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On Ultralow Frequency Waves in the Lobes of the Earth's Magnetotail 
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Motivated by Thermal Catastrophe Model (TCM) of Goertz and Smith (1989), we turn attention to 
ultralow frequency CULF) waves in the lobes, where waves are usually of relatively low amplitude. 
Remarkably little attention has been paid to characterizing the lobe spectra and the relation of lobe 
wave power to geophysical processes. In this paper we examine ULF waves (0.26 to 5 mHz or 3.2- 
to 64-rain periods) in the Earth's magnetotail lobe region (-10 • Xasst •< -23 RE) using data from 
the ISEE 2 flux gate magnetometer. The studies used all the tail data from the year 1978. Data from 
the ISEE 2 Fast Plasma Experiment (FPE) enabled us to exclude from the analysis all intervals not 
in the tail lobe region. The relation between the substorm activity, characterized by the AE index, 
and the wave power is also described. We find that the wave amplitudes at periods of -,,3 to 16 rain 
(-,,1 to 5 mHz) are below 0.8 nT for the transverse magnetic field components and below 0.6 nT 
for the compressional components -,,90% of the time. The amplitudes of lower frequency waves are 
somewhat larger. For waves with periods 16 to 64 rain (,-,0.26 to 1 mHz) the amplitudes are below 1 
nT for both the compressional and transverse components ,-,90% of the time. The wave amplitudes and 
the AE index, which characterizes substorm activity, are weakly correlated, the correlation coefficients 
being ,-,0.55 and -,,0.35, for the compressional and transverse components respectively. The correlation 
coefficients between the transverse wave amplitudes and the AE index change little when AE is taken 
for 1 hour prior to or subsequent to the hour in which the wave amplitude is measured. For the 
compressional component the correlation coefficient remains unchanged when AE is measured for the 
subsequent or simultaneous hour but decreases when AE is taken for the previous hour. A primarily 
statistical study of frequency-weighted power of ULF waves at frequencies of 1 to 5 mHz is provided. 
The probability is 50% (5%) of observing frequency-weighted power for the frequency range 1 to 5 
mHz in excess of 10 -4 nT 2 Hz (10 -3 nT 2 Hz). Three extended intervals in the lobe were selected for 
case studies. The largest wave amplitude we observed was about 5 nT which occurred when the AE 
index was higher than 1500 nT. The period corresponding to the largest wave amplitudes was -,,35 
rain (-,,0.48 mHz). Power spectra from three different substorm intervals are provided as examples of 
wave activity in the lobes. The power spectral density of all corrq>onents falls off as f-2 or faster. 
Statistical study by itself does not provide an appropriate test of the requirement on wave power 
for the TCM. Additional case studies using ground magnetometers to relate wave power to substorm 
phases will be needed to test the assumptions of the TCM. 

INTRODUCTION 

Ultralow frequency (ULF) magnetohydrodynamic waves 
have been characterized by statistical studies of spacecraft 
data in many parts of the magnetosphere [Hughes et al., 1979; 
Takahashi and McPherron, 1982; Takahashi et al., 1985; 
Higuchi and Kokubun, 1988; Anderson et al., 1990]. Waves 
with periods of the order of 1 min or longer are of particular 
interest because they couple flows and convey energy and 
momentum over vast distances. At quiet times, such waves 
can provide diagnostics of plasma conditions because they 
behave like normal modes with quasi-sinusoidal variations 
and slow decay. Although these waves can be important both 
dynamically and diagnostically, remarkably little is known 
about their characteristics in the outer magnetosphere (see, 
however, Hedgecock [1976] and Zhu and Kivelson [1990]). 
In the magnetotail, in particular, no systematic surveys exist. 
The magnetotail is important to energy transport between the 
solar wind and the inner magnetosphere. Waves can heat 
particles within some of the transitional regions such as the 
plasma mantle which lies just within the magnetopause or the 
plasma sheet boundary layer which separates the lobe and the 
plasma sheet. The streaming particles in the plasma sheet 
boundary layer and the central plasma sheet [Lui et al., 1983; 
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Eastman et al., 1984; 1985; Baumjohann et al., 1990] have 
been suggested as possible signs that wave heating occurs 
[Smith et al., 1986]. 

ULF waves in the Earth's magnetotail region can 
be generated by the Kelvin-Helmholtz instability on the 
magnetopause or in the plasma mantle [Chen and Hasegawa, 
1974; Southwood, 1974; Pu and Kivelson, 1983; Smith et al., 
1986], by plasma sheet thinning followed by expansion during 
substorms when the field direction changes from taillike to 
dipolelike [Behannon, 1970; Hru•'ka and HruJkovd, 1969, 
1970; Fairfield and Ness, 1970; Aubry and McPherron, 1971; 
Russell et al., 1971a, Meng et al., 1971, 1974], or even by a 
flapping motion of the tail in the solar wind [Ershkovich and 
Nusinov, 1972; Ershkovich et al., 1972]. 

Observations within the magnetotail of magnetic fluctuations 
or noise in the ULF band have been reported by Mihalov et 
al. [1970], Hru•ka and Hru•kovd [1970], Russell [1971b, 
1972], and McPherron et al. [ 1972]. Russell [1972] provided 
broadband wave spectra of the tail region that showed low 
wave power in the lobes compared with power in the 
plasma sheet. These previous observations were based on 
magnetic field data from spacecraft, but no particle data were 
used to define the plasma regime in which the spacecraft 
measurements were made. Basically, they all concluded that 
the ULF wave power in the lobes is low. However, in the 
absence of plasma data it difficult to identify intervals in the 
lobes unambiguously from magnetic data alone, so the wave 
power in the lobes may have been underestimated. 
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Recently, Smith et al. [1986] and Goertz and Smith [1989] 
argued that the ULF waves generated by Kelvin-Helmholtz 
(K-H) instabilities in the plasma mantle can propagate through 
the lobes into the plasma sheet, providing a heating mechanism 
for plasma sheet plasma. They use this mechanism to provide 
some of the energy required to initiate substorm activity. 
Their substorm model is referred to as the thermal catastrophe 
model (henceforth, TCM). The wave frequency band that 
Goertz and Smith [ 1989] mention as relevant to the substorm 
related heating is 1 to 5 mHz corresponding to ~3- to 16- 
min period. The wave amplitudes required are ~1 to 3 nT. 
TCM has led to great interest in determining whether K-H 
generated waves propagating through the lobes can contribute 
significant energy for substorms. 

The plasma sheet is dynamic, and in characterizing wave 
power from magnetometer measurements it is critically 
important to distinguish lobe intervals from intervals in 
the plasma sheet, the plasma mantle, or the magnetosheath 
because amplitudes can change greatly as waves propagate into 
different plasma regimes. In order to be certain that field data 
are actually measured in the lobe the plasma properties must 
be known. In this investigation we identified the lobe by using 
measurements of ion number density, energy density, and ion 
bulk velocity. We used these particle data to characterize the 
lobe plasma which is quite different from plasma in other 
regions, for example, the plasma sheet, the plasma mantle, the 
boundary layers, or the solar wind. 

After selecting the lobe data we calculated the ULF wave 
power in the frequency band ~0.26 to 5 mHz. We chose 
this frequency interval so that we could investigate the waves 
that were mentioned as relevant to the TCM in the initial 

discussions of Smith et al. [1986] and Goertz and Smith 
[1989] (~ 1 to 5 mHz) and so that we could also investigate 
the longer period waves (periods of ~35 min or frequency of 
~0.48 mI-Iz) that we found to be present during intervals of 
substorm activity. The upper frequency cutoff is particularly 
convenient because the ISEE magnetometer data that we 
analyze are routinely provided at 1-min resolution giving a 
Nyquist frequency of ~8.3 mHz. The upper limit of the 
wave frequency is below the Nyquist frequency, so there is no 
significant effect of frequency aliasing in the power spectra we 
obtain. In this paper we characterize the properties of these 
waves in the lobes and we relate their presence statistically to 
substorm activity as quantified by the AE index. 

]NSTR•ATION 

Magnetic field data were obtained from the flux gate 
magnetometer [Russell, 1978] and the particle data were 
obtained from the Fast Plasma Experiment (FPE) [Bame et 
al., 1978] both on board the International Sun-Earth Explorer 2 
(ISEE 2) spacecraft [Ogilvie eta/., 1978]. The spacecraft was 
launched on October 22, 1977, into an elliptical orbit with an 
apogee of 23 RE and an orbital period of 57 hours. The apogee 
was in the tail region during March and April; the inclination 
was ~27 ø during the first few years which provided a good 
opportunity to obtain data at relatively large distances from 
the neutral sheet. We use the auroral electrojet (AE) index to 
characterize substorm activity. One-minute resolution of the 
AE index and the FPE moments are used throughout paper. 

The magnetometer was located at the end of a boom 2 m 
from the surface of the spacecraft and had two controllable 
ranges, 4-8192 nT and 4-256 nT [Russell, 1978]. The lower 

range was used when ISEE 2 was in weak magnetic field 
regions, such as the magnetotail, and the range of accuracy 
could be up to 4-0.008 nT. At the lowest sampling rate, 4 
samples/s, the noise level was 2.5 x 10 -• nT 2 / I-Iz in the lower 
range. At the higher rate, 32 samples/s, it was 6.4x 10 -7 nT • 
/ Hz. In our study, the frequencies of interest are mHz and 
the integrated wave power we found in the 1-5 mHz band is 
~ 10 -2 nT 2 so that the power density is of the order of 10 nT • 
/ I-Iz, which is much above the instntment noise level. 

The FPE consists of three high efficiency 90 ø spherical 
section electrostatic analyzers using large secondary emitters 
and discrete dynode multipliers to detect analyzed particles 
[Bame et al., 1978]. Two of them, viewing in opposite 
directions, produce complete two-dimensional (around the X- 
YosM plane) velocity distributions of both protons and electrons 
every 3-s spacecraft revolution. A third FPE analyzer with 
a divided emitter measures three-dimensional distributions at 

a lower rate. According to the procedure of data storing 
and transmitting, all the two-dimensional data were taken 
from every fourth revolution, so that the repetition time 
increases to 12 s. Because three-dimensional data were not 

generally available, we used moments (ion number density, 
bulk velocity, and energy density or pressure) of the two- 
dimensional analyzer proton channel whose energy range is 
between 50 eV and 40 keV to identify the different plasma 
regimes of the tail region. 

DATA 

We use data from the time interval between late January 
and early June in 1978 when the ISEE 2 orbit was in the 
magnetotail. The ion number density, energy density, and 
bulk velocity measured by the FPE instrument enable us to 
distinguish the lobe region from the plasma sheet boundary 
layer, the plasma mantle, and the solar wind. By definition 
the lobe of the magnetotail is the region where the magnetic 
field lines are linked to interplanetary magnetic field (IMF) 
lines. The plasma pressure is low, and the magnetic field 
strength is sufficiently high that the plasma/• (ratio of thermal 
to magnetic pressure) is low compared to its value elsewhere, 
for example, the plasma sheet or plasma mantle. Figure la 
shows a scatterplot of all the 1-min averages of ion energy 
density in the four and a half months of the 1978 tail data 
plotted versus Xast•. The energy density is 3/2 the ion pressure 
if the pressure is isotropic. From this plot we can see clearly 
that there are two major clusters, one of which is at a higher- 
energy density (Ei ~ 10 -•ø to 10 -• erg/cm 3) than the other 
(Ei •< 10 -•ø erg/cm3). The regions are linked by a transition 
area, which contains fewer points than the two major regions. 
The spikelike structures near the upper part of the high-energy 
cluster (El •> 10 -• erg/cm •) on Figure la represents encounters 
with the solar wind plasma when ISEE 2 was near its apogee 
close to the duskside of the magnetosphere. Data from the 
lobe region can be empirically identified as points for which 
the ion energy density falls within the low-energy cluster. 
Figure lb indicates the relation between ion number density 
and ion energy density. It shows a high concentration of 
points at low ion number density (•< 0.1 cm -•) which also 
have low energy density •< 4x10 -• erg/cm •. The density 
of plasma in the lobe is typically of the order of 0.01 crn -a 
[Baumjohann et al., 1988, 1989; Spence et al., 1989]. From 
Figure lb the criterion of ion energy flux (below a cutoff that 
falls within the shaded region at a level varying with distance) 



CHEN AND KI•N: ULF WAVF.,S IN THE I•BF.,S 15,713 

10-8 

10-9 

10-11 

(a) 

_ 

I I 

-15 -20 

Xasa4 (RE) 

0.20 

0.16 

0.12 

0.08 

0.04 

•••'..•'L ." • .'"< ' '•.•,•':r•'. 
' '"'" ' ' ' i."-½:'..." '.. _ : '.: ß :':. :'-'_..,.::....:c:....•. 

,,.'.' ... ;-• :... ':...' .;:,..,,.t.,.. 
•. -o.. i . ':..,.-..'...:..•.. 
• ',•.'. .... '...:..; .,.; .t. :': 
•,,,;:" ' '-..•' 2':.-'•'::[ :'... 

,.gj•:'.. ß v,..;..:...a ...... •'•-'"-" .: ß • ;":; '..".•'.' 
• ;...;.• . ß . .#... • . . -' 

ß ":.:'.', ' .' 5, ':':r.';r- c.•,:. ;,..'• 

:.:-:.:' .': .:'.. :;': :; .:•...•' .- 

. i" '•:':" '"' • ""' ": '""q" 
._..# ß . ß .-.,• _....•...... 

W.-" :. '. ;.',:•"• U ....... 
•'•.i : ,":%::'•. .•:• .$•": :-:'. •'..' 
'• . .,'.:.;&,-..' •-:,,,. :.r.'... . .•- • ,. "2.:, ,•...½.•. --..., .. ß :/• t ." •'•. '•'s y C'•..'.../ •.' 

?::;• ' "'F'":'" •" •'" ' •"'v' '"" ' .... I . .... ,.. , ...• .. 

}.L'=i.,'v'•'.:.,. • % .':: .... ß 
!.',:-•..'...•.:,:: .'..-'.,':"..... 
..-"A:.".. ,•':'2.':': •';: :' ß 
i5,.:.•:.?,'.'...:'... 

10 TM 101ø 10 • 

Ei (erg/cm a) 

400 

3OO 

200 

,•, lOO 

E 
,,• o 

;;• -lOO 

-200 

-3OO 

-400 

(c) 

1011 101ø 10 • 

Ei (erg/cm a) 

400 

3OO 

200 

,•, IO0 

,.• 0 

•.• -100 

-200 

-3O0 

-400 

(d) 

ß 5,: :•!': :•l.i'_•'•4•.%x,X•:?;.' •:'..:: z :•i .::•r-.';;?'•' •q'-47/;: :: '";.:•: 

..... . ..... 
- ,' 'i ' ..".':":. '- 

, i,,',",- --I I I III I I I II I I I I I 
10 TM 1010 10 

E½ (erg/cm •) 

Fig. 1. (a) Scatterplot of 1-min resolution ion energy density Ei (erg/cm a) measured by the FPE versus XaSM (Rtr). The 
dashed curve represents Ei as the right side of (2). (b) Ion number density Ni versus Ei (erg/cma). The dashed line in 
Figure la and the hatched area in Figure lb show the cutoff values separating the lobe and nonlobe plasmas (equation 
(2)). Note that the data were chosen from ISEE 2 observations when the spacecraft was between -10 •< XaSM •< -23 
Rtr and the time interval was from late January to early June in 1978. (c) and (d) The ion bulk velocity Vz (kin/s) 
and V• (km/s) versus Ei (ezg/cma), respectively. The dashed line is Vz or V• = 120 km/s, and the hatched area shows 
the cutoff of enezgy density separating lobe and nonlobe plasmas. All available data were plotted in panel Figure la. 
Data were decimated in order to reveal the distinguishable clusters in Figures lb-ld. 

already well confines the ion number density below 0.1 cm -a 
with few exceptions and therefore excludes intervals in the 
central plasma sheet. Our interest is in studying properties of 
the lobes. Plasma in the lobes must also be distinguished from 
plasma in other regions of the tail including the plasma sheet 
boundary layer, the plasma mande and the magnetosheath. 
In particular, the plasma sheet boundary layer is expected to 
reveal, for example, high-speed plasma flow and probably the 
same order of magnitude of the energy density as the lobe 
[Baumjohann et al., 1990]. To eliminate intervals within these 
boundary layers from the lobe data set, we require low values 
of both the ion energy density and the ion bulk velocity. 
Figures l c and l d show V• and V• components of the ion bulk 

velocity, respectively, versus energy density Ei. The circlelike 
scatter group at low-energy density (E• •< 4x 10 4• erg/cm a) 
and low flow velocity (I I•1 < 120 km/s; within the dashed 
lines in Figure lc and ld) is consistent with expectations for 
plasma in the lobe region. 

In summary, the selection criteria we impose in identifying 
data from the lobe region are distance from the Earth: 

X•sa• < -10Rr (1) 

ion energy density: 

E• < 4.5x 10 -n {X•sa•{ -0.8 20(R•) erg/crn"' (2) 
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and ion bulk velocity: 

I l'll < 120 km/s (3) 

The spatial distribution of the portions of the ISEE 2 tail 
orbits that satisfy these criteria are plotted in Figures 2a and 
2b. Most of lobe segments fall more than three Earth radii 
above the model neutral sheet [Dandouras, 1988], although 
no ZasM criterion was imposed. The trend toward larger ZNs 
for YasM > 0 in the YcsM-ZNs plane (Figure 2b) is due to the 
duskward tilt of the geomagnetic dipole axis during the spring 
when the apogee of the ISEE 2 spacecraft was located in 
the tail region. Orbital bias also accounts for the decreasing 
range of Z•s with increasing XosM distance from the Earth 
in Figure 2a. 

The lobe intervals were used to create a data set for 

statistical analysis by first smoothing the field to create a 
background field Boj(t) and then analyzing perturbations 
about Boj(t). The background field Boa(t) was obtained by 
fitting a second-order polynomial to 65 rain of data centered 
on time t, and the fits were obtained anew for each time step. 
Note that the quadratic fit of the magnetic field is similar to 
a high-pass filter, but it does a better job of removing power 
associated with gradients in the background magnetic field. 
The perturbation of the magnetic field b•(t) was calculated by 
subtracting Boa(t) from the measured field strength B•(t), 

(t)- (t)- (t) (4) 

where j E {z, g, z} corresponds to componems of a locally 
field-aligned coordinate system. In this system, bx is the 
compressional component, both by and b z are transverse 
components with by basically the dawn-dusk component. bt 
is the variation of the detrended total strength of the magnetic 
field calculated from bt (t) = Bt (t) - Bot (t). The power 
density in each field component Pj and in the total field were 
estimated by use of fast Fourier transforms. The amplitude of 
waves with frequency between f• and f2 is defined as 

f2 

Wave amplitudes were evaluated for two frequency intervals, 
one with f• ,.• 1 mHz ,• ( 16 rain) -• and f2 • 5.2 mHz 
(3.2 rain)-', and one with f, m 0.26 mHz m (64 rain)-' 
and fa ,•, 1 mHz ,•, ( If; rain) -I 

The frequency-weighted power in the frequency interval 
of 1 to 5 mHz [Goertz and Smith, 1989] is also of interest, 
and this quantity is discussed as well. The definition of this 
quantity denoted as FPj is 

5 mltz 

FP• - / Pj(f) f df (6) 
RESULTS 

Statistical Study of 1- to 5-mHz Power 

In the first part of this statistical study we characterize ULF 
waves in the frequency band 1 to 5 mHz (~3-16 min) that fall 
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Fig. 2. Orbital segments of the ISEE 2 tail orbits after all but the 
lobe intervals have been eliminated for (a) ZNs versus XasM and (b) 
ZNs versus YosM. Here ZNs is the difference between the spacecraft 
ZasM and the position of the Dandouras [1988] model neutral sheet. 
Note that the highly discrete orbital segments within the lobe are 
caused both by boundary crossings and by data gaps; the higher 
altitude above the model neutral sheet at +YosM than at-YosM results 
from the average duskward tilt of the magnetic dipole axis. 

within a band pertinent to the TCM of substorm heating [Smith 
et al., 1986; Goertz and Smith, 1989]. From the 4 months 
of 1978 data during which ISEE 2 was in the tail region, 
we collected 223 independent (nonoverlapping) 64-rain time 
intervals for which we calculated power spectral densities. 
We present our data first as histograms supplemented by 
curves produced by fitting points to a cubic spline function. 
The histogram (Figure 3) of the integrated 1-5 mHz wave 
amplitude indicates that the most probable value of both the 
compressional b•* (cross-hatched bars and solid curve), the 
transverse b* component (crossed bars and dashed curve) falls 
around 0.1• nT. The transverse component b•* (dotted bars 
and the dotted curve) has a peak at 0.2 nT. The transverse 
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Fig. 3. Histograms of the integrated wave amplitude of compressional 
b• (hatched bar or solid curve) and transverse b.• and b• (light hatched 
bar or dashed curve and dotted bar or dottea curve, respectively) 
components at periods of 3-16 min. 223 64-min intervals in the 
lobes were used to create independent specl•m The bars for b.*. have 
been plotted at the median amplitude in each bin. The bars •or b• 
and bz* have been shifted to make them visible. 

components attain wave amplitudes greater than 0.2 nT more 
often than does the compressional component. Figure 4 shows 
the percentages of integrated wave amplitudes larger than a 
given value. For 1-5 mHz waves, 90% of the integrated 
wave amplitudes are below ,-,0.6 nT for the compressional 
component, and 90% are below ,,,,0.8 for the transverse 
components. 

Scatterplots of the wave amplitude of compressional (Figure 
5a) and transverse b•* (Figure 5b) components versus the AE 
index averaged over the hour simultaneous with the data 
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Fig. 4. Peruenrages of •e 223 evenm of •g• 3 • integmt• wave 
mp•m• a•ve •e v•ue plou• on •e X •s for com•ssion• 
(m•d c•e) •d •v•se (d•hed or dou• cu•) ••nen• 
in •e •quency •d 1-5 •z. 
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Fig. 5. Scatterplots for 223 independent events of wave amplitude in 
nanotesla at periods of 3-16 min for (a) the compressional co'mIX•ncnt 
and (b) the transverse b• component versus 64-min-averaged AE index 
for the simultaneous hour. The coefficient of correlation is shown 

on the upper left comer. Circles give bin averag es and are linked 
with thick solid lines. The standard deviation for each bin is plotted 
as a thin vertical bar. 

show a weak correlation. The solid lines connect the bin- 

averaged amplitudes shown as open circles with vertical bars 
representing standard deviations; these also reveal a trend. 
The total number of points in each bin was greater than 
25. The bins at the two ends contain the smallest number 

of points. The correlation coefficients between the integrated 
wave amplitudes for each component and the 64-rain average 
AE index are generally low, but the correlation coefficient 
for the compr•si6nal component (• 0.53) is systematically 
higher than that for the transverse, for example, bj component • 
(m 0.39). Since the transverse b; component has features 
similar to b• except for its insigmficantly smaller amplitude 
and weaker correlation, we will use b* as the representative 
transverse component most of the time. 

Figure 6 shows how the correlation coefficients of both 
compressional and transverse components with AE change 
as the time lag is varied. For 1-5 mHz waves (Figure 6) 
the change of the correlation resulting from time lags of 
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Fig. 6. The variation of the correlation coefficients with time lag. The form of the plots is as in Figure 5. The 
wave amplitudes for the 1-5 mI-Iz range axe shown from top to bottom for the hour previous to simultaneous with 
and subsequent to the hour for which the average the AE index was used. Plots for the compressional perturbations 
appear in the left column and for the transverse perturbations in the right column. 

4-1 hours is small. When the wave power is evaluated one 
hour subsequent to the interval over which the AE index is 
averaged, the correlation coefficient decreases from 0.53 to 
0.45 for the compressional component. 

The histogram of frequency-weighted power, FPj, (Figure 
7) shows that the most probable values of this quantity 
are ~ 10 4 nT 2 Hz for the b, component and ~ 4x 10 -s 
nT 2 Hz for the bx and by components. Figure 8 indicates 
that the frequency-weighted power for the b, components 
exceeds 10 4 nT 2 Hz 50% of the time. As well, 10% to 
15% of the frequency-weighted power observations of b, 
exceed 10 -3 nT 2 Hz. In general, the transverse components 

(b• and b,) have higher-frequency-weighted power than the 
compressional component (bx). 

Statistical Study of 0.26- to 1-mHz Power 

The histogram of the lower frequency 0.26 to 1 mHz 
(period of 16 to 64 rain) fluctuations (Figure 9) shows that 
the most probable amplitudes are 0.25 nT for compressional 
b* and transverse b* perturbations and 0.3 nT for transverse 
b •* components. TI• highest amplitude, 3 nT, occurred only 
for a few events. Figure 10 shows us that 90% of these 
waves have amplitude below ~ 1 nT for all three components. 
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Fig. 7. Histograms as in Figure 3 but here for frequency-weighted 
power of the 223 events of Figure 3. 

Figure 11 gives scatterplots for 16- to 64-min waves in a 
form similar to Figure 5. 

Case Study 

Preliminary: As 1 hour averages used in our statistical 
study may obscure features present on substerm time scales, 
we selected three long-duration intervals for case studies. 
The first one includes a relatively quiet time interval with 
a moderately low AE index followed by a clear start of a 
large substerm expansion phase. This event enables us to 
examine the changes associated with a single substerm onset 
as represented by the AE index. The second one also includes 
a large substorm expansion phase but has higher AE before 
the onset of the substorm expansion phase. The last one is a 
multiple onset substorm with a dramatic change of AE index. 
This is the case that had the largest wave amplitude found in 
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Fig. 9. As in Figure 3 for the 0.26 to l-mHz band. 

our study. Using these cases, we can obtain some insight into 
the temporal evolution of waves related to substorms. 

April 1,1978: This event includes both quiet and disturbed 
AE intervals with 1635 UT being identified as the beginning 
of a major substorm expansion phase. Figure 12a shows the 
perturbed magnetic field for three components and the total 
field and the AE index. The dark bars in the lower portion 
of the lowest panel indicate time intervals during which the 
spacecraft encountered nonlobe plasma regions, for example, 
2240-2340 UT. During the time covered in the plot the 
ISEE 2 spacecraft moved outbound from 18.5 to 21.1 RE, 
while the distance from the model neutral sheet [Dandouras, 
1988] varied between 6 and 7 RE; the magnetic local time 
was around midnight. The dipole was tilted toward the Sun 
which meant the neutral sheet was convex roughly northward 
(+Zasu). The AE index stayed below ,-.,70 nT for almost 
3 hours and increased in steps to ,,.,160 nT from 1440 to 
1635 UT at which time it suddenly went up to ,,.,580 nT. 
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Fig. 12. (a) A time series data plot (1200-2400 UT April 1, 1978) of the magnetic variations, ion number density, AE 
index, and ion energy density. The spacecraft was in the lobe except during the intervals marked with dark horizontal 
bars near the bottom of the AE panel. The coordinate system is geocentric solar magnetospheric (GSM). The ISEE 2 
spacecraft moved outbound from Xasu = -18.5 to -21 Re around magnetic local time 23.5 to 0.6 hours at a distance 
(ZNs) 5.8 to 7.3 R• from the Dandouras' [1988] model neutral sheet. Note that the very large amplitude waves are 
30-min period or longer. This is not the frequency band identified as relevant to the TCM by Goertz et al. [1989]. 
The time scale of these waves is of the order of the substorm growth time. (b) In the top four panels the magnetic 
variations of three components and the total magnetic field after the background field has been subtracted. In the 
next four panels the signal in the field components and magnitude after a high pass filter with a cutoff frequency 
at 1 mHz has been used. Note that the highest frequency of the magnetic variation in this plot is ~8.3 mHz (the 
Nyquist frequency of our data). At the bottom the AE index was used. 
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Fig. 13. (a) and (b) Similar to Figures 12a and 12b but for a case with higher AE value and greater range of 
AE (0000- 1200 LIT March 13, 1978). The spacecraft was at XOSM -13.5 to -19.7 Re, with ZNs between 6.7 
and 7.3 Re. The magnetic local time was just after midnight. 

The amplitude of fluctuations before 1635 UT was lower 
than 0.5 nT and increased to 1 nT thereafter. The wave 

amplitudes became larger after 1800 UT during a time when 
the spacecraft was not in the lobe. The large perturbations 
could arise from diamagnetic effects as the spacecraft moved 
in and out of the plasma sheet boundary layers. Figure 12b 
shows the high-pass-filtered magnetic field for the same time 
interval as Figure 12a. The cutoff frequency of the filter is 1 
mHz, and the Nyquist frequency of the data is 8.3 mHz. The 
magnetic fluctuations are largest in the transverse components 
(b• and b,) most of the time. The amplitude of fluctuations in 
this band of frequencies (1-8.3 mHz) remained below ~0.2 
nT except when the spacecraft left the lobes. 

March 13, 1978: This case (Figures 13a and 13b) has 
levels of AE index that change from ~100 to ~600 nT. 
During this time the ISEE 2 spacecraft moved outbound from 
13.5 to 19.7 Re, while the distance from the model neutral 
sheet was around 6 to 9 Re and the magnetic local time was 
just after midnight. The compressional perturbations b,, in the 
frequency band of 0.25 to 8.3 mHz (the first panel in Figure 
13b) did not change significantly, while the AE index increased 
from ~ 100 to ~600 nT following 0400 [IT. The transverse 
components b• and b, in the same frequency band (0.25-8.3 
mHz) were most disturbed in the interval between 0130 and 
0330 UT while AE was ~100 nT. The high-pass-filtered (1- 
8.3 mHz) fluctuations of the components are shown in panels 
5 to 8. Here again the transverse fluctuations are largest 
before 0330 UT. The amplitude of fluctuations is less well 
correlated with the variations of the AE index than in the 

previous case (Figures 12a and 12b). 

April 10, 1978: This extremely high activity case (Figure 
14a and 14b) with the AE index becoming greater than 1500 
nT is of special interest because of the large amplitude waves 
present in the lobes. The dominant power is at very low 
frequencies. During the interval plotted the ISEE 2 spacecraft 
moved outbound from 15.5 to 20.3 Re, while the distance from 
the model neutral sheet was around 8 to 10 Re and the local 
time was just before midnight. The dipole tilt angle varied 
between-1 ø and 10 ø which means that most of time the neutral 

sheet was still convex northward (+Zcsst). ISEE 2 entered the 
lobe region at 2200 UT and encountered dramatically large 
wavelike fluctuations of the magnetic field, especially the 
compressional (bx) component with amplitude greater than 3 
nT. The nominal period of fluctuations was ~35 rain (~0.48 
mHz). The amplitude of fluctuations decreased as the AE 
index decreased. On the other hand, the transverse (b• and 
b,) components initially showed an irregular fluctuation with 
amplitude smaller than the compressional perturbation. After 
the second significant peak of AE index (around 0100 UT) the 
shape and amplitude of fluctuations, with the nominal period 
of ~35 min, became similar in transverse and compressional 
components. The large spike in wave power observed at 0221 
UT preceded a small spike in AE by ~5 min and suggests 
impulsive current flow from the tail into the ionosphere. The 
energy density and the flow velocity remained level through 
the spike. This suggests that the spacecraft did not enter the 
plasma sheet boundary layer. 

Figure 15 provides the power spectra of the waves at times 
selected from the three cases above. The solid curves are 

spectra taken during the most disturbed interval between 2300 
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Fig. 14. (a) and (b) Similar to Figures 12a and 12b but for a highly disturbed intental including the largest values of 
AE and of magnetic wave amplitude in the data set (2200 - 1000 UT April 11, 1978). The spacecraft waa at XosM = 
-15.7 to -20.3 Rtr, with ZNs between 8.3 and 10.5 Rtr. The magnetic local time was around 23.5 hours. 

to 2404 UT April 10, 1978. The dashed curves are spectra 
from the interval 1630 to 1734 U-T, April 1 and the dotted 
curves are spectra from the quietest time interval 1300 to 
1404 UT April 1. The wave amplitude increases an order 
of magnitude from the quietest to the most disturbed time. 
In all spectra the power density decreases with frequency 
faster than f -2. 

DISCUSSION AND SUMMARY 

From the statistical results we have found that the amplitudes 
of magnetic fluctuations with periods of 3 to 64 rain are 
typically of the order of a few tenths of a nanotesla. In 10% 
of cases the amplitudes in this band exceed 1 nT. The TCM 
[Goertz and Smith, 1989] requires wave power at frequencies 
above 1 mHz where Goertz and Smith estimate that the 

pertinent wave amplitudes should be of the order of 1 nT or 
more. Our data show that in the 1- to 5-rnHz band, wave 
amplitudes exceed 1 nT less than 10% of the time (Figure 
4). The most probable frequency weighted power in the 1-5 
mHz band is ~ 10 4 nT 2 Hz (Figure 7). 10% to 15% of the 
spectra give values greater than ~ 10 -3 nT: Hz (Figure 8). 
The compressional component b,, has the highest correlation 
with AE but both b• and bz which is emphasized in the TCM 
[Goertz and Smith, 1989] are only weakly correlated with AE. 
This suggests that fast or slow mode MI-ID waves rather than 
Alfv6n mode waves in the magnetotail may be somewhat 
amplified during substorm intervals. 

From our wave analysis it is not possible to draw clear 
conclusions on the significance of a wave- substorm 
association. Ambiguities abound. In particular, both the 
transverse and compressional power include perturbations 
produced by the configuration change from taillike to 
dipolelike at substorm onset, the thinning or thickening of 
the plasma sheet, changes of the cross-sectional area of the 
lobe, eigenmode fluctuations of the magnetotail [Ershkovich 
and Nusinov, 1972], etc. Substorm unrelated phenomena, 
for example, eigenmode fluctuations, would decrease any 
correlation of transverse waves with AE. Extraneous substorm 

related processes, for example, changes of the thickness 
of the plasma sheet, could increase the correlation of 
compressional wave power with AE. Furthermore, the 
quantitative significance of coefficients of correlation (~ 0.5 
in the compressional components) is unclear if there is a 
nonlinear relation between the wave power and AE index. 

The AE index is known to give an incomplete 
representation of substorm activity because of the uneven 
distribution of the ground stations around the auroral 
oval. Independent characterization of substorm phases by 
midlatitude magnetograms would be desirable. A much larger 
data set, especially one with large numbers of isolated 
substorms, will be needed to determine more precisely 
the phase relation between wave power and the phases of 
substom. 

Taming to the cases presented in detail, let us note that 
on April 1, 1978 (Figure 12b), the wave activity occurs 



CHEN AND KIVELSON: ULF WAVES IN THE LOBES 15,721 

(a) 
.. I 

• 10 4 ',,.. \•__..,. X 
-I- '".,..• <AE > ~ 700 nT 

• 10 '2 • '•.,h 

, ,,,,,,,I , ,,,,,•,1 , ,,,,,,• 
-3 -2 -3 -2 

10 10 10 10 

(c) 

• 10 4 ""''- bz 

• 10 2 ''''''''''''"''''''''" i ii I 
Q. 10 '2 

-3 -2 -3 -2 
10 10 10 10 

Frequency (Hz) 
Fig. 15. Power spectral estimates for three selected time intervals from the events of Figures 12-14. The time 
intervals are 2300- 2404 UT April 10, 1978 (solid curve), 1630- 1734 UT Ap ril 1, 1978 (dashed curve), and 
13:00 -14:04 UT April 1, 1978 (dotted curve). The straight dashed line represents an f 4 spectrum. It is provided 
for comparison with the observed power spectral curves. 

before AE increases and it decreases with AE (except during 
the nonlobe intervals indicated by the dark bars in the AE 
index panel). The long-period fluctuations at about 1630- 
1730 UT cotfid have been caused by the tailward passage 
of multiple plasmoids following the onset of the substorm 
(N. Lin, personal communication, 1990). In the March 13 
case (Figure 13b) there is little correlation of the AE index 
with wave power. 

In our case studies including that of Figure 12b and other 
intervals we often found fluctuations of the magnetic field 
with a nominal period of ~35 min (~0.48 mHz), for exarnple, 
the intervals 1500 to 1700 UT on Figure 12b, 0300 to 0600 
UT on Figure 13b and 2200 to 0100 UT on Figure 14b. 
These 35-rain fluctuations could be one of the natural or 
the so-called eigenmode periods of magnetotail fluctuations 
[Ershkovich and Nusinov, 1972], but more cases are needed 
to draw any such conclusion. 

In order to test the TCM of Goertz and Smith [1989] 
and Smith et al. [1990], several further steps are called for. 

It will, for example, be necessary'to link wave power to 
substorm phases more accurately than by using the AE index. 
Furthermore, Smith et al. [ 1990] have suggested that the wave 
heating can be achieved by waves with frequencies above 5 
mHz. The spectra of Figure 15 allow us to make an estimate of 
the frequency weighted ULF wave power over a larger range 
of frequencies than the 1-5 mHz used elsewhere in this paper. 
We assume that the ion cyclotron frequency sets an upper 
limit to the frequency of ULF waves relevant to large scale 
dynamics. To estimate the frequency-weighted power over all 
frequencies up to the desired maximum, we use the fact that 
power spectral.•density of all three components falls off faster 
than f-2. We extrapolate that the spectra to higher frequencies 
using the f-2 form and find that the frequency-weighted power 
of ULF waves for the frequency band from 1 to 300 mHz 
(which is the ion gyrofrequency at B=20 nT) is no more than 
3.5 times larger than the frequency-weighted power for the 
band from 1 to 5 mHz. This provides a probable upper limit 
(most likely a significant overestimate) of frequency-weighted 
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ULF wave power in the lobe relevant to the TCM of Goertz 
and Smith [1989] and Smith et al. [1990]. As our statistical 
study does not provide data on the subset of intervals that 
contain substorm growth phases, we refrain from drawing 
conclusions on the question of the relation between lobe ULF 
waves and the TCM. 

In summary, we have selected tail lobe (-10 •< XasM •< -23 
Rs) data using a selection criteria based on the ion energy 
density and bulk velocity, in order to study the properties of 
ULF waves with periods of 3 to 64 rain (~0.26 to 5 mHz), 
and we have correlated the wave power with the AE index. 
We conclude that: 

1. Ninety percent of the wave amplitudes at periods 
of 3 to 16 rain (~1 to 5 mHz) are below 0.8 nT for 
transverse perturbations and below 0.6 nT for compressional 
perturbations. The most probable wave amplitudes are •<0.2 
nT. For waves at 16 to 64 rain (~0.26 to 1 mHz) period, 
90% of cases have ,wave amplitudes below 1 nT for both 
compressional and transverse components. The most probable 
wave amplitudes are ~0.3 nT. 

2. The probability of the median frequency-weighted power 
of ULF waves over the frequency band from 1 to 5 rnHz is 
50% (5%) of observing frequency-weighted power in excess 
of 10 • nT (10 -3 nT•.Hz). The frequency-weighted power 
over the frequency band from 1 to 300 rnHz (which is the ion 
gyrofrequency at B=20 nT) is no more than 3.5 times larger 
than the frequency weighted power for the band from 1 to 5 
mHz if it is assumed that the power falls off like f-2, and 
it seems likely that this factor substantially overestimates the 
contribution of higher-frequency waves. 

3. The correlation coefficients between the 1 hour average 
wave amplitudes in the 1-5 mHz band and the average AE 
index are ~0.55 for compressional perturbations and 0.35 for 
transverse perturbations. These correlations are weak indeed 
but may be significant. We are unable to use the statistical 
results to infer causal links between wave power and substorm 
activity. In particular, we can reach no firm conclusion on 
the question of whether ULF wave power in the lobes during 
substorm growth phases can provide the source for heating 
the plasma sheet as required by the TCM. 

4. Case studies demonstrate the difficulty of distinguishing 
cause and effect between wave power and AE. 

5. In a number of event studies, relatively narrow-banded 
power at ~0.48 mHz was present. The possibility that this 
frequency relates to an eigenmode of the magnetotail requires 
further investigation. 
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