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Key points 

1. We analyze two large Pc1 pulsations by ionospheric ducting effect using Swarm satellites 

and multiple ground magnetometer networks. 

2.  Pc1 pulsations are pervasive in both MLT sectors of dayside and nightside for at least 2 

hours via two different source regions. 

3. Wave intensity can abruptly decrease across sharp gradients or irregularities in the 

ionospheric plasma density. 
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Abstract 

Low earth orbit satellites frequently encounter Pc1 pulsations, but most have been observed 

with limited latitudinal extent or short lifetime. In this study we analyze two large-scale Pc1 

pulsations (both latitudinally wide and long-lasting) generated by ionospheric ducting effect 

using Swarm and ground magnetometers on 25 June and 3 September 2015. Swarm observed 

the 25 June pulsations on both dayside and nightside during the storm-time substorm (a 

strong geomagnetic storm on 23 June with 𝐷𝑠𝑡 = − 204 nT). We found the Pc1 pulsations 

were pervasive in both MLT sectors of dayside and nightside for at least 2 hours. Another 

large Pc1 pulsation on 3 September was observed during a non-storm substorm period. We 

conclude that (1) ionospheric ducting can transmit Pc1 waves to a wide range of L shells, (2) 

geomagnetic storm is not a prerequisite for such large scale ducting, and (3) wave intensity 

can abruptly decrease across sharp gradients in the ionospheric plasma density. 

 

1. Introduction 

Pc1 pulsations are continuous geomagnetic Ultra-Low Frequency (ULF) waves with 

frequency range of 0.2-5 Hz. These pulsations are generated by cyclotron instability of 

energetic ions (Electromagnetic ion cyclotron waves; EMIC) near the magnetic equatorial 

plane, and can be observed by satellites (Iyemori and Hayashi, 1989; Park et al., 2013; 

Usanova et al., 2014; Engebretson et al., 2015; Paulson et al., 2017; Kim et al., 2018; Hwang 

et al., 2018) and ground observatories (Kerttula et al., 2001; Bortnik et al., 2008; 

Engebretson et al., 2008a; Roldugin et al., 2013; Engebretson et al., 2015; Jun et al., 2016; 

Kim et al., 2016a). Pc1 pulsations play an important role in particle dynamics of the Earth’s 

magnetosphere such as energetic proton precipitation which might generate proton aurora 

(Engebretson et al., 2008a; Sakaguchi et al., 2008; Yahnin et al., 2009; Nomura et al., 2016) 

and rapid dropout of relativistic electrons in the radiation belt (Summers & Thorne, 2003; 

Miyoshi et al., 2008; Jordanova et al., 2008; Engebretson et al., 2015; Hwang et al., 2015; 

Shprits et al., 2016; Yahnin et al., 2017; Su et al., 2017). 

According to the theoretical studies, Pc1 pulsations can propagate into the ionosphere from 

the magnetospheric source region while changing their wave properties such as ellipticity and 

wave normal angle (Johnson & Cheng, 1999; Kim & Johnson, 2016; Denton, 2018). Thus, 
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Pc1 pulsations can be observed across the magnetospheric/ionospheric regions (away from 

the source regions) with different characteristics (Anderson et al., 1996; Kasahara et al., 

1992; Fraser et al., 2010; Min et al., 2012; Usanova et al., 2012; Park et al., 2013; Meredith 

et al., 2014; Allen et al., 2015; Wang et al., 2015; Saikin et al., 2015; Park et al., 2016; Kim et 

al., 2016a; Wang et al., 2017; Kim et al., 2018). 

Previous studies on Pc1 pulsations in Low Earth Orbit (LEO) have agreed that most of 

pulsations were observed at relatively high latitudes (50° - 60°), and have short time scale 

less than a few minutes (several degrees in latitude). Using Magsat data, Iyemori and Hayashi 

(1989) showed Pc1 pulsations near the plasmapause at latitude of 58°~ 60°. Erlandson et al. 

(1996), using 900 hours of DE 2 data, reported that most Pc1 pulsations were observed in the 

dawn (4-6 MLT) and noon (10-15 MLT) sectors from 50° to 62°. Engebretson et al. (2008b) 

also presented temporal and spatial characteristics of Pc1 pulsations at latitude from 52° to 

60° using ST5 satellites. Recent statistical studies of Park et al. (2013) and Kim et al. (2018) 

showed the peak occurrence of Pc1 pulsations at latitude of 55°~60° with duration of several 

minutes or less. 

The perpendicular propagation and wide extension of the Pc1 pulsation in the ionosphere 

have been attributed to ionospheric ducting effect (Kawamura et al., 1981; Mann et al., 2014; 

Kim et al., 2016a). According to Kim et al. (2018), EMIC waves at LEO can propagate 

obliquely to the local magnetic field. If waves enter into the ionospheric region, their 

propagation angle can be changed from parallel to oblique directions due to ionospheric 

ducting effect (e.g. Kawamura et al., 1981, Figure 11). Hence, even if an EMIC wave was 

spatially localized in its source region in the equatorial magnetosphere, it can be observed 

over wide spatial regions in/below the ionosphere. 

Latitudinally extended Pc1 pulsation in low altitude regions was firstly introduced by 

Sakaguchi et al. (2013) using Akebono satellite: the event occurred in the slot region of 

radiation belt during a storm recovery phase (minimum 𝐷𝑠𝑡 = − 255 nT). They found 

helium band EMIC waves (4-8 Hz) showing mode conversion (from L to R mode) and rising 

tone structure. Later, Pisa et al. (2015) also found two latitudinally wide EMIC waves (~ 5 

and 10 Hz) using DEMETER (Detection of Electro-Magnetic Emissions Transmitted from 
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Earthquake Regions) satellite (altitude of ~ 680 km) on both the dayside and nightside during 

a geomagnetic storm’s recovery phase (minimum 𝐷𝑠𝑡 = − 374 nT). They showed that the 

EMIC wave has different wave properties for different latitudes. Though Sakaguchi et al. 

(2013) and Pisa et al. (2015) conducted exhaustive studies on properties of the latitudinally 

extended EMIC events observed by satellites; there is still room for improvement. First, both 

studies were based only on single-satellite data. Neither of the two studies investigated what 

ground magnetometers and high-altitude satellites can observe or whether the wide latitudinal 

extent is due to extended source regions over many L-shells near the equator. Furthermore, 

the combination of multi-satellites and ground observations would give more information on 

the zonal extent and lifetime of the Pc1 waves. Second, both Sakaguchi et al. (2013) and Pisa 

et al. (2015) investigated an event during strong geomagnetic storms. It is also worth 

addressing whether similar events can occur without a strong geomagnetic disturbance. Third, 

Akebono altitude in Sakaguchi et al. (2013) was ~ 3,300-8,700 km and that of DEMETER in 

Pisa et al. (2015) was ~ 680 km. Due to orbital limitation of the satellites, data sets in those 

studies were largely confined within the pre-noon and pre-midnight sectors. Hence, further 

investigation is clearly warranted to check whether similar phenomena can be observed at 

lower altitudes (below 500 km) and the other magnetic local time sectors. 

In this paper we report two large-scale Pc1 pulsations spanning a wide latitude range (from 

southern to northern trough) and lasting for more than ~ 4 hours, which occurred on 25 June 

and 3 September 2015. We analyze magnetic field data observed from Swarm constellation 

(Alpha, Bravo and Charlie) and ground magnetometer networks (PWING, CARISMA and 

SGO), and then compare the two events with results of Sakaguchi et al. (2013) and Pisa et al. 

(2015). 

 

2. Observations 

2.1 25 June 2015 event 

The 25 June 2015 pulsations were observed during a substorm period with AE index of up to 

1,400 nT near 07:50 UT (figure S1) during a strong geomagnetic storm’s recovery phase 

(minimum 𝐷𝑠𝑡 = − 204 nT). All the Swarm satellites observed 3-3.5 Hz Pc1 pulsations on 

the dayside (10-14 MLT) and 2-2.5 Hz on the nightside (22-01 MLT) during this storm-time 
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substorm period, respectively (figure 1). The Swarm constellation consists of three satellites 

that were placed in two different polar orbits (orbital period of 90-minute) at altitude of ~ 

450-530 km. Swarm A and C move side by side with longitudinal separation of ~ 1.5°, and 

Swarm B moves alone, so that we can analyze spatial and temporal distribution of Pc1 

pulsations at the same time. Figure 1a shows wave spectrum (Bortnik et al. (2007)) from 

19:00 to 24:00 UT on 25 June detected by Swarm A (top), C (middle) and B (bottom). The 

dayside pulsation (3-3.5 Hz) was first observed by Swarm A and C at ~19:10 UT, and then 

Swarm B observed similar pulsation at ~ 20:15 UT. This pulsation is intensified from ~ 20:40 

UT and dissipated at ~23:40 UT as shown in Swarm B observation. The nightside pulsation 

(2-2.5 Hz) was first detected by Swarm B at ~ 21:00 UT, and then Swarm A and C observed 

Pc1 at ~ 21:17 UT. This pulsation dissipated at ~ 23:23 UT as shown in both Swarm A and C 

observations. Figure 1b presents global maps of dayside (top) and nightside (bottom) Pc1 

pulsations observed by the three Swarm satellites during 19:00-24:00 UT. The colors 

represent maximum wave power of a frequency bin when Pc1 was observed at specific 

geographic latitude and longitude. The Pacific region is covered with dayside pulsations 

while Africa and Europe are covered with nightside pulsations. During the 25 June events, 

Pc1 pulsations were observed by multiple ground magnetometers. Figure 2a shows 

spectrogram of the horizontal component (B𝑥) of the magnetic field measured by the PWING 

project (study of dynamical variation of Particles and Waves in the INner magnetosphere 

using Ground-based network observations; http://www.isee.nagoya-u.ac.jp/dimr/PWING/en/) 

(Shiokawa et al., 2010 & 2017) and CARISMA (Canadian Array for Real-Time 

Investigations of Magnetic Activity; http://www.carisma.ca) stations (Mann et al., 2008). The 

PWING stations were around the dawn while the CARISMA stations were between noon and 

dusk. Pc1 pulsations were simultaneously observed by Magadan (MGD; L = 2.97, GLON = 

150.73°E), Paratunka (PTK; L = 2.11, GLON = 158.25°E), and Moshiri (MSR; L = 1.63, 

GLON = 142.27°E) from ~ 19:10 to 24:00 UT, and waves are intensified after ~ 20:40 UT 

which is consistent with Swarm A and B observations. Among the three PWING stations 

(MGD, PTK, and MSR), the most intense pulsations were observed by the MSR station with 

the lowest L shell. Note that the Pc1 waves in the dawnside by PWING data appear in two 

separate frequency bands (above and below 3 Hz), especially after ~ 21:15 UT. In the 

CARISMA array in the post-noon sector, the Fort Churchill (FCHU; L = 7.44, GLON = 
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94.08°W) and Ministik Lake (MSTK; L = 4.22, GLON = 112.97°W) stations observed Pc1 

pulsations of about 3 Hz from ~ 20:43 to 22:00 UT, which corresponds to the time of the 

most intense Pc1 waves measured by Swarm satellites. Other CARISMA stations, such as 

Fort Smith (FSMI; L = 6.81, GLON = 111.95°W) and Pinawa (PINA; L = 4.06, GLON = 

96.04°W) stations, also observed Pc1 pulsations although wave has relatively weak intensity. 

Figure 2b shows spectrogram of the horizontal component (B𝑥) of the magnetic field 

measured at SGO (Sodankylä Geophysical Observatory; http://www.sgo.fi) stations, which 

were located between dusk and midnight. Pc1 wave was observed by all SGO stations: 

Kilpisjärvi (KIL; L = 6.2, GLON = 20.86°E), Ivalo (IVA; L = 5.8, GLON = 27.28°E), 

Sodankylä (SOD; L = 5.3, GLON = 26.38°E), Oulu (OUL; L = 4.6, GLON = 25.90°E), and 

Nurmijärvi (NUR; L = 3.4, GLON = 24.65°E) from ~ 21:00 to 23:23 UT. The most intense 

pulsations were observed by the NUR station with the lowest L shell among the SGO stations. 

It is remarkable that the spectral shapes of nighttime Swarm B observations (2-2.5 Hz) are 

very similar to those of SGO stations from ~ 21:00 to 21:20 UT. 

Figure 3 shows wave properties of observed Pc1 pulsations: (a) wave intensity with electron 

density (black curve) over-plotted, (b) wave normal angle, and (c) ellipticity. The zero degree 

of wave normal angle indicates parallel propagation, and 90 degree indicates perpendicular 

propagation to the local magnetic field. The dayside pulsation shows that the normal angle 

increases with decreasing latitude, and the ellipticity is generally linear at low latitudes and 

becomes mixed at higher latitudes. This tendency does not change until wave dissipates. The 

latitude-dependent wave normal angles are in good agreement with results of Pisa et al. 

(2015). As for the nightside waves, normal angles increase with decreasing latitude in the 

Southern Hemisphere, but mixed in the Northern Hemisphere. The ellipticity is mixed at all 

latitudes for nightside waves (figure S2). In order to examine whether these properties 

represent truly mixed ellipticities or just incoherent noises, we calculated the coherences of 

δBx - δBy, δBx - δBz, and δBy - δBz (figure S3). The coherence is meaningfully high (≥ 0.5) 

at least for a part of the Pc1 wave regime: in particular, the δBx - δBz coherence is large 

enough for our Pc1 events. Therefore, we conclude that the mixed ellipticity is not due to 

noise, but represent real signals. 
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2.2 3 September 2015 events 

The 3 September event also occurred during a substorm, but was not related with a 

geomagnetic storm (i.e. non-storm substorm) unlike 25 June event. The solar wind dynamic 

pressure rapidly increased and IMF Bz changed from northward to southward at ~ 16:00 UT, 

and these led to several peaks of AE index and drop of ~15 nT in Sym-H with the 

largest|Sym-H|occurring near 05:00 UT on 3 September, which may be caused by injection of 

ring current ions (figure S1). Large Pc1 pulsations were observed by both Swarm satellites 

and ground magnetometers during this period. Figure 4 shows wave spectra of those Pc1 

pulsations (0.8-2.2 Hz) from 05:00 to 11:00 UT observed by Swarm A and CARISMA 

stations. Note that Swarm satellites were around the dawn terminator (3-5 MLT) when they 

encounter Pc1 waves while CARISMA stations moved from pre-midnight to dawn (23-4 

MLT). No pulsation was identified in the duskside passes of Swarm satellites. This pulsation 

is simultaneously detected by Swarm A, Swarm B and CARISMA station starting ~06:00 UT. 

The Pc1 pulsation became weak during Swarm’s second encounter (~ 07:50 UT in figure 4a), 

and then it intensified again at the third encounter (~ 09:20 UT) spanning a broader frequency 

range than the initial encounter (~ 06:20 UT). These Pc1 pulsations disappeared from the 

Swarm data on/after the dayside pass ~ 11:00 UT. Similar patterns were also observed by 

ground stations. Though the Pc1 pulsations were observed on ground stations even beyond 

11:00 UT, noticeable decrease of wave activity ~ 11:00 UT suggests that the Pc1 waves after 

11:00 UT may be different populations from the preceding ones. All the SGO magnetometers 

detected Pc1 pulsations from 01:00 UT to 08:00 UT (3-11 MLT), i.e. before and after the 

dawn MLT (not shown here). The discrepancy in lifetimes among Swarm, CARISMA, and 

SGO suggests that ducting was not effective over Europe at this time, so Pc1 waves could be 

observed at SGO but not at Swarm. Figure 4g and 4h show wave properties of the 3 

September event as deduced from the Swarm A observation. Unlike the 25 June event, the 

wave normal angle is largely oblique and the ellipticity shows mixed polarizations at all 

latitudes. Note that these pulsations are not just incoherent noises (figure S3). These 

properties did not change until the waves disappear from the Swarm data. 

 

 

 



 

 

© 2018 American Geophysical Union. All rights reserved. 

3. Discussion and Summary 

3.1. Evidences of ionospheric ducting 

We have investigated two large-scale Pc1 pulsations (long-lasting and latitudinally extended) 

by Swarm satellites and multiple ground stations on both 25 June and 3 September 2015. The 

source regions of the Pc1 pulsations are generally known to be equatorial magnetosphere. 

After propagating up to the ionosphere, Pc1 pulsations can propagate horizontally (i.e. 

oblique to the background magnetic field) in the ionospheric duct region (Fujita and Tamao 

et al., 1988). In this way Pc1 waves in the ionosphere can be observed even if no wave 

actually exists in the conjugate equatorial plane of the magnetosphere (see Figure 11 of 

Kawamura et al., (1981)). Therefore, it would be meaningful to check the observations from 

high-altitude and equatorial satellites to confirm whether the waves observed by Swarm 

propagated from the conjugate equatorial plane or not. As for the 25 June event, Time History 

of Events and Macroscale Interactions during Substorms (THEMIS) A, D and E (10 MLT, L 

~ 10), and Cluster-C4 satellite (18 MLT, L ~ 14) did not encounter Pc1 pulsations even 

though they were located around the equatorial plane. Fortunately, Van Allen Probes observed 

Pc1 pulsations in the post-noon sector (14 MLT, L ~ 2.5). Van Allen Probe A observed Pc1 

pulsations from ~ 21:10 to 21:17 UT and Van Allen Probe B observed weaker Pc1 pulsations 

from ~ 22:38 to 22:45 UT (figure S4). Note that PWING magnetometers also observed Pc1 in 

this MLT region. Summarizing all those observations we can infer that (1) a localized source 

region of dayside Pc1 pulsations (~ 3 Hz) existed around post-noon/pre-dusk side and at L ~ 

2.5, (2) while the space around LEO altitudes and ground was filled with Pc1 waves over 

both MLT regions of dayside and nightside. According to Kim et al. (2010), spatial extent of 

ground Pc1 waves can be larger than that of the source region, possibly due to the effects of 

ionospheric ducting and propagation. Wave properties of our studies also agree with the 

characteristics of ducting waves that propagate obliquely or perpendicular to the local 

magnetic field (Fujita and Tamao, 1988). 

Kim et al. (2010) suggested that the spectral power attenuation with distance is one of the 

typical features of the ionospheric duct. However, according to the theoretical study of 

Fedorov et al. (2018), Pc1 waves observed by ground magnetometers do not necessarily 

monotonically attenuate with the distance from the ionospheric entry point of the waves. It 

can explain why the Van Allen Probes encountered Pc1 at L~2.5 while (1) Pc1 at MOS (L = 
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1.63) is stronger than that at PTK (L = 2.11). Such a non-monotonic profile also exists in 

Figure 2b, where Pc1 at NUR (L = 3.4) and that at IVA (L = 5.8) is stronger than that at SOD 

(L = 5.3). 

As for the 3 September event, none of the Magnetospheric Multiscale (MMS) (13.5-16 MLT, 

L = 4-12), Van Allen Probe A (14.5-20 MLT, L = 3.5-5.5), THEMIS (3-4.5 MLT, L = 7-12), 

and Cluster-4 (23-24 MLT, L = 14-17) detected Pc1 pulsations. It implies that the waves in 

the source region were not observed because they were localized in a narrow MLT or L range 

outside the satellites’ coverage. On the contrary, at LEO and the ground the Pc1 waves span 

extensive MLT sectors from midnight to morning over a wider L-shell range. This result can 

be understood by ionospheric ducting effect, too. 

3.2. Wave properties dependent on MLT and latitude 

The 25 June event showed that the dayside and nightside Pc1 exhibit different frequency 

bands both at LEO and on the ground: ~ 3 Hz (dayside) and ~ 2 Hz (nightside). Furthermore, 

PWING stations near the dawn terminator observed two bands simultaneously (figure 2a). 

The results imply that the background magnetic field may be stronger near the dayside Pc1’s 

source region than that of the nightside. The strong solar wind dynamic pressure can make 

different plasma/magnetic environments since it causes the temperature anisotropy of the 

source region, especially in the dayside magnetosphere (Tsurutani & Smith, 1977; 

McCollough et al., 2012; Usanova et al., 2012; Tetrick et al., 2017). Different plasmapause 

locations can also cause different frequency bands between dayside and nightside. According 

to Tetrick et al. (2017), most Pc1 waves in the inner magnetosphere occur over a range of 1-2 

L from the plasmapause, and Kim et al. (2016a) showed the frequency of Pc1 pulsation is 

lower when the plasmapause is located at higher L. Thus, the frequencies can be different 

between dayside and nightside if magnetic field strengths (or L-shells) of their source regions 

are different. Another possible cause of different wave frequencies between the dayside and 

nightside might be different concentrations of heavy ions in the source region, which will 

affect the accessible range of wave frequencies (Kim et al., 2015). 

In the 25 June event, the wave normal angle and ellipticity showed somewhat different 

characteristics between the dayside and nightside. The normal angle on the dayside increases 

with decreasing latitude. On the nightside, the normal angle in the Southern Hemisphere 

similarly increases with decreasing latitude while there is little tendency in the Northern 
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Hemisphere. The ellipticity changes from mixed to linear with decreasing latitude on dayside 

while mixed at all latitudes on nightside. The 3 September event on the dawnside showed that 

the wave normal angle is largely oblique and ellipticity is mixed at all latitudes. According to 

Sakaguchi et al. (2013) and Pisa et al. (2015), the wave properties at LEO change with 

latitude and MLT. They showed that the wave normal angle is oblique or random and on 

dayside event increases with decreasing latitude and mixed at nightside. Mann et al. (2014) 

and Kim et al. (2010) also showed wave properties revealed complex polarization patterns on 

the ground. We also found that wave properties show different characteristics for different 

latitudes and MLTs. These complex wave properties can be attributed to either (1) 

inhomogeneous ionospheric conductivity (Belova et al., 1997; Kim et al., 2010) or (2) 

interference between the incident and ducted waves (Hayashi et al., 1981). According to 

theoretical studies (Johnson & Cheng, 1999; Hu & Denton, 2009; Hu et al., 2010; Omidi et 

al., 2013; Kim & Johnson, 2016; Denton, 2018), the wave properties can change while 

propagating from the source region to the ionosphere. Combining in-situ observations with 

computer simulations and modeling like ray tracing, full wave or hybrid simulation would be 

left for the future work. 

In order to investigate whether ionospheric plasma density is related with the observed wave 

properties, we analyzed plasma density by Swarm observation. We found that wave intensity 

can abruptly decrease across sharp gradients in the ionospheric plasma density (figure 3a and 

S5). We speculate that Pc1 waves can propagate well in the ionospheric duct when plasma 

density is evenly distributed in the ionosphere. However, the relation between plasma density 

and wave properties at LEO needs to be investigated further from other cases similar to our 

large-scale Pc1 observations. 

As for the geomagnetic conditions for the latitudinally wide Pc1 events, events of both 

Sakaguchi et al. (2013) and Pisa et al. (2015) occurred during the recovery phase of strong 

geomagnetic storms, which is similar to the 25 June event in our study. In addition, Pc1 

pulsations of Pisa et al. (2015) were observed during storm-time substorm similar to our 25 

June event. In case of Sakaguchi et al. (2013), they did not show AE or AL indices, but we 

confirmed that there was a weak substorm from the ground magnetometer, 

http://supermag.jhuapl.edu/mag/). The pulsation on 3 September 2015 occurred during a non-

storm substorm. Hence, we conclude that geomagnetic storm is not a prerequisite for the 

latitudinally extended Pc1 pulsation in the ionosphere, and substorm may make a favorable 

http://supermag.jhuapl.edu/mag/
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condition for them. According to some statistical studies (Park et al., 2013; Kim et al., 2016b; 

Park et al., 2016; Saikin et al., 2016; Paulson et al., 2017), occurrence rate of Pc1 pulsations 

is relatively high during geomagnetically quiet periods. So it would be worth studying which 

geomagnetic conditions are favorable to make ionospheric ducting effect for large scale Pc1 

waves at LEO. 

3.3. Summary and Conclusion 

In this paper, we analyzed two large-scale Pc1 pulsations (long-lasting and latitudinally wide) 

observed by Swarm satellites and multiple ground stations on 25 June and 3 September 2015. 

Main conclusions can be summarized as follows: 

1. The Pc1 pulsations on 25 June 2015 occurred during a storm-time substorm 

(minimum 𝐷𝑠𝑡 = − 204 nT) while the 3 September 2015 pulsation occurred 

during a non-storm substorm. This implies that geomagnetic storm is not a 

prerequisite for large scale Pc1 wave in the ionosphere, and substorm may make a 

favorable condition to generate wide-spread Pc1 ducting in the ionosphere. 

2. The Pc1 waves on 25 June 2015 were pervasive across both MLT sectors of 

dayside and nightside at LEO and on the ground, at least for ~ 2 hours. Dayside 

(10-14 MLT) and nightside (22-01 MLT) waves exhibited different frequency 

bands, which implies two spatially different source regions. The wave properties 

also show very different characteristics between dayside and nightside events. 

3. Wave intensity can abruptly decrease across sharp gradients in the ionospheric 

plasma density. Pc1 wave may well propagate in the ionospheric duct when 

plasma density is evenly distributed in the ionosphere. 

4. According to observations of high-altitude satellites, while the LEO and ground 

Pc1 waves in the two events had a wide spatial extent, their equatorial source 

regions may be localized to a narrow MLT sector and L-shells. This confirms that 

Pc1 waves can transmit to a wide range of L shells at LEO and on the ground via 

ionospheric ducting. 
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Figure 1 (a) Wave spectrum (cross-covariance signal, see Bortnik et al. 2007) from 19:00 to 

24:00 UT on 25 June 2015 detected by Swarm A (top), C (middle) and B (bottom). (b) Global 

maps of dayside (top) and nightside (bottom) Pc1 pulsations observed by all Swarm satellites. 

The colors represent wave power of maximum amplitude of wave packets when Pc1 is 

observed at specific geographic latitude and longitude. The locations of ground stations 

(PWING, CARISMA, and SGO) are also represented in colors (blue, cyan, and yellow). 
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Figure 2 (a) Wave spectrum (two top panels) observed by Swarm A and B on 25 June 2015 

and spectrogram of the horizontal component of the magnetic field measured at PWING 

(MGD, PTK, and MSR) and CARISMA (FCHU and MSTK) stations (bottom panels). (b) 

Spectrogram of the horizontal component of the magnetic field measured at SGO stations, 

which were located between dusk and midnight. 
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Figure 3 Wave properties observed by Swarm A on 25 June 2015, (a) wave intensity with 

electron density. The dashed lines indicate sharp density gradient at the Swarm altitudes. (b) 

wave normal angle, and (c) ellipticity. 
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Figure 4 Wave spectrum of Pc1 pulsation from ~ 05:00 to 11:00 UT on 3 September 2015 

observed by (a) Swarm A and (b-f) CARISMA (FCHU, FSMI, DAWS, MSTK, and PINA) 

stations, (g) wave normal angle and, (h) ellipticity. 

 


