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In order to understand the electro-magnetic phenomenona in space, the Space
Environment Research Center (SERC) of Kyushu University is deploying the
MAGnetic Data Acquisition System of the Circum-pan Pacific Magnetometer
Network (MAGDAS/CPMN). In this network, we also installed FM-CW
(Frequency Modulated Continuous Wave) radars at Paratunka, Russia (PTK:
Magnetic Latitude = 45.8◦, Magnetic Longitude = 221.6◦), Sasaguri, Japan
(SAS: M. Lat. = 23.2◦, M. Lon. = 199.6◦), and Manila, Philippines (MNL:
M. Lat. = 4.19◦, M. Lon. = 192.4◦) to detect the ionospheric electric field
variations. The FM-CW radar is a kind of HF (High Frequency) radar that
can measure the ionospheric Doppler velocity, from which we can calculate the
ionospheric electric fields. In the present paper we will introduce our FM-CW
radar array observations and its preliminary scientific results. The results are
as follows: (1) At the time of SC, dusk-to-dawn and subsequent dawn-to-dusk
electric field penetrate into the low-latitude ionosphere. (2) Pi 2-associated
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ionospheric electric field at L = 2.05 is a manifestation of the plasmaspheric
cavity mode. (3) Ground Pc 5 pulsation seems to be driven by ionospheric
electric field at low and equatorial region.

1. Introduction

The Space Environment Research Center (SERC) of Kyushu University
in Fukuoka, Japan is deploying a magnetic observation array, which is
called the MAGnetic Data Acquisition System of the Circum-pan Pacific
Magnetometer Network (MAGDAS/CPMN).1–3 In this network, we also
initiated the installation of FM-CW (Frequency Modulated Continuous
Wave) radars to measure the ionospheric electric fields. An FM-CW radar
is a kind of HF (High Frequency) radar that can detect Doppler velocity of
a target for ionospheric observation.4

The magnetic field measured on the ground is a superposition of various
internal and external sources. The external sources are the solar wind, the
magnetosphere, and the ionosphere. Among these sources, FM-CW radar
observation provides only the information from the ionosphere. Therefore
an analysis that combines the data from the MAGDAS/CPMN and FM-
CW radars is expected to give us a better understanding of magnetospheric
and ionospheric phenomenona from the ground observations. For example,
one benefit of combining ionospheric electric field data and magnetic field
data is to allow us to identify the propagation modes of geomagnetic
pulsations.

It is known that HF Doppler measurements at low- and mid-
latitudes often show a good correlation with the variations of geomagnetic
phenomena (e.g. Ref. [5]). For example, SCs (e.g. Refs. [6, 7]), Pc 5
pulsations (e.g. Refs. [8, 9]), Pc 3–4 pulsations (e.g. Refs. [10, 11]), and
Pi 2 pulsations (e.g. Refs. [12, 13]) were reported using HF Doppler
measurements. However, the comparison analysis of ionospheric response
and ground magnetic field is limited. In this paper, we introduce our
FM-CW radar observation and show some geomagnetic phenomenon
observed simultaneously by the FM-CW radars and magnetometers of
MAGDAS/CPMN.

2. Observation and Instruments

We installed FM-CW (Frequency Modulated Continuous Wave) radars at
Paratunka, Russia (PTK: Magnetic Latitude = 45.8◦, Magnetic Longitude



May 10, 2010 13:50 AOGS - ST 9in x 6in b951-v21-ch27

Ionospheric Observation Using FM-CW Radar Array 381

PTK

SAS

MNL

FM-CW Radar Stations

Fig. 1. Station map of FM-CW radars. The three stations are located at PTK, Russia,
SAS, Japan, and MNL, Philippines.

= 221.6◦, LT = UT + 10.5hrs), Sasaguri, Japan (SAS: M. Lat. = 23.2◦,
M. Lon. = 199.6◦, LT = UT + 9.5 hrs) and Manila, Philippines (MNL: M.
Lat. = 4.19◦, M. Lon. = 192.4◦, LT = UT + 8.5 hrs). Figure 1 shows a
station map of the currently installed FM-CW radars. They are located
almost in the same longitude. The FM-CW radars at SAS and PTK were
installed in 2000 and 2005, respectively. The latest installation was done on
March 2009 at MNL. Figure 2 shows the FM-CW radar system at Manila,
Philippines and Fig. 3 shows the tower for the radar. The FM-CW radar
system consists of a receiver, a transmitter, and a control PC (from left).
The PC controls the FM-CW radar and sends observational data to SERC
via internet. The radar tower at MNL is a 100-foot tower with a dipole
antenna mounted on top of it.

An FM-CW radar is a type of HF radar that can measure the range
of target as well as its Doppler information. Our radar is an improved
version of the FM-CW radar developed by Nozaki and Kikuchi.14, 15 Poole16

and Poole and Evance17 used FM-CW radar for ionospheric Doppler
measurement for the first time. Our Doppler observation is based on the
fast Fourier transform (FFT) method which is a variation of a technique
developed by Barrick18 to measure ocean waves. This technique provides
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Control PC

FM-CW Radar System at Manila

Fig. 2. FM-CW radar system at MNL. The components are a receiver, a transmitter,
and a control PC (from left).

100-foot tower

FM-CW Radar Tower at Manila

Fig. 3. A tower of FM-CW radar at MNL. The length of the tower is 30 foot. A dipole
antenna is set to the tower.

us the Doppler velocity of a target and its distance. Generally FM-CW
radars sweep their transmitting frequency slightly (e.g. from 3.00MHz to
3.01MHz) for Doppler observation and transmit signals continuously. In
the FFT method, range and Doppler information can be estimated using a
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double FFT. The first FFT over each sweep yields the range information,
and the second FFT for each range bin over a number of sweeps provides the
Doppler frequency. For our observation, the sweep rate is 200 or 100 kHz/sec
and sweep time is 0.1 seconds. The observed Doppler frequency ∆f is
represented by

∆f = f0 × 2V ∗/c (1)

where f0 is the transmitting frequency and V ∗ is vertical drift velocity of
the ionosphere describe by

V ∗ = c × ∆f/2f0 (2)

We use low frequency (e.g. 2.5MHz) for the transmitting frequency f0 at
night and we use higher frequency (e.g. 5.0MHz) at daytime. The data
of Doppler velocity is digitized with 3-sec or 10-sec sampling. The data
accuracy of the vertical drift velocity is 3.9m/s at 3.0MHz.

By assuming that the V ∗ is caused by the frozen-in effects in the
ionosphere, we can estimate the east-west ward electric field (Ey). The
equation of the frozen-in effect is described

E = −V × B (3)

where E is east-west electric field (Ey), and B is the horizontal component
(H component) of the magnetic field in the ionosphere, and V is obtained
by FM-CW radars. A schematic diagram of the Doppler measurement by
an FM-CW radar is shown in Fig. 4.

3. Observational Results and Discussion

3.1. Sudden commencement

Figure 5 shows the geomagnetic H component (H) at Kuju, Japan (KUJ:
M. Lat. = 23.6◦, M. Lon. = 203.2◦, LT = UT+8.7 hrs) and the ionospheric
electric field Ey at SAS on 4 November, 2003. The time interval is 10
minutes from 06:22 UT to 06:32 UT corresponding to the local daytime.
During this SC event, the transmitting frequency f0 was 8.0MHz and
the observed ionospheric altitude was about 260km (virtual height). A
time resolution of Ey and H for this event is 10 seconds, and 3 seconds,
respectively. The Ey at SAS shows a small variation prior to the onset of
the SC (described by the vertical dashed line in Fig. 5). At 06:25:45 UT
(indicated by the black arrow), the Ey started to decrease within a few of
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Fig. 4. Schematic diagram of the Doppler measurement of the ionosphere. When the
eastward electric field penetrates into the low-latitude ionosphere, it drifts upward
because of E × B drifts.
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Fig. 5. SC at daytime on 4 November, 2003. The upper panel shows the ground H
component at KUJ. The bottom panel shows the Ey at SAS, which is calculated from
the observed ionospheric Doppler velocity. The transmitting frequency of the FM-CW
radar was 8.0MHz during this event.
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tens seconds and reached the minimum value of −0.29mV/m at 06:26:05
UT (indicated by the white arrow). The value was −0.15mV/m (westward)
and the duration was 30 seconds. This signature coincides with slightly
negative variation of the H at KUJ which is the so-called PRI (preliminary
reverse impulse). The PRI is well known that it often appears at the time
of PI (Preliminary Impulse) in daytime low- and equatorial region.19 The
westward electric field at the time of PRI corresponds to the dusk-to-dawn
direction.

After the Ey attained its minimum value (indicated by the white
arrow), it increased rapidly from −0.29 to 0.39mV/m during a period from
06:26:05 UT to 06:28:05 UT. The amplitude of this increase is 0.68mV/m
(eastward). This eastward electric field corresponded with dawn-to-dusk
electric field. In addition, the timing of the eastward electric field and
increasing of H (so-called Main Impulse MI) was same.

The nighttime SC event is shown in Fig. 6. The format is the same
as that of Fig. 5. The time interval is from 17:06 UT to 17:16 UT on
21 January, 2005. During this SC event, the FM-CW radar observed the
altitude of about 360 km (virtual height) at 2.5MHz. At 17:11:15 UT
(indicated by the black arrow), the Ey showed a sudden increase from
0.0mV/m to 0.26mV/m within a few of tens of seconds. This eastward
electric field preceded a sudden increase of the magnetic H component.
Therefore it can be identified as a dusk-to-dawn electric field corresponding
with daytime PRI.

At the time of MI onset indicated by the vertical dashed line in Fig. 6,
the Ey decreased with increasing H almost simultaneously at 17:11:35 UT
(indicated by the black arrow). The decrease of 1.16mV/m in Ey indicates
the existence of westward electric field. The direction is dawn-to-dusk.

It has been known that the interplanetary and magnetospheric electric
field can penetrate into the low-latitude ionosphere (e.g. Ref. [19]).
The IEF (Interplanetary Electric Field) can continuously penetrate to
the low-latitude ionosphere without significant attenuation.20 Short life
time (<3 hours) dawn-dusk IEF penetrate into the ionosphere without
shielding.21 Also penetration of electric fields has been reported in the case
of SC (e.g. Refs. [6, 22]). Araki23 concluded that the PI is caused by a dusk-
to-dawn electric and the MI is caused by a dawn-to-dusk electric field. The
two types of electric fields are generated in the magnetospehre by a solar
wind pressure enhancement and penetrate into the polar ionosphere and
low-latitude ionosphere. This is consistent with our result.
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Fig. 6. SC at nighttime on 21 January 2005. The format is the same as that of Fig. 4.
The transmitting frequency was 2.5MHz during this event.

3.2. Pi 2 pulsation

Figure 7 shows a nighttime Pi 2 (40–150 seconds) event observed by an
FM-CW radar and a MAGDAS magnetometer at PTK on 19 October 2007.
During this event, the FM-CW radar observed the altitude of about 250km
(virtual height) at 3.0MHz. The ground magnetic H and D components
(D) obtained at PTK (L = 2.05, LT = UT + 10.5hrs) and Ashibetsu, Japan
(ASB; M. Lat. = 34.7◦, M. Lon. = 209.6◦, L = 1.48, LT = UT + 9.5hrs),
and Ey at PTK are plotted in Fig. 7. The Ey is 3-sec time resolution and
the ground magnetic data is 1-sec time resolution for this event. The thick
lines indicate H components and the thin lines indicates D components.

Figure 8 shows the band pass filtered data. We can see that Pi 2
pulsations were observed simultaneously in H and V ∗. They started around
1644 UT and attained their peak around 16:48 UT (see the H component
at PTK in Fig. 8). The dominant frequency was 15.4mHz for all waves.
Fig. 8 also shows the filtered H and D components at PTK and ASB, and
the filtered Ey at PTK. The peak-to-peak amplitude of H at PTK, D at
PTK, H at ASB, D at ASB, and Ey at PTK are 3.3 nT, 1.4 nT, 2.5 nT,
1.2 nT, and 0.43mV/m, respectively. The ground magnetic perturbation
was dominant at H components rather than at D components.

We calculated the cross correlation between Ey at PTK and
geomagnetic field data. As a result, the maximum correlation coefficients
were 0.95 for Ey − H (PTK), 0.95 for Ey − H (ASB), 0.79 for Ey − D
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Fig. 7. Pi 2 pulsations on 19 October 2007. H and D components at PTK and ASB
and Ey at PTK. The thick lines are H components and the thin lines are D components.
The transmitting frequency of the FM-CW radar was 3.0MHz.
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Fig. 8. Band pass filtered (40–150 seconds) H and D components at PTK and ASB
and Ey at PTK on 19 October 2007. The thick lines are H components and the thin
lines are D components for magnetic field data.
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(PTK), 0.72 for Ey − D (ASB). Thus the correlation coefficient of Ey −H

is higher than that of Ey − D. In addition, the correlation coefficient of
Ey − H (ASB) is higher than that of Ey − H (PTK).

Pi 2 pulsations are well known as the signal for the onset of magnetic
substorms (e.g. Ref. [24]). Moreover low-latitude Pi 2 pulsations are
explained in terms of the plasmaspheric cavity mode (e.g. Ref. [25]).
Takahashi et al.26 analyzed the ground magnetic H component at KAK
(L = 1.26) and the magnetic field variation obtained by AMPTE CCE
inside the plasmasphere. They found that nighttime Pi 2 pulsations
originated from a cavity-mode-type resonance excited in the inner
magnetosphere. In addition, the magnetic field variations on Pi 2 pulsations
in the ionosphere and on the ground given by Han et al.27 were consistent
with the radial cavity mode. They found that the Pi 2 waves observed
at KAK and by the low-altitude satellite (h = 638 − 849 km) Ørsted
were highly coherent and oscillated without phase lag at nighttime. They
concluded that the nightside Pi 2 pulsations at low latitude are directly
propagated from the magnetosphere to the ground and became the cavity-
mode oscillation. Thus low-latitude Pi 2 pulsations in ground H components
are explained in terms of the plasmaspheric cavity mode. On the basis of
previous studies, it seems that our result also suggests that the ionospheric
Ey at PTK (L = 2.05) is a manifestation of the plasmaspheric cavity mode
because the Pi 2 pulsation in Ey shows high correlation coefficient with
lower-latitude H components.

3.3. Pc 5 pulsation

The daytime Pc 5 pulsation (150–600 seconds) observed by an FM-CW
radar at SAS are shown in Fig. 9. The H component at equatorial station
YAP (M. Lat. = 0.42◦, M. Lon. = 209.9◦, L = 1.00, LT = UT + 9.2 hrs)
and KUJ (L = 1.19, LT = UT + 8.7 hrs) and Ey at SAS are plotted in
Fig. 9. A time resolution of Ey and H for this event is 10 seconds, and 3
seconds, respectively. YAP, SAS, and KUJ were located at the local dayside
sectors. During this event, the FM-CW radar at SAS recorded an altitude
of 300km at 8.0MHz. The peak-to-peak amplitude of Ey at SAS was about
1.0mV/m. The magnetic Pc 5 pulsation at YAP was larger than that at
KUJ. The peak-to-peak amplitude at YAP was more than 100 nT. This
would be due to equatorial enhancement because of the high ionospheric
conductivity in the equatorial region (e.g. Ref. [24]). Inspecting the vertical
dashed lines in Fig. 9, the peaks of H at KUJ and YAP almost corresponds
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Fig. 9. Pc 5 pulsations on 31 October 2003. The ground magnetic H and D components
at YAP and KUJ and Ey at SAS are plotted. The FM-CW radar observed the altitude
of about 300 km at 8.0MHz.

with that of Ey at SAS. The positive peaks of Ey correspond with positive
peaks of the H .

The oscillation of Ey at SAS corresponds with the H at KUJ and YAP
without significant time delay. This result suggests that the ground Pc 5 was
excited by the ionospheric electric fields which drive ionospheric currents.
The source of Ey for Pc 5 would be caused by the polar dawn-to-dusk
electric fields which are excited by the DP 2 type current system.28

4. Summary

In the MAGDAS/CPMN, SERC also deploys FM-CW radar observations
to understand the Magnetosphere-Ionosphere phenomenona in space. In
this paper, we showed SC, Pi 2, Pc 5 events which were observed by
MAGDAS/CPMN and FM-CW radars simultaneously. For these events,
ionospheric perturbation correlated with ground magnetic field variation. In
the future, we will study longitudinal structure of ionospheric electric fields
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associated with geomagnetic phenomenon by using the FM-CW radars at
PTK, SAS, and MNL.
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