected GeoMagnetic (AACGM) coordinates (Baker & Wing, 1989; Shep-
herd, 2014) using the International Geomagnetic Reference Field (IGRF) model (Alken et al., 2021). The
AMPERE currents used in this study are computed every 2 min in long sliding windows of 10 min. We use
AMPERE data from January 2010 to December 2022, so this period corresponds to 201 events in Oli-
veira (2023b)'s IP shock data base. Birkeland current research using AMPERE data has been reviewed by Coxon
et al. (2018).

Figure 2. Colored bars: Shock number distributions of the 237 events in the
shock data base broken into the shock impact angle categories shown in
Equations 2–4. Inset pie diagram: Relative percentile of the number of
shocks within each angle category.
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3. Results
3.1. Filtering the Data to Account for Substorm Activity

Effects of shock impact angles on the subsequent ground dB/dt variations right after shock impacts were studied
by Oliveira et al. (2018). The authors looked at dB/dt variation peaks in a time interval of 10 min after each
corresponding shock impact. However, in this study, we look at SECS current and SECS dB/dt variations in a time
interval t such that 10 min < t < 180 min after shock impacts as an attempt to exclude effects of shock com-
pressions and capture only substorm‐related effects. According to Bargatze et al. (1985), this upper time limit is
adequate to account for geomagnetic activity triggered by solar wind drivers including IP shocks, as demonstrated
with shock‐triggered substorm‐like activity by Oliveira and Raeder (2015), and by Freeman and Morley (2004),
with a minimal model under constant solar wind driving.

The choice of filtering data is also based on the comparative studies provided by Ngwira et al. (2018) and Oliveira
et al. (2021). These works showed that intense ground dB/dt variations after shock impacts occur on the nightside
and are highly correlated with energetic particle injections observed by spacecraft on the nightside of the
magnetosphere. Such energetic particle injections are usually caused by flux growth phase droputs attributed to
the tailward stretching of the geomagnetic field near MLT = 00 hr (Reeves & Henderson, 2001), which are also
supported by substorm auroral image observations (Zhou & Tsurutani, 2001). In Ngwira et al. (2018)'s and
Oliveira et al. (2021)'s observations, the ground stations were located in North America and the spacecraft
(THEMIS and Los Alamos National Laboratory) were magnetically conjugated with the stations during the
corresponding observations, with all stations and satellites locates in intervals within a few hours of the magnetic

Figure 3. SECS data time distributions (in hours) produced by the SECS stations as a function of MLT (magnetic local time)
used in this study (1 SECS data output ≡ 10 s). Colored bars (blue, all events; green, highly inclined shocks; orange,
moderately inclined shocks; and red, nearly frontal shocks) correspond to observation times around the magnetic midnight
terminator, namely MLT ≤ 03 hr or MLT ≥ 21 hr. Gray bars indicate otherwise. Numbers within boxes represent the average
time of SECS data outputs corresponding to the colored bars in each shock category.
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midnight terminator. For this reason, our filtered data are useful to visualize magnetotail activity triggered by
shocks when data are plotted in geographic coordinates, as shown in the following sections.

Figure 3 shows SECS data outputs (1 SECS data output ≡ 10 s) as a function of MLT for all events (top left); HIS
(top right); MIS (bottom left); and NFS (bottom right). In order to isolate effects of substorms on ground dB/dt
variations, SECS data are filtered around the magnetic midnight with either MLT ≤ 03 hr or MLT ≥ 21 hr within
the time interval described above and are shown in the colored bars for each shock category. Although there are
some marginal variations of observation times in each shock category, there is an average of nearly 7,000–
8,000 hr of SECS data outputs considering the substorm MLT hour bins for each shock category. The numbers
indicated in each box correspond to the mean time of SECS data output of the MLT outputs represented in the
corresponding colored bars for each shock inclination category. Therefore, any eventual MLT biases in the data
can be neglected in our analysis.

3.2. Shock Impact Angle Effects on SECS Currents

Figure 4 shows results of superposed epoch analyses of SECS currents for all events (upper left panel); HIS (upper
right panel); MIS (lower left panel); and NFS (lower right panel). In this figure, downward Region 1 (R1) currents
are indicated by negative current values (blue colors), whereas upward Region 2 (R2) currents are indicated by
positive current values (red colors). SECS currents are averaged in 1.5° × 3.5° geographic latitude × longitude
bins on a conical projection. The gray lines and the gray circles correspond to AACGM MLATs at 100 km altitude
(from 50° northward in increments of 10°) and the geographic position of the magnetic north pole, respectively.
Geomagnetic coordinates shown in this paper were computed for 4 June 2015. The green stars in the figure
represent the geographic positions of the SECS stations used in this study. The numbers at the top right corner of
each panel indicate the numbers of individual stations whose data were used in the corresponding shock category
analysis.

Figure 4. Superposed epoch analysis of SECS current maps of conical projections in North America and Greenland for all
shocks (top left), highly inclined shocks (top right), moderately inclined shocks (bottom left), and nearly frontal shocks
(bottom right). Blue colors indicate negative downward currents, whereas red colors indicate positive upward currents. The
green stars indicate the geographic positions of the SECS stations, and the thick gray lines show AACGM magnetic latitudes
from 50° in 10°‐increments poleward at 100 km altitude. The numbers on the top right edge of each panel indicate the number
of individual SECS stations used to obtain amplitude currents for each shock inclination category. The negative and positive
numbers in the bottom edges of each panel indicate the total integrated inward (blue) and outward (red) currents,
respectively, in MA, associated with each shock inclination category.
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Results show that the overall downward and upward SECS currents are more intense as the angles in the shock
category become more frontal, as shown by values in blue and red at the bottom corners of each panel. This is
indicated by the total downward and upward currents integrated in the (10, 180) minute interval after shock
impacts and represented in the left and right corners of each panel. Additionally, more spatially defined R1 and R2
current patterns are seen particularly for the NFS category because substorms triggered by NFS are generally
more intense due to nearly symmetric magnetospheric compression and more effective magnetotail energy
release (Oliveira & Raeder, 2014; Oliveira et al., 2021; Shi et al., 2019).

Temporal superposed epoch analyses of SECS currents for all shock categories are shown in Figure 5. SECS
current data are not MLT‐filtered in this case (no emphasis on substorm times) and are plotted in a time interval of
1 hr and 3 hr around the shock impact time on the magnetosphere, the zero epoch time, as indicated in the
Oliveira (2023b) shock catalog. A 1‐min smoothing filter is passed on the data. The shock inclination categories
are the same as displayed in the previous figure. In Figure 5, blue colors indicate R1 currents, whereas red colors
indicate R2 currents. The highlighted regions indicate the 20% percentile (lower limit) and the 80% percentile
(upper limit), while the thick lines indicate mean current values. Percentile and mean values in all panels show
two well‐known features: (a) SECS currents are more intense, and (b) sudden impulse rise times are shorter as the
shock becomes more frontal. Since similar results were published with careful statistical analyses before with
AMPERE data by Shi et al. (2019), we do not perform any further statistical analyses of these well‐known current
features. Moreover, our results indicate a strong influence of shock impact angles on the subsequent SECS current
response to shock impacts, confirming the results provided by Shi et al. (2019).

3.3. Shock Impact Angle Effects on Ground dB/dt Variations

One of the main goals of this research paper is to assess the geographic coverage and equatorward latitudinal
extensions of ground dB/dt variations during substorms triggered under different magnetospheric compression

Figure 5. Temporal superposed epoch analysis of the total SECS currents, in MA, moving downwards (Region 1 currents,
blue colors), and upwards (Region 2 currents, red color). Mean (thick lines), 20% percentile (lower highlighted limit), and
80% percentile (upper highlighted limit) values are shown in the figure. Top left: all events; top right; highly inclined shocks;
bottom left, moderately inclined shocks; and bottom right, nearly frontal shocks.
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conditions. For this reason, we show in Figure 6 geographic areas in North
America and Greenland with SECS station coverage plotted on a conical
projection map. The figure shows geographic areas, in Mkm2, computed with
World Geodetic System standards (Kumar, 2009; Moritz, 2000) that take into
consideration the ellipsoid shape of the Earth. The white lines are the mag-
netic latitudes in AACGM coordinates from 50° to 80°. The grid resolution is
1° × 5° in latitude and longitude, is explicitly shown in the figure. Since the
bins are located on a spherical grid, bin areas become slightly larger at lower
latitudes (Snyder, 1993). Therefore, this will bring more importance to low‐
latitude areas with intense ground dB/dt variations as will be shown below in
Figures 8–10. The Supporting Information S1 brings detailed information on
how the areas shown in Figure 6 are computed.

Figure 7 shows geographic maps of data coverage for SECS data outputs with
data filtered around the midnight magnetic local time (MLT ≤ 03 hr;
MLT ≥ 21 hr). The plot shows 1 count ≡ 10‐s data points of both SECS data
outputs (currents and ground dB/dt variations). The figure is in the same
format as in Figure 4. The bin resolution is 1° for latitude, and 5° for longi-
tude. Counts are color coded in the plots. Although there is slightly more
coverage eastward of 90°W longitude (HIS) and 60°W longitude (MIS), re-
sults show that the total data counts is roughly spread out in the three shock
inclination categories (around ∼2.25 × 107 counts, shown in the bottom right
corner of each panel) with neglectable variations among the categories. These
coverages agree with the MLT distributions shown in Figure 3, since the

Figure 6. Geographic areas in North America and Greenland, in Mkm2, with
ground SECS stations as a function of geographic latitudes plotted on a
conical map projection. The number in blue (35.06 Mkm2) indicates the total
area coverage. The white lines correspond to the magnetic latitudes in
AACGM coordinates in 4 June 2015. Geographic and geodetic standards
provided by the World Geodetic System (WGS 84) were used in the
calculations. The red stars indicate the geographic locations of the SECS
stations used in this study.

Figure 7. Number of data outputs produced by the SECS technique in the geographic area covering North America and
Greenland for all events and the three shock inclination categories. SECS data are filtered with MLT ≤ 3 hr or MLT ≥ 21 hr.
The thick white lines indicate AACGM magnetic latitudes, and the red stars indicate SECS stations. The numbers shown in
the right top part of each panel represent the total number of stations used to obtain SECS data within each respective shock
inclination category. In the bottom part of each panel, the numbers in blue show the total number of counts, and the numbers
in magenta show the average number of hourly SECS data outputs.
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numbers in magenta, representing the average SECS data outputs in hours, are very similar to the average counts
(represented in hours, numbers in boxes) shown in Figure 3. Therefore, any eventual significant biases introduced
by the number of events in each shock category is practically non‐existent.

Geographic maps in North America and Greenland with SECS ground dB/dt variations are shown in Figure 8.
The format and grid resolution of this figure are the same as the ones shown in Figure 7. The data shown in the
figure is also filtered around the midnight magnetic terminator. Ground dB/dt variations in the HIS case show
the weakest enhancements. dB/dt variations lower than 2 nT/s are observed in regions with MLAT < 60°.
Enhancements of dB/dt > 5 nT/s are seen in regions above 60° magnetic latitudes. Even higher dB/dt variations,
∼10 nT/s, are seen in regions with 65° < MLAT < 80°. Results for all cases and MIS are very similar in terms

of intensities and geographic area coverage. In these cases, relatively low‐
level dB/dt variations (5 nT/s) are observed below MLAT = 60°, and
higher than ∼10 nT/s are observed above this MLAT region. A significant
area around MLAT = 70° is seen with dB/dt variations near 15 nT/s in mid‐
latitude Canada. More intense dB/dt variations reach lower latitudes in all
events and the category of MIS in comparison to the HIS case. As expected,
the case of NFS is the most geoeffective one. Intense dB/dt variations of
∼10 nT/s reach magnetic latitudes as low as 55°, whereas dB/dt > 10 nT/s
are observed in all magnetic latitudes greater than 60°. More importantly,
the NFS case shows a region between ∼65° and ∼80° with very intense field
variations with dB/dt surpassing 20 nT/s. Therefore, the NFS case shows
larger areas with the most intense and equatorward latitudinal extensions of
dB/dt variations in all three shock inclination category cases.

In order to quantify the geographic area coverage of ground dB/dt variations
during the shock‐induced substorms, we sum the areas of each geographic bin
shown in Figure 6 with dB/dt variations in the corresponding bin (Figure 8)
surpassing a range of specific dB/dt threshold values. This is shown in
Figure 9. In the figure, the blue line indicates results for all shocks; green,
HIS; orange, MIS; and red, NFS. The plot shows results of relative area as a
function of dB/dt thresholds. For all cases, the more intense dB/dt variations,

Figure 8. Same as in Figure 7, but for SECS ground dB/dt variations.

Figure 9. Relative geographic area coverages with specific dB/dt thresholds
for each shock inclination category: Blue, all events (ALL); green, highly
inclined shocks (HIS); orange, moderately inclined shocks (MIS); and red,
nearly frontal shocks (NFS).
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the smaller the area coverage. HIS results show dB/dt ∼ 5 nT/s appearing in nearly 40% of the total geographic
area, and dB/dt ∼ 7.5 nT/s covering ∼18% of the total geographic area. In this case, the maximum dB/dt variations
observed are shortly lower than 10 nT/s. As previously seen in Figure 8, geographic area coverages for all cases
and in the MIS case are very similar, as seen in their slopes, with maximum dB/dt variations near 15 nT/s. In this
case, dB/dt variations around 5 nT/s have an area coverage slightly higher than 60%. Maximum dB/dt levels of
near 25 nT/s are observed in the NFS case, with 5 nT/s and 10 nT/s appearing in around 88% and 55% of the total
geographic area, respectively. Also, it is interesting to note that the rate of change is the highest for HIS, and then
is followed by ALL/MIS and NFS. This feature shows that ground dB/dt variations cover relatively more areas in
the shock inclination categories with small shock inclinations.

Temporal superposed epoch analyses of absolute geographic area coverages with different dB/dt thresholds (not
MLT‐filtered) are shown in Figure 10. The dB/dt thresholds are >2.5 nT/s (blue); >5 nT/s (green); >7.5 nT/s
(orange); and >10 nT/s (red). In all panels, the vertical dashed black lines indicate the shock impact onset as the
zero‐epoch time. There is a sharp increase in area coverage in all cases and dB/dt thresholds, which indicate
sudden dB/dt variations caused by the shock impacts. Additionally, the difference between absolute area cov-
erages is more evident with higher dB/dt variation thresholds, being the highest for dB/dt > 10 nT/s in the case of
NFS. General results show that (a) the more intense the dB/dt variation, the smaller the area coverage, and (b)
individual area coverages for each dB/dt threshold is higher in the shock inclination categories with smaller shock
impact angles.

Since SECS currents are computed at the altitude of 100 km and AMPERE currents are defined at 780 km al-
titudes, the former current must be mapped to the latter current altitudes for comparisons. According to Ampère's
law (Jackson, 1999), the field‐aligned component (parallel to the magnetic field) of the current is given by

Figure 10. Temporal superposed epoch analyses of absolute geographic areas with dB/dt variations surpassing the following
thresholds: blue, dB/dt > 2.5 nT/s; green, dB/dt > 5.0 nT/s; orange, dB/dt > 7.5 nT/s; and red, dB/dt > 10.0 nT/s. The zero
epoch time is the shock impact time on the magnetosphere.
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J‖ =
1
μ0

B ⋅ (curl B)

B
. (5)

Assuming the parallel current flows along a flux tube without any diversion, the term B ⋅ (curl B) is conserved and
the SECS currents can be mapped from 100 to 780 km altitudes according to the expression (Donovan, 1993)

J780 =
B100

B780
J100, (6)

where the magnetic field magnitudes shown in the above equation are computed with the IGRF model.

Figure 11 shows dial plots of SECS current densities (in μA/m2, left column), northern hemisphere AMPERE
Birkeland current densities (in μA/m2, middle column), and SECS ground dB/dt variations (right column) for the
shock‐induced substorms. Both SECS data are plotted for 237 events (2008–2022), whereas AMPERE data are

Figure 11. Left column: SECS current densities; middle column: AMPERE Birkeland current densities; and right column:
SECS ground dB/dt variations. The highlighted areas in the dB/dt panels represent areas of interest located around the
midnight magnetic local time terminator (MLT ≤ 03 hr; MLT ≥ 21 hr).
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plotted for 201 events (2010–2022). From top to bottom, the first row is for
ALL events; second row, HIS; third row, MIS, and fourth row, NFS. The bin
sizes for all dial plots is of 1° and 1 hr for MLAT and MLT, respectively. In
order to make a more precise comparison between the SECS and AMPERE
currents, a 2‐min filter was passed on the 10‐s resolution SECS data to match
the time resolution of the AMPERE data (2 min). The numerical values
displayed on the bottom corners of the current panels indicate the integrated
current flowing into (blue color) and out of (red color) the MI system during
the substorm interval.

Comparisons between SECS and AMPERE currents show some moderate
agreements and striking differences. For example, both data sets capture R1
and R2 current patterns reasonably well, but it seems like SECS patterns are
off in comparison to AMPERE patters by 1 hr of MLT. In addition, both
currents appear to agree with respect to the mean integrated current values
shown in the left (R1, blue) and right (R2, red) bottom corners of each panel,
except for the NFS case, with NFS R1 and R2 currents being more intense in
the SECS case. Additionally, the NFS case shows a well‐defined and intense
current density structure in the post‐midnight/dawn sector in the SECS case,
which does not clearly appear in the AMPERE case. Figure 12 summarizes
the comparisons between the total integrated R1 and R2 currents (blue and red
lines) for both SECS and AMPERE data sets during the time interval of
interest.

In Figure 11, the results of ground SECS dB/dt variations for all events show
values near 10 nT/s from polar regions to 70° in the dawn‐noon sector, to 65°,
from MLT ∼ 12 hr to around the magnetic midnight, and to 60° in the post‐
midnight sector (00 hr < MLT < 03 hr). Very similar results are seen in the
MIS case, with small patches showing dB/dt enhancements near 20 nT/s at
MLAT = 70° (pre‐dusk sector), and very high latitudes in the cusp. The case
with HIS shows the weakest results, with dB/dt variations mostly smaller than
10 nT/s. Most concentrations of dB/dt variations near 8 nT/s around 70°–75°
magnetic latitudes, with some enhancements in the cusp. The case with NFS

is the most geoeffective. Ground dB/dt variations of around 10 nT/s reach magnetic latitudes as low as 55° in the
midnight‐dawn sector. Very intense dB/dt variations larger than 20 nT/s around MLAT = 70°, with a thicker
latitudinal band (65°–75°) from 00 to 06 hr magnetic local time. These dB/dt variations agree with SECS and
AMPERE results for the currents, particularly in the NFS case. The green crosses of Figure 12 shows the mean
MLT‐filtered dB/dt levels as a function of shock inclination category shown in Figure 11 (right column). The
green error bars show the upper (80%) and lower (20%) percentiles of dB/dt variations. The HIS‐MIS‐NFS curve
(along with both lower and upper percentiles) shows an almost linear increase, with the MIS value being very
close to the ALL value.

3.4. Inter‐Hemispheric Asymmetries of Field‐Aligned Currents: AMPERE Data

Figure 13 shows AMPERE Birkeland currents observed from the northern hemisphere (left column) and southern
hemisphere (right) column, with the same format and resolutions as shown in the left and middle columns in
Figure 11. All panels show that the field‐aligned currents present well‐defined spatial current structures. The
current enhancements in the southern hemisphere are more intense in the shock inclination groups with shocks
with smaller impact angles, similarly to what happens in the northern hemisphere. However, the integrated
Birkeland currents are more intense in the northern hemisphere than in the southern hemisphere in all cases. As
summarized in Figure 14, both northern hemisphere R1 (solid blue line) and R2 (solid red line) currents are
stronger than the southern hemisphere R1 (dashed blue line) and R2 (dashed red line) currents. This pattern is seen
in all shock inclination categories.

Similarly to what was reported for SECS currents (Figure 5), Figure 15 shows temporal superposed epoch
analysis results for the AMPERE Birkeland currents in the northern (left columns) and southern (right column)

Figure 12. Summary of the statistical results of the substorm‐time mean
integrated values of SECS and AMPERE Region 1 (R1) and Region 2 (R2)
currents shown in the left and middle columns in Figure 11 for all shock
orientation groups. Additionally, dB/dt statistical results (crosses, mean
values; error bars: lower limits, 20% quartile; upper limits, 80% quartile) for
all shock inclination categories are shown. The dB/dt data are MLT‐filtered
around the magnetic midnight terminator to account for substorm activity.
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hemisphere. The data is not MLT‐filtered in this case. Results of mean (thick
lines), 20%, and 80% percentiles indicate that the smaller the shock impact
angle, the more intense the field aligned current enhancement. However, the
northern hemispheric currents are more intense than the southern hemispheric
currents.

4. Discussion
The main goal of this paper is to investigate how IP shock impact angles
control the subsequent ionospheric current response and ground dB/dt vari-
ations during substorm times. We followed the work of Oliveira et al. (2021),
who performed a comparative study of the same topic with similar data using
two similarly strong IP shocks, but one being nearly frontal, and the other,
highly inclined. The authors concluded that the nearly frontal shock caused
(a) more intense and well‐defined ionospheric current amplitudes; (b) more
intense ground dB/dt variations that reached lower latitudes; and (c) larger
geographic coverages with regions showing intense dB/dt variations sur-
passing 1.5 nT/s and 5 nT/s, which could cause deleterious consequences to
ground infrastructure (Molinski, 2002; Pulkkinen et al., 2013). Then, we
addressed Oliveira et al. (2021)'s results with a superposed epoch analysis and
statiscal study investigation with more than 200 IP shocks with different
inclinations.

However, while ground dB/dt variations can be used as a metric, there is a
significant spectral dependence of the resulting actual GICs on dB/dt due to its
interaction with non‐uniform conductivity structures and conductivity layers
in the ground that is not fully captured by dB/dt (Kelbert & Lucas, 2020;
Juusola et al., 2020; X. Wang et al., 2021). However, we believe this issue
does not affect the results of this work.

As shown in Figure 4, SECS currents are more intense in the category of
shocks with small inclinations, which is supported by previous works with
observations and simulations (Guo et al., 2005; Oliveira & Raeder, 2014;
Samsonov et al., 2015; Selvakumaran et al., 2017; Shi et al., 2019). Perhaps
the most striking difference between SECS current densities and AMPERE
Birkeland current densities (Figure 11) is a very clear and well‐defined
Harang discontinuity structure (Harang, 1946) observed around
MLT = 23 hr for the SECS NFS case, which does not clearly appear in the
AMPERE NFS case. This effect was reported before with SECS current data
(Oliveira et al., 2021; Weygand, 2021), and it is clearly seen in the NFS panel
of Figure 4. The lack of a Harang discontinuity structure in the AMPERE case
is presumably due to a possible current smoothing due to the spherical har-
monics procedure used to compute the currents (Waters et al., 2020) or the
way the data was organized in this work. On the other hand, Coxon
et al. (2017) were able to show a clear post‐midnight Harang discontinuity

when AMPERE Birkeland current data was superposed at the onset of more than 1,000 substorms including
events not necessarily triggered by shock impacts.

The geographic maps of North America and Greenland (Figure 8) show that even shocks in the HIS category with
ground dB/dt variations near 10 nT/s in mid‐ and high‐latitude Canada can pose significant risks to ground
conductors. GICs associated with such ground dB/dt variation thresholds can be highly detrimental to power
transmission lines and oil/gas pipelines (Molinski, 2002; Pulkkinen et al., 2013). For the ALL and MIS cate-
gories, dB/dt variations around 10 nT/s can be seen close to the Canadian border with the United States, whereas
dB/dt variations near 15 nT/s is observed in mid‐latitude Canada. In addition, in the NFS case, dB/dt variations are
very intense in mid‐latitude Canada (>20 nT/s), and values near 10 nT/s are observed close to MLAT = 50°.
These results were observed by Oliveira et al. (2021) during two super substorms triggered by shocks with

Figure 13. Superposed epoch analysis of AMPERE Birkeland currents in a
time interval of 10 min to 3 hours after shock impact, in the northern
hemisphere (left column), and southern hemisphere (right column). From
top to bottom: first row, all events; second row, highly inclined shocks; third
row, moderately inclined shocks; and fourth row, nearly frontal shocks.
Downward (negative) currents are represented by blue colors, whereas
upward (positive) currents are represented by red colors. The numbers in the
bottom left and right portions of each panel indicate the integrated mean
current, in MA, flowing into and out of the magnetosphere‐ionosphere
system, respectively.
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different inclinations. Weygand (2021) also showed similar dB/dt variations
during isolated substorms without discrimination of the substorm triggering
mechanism. As a result, as pointed out by Oliveira (2023a), space weather
forecasting tools should focus on tracking IP shocks that are predicted to
impact the magnetosphere nearly head‐on for predicting high‐risk dB/dt
variations at magnetic latitudes lower than 70°. In addition, a visual inspec-
tion of Figure 8 and the curves in Figures 9, 10, and 12 show that, based on
dB/dt responses, a typical solar wind shock normal vector has moderate
inclination with ∼20°–40° deviations with respect to the Sun‐Earth line,
which are more frequently observed at 1 AU (Echer et al., 2023; Kilpua
et al., 2015; Oh et al., 2007; Oliveira, 2023a; Oliveira & Raeder, 2015; Rudd
et al., 2019).

C. Wang et al. (2006) and Rudd et al. (2019) showed that rise times of positive
shock‐triggered sudden impulses recorded by worldwide ground magne-
tometers are shorter for nearly head‐on shocks. Oliveira et al. (2018) showed
that ground dB/dt variations are more intense at high latitudes when triggered
by nearly frontal shocks with high speeds. In addition, Xu et al. (2020) used
north‐south conjugated ground station magnetometer data to show that the
stations in the hemisphere that is first impacted by the shock indicate the first

and more intense ground dB/dt response. As shown in Figure 10, the enhancements in absolute area coverages are
larger and sharper in the shock inclination categories with smaller shock impact angles, which agrees with
previous observations described above. These results agree with ground magnetic field response to shocks with
different inclinations since more frontal shocks compress the magnetosphere more symmetrically and enhances
magnetospheric and ionospheric currents more effectively in comparison to inclined shocks (Oliveira, 2023a;
Oliveira & Samsonov, 2018).

The intense post‐midnight/dawn currents and dB/dt enhancements seen in Figure 11 (NFS case) agree with
observations reported by Ohtani et al. (2018) of R1 and R2 currents in that MLT region during intense magnetic
storms and by Shi et al. (2019) for shocks. In addition, such post‐midnight dB/dt enhancements may be due to
intensifications of the dawnside westward auroral electrojet current. According to Ohtani et al. (2023), the
dawnside westward auroral electrojet current can be intensified during periods of high dynamic pressure en-
hancements and energetic electrons precipitating from the plasmasheet into the dawn sector leading to increased
conductance levels there (Newell et al., 2009; Wing et al., 2014). Additionally, Madelaire et al. (2022) suggested
that dynamic pressure enhancements caused by solar wind discontinuities intensify the partial ring current during
southward IMF periods leading in turn to intense geomagnetic field perturbations at mid and low latitudes. As a
result, these processes enhance field‐aligned currents, particularly R2 currents, and magnetopause currents at mid
and low latitudes, leading to high‐level dB/dt variations observed in such unusually low latitudes (nearly
MLAT = 50°).

Inter‐hemispheric asymmetries in AMPERE Birkeland currents are observed in Figures 13–15. In general, the
northern hemisphere response is more intense than the southern hemisphere response. Observations of more
intense Poynting flux enhancements in the northern hemisphere support these findings (Knipp et al., 2021;
Oliveira et al., 2022; Pakhotin et al., 2021). This is explained by a larger offset between the magnetic quasi‐dipole
high‐latitude dips with respect to the Earth's center in the southern hemisphere in comparison to the northern
hemisphere (Constable et al., 2016; Laundal et al., 2017; Livermore et al., 2020). The offsets between the Earth's
rotation axes and the positions of the highest magnetic inclination (±90° for the northern and southern hemi-
spheres, respectively), calculated with the Haversine formula (Gade, 2010) and the IGRF model, are shown in
Figure 16. The highlighted gray area indicates the time investigated in this study. As noted by Pakhotin
et al. (2021), the southern hemisphere auroral oval is generally more in darkness in comparison to the northern
hemisphere auroral oval, which may affect conductances and auroral electrojets more weakly in the southern
hemisphere. Although not investigated in this paper, ionospheric conductances, seasons, and IMF By may also
play a role in determining inter‐hemispheric asymmetries in ground magnetic field response (Hartinger
et al., 2017; Oliveira et al., 2023; Pilipenko et al., 2020; Weygand et al., 2022). Similar inter‐hemispheric
asymmetries in AMPERE Birkeland currents were also reported by Shi et al. (2019) with currents enhanced
by shocks with different inclinations, and by Coxon et al. (2016) with currents observed in the period 2010–2015

Figure 14. Summary of the statistical results of Region 1 (R1, blue) and
Region 2 (R2, red) Birkeland currents shown in Figure 13 for the northern
hemisphere (solid lines) and southern hemisphere (dashed lines).
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during general conditions. Although the shock impact angle effects are present in both hemispheres, AMPERE
Birkeland currents are more intense in the northern hemisphere for all shock inclination categories.

5. Summary and Conclusions
In this study, we used 237 events from a list of 603 IP shocks to investigate ionospheric current and ground dB/dt
responses to shock impacts with different inclinations on the magnetosphere. Data from large ground magne-
tometer arrays located in North America from Alaska to Labrador, Colorado to Nunavut, and on Greenland's west
coast were used in the investigation. The Spherical Elementary Current System (SECS) technique was applied to
the data, and ionospheric current amplitudes (SECS currents) were computed. Then, the Biot‐Savart law was
applied to the SECS currents and ground dB/dt variations were obtained. Geographic maps of the currents and
field variations as a function of shock impact angles were constructed. Additionally, field‐aligned current

Figure 15. Superposed epoch analysis results of AMPERE current time series for the four shock categories, from top to
bottom: all events, first row; highly inclined shocks, second row; moderately inclined shocks, third row; and nearly frontal
shocks, fourth row. The first column is for the northern hemisphere, whereas the right column is for the southern hemisphere.
Blue colors represent downward currents, while red colors indicate upward currents. The colored shaded areas correspond to
the lower (20%) and upper (80%) quartiles.
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densities from AMPERE were used as a supporting data set for comparison
with the SECS currents and independent inter‐hemispheric comparisons.

The main findings of this work can be summarized as follows:

1. Typical ground dB/dt variations (5–10 nT/s) are triggered by moderately
inclined shocks with shock impact angles in the range 140° < θxn

< 160°.
This is clearly seen in Figures 8 and 9.

2. In general, nearly frontal shocks lead to more intense and more well‐
spatially defined current amplitudes in the ionosphere. This general
result confirms the results of the comparative case study reported by
Oliveira et al. (2021).

3. A well spatially defined Harang discontinuity is observed in the northern
hemisphere with SECS currents in the pre‐midnight sector (MLT ∼ 23 hr).
This occurs more clearly in the nearly frontal shock category and is not
clearly shown in the AMPERE data.

4. Geographic maps of ground dB/dt variations show that the more frontal the
shock impact, the more intense and the lower the equatorial extent of the
subsequent ground dB/dt variations. In addition, these maps show that
intense dB/dt variation thresholds (>5 nT/s and >10 nT/s), appear,
respectively, in nearly 85% and 50% of the geographic areas investigated.
These results also agree with the comparative study of Oliveira et al. (2021).

5. SECS currents and ground dB/dt variations are strongly enhanced in the midnight‐dawn sector particularly in
the case of the nearly frontal shocks. This is due to high intensifications and equatorward extensions of Region
2 currents in that region. This result agrees with previous observations of dawnside field‐aligned currents,
current wedges, and westward auroral electrojet during IP shocks and magnetic storms (Ohtani et al., 2018,
2023; Shi et al., 2019).

6. AMPERE field‐aligned currents in the northern hemisphere generally agree with SECS currents in the sense
that, the more frontal the shock impact, the more intense the resulting current. As a byproduct result of this
investigation, we found that integrated field‐aligned currents observed by AMPERE are more intense in the
northern hemisphere in comparison to currents observed in the southern hemisphere. These results agree with
inter‐hemispheric asymmetries obtained from Poynting flux enhancements computed with magnetic field
observations in low‐Earth orbit (Knipp et al., 2021; Oliveira et al., 2022; Pakhotin et al., 2021), as well as with
previous of AMPERE Birkeland currents (Coxon et al., 2016, 2022; Shi et al., 2019).

Furthermore, the findings of this work have significant implications to future space weather investigations
focusing on GIC enhancements occurring during shock‐induced substorms. More specifically, forecasters should
predict and track impacts of nearly frontal shocks on the Earth's magnetosphere. Additionally, as pointed out by
Oliveira (2023a), it is strongly recommended modelers simulate the impacts of shocks with different normal
orientations on the magnetosphere to investigate, in particular, the subsequent GIC enhancements during
asymmetric magnetospheric compressions. As reported by Welling et al. (2021), ground dB/dt variations were
highly intensified and reached low equatorial latitudes as a result of the impact of a perfect coronal mass ejection
with purely frontal normal orientation, which is a very particular case. This is supported by results shown in
Figure 1 and by many other works (Kilpua et al., 2015; Oh et al., 2007; Oliveira, 2023a; Oliveira & Samso-
nov, 2018; Rudd et al., 2019), meaning that most shocks observed at 1 AU have moderate inclinations of ∼30–40°
with respect to the line connecting the Earth and the Sun.

Data Availability Statement
The interplanetary shock data base can be downloaded from the Zenodo repository described in Oliveira (2023c).
The SECS data (ionospheric current amplitudes and ground dB/dt variations) are publicly available at the Virtual
Magnetospheric Observatory website (http://vmo.igpp.ucla.edu/data1/SECS/). The AMPERE Birkeland current
data were downloaded from https://ampere.jhuapl.edu. Links to individual ground magnetometer data are
available in the Supporting Information S1.

Figure 16. Offset distance between the Earth's rotation and the geographic
position of the highest magnetic inclination, ±90° in the northern
hemisphere (blue line) and southern hemisphere (pink line). The Haverside
equation and the IGRF model were used in the calculations.
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