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Abstract Interplanetary (IP) shocks drive magnetosphere-ionosphere (MI) current systems that in
turn are associated with ground magnetic perturbations. Recent work has shown that IP shock impact
angle plays a significant role in controlling the subsequent geomagnetic activity and magnetic
perturbations; for example, highly inclined shocks drive asymmetric MI responses due to
interhemispherical asymmetric magnetospheric compressions, while almost head-on shocks drive more
symmetric MI responses. However, there are few observations confirming that inclined shocks drive such
asymmetries in the high-latitude ground magnetic response. We use data from a chain of Antarctic
magnetometers, combined with magnetically conjugate stations on the west coast of Greenland, to test
these model predictions (Oliveira & Raeder, 2015, https://doi.org/10.1002/2015JA021147; Oliveira, 2017,
https://doi.org/10.1007/s13538-016-0472-x). We calculate the time derivative of the magnetic field (𝜕B∕𝜕t)
in each hemisphere separately. Next, we examine the ratio of Northern to Southern Hemisphere 𝜕B∕𝜕t
intensities and the time differences between the maximum 𝜕B∕𝜕t immediately following the impact of IP
shocks. We order these results according to shock impact angles obtained from a recently published
database with over 500 events and discuss how shock impact angles affect north-south hemisphere
asymmetries in the ground magnetic response. We find that the hemisphere the shock strikes first usually
has (1) the first response in 𝜕B∕𝜕t and (2) the most intense response in 𝜕B∕𝜕t. Additionally, we show that
highly inclined shocks can generate high-latitude ground magnetic responses that differ significantly from
predictions based on models that assume symmetric driving conditions.

1. Introduction
Interplanetary (IP) shocks are a common phenomenon in the heliosphere (Burlaga, 1971; Richter et al.,
1985). While being more frequent during solar maxima, IP shocks can also be found, though less numerous,
in any other phase of the solar cycle, including solar minima, due to their connection to solar activity (e.g.,
Oh et al., 2007; Oliveira & Raeder, 2015; Rudd et al., 2019). IP shocks are formed in the interplanetary space
when the relative velocity between the shock disturbance and the local environment is greater than the local
magnetosonic speed (Burguess, 1995; Landau & Lifshitz, 1960; Oliveira, 2017; Richter et al., 1985). In addi-
tion to this condition, if shocks propagate away from the Sun in the interplanetary space, they are classified
as fast forward shocks, the most geoeffective class of shocks. Usually, strengths of IP shocks are expressed
by shock speeds and magnetosonic Mach numbers, defined as the ratio between the shock/medium relative
velocity to the local magnetosonic speed (Burlaga, 1971; Oliveira, 2017; Richter et al., 1985). One of the first
prompt effects of IP shock impacts on the magnetosphere are sharp jumps in the horizontal magnetic field
perturbations known as positive sudden impulses, or SI+, that can be measured anywhere on the planet
(Araki, 1994; Oliveira & Samsonov, 2018; Rudd et al., 2019; Smith et al., 1986; Wang et al., 2006).

IP shock impact angles are defined as the angle shock normal vectors perform with the Sun-Earth line.
Usually, nearly frontal shocks (small impact angles) are driven by coronal mass ejections, while highly
inclined shocks (large impact angles) are driven by corotating interaction regions (see Figure 1 of Oliveira
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& Samsonov, 2018, and references therein). Numerical simulations and observational data have shown
that the geomagnetic activity following IP shock impacts depends closely on the shock normal direction
(see the comprehensive review by Oliveira & Samsonov, 2018). Nearly frontal shock impacts are associ-
ated with quasi-symmetric magnetosphere response, whereas highly inclined shock impacts are associated
with highly asymmetric magnetosphere responses with respect to timing and intensity (Badruddin et al.,
2019; Guo et al., 2005; Oliveira & Raeder, 2014, 2015; Oliveira & Samsonov, 2018; Oliveira et al., 2016; Rudd
et al., 2019; Samsonov, 2011; Samsonov et al., 2015; Selvakumaran et al., 2017; Shi et al., 2019; Takeuchi
et al., 2002; Wang et al., 2006). In addition, the inclination angles of solar wind phase fronts have recently
been shown to control the subsequent geomagnetic activity even during quiet (non-shocked) solar wind
conditions (Cameron et al., 2019).

Fast forward IP shocks are associated with increases in solar wind dynamic pressure and other variations in
solar wind parameters that affect magnetosphere-ionosphere (MI) current systems and wave activity (e.g.,
Oliveira & Samsonov, 2018; Tsurutani et al., 2011). These MI current systems couple to a variety of spa-
tially and temporally varying ground magnetic perturbations. IP shock impacts have been shown to drive
particularly intense current systems and ground magnetic perturbations. The temporal variations of such
magnetic perturbations, hereafter referred to as “𝜕B∕𝜕t”, are of particular interest due to their relationship
with geomagnetically induced currents, known as GICs (Pirjola, 2002; Viljanen, 1998). GICs generate elec-
tric fields that couple with artificial conductors, which in turn create the flow of undesirable electric currents
in power systems, leading to equipment damage, overtime degradation, and disruption of power supplies
(Albertson et al., 1993; Béland & Small, 2005; Kappenman, 2003; Marshall et al., 2012; Ngwira & Pulkkinen,
2019; Oliveira & Ngwira, 2017). GICs associated with IP shock impacts have been identified to occur at low,
mid, and high latitudes as well (e.g., Béland & Small, 2005; Carter et al., 2015, 2016; Espinosa et al., 2019;
Fiori et al., 2014; Kappenman, 2003; Oliveira et al., 2018; Zhang et al., 2015, 2016).

Numerical magnetohydrodynamic simulations of shock impacts conducted by Oliveira and Raeder
(2014), with shock normals lying in the meridional plane with different inclinations, indicate significant
north-south hemisphere asymmetries in magnetospheric magnetic perturbations. For example, Oliveira and
Raeder (2014) showed that time delays between the propagation of magnetosonic waves in the Northern
and Southern Hemispheres triggered by a highly inclined shock caused a highly asymmetric magnetosphere
compression, leading to asymmetric magnetospheric response, and weaker/slower MI-coupling response.
On the other hand, as pointed out by the authors, impacts of high-speed and nearly frontal shocks are usually
associated with symmetric magnetospheric compressions that in turn amplify the subsequent MI response.
These latter simulation results were confirmed by Shi et al. (2019), who used Active Magnetosphere and
Planetary Electrodynamics Response Experiments to show that high-latitude field-aligned currents follow-
ing nearly-frontal shock impacts responded faster and more strongly than those following highly inclined
shock impacts. However, there is limited observational evidence to test the prediction that north-south
inclined shocks drive north-south asymmetries in magnetospheric perturbations or ground-based 𝜕B∕𝜕t,
particularly at high latitudes. Previous observational studies of high latitude north-south inter-hemispheric
comparisons of 𝜕B∕𝜕t related to shocks and/or upstream pressure variations found significant hemispheric
asymmetries in 𝜕B∕𝜕t, yet could only examine the relationship between 𝜕B∕𝜕t and factors such as iono-
spheric conductivity (season) or magnetic field topology due to a lack of information about shock impact
angle (Hartinger et al., 2017).

In this work, we use a recently published database of shock impact angles from Oliveira et al. (2018), along
with a recently deployed chain of magnetically conjugate ground magnetometers to test hypotheses moti-
vated by the simulations of Oliveira and Raeder (2014), namely the hemisphere that the IP shock strikes
first has (i) the first ground magnetic response; and (ii) the most intense response. These hypotheses are
motivated by the fact that, at least initially, shocks ought to create disturbances on the dayside magne-
topause that couple to magnetosonic and Alfvén waves. These waves have a shorter distance to travel to
the ionosphere in one hemisphere if the shock first strikes the magnetopause closer to that hemisphere;
thus, the waves may arrive sooner in that hemisphere, experience less dispersion, and potentially gen-
erate a larger initial ground magnetic perturbation. In other words, if a shock creates a magnetopause
disturbance that exhibits an asymmetry with respect to the magnetic equator, one generally expects this
disturbance to generate magnetospheric waves and corresponding ground magnetic perturbations that also
exhibit north-south asymmetries because their energy source is asymmetric. The paper is structured as fol-
lows: section 2 presents the data and methodologies used in this study; section 3 presents case studies and
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Table 1
The Coordinates of Ground Magnetometers Used in this Study

Geodetic Geodetic MagLON MagLAT
Station code LON LAT IGRF2015 IGRF2015 Station location
PG0 88.68 –83.67 38.01 –78.64 EAPa

PG1 77.20 –84.50 37.15 –77.24 EAP
PG2 57.96 –84.42 38.95 –75.53 EAP
PG3 37.63 –84.81 36.56 –73.79 EAP
PG4 12.25 –83.34 36.27 –71.05 EAP
PG5 5.71 –81.96 37.16 –69.65 EAP
THL 290.77 77.47 26.79 84.05 WCGb

TAB 291.18 76.54 25.25 83.19 WCG
SVS 294.90 76.02 30.73 82.31 WCG
KUV 302.82 74.57 39.83 79.98 WCG
UPN 303.85 72.78 38.49 78.18 WCG
UMQ 307.87 70.68 41.07 75.59 WCG
GDH 306.47 69.25 38.10 74.42 WCG
ATU 306.43 67.93 37.05 73.14 WCG
STF 309.28 67.02 39.74 71.77 WCG
SKT 307.10 65.42 36.29 70.54 WCG
GHB 308.27 64.17 36.99 69.07 WCG
FHB 310.32 62.00 38.29 66.47 WCG
NAQ 314.56 61.16 42.37 64.78 WCG
aEast Antarctic Plateau. bWest Coast of Greenland.

statistics of hemispheric comparisons of the ground magnetic response during inclined and frontal shocks;
section 4 discusses these results and their implications, and section 5 summarizes the results.

2. Data and Methodology
2.1. IP Shock Dataset
We use the IP shock list found in the supporting information of Oliveira et al. (2018) in our analysis. This list
contains 547 fast forward shocks from January 1995 to September 2017. Solar wind plasma and interplan-
etary magnetic field data obtained from the Advanced Composition Explorer and Wind spacecraft located
in the solar wind at L1 upstream of the Earth were used to compute shock normal inclination angles and
speeds. Assumptions of energy and momentum conservation across the shock fronts were used along with
the Rankine-Hugoniot conditions during the calculations (e.g., Burlaga, 1971; Landau & Lifshitz, 1960).
The theoretical framework and the equations particularly used in these calculations can be found in many
previous papers (Oliveira & Raeder, 2014, 2015; Oliveira et al., 2016; Oliveira, 2017; Oliveira & Samsonov,
2018). A recent and detailed statistical analysis of the events in this shock list has been provided by Rudd et
al. (2019).

2.2. High-latitude Ground Magnetometer Datasets
For this work, we use data from two ground magnetometer chains, one on the west coast of Greenland
operated by the Technical University of Denmark (DTU, https://www.space.dtu.dk/English/Research/
Scientific&urluscore;data&urluscore;and&urluscore;models/Magnetic&urluscore;Ground&urluscore;
Stations.aspx) and the other on the East Antarctic Plateau operated by Virginia Tech, named Autonomous
Adaptive Low-Power Instrument Platforms (AAL-PIP, Clauer et al., 2014). DTU data are obtained
from the public Tromsø Geophysical Observatory website (http://flux.phys.uit.no/geomag.html), while
AAL-PIP data are obtained from the public Magnetosphere-Ionosphere Science Team (MIST) website
(mist.nianet.org). AAL-PIP data have been used to investigate interhemispheric asymmetries in ground-
and space-located magnetic perturbations (Hartinger et al., 2016, 2017; Martines-Bedenko et al., 2018;
Xu et al., 2017).
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Figure 1. Illustration of 𝜃x𝑦, the angle between the shock normal and the solar magnetic (SM) x𝑦 plane (dipole
equator). swx , sw𝑦, and swz stand for the normal X , Y , and Z of interplanetary shock normals in SM coordinates
accordingly.

By design, the AAL-PIP stations were placed at the magnetic conjugate points of the DTU stations, as deter-
mined through use of the International Geomagnetic Reference Field (IGRF). The geographic and magnetic
coordinates of these stations are listed in Table 1. The AAL-PIP and DTU data are both in sensor coordi-
nates roughly equivalent to NEZ coordinates, defined as N = magnetic north, Z = vertical (towards Earth),
E = completes right-hand orthogonal set and points roughly eastward. The units of all components are nT.
In the present study, we only analyze the N component because it is more susceptible and consequently the
most important component to magnetospheric forcing (e.g., Ngwira et al., 2009).

For this study, we require shock normal angles in solar magnetic (SM) coordinates; we choose to use SM
coordinates because the magnetometer station locations are organized according to the Earth's magnetic
field; thus, interhemispheric comparisons will be more meaningful in this coordinate system (Laundal &
Richmond, 2016). We thus obtained the shock normal vectors in geocentric solar ecliptic (GSE) coordinates
from the IP shocks in Oliveira et al. (2018) and used these vectors to compute the angle between the shock
normal and the SM x𝑦 plane, or 𝜃x𝑦:

𝜃x𝑦 = tan−1

⎛⎜⎜⎜⎝
swz√

swx
2 + sw𝑦

2

⎞⎟⎟⎟⎠
(1)

where swx, sw𝑦, and swz are the x, 𝑦, and z components of the shock normal in SM coordinates. This angle is
illustrated in Figure 1. Nearly frontal shocks correspond to small angles while highly inclined shocks have
larger angles. Recall that the shock front is in a plane orthogonal to the shock normal. Thus, positive angles
indicate the Southern Hemisphere will be struck by the shock front first, while negative angles indicate the
northern hemisphere will be struck first. We organize data in SM coordinates rather than GSE (as in Oliveira
& Samsonov, 2018) because, as noted above, the ground station locations in each hemisphere are ordered
by the Earth's magnetic field.

2.3. Signal Processing and Data Reduction
For this study, we focus exclusively on the analysis of the N component. For statistical analysis, we use data
from a single north-south station pair, UMQ-PG1 because PG1 was deployed in 2008 – far earlier than the
other stations – thus it enables analysis of significantly more shock events for more robust statistical results,
as shown in Table 2 for data reduction. For case study analysis, we use all available stations.
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Table 2
Data Reduction for Statistical Analysis of Interplanetary (IP) Shocks Using
UMQ-PG1

Data Analysis Step Number of events
All events in Oliveira et al. (2018) 547
From May 2009 to Sept. 2017 169
With high quality data from PG1a 143
With high quality data from UMQa 150
With high quality data from botha 127
High quality from both, dayside eventsa 65
High quality from both, nightside eventsa 62
High quality from both, 𝜃x𝑦 > 20◦ a 90

High quality from both, 𝜃x𝑦 > 20◦ , dayside eventsa 49

High quality from both, 𝜃x𝑦 > 20◦ , nightside eventsa 41
aAfter 2009.

Before analyzing 𝜕B∕𝜕t related to IP shocks, we perform several signal processing steps:

1. Despike the raw 10 s DTU magnetometer and 1 s PG magnetometer data.
2. For consistency and ease of comparison with Oliveira et al. (2018), the time series from both arrays are

averaged to 1 minute samples.
3. Remove background trends from a 1 minute time series by subtracting an average value for each station

for the day when the shock occurred; then, since the data have uniform time resolution, we directly obtain
𝜕B∕𝜕t. Examples of these data are shown in Figures 2 and 3.

4. We extract the time and intensity of the largest 𝜕B∕𝜕t in the N component in a 25 minute window
surrounding the shock time (5 minutes before shock to 20 minutes after), similar to Oliveira et al. (2018).

We statistically analyze the relationship between 𝜃x𝑦 and two parameters: (1) time lag between the first
response in the north versus the south, (2) intensity ratio between the maximum 𝜕B∕𝜕t measured in the
north and the south. We require simultaneous measurements at conjugate station pairs to obtain these quan-
tities, and we also require a large number of IP shock events to obtain robust statistical results. We thus limit
our statistical analysis to the PG1-UMQ station pair because PG1 was deployed earlier than the other PG
stations (2008), significantly increasing the number of IP shock events available for analysis. Table 2 shows
how our requirements limit the number of events for analysis, yet it also shows that there are sufficient
events available to test the two hypotheses presented in section 1. For our statistical analysis, we analyze
periods when data are available and are of high quality – no large spikes or gaps – from both PG1 and UMQ.
To test our hypotheses, we focus exclusively on inclined shocks (𝜃x𝑦 > 20 degrees). We also analyze event
subsets corresponding to periods when PG1-UMQ are at dayside and nightside local times.

3. Results
3.1. Case Study Comparison
We first use a case study comparison to explore the effects of shock impact angles on ground magnetometer
response and whether the hemisphere that the IP shock strikes first has the first and/or the most intense
ground magnetic response. We selected events meeting the following criteria: (i) occur at similar UTs to
reduce complicating factors such as spatially varying current systems, and (ii) similar shock speeds and
magnetosonic Mach numbers (Ms) because shock strength is an important parameter controlling ground
response that would bias this analysis (Oliveira & Samsonov, 2018). The parameters for the shock events we
selected are shown in Table 3. The shock impact angles indicate that the highly inclined shock will strike the
Northern Hemisphere first, while the nearly frontal shock case will strike both hemispheres at roughly the
same time. Finally, we note that due to a limited number of shock events, we could not identify two shock
events with identical properties apart from shock impact angle. As a result, other factors such as ionospheric
conductivity (events occurred at different times of the year) and shock compression ratio may affect the
intensity of the ground magnetic response. We return to this point later in this section and in section 4, but
for now we simply note that these case studies will only be used to illustrate the potential dependence of
ground magnetic perturbation intensity/arrival time on the shock impact angle.
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Figure 2. (Top) N component of the magnetic perturbations at different Northern Hemisphere (black lines) and
Southern Hemisphere (red lines) stations for the highly inclined shock case. Each division on the 𝑦-axis corresponds to
150 nT. (Bottom) The same, but for the nearly frontal shock case.

The upper part of Figure 2 shows a 1 hour time range for the highly inclined shock case on 22 June 2015,
while the lower part of Figure 2 is the same for the nearly frontal shock case. The stack plot shows signals
(magnetic perturbation of N component) measured from northern (black lines) and southern (red lines)
hemisphere stations ordered according to magnetic latitude (closest to respective poles at the top). The
ground magnetic response in the two hemispheres is generally different in the inclined shock case (com-
pare red to black curves in top panel), whereas in the frontal shock case it is generally similar. Moreover, in
the inclined shock case significant negative deflections occur at much higher latitudes than in the frontal
shock case, and those deflections are much more intense in the Northern Hemisphere; for example, the
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Figure 3. (Top) N component of 𝜕B∕𝜕t variations observed at different Northern Hemisphere (black lines) and
Southern Hemisphere (red lines) stations for the highly inclined shock case. Each division on the 𝑦-axis corresponds to
150 nT. (Bottom) The same, but for the nearly frontal shock case.

perturbation at UMQ is more than double that at PG1. In comparison, the magnetic perturbations for the
frontal shock case are very similar in amplitude and timing (red and black curves in bottom panel lie almost
on top of each other).

Figure 3 is in the same format as Figure 2, but it shows 𝜕B∕𝜕t variations rather than magnetic perturbations.
When comparing the top part of Figure 3 (inclined shock) to the bottom part (frontal shock), one of the most
striking differences is the north-south hemisphere asymmetries present in the inclined shock case but not
in the frontal shock case. In particular, the red and black curves on the top often behave differently, while
on the bottom they lie on top of each other indicating symmetric behavior. There is a clear SI signature in the
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Table 3
Interplanetary (IP) Shock Parameters for Case Study Comparison

Shock normal inclination Date UT Shock speed Ms Pup∕Pdown 𝜃x𝑦 in SM

Highly inclined shock 2015-06-22 1833 800.81 km/s 4.13 8.11 –42.08◦

Nearly frontal shock 2015-11-06 1819 747.94 km/s 4.75 1.76 1.53◦

frontal case, in PG0 and PG1 station. But there is no SI signature in the northern hemisphere. Examining the
UMQ-PG1 pair on the top, the time with the largest 𝜕B∕𝜕t value occurs later in the Southern Hemisphere
(PG1, red) compared with the Northern Hemisphere (UMQ, black), consistent with the shock striking the
Northern Hemisphere first. The intensity of the maximum 𝜕B∕𝜕t is also larger in the north compared to the
south.

These case studies are consistent with our hypothesis that the hemisphere the shock strikes first has the
first response in 𝜕B∕𝜕t: in the inclined shock case with negative impact angle the Northern Hemisphere
generally sees an earlier response than the Southern (features of black curves shifted slightly right of red),
while in the frontal shock case the red and black curves are nearly on top of each other consistent with a
similar arrival time in each hemisphere. They are also generally consistent with the second hypothesis that
the hemisphere the shock strikes first has the most intense response: the Northern Hemisphere has a more
intense response than the southern in the inclined shock case at the PG1-UMQ station pair (or they are
comparable, as in PG4-SKT case), while in the frontal shock case the intensities are the same at all pairs (red
and black curves lie nearly on top of each other). We examine whether these two hypotheses are consistent
with other shock events in sections 3.2 and 3.3.

Finally, we note from Figure 3 that at many latitudes, particularly in the Southern Hemisphere, the frontal
shock (bottom panel) generates comparable or more intense 𝜕B∕𝜕t than the inclined shock (upper panel);
this is consistent with the results of Oliveira et al. (2018). However, this pattern does not hold at all
latitudes; in particular, the inclined shock generates magnetic perturbations with significantly larger inten-
sities than the frontal shock at many latitudes in the Northern Hemisphere. We would expect a stronger
trend towards larger 𝜕B∕𝜕t for the frontal shock if the shock speeds, magnetosonic Mach numbers, and
upstream/downstream dynamic pressure ratios were equal, but the pressure ratio is more than 4 times larger
in the inclined shock case, as shown in Table 3, leading to the larger magnetic intensities in the inclined
shock event.

3.2. Statistical Analysis of PG1-UMQ: Time Lag of First Response
Now we statistically investigate the effects of shock inclinations on our first hypothesis. Figure 4 shows
results for inclined shock events that satisfy the condition 𝜃x𝑦 > 20◦ , where both UMQ and PG1 had data.
The blue bars indicate results for all events. Events are organized according to categories related to the shock
impact angle and the hemisphere where the response in 𝜕B∕𝜕t was first observed following the arrival of
the shock. “First response in hemisphere shock strikes first” is for the case when the shock front strikes
the hemisphere first and the hemisphere station observes the first response. “First response in the opposite
hemisphere from where shock strikes first” is for the case when the shock front strikes the one hemisphere
first but the station in the opposite hemisphere observes the first response. A third category, not shown in the
plot, is for events where the response occurred simultaneously in both hemispheres, to within the 1 minute
sampling rate; these events are excluded from the analysis because no conclusion can be drawn concerning
time lag; however, we note these events are a minority, 15 cases over 90 cases total. The blue, red, and green
bars at the left edge of the histogram plot are consistent with our time lag hypothesis, while those on the
right are not; in other words, if our hypothesis is correct there should be more events in the “First response
in hemisphere shock strikes first” category compared with the “First response in the opposite hemisphere
from where shock strikes first” category. This is indeed the case.

The red and green bars in Figure 4 further separate inclined shock events according to the local time of
the ground stations when the shock first arrives. These results indicate that whether the stations are on the
dayside or the nightside, the trend is generally the same.

3.3. Statistical Analysis of PG1-UMQ: North-South 𝝏B∕𝝏t Ratio
In order to address our second hypothesis, we examine Figure 5 for inclined shock events (𝜃x𝑦 > 20 degrees)
where both UMQ and PG1 had data. Blue bars show results for all events, while red and green bars are
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Figure 4. Histogram plot showing inclined shock events sorted as: “First response in hemisphere shock strikes first”
when the shock strikes one hemisphere first and the first 𝜕B∕𝜕t response is observed in the same hemisphere and
“First response in the opposite hemisphere from where shock strikes first” when the shock strikes one hemisphere first
and the first response is observed in the opposite hemisphere. Blue bars include all inclined shock events; red bars
indicate only events that occurred when the PG1 station was on the dayside; green bars indicate events on the
nightside. Note events were not included in this plot when the time of arrival was the same (within 1 minute). The
number of events in each group is shown above its corresponding bar.

for dayside and nightside events, respectively, as in Figure 4. Events are organized according to categories
related to the shock impact angle and the hemisphere where the most intense 𝜕B∕𝜕t was observed follow-
ing the arrival of the shock. ”Most intense response in hemisphere shock strikes first” is for the case when
the shock front strikes one hemisphere first and the station in the same hemisphere observes the most
intense 𝜕B∕𝜕t, and ”Most intense response in the opposite hemisphere from where shock strikes first” is
for the case when the shock front strikes one hemisphere first but the station in the opposite hemisphere
observes the most intense response. A third category, not shown in the plot, is for events where the response

Figure 5. Histogram plot showing interplanetary shock events sorted as “Most intense response in hemisphere shock
strikes first” when the shock strikes one hemisphere first and the most intense 𝜕B∕𝜕t response is observed in the same
hemisphere and “Most intense response in the opposite hemisphere from where shock strikes first” when the shock
strikes one hemisphere first and most intense response is observed in the opposite hemisphere. Blue bars include all
interplanetary shock events, red bars indicate only events that occurred when the PG1 station was on the dayside,
green bars indicate events on the nightside. Note events were not included in this plot when the intensities in each
hemisphere were similar (within 5%). The number of events in each group is shown above its corresponding bar.
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had the same intensity, to within 5%, in both hemispheres. These events are not included in the analysis
because no conclusion can be drawn concerning intensity differences (16 cases over 90 cases total).

The blue, red, and green bars at the left of the histogram plot (Figure 5) are consistent with our intensity
hypothesis. In other words, if our hypothesis is correct there should be more events in the “Most intense
response in hemisphere shock strikes first” category compared with the “Most intense response in the oppo-
site hemisphere from where shock strikes first” category. This trend is confirmed: the most intense 𝜕B∕𝜕t
response is most often observed in the hemisphere where the shock strikes first.

Examining subcategories for specific local times, the trend also generally holds.

4. Discussion
In the previous section, we used a chain of magnetically conjugate ground magnetometer stations to test
the hypotheses that the hemisphere an IP shock strikes first has (i) the first ground magnetic response; and
(ii) the most intense response. These hypotheses were motivated by the numerical simulations of Oliveira
and Raeder (2014) and the fact that shocks ought to create disturbances on the dayside magnetopause that
couple to magnetosonic and Alfvén waves. These waves have a shorter distance to travel to the ionosphere
in one hemisphere if the shock first strikes the magnetopause closer to that hemisphere, thus the waves may
arrive sooner in that hemisphere, experience less dispersion, and potentially generate a larger initial ground
magnetic perturbation.

Figure 4 is consistent with our first hypothesis: the hemisphere that the shock strikes first has the first
response in 𝜕B∕𝜕t (more events in “First response in hemisphere shock strikes first” categories compared
to “First response in the opposite hemisphere from where shock strikes first”). This is true regardless of the
local time of the station. Figure 5 is consistent with our second hypothesis: the hemisphere that the shock
strikes first has the most intense response in 𝜕B∕𝜕t. This is also true regardless of the local time of the sta-
tion. Taken together, both Figures are consistent with the numerical simulations of Oliveira and Raeder
(2014) showing that shock normals lying in the meridional plane with large inclinations create significant
north-south hemisphere asymmetries in magnetospheric magnetic perturbations. Their simulations indi-
cated north-south hemisphere time delays in the propagation of magnetosonic waves, highly asymmetric
magnetospheric compression, and asymmetric MI-coupling responses during highly inclined shock events.
The authors noted that such asymmetries ought to be evident at all magnetic latitudes. The present study
observationally confirms that such asymmetries occur at high latitudes.

As can be seen in both Figures 4 and 5, shock impact angle is not the only factor controlling north-south
hemisphere asymmetries in timing and intensity; several events fall into “first-opposite” categories, meaning
the first response and/or most intense response in 𝜕B∕𝜕t occurred in the hemisphere opposite from the
shock's first arrival. There are several factors that could potentially explain these events. For example, the
arrival time is affected by magnetospheric wave speeds (e.g., Chi et al., 2006) that vary from event to event
and may themselves be asymmetric with respect to the dipole equator. As another example, the intensity
of the initial ground magnetic response depends on ionospheric conductivity and should have a seasonal
dependence due to the seasonal dependence on solar extreme ultraviolet (EUV)/conductivity (Equation 10
in Pilipenko et al., 2020), perhaps leading to a seasonal dependence in the magnetic intensity ratio; this
contributed at least in part to the intensity asymmetries seen in Figures 2 and 3, though it cannot explain
the extremely symmetrical response seen in the frontal shock event as this event occurred near solstice
when there should have been larger asymmetries (if conductivity was the primary factor controlling the
asymmetry in this event).

Additionally, other interplanetary magnetic field (IMF) and solar wind parameters may affect this shock
response, such as IMF strength (Meurant et al., 2004), magnetopheric precondition determined by IMF Bz
(Yue & Zong, 2011; Zhou & Tsurutani, 2001), and solar wind dynamic pressure enhancements (Chua et al.,
2001). Even in the absence of shocks, Maynard et al. (2001) showed that ground-based optical data are well
ordered by considering that incoming solar wind phase fronts are tilted, allowing different hemispheres to
respond at different times due to differences in merging location. More generally, it has been known for quite
a while that the northern and southern hemispheres have different responses to the Y component of the
IMF regardless of the presence of a shock (e.g., Friis-Christensen & Wilhjelm, 1975; Haaland et al., 2007).
Though an investigation of all these factors is outside the scope of the present study, future work should
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examine the interplay between IP shock parameters and other factors that are known to control large scale
current systems driven by shocks, such as magnetospheric plasma conditions and ionospheric conductivity.

We have excluded nearly frontal shocks (𝜃x𝑦 < 20 degrees) from our analysis in Figures 4 and 5 in order to
test whether inclined shocks drive north-south hemisphere asymmetries. For brevity, we do not show the
results for frontal shocks here, but we note that the trends seen in Figures 4 and 5 becoming much weaker
or nonexistent when frontal shocks are considered. This is also consistent with Oliveira and Raeder (2014),
who showed that nearly frontal shocks create symmetric MI-coupling responses.

Our statistical analysis in Figures 4 and 5 only examined one north-south hemisphere station pair (magnetic
latitude), UMQ-PG1, and one aspect of the MI-coupling response to highly inclined shocks: the maximum
𝜕B∕𝜕t immediately following the shock. Our case study results examining a wider range of latitudes indicate
that significantly more work is needed to understand the complex high-latitude response to inclined shocks.
As can be seen in Figures 2 and 3, highly inclined shocks can drive a dramatically different ground magnetic
response when compared with frontal shocks; the frontal shock case (lower panel of both figures) is consis-
tent with expectations from past observational and modeling studies (e.g., compare bipolar response on right
of Figure 2 to Figure 11b in Araki, 1994), while the inclined shock case has step-like changes, intense mag-
netic perturbations and 𝜕B∕𝜕t extending to very high latitudes in the Northern Hemisphere, and, overall,
significant hemispheric differences in the spatial and temporal dependence of the ground magnetic response
to the shock. More observational and modeling work is needed to understand these differences.

Our results have important implications for future work seeking to model and predict 𝜕B∕𝜕t at high latitudes:
the impact angle of shocks must be considered to fully characterize the MI-coupling response and 𝜕B∕𝜕t
related to shocks. This conclusion is consistent with Oliveira et al. (2018), who found that 𝜕B∕𝜕t at a wide
range of latitudes depends on the shock impact angle. Our results indicate that ignoring the shock impact
angle in model predictions of ground magnetic perturbations – for example, explicitly or implicitly setting
𝜃x𝑦 to 0 in a global MHD simulation of a highly inclined shock event – would significantly alter the resulting
ground magnetic response and 𝜕B∕𝜕t in each hemisphere, changing it from the highly asymmetric response
seen on the upper part of Figure 2 to a symmetric response more like the right part of Figure 2.

Finally, the results of this work are relevant not only to numerical simulation studies to provide more realis-
tic results, but also to studies focused on forecasting and prediction of GICs. This is primarily indicated by the
previous knowledge of meridional angles of IP shock normals that determine which magnetosphere hemi-
sphere the shock impacts first. As a result, predicting and forecasting which hemisphere will be impacted
first and which hemisphere will most likely have the highest 𝜕B∕𝜕t response may provide opportunities to
prevent overtime degradation of power transmission line equipment. Therefore, the shock impact angle is
indeed an important factor for GIC research, as previously pointed out by Oliveira et al. (2018).

5. Summary
We used a recently published database of shock impact angles from Oliveira et al. (2018), along with a
recently deployed chain of magnetically conjugate ground magnetometers to test hypotheses motivated by
the simulations of Oliveira and Raeder (2014), namely the hemisphere that the IP shock strikes first has
(i) the first ground magnetic response and (ii) the most intense response. We find that the hemisphere the
shock strikes first generally has the first response in 𝜕B∕𝜕t and the most intense, though other factors such as
the local time dependence of the M-I current systems excited by the shock and the ionosphere conductivity
play important roles.

In this work, we only examined the first response in 𝜕B∕𝜕t following the arrival of the shock. As shown in the
case studies in section 3.1 and numerous past publications, IP shocks excite a wide variety of magnetospheric
current systems and wave activity, and the properties of these currents/waves may be more sensitive to
the shock impact angle as shown, for example, in the wave activity simulated by Oliveira and Raeder (2014).
The highly inclined shock case examined here indicates that significantly more work is needed to under-
stand the high latitude ground magnetic response to such shocks, as this response deviates significantly
from model predictions (see section 4). The role of shock impact angle in affecting other currents/waves is
an important topic for future work, in addition to more research needed to understand general shock impact
angle effects on GICs generated in a wide range of latitude regions.
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