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Abstract Localized dynamic pressure pulses in the magnetosheath, or jets, have been a popular
topic for discussion in recent decades. Studies show that they can propagate through the magnetosheath
and impact the magnetopause, possibly showing up as geoeffective elements at ground level. However,
questions still remain on how geoeffective they can be. Previous studies have been limited to case studies
during few days and with only a handful of events. In this study we have found 65 cases of impacting jets
using observations from the Multiscale Magnetospheric mission during 2015-2017. We examine their
geoeffectiveness using ground-based magnetometers (GMAGS). From our statistics we find that GMAGs
observe responses as fluctuations in the geomagnetic field with amplitudes of 34 nT, frequencies of

1.9 mHz, and damping times of 370 s. Further, the parallel length and the maximum dynamic pressure of
the jet dictate the amplitude of the observed GMAG response. Longer and higher pressure jets inducing
larger amplitude responses in GMAG horizontal components. The median time required for the signal

to be detected by GMAGs is 190 s. We also examine if jets can be harmful for human infrastructure and
cannot exclude that such events could exist.

1. Introduction

The terrestrial bow shock is a shock front formed in front of the magnetosphere where the supersonic
solar wind abruptly decelerates to subsonic velocities. Downstream of the bow shock lies a turbulent re-
gion of warm dense plasma - the magnetosheath. In the magnetosheath, localized dynamic pressure en-
hancements are often observed examples (Amata et al., 2011; Archer et al., 2012; Karlsson et al., 2012).
These pressure enhancements have been referred by many different names, for example, plasmoids (Gunell
et al., 2012, 2014), antisunward high-speed jets (Plaschke et al., 2020), and supermagnetosonic subsolar
magnetosheath jets (Hietala et al., 2012). In this article, we will refer to them as jets, or impacting jets.

Geoeffective jets, which are jets causing disturbances to the magnetosphere-ionosphere system, have raised
attention. For instance, Hietala et al. (2012) investigated several jets measured during a period of one day
by Cluster spacecraft. They compared the jet observations with simultaneous observations from the geo-
stationary orbit by Geostationary Operational Environmental Satellite (GOES) and from the ionosphere by
the Super Dual Aurora Network (SuperDARN) radars. Hietala et al. (2012) reported that during times with
observations of jets, irregular pulsations in the magnetic field at the geostationary orbit could be seen. Fur-
thermore, at the same time, localized enhanced ionospheric flows were observed by SuperDARN. Archer,
Horbury, et al. (2013) performed a similar study using the Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS) spacecraft observations and ground-based magnetometer (GMAG) data
as well as SuperDARN observations during a time period of 12 h. Also they could observe enhanced iono-
spheric flows associated with the periods with jet observations. Archer, Horbury, et al. (2013) characterized
these flows as traveling convection vortices (TCVs, cf. (Glassmeier et al., 1989)). Further, Archer et al (2013)
suggested that the magnetopause filters away pressure variations on timescales shorter than a few min-
utes, yielding a low-pass filter effect. Dmitriev and Suvorova (2012) conducted a case study for a single jet
using THEMIS spacecraft observations and GMAG data. They reported that the magnetosheath jet in their
event impacted the magnetopause causing it to distort in an “expansion-compression-expansion” sequence,
which lasted for ~15 min. At the same time, the Chapman-Ferraro currents at the magnetopause were simi-
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larly distorted, which generated a magnetic pulse that could be seen as a “decrease-peak-decrease” sequence
in the GMAG observations of the horizontal magnetic field component. Archer, Horbury et al. (2013) per-
formed a statistical study using THEMIS and GOES observations suggesting that jets can drive magneto-
spheric ultralow frequency (ULF) waves at discrete frequencies.

The significance of magnetosheath jets in terms of geoeffectiveness is still unclear, and poses many ques-
tions. For instance, what is the time delay between jets and their potential ground-based signatures? How
important are the jets for low-altitude magnetospheric and ionospheric variations? What is the signature of
the ground-based response? Are only large jets able to induce a ground-based response? And what is their
significance in terms of being disruptive for human infrastructure? In the space weather community, it is
known that the so-called geomagnetically induced currents (GICs) can be harmful for infrastructure such
as power lines (Boteler, 1994). How much can impacting jets affect infrastructure at ground level? Could
these jets even create such GICs through strong dB/dt-effects?

We note that the data used in the studies mentioned above are limited in time, stretching over a few days
and including only a handful of events at most. An exemption to this is the study by Archer, Horbury,
et al. (2013) containing 130 events. However that study does not utilize simultaneous ground-based obser-
vations and stretches over a shorter time period. In this study, we perform a more extensive investigation
using a larger data set stretching over a longer time. We examine jets impacting the magnetopause and
their effects caused at ground level, as observed from GMAGs of the SuperMAG network (Gjerloev, 2009).
The jets are identified from the Magnetosphere Multiscale (MMS) spacecraft (Burch & Phan, 2016) and
the OMNI data (King & Papitashvili, 2005). We perform a case study of one selected event, and a statistical
study of 65 similar events, where we compare the ground-based response to the jet plasma parameters.
Based on the results, we then discuss and conclude with respect to the questions stated above.

2. Data and Event Selection

To select jets in the magnetosheath we use MMS and OMNI data. The four MMS spacecraft were launched
in 2015 to monitor magnetic reconnetion in Earth's magnetosphere (Burch & Phan, 2016). They were
launched in an elliptic equatorial orbit, with an apogee of 12 Ry and perigee of 1.2 Ry (geocentric distance)
in the first phase of the mission. This provides a good coverage to monitor the dayside magnetosheath. We
use data from the Fluxgate Magnetometer (FGM) which provides magnetic field measurements. We use
fast survey mode data with 16-Hz sampling rate (Russell et al., 2014). In addition, we use the Fast Plasma
Investigation (FPI) which provides plasma measurements with 4.5-s resolution in fast survey mode (Pollock
et al., 2016). Note that we only use observations from MMS 1. To select the jets, we also use solar wind data
propagated to the nominal bow shock. These data are provided by the NASA OMNIweb (King & Papitashvi-
1i, 2005). The OMNI data set consists of interplanetary magnetic field (IMF) and plasma observations with
4.5-s resolution.

SuperMAG (Gjerloev, 2009) is a world-spanning collaboration of organizations and institutes which gather
and present ground-based magnetometer data (http://supermag.jhuapl.edu/). The data we use for this study
are of 1-min time resolution. SuperMAG provides their data in a coordinate system decomposed into north,
east, and vertically down components N, E, and Z, respectively (geographic, GEO coordinates). Further-
more, they provide the data with yearly and daily baselines removed (Gjerloev, 2012). We have restricted
ourselves to only work with GMAG stations in the northern hemisphere, due to relative scarcity of stations
in the southern hemisphere. Table 1 shows all GMAG stations used in this study, along with their IAGA
(International Association of Geomagnetism and Aeronomy) code abbreviation and GEO coordinates.

In the literature there are many proposed criteria to select magnetosheath jets. In this study we use a slightly
modified criteria from Archer and Horbury (2013). To select events for our statistical investigation, we select
days when MMS is located in the magnetosheath by manually inspecting the ion energy-time spectrogram
(i.e., Figure 1a). To increase the likelihood of any detected jets being on a collisional course with the mag-
netopause we also require that MMS is located within a 90° cone angle around the Sun-Earth line. Then we
utilize our selection criterion based on the dynamic pressure, Py = n,nv” with the proton mass m,, the plas-
ma density n, and the bulk velocity v. The criterion requires that the total dynamic pressure surpasses two
times the background value. This background value is obtained from a 20 min running average, {P;)2omin-
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Table 1

We also require that the plasma velocity is Earthward along the Sun-

List of GMAG Stations Used in This Article, With Names and Locations in Earth line (negative in the xggg-direction) throughout the entire jet du-

GEO Coordinates

ration. We define the beginning of a jet as the instant when the dynamic

IAGA code e Longitude [°]  Latitude[°] ~ Pressure first exceeds (P, )»omin and the end of the jet as the time when the
" dynamic pressure falls below that value again. In addition, if two jets are
NAL Ny-Alesund 12.35 79.32 c1s . . .
detected within one minute of each other, they are treated as a single jet
BBG Barentsburg 14.21 78.06 regardless of whether the dynamic pressure decreases below (P, ) omin in
HRN Hornsund 15.6 77 between the jets. To exclude possible bow shock crossings and solar wind
LYR Longyearbyen 16.23 78.2 plasma from our data set, we remove events where the plasma density
BIN Bear Island 192 745 and velocity reach those of the solar wind within 10% margins. These
o Hopen Island T | f:lata are obtgmed from the OMNIweb '(Klng & Papltast}v'lh, 2005). This
is manually inspected as well, comparing plasma velocities, Ion energy
NOR Nordkapp 26.19 71.09 . s .
time spectrogram and magnetic field values from MMS to reduce the risk
ViZ Vieze Island 76.54 79.3 that any bow shock crossings are included.
DIK Dixon 80.7 73.53
o Figure 1 shows an example event which will be discussed in more detail
TIK Tixie 129.32 71.59 in Section 3.1. Panel e shows the dynamic pressure observations from
PBK Pebek 170.9 70.08 MMS in the magnetosheath in black. It is defined as a jet since it exceeds
THL Qaanag 291.17 77.47 two times the background value (blue). The yellow shading highlights
SVS Savassivik 294.9 76.02 the duration of the jet, that is, between the times it exceeds the back-
KUV Kullorsuag 303.22 74.57 ground value (red). The duration can be used as a measure of the parallel
. length of the jet, I, assuming that the jet propagates at the observed ion
UPN Upernavik 304.25 73.18 A K
velocity and that MMS probes close to the center of the jet (Goncharov
(Gl Gtz CL R D) et al., 2020). However, a recent study by Palmroth et al. (2021) indicates
DMH Danmarkshavn 341.37 77.17 that estimating a jet's length scale from spacecraft observations can be
JAN Jan Mayen 351.3 70.9 misleading. For example, they found that the jets tend to get shorter as

Abbreviations: GEO, geographic; GMAGs, ground-based magnetometers.

they progress through the magnetosheath. Hence these integrated length
scales contains uncertainties. For the example event, the observed dura-
tion is ~5.5 min and integrating the velocity yields a [, = 10 Rg. Note that
this is a very long duration jet. However, the choice to use this particular
event as our example event is due to the relatively clear response in the GMAG observations which will be
discussed further in Section 3.1.

For each detected jet in our database, we estimate which of these are likely to impact the magnetopause by
propagating them in time steps of 1 s with their observed velocity (at the point of the maximum dynamic
pressure) until they arrive at the nominal magnetopause given by the T96 Tsyganenko model (Tsyganen-
ko, 1996). Upon reaching the first closed model field line, an impact is assumed to have taken place. From
T96 we can then trace the affected field line and find an ionospheric foot-point.

GMAG stations within a radius of 2,000 km of the foot-point are selected for observations of the ground-
based response to the detected jets. Superposing the data from the selected GMAG stations, for each event
we form an envelope of the upper (U) and lower (L) bounds of the observed magnetic perturbation in nT,
for each component By, Bg, and B;. The difference between the upper and lower bounds, AUL, are then
calculated. This difference is used to quantify the ground-based response.

We estimate the shortest time ¢, it will take for our observed magnetosheath jets to become detectable
by GMAG stations. We assume that the jet propagates with its velocity through the magnetosheath in the
time tys. Then a signal traveling as an Alfvén wave, an Alfvénic signal, during the time ¢4. The signal trav-

els along the affected field line from the model magnetopause at the Alfvén velocity, v, = B>/ Hop With
B the magnetic field, u, the permeability of vacuum and p the plasma mass density. Along the field line,
we assume a constant proton plasma density down to 1 Ry altitude, where the density rapidly increases.
Down to this altitude we use magnetic field values from the T96 model and a constant plasma density of
n =2 x 10> m~? (Gunell et al., 2014). In order to get a better estimate of the magnetospheric plasma density
we would require observations inside the magnetosphere for each event (see for example Radoski and Caro-
villano (1966)) which we lack. The remaining time required to traverse the final distance from 1 Rz down
to the ground level, is of the order of 10 s, see for example Lysak (1999). If we include these 10 s in t,, we
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Figure 1. Selected event from 2015-10-22, (a) Ion energy-time spectrogram, (b) interplanetary magnetic field

in geocentric solar ecliptic (GSE) coordinates from OMNI, propagated to the bow shock. (c) Ion velocity in GSE
coordinates (d) and electron density as observed by Multiscale Magnetospheric (MMS). (e) Total dynamic pressure
(black), two times the 20 min running average dynamic pressure 2(P,),omi, (blue), and the average (P,),omi, (red) from
MMS. (f-h) N, E, Z components of ground-based magnetometer observations. The green and red areas are used in
calculating ABy 7 (see the text for details).

find that t, = tys + £4 = 90 s is the typical minimum time it takes before we can expect anything detectable
at ground level. See also the discussion in Section 3.2. This estimated time can then be compared with the
observed time. The observed time is defined as the time difference between when the center of the jet is ob-
served by MMS to when an increase is observed it the GMAG observations. The increase criteria is defined
as a 10% increase in any component.

To automatically quantify the ground-based response to a jet we assign a timestamp, t,, 90 s after the peak of
the jet. We then search for the maximum value of the AUL curve within a 15 min long interval after ¢,. We
compare this maximum with the mean of AUL during a 15 min interval preceding ¢, and we calculate the
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difference between this maximum and mean. This defines AByx 7 (for the respective components N, E, and
Z) as the ground-based response possibly caused by the impacting jet.

Our data set of events are then finally also inspected manually. By looking at the standard deviation of the
GMAG observations we discard cases when they are highly fluctuating possibly due to other reasons than
jets. If the standard deviation during a 10 min window, 20 min before ¢, was larger than the standard de-
viation at a same size window just after ¢, they were considered highly fluctuating and discarded. We also
require that the calculated foot-point captures at least three GMAG stations within 2,000 km. We have found
65 cases fulfilling the above mentioned criteria. We perform a statistical analysis of these cases, in terms of
ground-based response.

3. Observations
3.1. Example Event

An example event measured on October 22, 2015, is shown in Figure 1. The top panel depicts the ion en-
ergy-time spectrogram from MMS. The spectrogram indicates that MMS was in the magnetosheath during
the time, and that the upstream bow shock changed from quasi-parallel to quasi-perpendicular at around
08:22 UTC, as seen in the change of flux of high energy ions, see for example Raptis et al. (2020). We
have also included IMF observations from OMNI in Figure 1b, propagated to the bow shock. The IMF is
calm and steady between 08:10-08:22 UTC, but a discontinuity arrives around 08:22 UTC. This is likely
the cause of the change from the quasi-parallel to quasi-perpendicular bow shock seen in the spectrogram.
Panel c shows the observed ion velocity in GSE coordinates and panel d shows the electron density, both
as observed by MMS. The next panel, e, shows total dynamic pressure in black as observed by MMS in the
magnetosheath. The red (blue) line shows the background dynamic pressure (twice of the background val-
ue). During the time when the bow shock changed from quasi-parallel to quasi-perpendicular, there is an
increase in the magnetosheath dynamic pressure, recorded as a jet. The jet starts at 08:22:30 UTC and ends
at 08:28:10 UTC. The peak of this jet is at 08:24 UTC, and we assign £, at 08:25:30.

We estimate the theoretical time needed for this jet to be detectable at ground level according to our method
described in Section 2. First, tys was estimated to be about 20 s. This number maybe underestimated since
we assume that the jet propagates with its peak velocity at MMS position until it reaches the magnetopause.
It is quite likely that the jet decelerates and changes direction as it moves through the magnetosheath, see
for example Goncharov et al. (2020). Second, we estimate that the time required for an Alfvénic signal to
reach 1 Ry altitude is t4 = 40 s. When adding the 10 s estimate for the travel time from 1 R to the ground,
t4 ~ 50 s. This estimate is also associated with errors, mainly since we assume a constant density along the
field line. Further, we only consider a proton plasma, while especially at lower altitudes other species play
arole and lower the Alfvén velocity through heavier masses. In total, we estimate that the time required for
any detectable response at ground level is ty, = fys + t4 = 70 s. We want to emphasize that this time is a
minimum time required and we should probably expect to find a longer time between jet and ground-based
response in the observations.

We estimate that the jet impacted the magnetopause at (9.2, 5.7, —0.6) R in GSE coordinates. We find the
foot-point close to Svalbard, resulting in 7 GMAGs within 2,000 km and therefore being eligible for obser-
vations of the response. The N, E, and Z components of the magnetic field from these GMAGs are shown
in Figures 1c-1e as solid colored lines. The upper and lower bounds of the envelope, U and L, are shown as
black dashed lines, and lastly AUL as a black dotted line.

In Figures 1d-1f, we see how the GMAG observations are relatively steady before ¢, (green highlighted
area). The variations around the mean (green solid line) is small as well. In the following 15 min (red high-
lighted area), we see a clear peak in AUL for all components about 10 min after #,. Observable from the
calculated AByg 7, the N component shows a response of about 130 nT, slightly higher than the other two
components. The E component response is about 100 nT and the Z component is the lowest, only showing
a response of about 60 nT.

The VIZ station is the earliest one to observe any response to the jet and it is also the station closest to the
predicted foot-point in this case, around 150 km north of the VIZ station and 1,300 km east of Svalbard.
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The response starts at around 08:28 UTC, or 120 s after the center of the jet. This is 50 s longer than the
estimated minimum time ¢, for the jet to be detectable at ground level. In the E component, the response
is quite clear while in the N and Z components it is less so. About one to two minutes after VIZ, HOP starts
to show response in its N component, although lower in amplitude than VIZ. Eventually, the rest of the
GMAGs display their observed response. But they start to do so at different times, with respect to the differ-
ent stations and with respect to their individual components. One reason for this could be that the signal is
traveling in the ionosphere, reaching GMAGs at different times. Another reason could be that the impact
of the jet causes a signal with a larger spatial extent which travels and arrives at the ionosphere at different
times. Archer, Horbury, et al. (2013) reported similar findings, where some stations observed a response
earlier and other stations followed after. Worth noting is also the fact that the temporal resolution of the
GMAG data is of only one minute. Compared to the estimated minimum time ¢.,;, the GMAG sampling time
is relatively long, thus making it difficult to investigate the signal's ionospheric propagation based only on
the GMAG timing.

Figures 1d-1f also shows that the response is in different directions among the stations. For example, BBG,
BIN, and VIZ show a clear response in the negative N direction (southward magnetic disturbance) while
most other stations show a positive response in their N component (northward disturbance). The same
phenomena is seen in the E component as well: HRN, LYR, and NAL show a negative response (westward
disturbance) at the start of their response and the other GMAGs show a positive response instead (eastward
disturbance).

If we expect a radial disturbance of the magnetic field lines at the magnetopause due to an impacting mag-
netosheath jet, this should propagate as a polodial disturbance. Assuming no mode conversion at the ion-
osphere, then the wave should display as a north-south perturbation in the GMAG observations. However,
Hughes (1974) suggested that such an Alfvénic wave must rotate 90° when it reaches the ionosphere, see
also Sciffer et al. (2005), meaning a purely radial disturbance should be observed as an east-west perturba-
tion at the GMAG observation. In our case the observation of the response indicates no clear north-south or
east-west direction but something in between. Furthermore, since the jet impacted the magnetopause some
distance away from the sub-solar point, we cannot assume that the disturbance is purely radial, and some
azimuthal disturbance might be involved. Similarly, the predicted foot-point might be inaccurate to some
degree, further diminishing a preferred direction of disturbance for the GMAGs.

It has been suggested that impacting magnetosheath jets might cause TCVs (Archer, Horbury, et al., 2013).
Structures resembling TCVs have been recognized by Friis-Christensen et al. (1988) and Lanzerotti
et al. (1986). They are generally considered to be traveling vortical flows in the ionosphere associated with
field aligned currents (Murr et al., 2002). TCVs are commonly believed to be related to pressure variations
in the solar wind (Amm et al., 2002). Hietala et al. (2012) found structures similar to TCVs although there
was no evidence of any traveling of the observed ionospheric flow enhancements, thus are not entirely
qualified as TCVs. The observations from our GMAGs show similar tendencies as those caused by TCVs.
We have looked at the observed GMAG vectors over time for this case (not shown) and they resemble ones
reported as being related to TCVs. However, this article is focused on the magnetic response to jets, not the
ionospheric convection response so TCVs will not be discussed further.

Looking at the individual observations of the GMAGs, the responses seem to behave as damped oscillations.
A large pulse is seen, followed by oscillations with a decreasing amplitude. For example, VIZ E component
rises steadily by about 50 nT and then continues to oscillate with more damped peaks. The oscillations are
less visible in the Z component, even though some stations show them there as well. It is the horizontal
component that generally shows most activity. Therefore we only focus on the N and E components in the
following.

To further study the damped oscillations we investigate the GMAG observations individually in more detail.
We do this by applying curve-fitting, and analyzing the parameters resulting from the best fits. We perform
the curve-fit for the N and E component of every GMAG. We then use the method proposed by Nelder and
Mead (1965) for the numerical curve-fitting.

We chose the beginning of each curve-fit to be the point of the observation where the slope in the respective
magnetic field component is the steepest. Each curve-fit is performed during a 30 min long window. To reduce
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the error we first remove any linear trend from the data during this time window. Then we perform the fitting
routine and select the events with low enough normalized root mean square (RMS) error for the study (more
detailsas follows). The data isnormalized by dividing it with the range of the data (max - min) from the specific
time duration. The routine requires initial guesses of the parameters in B(f) = A exp(—t/7)sin (fut + ¢) + €,
with A the amplitude in nT, ¢ the time and t the e-folding time both in s, f; is the frequency, ¢ a phase
shift and ¢ a offset. We chose the initial guesses for A by looking at the range of each observation, for fj by
performing Fourier analysis of each observation, and for € by using the mean of each observation. The two
remaining parameters, 7 and ¢, are manually adjusted until the normalized RMS error is lower than 15%.

Figure 2 shows an example of our curve fitting results. The two columns represent the N and E compo-
nents of each GMAG included for this event. The IAGA code of each station is presented for each row (see
Table 1), these are all GMAGs within 2,000 km of the foot-point. We also show the normalized RMS error
of the fit. The first harmonic frequency, fj;, for each station and component is presented in each panel. All
these plots were automatically generated, except HOP's N component since the automatic routine could not
find a good fit. Instead, we manually added a second harmonic frequency, f, = 2f to improve the fit. After
this manual adjustment the RMS for HOP's N component became 14%. For this reason we chose 15% as the
threshold, anything with a worse fit than HOP's N component shown here we decided to exclude. Apart
from that particular GMAG station, the RMS error is low and the GMAG response can with a high accuracy
be modeled as a damped harmonic oscillation. Averaging over all stations and components, we find that the
observed mean frequency is around 2 mHz. Further, the e-folding time is found to be t ~ 500 s.

3.2. Statistical Study

The case we have shown in Figure 1 is typical among our data set, and we have found 65 similar ones
(see Section 2). With these cases we can investigate the frequency observed by GMAGs and the time delay
between impacting jets and ground-based response. We can also examine the amplitude of any observed
ground-based response further, in terms of AByx 7. In addition, in some of our cases we can perform curve
fitting analysis. This allows us to further investigate the frequency and e-folding time, f;; and 7 respectively.

In order to get an estimate of the frequencies of the observed GMAG responses, we perform a simple Fou-
rier analysis with Welch windowing on our 65 cases. We perform this analysis on all selected GMAGs and
on both the N and E components separately and find the peak frequency in the spectra for each. Then we
find the median of the N and E observations separately for each GMAG, and finally average this to get one
frequency per jet. We start the Fourier transform 10 min before the observed jet and perform it over a 45 min
long time window. The frequencies for each event are shown in Table 2 and the median frequency we find
is 1.9 mHz. This is in good agreement with the reported magic ULF frequencies from Archer, Horbury,
et al. (2013).

To further investigate the frequencies and damping times, we perform the curve fitting procedure described
in Section 3.1 on more cases. We select cases where we can see clear damped oscillations among at least
three of the GMAGs. Then we discard GMAG observations with RMS errors above 15%. This results in 10
cases being eligible. We find the median curve fit harmonic frequency as fi ~ 1.7 mHz. This is slightly
lower than the median frequency observed through the simple Fourier analysis. However, comparing the
Fourier frequency with the curve fit frequency case by case we find them to be in reasonable agreement,
see Table 2.

When we looked at 7, the results we find are quite similar to the one presented in Figure 2. The relative
spread of 7is however larger than what we observe for fg;. The median value for we find as T ~ 370 s, mean-
ing that after this median time, the effects from impacting jets would be considerably less visible among
GMAG data. Dmitriev and Suvorova (2012) found one event using the THEMIS spacecraft where an im-
pacting jet caused the magnetopause to move in an “expansion-compression-expansion” sequence which
lasted for 15 min. This is slightly more than two times our found median value, thus it seems to be in good
agreement with the result from Dmitriev and Suvorova (2012).

We can also try to crudely estimate which part of the jet that causes any geoeffective response. Is it enough
for the leading edge of the jet to impact the magnetopause, or are larger parts of the jet required to cause
measurable GMAG disturbances? We can answer this by assuming that the jet propagates through the
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Figure 2. Shown in blue, ground-based magnetometer (GMAG) observation (any linear trend removed) from 2015-10-22 08:20-09:20 UTC from 7 GMAG
stations close to the foot point at 91°, 79° latitude and longitude. Dashed red line shows best curve fit assuming a damped harmonic oscillation. Northward
components are shown in the left column and eastward components in the right. The x-axis starts at 90 s after the maximum dynamic pressure of the jet. Root
mean square error and frequencies are shown for each panel.

magnetosheath with its peak velocity, and then that an Alfvén signal is transmitted and propagates down
into the ionosphere. Then we can compare our theoretically estimated times, tyin = tms + ta With our ob-
served response times t. These times are also presented in Table 2. When measuring ¢, we measure from
the center of the jet to the first visible response among the GMAGs. We can see that our estimated times
are always shorter than the observed ones. In an attempt to reduce the discrepancy between these times we
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Table 2

List of Events Included in Our Study.

Date and time tus tat tmin f St Date and time tvs  fAL tmin f S T
yyyymmdd hh:mm [s] [s] [s] ¢[s] [mHz] [mHz] z[s] yyyymmdd hh:mm [s] [s] [s] ¢[s] [mHz] [mHz] [s]
20151020 09:01 50 66 116 140 1.5 20161213 09:35 7 80 87 181 2.7

20151022 08:25 29 66 95 234 1.9 2.0 488 20161213 10:00 14 78 92 167 2.1

20151023 08:42 19 66 85 258 1.5 1.5 317 20161213 10:20 12 77 89 323 2.2

20151025 09:50 107 66 173 249 1.7 20161213 12:10 23 78 101 188 2.3

20151113 06:30 0 72 72 184 1.8 20161214 06:50 0 66 66 146 2.2

20151114 10:04 120 72 192 234 2.2 1.8 217 20161215 09:15 14 80 94 100 2.2 1.3 760
20151213 07:50 2 80 82 240 2.0 20161215 10:20 10 82 92 157 2.1

20151224 05:19 72 44 116 170 1.9 20161216 10:50 27 90 117 229 1.6

20151224 05:28 37 82 119 122 1.8 20161216 12:10 11 78 89 367 1.9 1.4 645
20160115 00:10 10 112 122 193 1.7 20161223 06:00 5 55 60 187 2.0

20160121 04:21 46 63 109 176 3.0 20161224 04:10 0 53 53 179 1.8

20160123 00:00 13 118 131 135 1.9 20161224 10:35 29 60 89 193 1.9

20161106 12:40 47 79 126 167 1.9 20161225 06:40 16 57 73 272 2.1

20161111 08:30 0 40 40 93 1.8 20161226 14:05 0 58 58 123 1.8

20161112 16:00 19 84 103 204 2.0 20161227 08:10 9 73 82 311 2.4

20161113 11:00 6 65 71 176 2.3 20161227 09:10 11 74 85 211 2.3

20161120 07:45 7 49 56 141 1.6 1.3 556 20161229 09:00 23 66 89 241 1.9

20161124 07:30 42 45 87 217 2.3 20161230 09:30 30 65 95 378 2.1 2.0 641
20161125 10:00 16 67 83 170 1.8 20170102 08:30 37 64 101 159 2.5

20161126 09:05 4 72 76 246 1.8 20170104 11:35 22 52 74 235 2.1

20161126 12:40 21 77 98 170 N 20170112 06:00 39 64 103 211 21l

20161126 15:40 8 78 86 147 2.1 2.0 376 20170112 06:20 54 68 122 141 1.8

20161127 11:55 27 70 97 205 1.8 0170112 06:50 48 68 116 205 1.8 2.0 531
20161128 10:50 39 72 111 240 2.0 20170115 02:30 9 57 66 168 2.1

20161202 09:55 10 87 97 217 1.6 20170115 04:35 35 61 96 169 282

20161204 05:30 0 42 42 291 1.9 20170115 11:00 0 67 67 134 2.1

20161204 08:00 0 69 69 198 2.3 20170117 08:20 60 57 117 334 1.9

20161204 08:10 11 70 81 153 1.8 20170122 07:50 25 56 81 163 2.0

20161204 08:50 25 71 96 189 1.7 20170123 03:10 0o 72 72 176 3.9

20161207 13:20 113 48 161 170 1.7 20170128 01:30 11 53 64 276 2.8

20161210 05:05 0 45 45 131 1.8 20170130 01:50 12 62 74 155 1.5

20161212 08:30 29 54 83 188 1.9 20170130 02:00 23 63 86 188 1.6 1.0 350
20161212 10:25 67 55 122 165 2.0

Note.The times shown fy, = tys + t4 are the estimated minimum time required for response, tys being the magnetosheath time and ¢4 the Alfvén time, and ¢
being the observed times. The median of the observed frequencies of the GMAG responses are Listed as f. Each case included in the curve fitting analysis are
listed in italic, together with its harmonic frequency and e-folding time fi; and t, respectively.

tried to add half the observed duration of the jets to t;,. When doing this, for some cases we see a better
agreement between f,;, and ¢, while for others the estimated times become longer than the observed ones
(data not shown). Taking the median values of observed and estimated times, the comparison was in better
agreement while doing this addition. This can tell us something about which part of the jet that actually
transmits the Alfvén signal into the magnetosphere, which likely is somewhere between the middle and the
trailing edge of the jet. It is however more difficult than this to find the geoeffective part of jets in reality.
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Figure 3. (a and b) show the calculated deviation from ground-based magnetometer observations in the N and E component respectively, in relation to
observed jet parallel length. (c and d) show the deviation in the N and E component respectively in relation to the observed total dynamic pressure of the jets.

Since we lack magnetospheric density estimates for most of our cases this suggestion is based on a constant
density. This is quite rough assumption and proper density observations would be required to further in-
vestigate this. Further, the shapes and morphology of jets found so far are inconsistent, see Section 4.3 in
(Plaschke et al., 2018). Most size estimates assume a cylindrical geometry of jets, but it is probably likely
that the shape is more irregular. Additionally, the observations indicate that the geoeffective part of the jets
are different from jet to jet.

Our data set allows us to investigate some jet properties that are important for the amplitude of ground-
based response in terms of AB. Using the method described in Section 2, and all our cases, we estimate the
observed GMAG perturbation.

Figure 3 presents AByg as a function of the jet plasma parameters. The left and right column show the
ground-based response observed in the N and E components, respectively. In panels a and b we show the re-
sponse plotted against the parallel length of the jets, 1, = Jvdt during the observed duration tiet. Panels ¢ and
d show the response versus the total dynamic pressure estimated at the peak of the jet with the background
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pressure removed. For all panels, we have performed a linear fit as well, shown as a red solid line. The value
of k (the slope) of each linear fit is shown in each panel with a 95% confidence interval, together with the
R*value (the coefficient of determination). We can see that both the N and E component increases with
the length of the jets. This seems reasonable, since larger jets should contain more energy and potentially
yield a larger response. We examined the observed response as functions of the jets durations as well (not
shown) where we saw similar trends although weaker with more scattering involved. The confidence inter-
val contained negative numbers, however, the general trend of increasing response was still visible. Archer,
Horbury, et al. (2013) presented a few cases with groups of jets with different durations, and concluded that
the effects at ground level could only be seen when these groups exceeded a certain threshold duration of a
couple of minutes. Thus the magnetopause would act as a low-pass filter. If one were to apply such a filter
with a length much longer than the jets, the observed response would depend on the amount of power
contained within the lower frequencies below the cut-off frequency of the filter. Depending on the jets am-
plitudes, this could typically generate a smooth decrease as the jets get shorter. This is matching with our
observations. As such, our observations could be in agreement with the low-pass filtering effect suggested
by Archer, Horbury, et al. (2013).

Considering the total dynamic pressure (Figures 3c and 3d), there is an increasing trend in the response
as the pressure gets higher. Since dynamic pressure corresponds to kinetic energy density, it does not seem
unreasonable to expect this increasing trend. More energetic jets would probably have a larger impact on
the magnetosphere. One could suggest to not treat timescales and dynamic pressure separately, but rather
see them combined. To do this, we looked at the integrated dynamic pressure (data not shown), a measure
of energy content per jet. The general trend of increasing response remained and did not present any new
conclusions.

Comparing panels a-b with c-d it would seem that the lengths of the jets might be more important than
dynamic pressure when it comes to generating observable ground-based response. This is visible the larger
R’-values. However, due to the small values of R* it might be difficult to draw any real conclusion based
solely on that. There is also a bias toward shorter and lower pressure jets in our data set which might skew
the results as well. The trends look quite weak from a statistical point of view, but they are nonetheless
increasing. Even if the correlation between length and dynamic pressure with GMAG response is not lin-
ear, there certainly seems to be an increased observed response as these quantities gets larger. Lastly, from
all these cases, we find that the average of the observed AB is around 34 nT, with a standard deviation of
a similar value. However, our highest observed AB was found as ~160 nT. Thus the range of the observed
responses are quite large.

4. Summary and Discussion

In this study we have examined the effects of magnetosheath jets impacting the dayside magnetopause,
as seen from GMAGs. The jets were detected in the magnetosheath using MMS and OMNI observations.
Assuming that the jets travel at their observed plasma velocity we estimate their foot point by utilizing the
T96 model. The timing of the jets, from detection by MMS to any observable GMAG response, we estimate
with the jets plasma velocity and the distance to the nominal magnetopause from T96, together with the
estimated Alfvén velocity through the magnetosphere. Magnetic field values was taken from T96 and we
used a constant plasma density for determining the Alfvén velocity. This is a Our example event presented
in Figure 1 shows that some GMAGs observe ground-based response as damped oscillations, especially in
the N and E components, see Figure 2. We can also see that the amplitude of the response is different in
different directions. Although this is beyond the scope of this article, it would be interesting to examine this
in more detail. In this case, the estimated time is shorter than the observed time between the jet detection
and the GMAG response, ~70 s compared to the observed ~120 s.

We have found 65 cases with observable perturbations in the low altitude magnetic field. We suggest that
they are, due to their localizations and timings compared to estimated foot points and times, likely to be
caused by impacting jets. We find that the time delay between the center of a detected jet and the start of
the observed ground-based response is about 190 s (median). This is consistent with our assumptions that
the jet travels in the magnetosheath with its observed velocity during peak dynamic pressure. Followed
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by an Alfvénic signal traveling along the magnetic field line into the ionosphere upon impact with the
magnetopause. Our estimated median time delay is 90 s, out of which a median of ~56 s is required for the
Alfvén signal to propagate from the magnetopause down to the ground. Using these results, together with
observations of each jet's duration, and assuming a constant magnetospheric plasma density, we can try
to estimate which part of the jet that carries the geoeffectiveness. This way we estimate that the Alfvénic
signal is transmitted only after a majority of the jet's extent has reached the magnetosphere. However, this
suggestion is dependent on our assumed constant plasma density and on the position of the magnetopause
estimated by the T96 model. The density is known to vary significantly in the magnetosphere which alters
the Alfvén velocity. And the T96 produced magnetopause can be quite far away from the real one, affecting
tus. Hence this conclusion cannot be certain without magnetospheric observations of the density for all of
our events. A study with better estimates of the magnetospheric density would be helpful to further increase
the knowledge of how geoeffective jets affect us at ground level.

For all our cases, we observe that the GMAG response to an impacting jet contains some sort of oscillations.
For a select number of cases, they resemble damped harmonic oscillations rather well. We have estimated
the frequency, f, and the e-folding time, 7, of these oscillations using both Fourier analysis and curve fittings.
We find that f ~ 1.9 mHz and 7 ~ 370 s. This is consistent with Pc5 waves whose amplitude are damped by
1/e within one wave period. Waves of similar frequencies, Pc5-range (1.6-7 mHz), have been reported as
a result of impacting jets by Archer, Horbury, et al. (2013), although at much higher altitudes. ULF waves
within this frequency range have been examined previously, by for example (Lysak et al., 1994) and (Hud-
son et al., 2004). They are thought to play an important role in the mass and energy transport in the magne-
tosphere (Allan et al., 1990; Elkington et al., 1999; Lotko et al., 1998). The observed average amplitude of all
our observed AB is ~34 nT, but with a rather large range.

We have also examined jet properties that are important for geoeffective responses. We found that the dura-
tion and peak dynamic pressure are two important properties of the jets in this regard. Assuming that the
jet propagates along the observed velocity, the duration would correspond to the jet's spatial extent along
this direction, while the dynamic pressure corresponds to kinetic energy density. Under this assumption,
we found that larger and more energetic jets should be more geoeffective, see Figure 3. This could perhaps
be expected since one would probably expect a larger jet to have higher dynamic pressure. However, in our
data set we could not conclude this.

Worth noting is that in some of our cases, the bow shock changes from quasi-parallel to quasi-perpendicular
at the time of jet observations by MMS, events similar to those listed as boundary jets by Raptis et al. (2020).
This can be related to changes in the IMF that might go unnoticed in the OMNI observations. Hence, some
of our observed GMAG responses might be related to such changes in the IMF, causing the foreshock to
change. Though it is still possible that the jets play a role as well in causing the observed responses.

Archer, Horbury, et al. (2013) used single-day THEMIS observations to examine a handful of impacting jets
and the effects caused by them inside the magnetosphere and at ground level. They reported that the mag-
netopause filters away pressure variations shorter than a few minutes, yielding a low-pass filter effect. Due
to the impulsive structure of jets they are necessarily broadband and the contained power are carried over
a large range of frequencies. Applying a low-pass filter will typically yield a smooth decrease of the output,
which are consistent with our observations.

We should not that in this study we have treated all of our jets the same. That is, we have made no dis-
tinction of different types of jets which could differ due to their creations. Nor have we considered the
complicated morphology of the jets as they traverse the magnetosheath. Palmroth et al. (2021) recently
performed a study where they via simulations investigated the evolution of jets. Goncharov et al. (2020) also
investigated this evolution. It would be interesting to redo our study but taking into consideration how the
jets decelerate through the magnetosheath. This could maybe clarify the bias toward shorter/low dynamic
pressure jets seen in Figure 3. Similarly, the different categories of jets listed by Raptis et al. (2020) could
also be included in such a study.

Lastly, we note that the geomagnetic fields, which we observe at ground-level, are clearly perturbed in re-
sponse to each of the inferred magnetosheath jets. We know that perturbations of this sort that are strong and
fast enough (high dB/dt) could be harmful for infrastructure such as power lines through geomagnetically
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induced currents, GICs (Boteler et al., 1998). Among our cases, the largest perturbation observed by GMAGs
we saw was ~158 nT (Figure 3). Assuming that all impacting jets induce ground-based signals with around
2 mHz frequency, this would mean that it would take around 4 min for the signal to oscillate between
its maximum and minimum value. This results in an average dB/dt ~40 nT/min, which is likely not that
harmful for infrastructure. According to Kappenman (2006), power grid impacts of importance have been
reported at levels even lower than 100 nT/min. If we assume that the linear trend depicted in Figure 3d
continues toward larger dynamic pressures, assuming n = 44 cm™° (median density for all our jets), we can
estimate that jets reaching velocities of ~550 km/s could lead to dB/d¢t ~ 100 nT/min. Although this velocity
can be considered high for jets, they have been reported reaching almost 500 km/s (Plaschke et al., 2013).
However, since the magnetopause maps to the polar region with major infrastructure being quite sparse, the
actual impact of magnetosheath jets and their harmfulness is probably very low regarding infrastructure.
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