
Magnetosheath Jet‐Triggered ULF Waves: Energy
Deposition in the Ionosphere
E. Krämer1 , M. Hamrin1 , H. Gunell1 , L. Baddeley2 , N. Partamies2, S. Raptis3 ,
K. Herlingshaw2 , and A. Schillings1

1Departement of Physics, Umeå University, Umeå, Sweden, 2Department of Arctic Geophysics, University Centre in
Svalbard, Longyearbyen, Norway, 3Johns Hopkins University Applied Physics Laboratory, Laurel, MD, USA

Abstract Magnetosheath jets, transient plasma structures of enhanced dynamic pressure, have been
observed to trigger ultra‐low frequency (ULF) waves in the magnetosphere. These ULF waves contribute to
energy transport in the magnetosphere‐ionosphere system. Therefore, there is a need to estimate the energy
input into the ionosphere due to jet‐triggered ULF waves. In this study, we combine measurements from
Magnetospheric Multiscale, ground‐based magnetometers, the EISCAT radar on Svalbard, and SuperDARN to
estimate the Joule heating in the ionosphere resulting from jet impacts at the magnetopause. Focusing on three
jets observed on 2016‐01‐07 we were able to calculate the Joule heating for two jets. We found an average Joule
heating rate of 0.38 mW/m2 which is on par with other processes such as field line resonances. However, due to
the short duration and spatial confinement of the jet‐induced ULF waves, the average energy input was only
9 ⋅ 1010 J. This suggests that the energy deposition of jet‐triggered ULF waves is small compared to other
magnetospheric processes, and thus does not significantly impact the average energy budget of the
magnetosphere.

Plain Language Summary The solar wind is a supersonic plasma flow that forms the bow shock
when interacting with Earth. At this bow shock the incoming solar wind plasma is heated and slowed down,
forming the magnetosheath. Sometimes, dynamic pressure enhancements are found in the magnetosheath, so‐
called magnetosheath jets. These jets can cause localized disturbances in the Earth magnetic field. The
disturbance can propagate as a wave along the magnetic field into the ionosphere, the upper ionized part of the
atmosphere. In this work we investigate the energy input in the ionosphere due to these jet‐triggered waves. We
find that the energy input is small compared to other processes in the magnetosphere.

1. Introduction
The Earth's plasma environment is affected by the Sun's varying energy deposit into our planetary environment.
One process that deposits energy is magnetosheath jets—dense, fast‐moving plasma structures (e.g., Krämer
et al., 2025; Plaschke et al., 2018). Those jets trigger low frequency waves in the magnetosphere (Norenius
et al., 2021; Wang et al., 2018). However, the energy input in the ionosphere through such jet‐triggered waves
remains unknown. Such an energy estimate requires the use of multiple instruments to determine the Poynting
flux, the affected area, and the duration of the event.

The Sun is the source a continuous plasma flow, the solar wind, carrying energy from the Sun into space. When
the solar wind interacts with Earth, the bow shock forms due to the solar winds supersonic nature. At this shock,
magnetosheath jets can form through different generation mechanisms (see review by Plaschke et al. (2018) for an
overview). These jets propagate through the magnetosheath and can subsequently impact the magnetopause and
deform it (Escoubet et al., 2020; Shue et al., 2009). Local deformations caused by magnetosheath jets can launch
ultra low frequency (ULF) waves in the magnetosphere (Norenius et al., 2021; Wang et al., 2022). Due to the
initial compression of the magnetopause, compressional waves are launched which couple to Alfvén waves.
These Alfvén waves then propagate along the magnetic field into the ionosphere causing localized disturbances in
the magnetic field. These waves are therefore a source of energy.

Magnetosheath jets are transient phenomena, but their cumulative effect must be taken into account. The
occurrence rate of jets mainly depends on the orientation of the bow shock normal with respect to the inter-
planetary magnetic field (IMF). The angle between the bow shock normal and the IMF is θBn which is often used
to characterize the local bow shock. The bow shock is quasi‐parallel when θBn < 45◦ and quasi‐perpendicular
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when θBn > 45◦. Generally, the observation rate of jets increases with decreasing θBn and an increased occurrence
is therefore associated with the quasi‐parallel bow shock (Plaschke et al., 2013; Vuorinen et al., 2019). A lower
θBn causes more jets which will impact the magnetopause more often (Plaschke et al., 2020). More magnetopause
impacts lead to more energy deposition over time.

Similarly to the bow shock, the downstream magnetosheath can also be classified as quasi‐parallel and quasi‐
perpendicular. The plasma in the quasi‐parallel magnetosheath originates from the quasi‐parallel bow shock.
The quasi‐parallel magnetosheath exhibits more magnetic field fluctuations compared to the quasi‐perpendicular
magnetosheath (Luhmann et al., 1986). In addition, the quasi‐parallel magnetosheath contains more high ener-
getic ions (ranging from a few keV/e up to 150 keV/e (Fuselier, 1994)) compared to the quasi‐perpendicular
magnetosheath.

After the jets' generation at the bow shock, they propagate through the magnetosheath and reach the magneto-
pause frequently (Plaschke et al., 2016, 2020). Generally, the median scale size of jets is of the order of 0.1 RE
(Plaschke et al., 2020). However, jets with a large spatial extent are thought to cause larger deformations of the
magnetopause and therefore have a larger impact on the magnetospheric‐ionospheric system. These jets are then
considered to be geoeffective. Plaschke et al. (2020) found that large jets with a cross‐sectional diameter larger
than 2 Earth radii (RE = 6371 km) impact the magnetopause at rates of 7.9/h during low angles between the Earth‐
Sun line and the IMF (<30◦) as compared to 2.4/hr overall. The magnetopause has also been suggested to act as a
low‐pass filter suppressing disturbances with time scales smaller than a few minutes (Archer et al., 2013). When
studying the geoeffectivness of jets it is therefore natural to focus on larger jets.

Jets have been suggested to be geoeffective through different processes (Plaschke et al., 2018). One process is
ULF waves in the Pc5 frequency range (1.67 − 6.67 mHz), corresponding to 150 − 600 s wave periods (Archer
et al., 2013; Hietala et al., 2012; Norenius et al., 2021; Wang et al., 2022). Hietala et al. (2012) associated both
irregular pulsations at the geostationary orbit as well localized flow enhancements in the ionosphere with jets.
Similarly, Archer et al. (2013) reported waves which were induced by jets using satellite measurements in the
magnetosphere and ground‐magnetometers. Jet‐triggered ULF waves were statistically investigated by Norenius
et al. (2021) and Wang et al. (2022). Norenius et al. (2021) studied 65 magnetosheath jets and their ground
response. The authors found that the average magnetic field disturbance has an amplitude of 34 nT, the average
frequency is 1.9 mHz, and the average damping time is 370 s. The authors also investigated the time delay be-
tween the detection of the jet in the magnetosheath and the ground response which they estimated to be 190 s.
Wang et al. (2022) studied 644 jets whereof 37% triggered ground oscillations with periods of 150 − 700 s. For jets
observed close to the magnetopause, the likelihood of triggering ground oscillations increases to 50%. The authors
then separated their database into isolated jets and recurring jets. They found that recurring jets generally exhibit a
larger wave power compared to isolated jets.

Jets have also been associated with optical signatures, such as the brightening of discrete and diffuse aurora
(Wang et al., 2018). In the investigated cases, the auroral brightening showed similarities with shock aurora, but
with a smaller extent. The authors suggested that field‐aligned currents and the associated field‐aligned electric
fields cause particle acceleration and lead to the auroral brightening.

Pc5 waves can generally be divided into two classes, poloidal‐mode waves and toroidal‐mode waves. Poloidal‐
mode waves exhibit radial magnetic‐field perturbations and these waves usually have large azimuthal wave
numbers m (small azimuthal scale size). Waves with large azimuthal wave numbers are highly attenuated by the
ionosphere, making them difficult to study with ground magnetometers (Yeoman et al., 2000). In this paper we
will use ground‐magnetometers to study Pc5 waves, which therefore refers the toroidal‐mode waves with smallm
(large azimuthal scale sizes) and azimuthal magnetic field perturbations.

Dayside Pc5 waves are known to be excited through a range of processes. Commonly, sources are thought to be
the solar wind, instabilities at the magnetopause, as well as interactions inside the magnetosphere (see
Menk (2011) for an overview). In the solar wind, dynamic pressure oscillations (such as those associated with
jets) have been found to be a major driver for Pc5 waves. For example, Kessel (2008) reported that over 80% of
the Pc5 activity in the magnetosphere is driven by dynamic pressure fluctuations and less than 20% are attributed
to interaction processes internal to the magnetosphere.

Ultralow frequency waves are known to transport energy into the ionosphere. Rae et al. (2007) estimated the
energy deposition in the ionosphere for a global field line resonance (FLR), a standing mode ULF oscillation. The
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authors assumed that all energy is dissipated via Joule heating. During a 3 hr time interval the authors estimated
that 30% energy of a substormwas dissipated in the ionosphere via Joule heating. The authors therefore concluded
that ULF waves can be a major energy source for magnetospheric processes.

Norenius et al. (2021) and Wang et al. (2022) suggested that jets are an important source of ULF waves that can
disturb the magnetospheric‐ionospheric system. However, these studies have not calculated the energy input
through jet‐triggered ULF waves in the ionosphere. To make a qualitative assessment of the importance of jet‐
triggered ULF waves, an estimate of that energy input is needed. To our knowledge, no such estimate exists.
We therefore aim to estimate the energy input in the ionosphere by jet‐triggered ULF waves. We then compare
this estimate to other known processes that dissipate energy in the ionosphere to quantify the importance of jets
for the magnetospheric‐ionospheric energy budget. In order to estimate the energy input, we assess the duration,
disturbed area on the ground, and the resulting Joule heating in the ionosphere. We use the Joule heating as a
proxy for the Poynting flux. Usually, jet‐triggered disturbances are assumed to be localized, affecting only a small
surface area on Earth (Norenius et al., 2021; Wang et al., 2022). However, it is important to consider the entire
disturbed area in order to estimate the energy input.

The paper is structured as follows, in Section 2 we give an overview of the instrumentation and methods. Section 3
investigates the ground‐impact of three magnetosheath jets on 2016‐01‐07 and estimates the disturbed area on the
ground. In Section 4 we estimate the Joule heating for two of the three jets. In Section 5 we discuss our results and
compare our model with observations.

2. Instrumentation and Methods
All spacecraft data are presented in the Geocentric solar magnetospheric (GSM) coordinate system if not
specified otherwise. Coordinates on the ground are given in magnetic latitude (MLAT) and magnetic longitude
(MLON) in altitude‐adjusted corrected geomagnetic coordinates (AACGM) (Burrell et al., 2023; Shep-
herd, 2014) on 2016‐01‐07. We furthermore converted MLON to magnetic local time (MLT). Data from ground
magnetometers is presented in a local coordinate system where BN is the north‐south component, BE the east‐west
component, and BZ the vertical down component. For modeled data we use the same coordinate systems.

2.1. Magnetospheric Model

To model the ground impact of magnetosheath jets, we used the magnetosphere model developed by Tsyga-
nenko (1995, 1996) (referred to as the T96 model). In addition, we estimated the footpoints of jets observed in the
magnetosheath with the T96 model. The model depends on the solar wind dynamic pressure Pd = minv2, with the
ion mass mi, solar wind plasma density n, and the solar wind velocity v. Furthermore, IMF By and IMF Bz as well
as the disturbed storm (Dst) index (Nose et al., 2015b; Sugiura, 1963) are inputs for the T96 model. Given these
input parameters, the T96 model outputs an external magnetic field. This external magnetic field represents the
magnetopause current, ring current, tail current sheet, the region 1 and 2 field‐aligned currents as well as partial
penetration of the IMF into the magnetosphere. The external magnetic field can then be added to an internal
magnetic field, the Earth magnetic field. We used the International Geomagnetic Reference field (IGRF 13) as a
model for the internal Earth magnetic field (Alken et al., 2021).

We demonstrate how we modeled the ground impact area with an artificial jet of radius 1 RE impacting the
magnetopause. The disturbed area on the ground was defined as the area that is connected along the magnetic field
to the impact area of the jet at the magnetopause. We call this area on the ground the modeled footarea. The
modeled cross section of the jet at the magnetopause is visualized in Figure 1a. Every modeled point (crosses in
Figure 1a) on this circle was propagated toward the magnetopause until its position connected to the first field line
connecting to the northern ionosphere. We used the following input parameters for the T96 model n = 4 cm− 3,
v = − 550 km/s, mi = 1.94 ⋅ 10− 27 kg, Dst = − 22 nT, By = 3 nT, and Bz = − 2 nT (these parameters are similar to
the solar wind conditions of the later investigated event). We assumed the solar wind velocity is solely in the x‐
direction. Furthermore, mi was chosen assuming 5% alpha particles in the solar wind and protons otherwise. We
modeled the response using the IGRF coefficients on 2016‐01‐07 00:00UT. Figure 1b shows the footarea which
encircles an area of 3.8 ⋅ 1010 m2.

In Figure 1 we highlighted five locations (colored crosses) which were traced from their magnetopause location
(Figure 1a) along the magnetic field to the ground (Figure 1b). The center of the impact area on the magnetopause
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(blue cross in Figure 1a) was also located in the center of the footarea (blue crosses in Figure 1b). The jet's impact
point at (x, − 1,0) (red cross in Figure 1a) and at (x, 1, 0) (orange cross in Figure 1a) marked the largest extent in y.
The jet's impact point at (x, 0, 1) (green cross in Figure 1a) and (x, 0, − 1) (purple cross in Figure 1a) correspond to
the jet's extent in z. Even though the impact area at the magnetopause is a circle of constant radius of 1 RE, it maps
to a far wider distance longitudinally than latitudinally in the ionosphere.

2.2. Data

We investigated three jets on 2016‐01‐07 5:45–07:30 UT combining data from spacecraft and ground‐based
measurements. The instrumentation is introduced in this section.

We used data from the Magnetospheric Multiscale (MMS) mission (Burch et al., 2016) for the detection of jets in
the magnetosheath. Fast mode data from the Fluxgate Magnetometer (FGM) (Russell et al., 2016) were used for
the magnetic field vector with a sampling rate of 16 Hz. In addition, we used fast mode data from the Fast Plasma
Investigation (FPI) (Pollock et al., 2016) for the ion distribution and the provided moments of the distributions.
The fast mode FPI data have a sampling rate of 0.25 Hz. We only used data from the MMS1 spacecraft due to the
small distance between the spacecraft compared to the size of magnetosheath jets.

For the IMF and solar wind properties we used 1 min high resolution OMNI data propagated to the bow shock
nose (Papitashvili & King, 2020). We also used data from the FGM (Auster et al., 2008) on the Time History of
Events and Macroscale Interactions during Substorms (THEMIS) C spacecraft (Angelopoulos, 2009) as an
additional upstream monitor for the IMF.

In addition, we used data from ground‐based magnetometers (GMAGs) obtained from the SuperMAG collab-
oration (Gjerloev, 2009, 2012). The data have a time resolution of 1 min with daily and yearly baselines removed.
In order to investigate Pc5 ULF waves we band‐pass filtered the data for the Pc5 frequency range (6.66 − 1.66
mHz). The stations used are given in Table 1 together with their location in geographic and magnetic coordinates.

Ionospheric parameters were measured by the Super Dual Auroral radar network (SuperDARN) (Greenwald
et al., 1995) and European Incoherent Scatter (EISCAT) radar on Svalbard. The SuperDARN radar network
consists of over 30 HF radars which make observations of the F‐region ionospheric convection velocity (vE × B) .
Subsequently, estimates of the local convection electric field can be derived. In this study we use the SuperDARN
derived electric field only when calculated directly from the fitted vE × B (i.e., only regions where there was
backscatter detected by a radar). In particular, we use the 2D convection maps derived from the SuperDARN
radars (Ruohoniemi & Baker, 1998) which used the virtual height model developed by Chisham et al. (2008),
assuming a maximum virtual height of 400 km (i.e., the scatter is assumed to be ionospheric F‐region). The
assumed location of scattered signal is converted to AACGM coordinates taking into account different magnetic

Figure 1. The modeled jet impact using the T96 model with ni = 4 cm− 3, vi = − 550 km/s, mi = 1.94 ⋅ 10− 27 kg, Dst = − 22
nT, By = 3 nT, and Bz = − 2 nT. (a) Shape of impacting magnetosheath jets located at the magnetopause nose, and
(b) footarea. The footpoints marked as colored crosses in B, C, and D magnetically connect to the highlighted impact points at
the magnetopause marked in (a).
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coordinates for different altitudes of the scattered signal. The data have a time
resolution of 2 min. The electric field estimates were taken within 5° MLAT
and 2° MLON. Density and temperature measurements made by the EISCAT
Svalbard radar (Wannberg et al., 1997) were combined with the NRLMSIS
atmospheric model (Picone et al., 2002) to produce estimates of the iono-
spheric Pedersen conductivity at a 1 min time resolution.

2.3. Methods

In this section we describe the identification criteria for jets as well as our
method to track jets to the magnetopause. We also describe how we modeled
the jets' footpoint. The estimate of the jets' footpoint is similar to the method
employed by Norenius et al. (2021).

In the magnetosheath, jets were identified using the criteria proposed by
Archer and Horbury (2013). The threshold for jet detection was set to twice
the dynamic pressure averaged over a 20 min interval 〈Pd〉20min such
that Pd > 2〈Pd〉20min.

In order to estimate the jet's impact point at the magnetopause, we propagated
the jet's position in the magnetosheath toward the magnetopause with the jet's
velocity during its peak dynamic pressure. This was done with 1 s time steps
until the propagated positions connected to a field line connecting to the
northern hemisphere using the T96 model. The position of that field line at a
radial distance 1 R˙E from the Earth's center was considered as the jet's
footpoint. For the T96 model input we used solar wind data that was averaged
over 10 min centered around the jet's peak dynamic pressure. The averaging
evens out possible small scale variations that are of time scales shorter than
Pc5 waves. The averaging also takes into account uncertainties in the OMNI
propagation time (Case & Wild, 2012; Mailyan et al., 2008).

We also investigated how the ground disturbance varies along approximately
constant MLON and constant MLAT from the estimated footpoint. Along
approximately constant longitude, we investigated stations that lie within
±0.67 MLT (±10° MLON) of the footpoint and within 50 − 80° MLAT. At
lower latitudes no perturbation contributing significantly to Joule heating is
expected but the chosen range allows to examine the characteristics of the
perturbation. Along approximately constant MLAT, we investigated data
from stations that lie north of the magnetometer station JAN (69.97° MLAT)
and below 80° MLAT.

The energy input in the ionosphere was estimated following the method by
Rae et al. (2007). The authors estimated the energy input into the ionosphere
from a FLR using GMAGs. The authors based their work on Hughes and
Southwood (1976) who showed that shielding of ULF waves by Pedersen
currents can be expressed as a magnetic perturbation

B = μ0ΣpE, (1)

where μ0 is the permittivity of free space, Σp is the height integrated Pedersen
conductivity, and E is the ionospheric electric field. Assuming that the

incoming energy from the Poynting flux is only dissipated through Joule heating due to Pedersen currents in the
ionosphere, Equation 1 can be used to express the Poynting flux as

EB
μ0
= ΣpE2. (2)

Table 1
SuperMAG Stations With Their Positions in the Geographic and
Geomagnetic Coordinate System

Station GLON [°] GLAT [°] MLON [°] MLAT [°]

NAL 11.9 78.9 107.4 76.4

LYR 15.8 78.2 108.7 75.5

HOP 25.0 76.5 112.6 73.4

BJN 19.2 74.5 105.8 71.7

HRN 15.6 77.0 106.5 74.4

BBG 14.2 78.1 107.3 75.5

KUV 302.8 74.6 39.5 79.9

STF 309.3 67.0 39.5 71.8

UPN 303.9 72.8 38.2 78.1

JAN 351.3 70.9 80.8 70.0

DMH 341.4 76.8 81.4 77.0

CBB 255.0 69.1 − 45.8 76.4

GDH 306.5 69.2 37.8 74.4

ATU 306.4 67.9 36.8 73.1

SKT 307.1 65.4 36.1 70.5

ABK 18.8 68.3 100.3 65.4

SOR 22.2 70.5 104.5 67.5

SPG 29.7 60.5 105.9 57.0

MOS 37.3 55.5 111.5 51.7

NOR 25.8 71.1 107.8 68.0

HAN 26.6 62.2 103.7 58.8

MNK 27.9 54.5 102.6 50.5

SOD 26.6 67.4 106.1 64.1

TAR 26.5 58.3 102.3 54.6

MAS 23.7 69.5 105.0 66.4

MUO 23.5 68.0 103.9 64.9

TRO 18.9 69.7 101.3 66.8

LOZ 35.0 68.0 113.5 64.6

PEL 24.1 66.9 103.7 63.7

MEK 31.0 62.8 107.7 59.3

KIR 20.4 67.8 101.3 64.8

NR2 24.6 60.5 101.4 57.0

NUR 24.6 60.5 101.4 57.0

KEV 27.0 69.8 107.9 66.6

OUJ 27.2 64.5 105.2 61.2

IVA 27.3 68.6 107.3 65.3
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Integrating over the area and the duration of the ULF waves gives an estimate of the Joule heating in the iono-
sphere. We then use the Joule heating as a proxy for the energy deposition in the ionosphere.

3. Observations
Here we present data at 2016‐01‐07 05:45–07:30 UT that will be investigated in more detail. During this time
interval multiple jets were observed in the magnetosheath. Three of these jets were associated with ULF wave
activity on the ground and those were investigated in more detail. We also studied the spatial extend of the ULF
wave activity with ground magnetometers.

An overview of the data is given in Figure 2 which shows data from the MMS 1 spacecraft, OMNI database,
THEMIS C spacecraft, GMAGs, SuperDARN, and EISCAT. During that time the MMS1 spacecraft was located
inside the magnetosheath at [10,− 4.5,− 1.2] RE and the THEMIS C spacecraft was located at [50,− 33,3.5] RE in
the solar wind. Figure 2a shows the IMF from the OMNI database propagated to the bow shock nose. Figure 2b
shows the IMF measured by the THEMIS C spacecraft. Both IMF measurements show a variable IMF with
multiple rotations. Figure 2c shows the solar wind density (red) and solar wind speed (blue) from the OMNI
database. The solar wind density varied up to 50% and the solar wind speed varied less than 10% (about 50 km/s).
Figure 2d shows the dynamic pressure Pd from the MMS spacecraft located in the magnetosheath as well as
2〈Pd〉20min (threshold for jet detection). The local dynamic pressure exceeded that threshold multiple times during
the displayed interval. In the following, we focus on the jets occurring at 06:13:47, 06:36:02, and 07:00:55 UT.
These jets are referred to jet #1, jet #2, and jet #3 respectively. The jets' peak dynamic pressure is marked by
vertical black lines. Figure 2e shows the ion energy spectrogram by the MMS FPI instrument. After the obser-
vation of jet #1 at 6:15 UT, theMMS1 spacecraft was briefly positioned inside the magnetosphere indicated by the
change in the energy spectrogram and in the magnetic field. At 6:36 UT the plasma population transitioned from
containing higher energy particles to lacking these high energy particles, this lasted until 6:55 UT. The time
instance at 6:36 UT marked the change from the quasi‐parallel to the quasi‐perpendicular magnetosheath which
coincided with jet #2. Jet #1 and jet #3 were not associated with such a change. Figure 2f shows the magnetic field
inside the magnetosheath from the MMS1 spacecraft which was generally variable. In the quasi‐perpendicular
magnetosheath the magnetic field was less variable compared to the quasi‐parallel magnetosheath (Luhmann
et al., 1986).

Based on this data we estimated the footpoint for jets 1–3 according to the method outlined in Section 2.3. The
footpoints are given in Table 2. The Dst index was − 17, − 22, and − 22 nT for the three jets respectively.

Figures 2g–2i show the three magnetic field components (BN, BE, and BZ respectively) from six ground
magnetometer stations located close to or on Svalbard. These stations are located close to the estimated foot-
points. The GMAG stations are Ny‐Ålesund (NAL), Longyearbyen (LYR), Hopen Island (HOP), Bear Island
(BJN), Hornsund (HRN), and Barentsburg (BBG). A 10 min time interval 190 s after the jets' peak dynamic
pressure is marked in blue (190 s corresponds to the average propagation time of the jet observation to the ground
(Norenius et al., 2021)). In red, we marked a 20 min time interval with low activity in the ground magnetic field
which was used to compare the ground disturbance to the overall level of fluctuations. The largest amplitude was
observed by the magnetometer stations on Hopen Island showing a disturbance of 125 nT, around 6:20 UT after
jet #1. The amplitude of ground disturbance associated with jet #2 and jet #3 were lower.

Even though we focus on the ground disturbance of jet #1–3, Figure 2a shows several jets occurring shortly before
and after jet #1 and 2. Wang et al. (2022) showed that recurrent jets cause a stronger ground disturbance.
Especially jet #1 and jet #2 have other jets preceding and succeeding which could intensify to the ground
disturbance. Since we cannot separate the contributions from different jets, we focus on jet #1 and jet #2. But the
increased strength of the ground disturbance occurring after jet #1 and 2, might be the result of several jet impacts.
Jet #3, however, is an isolated jet.

Figure 2j, shows estimates of the electric field E derived from SuperDARNmeasurements. The distance from the
footpoint to the location of the estimate of E is shown in Figure 2k. We used the distance to footpoint 2 as an
approximation for the distance to all footpoints since the footpoints of jet #1 and jet #3 were close to the footpoint
of jet #2. We used estimates for the Pedersen conductance ΣP using EISCAT data, the data are presented in
Figure 2l.
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Figure 2. Overview of solar wind, magnetosheath and ground observations at 2016‐01‐07 05:45–07:30 UT. Three jets are
marked by black vertical lines. (a) interplanetary magnetic field (IMF) propagated to the bow shock from the OMNI
database, (b) IMF from the THEMIS C spacecraft, (c) the solar wind density (red) and velocity (blue) from the OMNI
database, (d) Magnetospheric Multiscale (MMS) measurements showing the dynamic pressure (black) and the threshold for
magnetosheath jets 2〈Pd〉 (red), (e) MMS ion energy spectrogram, (f) MMS magnetic field components, (g)‐(i) magnetic
field components (BN, BE, BZ) from six magnetometer stations (NAL, LYR, HOP, BJN, HRN, and BBG) bandpass filtered
between 1.67− 6.67 mHz, (j) Electric field measurements E from SuperDARN, (k) difference in magnetic latitude and magnetic
longitude from the SuperDARNmeasurement and the footpoint of jet #2, and (l) Pedersen conductance from EISCAT Svalbard
measurements. The blue shaded areas correspond to 10 min intervals 190 s after each jet's peak dynamic pressure. The red
shaded area is the quiet interval were there was little disturbance in the ground magnetic field in the Pc5 range. Solar wind and
magnetosheath data are given in Geocentric solar magnetospheric coordinates.

Table 2
The Estimated Footpoints of Jet #1, Jet #2, and Jet #3 in Both Geographic and Magnetic Coordinates As Well As the Time of
Their Peak Dynamic Pressure Observation

Jet no. Time [UT] GLAT [°] GLON [°] MLAT [°] MLON [°] MLT [°]

1 06:13:47 75.8 28.8 72.6 115 9.10

2 06:36:02 74.5 24.6 71.4 110 8.79

3 07:00:56 75.2 32.2 71.8 117 9.23
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During the time interval 05:45–07:30 UT, there was no geomagnetic storm activity in the magnetosphere, the Dst
index was low. Around 07:10 UT the expansion phase of a substorm started (data not shown), coinciding with the
ground disturbance of our last jet. The average auroral electrojet (AE) index (Davis & Sugiura, 1966; Nose
et al., 2015a) was around 100 nT between 06:15–07:10 UT and increased to around 400 nT until 07:30 UT. Since
substorms mainly affect the nightside ionosphere while our events mainly impact the dayside ionosphere, we do
not expect the substorm to affect our results. Furthermore, the substorm starts at 07:10 UT, so after the peak
ground response of jet #3 (around 07:03 UT). The overlap between the two events is therefore short. Even though
Nykyri et al. (2019) suggested a jet‐triggered substorm, the authors argued that the jet only provided the final flux
enhancement to trigger the onset of reconnection. The remaining flux was added during a prolonged period of
southward IMF prior to the jet occurrence. The energy released during a jet‐triggered substorm should therefore
not be attributed solely to the jet itself. In summary, we argue that there was no significant magnetospheric
activity that could cause the observed Pc5 activity in the GMAGs on the dayside (see Figures 2g–2i).

The three jets highlighted in Figure 2 show different features and can be classified into different categories
following Raptis et al. (2020). Jet #1 and 3 were embedded in the quasi‐parallel magnetosheath and were therefore
quasi‐parallel jets. Jet #1 was in addition associated with magnetopause movement as observed in Figure 2e at
06:15 UT in the MMS1 ion energy spectrogram. Jet #2 was a boundary jet since it is observed between the quasi‐
parallel and quasi‐perpendicular magnetosheath associated with a rotation in the IMFwhich occurred around 6:30
UT (see Figures 2a and 2b). The IMF changed from Bx < 0 to Bx ≈ 0, and By increased. This IMF orientation
lasted until 6:50 UT when Bx and By decreased, this change was more pronounced in the THEMIS data
(Figure 2b).

In the following paragraphs, we discuss the spatial extent of the ground perturbations in more detail. We
investigated the perturbations' variation along approximately constant latitude (Figure 3a) and along approxi-
mately constant longitude (Figure 3b) as defined in Section 2.3. The black vertical lines represent again the jets'
peak dynamic pressure (same as in Figure 2). The data were also band‐pass filtered between 1.67 − 6.67 mHz.
We do not show all stations that fit the criteria of approximately constant latitude or longitude, since some
perturbations are overlapping with other stations. In order to discuss the ground perturbations we use two station
sets: affected stations and significantly affected stations. Affected stations refer to stations were the ground
perturbation is measurable. Since the magnetic perturbation, and therefore the energy dissipation, is small in
stations far away from the maximum disturbance we define a subset of significantly affected stations. In our
events, all affected stations are located on the dawnside since none of the stations on the duskside satisfy the
criteria for an affected stations. Due to the sparse magnetometer coverage on the duskside we do not know how or
if the signal propagated on the duskside.

To determine all affected stations, we compared the maximum disturbance (blue areas in Figure 3) to quiet
conditions (red area in Figure 3). First, we determined the maximum disturbance in the magnetic field magnitude
during the quiet time interval (2016‐01‐07 05:50–06:10 UT, marked in red in Figure 3) denoted Bmax,quiet for each
station.We then calculated the maximummagnetic field magnitude Bmax,jet in a 10 min interval 190 s after the jets'
peak dynamic pressure (marked in blue in Figure 3). Finally, we compared Bmax,quiet to Bmax,jet and stations were
considered to show a jet‐triggered signature if Bmax,jet > 2 Bmax,quiet.

Along approximately constant latitude (Figure 3a), we found that jet #1 affected 14 stations (KUV, UPN, GDH,
ATU, STF, SKT, DMH, NAL, LYR, JAN, HOP, BJN, HRN, BBG). These stations spanned 5.1 hr in MLT,
corresponding to 77° in longitude. Jet #2 affected 6 stations (KUV, SKT, JAN, HOP, BJN, HRN), spanning the
same longitudinal range. Jet #3 affected 10 stations (CBB, KUV, GDH, ATU, STF, SKT, DMH, JAN, HOP,
BJN). We neglected the station CBB since the magnitude pertubation was low and therefore not likely connected
to the jet itself. Jet #3 also spanned 5.1 hr in MLT.

Figure 3b shows variations along approximately constant longitude sorted by MLAT (northernmost station on the
top). The perturbation first increased in amplitude until the stations Hornsund (HRN), Hopen Island (HOP), and
Bear Island (BJN). Stations south of these aforementioned stations showed a decrease in amplitude. The
perturbation after jet #1 affected stations between NAL and MNK. Jet #2 affected stations between HRN and
HAN and jet #3 affected stations between HOP and MNK. The perturbation might have even propagated to lower
magnetic latitudes, but due to the sparsity of magnetometers and the low amplitude, we did not investigate this
further.
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For each jet, the affected stations and footpoints are shown on a global map, see Figure 4. The footpoint of each jet
is marked in red. The affected stations along approximately constant latitude are marked in white and in yellow for
approximately constant longitude. We also modeled the footarea by assuming that the jet's impact diameter is the
observed scale size, which is shown in orange. The observed scale size was calculated by integrating the velocity
during the jet observation. Assuming the impact diameter to be the observed scale size implies a simple geometric
structure for jets. Fatemi et al. (2024), however, showed that jet structures are more complicated. But, due to the
proximity of the four MMS spacecraft we were not able to determine the shape of the investigated jets in another
way. The modeled footarea is 6.5 ⋅ 1010 m2 for jet #1, 2.6 ⋅ 1010 m2 for jet #2, and 2.8 ⋅ 1010 m2 for jet #3.

To estimate the observed footarea we used the information on the latitudinal and longitudinal propagation. We
were only interested in the stations with a significant signal. Stations with small disturbances would likely not
play a significant role in the energy dissipation. The sparse distributions of magnetometers, especially along
approximately constant latitude, introduced additional uncertainties in the observed footarea. Since we did not
know the shape of the observed footarea due to the sparse sampling, we assumed that the footarea can be rep-
resented by a latitude‐longitude rectangle.

We determined a subset of significantly affected stations from our list of affected stations to estimate the observed
footarea. We calculated the maximum amplitude Bmax of each station during the 10 min interval used previously.

Figure 3. Ground response due to jet impact presented in a stackplot. (a) Measurements from different stations along constant
latitude sorted by magnetic local time. The stations HRN, KUV, UPN, NAL, DMH, CBB, BBG, GDH, LYR, and SKT were
excluded for visualization purposes since they were in close proximity to other stations and their perturbations were
overlapping, (b) measurements from SuperMAG stations along constant longitude sorted by magnetic latitude from north to
south. Here the stations BBG, SPG, MUO, LOZ, NR2, KEY, and IVA were excluded for the same reason as above. The red
and the blue areas are the same as in Figure 2. The red area corresponds to the quiet interval that was chosen to compute the
maximum disturbance Bmax,pre that was used as a threshold. The time intervals marked in light blue correspond to the time
intervals were the maximum disturbance of the wave was computed Bmax,jet. Stations were considered to be affected
where Bmax,jet > 2 Bmax,pre.
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Then we determined the station with the maximum disturbance from all stations denoted Bmax,max. We considered
a station to be significantly affected when Bmax >Bmax,max/3.

For jet #1, the stations between JAN and HOP were significantly affected along approximately constant latitude
covering 2.1 hr in MLT. Along approximately constant longitude stations between SOR and NAL were affected
covering 8.8° in MLAT. The resulting observed footarea Aobs is 1.1 ⋅ 1012 m2. The same stations were affected for
jet #2 as for jet #1 along approximately constant latitude. Along approximately constant longitude the stations
between HRN and BJN were affected covering 2.6° in MLAT. Aobs was 3.0 ⋅ 1011 m2. For jet #3 the same stations
as for jet #1 and 2 were affected along approximately constant latitude. Along approximately constant latitude
stations between MAS and HOP were affected covering 6.9° in MLAT. Aobs was therefore 9.2 ⋅ 1011 m2. These
results are summarized in Table 3.

4. Energy Deposition
4.1. Joule Heating

With the estimated footarea for jet #2 and 3 we calculated the energy dissipation in the ionosphere due to Joule
heating. However, we did not make an estimate on the Joule heating for jet #1 due to the large distance between

the footpoint and the measurement taken by SuperDARN (Figure 2k). The
electric field measurement and jet #1 were likely not related due to the large
distance. We therefore only estimated the Joule heating rate and the resulting
energy dissipation for jet #2 and jet #3. Our estimates are also included in
Table 3.

We computed a 10 min average of the Pedersen conductance and electric
field, 190 s after the observation of the jet's peak dynamic pressure (marked in
blue in Figure 2). For jet #2, we found E = 12 mV/m and Σp = 4.2 S. This
resulted in a Joule heating rate of 0.65 mW/m2. For jet #3, we found E = 6.5
mV/m and Σp = 2.5 S. This resulted in a Joule heating rate of 0.11 mW/m2.
The total energy dissipated was estimated by integration over the affected
area and time. The observed wave on the ground was damped and we assumed
that the wave activity lasted 10 min.

We made two estimates for the footarea, the observed and modeled footarea.
The modeled footarea is expected to be smaller since it does not take into
account azimuthal wave propagation from the impact area at the magneto-
pause. To estimate the energy dissipation we assumed a constant Joule
heating rate over the entire affected area. Using the observed footarea this
resulted in a energy deposition of 1.2 ⋅ 1011 J for jet #2 and 6.1 ⋅ 1010 J for jet
#3. Using the modeled footarea the energy deposition was 1.0 ⋅ 1010 J for jet

Table 3
Modeled and Observed Parameters Used to Estimate the Joule Heating in
the Ionosphere

Jet #1 Jet #2 Jet #3

ΔMLT [h] 2.1 2.1 2.1

ΔMLAT [°] 8.8 2.6 6.9

Aobs [m2] 1.1 ⋅ 1012 3.0 ⋅ 1011 9.2 ⋅ 1011

Amod [m2] 6.5 ⋅ 1010 2.6 ⋅ 1010 2.8 ⋅ 1010

E [mV
m ] ‐ 12 6.5

Σp[S] ‐ 4.2 2.5

S [mW/m2] ‐ 0.65 0.11

Qobs [J] ‐ 1.2 ⋅ 1011 6.1 ⋅ 1010

Qmod[J] ‐ 1.0 ⋅ 1010 1.9 ⋅ 109

Note. ΔMLT are the significantly affected stations along approximately
constant longitude, ΔMLAT were the significantly affected stations along
approximately constant latitude, Aobs is the observed footarea, Amod is the
modeled footarea, E is the electric field, Σp is the conductance, S is the Joule
heating rate, Qobs is the estimated Joule heating using Aobs, and Qmod is the
estimated Joule heating using Amod.

Figure 4. The spatial distribution of the affected stations for each jet. The estimated footpoints are given in red, and the
modeled footarea is given in orange. Stations along approximately constant latitude are given in white and stations along
approximately constant longitude are give in yellow. The size of the respective marker indicates the magnitude of the largest
disturbance. The grid represents the CGM coordinate system.
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#2 and 1.9 ⋅ 109 J for jet #3. Due to smaller estimated footareas, the estimated energy deposition was an order of
magnitude lower using the modeled footarea compared to the observed footarea.

4.2. Auroral Precipitation

During the investigated time interval auroral activity was also present, see Figure 5, which potentially was an
additional source of energy due to particle precipitation. Figure 5 shows six images from the Sony a7s All Aky
Camera (ASC) located at the Kjell Henriksen Observatory (78.148°N, 16.043°E, 520 m altitude) on Svalbard.
Each color image was taken with 4 s exposure time. Figure 5a shows the auroral activity before the ground‐
disturbance of jet #1 and Figure 5b shows auroral activity during the ground‐response of jet #1. Figures 5c–5f
show the auroral activity before and during ground‐response for jet #2 (jet #3) respectively. Generally, there
seems to be an increase in auroral emission intensity during increased Pc5 wave activity. However, the camera
indicated that there was a changing cloud coverage which did not allow to draw any clear conclusions about the
auroral evolution. Auroral brightening indicates additional energy input in the ionosphere. Due to the continuous
change in cloud coverage, the correlation between the jet‐triggered ULF waves and enhanced auroral precipi-
tation was not well tested.

5. Discussion
We have investigated the ground‐response of three jets with large scale sizes in detail. Specifically, we analyzed
the magnetic disturbances on the ground and estimated the disturbed area on the ground (footarea) for three jets.
Using the observed and modeled footarea we estimated the energy dissipation in the ionosphere due to Joule
heating.

5.1. Estimates on Footarea

Before comparing the estimated energy input to other processes, we discuss our estimates for the observed and
modeled footareas. The observed footarea was an order of magnitude larger than the modeled footarea for all jets
(see Figure 4). Since we did not have information about the actual impact area of the jet on the magnetopause,
both estimate are associated with uncertainties.

The data indicated that the amplitude of the ULF waves were decreasing with decreasing latitude along
approximately constant longitude. The damped amplitude indicates either Alfvén waves launched directly
through the magnetopause impact or a compressional wave propagating radially toward Earth. The amplitude of
the ULF waves were also decreasing along approximately constant latitude away from the modeled footpoint (in
the azimuthal direction). Together with the larger observed footarea than expected by the model, this indicates
azimuthally traveling waves. Waves traveling azimuthally and radially in the magnetosphere couple to Alfvén
waves traveling along magnetic field lines into the ionosphere which can then observed with magnetometers. This
coupling transfers energy from the radial or azimuthal wave to the field aligned wave which can be observed as a
damped disturbance on the ground.

The propagation of waves radially and azimuthally caused an observed footarea larger than the one expected by
the magnetopause impact area. The observed footarea however could overestimate the actual energy dissipation
in the ionosphere since the wave amplitudes were damped. The damping resulted in smaller disturbances, and
therefore smaller energy input in the ionosphere, in locations far away from the largest disturbance. We partially
mitigated this effect by only selecting stations that were significantly affected. More realistically, the Joule
heating rate should be determined as a function of location, however, this would require better coverage of the

Figure 5. Images from an all‐sky camera located at the Kjell Henriksen Observatory on Svalbard. The images were taken
before the increased ultralow frequency (ULF) wave activity (a,c,e) and during the increased ULF activity (b,d,f) of each jet.
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instruments. We will continue this discussion using the energy deposition derived with the observed footarea
which can be seen as an upper limit for the energy dissipation.

There are differences in the ground signature of the three investigated jets. The disturbance with the highest
amplitude was observed after jet #1 which was also the jet with highest dynamic pressure. Considering that the
magnetopause briefly moved over the spacecraft after the observation of jet #1, it was likely that jet #1 caused the
largest movement of the magnetopause which subsequently caused the disturbance with the highest amplitude on
the ground. The Joule heating in the ionosphere for jet #1 would have been likely higher compared to jet #2 and
jet #3.

Another interesting observation was that jet #2 had the largest scale size but the observed footarea was the
smallest and with the smallest amplitude. Jet #2 was also a boundary jet. One complication was that we cannot
determine the dynamic density profile of the jet with one‐point measurements. The spacecraft might have not
moved through the largest extent of the jet which resulted in a smaller estimate for the scale size. Whether
different types of jets cause different ground signatures needs to be investigated statistically and is outside the
scope of this study.

5.2. Estimates on Energy Deposition

The energy deposition and Joule heating rate for jet #2 and jet #3 are different which indicates that energy input
from jets is variable. The Joule heating rate is nearly six times higher for jet #2 than for jet #3 leading to a greater
energy deposition. This discrepancy arises from the smaller electric field and Pedersen conductance for jet #3,
both of which are approximately half the values observed for jet #2. Although there are no observational data
available to fully explain these differences, we can speculate about potential causes. One possible reason could be
the presence of jets preceding jet #2, which may have intensified the disturbance, similar to the stronger ULF
waves observed after recurring jets (Wang et al., 2022). Additionally, due to the small spacecraft separation
between the MMS spacecraft, we could not observe the dynamic pressure profile or the spatial extent of jets. The
extent and dynamic pressure profile affects the extent and magnitude of the impact at the magnetopause, which, in
turn, affects the electric field amplitude in the ionosphere. To investigate this point further, future research needs
to focus on obtaining conjunction events between different mission (e.g., THEMIS) or obtain events during
special campaigns that can provide observations across larger spatial scales. Finally, auroral activity is known to
change the local ionization and therefore the Pedersen conductance (Robinson et al., 1987). The ongoing auroral
activity on the dayside could change the local Pedersen conductance and therefore the Joule heating rate.

We also compare the derived Joule heating in the ionosphere to other processes in the magnetosphere‐ionosphere
system. We found that the net Joule heating rate was 0.65 mW/m2 and 0.11 mW/m2 for jet #2 and jet #3
respectively using the values for the observed footarea. For those two jets the average Joule heating rate was 0.38
mW/m2 and the average energy deposition is 9 ⋅ 1010 J which should be seen as an upper limit. In comparison, Rae
et al. (2007) found a net Joule heating rate of 0.40 − 0.48 mW/m2 in their global FLR event, which is similar to our
results. Their ULF wave showed a peak‐to–peak amplitude of 150 nT on the ground which is also comparable to
ours. We therefore argue that our estimates for the Joule heating rate are reasonable.

In order to make a comparison of the energy dissipation between the event investigated by Rae et al. (2007) and
the energy input of jets one needs to take into account the footarea and duration in both events. The event
investigated by Rae et al. (2007) had a duration of at least 3 hr, possibly 8 hr while the ground response of a jet
lasted 10 min. To make a valid comparison between the events, one needs to take into account that under optimal
conditions up to 8 geoeffective jets impact on the magnetopause per hour (Plaschke et al., 2016). Assuming that
37% of the impacting jets trigger a ULF wave (Wang et al., 2022), there are 3 jet‐triggered ULF waves per hour.
This would dissipate 8.1 ⋅ 1011 J over 3 hours while Rae et al. (2007) found an energy input of 4.3 ⋅ 1014 J.
Differences are both in the duration and in the footarea. Rae et al. (2007) found their event covered at least 65° in
longitude and 10° in latitude, which is indeed similar to our observed footarea from observations. However, we
used a smaller footarea to calculate the energy input since we argued that small disturbances far away from the
main impact will not have a significant contribution to the energy input into the ionosphere. This argument is
supported by the fact that the electric field observed with the SuperDARN radars is also confined to a smaller area
(data not shown), suggesting that only a smaller area was significantly affected. Assuming that 3 jets impact over
an hour indicates that the energy input is not continuous as in the event investigated by Rae et al. (2007).
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Therefore, the smaller footarea and shorter duration lead to a much smaller energy input in the ionosphere when
averaged over time.

In the time interval investigated here, the IMF was highly variable. Jets are more often observed downstream of
the quasi‐parallel bow shock and the occurrence rate is enhanced when the IMF is stable (Archer et al., 2013).
Quasi‐stable, quasi‐parallel IMF conditions could be used to determine the maximum energy input into the
ionosphere. Possibly, jets could drive continuous ULF waves under such conditions by continuously impacting
the magnetopause. However, such events have not been reported. Nevertheless, these jets would likely affect a
small footarea which results in a smaller energy input compared to the event investigated by Rae et al. (2007).

Joule heating plays an important role during substorms with 56% of the total energy dissipated in the ionosphere
which corresponds to 23.2 − 61.4 ⋅ 1014 J in total (Østgaard et al., 2002). Often, an empirical relationship between
the auroral electrojet index AE and the Joule heating rate of the form aAE + b is used (see Østgaard et al., 2002,
for an overview). Using a = 0.21 ⋅ 109 GW/nT and b = 1.8 ⋅ 109 GW from Richmond et al. (1990) and AE = 112
nT during the interval of interest (06:15–07:15 UT), this results in a Joule heating rate of 2.53 ⋅ 1010 W. During an
hour this results in an energy deposition of 9.11 ⋅ 1013 J. The Joule heating from jets is therefore much smaller
compared to the Joule heating from the auroral electrojets during substorms.

We observed an increased auroral activity together with the increased Pc5 wave activity. Auroral brightening due
to jet impact has been described previously by Wang et al. (2018). The enhanced particle precipitation provides
another source of energy input into the ionosphere. The appearance of discrete auroral arcs has been associated
with FLRs previously (Samson et al., 1996). FLRs can cause parallel electric fields that accelerate electrons,
potentially causing auroral arcs (Wei et al., 1994). A similar mechanism involving ULF waves could be
responsible for setting up parallel electric fields that cause increased auroral displays upon jet impact on the
magnetopause (Wang et al., 2018).

We argue that the energy dissipation in the ionosphere resulting from jets impacting the magnetopause is small
compared to other relevant magnetospheric processes such as substorms and field line resonances. The main
reason is the short duration and the small footarea of jets, while substorms are a phenomena on timescales of
hours.We therefore conclude that Joule heating through ULFwaves caused by jets do not play a significant role in
the time‐averaged energy budget of the magnetosphere. Even though we were not able to provide an estimate of
the energy deposition from particle precipitation, similar arguments can be used in this case. For particle pre-
cipitation, field‐aligned currents are needed which are potentially set up by ULF waves. Ultralow frequency
waves caused by jets are short‐lived and spatially confined which means that particle precipitation should also be
short‐lived and spatially confined.

Magnetosheath jets are one of many dayside transient phenomena that can dissipate energy in the ionosphere‐
magnetosphere system (Zhang et al., 2022). For example, hot flow anomalies can also trigger Pc5 oscillations
on the ground (Wang et al., 2024). Šafránková et al. (2012) found a hot flow anomaly that caused a magnetopause
deformation of 9 RE. The Joule heating rate caused by other dayside transients could be larger compared to
magnetosheath jets, especially transients with larger scale sizes causing larger magnetopause deformations. These
transients could therefore have momentarily larger energy dissipation rates and affect larger areas compared to
magnetosheath jets. However, their transient nature makes their duration short and the total effect probably small
compared to the FLR event studied by Rae et al. (2007).

6. Summary
In this study, we provided the first estimate of the energy deposition in the ionosphere through jet‐triggered ULF
waves. We argued that jet‐triggered particle precipitation and Joule heating through jet‐triggered ULF waves,
while momentarily significant, do not play a significant role in magnetospheric‐ionospheric energy budget
averaged over time. This is primarily due to the short duration and limited foot area of these transient events. In
order to assess the energy deposition in the coupled ionospheric‐magnetospheric system, estimates on the energy
transferred through other jet‐triggered processes should be added. Such processes are for example, impulsive
penetration (Gunell et al., 2012; Karlsson et al., 2012) and bursty reconnection triggered by jets (Hietala
et al., 2018). These processes can transfer energy through other mechanisms than ULF waves. Investigating these
processes would make it possible to fully evaluate the relevance of magnetosheath jets on the Earth's planetary
environment.
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In summary, in this study we made the following findings.

1. Ground perturbations cover a larger area on the ground than expected from the mapping of the jet's extent at the
magnetopause to the ground. This indicates wave propagation in the magnetosphere and the perturbation is
therefore detectable far away from the jet's footpoint.

2. The average Joule heating rate for the two investigated events was 0.38 mW/m. This Joule heating rate of jet‐
triggered ULF waves and field line resonances are comparable. Momentarily the energy dissipation can be
locally significant.

3. The resulting average Joule heating in the ionosphere is 9 ⋅ 1010 J per event.
4. During optimal conditions 8 geoeffective jets are expected to impact the magnetopause per hour and three of

these jets cause ULF waves. That would result in a Joule heating of 2.7 ⋅ 1011 J per hour.
5. Compared to other processes in the magnetosphere, the average energy deposition from jets is low. We

therefore conclude that the energy deposition from jet‐triggered ULF waves are not likely to play are sig-
nificant role in the magnetospheric‐ionospheric energy budget on average.

6. Enhanced particle precipitation is also expected to occur locally and does not significantly contribute to the
energy budget on average.

Data Availability Statement
Magnetospheric Multiscale, OMNI, and THEMIS data is available for download for at the Heliophysics Data
Application Programmer's Interface (HAPI) https://hapi‐server.org/servers/. Supermag data is availbale at https://
supermag.jhuapl.edu/. SuperDARN data is available at https://superdarn.ca/. EISCAT data can be downloaded
from the National Institute of Polar Research (NIPR) at http://pc115.seg20.nipr.ac.jp/www/eiscatdata/. ASC data
is available at Krämer (2024). The Dst and AE indices are available from the WDC for Geomagnetism, Kyoto at
https://wdc.kugi.kyoto‐u.ac.jp/wdc/Sec3.html.
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