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Abstract Solar wind dynamic pressure pulse is one of the sources of ultra-low frequency (ULF) waves.
Based on 1-second resolution magnetic field observations from SuperMAG from 2012 to 2019, we conducted
a statistical study on temporal and spatial variations of global ULF power after the arrival of positive

dynamic pressure pulses. The magnetosphere responds quickly to the dynamic pressure pulse within 1 min.

At low L-shells, it takes 4—6 min for the ULF waves to reach a power maximum, then ULF waves decay on

a timescale of about 10 min. The spatial distribution of ULF wave power is closely related to the direction of
the interplanetary magnetic field (IMF) when the dynamic pressure pulse arrives. The southward IMF leads

to the reconnection on the dayside and more intense substorm activities on the nightside, accompanied by
stronger ULF wave power globally. The power enhancement in the Pc2 band exhibits a notable fluctuation
concentrated primarily in the range of L = 7 to 9, compared with the quiet period. In contrast, the amplification
of Pc3 wave power occurs predominantly at higher L-shells. However, the fluctuation of Pc5 power exhibits

an opposite pattern, indicating disparate excitation and propagation mechanisms. In addition, seasonal effects
affect the ULF power in different bands, which can be explained by the Russell-McPherron (R-M) effect.

Our statistical results on long-term, global-scale geomagnetic observations illustrate that pressure pulses are
important sources of ULF waves, and the spatial distribution of wave power varies greatly under different solar
wind conditions.

1. Introduction

Geomagnetic activity has been studied for over a century. As a widespread geomagnetic phenomenon, geomag-
netic pulsations (also known as ULF waves) are thought to be driven by the solar wind and the interplanetary
magnetic field (IMF). These pulsations can be divided into two main classes: Pc and Pi, which represent contin-
uous and irregular fluctuations, respectively (Jacobs et al., 1964). The mechanisms of excitation and propagation
of fluctuations at different frequencies vary considerably.

The two energy sources for ULF waves are the solar wind outside the magnetosphere and the instability inside
the magnetosphere. The shock with a positive pressure pulse compresses the magnetopause and causes the distur-
bance of the geomagnetic signals, which is known as “storm sudden commencement” (SSC), first observed
in the 1940s (Chapman & Bartels, 1940; Hao et al., 2019). The interaction between solar wind dynamic pres-
sure pulses and the magnetosphere has been widely investigated in previous studies, which suggest these pulses
serve as possible sources of ULF waves (Engebretson et al., 2015; Tan et al., 2004; Yang et al., 2008; C. Yue
et al., 2010, 2011; Zong et al., 2012, 2009, 2017; X. Zhang et al., 2009). ULF waves excited by IP shock impact
or solar wind positive and negative dynamic pressure pulses (X. Y. Zhang et al., 2010) exhibit rapid decay. Strong
Alfvén waves with a period of approximately 100-150 s that decay within 15 min near the plasmaspheric bound-
ary layer, are observed by the Cluster spacecraft (Zong et al., 2009). Li et al. (2003) proposed that the propagation
speed of the electric field impulse induced by the IP shock is approximately 1,200 km/s. The propagation speed
of the wavefront induced by the IP shock in the outer magnetosphere has been measured to be 1249.7 km/s (Zong
et al., 2009). These findings collectively suggest that the interaction timescale between the IP shock and the
magnetosphere is approximately 1 minute (Z. Y. Liu et al., 2017). For the response of ground and low-Earth orbit
(LEO) magnetic fields, Vassiliadis et al. (2007) studied the growth and decay characteristics of Pc3-Pc5 wave
power as well as its distribution as a function of L shell in response to the solar wind velocity Vsw. They found
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that the ground ULF wave power is structured and uniformly distributed in the range of L=3.5t0 6.4 and L = 6.4
to 15, respectively. The response of wave power to Vsw is characterized by an increase in the hours before the
peak and a rapid decline in the following 2 days. The response and spatial distribution of ULF waves differ greatly
for dynamic pressure pulses under different IMF conditions.

Pcl-2 waves (periods ~0.2-10 s) originate mainly from electromagnetic ion cyclotron (EMIC) instability
within the magnetosphere (Allen et al., 2015; Anderson et al., 1992; Z. Y. Liu et al., 2022; Min et al., 2012).
Engebretson et al. (2015) analyzed an EMIC wave event excited by a sharp increase in solar wind dynamic pres-
sure based on spacecraft and ground observations. The enhancement of the solar wind dynamic pressure leads to
an increase in the ion temperature anisotropy and further excites the EMIC waves in the Pc1-2 band (Anderson &
Hamilton, 1993; Jun et al., 2021; Usanova et al., 2008; C. Yue et al., 2011, 2016).

Multiple spacecraft observation analyses have been done to study the spatial distribution of Pc3-5 ULF waves.
Anderson et al. (1990) used Active Magnetospheric Particle Tracers Explorers Charge Composition Explorer
(AMPTE/CCE, Potemra et al. (1985)) magnetic field observations to obtain the spatial distributions of Pc5 ULF
waves with respect to L-shell and the MLT. They found that the harmonic toroidal resonances mainly occurred
on the dayside, and during the storm time, Pc5 waves are often observed at duskside. Using 4 years of AMPTE/
CCE data, Takahashi and Anderson (1992) draw the spatial distribution of ULF power and find that the equatorial
compressional Pc3 oscillations mainly occur in the prenoon sector between L = 3 to L = 5. Based on 10 years
of magnetometer array data, Baker et al. (2003) found that Pc5 pulsations mainly appeared in the dawn and
dusk sectors, and the occurrence rate in the dawn side is higher than that in the duskside. W. Liu et al. (2009)
get the spatial distribution of Pc4 to Pc5 waves covering all MLTs by using 13-month magnetic field and elec-
tric field measurements of Time History of Events and Macroscale Interactions During Substorms (THEMIS,
Angelopoulos (2008)). Their statistical results show that Pc4 wave events often occur around 5-6 Re. In the noon
sector, the power of Pc5 ULF waves is dominated by the poloidal mode. The distribution of ULF wave power is
significantly related to the Kp index. Previous studies have used Combined Release and Radiation Effects Satel-
lite (Ali et al., 2015), THEMIS satellite (W. Liu et al., 2016) and Van Allen Probes (Ali et al., 2016) to calculate
the electric and magnetic field diffusion coefficients of ULF waves. These statistical results show the same char-
acteristics, that is, the power of ULF waves in the outer magnetosphere is stronger, and the power of ULF waves
at lower L-shell increases with the intensity of geomagnetic activities.

Although the spatial distribution of ULF waves and their excitation mechanisms have been studied for decades
using observations from magnetospheric satellites, there is a lack of long-term, global statistical studies on
ground ULF wave power after the arrival of the dynamic pressure pulses. In this study, we aim to examine the
integrated ULF wave power of ground stations to investigate the global response of ULF waves to positive pulses
of solar wind dynamic pressure under different IMF conditions. Section 2 describes the data set of ULF param-
eters, the identification of dynamic pressure pulses, and statistical methods for wave power. Section 3.1 delves
into a detailed analysis of ULF power distributions in terms of L-shell and MLT, followed by a statistical anal-
ysis of the relationship between ULF fluctuations and geomagnetism, substorm activity, and dynamic pressure
pulse intensity. In Section 3.2, we scrutinize the behavior of ULF waves triggered by dynamic pressure pulses
at varying L-shells. Section 3.3 focuses on the nature of statistically longer-term ULF fluctuations, including
seasonal and annual variations. Finally, in Sections 4 and 5, we discuss and summarize the principal findings of
our investigation.

2. Data Set and Methods

2.1. Data Set

In this study, we use the 1-second resolution ULF parameters derived from ground magnetometer measurements
given by SuperMAG based on the measurements of geomagnetic stations (Gjerloev, 2012). The ULF parameters
are derived from the SuperMAG 1-s data by the wavelet transform. For the SuperMAG 1-s data, the main field,
or baseline, has been removed using the technique described in Gjerloev (2012), to subtract the daily variations
and yearly trends. Figure S1 shows the original data of the geomagnetic field measurements, the SuperMAG 1-s
data, where the baseline has been removed, and the wavelet spectrum of the SuperMAG 1-s data. The detailed
calculation method of the ULF parameters is provided on the SuperMAG website (https://supermag.jhuapl.
edu/info/data.php?page=ulf). The WIND observation is used to identify events with positive dynamic pressure
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pulses. To derive the solar wind dynamic pressure payn = ngwm;v3, (1, is the proton number density, m, is proton
mass, and v is the solar wind velocity), we use the high-resolution (3 s) data from 3-D Plasma and Energetic
Particle Investigation (3DP) instrument onboard the WIND spacecraft (Lepping et al., 1995; Lin et al., 1995).
The one-minute resolution solar wind parameters (including IMF, solar wind velocity and dynamic pressure) and
global geomagnetic parameters are obtained from the OMNI database (King & Papitashvili, 2005). The SYM-H
index is used to determine the arrival time of dynamic pressure pulses, as described in Y. Liu and Zong (2015).
For the statistical study, we use the list of Wind IP shocks obtained from the Harvard Smithsonian Center for
Astrophysics Interplanetary Shock Database (https://www.cfa.harvard.edu/shocks/wi_data/).

2.2. The Positive Dynamic Pressure Pulses

From 2012 to 2019, the 176 positive dynamic pressure pulse events we find come from two parts. The first part
comes from the CFA Interplanetary Shock Database, including 112 forward and NN type shocks with dynamic
pressure enhancement. The second part of events is identified by an algorithm:

1. Search for time points that satisfy APressure/At > 0.01 nPal/s.

2. Group these time points. The gap between the end time of the previous group and the start time of the next
group is greater than 1 hr. The start time of each group is recorded as ¢,,.

3. Calculate the standard deviation STD, of the pressure in [#,—6,000 s, #,—500 s].

4. Search for the time 7, that first satisfies APressure < 2STD, in [#,—2,000 s, #,]. The time interval of APres-

sure is 100 s. £, is the start time of the candidate dynamic pressure pulse. If it is not found, continue the

search.
5. Perform artificial screening to exclude events with turbulent pressure.

2.3. Responses of the Ground Magnetic Field

As mentioned in the Introduction section, the IP shock can compress the magnetopause, which increases the
power of the ULF waves. Figure 1 shows examples of such power enhancement on 22 June 2015. The red dotted
line marks the arrival time of the shock. At about 18:33 UT, a positive solar wind dynamic pressure impulse was
observed. The SYM-H index increases from ~—20-88 nT in 2 min, standing for the IP pulse arrival. The solar
wind dynamic pressure enhances from 5 to 50 nPa, the proton number density jumps from around 10 to 60 cm™3
and the solar wind speed increases from 440 to 640 km/s. The solar wind impulse simultaneously excites ULF
waves and the enhancement of integrated ULF power in various bands has been observed by geomagnetic stations
at different latitudes as shown in Figures 1a2—1h2. As shown in Figure 2, we can see a significant increase in
global Pc3-5 ULF wave power after the arrival of the shock.

2.4. Statistics

In this paper, we use superposed epoch analysis to study the different responses of ULF waves to the positive
solar wind dynamic pressure impulses for all identified cases. The zero-epoch time is chosen as the arrival time
of the pressure impulses.

The statistical results are the distribution of ULF power as the function of (¢, L, MLT), where ¢ is the epoch time,
L is the L-shell parameter calculated from the international reference geomagnetic field (IGRF) model, MLT is
the MLT. To obtain the distributions as a function of (¢, L, MLT), we first divide the L-shell from 1 to 12 into 11
bins, the MLT into 24 bins, and calculate the median values and the data numbers of each bin. Then we apply
the weighted median values in time to get one-minute resolution data. Finally, we calculate the weighted median
values over 173 events and obtain power distributions as a function of (¢, L, MLT).

3. Results
3.1. ULF Power Distributions in the L-MLT Plane

Figure 3 shows the power distribution within 0.2 hr after pressure pulse arrival in the L-MLT plane under different
IMF conditions. Among all 173 events, there are 86 and 87 events satisfying IMF Bz < 0 and Bz > 0, respectively.

As shown in Figures 3al-3c1, Pc2 wave power is significantly stronger around L = 9 in the post-noon region, and
the dayside power is stronger than the nightside power. Pressure pulses can cause an increase in the temperature
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Figure 1. An example of the ultra-low frequency power enhancement during the IP shock on 22 June 2015. (al) Symmetric-H index. (b1) AE index. (c1-el) The
geocentric solar magnetospheric (GSM) coordinate X, y and z components of interplanetary magnetic field IMF). (f1-h1) The solar wind dynamic pressure, proton
number density and solar wind speed. (a2-b2), (c2-d2), (e2—f2), and (g2-h2) show the magnetic field power of Pc2, Pc3, Pc4, and Pc5 waves observed from different
stations, respectively. In panels (a—h), three rectangles marked in red, green and blue represent the time periods before the shock, just after the shock arrives, and after

the shock arrival, respectively.

anisotropy of the ring current ions in the dayside magnetosphere, thus providing a free energy source for Pc2
wave excitation outside the plasmasphere. During active geomagnetic conditions, injected hot ions which drift
westward near the Earth, may reach plasmaspheric plumes, causing intense EMIC waves in the postnoon to dusk
sector (Anderson et al., 1992; Yan, Yue, Ma, et al., 2023; Yan, Yue, Yin, et al., 2023). Compared with the north-
ward IMF, the Pc2 wave power in the pre-night sector is enhanced when the IMF is southward. These features
are consistent with previous observation of EMIC waves (Min et al., 2012). When IMF Bz < 0, it can trigger
magnetic reconnection events at the dayside magnetopause. These reconnection events can release stored energy
in the Earth's magnetosphere, which can lead to the injection of energetic particles into the magnetosphere. These
substorm injected particles can in turn enhance the growth of EMIC waves on the nightside of the Earth.

The region with strong Pc3 wave power covers a wide L-shell range, mainly concentrated in the region from
post-noon to dawn, as shown in Figures 3a2-3c2. This phenomenon suggests the existence of a source region
of Pc3 fluctuations in the dayside magnetopause. The peak amplitude locates at the pre-noon region. Greenstadt
and Russell (1994) pointed out that the pre-noon quasi-parallel shock region is the place where Pc3 waves are
generated.

The distributions of Pc4 and Pc5 waves are more uniform on MLT. Even so, we can still see a significant increase
in wave power on the dayside. During the solar wind pressure impulse, the compression and expansion of the
Earth's magnetosphere can generate fast-mode waves which can propagate across the field lines, couple with
the Alfvén waves and cause the field line resonance. These waves can travel from the dayside magnetopause,
where the solar wind interacts with the Earth's magnetosphere, to the dayside ionosphere, where these waves
can be observed as ground-based ULF waves. For the power enhancement on the nightside during the southward
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Figure 2. The variation of ultra-low frequency power for different Pc bands as a function of geographic locations during different time periods measured by
SuperMAG stations. (al—d1), (a2—d2), (a3—d3) respectively represent the time period before the shock, just after the shock arrives, and after the shock arrival marked in
Figure 1. (a—d) Show the magnetic field power of Pc2, Pc3, Pc4, and Pc5 waves observed from different stations.

IMF, the main mechanism is related to the enhanced substorm activity (Figure 4). Plasma and energy enter the
magnetosphere during reconnection, leading to the triggering of substorms during which energetic particles can
be injected into the inner magnetosphere from the plasma sheet on the nightside. Then the injected particles can
excite ULF waves through wave-particle interactions such as drift resonance (Hao et al., 2014) and drift-bounce
resonance (Z. Y. Liu et al., 2020; Ren et al., 2015). It is worth noting that for the region from L = 6 to L =9, the
Pc5 fluctuations during quiet periods exhibit the same characteristics as those reported by Baker et al. (2003),
with stronger wave power on the dawn-dusk side and weaker power in the noon sector. However, this phenomenon
is no longer observed after the arrival of the dynamic pressure pulses. Based on these results, we believe that the
Pc5 fluctuations during quiet periods are mainly caused by the Kelvin-Helmholtz (K-H) instability on the dawn-
dusk sides, while dynamic pressure pulses can enhance the Pc5 fluctuations near the noon.

In general, after the arrival of the pulses, the dayside wave power is stronger than the nightside, and this trend
becomes weaker as the frequency decreases. In other words, the longer the wavelength, the more uniform the
distribution of power in the MLT. When the IMF is dominantly southward, the power increases globally. Approx-
imately, the power of the pre-night region can get greater enhancements. In contrast to Bz < 0, no significant
enhancement is found in the night region when the IMF is dominantly northward.

XIE ET AL.

Sof 15

85U8017 SUOWILLIOD BAIIERID) 3[Rl jdde aU} Aq pausen0b a1e SB[ YO ‘88N JO SBIN. 0} ARRIq1T BUIIUO AB]IM UO (SUOIPUOD-PU.-SLUIBY/LI0D /B 1M ARe1q)1BU1IUO//SHHU) SUOIIPUOD PUe SWS L 8U) 89S *[7202/T0/92] Uo A%eiqiT8uluO A8|im ‘NIDYIE 40 A LISHIAINN Aq ETSTEOVIEZ0Z/620T OT/10p/wod A8 Im AReiqijputjuo'sgndnBey/sdiy woujy pepeojumod ‘0T ‘€202 ‘20v669T2



A0 | . .
A\IV Journal of Geophysical Research: Space Physics 10.1029/2023JA031813

ADVANCING EARTH
AND SPACE SCIENCES

Quiet Bz<0 events (86) Bz>0 events (87)
-1~7-0.4 hour 0~0.2 hour 0~0.2 hour

(al)

L-Shell
Pc2 Power

2
[log(nT")]

L-Shell
Pc3 Power
[log(nT?)]

L-Shell
Pc4 Power

2
[log(nT")]

L-Shell
Pc5 Power

2
[log(nT")]

9 1.2. 9 6 3 0 3 6
L-Shell L-Shell L-Shell

Figure 3. Superposed epoch analysis of power distributions in the L-MLT plane under different IMF conditions. (a) Quiet time distributions, the corresponding time
range is —1~—0.4 hr (b, c) The distributions under the conditions of IMF Bz < 0 and Bz > 0, the corresponding epoch time range is 0 ~ 0.2 hr after the pulse arrival.
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Figure 4. Superposed epoch analysis of power distributions in the L-MLT plane under different dynamic pressure pulse intensities and geomagnetic conditions (Kp
index and AE index). (a, b) The spatial distribution of ultra-low frequency waves under different pulse amplitudes of the dynamic pressure. There are 13 events that
satisfy 6P > 5 nPa in 100 s (c, d) Spatial distributions under different intensities of Kp index. There are 76 events that satisty Kp > 3. (e, f) Spatial distributions with
different substorm intensities. There are 20 events that satisfy AE > 500 nT.

Furthermore, it is necessary to figure out the association between magnetospheric ULF wave activities and
dynamic pressure pulse intensity. The results indicate that stronger dynamic pressure pulses indeed generate
stronger ULF power. Panels (al—a4) and panels (b1-b4) of Figure 4 illustrate the ULF power distributions trig-
gered by strong and weak amplitude dynamic pressure pulses, respectively, with a threshold of P = 5 nPa within
100 s. Interestingly, it is worth noting that ULF waves triggered by larger dynamic pressure pulses are more active
on the nightside. This indicates that there is an effective energy transfer from the dayside to the nightside, and
that the carrier of this process may be the fluctuation of various frequency bands. These fluctuations unload the
free energy brought by the enhanced dynamic pressure on the dayside to the nightside, resulting in an increase
in wave power in wide frequency bands. This, in turn, causes the particles on the nightside to be further heated
and accelerated.

ULF power has different dependence characteristics on different geomagnetic indices. As shown in
Figures 4c1-4d4, a higher Kp index is accompanied by more intense global ULF waves. Similarly, as shown
in Figures 4el1-4f4, when the substorm activity accompanied by the dynamic pressure pulse is more intense,
the ULF fluctuation intensity on the nightside can reach the same magnitude as that on the dayside. This result
suggests that strong substorm injection accompanied by dynamic pressure pulses is also an important energy
source of ULF waves.

3.2. ULF Power Distributions as a Function of L-Shell

Figures 5a—5d show the superposed epoch results of the SYM-H index, the AE index, solar wind pressure and
IMF Bz, respectively. It is clear that the SYM-H index presents obvious enhancement at first and then drops
slowly after the pulse arrival. Compared with the SYM-H index, AE index also increases. When the southward
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Figure 5. Superposed epoch analysis of power distributions as a function of L-shell under different IMF conditions. The 4 panels on the top are (a) SYM-H index,

(b) AE index, (c) OMNI dynamic pressure and (d) IMF Bz in GSM coordinate. The black lines represent the median values, and the top and bottom red lines are the
upper and lower quartiles, respectively. (e—h) Power distributions as a function of epoch time and L-Shell from Pc2 to Pc5 bands, respectively. From left column to right
column, the IMF conditions and the corresponding number of events are marked on the top of (al—a3), respectively.

IMF dominates, the AE index is larger than that of the northward IMF. This might be related to the magnetic
reconnection triggered by the southward IMF with stronger substorm activities.

In the quiet period, the peak amplitude of Pc2 wave power is mainly centered at L = 9 ~ 11. As shown in
Figures Se1-5e3, immediately following the pressure pulse arrival, Pc2 wave power enhances in all L-shells. As
shown in Figures Sel1-5e3, the strongest enhancement region is around L = 8. For L > 10, there is a significant
enhancement with Bz < 0, but the wave power is basically maintained at the level of the quiet state when IMF is
northward. The location of Pc2 peak power extends to around L ~ 7 with southward IMF. However, this phenom-
enon is not significant in the northward IMF condition. Because the Pc2 band is within the frequency range of the
EMIC waves, and we find that the AE index is larger with southward IMF. We believe that the substorm activity
accompanied with ion implantation and the ion anisotropy enhancement leads to stronger Pc2 fluctuations.

For the Pc3 and Pc4 wave power with northward IMF shown in Figures 5f3-5g3, the time when the power reaches
maximum depends on the L-shell. In the L > 6 region, the power increases to the maximum value on a time scale
of around 1 min, but it takes 4 ~ 5 min for the region of L < 5. During the power unloading stage, the power
dissipation is faster in the lower L region, and it takes about 8 min to reach the average power level after the arrival
of pulses. However, for the southward IMF cases shown in Figures 5f2-5g2, the power increases and maintains
simultaneously in the overall L-shell regions.

As shown in Figures Sh1-5h3, for long-period Pc5 fluctuations, in the stage of the power enhancement, the larger
the L-shell is, the earlier the maximum wave power will be reached. Whether the IMF is northward or southward,
the time scale required for the power to reach its maximum at all L-shells is about 10 min and it takes about
15 min to decay. Hao et al. (2017) present a case study of shock-induced Pc5 waves, and the decay time scale is
about 10 min. Our statistical results show the same characteristic time scale.

To compare the power distribution characteristics of different L-shells more quantitatively, it is necessary to
use a more rigorous approach. Figure 6 illustrates the ratio of the power after the arrival of dynamic pressure
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pulses to the quiet period for different L-shells and frequency bands. The power enhancement in the Pc2 band is
mainly concentrated from L =7 to L =9, as shown in Figures 6al-6¢1. The width of this region exhibits a strong
dependence on the IMF Bz component. For southward IMF, the Pc2 power enhanced region width is close to one
L-shell as shown in Figure 6b1. Additionally, near the magnetopause at L > 10, it can be observed that the Pc2
wave power enhancement triggered by dynamic pressure pulses with southward IMF increases with time, but this
feature is not observed when Bz > 0.

The power enhancement ratio for the Pc3 band exhibits a downward trend from high to low L-shell. This result
suggests that the Pc3 ULF waves observed on the ground originate from external sources. The Pc4 ULF waves
exhibit some intriguing phenomena. For dynamic pressure pulses with southward IMF, there is a clear boundary
around L = 7. For L < 7, the Pc4 wave power decays with time, whereas for L > 7, the power grows with time.

XIE ET AL.

9of 15

85U8017 SUOWWOD BAIER.D 3(eot(dde ayy Aq peusenob ae sajole YO ‘8sN JO Sani Joj ARIq1TaUIIUO A8]IM U (SUONIPUOO-pUR-SWLBH LD A8 | IM"AseIq 1 [Bu [UO//Sty) SUORIPUOD pue SWB L 8U) 88S *[7202/T0/92] Uo AidiTauliuo ABIIM 'NIDUIE 40 A LISHIAINN Ad ETSTEOVTEZ02/620T 0T/10p/W0d Ao 1M Areiq 1 puljuo'sqndnBe//sdny woiy pspeojumoa ‘0T ‘€202 ‘Z0r669T2



I . Yed B | . .

A\IV Journal of Geophysical Research: Space Physics 10.1029/2023JA031813

AND SPACE SCIENCES
Table 1
Characteristics of Pc2-5 Wave Power

Pc2 Pc3 Pc4 Pc5

Decay timescale Not clear 6 mins 8 mins 15 mins
Enhancement ratio (inner to outer L-shell) Maximumat L=7 ~9 Increases Irregular Decreases

Note. The second row gives the decay timescales of wave power and the third row gives the features of the power ratio relative to the quiet period along L-shells.

However, when the dynamic pressure pulses carry northward IMF, the Pc4 waves decay with time at all L-shells.
For low-frequency Pc5 ULF waves, the power growth ratio decreases continuously with increasing L-shell. More-
over, with the evolution of time, the proportion of growth relative to the quiet period declines at almost every
L-shell, regardless of the IMF conditions.

Table 1 summarizes the timescales of ground-observed ULF wave power decay and the features of power
enhancement ratio in different frequency bands.

3.3. Correlation Between Season and Solar Cycle With the ULF Power

Previous studies lack long-term global statistics of ground ULF fluctuations. As the last link in the sun-terrestrial
environment which is closest to human production and life, it is especially necessary to study the relationship
between the ground ULF fluctuation intensity and the season, as well as the solar cycle. As shown in Figures 7a
and 7c, in March and May, ULF fluctuation is stronger than in other months. We also find that the average south-
ward IMF is larger. To some extent, wave power enhancements in spring and fall may be related to the magnitude
of the southward IMF. We prefer that this seasonal effect can be explained by the Russell-McPherron (R-M) effect
(Russell et al., 1974). But to our surprise, the ULF wave power in various bands does not show obvious annual
variation with the number of sunspots. In addition, the occurrence rate of pulse events decreases slightly as the
solar activity decreases, and the ULF power decreases as well.

4. Discussion

In this paper, based on magnetic field observations from global geomagnetic stations from the beginning of 2012
to the end of 2019, we conducted a statistical study on temporal and spatial variations of global ULF wave power
after the positive dynamic pressure pulse arrival. The effect of IMF orientation, the evolution of pulse-induced
ULF waves, and ULF power's dependence on geomagnetic indices are investigated.

4.1. The Controlling Effect of the IMF North-South Component on ULF Fluctuations

Our study focuses on examining the impact of IMF orientation on ULF fluctuations. Specifically, we investigate
the relationship between the southward IMF and the distribution of ULF waves. Our findings indicate that when
IMF is southward, ULF waves are more uniformly distributed and have a higher intensity. As presented in panels
b2-b3 of Figure 5, the AE index is larger during southward IMF, indicating more intense substorm activities.
Moreover, panels el—f4 of Figure 3 demonstrate that when substorm activity is stronger, the activity of ULF
waves in all frequency bands is more intense, particularly on the nightside. Finally, Figures 6b1-6¢2 indicate that
the ULF fluctuation power gradually increases over time in the Pc2 to Pc3 bands during southward IMF. This
suggests that injection particles continuously transfer their energy to the waves during these conditions.

4.2. Growth and Damping of ULF Waves Triggered by the Pressure Pulses

Within 1 minute after the pulse arrival, there is a significant wave power enhancement in all L-shells. Previous
studies have investigated the time scale of growth and damping of ULF fluctuations. In the event reported by Zong
etal. (2009), Strong Alfvén waves with a period of approximately 100-150s decay within 15 min. The time scale of
the interaction between IP shocks and the magnetosphere is about 1 min (Z. Y. Liu et al., 2017), which is consistent
with our statistical results. In general, from Pc3 to Pc5 bands, the higher the L-shell is, the earlier the fluctuations
are observed. The time required for the lowest L-shell to observe obvious Pc3—Pc5 fluctuations is 4-6 min. The
particle number density is larger in the lower L-shells, so the ULF wave interacts with particles more frequently
and decays quickly. From Pc3 to Pc5 bands, the time scales of the decay are about 6, 8 and 15 min, respectively.
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Figure 7. The seasonal and annual variation of power. (a) The monthly distributions of pulses events number and the average value of the southward IMF carried by
the pulse for the corresponding month. (b) Yearly distributions of pulses events number and the sunspot number. (c) Power distribution of month, (d) power distribution
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4.3. Dependence of ULF Power on Kp Index, SME Index and Intensity of Pressure Change

Overall, when the Kp index during the dynamic pressure pulses is larger, the power of the ULF waves is stronger
globally, consistent with previous studies (Ali et al., 2015, 2016; W. Liu et al., 2016). However, they pointed out
that during events with higher Kp index, the noon portion is no longer necessarily dominant. But in our statistical
results, the power of ULF waves on the dayside is significantly higher than that on the nightside, regardless of
the Kp index. This is because the ULF wave activities we studied are all related to solar wind dynamic pressure
pulses. High dynamic pressure pulses compress the dayside magnetosphere, accompanied by the increase of
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dayside fluctuations. As the intensity of the dynamic pressure pulse increases, it is natural to see that the excited
ULF waves will become stronger. This result further supports the idea that compressional disturbances at the
magnetopause can indeed provide the energy to excite these waves.

Our statistical analysis indicates a significant correlation between ULF wave power and substorm activity. This
correlation can be explained by the process of wave-particle interaction. The effect of this interaction is depend-
ent on the properties of both waves and particles. Various mechanisms responsible for generating ULF waves
on the nightside have been discussed by Tian et al. (2012) and Shi et al. (2013). They have reported that ULF
waves can be excited in the tail plasma sheet in response to the IP shock. Furthermore, Studies conducted by Hao
et al. (2014) have shown that ULF waves can accelerate substorm-injected electrons to high energies through drift
resonance acceleration. Our analysis of magnetic field observations from ground-based stations provides further
evidence for the close relationship between ground ULF fluctuations and substorm activity.

4.4. Behaviors of ULF Power at Different L-Shells

The power enhancement in the Pc2 band is mainly concentrated from L = 7 to L = 9, outside the plasma-
pause. The possible reason is that the magnetopause on the dayside is compressed by the pressure pulses, which
increases the anisotropy of the ions, produces cyclotron instability, and leads to the growth of the Pc2 waves.

In addition, it is very interesting that the Pc3 band and the Pc5 band exhibit completely different characteristics for
the ratio of the power enhancement to the calm period, which implies the different sources of these two types of
waves. The Pc3-5 ULF waves observed on the ground have different sources, including K-H instability, upstream
waves near the foreshock, cavity modes, and field line resonances produced by various disturbance sources inside
and outside the magnetosphere, etc. Some of the Pc3 fluctuations observed on the ground are considered to be
related to upstream waves. These fast mode waves can be generated by the upstream ion-cyclotron resonance
mechanism and then propagate to the ground and produce Pc3 geomagnetic pulsations on the dayside (Kim
et al., 1998; Takahashi et al., 2016; Troitskaya, 1971; Vellante et al., 1996). The strongest evidence for this expla-
nation comes from the better correlation of frequency with the IMF cone angle (Le & Russell, 1994; Takahashi
et al., 1984). In our statistics, it can be seen that in the foreshock area on the morning side, the power of the Pc3
band is higher than that of any surrounding areas, and the Pc3 fluctuations at high L-shells are also stronger,
which implies the upstream wave origin of the Pc3 ULF fluctuations.

Observations of Pc5 band ULF fluctuations reveal that wave power at lower L-shells exhibits a significantly
greater increase compared to the quiet period. This behavior can be attributed to the low L-shell region located
inside the plasmapause, where sharp density gradients may affect the properties of waves propagating from the
outer magnetosphere. Consequently, ULF waves observed in this region may differ from those observed in the
outer magnetosphere. Previous studies have shown that fast mode waves can be trapped within the plasmasphere
and subsequently coupled to local standing Alfvén waves (Allan et al., 1986; Krauss-Varban & Patel, 1988; Zhu
& Kivelson, 1989). This mechanism provides a plausible explanation for the occurrence of ULF waves in the
low-latitude region of the magnetosphere.

4.5. The R-M Effect on the ULF Power

The intensity of magnetic field fluctuations exhibits seasonal variability, with higher power levels observed in
March and September. It is hypothesized that this variation may be linked to the R-M effect, which is the most
commonly accepted explanation for the semi-annual variation in geomagnetic activity (Russell et al., 1974). The
R-M effect regulates ULF wave power by influencing the polarity of the IMF (Zhao & Zong, 2012). Our findings
provide further support for this hypothesis.

5. Conclusion

In this study, we have systematically studied the temporal and spatial changes of the ground-based ULF magnetic
wave power in response to the arrival of positive dynamic pressure pulses under different solar wind conditions.
The main results are summarized as follows:

1. The response of ground magnetic field to dynamic pressure pulses occurs within 1 minute, with ULF waves
reaching their peak power at low L-shells within 4-6 min. The magnitude of the Pc3 to Pc5 waves decays in
a time scale for about 6, 8, and 15 min, respectively.
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2. Southward IMF during pressure impulses can trigger more intense substorm activity, accompanied by increas-
ing wave power across various frequency bands globally.

3. Compared to quiet periods, Pc2 fluctuation enhancement primarily occurs at L = 7 to 9. The proportion of Pc3
enhancement is greater at high L-shells, while the opposite is true for Pc5 fluctuations, indicating different
excitation and propagation mechanisms.

4. Seasonal effects significantly influence magnetic field wave power in different bands, which can be further
explained by the R-M effect.

Our work provides a better understanding of the role of ULF waves in regulating solar wind-magnetospheric
energy transfer, and the effect of solar wind dynamic pressure pulses on geomagnetic activity. Solar wind dynamic
pressure pulses are a possible source of ULF fluctuations on the ground. This work is based on the integrated
power intensity of different bands of the global geomagnetic stations, and it would be helpful to compare the
results with observations of satellites in the LEO orbit, such as the SWARM (Friis-Christensen et al., 2006) and
CHAMP (Reigber et al., 2002). Widespread asymmetries in different solar wind conditions need to be further
studied.

Data Availability Statement

One-second resolution ULF parameters derived from ground magnetometer measurements can be obtained from
Johns Hopkins Applied Physics Laboratory (https://supermag.jhuapl.edu/). The Wind shock database can be
found at https://www.cfa.harvard.edu/shocks/wi_data/. OMNI data can be obtained from the Space Physics Data
Facility at the NASA Goddard Space Flight Center (https://cdaweb.gsfc.nasa.gov/index.html/).
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