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Abstract: Characteristics of Pc 5 magnetic pulsations are analyzed with data
of OGO-5 and ISEE-1. Ground characteristics of Pc 5 are also reviewed to
discuss the correlations with those in space. The occurrence of Pc S in space in-
creases with an increase in the solar wind velocity, that is consistent with the result
of the ground observations. The most common Pc 5 pulsations observed at
OGO-5 tend to take place while the IMF is in the Parker spiral direction. The
toroidal modes (6Bp»dBy) of Pc 5 pulsations are observed at a higher magnetic
latitude and in a localized region of the dawn-side magnetosphere. The compres-
sional and poloidal modes (6B ~dBu>0Bp) of Pc 5 pulsations which penetrate
from outside into the inner magnetosphere are mostly observed near the magnetic
equator in the dusk-side magnetosphere. This local time asymmetry in the occur-
rence of dominant modes of Pc 5’s in space can be explained by the velocity shear
instability in the magnetospheric boundary layer with respect to characteristics
of Alfvénic waves in the IMF region and the relation between the IMF direction and
the Pc 5 occurrence in the magnetosphere. The asymmetrical behavior of Pc 5
pulsation activity on the ground across the noon meridian can be explained by the
screening effect in the atmosphere and the ionosphere, because of the suppression of
the compressional modes with a large horizontal wave number in the dusk-side
magnetosphere throughout the atmosphere and the ionosphere.

1. Introduction

The study of the characteristics of Pc 5 magnetic pulsations has been advanced
substantially in the last decade. This is due to the new techniques of measurement
such as the availability of extensive magnetometer chains (SAMSON et al., 1971 ; SAMSON
and ROSTOKER, 1972), multi-satellite observations (HUGHES et al., 1977, 1978 ; HUGHES,
1980) and auroral raders (UNwWIN and KnNox, 1971; McDIARMID and MCNAMARA,
1973; WALKER et al., 1978, 1979). These coordinated works led to strong theoretical
advances (INOUE, 1973; SoutHwooD, 1974; CHEN and HASEGAwA, 1974; HUGHES,
1974, HuGHES and SOUTHWOOD, 1976a, b; TamAo0, 1978; SoutHwooD and HUGHES,
1978). Long-period magnetic pulsations in the daytime are generally con-
sidered to be a local field line oscillation based on the idea of a steady state resonance
coupling between a monochromatic surface wave excited at the magnetopause due to
Kelvin-Helmholtz instability (and/or other mechanism) and a shear Alfvén wave in the
magnetosphere. However, new questions are also pointed out by several workers
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(Gupta, 1976; YumoTto and SAKURAIL 1977; LAaM and ROSTOKER, 1978). There are
strong local time asymmetries in the level of Pc 5 activity on the ground and in the
variance direction of Pc 5 magnetic pulsations in the magnetosphere (see Figs. 5, 7 and
13). There is no a priori reason for a instability to be asymmetrically excited on the
magnetopause, thus, further research is required to explain the asymmetric behaviors
of Pc 5 pulsations across local noon in the magnetosphere.

The aim of the present paper is to clarify the asymmetric behavior of Pc 5 magnetic
pulsations in the magnetosphere and to attempt an interpretation of that with respect
to both the review of the results from the ground observations and the analysis of Pc 5
pulsation from in situ observations. First we will indicate the relations between Pc 5
occurrence and the solar wind parameters. Occurrence characteristics of Pc 5 pulsa-
tions in the magnetosphere will be presented in Section 3, where the effect of the iono-
sphere and the atmosphere on the propagation of the magnetospheric signal to the
ground will be also discussed. Wave characteristics of Pc 5 magnetic pulsations in
space will be analyzed by examining the correlation between ground and satellite data.
The observational results of Pc 5 pulsations will be summarized and theoretically discuss-
ed in the final section.

2. Relation of Solar Wind Parameters to Pc 5 Occurrence

Much attention has recently been given to the relationship between hydromagnetic
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Fig. 1. (a) Scatter plots of ground magnetic field energy (hourly averages) and the cone angle
O0xg (hourly averages) of the IMF for three period bands.
(b) Scatter plots of ground magnetic field energy (hourly averages) and the solar wind velo-
city Vsw (hourly averages) for three period bands (after WoLFE et al., 1980).
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Table 1. Details of selected Pc 5 pulsations observed by OGO-5. Pc 5 in magnetosphere (OGO-5,
1968-1969).
Event uT LT L [1)] Kp AE

(1968)

May 8 0820-0940 0650 11.0 14.5° 2— 168
0950-1100 0710 8.9 13.5

May 18 1950-2020 0620 8.1 -7.0 3+ 416

May 21 1050-1140 0630 7.6 11.0 2+ 282

May 31 1920-1950 0520 9.0 —-7.0 3— 173
1950-2030 0530 8.3 -9.0

Oct. 19 0200-0300 (1950) 14.3 (7.3) 1— 107
0300-0400 (2000) 12.4 ¢.1D

Oct. 21 1230-1305 (1925) (17.8) 2.5 1— 37
1350-1420 (1930) 16.7) 2.3)
1445-1530 (1935) (15.9) 2.0)
1640-1715 (1940) (14.49) a.7m
1715-1800 (1945) (13.6) 1.4
1820-1950 (1955) (12.4) a.n

Oct, 27 0030-0230 1945 9.5 5.0 3— 133

Nov. 1 0510-0530 (1930) (11.4) (—2.5) 3— 107
0530-0610 (1940) (11.2) —4.5

Now. 11 1410-1510 (1840) (12.1) (—10.0) 3— 275
1410-1510 (1840) 12.1) (—10.0)

Nov. 29 2150-2220 1805 8.0 —0.1 0, 20
2220-2250 1815 7.4 —2.0

(1969)

Jan. 16 0020-0100 0835 8.5 30.3 2, 118
0100-0140 0900 9.5 29.2
0120-0210 (0920) (10.2) 28.1

Feb. 18 1310-1340 1220 8.5 —11.0 0+ 37
1350-1420 1240 7.8 —13.0

Feb. 26 0930-1020 1225 8.1 —28.0 3— 245

Mar. 3 23100000 (0650) (13.1) 26.3 0+ 46

Mar. 4 0010-0050 (0715) (14.4) (24.0) 0o 45
0104-0150 (0730) (16.0) (21.0)

Apr. 1 0530-0630 1100 8.6 40.0 2+ 289

Apr. 14 0400-0600 0930 8.3 32.0 2+ 103

Apr. 27 0404-0440 (0810) (10.3) —27.8 3— 290
0450-0530 0840 9.2 —30.9

May 23 0125-0205 (0550) (13.6) —17.6 2, 138
0205-0245 (0557) (12.5) —17.9
0245-0325 (0610) (11.3) —20.0
0400-0430 0635 9.6 —22.5
0445-0515 0650 8.8 —24.0
0525-0600 0730 8.0 —27.0

May 25 1635-1715 (0520) (12.2) (—13.8) 1+ 121
1715-1740 (0530) (13.1) (—16.5)

Nov. 2 1735-1805 (1850) (16.0) (5.0 3— 772
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Table 1 (continued).
_a_ P, _Pg  Variance  period -
Event £=2"p 0 P.+P; P, Izgyrvze)r T Polarization
(s)
(1968)
May 8 0.65 —11.4° 0.84 0.14 3.2x10! 375 L
0.62 —12.4 0.84 0.16 1.9 10t 270 conf.
May 18 0.20 28.6 0.60 0.44 1.9 10! 270 conf.
May 21 0.79 —18.0 0.94 0.13 1.6 10® 270,230 R
May 31 0.62 14.9 0.55 0.17 1.0 10! 170 conf.
0.65 —20.1 0.79 0.20 1.9 10* 210 conf.
Oct. 19 0.51 43.7 0.32 0.49 2.2 10! 540 L
0.49 9.7 0.35 0.23 1.6 10! 400 R
Oct. 21 0.30 87.4 0.08 0.67 5.0 10* 420 R
0.51 —55.7 0.13 0.61 7.0 10! 400 R
0.68 —71.2 0.44 0.83 2.5 10t 400 R
0.23 —74.4 0.35 0.61 2.3 10t 360 R
0.42 —59.5 0.54 0.62 0.9 10! 450 R
0.44 —73.3 0.65 0.72 1.1 10! 360 R
Oct. 27 0.39 5.2 0.52 0.28 3.2 10t 600 R
Nov. 1 0.47 —50.2 0.19 0.55 9.3 10! 300 L
0.57 —61.4 0.24 0.69 2.9 10! 375 L
Nov. 11 0.58 —69.2 0.40 0.76 3.2 10! 500 conf.
0.8 10! 210 L
Nov. 29 0.41 20.6 0.92 0.32 0.4 10t 300 Rand L
38 4.7 0.96 0.28 1.3 10! 400 L
(1969)
Jan. 16 0.26 —4.2 0.93 0.35 7.2 10* 320 L
0.23 16.1 0.92 0.39 0.6 10! 440 L
0.51 16.4 0.92 0.24 4.3 10! 530 L
Feb. 18 0.65 47.5 0.98 0.53 0.4 10! 260 conf.
0.40 27.9 0.94 0.37 1.6 10! 210 conf.
Feb. 26 0.67 —19.9 0.97 0.19 2.6 102 430 R
Mar. 3 0.63 22.8 0.86 0.23 1.7 10! 450 L and R
Mar. 4 0.45 —2.1 0.84 0.23 1.3 10! 420 L
0.75 38.9 0.64 0.41 1.7 10! 450 L
Apr. 1 — — — — —_— — —
Apr. 14 — — —_ — — — — —
Apr. 27 0.66 18.5 0.73 0.18 5.2 10t 310 L
0.70 17.3 0.88 0.16 8.1 10! 310 L
May 23 0.84 32.2 0.89 0.29 1.0 102 420 L
0.56 33.0 0.70 0.36 6.0 10! 420 L
0.63 10.6 0.78 0.15 1.1 102 420 L
0.87 25.5 0.92 0.20 5.8 102 330 L
0.82 24 .4 0.93 0.19 1.3 102 300 L
0.85 14.5 0.96 0.08 1.4 102 280 L
May 25 0.54 82.1 0.74 0.81 5.9 10t 370 conf.
0.64 38.5 0.76 0.41 1.7 102 370 conf.
Nov. 2 0.63 —85.0 0.11 0.88 1.2 102 360 L
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energies measured on the surface of the earth and interplanetary parameters (GUL’ELMI,
1974; WEBB and ORR, 1976; SINGER et al., 1977; WEBB et al., 1977). GREENSTADT et al.
(1980), reviewing the evidence, indicated that for control by the solar wind, the two im-
portant and independent parameters are Vyyw, the solar wind velocity and @ggz(=cos™
| Bx|/B) the cone angle of IMF, where By is a component of IMF in the direction of
Sun-Earth line and B expresses the total value. WOLFE et al. (1980) demonstrated
that the solar wind velocity effect is important for producing dayside ground-based
magnetic field energy in the Pc 3-5 range. A higher solar wind velocity produces the
magnetic variation energy. The instability driven by the solar wind flow at the magne-
topause is more likely to occur at higher solar wind velocities, thereby leading to hydro-
magnetic wave generation that is subsequently detected at the earth’s surface (SouTH-
wooD, 1968; YuMoTro and SAITo, 1980). WOLEFE et al. (1980) also showed that the
dependence of hydromagnetic wave energy on @xp was fairly apparent in the Pc 3-4
range, whereas Vg was correlated mostly with the Pc 5 range activity, where the
0 x5 effect was not apparent as shown in Fig. 1.

We present here the relations between the occurrence of Pc 5 pulsations observed
in space and the solar wind parameters. Hourly averages of the solar wind velocity
and the direction of the IMF, while Pc 5 pulsations were measured by OGO-5, refer to
the interplanetary medium data book (KING, 1977). Table 1 gives characteristics of
selected Pc 5 pulsations observed by OGO-5. The dependence of Pc 5 occurrence on
the solar wind velocity is shown in the right panel of Fig. 2. The occurrence of Pc 5
pulsation in the magnetosphere increases with an increase in the solar wind velocity. The
relation with velocity suggests that Pc 5 occurrence should be connected in some way
with the stream structure of the solar wind. The key parameter for the Kelvin-Helm-
holtz model is the solar wind speed. A surface separating two fluids can be excited to
produce growing waves if one fluid flows along the surface with sufficient velocity rela-
tive to the other. The instability grows when the relative velocity is above a threshold
speed. This result is in agreement with that of the ground-based observation, there-
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Fig. 2. Relation between Pc5 occurrence in space and solar wind parameters.
(@) IMF direction (hourly averages) while the Pc 5 pulsations were observed by OGO-5.
(b) Solar wind velocity (hourly averages) and the frequency of Pc 5 occurrence in space.
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fore, Pc 5 magnetic pulsation is more likely generated by the instability driven by the
solar wind flow at the magnetopause. In addition to this ‘“velocity effect”, it is found
that the most common Pc 5 pulsations in space are correlative with the IMF direction
coincident with that of the Parker spiral as shown in the left panel of Fig. 2. The rela-
tion between the occurrence characteristic of the Pc 5 polarization and the IMF direc-
tion will be theoretically discussed later.

3. Occurrence Characteristics of Pc 5 Magnetic Pulsations

In the last decade, in situ observations have revealed the existence of various modes
of Pc magnetic pulsations in the magnetosphere (BARFIELD et al., 1972; BOSSEN et al.,
1976a, b; YumMoto and SAKURAIL, 1977; KOKUBUN et al., 1977; HUGHES et al., 1978;
KokUBUN, 1980). Statistical studies have shown that most of Pc 3-5 pulsations can
be classified into the two types, i. e., transverse and compressional pulsations. ARTHUR
et al. (1977) and ARTHUR (1978) had also classified the Pc 3-5 pulsations into the two
types, azimuthally and radially polarized pulsations, according to the orientation of the
wave ellipse. These azimuthal and radial Pc 5 pulsations mostly have transverse and
compressional components, respectively, which will be demonstrated in Fig. 14.

The data used in this study were from the University of California, Los Angeles,
triaxial fluxgate magnetometers on OGO-5, ISEE-1 and -2 satellites. Analog data of
OGO-5 in the solar-magnetospheric coordinates had been provided by the National
Space Science Data Center through the World Data Center-A. Analog data of ISEE-1
and -2, which were represented by four-second average data in the solar-ecliptic coordi-
nates, are by courtesy of Prof. C. T. RusseLL, UCLA. In order to obtain clear Pc 5
wave characteristics observationally, we had to put the following three criteria on the
data sampling: (1) The data were chosen where the OGO-5, ISEE-1 and -2 satellites
were in the dayside magnetosphere and in the outer flanksides (L >10) between ~0400
and ~2000 LT. The data in the midnight sector were excluded in the present study.
(2) In order to avoid contamination by Ps 6 type Pi 3 events (Saito, 1978; Sarto and
Yuwmorto, 1981) having the irregular, burstlike appearances of Pi 2 magnetic pulsations
as seen on the ground were also excluded from consideration. (3) Pc 5 events whose
amplitudes are larger than ~3 nT were selected to avoid artificial noise caused by data
processing. Being restricted by the above-mentioned three severe conditions, we could
select 40 events of OGO-5 during 21 months from March 1968 to November 1969 and
20 events of ISEE-1 and -2 during 4 months from November to December 1977 and from
July to August 1978 as shown in Tables 1 and 2, respectively.

Figure 3 indicates two typical examples of the transverse and compressional Pc 5
pulsations observed by ISEE-1 in the dawn-side and the dusk-side magnetosphere,
respectively. The transverse modes have no fluctuations in total component of the
magnetic field, and the compressional modes have large fluctuations in the total com-
ponent. In general, the transverse Pc 5 on the dawn side tends to be observed in a
localized region of the magnetosphere, and the compressional Pc 5 on the dusk side
measured continuously from outside to inside the magnetosphere as shown in Fig. 3.
The total powers (|0B|?) of Pc 5 magnetic pulsations, which will be defined in the next
section, are shown in Fig. 4 against the L-values where Pc 5 pulsations were observed



Table 2. Characteristics of selected Pc 5 pulsations observed by ISEE-1 and ISEE-2.

Date UT LT L o T P,/Pitay 0By 06Bx 0By 0Bz F By By By Polarization
s nT nT nT nT nT nT nT nT
Nov. 22, 1977 20102035 06 00 10 20° 320 099 0.2 2.0 1.2 0.4 56 —6 48 33 L
2110-2150 06 30 11.3 19 330 0.51 4.4 4.4 40 2.0 32 -7 20 23 L
2300-2325 07 00 13.6 18 230 0.24 4.6 2.3 1.2 4.6 22 —6 8 18 L
Nov. 25, 1977 06300710 07 20 14.8 32 600 0.84 2.0 2.5 1.8 4.0 31 —8 27 13 lin.
Dec. 7, 1977 0430-0530 06 15 12.6 31 570 0.98 0.6 2.0 1.1 4.0 48 2 48 7 L
05300700 06 45 ~16 33 640 0.94 3.0 7.0 3.0 9.0 24 2 24 5 L & lin.
Dec. 14, 1977 07000800 05 00 12.3 41  340-550 — —_ - — 7.0 200 70 200 10 —
08000900 05 30 16.5 41 570 0.98 0.8 4.6 1.6 4.0 82 21 80 2 lin,
Dec. 28, 1977 1600-1800 03 45 10.7 22 500 0.92 6.0 10.0 16.0 10.0 54 34 36 14 L
July 19, 1978 0920-1000 18 10 13.2 —15 450 0.04 8.0 2.5 3.6 7.0 15 1 6 13 R
1030-1100 18 15 12.4 —17 300-450 0.19 100 1.8 7.5 8.0 25 1 13 22 L
1110-1230 18 20 11.3 —19 600 0.04 120 2.5 8.5 8.5 34 1 22 27 L
July 24, 1978 01000300 17 45 >15 19 900 0.18 25.0 6.0 25.0 10.0 25 7 —16 16 R
0300-0430 18 00 14.5 5 820 0.54 160 5.0 21.0 10.0 25 6 —10 16 R
04300600 18 20 11.3 —10 600 0.35 10,0 2.0 100 7.0 27 4 2 26 R
0600-0730 18 40 9.0 —19 450 0.04 140 2.5 6.5 12.5 35 0 15 30 L
July 26, 1978 1200-1230 17 20 16.2 —11 450 0.06 40 2.0 2.0 3.0 15 7 —4 13 lin.
1235-1410 17 30 13.7 —11 360-450 0.26 8.0 3.5 50 7.0 15 7 -2 13 R
Aug. 5, 1978 03000500 17 35 11.5 —6 250450 0.81 15.0 7.0 30.0 15.0 24 2 0 23 R
0500-0540 17 45 10.5 —11 410 0.06 12,0 5.0 8.0 8.0 34 0 18 28 L
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Fig. 3. Typical examples of a transverse Pc 5 in the dawn-side magnetosphere and a compres-

Fig.
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L-value dependence of the variance power of Pc 5 pulsations observed by OGO-5. Left-
and right-panels indicate Pc 5’s in the dawn-side and in the dusk-side magnetosphere, re-

spectively.

Pc 5 and the L-value in the dawn side and a positive correlation in the dusk side.

results in Figs. 3 and 4 would lead one to believe that Pc 5 pulsations in the dusk side

are compressional waves which penetrate from outside to inside the magnetosphere.
The magnetic variance ratios (P,/P, -+ P,) of Pc 5 pulsations observed by ISEE-1

The variance powers of Pc 5 on the dusk side are comparable to those on
It is also interesting to note no relation between the total power of
These
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VARIANCE DIRECTION
OFPcS IN THE MAGNETOSPHERE
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Fig. 5. Local time dependence of the variance direction (P,/P,+ Py) of Pc 5 pulsation in space.
A diamond and a circle express Pc 5’s observed by ISEE-1 and by OGO-5, respectively.
Black and white ones stand for Pc 5 pulsations observed at higher magnetic latitude and
near magnetic equator.

and OGO-5 are shown in Fig. 5 against local time and magnetic latitude, where P, and
P, stand for variance powers normal (6B,)? and parallel (6 B,)* to the ambient magnetic
field, respectively. The transverse modes are represented by (P,/P, +P,)~ 1.0, and the
compressional modes by (P,/P,+P,)~0.0, where the derivation is represented in
Figs.9,10and 11. A diamond and a circle express Pc 5 pulsations observed by ISEE-1
and OGO-5, and black and white ones stand for Pc 5 pulsations at higher magnetic
latitude (@ >20°) and near magnetic equator (@ <20°), respectively. It is found that
the transverse modes in the Pc 5 frequency range dominate in the dawn sector, and the
compressional modes are mostly observed in the dusk sector. It should also be worth
mentioning that latitudinal structure of hydromagnetic waves in space must be consider-
ed in interpretation of statistical characteristics such as the local time dependence of
occurrence. The transverse modes are observed at higher magnetic latitude, and the
compressional modes near magnetic equator. Trajectories of OGO-5 and ISEE-1
observing Pc 5 pulsations are drawn in local time-L-value and magnetic latitude-
radial distance projections, respectively (Fig. 6). The transverse pulsations are express-
ed by solid lines, and those of the compressional pulsations by dotted lines. The
occurrences of the transverse and the compressional Pc 5 pulsations have a maximum
around 0700 LT and @>20° and a peak around 1900 LT and ®<20°, respectively.
There is no dawn-dusk asymmetry in the OGO-5 trajectory, that had been confirmed
with the OGO-5 Ephemeris provided by the World Data Center-A. OGO-5 also made
many trajectories at higher latitude in the dusk-side and near the magnetic equator in
the dawn-side magnetosphere. Therefore, the dawn-dusk asymmetry of the Pc 5 oc-
currences must be due to an excitation and/or a propagation mechanism of Pc 5 pulsa-
tion in the magnetosphere.

If Pc pulsations are the fundamental mode of standing oscillations along the field
line, the transverse magnetic component should not be measured on the equatorial
plane (c¢f. Fig. 6). Such a feature was first noted in the survey of Pc 5 pulsations by
KOKUBUN et al. (1976, 1977). They found that transverse Pc 5 pulsations were not
detected near the magnetic equator (#<10°). SINGER and KIiveLsON (1979) have
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PROJECTION OF OGO-50RBITS FOR Pc5 EVENTS
(MARCH 1968 —— NOVEMBER 1969)
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Fig. 6. Trajectories of OGO-5 and ISEE-1, while Pc 5 pulsations were being observed, in local time-
L-value and in magnetic latitude-radial distance projections. Solid and dotted lines express
the transverse and the compressional Pc 5 pulsations, respectively.

further examined the latitudinal structure of Pc 5 wave by using simultaneous magnetic
field and ion flux data. HUGHES et al. (1978) demonstrated that the azimuthal wave-
number of the transverse wave (i. e., azimuthal mode) in the dawn sector is smaller than
that of the compressional wave (i. e., radial mode) in the dusk sector, as shown by multi-
satellite observations. Theory of eigen-oscillation, which is discussed by Yumoto
and SaITo (1982), predicts that long-period pulsations with small azimuthal wavenumber
correspond to the standing resonance oscillations, and long-period pulsations with
large azimuthal wavenumber to an evanescent compressional wave in the magneto-
sphere.

On the other hand, the use of arrays of closely spaced magnetometers on the ground
in the early 1970’s revealed the spatial characteristics of Pc 4-5 pulsations (SAMSON
et al., 1971) and would appear to provide powerful support for an instability driven
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by the solar wind as a source of the pulsation energy. However, there is a strong local
time asymmetry in the level of Pc 4-5 activity with a preponderance of activity observ-
ed in the pre-noon sector and the activity level being clearly suppressed in the post-
noon sector as shown in Fig. 7 (after KOKUBUN and NAGATA, 1965; cf. figure of GUPTA,
1976). There is no a priori reason for an instability driven by the solar wind on the
magnetopause to be preferentially excited on the pre-noon flank as opposed to the post-
noon flank. Some of magnetic pulsations in the post-noon magnetosphere have not yet
been identified on the ground (BAIRFIELD and MCPHERRON, 1972a, b; HEDGECOCK,
1976). Thus, theoretical research is needed to explain the asymmetric behavior of
pulsational activity across the noon meridian. Theoretical considerations of the screen-
ing of magnetospheric signals by the atmosphere and the ionosphere have indicated
that the ground observations are limited to detecting magnetospheric signals of a hori-
zontal scale length less than ~120 km at the ionospheric level (HUGHES and SOUTH-
wooD, 1976a, b). If the Hall conducting region above a height # in the ionosphere
is of thickness d, we have approximately the ratio of the perturbation field (6Bg) on
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Fig. 7. Local time asymmetry in the level of Pc 4-5 activity on the ground.
(@) Local time dependence of the mean horizontal range at College. Black circle;
counterclockwise pulsation, open circle; clockwise pulsations (after KOKUBUNand NAGATA,
1965). (b) Amplitudes of Pc 5 pulsations at a high latitude (Baker Lake), and two
auroral oval (Churchill and Great Whale River) stations (after GUPTA, 1976).
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the ground to the field (0B}) with wavenumber k in the magnetosphere as the following
equation;

(0B3[oBY)=—e " (Tu/Tp)[1+(kd/2)], (1)

where Yy and X'y are the height-integrated Hall and Pedersen conductivities, respec-
tively. Typically, d~20 km and 4~ 120 km, the ratio of the ground magnetic field to
the magnetospheric field is thus roughly e **3 /3, for k>(120 km)~!, and short-
horizontal scale disturbances are reduced in amplitude on the ground as shown in Fig.
8  Therefore, the activity level of the compressional Pc 5 pulsations with large hori-
zontal wavenumber in the post-noon magnetosphere as illustrated in Fig. 5 is expected
to be suppressed on the ground as shown in Fig. 7. Moreover, HUGHES et al. (1978)
demonstrated that the azimuthal wavenumber of the azimuthal mode in the dawn
sector is smaller than that of the compressional mode in the dusk sector. The asym-
metric behavior of pulsational activity on the ground across the noon meridian can be
explained by the screening effect in the atmosphere and the ionosphere.

It is summarized that the transverse modes of the Pc 5 pulsations tend to be observ-
ed at higher magnetic latitude in the dawn-side magnetosphere, and the compressional
modes which penetrate from outside to inside the magnetosphere are mostly observed
near magnetic equator in the dusk-side magnetosphere. The compressional modes
with large wavenumber in the post-noon magnetosphere can be suppressed on the
ground. The asymmetric occurrence of dominant modes in the magnetosphere is
important in understanding the driving mechanisms for Pc 5 pulsations and will be
theoretically discussed in the final section.
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4. Wave Characteristics of Pc 5 Magnetic Pulsations

Wave characteristics of Pc 5 pulsations observed by OGO-5 in the magnetosphere
are first analyzed to know about polarization properties of Pc 5 pulsations, which are
associated with the generation and propagation mechanisms in space. The three-
component analog magnetograms of OGO-5 were expanded and digitized with a semi-
automatic digitizer, Graf/Pen, with a sampling period of 30 s. The digitized magneto-
grams in the SM coordinate system were then transferred into a magnetic field line
coordinate system as illustrated in Fig. 9. In the magnetic field line coordinates (B,,
D, H), the By-axis is taken parallel to the local geomagnetic field, the D-axis azimuthally
westward perpendicular to the B,-axis and the Zgy-axis, and the third H-axis, defined
by ex=ep X ep , nearly radial outward from the center of the earth through the satel-
lite near the magnetic equator. The transferred data in the (B,, D, H)-coordinates

 Be
€., 18,1

en=€pXeEp,

Xsm

Fig. 9. A magnetic field coordinates system (By, D, H). Bg-axis is parallel to the ambient magnet-
ic field, D-axis azimuthally westward normal to the By-Zgy plane, and H-axis defined by
eg=ep X ex,, i. e., radial outward from the center of the earth through the satellite position
near the magnetic equator.

JAN. 16,1969 OGO-5

oo \ 0100 0200UT 03 o  ers

LT & L

Fig. 10. Time-amplitude records of Pc 5 in the solar-magnetospheric coordinates while OGO-5
orbit was outbound in the dawn sector.
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system were subjected to power spectral and polarization analyses.

Figure 10 indicates an example of time-amplitude records of the selected Pc 5 event
in the SM coordinates obtained at OGO-5, whose orbit is shown to be outbound in the
dawn sector for the two hours from 0030 to 0230 UT on January 16, 1969. It is clearly
recognized to be difficult to identify the dominant mode of the Pc 5 magnetic variations
in the SM coordinates, which can easily be examined by comparing the variance powers
in the (B,, D, H)-coordinates. After the digitized magnetograms in the SM coordi-
nates are transferred into the (B,, D, H)-coordinates, the trends of the transferred data
are removed in the input time series by the least mean squares fitting of a second order
polynomial as shown in Fig. 11a. Amplitudes of the Pc 5 event are larger in D and H
than in B,. The variance direction of the Pc 5 event is nearly confined to the plane
normal to the local magnetic field. Magnetic pulsation of this type can be categorized
as a transverse mode. The polarization analysis was given by drawing disturbance
hodographs in the H-D plane. The hodograph of the Pc 5 event indicates the left-
handed polarization. Power spectra of the Pc 5 pulsations observed by OGO-5 were
also obtained to examine the power ratios of (P,/P,+ P,) and (Py/P,), and the domi-
nant period as illustrated in Fig. 11b, where P, = Py -+ P, and P,, P, and Py are power
spectra in the B,-, D- and H-directions, respectively. The total power of Pc 5 magnetic
variations is defined as P, ,,;=P,+P,, i.e., (0B,0101)*=(0B,)*+(0B,)*. Figure 12
shows two typical examples of time-amplitude Pc 5 pulsations in the magnetic field
coordinates on the dawn-side and the dusk-side magnetosphere, respectively. The
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Fig. 11. (a) The transferred Pc 5 event from Fig. 10 is represented in the magnetic field coordi-
nates. The hodograph in the H-D plane is also shown in the lower panel.
(b) Power spectra of the By, D-, and H-components are obtained by MEM method.

amplitudes are large in D, i.e., azimuthal direction on the dawn side and in B,, i.e.,
parallel to the ambient field on the dusk side. The major axes of Pc 5 pulsations in the
H-D plane are nearly in the D-direction (azimuthal mode) on the dawn side and in H-
direction (radial mode) on the dusk side, respectively. The five curves below are the
total power (0B}.a1), power ratios (P,/P,+P,) and (Py/P.), the ellipticity (¢) and the
angle (6) between the major axis and the D-axis.

Local time dependence of the variance direction, i.e., the direction of the major
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Fig. 12. Two typical examples of time-amplitude Pc 5 pulsations in the magnetic field coordinates
in the dawn-side and in the dusk-side magnetosphere, respectively. The five curves in the
lower panel express the total power (6B},,,,), power ratios (P,/P, +Py) and (Pu/P,), the
ellipticity (¢) and the angle (0) between the major axis and the D-axis, respectively.

® |BI>10°
107—{QIBIS10
p oo L
o o®
%. o % W * o
° 8 [¢)
.
Po o.o o © ®
P % * o
] ®
~ O%
A o
4 o
Ot—T— 7T T T L L EL S A S YT
00h 03 06 09 12 15 18 21 23
LOCAL TIME

Fig. 13. Local time dependence of variance direction of Pc 5 in the H-D plane. Black and white

circles stand for Pc 5 events which were observed by OGO-5 at the higher magnetic lati-
tude and near the magnetic equator, respectively.

axes of Pc 5 pulsations in the H-D plane can be interpreted as a function of the power
ratio (Pp/P,) as shown in Fig. 13. We find a strong local time asymmetry in the vari-
ance direction of Pc 5 in the magnetosphere, i.e., the azimuthal Pc 5 pulsations dominate
in the pre-noon sector and the radial pulsations are mostly observed in the post-noon
sector. The relation between the major axis of the perturbation fields in the H-D
plane and the power ratio of the normal component to the total variance power is rep-
resented in Fig. 14 against (Pp/P,) vs. (P,/P,+P;). The transverse Pc 5 pulsations
in the pre-noon magnetosphere have a significant azimuthal component, and the com-
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Fig. 14. Relation between the variance
direction in the H-D plane and
O T v T T T T the variance power in the

05 10 . .
P.7 P+P, B, direction.

pressional Pc 5 pulsations in the post-noon magnetosphere have a large radial com-
ponent as compare with the transverse pulsations. The transverse and azimuthal Pc 5
pulsations in the dawn-side magnetosphere and the compressional and radial Pc 5
in the dusk side correspond to the toroidal and poloidal oscillations of a local field line
(DUNGEY, 1954 ; CUMMINGS et al., 1969; YUMOTO et al., 1983), respectively.

SAamsoN (1972) showed the diurnal characteristics of the H-D components of the
Pc 5 events at a line of magnetometer stations extending from 58.5°N to 78°N cor-
rected geomagnetic latitude as shown in Fig. 15a. The diurnal changes in the Pc 5
polarization angles in the H-D plane indicated that the polarization was elliptical at
the demarcation line with a preference for polarization in the H-direction in the interval
0000-0800 UT (1530-2330 local geomagnetic time) and in the D-direction in the interval
1200-2000 UT (0330-1130 LGT), respectively. At the lower latitude than the demarca-
tion line the polarization ellipses of Pc 5 pulsations were oriented in the H-direction
throughout most of the daytime. The latitudinal structure of Pc 5 polarization changes
on the ground in the morning is in agreement with the theoretical prediction that a
strong azimuthally polarized perturbation including a small radial component in space
becomes a radially polarized field across the resonance region (i. e., near the demarca-
tion line) and a azimuthally polarized field at the resonance region on the ground
(Soutnwoob and HUGHES, 1978). From the top to the lowest panels, Fig. 15b shows
North-South profiles of the magnitudes of the horizontal magnetic field components
above the ionosphere and the three magnetic field components on the ground, and the
phase of the fields on the ground relative to that of b, above the ionosphere. As only
the Alfvén-mode wave is considered to be incident, the magnetic perturbation vector is
rotated through 90° in the counterclockwise direction when viewed toward the ground.
They also show that large vertical components on the ground can beinduced in geomag-
netic pulsation signals, because of the localized nature of the source and the require-
ment of -b=0 in the atmosphere. Recent in situ observations of Pc 5 pulsation have
been correlated with the ground observations. However, there are two examples of the
ground waves having a large amplitude in the H-component or in the D-component
while the wave amplitudes in the dawn-side magnetosphere dominate in the azimuthal
component (KokuBuN, 1980; HILLEBRAND and MCPHERRON, 1980). The com-
pressional and radial waves in the dusk-side magnetosphere have not been identified on
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the ground. The sample size was not large enough for satisfactory statistics especially
concerning the latitudinal structure of Pc 5 polarization. Thus, future observational
and theoretical researchs are needed to explain the changes of the variance directions
on the ground and in space across the demarcation line and the noon meridian.

The earlier suggestion by KATo and Utsumi (1964), that the sense of polarization
reversed across local noon, was based on uncertain results for post-noon pulsations (see
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Fig. 16). A later examination indicates a confused situation, where there is a slight
tendency (on a statistical basis), suggesting that for most events a polarization reversal
takes place on the ground. SAMSON (1972) demonstrated the diurnal changes in the
sense of polarization in the HA-D component of Pc 5 events observed on the ground as
shownin Fig. 17. Satellite observations (see Fig. 18) indicate that the left-handed polari-
zations and the right-handed polarizations of Pc 5 events dominate in the dawn-side
and in the dusk-side magnetosphere, respectively, that is in agreement with the polariza-
tion reversal on the ground across the noon meridian. The polarization reversal at
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Fig. 16. Polarizations in the H-D plane for Pc 5 pulsatzons at a high latitude (Point Barrow), an
auroral oval (College), and a sub-auroral zone (Sitka) observatory, respectively (after
KAaT0 and UTsumi, 1964).
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Fig. 18. Polarization distributions of Pc 5 pulsations in space. A diamond and a circle are
Pc 5 pulsations obtained by ISEE-1 and OGO-5, respectively. A white, a black and
a doubler indicate the left-handed, the right-handed and the confused polarizations,
respectively.
local noon and the large input of energy at Pc 5 frequencies on the dayside auroral oval
(LaM and ROSTOKER, 1978) suggest that the energy of daytime Pc 5 events originates
from a Kelvin-Helmholtz instability at the magnetopause (CHEN and HASEGAWA, 1974).
However, the latitudinal change in the sense of polarization on the ground, which is
marked by the demarcation line (near the maximum intensity curve in Fig. 17), cannot
be confirmed in the satellite data. Further study is needed to clarify the simultaneous
polarization distribution by means of appropriately separated multi-satellite ob-
servations. The observational and theoretical considerations for the latitudinal
behavior of Pc 5 pulsations both on the ground and in space are needed to clarify the
satellite-ground correlations. The local time asymmetries in the variance direction
and the sense of the Pc5 polarizationsin the magnetosphere will be theoretically
discussed later, that are strongly associated with the generation mechanism for long-
period pulsations at the magnetospheric boundary.
The latitudinal characteristics of Pc 5 frequencies had motivated considerable ex-
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perimental and theoretical works in attempts to understand the magnetospheric modes
of Pc 5 pulsations. Statistical studies by many worker (OBAYASHI and JACOBS, 1958;
OcGuTl, 1963; OL’, 1963 ; OBERTZ and RAsPopov, 1968 ; VOELKER, 1968) showed that the
periods of Pc 5 events on the surface increase with increasing latitude. These results on
the ground indicated the possibility that the preferential coupling of energy from an
instability driven by the solar wind at the magnetopause into magnetic shells occurs in
the inner magnetosphere. SINGER and KIVELSON (1979) indicated that Pc 5 periods in
the dawn side of the plasmatrough are generally consistent with the fundamental res-
onance period. The variations of Pc 5 periods with L-shell in both the dawn-side and
the dusk-side magnetosphere are summarized in Fig. 19. It is clearly found that the
rate of change of Pc 5 period with L-values in the dawn-side magnetosphere is approxi-
mately the same both with the observational results on the ground obtained by SAMSON
and RoOSTOKER (1972) and with the theoretical predictions of toroidal eigen-oscillations
(WARNER and ORR, 1979). The resuits of SAMSON and ROSTOKER (1972) discussed were
obtained using data from 1969 to 1970, whereas the in situ observations by OGO-5
were taken in 1968-1969. Although KATO and Sarro (1964) had shown that the rela-
tive sunspot number is an important parameter in determining Pc 5 period, all three
years have very similar sunspot numbers and so a comparison is quite straightforward.
The Pc 5 pulsations in the dusk-side magnetosphere have larger compressional com-
ponent (¢f. Fig. 5) and a poor correlation between the observed periods and the L-
values. The observational results here thus indicate that energy sources such as the
solar wind, or from instabilities at the magnetopause, are coupled into a toroidal eigen-
mode configuration within the dawn-side magnetosphere, and into a poloidal and com-
pressional penetrating-mode configuration within the dusk-side magnetosphere. The
local time asymmetry of the coupling modes with the solar wind sources will be theoreti-
cally discussed in the following section.

5. Summary and Discussions

In this paper satellite data are analyzed to clarify the characteristics of Pc 5 pulsa-
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Table 3. Summary of the characteristics of Pc 5 obtained by OGO-5 in the magnetos phere.

Spectrum Dominant-C;);;p. VLa titude

. .. Period Dominant
Power- Imer  Outer  gependence Polarization —77 i mode
%
Morning  Not clear 0B, >oBy Middle lat. L-handed 66 Clear Alfvén
side 0Bp» 0By 10°<|9| R-handed 7 7=80+25.4L mode
<30° Confused 27
Evening Power 0B, »0By 0By;»JB, Low lat. R-handed 57 Not clear Alfvén,
side =C- 0Bp»0Bg 0Bu>» 0By |9|<10° L-handed 36 magneto
100-36Z Confused 7 sonic
modes

tion, which have clues to the generation and propagation mechanisms in the magneto-
sphere. The ground characteristics of Pc 5 are also reviewed to discuss the correla-
tions with those in space. We can summarize the major results of these analyses, which
are tabulated in Table 3, as follows;

(1) The occurrence of Pc 5 in space increases with an increase in the solar wind
velocity, that is consistent with the result of the ground observations (WOLFEetal., 1980).

(2) In addition to (1), the most common Pc S pulsations in space tend to take
place while the IMF is in the Parker spiral direction.

(3) The toroidal modes (6Bp»dBy) of Pc 5 pulsations are observed at a higher
magnetic latitude and a radially localized region of the dawn-side magnetosphere. The
compressional and poloidal modes (6B ~dBy>0dByp) of Pc 5 pulsations which continu-
ously penetrate from outside into the inner magnetosphere are mostly observed near
the magnetic equator of the dusk-side magnetosphere.

(4) Because the compressional modes with a large horizontal wavenumber on the
dusk-magnetosphere are suppressed throughout the atmosphere and the ionosphere
(HuGHEs and SouTHwoOD, 1976a, b), the asymmetrical behavior of Pc 5 pulsation
activity on the ground across the noon meridian can be explained by the screening effect
on the atmosphere and the ionosphere.

(5) The latitudinal changes of the variance directions of Pc 5 on the ground in the
morning can be explained by the ionospheric modification of an Alfvénic signals in the
magnetosphere (SouTHwWooD and HUGHES, 1978), although, future researchs are needed
for satisfactory statics especially concerning the radial structure of Pc 5 pulsations in
space and the latitudinal structure on the ground in the afternoon.

(6) The local time asymmetry in the sense of Pc 5 polarization on the ground is
also confirmed in the satellite data. The radial change in the sense of polarization in
space has to be clarified by multi-satellite observations in the near future.

(7) The ratio of change of Pc 5 periods with L-values on the dawn-side magneto-
sphere is consistent both with those on the ground (SAMSON and ROSTOKER, 1972) and
with the theoretical prediction of toroidal eigen-oscillations (WARNER and ORR, 1979).
Pc 5 pulsations which have a large compressional component in the dusk-side magne-
tosphere indicate a poor correlation between the observed periods and the L-values.

From these results of the observational analyses, we can conclude that Pc 5 pulsa-
tions sources from instabilities at the magnetopause or in the solar wind are coupled
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into a toroidal eigen-oscillation at local field line within the dawn-side magnetosphere,
and into a poloidal and penetrating compressional oscillation in the dusk-side magneto-
sphere.

HuUGHES et al. (1978) recently showed phase differences between pairs of geosta-
tionary satellites (ATS-6, SMS-1 and SMS-2) for Pc 3-5 magnetic pulsations. In the
Pc 4-5 ranges the sign of the azimuthal wavenumber changes across local noon and is
consistent with phase propagation away from local noon toward the dawn and dusk
flanks. By means of data from an east-west array of three ground-based magnetometers
separated from each other by about 5° of longitude at geomagnetic latitude ~67°N,
OLsoN and RosTOKER (1978) also demonstrated the phase propagation of Pc 4-5 pulsa-
tions away from 1100 LT toward the flank sides. These results would appear to pro-
vide powerful support for a Kelvin-Helmholtz instability as a source of the pulsation
energy (SOUTHWOOD, 1968 ; CHEN and HASEGAwA, 1974). Daytime ULF pulsations in
the Pc 4-5 ranges are thought to be driven by surface waves on the magnetopause where
the bulk flow of solar wind has quite a strong velocity shear. Many workers (AUBRY
et al, 1971; LEDLEY, 1971; WoLFE and KAUFMAN, 1975; FAIRFIELD, 1976; MAUK et al.,
1980; HONES et al., 1981) presented evidence that surface waves of Kelvin-Helmholtz
type instabilities exist on the magnetopause. These observational works led to theories
of the instability driven by the velocity shear on the magnetospheric boundary (DUNGEY,
1955; SoutHwooD, 1968 ; McKENZIE, 1970; ONG and RODERICK, 1972; YumoTO and
SAITO, 1980; LEE et al., 1981 ; WALKER, 1981 ; MELANDER and PARkS, 1981). However,
there is a strong local time asymmetry in the variance direction of Pc 5 in the magneto-
sphere, i. e., the azimuthal Pc 5 pulsations dominate in the pre-noon sector and the
radial and compressional pulsations are mostly observed in the post-noon sector (see
Figs. 5 and 13). A more theoretical consideration is therefore required to explain the
local time asymmetry in the occurrence of dominant modes of Pc 5 pulsations in the
magnetosphere.

In the recent time YuMoTo and Saito (1980) presented expressions for the polari-
zation of the HM-wave driven by the velocity shear in the magnetospheric boundary
layer, where the complexity of the real physical system of the layer was simplified in
the paper and analytical study was restricted to shear flow (i. e., 0 In V;/dx>0 In p,,/
0x~0 In B,/dx). The ambient magnetic field B,(x) is parallel to the z-axis and the bulk
flow V,4(x) of the solar wind in the boundary layer is in the y-axis. Thus, the x-axis and
the y-z plane are nearly normal and parallel to the magnetopause, respectively. The
perturbation field 04 in the shear plasmas is modified by the velocity shear term (0V,/
0x) and expressed as follows;

dA=0A,f(k, V,[3x)5A" (2)

where 04, is the perturbation field in uniform plasmas. For the perturbed magnetic
field in first order, the polarization in the x-y plane is given by

(b5/b)=v5/v)+i(0V5/0x)[2=Re’ , (3)

where
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(v5/vx)=il(f2*— wi)(2* — 8,0} )(0 In 2/0x)k3!
— (2 —w)(Vi+V )k, (0 In v, /0x)]
[(2*— o) (P — 0l ,
with

'QEw“kyVOy ’ G)f&: Vﬁki ’ 0)§=[61(1+‘31)—1‘0)i ’
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The ratio of the transverse component to the total perturbed magnetic field is

Ibil2/|btom1[2:(l+|b2’2/|bllz)—l ’ ( 4 )
where

[62*/1b.[*=[i(3 In vx/0x)—ky(vs/v)l*kz*(1+ R .

A locally-shifted frequency 2 was introduced. The frequencies of Alfvén wave, the fast
and slow magnetosonic waves were represented by w, and wi, respectively. The
Alfvén and the sound speeds were also defined as ¥, and V,. They demonstrated that
a Alfvén-like (22,) HM-wave (T >40 s) has sufficient gain to be observed as a HM-
waveat the flank-side boundary layer. The sense of polarization and the variance direc-
tion of the Alfvén-like (£2,) wave are functions of the angle ¢=tan™'(k,/k;) of the k-
vector and the sign of the velocity shear (0V,,/0x=0). When an Alfvénic perturbation,
i.e.,0Vand dB | B, in an uniform plasma, propagates into the velocity shear plasma as
shown in Fig. 20a, the first-ordered perturbation A4 is polarized by the velocity shear
(0V,yy/0x=0). The dominant polarizations of the Alfvén-like perturbations in
the shear plasma are expected to be left-handed and toroidal (64,>0A4) mode in the
dawn side ((0V,;/0x)<0, ¢=tan~'(k./k;)>0) and right-handed and poloidal (64>
0A4;) mode in the dusk side ((0V,,/0x)>0, $>0) boundary layer. They indicated that
the £2,-wave shows a transverse mode with left-handed polarization in the dawn side
and a compressional mode with right-handed polarization in the dusk side boundary
layer, whenever signals of Alfvénic modes (DENSKAT and BURLAGA, 1977; BAVASSANO
et al., 1981) in the interplanetary medium penetrate into the magnetospheric boundary
layer along the Archimedean spiral, i.e., ¢=tan™'(k,/k;)>0 as shown in Fig. 20b. The
theoretical prediction for (¢ >0) is in agreement with the observational results (2), (3)
and (6) in the present paper. It is concluded that the local time asymmetry in the
occurrence of dominant modes of Pc 5 pulsations can be explained by the Alfvén-like
(2,) wave driven by the velocity shear instability (YumoTro and Sarro, 1980), when
signals of Alfvénic waves in the interplanetary medium (BAvAassaNoet al., 1981) penetrate
into the magnetospheric boundary layer along the Parker spiral direction as illustrated
in Fig. 2.

HoNEs et al. (1981) revealed that the pattern of vortical flow has a wavelength of
~20-40 Rg and moves tailward through the magnetosphere at speeds of ~200 km/s.
On the other hand, by applying single particle trajectory models to an ion trapping
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Fig. 20. (a) Schematical perturbation field 6A in the shear plasmas. Alfvénic perturbations (6-
Ay Lks and Biyy) are polarized by the velocity shear (0V,/dx) and become left-handed
and 6Ay>> 0Ax(toroidal) in the dawn-side and right-handed and 5A > A, (poloidal) in
the dusk-side boundary layer.

(b) Theoretical predictions of long-period hydromagnetic waves in the velccity shear
plasmas. Polarization and variance directions are functions of the sign of velocity shear
@V,/0x) and the angle of the k-vector [¢ ==tan~'(k./ky)].

boundary at the dayside magnetopause, FAHNENSTIEL (1981) demonstrated that longi-
tudinal standing waves occur on the boundary, having typical wavelengths of ~0.5 Ry,
amplitudes of 0.1 Ry, and period of 200-400 s. The results are inconsistent with models
of traveling waves moving tailward along the boundary. Therefore, further observa-
tional studies of the physical system of the magnetospheric boundary layer are needed
to examine the Kelvin-Helmholtz type instabilities and to consider a more realistic
mechanism of the long-period magnetic pulsation in the dayside magnetosphere.
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