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Abstract Magnetospheric ultralow frequency (ULF) waves are fundamental for coupling energy across the
magnetosphere and ionosphere. Pc3‐4 waves (7–100 mHz) are associated with small interplanetary magnetic
field (IMF) cone angles, suggesting that foreshock ULF waves are the source. To understand the relationship
between foreshock and magnetospheric ULF waves, we perform a statistical study using the THEMIS
spacecraft to observe foreshock ULF waves and ground magnetometers (GMAG) to infer magnetospheric ULF
waves. We observe a power law correlation between foreshock and ground‐based ULF wave power, with
correlation coefficients exceeding 0.5 around the typical period of foreshock “30s waves” in contrast to
correlation coefficients ∼0.3 between solar wind and ground‐based ULF wave power. The power law
parameters decrease with lower magnetic latitudes, indicating weaker power transport deeper in the
magnetosphere. Additionally, the correlation coefficients decrease with larger magnetic local time (MLT)
separation between the THEMIS spacecraft and GMAG. We also find that ground‐based Pc3‐4 wave power
exhibits a stronger dependence on the local bow shock θBn (angle between the shock normal and the IMF) than
on the IMF cone angle. These findings indicate that foreshock ULF waves are more likely to be transmitted from
the local MLT than across the subsolar point. We also find that ground‐based Pc3‐4 waves show a stronger
dependence on the solar wind speed than do foreshock ULF waves, suggesting a possible contribution from
Kelvin‐Helmholtz instability and shock‐generated transients. Our results provide new insights into the
connection between foreshock ULF waves and ground‐based Pc3‐4 waves.

1. Introduction
Ultralow frequency (ULF) waves are a fundamental element in the magnetosphere, which were initially identified
through ground‐based measurements and later supplemented by spacecraft observations (see review by Takahashi
et al., 2006). They play a crucial role in energy transport and coupling across various scales. Their broad fre-
quency range (∼1 mHz–10 Hz) was subdivided into shorter bands based on their origins and properties (Jacobs
et al., 1964). For example, Pc5 waves (∼1–7 mHz) can be driven by direct penetration of solar wind dynamic
pressure variations, eigenmode oscillations driven by solar wind disturbances, or the Kelvin‐Helmholtz (KH)
instability, whereas Pc1‐2 waves (0.1–5 Hz) typically arise from internal sources, such as cyclotron resonance
with energetic ring current ions (see review by Menk, 2011).

As for Pc3‐4 waves (7–100 mHz), previous statistical studies have shown that they more likely occur under
smaller interplanetary magnetic field (IMF) cone angles (e.g., Greenstadt & Olson, 1976; Russell et al., 1983;
Takahashi et al., 1984), implying that foreshock ULF waves at the subsolar bow shock are the source. When the
IMF is quasi‐parallel to the bow shock normal, some of the solar wind ions are reflected, forming the ion
foreshock (see review by Eastwood et al., 2005). The counter‐streaming between foreshock ions and solar wind
ions excites foreshock ULF waves, including the commonly observed “30s waves” (see review byWilson, 2016).
These waves are convected by the supermagnetosonic solar wind across the bow shock and then propagate
earthward in the magnetosheath toward the magnetopause (Turc et al., 2023). The period of 30s waves depends on
the ion cyclotron frequency which is proportional to the IMF strength, and the frequency of magnetospheric Pc3‐4
waves shows a similar IMF dependence, suggesting that 30s waves are the source of the magnetospheric per-
turbations (e.g., Russell & Hoppe, 1981, 1983). Additionally, magnetospheric Pc3‐4 wave power is correlated
with the solar wind velocity, favoring another possibility that the KH instability could be the source (e.g., Golikov
et al., 1983; Singer et al., 1977; Wolfe et al., 1980). However, fast solar wind velocity can also lead to fast
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foreshock ion velocity (see review by Burgess et al., 2012), providing more free energy for foreshock ULF waves.
Thus, whether foreshock ULF waves or the KH instability drive magnetospheric Pc3‐4 waves has been debated.

Later, case studies by Engebretson et al. (1987) showed simultaneous observations of foreshock ULF waves and
magnetospheric Pc3‐4 waves, confirming their connection. These case studies suggested that foreshock ULF
waves could enter the magnetosphere more likely through the cusp (Lanzerotti et al., 1981) than across the
subsolar magnetopause (Verzariu, 1973). Case studies by Verõ et al. (1998) identified the relationship between
field line resonances and magnetospheric ULF waves driven by the upstream waves. Conjunction observations by
Clausen et al. (2009) provided the first simultaneous observations of ULF waves in the foreshock, in the
magnetosphere, and on the ground. Takahashi et al. (2021) observed the transmission of foreshock ULF waves
during a magnetic cloud.

Despite several case studies demonstrating a direct connection between foreshock ULF waves and magneto-
spheric Pc3‐4 waves, a comprehensive statistical study of this connection is still missing. Additionally, case
studies can be complicated by the properties of energy sources and magnetospheric resonators, and statistical
studies could help mitigate these effects (Hartinger et al., 2023). Since 2016, the Time History of Events and
Macroscale Interactions during Substorms (THEMIS, Angelopoulos, 2008) spacecraft has been frequently in the
upstream region, providing a rich database of foreshock ULF waves in the equatorial plane. Through the
conjunction between the THEMIS spacecraft to observe foreshock ULF waves and ground magnetometers
(GMAG) to remotely infer magnetospheric ULF waves, we obtain a sufficient data set to statistically analyze the
connection between them. The data set is described in Section 2, with results presented in Section 3, followed by
discussion and summary in Sections 4 and 5.

2. Data and Methods
Since 2016, three THEMIS spacecraft (TH‐A, TH‐D, and TH‐E) have frequently entered the upstream region
with an apogee of ∼13 RE. We utilize magnetic field data from the fluxgate magnetometer (FGM; Auster
et al., 2008) and plasma data from the electrostatic analyzer (ESA; McFadden et al., 2008) onboard THEMIS for
foreshock ULF waves. We use GMAG stations from several networks obtained from the THEMIS and NASA
CDAWeb repositories, including THEMIS (UCLA) GMAG data (Russell et al., 2009) as well as other GMAG
networks (e.g., CARISMA and USGS) with 1s resolution to infer magnetospheric ULF waves.

When the three THEMIS spacecraft were in the upstream region in fast survey mode from 2016 to 2020, we
identified the time intervals of ion foreshock (e.g., Figure 1) based on the presence of foreshock ions in the ion
energy spectrum (e.g., yellow and green part in Figure 1d above the red solar wind ion beam). Below are the
detailed identification processes:

Figure 1. THEMIS‐E observation of foreshock ultralow frequency waves at magnetic local time (MLT) of 9.6 hr: (a) magnetic field in GSE, (b) density, (c) ion bulk
velocity in GSE, (d) ion energy spectrum, and (e) ∆log(Ei) − ∆log(E)ʹ described in the text. Vertical dotted lines indicate the foreshock time window based on the
criteria. Panel (f) shows the spatial distribution of foreshock events observed by three THEMIS spacecraft. The cone angle between the interplanetary magnetic field (IMF)
and GSE‐X (black) and θBn between the IMF and local bow shock normal (red) are sketched. The Merka et al. (2005) bow shock model and Shue et al. (1998)
magnetopause model are used. Panel (g) shows the number distribution of MLT of foreshock events. Panel (h) is the foreshock wave power spectrum in the time window.
Panel (i) shows the magnetospheric wave power spectrum remotely sensed by ground magnetometers stations at MLT of 10.1 hr and magnetic latitudes of 55.4°.
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We first visually identified 1‐hr time windows where spacecraft reached upstream regions in fast‐survey mode.
For these 1‐hr time windows, we used an automatic method to identify foreshock time intervals based on the
following criteria:

1. The x component of the ion bulk velocity should be faster than 260 km/s in the anti‐sunward direction to avoid
(transient) magnetosheath time intervals and foreshock transient phenomena (e.g., at two vertical dotted lines
in Figure 1; see review by Zhang et al. (2022)).

2. We used energy flux‐weighted energy to identify foreshock time intervals. We first calculated
log(E) = ∑

i
Fi · log(Ei)/∑

i
Fi, where Fi is energy flux of ith energy channel at energy Ei. Because the

energy flux of solar wind ions is dominant, E is nearly solar wind ion energy. We then calculated

∆log(Ei) = log(Ei/E) and ∆log(E) = sqrt(∑
i
Fi ·∆log(Ei)

2/∑
i
Fi). We used log scales because ESA

energy channels are distributed on log scales so that ∆log(Ei) are evenly distributed. The meaning of
∆log(E) is how significantly the energy flux‐weighted energy deviates from solar wind energy due to
foreshock ions. We repeated the same process for energy flux in the anti‐sunward direction (spacecraft phi
angle from 165° to 195° to minimize foreshock ion flux), ∆log(E)ʹ , as a reference. Through tests, we
found that ∆log(Ei) − ∆log(E)ʹ > 0.03 can identify most of foreshock time intervals (see Figure 1e that
the criterion value roughly correlates with the intensity of non‐solar wind ions).

3. The foreshock time intervals should be longer than 5 min. If a foreshock time interval spans portions of two
adjacent 1‐hr time windows, we only use the time interval at the leading edge of the time window to avoid
duplicate counts (see example in Figure S1 in Supporting Information S1).

The list of 2218 foreshock time intervals can be found in the Supporting Information S1. More examples can be
found in Figure S1 in Supporting Information S1 with limitations of identification processes discussed in the
Supporting Information S1. The locations of foreshock events span from 8 to 16hr magnetic local time (MLT)
with a dawn‐dusk asymmetry in event numbers due to Parker spiral geometry (Figures 1f and 1g).

For each foreshock time interval, we calculatemagnetic power spectra (sum of all three components) using a 5‐min
slidingwindowwith a 2.5‐min time step. Figure 1h illustrates an example of awave power spectrumwith a bump at
∼0.03 Hz corresponding to the commonly observed 30s waves (another bump at ∼0.08 Hz could be 10s waves).

The duration of foreshock time intervals varies partly depending on spacecraft orbits and the stability of the bow
shock and the IMF. If we use wave power spectra from every time window (when foreshock time interval is
longer than 7.5 min), the results will be unphysically weighted toward time intervals where the spacecraft spends
longer in the ion foreshock. To address this potential sampling bias, we use only the central time window for each
foreshock time interval. Additionally, one foreshock time interval could be observed by multiple spacecraft
(∼200 events). Because foreshock properties vary along the bow shock normal and curved bow shock surface,
with spacecraft separation even less than 1 RE (25 events), clear differences are observed (see examples in Figure
S2 in Supporting Information S1). We thus consider the foreshock time interval observed by multiple spacecraft
as separate events under different upstream parameters at different MLT.

For each foreshock time window, we then calculate wave power spectra using GMAG stations located at lon-
gitudes within ±6 hr MLT relative to the spacecraft (using all three components). Figure 1i illustrates an example
of a wave power spectrum measured by GMAG stations located at longitudes ∼0.5 hr MLT away from the
spacecraft. It also shows a bump at ∼0.03 Hz. Due to 1s resolution requirement, available GMAG stations are
located mostly in North America. Because of this limited coverage, ∼53% of foreshock events do not have
available GMAG stations (see probability distribution of GMAG station numbers and spatial distribution of
available GMAG stations in Figure S3 in Supporting Information S1).

At each frequency, we calculate Spearman correlation coefficients (which assesses monotonic relationships)
between foreshock wave power and ground‐based wave power across foreshock events. We classify correlation
strengths as follows: 0.6–0.8 as strong, 0.4–0.6 as moderate, 0.2–0.4 as weak, and 0–0.2 as no correlation. We
then examine how various parameters affect correlation.

For comparison, we repeat the same analysis for the solar wind wave power. The solar wind time intervals are
selected using similar criteria except that ∆log(Ei) − ∆log(E)ʹ < 0.02, and we manually remove identified time
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intervals that include weak foreshock ions. The solar wind time intervals must be separated by at least 30 min to
avoid duplication (because qualitatively similar solar wind time intervals are often separated by multiple transient
foreshock time intervals). A total of 1,065 solar wind time intervals are selected. The solar wind events exhibit
only slight dawn‐dusk asymmetry in their MLT distribution and mainly occur under large IMF cone angles
(70° on average), as expected.

The angle between the local bow shock normal and the IMF (θBn) is a critical parameter in foreshock dynamics
(see sketch in Figure 1f). To calculate θBn, we use the Merka et al. (2005) bow shock model with input from time‐
averaged parameters measured by the THEMIS spacecraft. The spacecraft position is projected along the radial
direction to the model bow shock to obtain the local bow shock normally. Although projection along the IMF is a
more physical method, we do not use it in this study because the upstream spacecraft is frequently downstream of
the model bow shock due to model uncertainties, leading to incorrect projection directions. For foreshock and
solar wind events, the average θBn is ∼37° and ∼70°, respectively.

3. Results
To compare the power spectra of foreshock and ground‐based ULF waves, we examine the correlation between
their wave powers across different frequencies, MLT, and magnetic latitudes (MLAT) of GMAG stations. We
also examine how upstream parameters affect both foreshock and ground‐based ULF wave power at various
frequencies.

3.1. Statistical Relationship of Wave Power

Before we examine the dependence on each parameter, we first show two examples under sets of parameters
where the correlation coefficients are among the highest. Figure 2a compares foreshock and ground‐based ULF
wave power at 0.04 Hz using GMAG stations with MLAT of 50°–60° and MLT separation from the spacecraft

Figure 2. Foreshock ultralow frequency (ULF) wave power observed by the THEMIS spacecraft versus ground‐based ULF
wave power remotely sensed by ground magnetometers (GMAG) stations (a) at frequency of 0.04 Hz and GMAG magnetic
latitudes (MLAT) of 50–60° with magnetic local time (MLT) separation from the THEMIS spacecraft less than 1 hr, and
(b) at frequency of 0.033 Hz and GMAGMLAT of 20–25° with GMAG MLT from 11 to 13hr. Panels (c) and (d) are in the
same format as panels (a) and (b) except for solar wind ULF wave power. Spearman correlation coefficient, slope, 95%
confidence interval, and P‐value are labeled in each panel.
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less than 1 hr. A power law relationship (which manifests as a linear relationship on log‐log scales) is evident,
with a Spearman correlation coefficient of ∼0.53 (Pearson correlation coefficient, for linear relationship, shows
similar results on log‐log scales) and a slope of 0.37 on log‐log scales. Figure 2b shows another comparison at
0.033 Hz using GMAG stations with MLAT of 20°–25° and MLT of 11–13 hr. There are fewer data points due to
fewer GMAG stations at low MLAT, but a power law relationship is also clearly seen with a correlation coef-
ficient of ∼0.58 and a slope of 0.25 on log‐log scales. These results suggest that the contribution from foreshock
ULF wave power Pf to ground‐based ULF wave power Pm can be written as Pm = a · Pb

f , where factors a and b
can be fitted through linear regression on log‐log scales. In contrast, under the same parameter sets, solar wind
ULF wave power shows a weak correlation with ground‐based ULF wave power (Figures 2c and 2d).

Next, we determine how frequency, MLAT, and MLT affect the correlation coefficients and fitted factors.
Figure 3a shows that the highest correlation coefficients between foreshock and ground‐based ULF wave power
are within the 0.03–0.06 Hz frequency range across various MLAT, suggesting that foreshock 30s waves are an
important source of magnetospheric ULF waves even at MLAT as low as 20°–25°. In comparison, the correlation
coefficients between solar wind and ground‐based ULF wave power tend to increase up to ∼0.4 with decreasing
frequency (Figure 3e), consistent with previous studies that indicate that solar wind is a typical driver of Pc5
waves (∼1–7 mHz; e.g., Bentley et al., 2018; Eriksson et al., 2006; Stephenson & Walker, 2002). Outside the
0.03–0.06 Hz frequency range, the correlation coefficients between foreshock and ground‐based ULF wave
power are comparable to the solar‐wind level, indicating the possible role of background solar wind waves. We
thus focus on the frequency of foreshock 30s waves, for example, 0.04 Hz, where the correlation coefficient peak.

Figure 3b shows that the correlation coefficients between foreshock and ground‐based ULF wave power at
0.04 Hz do not clearly depend on the MLT of GMAG stations except for MLAT of 60–70° (other frequencies
around 0.04 Hz show similar profiles). Figure 3c shows that the correlation coefficients peak when the spacecraft
MLT is ∼10–12 hr. This dawn‐dusk asymmetry is partly due to insufficient event numbers on the duskside (see
MLT distribution of foreshock events in Figure 1g) caused by Parker spiral geometry, and this asymmetry is
weaker and smoother when we increase MLT bin size from 1 to 2 hr for larger event numbers (see Figure S4 in
Supporting Information S1). Additionally, Figure 3d shows a trend that the correlation coefficients at 0.04 Hz
decrease with larger MLT separation between the THEMIS spacecraft and GMAG stations (other frequencies

Figure 3. The Spearman correlation coefficient between the foreshock and ground‐based ultralow frequency (ULF) wave power versus (a) frequency with magnetic
local time (MLT) separation between the THEMIS spacecraft and ground magnetometers (GMAG) stations less than 1 hr, (b) the MLT of GMAG stations at 0.04 Hz
(without MLT separation limitation for more data points), (c) the MLT of spacecraft at 0.04 Hz (without MLT separation limitation for more data points), and (d) the
MLT separation between the THEMIS spacecraft and GMAG stations with cadence of 1 hr at 0.04 Hz. Different colors represent different magnetic latitudes ranges.
Panels (e)–(h) are in the same format as panels (a)–(d) except for solar wind ULF wave power.
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around 0.04 Hz show similar trends). Solar wind events, on the other hand, do not show clear dependence onMLT
(Figures 3f–3h) since solar wind impacts are global. These results suggest that foreshock ULF waves are
transmitted into the magnetosphere more likely around the local MLT rather than at the subsolar point. Especially,
because of the Parker spiral geometry, foreshock ULF waves can be transmitted more frequently on the dawnside
than on the duskside, consistent with previous studies (e.g., Takahashi & Anderson, 1992; Turc et al., 2022).

To further examine the MLT dependence of wave transmission, Figure 4 shows correlation coefficients as a
function of both GMAG station and spacecraft MLTs at 0.04 Hz. The bin size is 2 hr MLT × 2 hr MLT, with a 1 hr
MLT resolution (resulting in overlapping bins).We includeGMAGstations located atMLATabove 40° because of
more limited coverage at lower MLAT. For foreshock events, Figures 4a–4c generally show stronger correlation
along the diagonal (black line), consistent with Figure 3d that indicates stronger correlation for smaller MLT
separations. Additional MLT‐dependent features also appear. In Figure 4a, the correlation peaks when the
THEMIS spacecraft is located at∼9–10 hr MLT and GMAG stations are near noon. This likely corresponds to the
12 hrMLT peak for GMAG stations in Figure 3b and the 10 hrMLT peak for THEMIS spacecraft in Figure 3c and
Figure S4 in Supporting Information S1 (black lines). In Figure 4b, the correlation is strongerwhenGMAGstations
are located at ∼14–15 hr MLT. In Figure 4c, the correlation peaks when the THEMIS spacecraft is at 11 hr MLT,
spanning a broadMLT range for GMAG stations, except at∼12 hr (corresponding to the blue line in Figure 3c and
Figure S4 in Supporting Information S1). These results suggest the presence ofmultiple transmissionmechanisms,
including localized transmission preferentially within ±1 hr MLT and broader‐range transmission across a few
hours of MLT. They do not support a scenario where transmission occurs primarily through the noon sector.

For solar wind events, there is no clear correlation enhancement along the diagonal, consistent with Figure 3h.
Although most bins show weak or no correlation, moderate correlation appears at certain MLT locations, such as
when the THEMIS spacecraft is on the dawnside and GMAG stations are on the duskside in Figures 4d and 4e.
This MLT dependence may imply a transmission mechanism for solar wind ULF waves, which requires further
investigation in the future.

Foreshock ULF waves evolve as they are convected toward the bow shock (e.g., Palmroth et al., 2015). Thus, the
wave power that really crosses the bow shock could differ from spacecraft measurements away from the bow

Figure 4. Spearman correlation coefficients as a function of THEMIS spacecraft magnetic local time (MLT) and ground magnetometers (GMAG) station MLT, at
0.04 Hz, for foreshock events (top) and solar wind events (bottom). GMAG stations below 40° magnetic latitudes are excluded because of limited coverage at lower
latitudes. The bins are separated by 1 hr MLT with a size of 2 hr MLT × 2 hr MLT. The bins with event numbers below 20 are removed.
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shock. It is expected that wave power measured closer to the bow shock correlates with ground‐based wave power
better. However, it is difficult to determine distances from the spacecraft to the bow shock. The Merka
et al. (2005) bow shock model is used to estimate the distances, but negative distances often appear (even if solar
wind speed from OMNI is used to exclude foreshock contamination) indicating large uncertainties compared to
realistic (positive) distances. Because of the large uncertainties, we separate events into only two groups based on
the median distance. As shown in Figure S5 in Supporting Information S1, the correlation coefficients around the
30s period increase (decrease) by≲0.05 for events close to (far from) the bow shock, compared to Figure 3a. More
accurate distance estimates could further highlight the role of distances in correlation.

Next, we examine factors a and b in the relationship Pm = a · Pb
u using linear regression on log‐log scales, where

Pm is ground‐based wave power and Pu is upstream wave power for foreshock events and solar wind events.
Figure 5 demonstrates how the fitted factors a and b vary with frequency and MLAT. Factor a indicates the
portion of upstream wave power available to the ground (when b > 0), while factor b represents how significantly
ground‐based wave power responds to upstream wave power (e.g., ground‐based wave power does not respond
when b = 0 and varies at the same rate as upstream wave power when b = 1). Foreshock and solar wind events
show similar factor profiles. Both factors decrease with lower MLAT, suggesting that less wave power is
transmitted deeper in the magnetosphere. This is reasonable for wave transmission from the magnetopause as
waves could be dissipated during propagation in the magnetosphere through wave‐particle interaction and energy
loss in the ionosphere. Additionally, both factors decrease with increasing frequency, suggesting that the
transmission may be more difficult for higher‐frequency waves. Factor b also shows a bump at 0.03–0.06 Hz.

Figure 5. The fitted factors a and b as a function of frequency with magnetic local time separation between the THEMIS
spacecraft and ground magnetometers stations less than 1 hr for foreshock events (top) and solar wind events (bottom).
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Standing wave modes at ∼0.03–0.06 Hz may enhance the transmission efficiency to the ground and contribute to
this bump (Hartinger et al., 2023; Takahashi & Anderson, 1992).

How foreshock ULF waves cross the magnetopause is still unclear. Since compressional field oscillations can
directly cross the magnetopause, we separate magnetic fields into compressional and transverse components
using local field‐aligned coordinates. Figure 6a shows the probability distributions of transverse wave power over
total wave power at 0.04 Hz for foreshock ULF waves, using the same data set as Figure 2a. Foreshock ULF
waves tend to have larger transverse components than compressional components (the probability distributions
are similar at other frequencies around 0.04 Hz). The correlation coefficient between the transverse components
of foreshock ULF waves and total wave power measured by GMAG stations is similar to that in Figure 2a,
whereas the correlation coefficient decreases when using the compressional components. Our results do not
support direct transmission of compressional components. One possible cause could be that the bow shock
transmission and propagation in the magnetosheath might redistribute transverse and compressional components.

Foreshock ULF waves are typically associated with significant density and velocity fluctuations (e.g., Figures 1b
and 1c). Figure 6b shows a strong correlation between dynamic pressure wave power and foreshock magnetic
wave power, with a Spearman correlation coefficient of 0.83 at 0.04 Hz. Figure 6c shows that the correlation
coefficient between dynamic pressure wave power and ground‐based magnetic wave power is 0.48, which is
slightly less than that in Figure 2a (covered by uncertainty range; similar for other MLAT). This correlation
suggests a possibility that foreshock ULF waves might disturb the magnetopause through their dynamic pressure
oscillations to locally excite magnetospheric ULF waves. This process could be similar to how foreshock

Figure 6. Using the same data set as that in Figure 2a (at 0.04 Hz and 50–60° magnetic latitudes with magnetic local time separation between the THEMIS spacecraft and
ground magnetometers stations less than 1 hr), panel (a) shows the probability distribution of the ratio of transverse wave power to total wave power for the foreshock
ultralow frequency (ULF) wave. Panels (b) and (c) show the dynamic pressure (Pdy) wave power versus foreshock and ground‐based ULF magnetic wave power,
respectively. Panels (d) and (e) are in the same format as panels (b) and (c) except for solar wind dynamic pressure wave power. Spearman correlation coefficient, 95%
confidence interval, and P‐value are labeled in each panel.
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transients (see review by Zhang et al. (2022)) locally disturb the magnetosphere (e.g., Liu et al., 2022; Sibeck
et al., 1999; Wang et al., 2021). Further observations and simulations are needed to investigate this.

In comparison, solar wind dynamic pressure wave power is less correlated with solar wind magnetic wave power
(Figure 6d) compared with foreshock waves, probably because multiple wave modes are mixed. The correlation
between solar wind dynamic pressure wave power and ground‐based magnetic wave power (Figure 6e) is slightly
stronger than that for solar wind magnetic wave power in Figure 2c, suggesting the role of dynamic pressure
disturbances.

How the magnetopause is disturbed could affect the wave properties observed by GMAG stations. If we use only
the north‐south or east‐west component from GMAG stations to correlate with foreshock ULF waves (at 0.036 Hz
using GMAG stations with MLAT of 50–60° and MLT separation from spacecraft less than 1 hr), the two
Spearman correlation coefficients are similar (∼0.49), slightly smaller than that using all three components
(∼0.51). If we use a vertical component, the correlation coefficient drops to∼0.42. If we use both north‐south and
east‐west components, the correlation coefficient is almost the same as that using all three components. Thus, it
indicates that the combination of north‐south and east‐west components dominates the ground responses (Figure
S6 in Supporting Information S1 shows probability distribution of three wave power components). This result
suggests that the ground responses are not purely toroidal or poloidal modes (e.g., Klimushkin et al., 2004).

3.2. Upstream Parameter Dependence

Previous statistical studies have identified that magnetospheric Pc3‐4 wave power is correlated with IMF cone
angle, IMF strength, and solar wind velocity (e.g., Singer et al., 1977; Takahashi et al., 1984). We reassess these
dependencies to determine whether they are due to foreshock ULF waves. Figure 7a shows that foreshock wave
power at 30s is negatively correlated with local bow shock θBn, as expected (e.g., Kajdič et al., 2021). Figure 7b
shows that the Spearman correlation coefficient between the foreshock wave power and θBn (red line) peaks at
∼0.02–0.03 Hz.

Foreshock wave power is also correlated with the IMF strength (blue in Figure 7b), probably because the
maximum amplitudes of foreshock ULF waves are limited by the background IMF strength. The Spearman
correlation coefficient increases with decreasing frequency except for a dip at ∼0.02 Hz. This dip is likely due to
the lower peak frequency of wave power at weaker IMF strength (e.g., Takahashi et al., 1984), which increases
wave power at lower frequency for weaker IMF strength and thus weakens the correlation (see Figure S7 in
Supporting Information S1). Additionally, foreshock wave power is correlated with the solar wind speed
(magenta in Figure 7b), but the correlation is weaker than that with the dynamic pressure (green; the difference is
comparable to 95% confidence interval), suggesting that the dynamic pressure is a more important factor. Larger
dynamic pressure or kinetic energy of solar wind ions leads to larger foreshock ion energy, the energy source of
foreshock ULF waves. The correlation coefficients with the solar wind speed and dynamic pressure also show a

Figure 7. (a) Foreshock ultralow frequency (ULF) wave power versus local θBn at 0.033 Hz. (b) The Spearman correlation coefficients between foreshock ULF wave
power and local θBn, interplanetary magnetic field strength (Btot), solar wind speed (Vsw), and dynamic pressure (Pdy) as a function of frequency. Panel (c) is in the
same format as Panel (b) except for solar wind wave power.
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dip at ∼0.02 Hz. These dips are also likely caused by the frequency dependence on IMF strength, as solar wind
speed and dynamic pressure are correlated with IMF strength with correlation coefficients of 0.41 and 0.58,
respectively. (We do not consider the role of distances to the bow shock because of large uncertainties and their
dependence on dynamic pressure.) In contrast, solar wind wave power shows a stronger dependence on the solar
wind speed than dynamic pressure and IMF strength and no dependence on θBn or IMF cone angle (Figure 7c).

As for ground‐based Pc3‐4 wave power during foreshock time intervals, it is correlated with the IMF cone angle
(Figure 8a) at frequencies of ∼0.02–0.05 Hz (black in Figure 8c), consistent with previous statistical studies (e.g.,
Takahashi et al., 1984). For each GMAG station, when there is a THEMIS spacecraft located within ±1 hr MLT
of the station, we use θBn measured by that spacecraft to correlate with ground‐based wave power. The correlation
shown in Figure 8b and the red line in Figure 8c improves compared to that shown in Figure 8a and the black line
in Figure 8c. If the MLT separations between the THEMIS spacecraft and GMAG stations are increased from ±1
to ±6 hr to obtain θBn, the correlation decreases by ∼0.1, consistent with the results shown in Figure 3d. These
results again indicate that foreshock ULF waves are more likely transmitted from the local bow shock than from
the subsolar point (where IMF cone angle equals θBn).

Ground‐based Pc3‐4 wave power is also correlated with the IMF strength (blue in Figure 8c), consistent with
previous studies (e.g., Takahashi et al., 1984). The profile of the correlation coefficient is similar to that in
Figure 7b. Thus, this correlation is likely due to foreshock ULF wave properties. Additionally, unlike in
Figure 7b, the correlation with the solar wind speed (magenta) is stronger than that with the dynamic pressure
(green). This stronger dependence on the solar wind speed suggests that the KH instability may contribute to
magnetospheric Pc3‐4 waves simultaneously with foreshock ULF waves, especially at lower frequencies
(consistent with the fact that the KH instability is an important factor controlling wave amplitude at Pc5 fre-
quency). Another possible contributor is foreshock transients and magnetosheath jets. These shock‐generated
transients tend to form under fast solar wind speed (e.g., Liu et al., 2017; Plaschke et al., 2013) and can drive
magnetospheric ULF waves (e.g., Hartinger et al., 2013; Wang et al., 2022; Zhao et al., 2017).

In comparison, ground‐based ULF wave power during solar wind time intervals does not correlate with θBn or
IMF cone angle (Figure 8d). It also shows a stronger correlation with the solar wind speed than dynamic pressure,
similar to Figure 7c. It is possible that solar wind wave transmission may also contribute to the stronger
dependence on the solar wind speed than dynamic pressure in Figure 8c.

4. Discussion
Previously, foreshock ULF waves were often thought to be transmitted through the subsolar point, possibly due to
the dependence on the IMF cone angle (e.g., Greenstadt & Olson, 1976; Russell et al., 1983; Takahashi
et al., 1984). However, our results show that foreshock ULF waves should be more likely transmitted from the
local bow shock than from the subsolar point, especially more frequently on the dawnside where the foreshock
tends to occur preferentially. This is based on our findings that: (a) the correlation between foreshock and ground‐
based ULF wave power is stronger when the THEMIS spacecraft and GMAG stations are closer in MLT

Figure 8. (a) Ground‐based ultralow frequency (ULF) wave power during foreshock time intervals versus interplanetary magnetic field (IMF) cone angle at 0.033 Hz.
(b) Ground‐based ULF wave power during foreshock time intervals versus local θBn at 0.033 Hz. (c) The Spearman correlation coefficients between ground‐based ULF
wave power during foreshock time intervals and IMF cone angle, local θBn, IMF strength, solar wind speed, and dynamic pressure, as a function of frequency. Panel
(d) is in the same format as Panel (c) except for solar wind time intervals.
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(preferentially within ±1 hr); and (b) ground‐based Pc3‐4 wave power shows a stronger dependence on the local
bow shock θBn measured by the THEMIS spacecraft within ±1 hr MLT than the IMF cone angle (equal to θBn at
the subsolar bow shock). Additionally, broader‐range transmission across a few hours of MLT could coexist, as
suggested by Figure 4. Further analysis will be necessary to clarify the underlying physical transmission
mechanisms.

Next, we discuss the limitations or potential improvements of our statistical analysis. First, we did not consider the
time needed for wave transmission and propagation. In the magnetosheath, the waves could be convected by the
tailward magnetosheath flow. The convection effect is stronger farther away from the subsolar point under faster
solar wind speed. Here, we conduct a simple estimate. For 3‐min convection at a speed of ∼100 km/s in the
azimuthal direction (estimated based on the average solar wind speed component tangential to the bow shock
normal in our data set), the distance is ∼2.8 RE corresponding to ∼1 hr MLT at a radial distance of 10 RE.
However, 1 hr MLT bin size for spacecraft‐GMAG station separation is used to guarantee sufficient data
numbers, causing difficulties in identifying this convection effect. In the future, more GMAG data sets (e.g., from
SuperMAG) could be used to provide better MLT (as well as MLAT) resolution.

Additionally, we compare the wave power spectra upstream and downstream at the same time. If we consider the
time delay due to wave propagation, the correlation coefficients could be improved. However, the time delay
should vary for different events, causing difficulties in performing a statistical analysis. To determine the best
time delay, we need to use a short time step for the moving window to calculate all the wave power spectra within
each foreshock time interval at each GMAG station, leading to a much larger amount of calculation. Thus, the
time delay effect may require a better method in the future.

Second, we compare wave power across events at the same frequency. However, foreshock ULF wave power
could peak at the frequency determined by the ion cyclotron frequency. Further work could consider normalizing
the frequency to the ion cyclotron frequency, which may improve the correlation coefficients.

Third, we only consider foreshock ULF waves in the equatorial plane in which THEMIS orbits. When the ion
foreshock extends to a high latitude, we expect that foreshock ULF waves could be transmitted locally and
possibly enter the magnetosphere through the cusp (e.g., Engebretson et al., 1987). Cluster observations could be
used to examine wave transmission off the equatorial plane.

Fourth, the properties of foreshock ULF waves could vary when they cross the bow shock and propagate in the
magnetosheath. There are also locally generated waves in the magnetosheath (Lacombe & Belmont, 1995), which
may also contribute to magnetospheric ULF waves. Therefore, statistical studies between the foreshock and the
magnetosheath and between the magnetosheath and the magnetosphere are needed.

Fifth, field line resonances are included in our database, which can weaken the correlation with foreshock ULF
waves (e.g., Verõ et al., 1998). To minimize effects from field line resonances, we could use magnetosphere
models to estimate the frequencies of field line resonances at each GMAG station (e.g., Archer et al., 2015; Wild
et al., 2005) and exclude wave power at these frequencies.

Sixth, our results suggest that the KH instability could contribute simultaneously; thus, the correlation could
improve if we separate the contribution from the KH instability and foreshock ULF waves. In the future, we could
fix the solar wind speed to exclude variations from the KH instability. Such analysis, however, requires a larger
database.

Finally, we use ground‐based ULF wave power to remotely infer the magnetospheric ULF wave power. The
relationship between the two wave powers, however, is modulated by many factors, such as the modes of ULF
waves and the properties of the ionosphere, atmosphere, and ground (e.g., review by Southwood &
Hughes, 1983). For example, the ionospheric conductivity affects Pederson currents and Hall currents that in turn
determine the magnetic field perturbations observed on the ground. If magnetospheric ULF waves are Alfvén
mode carrying field‐aligned currents, the polarization is rotated 90° above and below the ionosphere. Ionospheric
screening can also filter short azimuthal wavelength (<∼120 km), causing no or attenuated signals on the ground.
Non‐resonant coupling between compressional and Alfvén modes can result in field‐aligned currents throughout
the magnetosphere, which modify groundmagnetic field perturbations (Archer et al., 2023). Thus, to fully address
wave transmission from the foreshock to the magnetosphere and to the ground, simultaneous spacecraft obser-
vations in the magnetosphere will be needed in the future.
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5. Summary
Using conjunctions between the THEMIS spacecraft and GMAG stations, we perform a statistical study between
foreshock ULF wave power and ground‐based Pc3‐4 wave power for the first time. We summarize our results as
follows. (a) The contribution from foreshock ULF wave power to ground‐based ULF wave power follows a
power‐law relationship, Pm = a · Pb

f . (b) The correlation coefficients exceed 0.5 at ∼0.03–0.06 Hz, the fre-
quency range of foreshock 30s waves, across a wide MLAT range. (c) The MLT dependence of correlation
coefficients does not favor transmission from the subsolar point. (d) The correlation coefficients decrease with
larger MLT separation between the THEMIS spacecraft and GMAG stations. (e) The fitted factors a and b
decrease with lower MLAT suggesting less and weaker power transmission deeper in the magnetosphere for both
foreshock and solar wind ULF waves. (f) Foreshock ULF waves might be transmitted across the magnetopause
through their dynamic pressure oscillations. (g) Ground‐based Pc3‐4 wave power shows a stronger dependence
on the local θBn (within ±1 hr MLT) than on the IMF cone angle. (h) Ground‐based Pc3‐4 wave power shows an
extra dependence on the solar wind speed compared to foreshock ULF wave power, suggesting additional
contributors such as the KH instability and shock‐generated transients.

Our results suggest that the foreshock ULF waves are more likely transmitted from the local bow shock (pref-
erentially within ±1 hr MLT) into the magnetosphere (more frequently on the dawnside) than from the subsolar
point. Our results also suggest the possible co‐existence of broader‐range transmission across a few hours of
MLT. There are still many unknowns, such as propagation and evolution of transmitted waves in the magne-
tosheath, contribution from magnetosheath‐generated waves, transmission mechanism across the magnetopause,
and propagation in the magnetosphere. More comprehensive studies are needed to complete the full picture of
wave transmission from the foreshock.

Data Availability Statement
THEMIS and GMAG data sets (including station list) are available at NASA's Coordinated Data Analysis Web
(CDAWeb, https://cdaweb.gsfc.nasa.gov/cgi‐bin/eval1.cgi). The SPEDAS software (see Angelopoulos
et al. (2019)) is available at https://themis.ssl.berkeley.edu/software.shtml.
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