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The size and magnetic field strength of the tail lobe at the downstream distance of
10 to 22.6 Rgare examined statistically by utilizing data from the magnetometer on board the
ISEE 1 satellite. The probability that the satellite encounters the lobe region is mapped on the
tail cross section, the Y-Z plane. It is found that the magnetotail lobe expands in association
with increasing auroral electrojet activity. This expansion is particularly evident at the dawn
and dusk flanks of the magnetotail, while the lobe region seems not to expand appreciably
near the aberrated X axis. The lobe field strength, By, is found to be represented as By (nT)
=1.03 x 10°R-1-20, where R denotes the geocentric distance in Earth radii. Multiple regres-
sion analyses reveal that the lobe field strength principally depends on the dynamic pressure
(Pp) and static pressure (Pg) of the solar wind as well as on the IMF B,. It is also shown that
the flaring angle of the tail lobe, 6, is represented as sin2@ = 1.97 x 10-5 P;-0-47 (4 L0-11,
where AL denotes the auroral clectrojet AL index. :

1. INTRODUCTION

The Earth's magnetosphere has a long (>1000 Rg) magnetic
tail composed of the sunward and antisunward magneiic field
lines separated by the so-called neutral sheet {see Ness,
1965; Walker et al., 1975; Bame et al., 1983; Slavinetal.,
1983]. Evidence for the existence of a magnetotail extending
even to 3100 R has been presented [Intriligator et al., 1979).
The “radius™ of the magnetotail is about 20 Rgat X~ ~10 Rg
and increases gradually with distance downward from the
Earth [Howe and Binsack, 1972; Crooker and Siscoe, 1979].
Slavin et al. [1985) showed that the flaring of the magnetotail
ceases on average at approximately X =— 120 Rg with a ter-
minal diameter of ~60 Rg. Beyond the point where the mag-
netotail stops flaring, the lobe field has an average strength of
9.2 nT and is balanced by the solar wind ficld and the thermal
pressure. In the range of IX| = 10-100 R, the lobe ficld
strength decreases asymptotically and is known to be repre-
seated by a power function of IX | or of the distance from the
Earth, R [Behannon, 1968; Mihalov and Sonett, 1968;
Slavin et al., 1985).

Behannon [1968, 1970) and Mihalov and Sonett [1968] in-
vestigated the influences of geomagnetic activity represeated
by Kp and qp, respectively, and showed that the lobe field
strength depends positively on geomagnetic activity.
Fairfield et al. [1981] found that the tail field strength increas-
es following a southward turning of the interplanetary mag-
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netic field IMF). It scems likely that increasing tail flux re-
sults from the dayside reconnection of Earth's magnetic and
interplanetary field lines and their subsequent transport to the
nightside. In fact, the concept of increasing and decreasing in
the magnetic ficld strength in the tail lobe at substorm onset
has been a key element/issuc in substorm modeling [e.g.,
Russell and McPherron, 1973). It has been argued that a
gradual increase in the tail field strength before expansive on-
sets of substorms signals the storage of substorm cnergy in
the magnetotail and the subsequent abrupt decreases in the tail
ficld strength correspond with the expansion onsets of sub-
storms [e.g., Fairfield et al., 1981].

One of the characteristic precipitation pattemns in the polar
cap is a weak flux of clectrons with average energy of
~100 eV, called the polar rain {Hardy et al., 1986; and refer-
ences therein]. In the northern (or southern) polar cap, the
polar rain is most prominent when the interplanetary ficld is
directed away from (or toward) the Sun. This characteristic
helps to identify the polar rain as the field-aligned flux of elec-
trons of a few hundred electron volts in the tail lobe. The fact
that these clectrons come directly from the solar wind
[Fairfield and Scudder, 1985] supports the picture that the
lobe field lines are open. Makita and Meng [1983] showed
that the polar cap boundary defined by the poleward boundary
of the soft electron precipitation inflates with increasing south-
ward component of the IMF. This is probably a low-altitude
manifestation of increasing tail radius before substorm onset,
as shown by Maezawa [1975].

The lobe magnetic field depends strongly also on the dynam-
ic and static pressures of the solar wind. At the subsolar point
of the magnetopause, the geomagnetic field is proportional to
the square root of the solar wind dynamic pressure. In the
nightside, however, since the flaring angle decreases with in-
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creasing dynamic pressure, the tail field might be less sensi-
tive than the dayside field. Although these qualitative relation-
ships between the tail lobe and the solar wind are widely ac-
cepted, the response of the tail lobe to solar wind parameters
has not been quantitatively revealed on the basis of a bulk data
set.

In this paper, we first derive statistically the size of the tail
Iobe under different conditions of geomagnetic activity. Then,
the influences of the solar wind parameters on the lobe field
strength are examined in detail. The tail lobe field and plasma
data were obtained from the ISEE 1+2 data pool tape provided
by NASA [Ogilvie and Banks, 1977] through the World Data
Center A (WDC-A). Assuming a pressure balance at the solar
wind—tail lobe interface, we also attempt to obtain an empirical
coupling function between the flaring angle of the magnetotail
and the solar wind dynamic pressure.

2. DATA SELECTIONS

The two ISEE satellites are in nearly identical orbits, with an
apogee of 22.6 Ry and perigee altitude of 280 km. In the an-
nual precession of the orbits, the satellites go through the
magnetotail during the first half of each year. The data used in
the present study come from ISEE 1 during the first halves of
1978 and 1979. The magnetic field was measured by the
University of California, Los Angeles, flux gate magnetome-
ters on ISEE 1 (Russell, 1978]. The proton flux with
8-200 keV encrgies measured by solid—state telescopes
[Anderson et al., 1978] is used to distinguish the tail lobe
from the central plasma sheet and also from the plasma sheet
boundary layer. That is, the tail lobe is characterized by low
B, the rare plasma density, and the soft energy spectra of par-
ticles (Eastman et al., 1984; Fairfield, 1987].

Figure 1 shows the occurrence frequency distribution of pro-
ton fluxes with 8-200 keV energics in the region of
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Fig. 2a. Magnetic ficld and plasma parameters measured by
the IMP 8 and ISEE 1 satellites on March 21, 1979. The ar-
rival of the interplanetary shock at 1345 UT is indicated by a
dashed line. IMP 8 was at Xs£=21.6 RF) YSM=21'0 RE, and
Zgy= ~5.9 Rgat 1345 UT. About S min later, the shock front
was observed at ISEE 1. ISEE 1 was at Xge=—-21.5 Ry,
Ysu=4.8 Rg, and DZ=2.3 Ry at 1350 UT. From the top to
the bottom are shown the magnitude and the B, componerit of
the IMF, the solar wind speed, the solar wind dynamic pres-
sure and static pressure, the AL index, the magnitude of the
tail magnetic field, and the proton flux in the magnetotail.

-22.6 < X (in solar ecliptic (SE)) < -10 Rp and
(Y2 + Z2)12 < 15 Rg. In the distribution, two distant peaks
can be noticed. The lower peak contains ions from the tail
lobe while the higher peak contains ions from the ceatral plas-
ma sheet or the plasma sheet boundary layer. In the present
paper, in order to distinguish the tail lobe from the plasma
sheet, we introduce a convenient criterion that proton fluxes
with 8-200 keV energies must be less than 1x103 (cm? st sy

As mentioned in the previous section, Fairfield et al. {1981]
showed an example of the tail field enhancement which oc-
curred in close association with the southward turning of the
IME. For a typical example showing the influence of the
solar wind pressure on the tail field, Figure 2a gives an
overview of the solar wind parameters and the tail field
strength observed before and behind an interplanetary shock
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Fig. 2b. The magnetotail ficld measured by ISEE 1 on March
21, 1979. The magnetotail was compressed by an interplane-
tary shock at 1348 UT, indicated by a vertical dashed line.

which took place on March 21, 1979. An interplanetary
shock passed IMP 8 at 1345 UT after a persistent northward
IMF for more than 6 hours except for some brief southward
excursions. It is clear in the top panel of Figure 2a that the
northward component of the IMF increased significantly be-
hind the shock front. The AL index seems not to be enhanced
by this interplanetary shock. The tail field suddenly increased
by more than 5 nT at 1350 UT. ISEE 1 was located at X ¢
= 21.5 Rg, Yoy =~4.8 R, and DZ = 2.3 R, where DZ de-
notes the distance from the neutral sheet derived by assuming
the warped neutral sheet model [Gosling et al., 1986]." The
ISEE 1 satellite was in the plasma sheet (or the plasma sheet
boundary layer) from 1300 to 1345 UT.

In Figure 2b the threc components of the tail field for the
1340 to 1350 UT interval are plotted in GSM coordinates. It
is seen that B, started to increase at 1348 UT and By de-
creased suddcnly at nearly the same time. These charactcns—
tics are consistent with the picture that the magnetotail is com-
pressed in the radial direction by the interplanetary shock. An
SI was also observed at typical mid-latitude magnetic observa-
tories, such as Memambetsu and San Juan, at 1344 UT.

‘We can estimate from these data that the shock front traveled
downstream from the Earth to ISEE 1 in about 4 min, yiclding
the propagation speed of the shock front to be 570 kmy/s.
Although uncertainties in time estimations may reach as much
as 30 s, leading to uncertaintics in the speed as large as 70
km/s, our propagation speed is considerably higher than the
solar wind speed, 342 km/s, at 1300-1400 UT. However,
since the satellite was either in the central plasma sheet orin
the plasma sheet boundary layer, it is conceivable that the
propagation speed is higher than a typical value of Alfvén
speed in the central plasma sheet (3.0 X 102 km/s) and slower
than that in the plasma sheet boundary layer (1.4 x 103 km/s)
[Lui, 1987]. Our results are consistent with those obtained by
Fairfield et al. {1989], who calculated the propagation speed
from SCATHA to ISEE 1 (Xgg = — 17.5 Rp), IMP 8 (X
= ~30.5 Rp), and ISEE 3 (X gz = —110 Rg) to be 408, 465,
and 507 kny/s, respectively. In the following sections we will
investigate statistically the effect of the solar wind parameters
and the AL index.

3. RESULTS

The Lobe Region

Employing the criterion described above, the probability that
the ISEE 1 satellite is in the tail lobe was calculated for each
cell of 1 x 1 Rg? in the interval of the downstream distance of
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10-22.6 Rg. The pnobability, P(lobe), is defined as
[no. of data w1th proton flux
<103 (cm? sr s)1]
P(lobe) = x 100 ¢))

(total no. of data observed in a cell)

where 5-min values of proton flux are used. In Figures 3a
and 3b the probabilities for IALI < 50 nT and lAL! > 200 nT,
respectively, are presented by using hatching in different den-
sities. The total numbers of our data set are 13,002 and
19,543 for ALi < 50 nT and ALl > 200 nT, respectively. To
avoid mingling with the magnetosheath data, the region dis-
played is restricted to the range of (Y'2 + DZ2)1/2 < 15 Ry,
where Y' is measured relative to the aberrated X axis (X')
with an aberration angle of 3°. Only cells that include 12 or
more data points are shown in Figures 3a and 3b.

Obviously, Figures 3a and 3b do not show apparent symme-
try with respect to the X and Z axes primarily because of the
asymmetric distribution of the data points. Invoking the obvi-
ous symmetry in the plasma sheet distribution by using the
available data points shown in Figures 3a and 3b, we have
folded all the data points into one quadrant and have recalcu-
lated the probability expressed as equation (1). We have then
folded back the data points into the four quadrants, represent-
ing a realistic image of the Jobe and plasma sheet. The results
are shown in Figures 4a (for IALl < 50 nT) and 4b (for
ALl > 200 aT), which correspond to Figures 3a and 3b, re-
spectively. In this way, the plasma distribution looks more
like the cross section of the magnetotail, including the tail .

lobes and the plasma sheet. The tail lobe cxpansxon associat-

ed with high geomagnetic acuvxty is cv1dcnt in these distribu-
tions.
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Fig. 3a. The probability that ISEE 1 is in the tail lobe for IAL!
< 50 nT is mapped on the Y'-DZ plane, where Y is measured
relative to the aberrated X axis with an aberration angle of 3°,
and DZ is the distance from the neutral sheet derived by as-
suming a warped neutral sheet model.
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Fig. 3b. Same as Figure 3a but for {4L1> 200 nT.

Figures 3 and 4 ir.dicate that the low-latitude boundary of the
northem tail lobe is located at about DZ = 3 Rg near the X'
axis and at higher latitudes in the dawn and dusk sectors.
This is consistent, at least qualitatively, with plasma measure-
ments in the plasma sheet: Bame et al. [1967] showed that the
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Fig. 4b. Same as Figure 4a but for AL! > 200 nT.

plasma sheet is 46 Ry, in thickness in the midnight sector and
is thicker by about a factor 2 in the-dawn and dusk sectors.
Comparing Figures 3a and 3b, we notc that when
ALt > 200 nT the hatched cells are more extensively distribut-
ed than those for 1ALl < 50 nT. The tail lobe expansion asso-
ciated with geomagnetic activity is particularly evident in the
dawn and dusk sectors (namely, ¥l > 10 Rg). When
ALl < 50 nT, the low-latitude boundary of the tail lobe at
Y' > 10 Rg is located at latitudes higher than DZ = 12 Ry,
while it is located near DZ = S R when IALL > 200 nT.
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Fig. 4a. Symmetric distribution (modified from Figure 3a) of
the probability that ISEE 1 is in the tail lobe for ALl < 50'nT,
mapped on the Y'-DZ plane. Sce text for the procedure of the
modification. ‘ ‘
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Fig. 5. The probability that the satellite is in the tail lobe,
plotted as a function of DZ for{Y'l <2 Rg. The thin and thick
lines are for ALl < 50 nT and ALl > 200 nT, respectively.
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Conversely, the P(lobe) value does not change significantly
near the X' axis. Values of P(lobe) are plotted as functions of
DZ forlY'l < 2 Rg in Figure 5. The thin and thick lines indi-
cate the probability with [ALI < 50 nT and IAL] > 200 nT, re-
spectively. It is evident that for both conditions of AL the
lobe region extends rarely below DZ = 3 Rg and that the
P(lobe) value increases with increasing DZ. Although the
P(lobe) value tends to be, in general, larger when 1ALl
> 200 nT than when IALI < 50 nT, it is important to note that
the dependence of the tail lobe distribution on geomagnetic ac-
tivity is more evident in the dawn and dusk sectors than in the
midnight sector.

Fairfield {1979] has observed that the magnetic field intensi-
ty near midnight in the range of —33 < X gy < —20 R reaches
its lobe value at approximately +6 R from the neutral sheet.
P(lobe) values shown in Figure 5, however, are considerably
lower than 100% even in the region of 6 < DZ < 10 Rg, espe-
cially during quiet times. Qur results imply that the low-lati-
tude boundary of the near-Earth tail lobe fluctuates not only
during disturbed times [Lui, 1984] but also during quiet
times.

Influences of the Solar Wind Parameters
and Auroral Electrojet Activity

In this section, we examine how the magnetic field strength
in the lobe, By, is controlled by the dynamic pressure, Pp,
and static pressure, Pg, of the solar wind, and by the inter-
planetary dawn-dusk electric field, B,V. Thc dynamic and
sta.dc pressures are defined as

=mgnV?
and
Pg=nk(T; + T,)) + B2f8x
respectively, where denotes the proton mass, n the densi-

ty, V the speed, T; the ion temperature, and T, the clectron
temperature of the solar wind, and B is the magnitude of the
IME It is assumed that the electron temperature is twice the
ion temperature.

The influence of the AL index is also examined. For this

purpose, the hourly values of these parameters are used. The
data of the lobe field strength were obtained when the satellite
was in the area of ~22.6 < X' S ~10 R, -10 <Y' < 10 R,
and 0 < DZ < 15 Rg. Only the data from the northern lobe
(i.c., B, > 0) have been used. A search through ISEE 1 data
for 1978 and 1979 yielded 771 data. Of these, the solar wind
speed and the number density are available for 638 records,
and IMF data for 485 records. The solar wind and IMF data
corresponding with the lobe field data were obtained from the
Interplanetary Medium Data Book [King, 1983].

In Figure 6, the averages and standard deviations of the lobe
field strength are plotted as a function of geocentric distance,
R. Using a power law, 771 hourly values of the lobe field
strength yield

By =(1.03 £ 0.14) x 103 R-1.20+0.05 2)

Equation (2) is shown by a solid line in Figure 6. Behannon
{1968] and Slavin et al. [1985] have shown that the tail field
depends on 1X gl with the power of 03 (—80 < Xgg <10
Rp) and -0.53 (-120 < Xg < —20 Rg ), respectively.
Mihalov and Sonett [1968)] have derived the power of R to be
-0.798 (10 < R < 66 Rp) and -0.736 (10 < R < 81 Rp).
When the data are sampled only from the near-Earth magneto-
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Fig. 6. The averages and standard deviations of the lobe field
strength are shown as a function of geocentric distance. The
solid line indicates the regression curve.

tail in the present study, the power of R becomes smaller (i.c.,
more negative) than the value obtained previously. In fact, in
the region of R < 13 Ry, the gradient of the observed By, val-
ues appears to be stecper than that indicated by the regression
curve.

Note also that in Figure 6 and in the accompanying diagrams
which show the statistical distribution of data points, we plot
the standard deviation, not the probable error of the mean. In
Appendix 2, we discuss briefly the difference between these
two ways of representing the degree of scatter/errors of data
points. °

Aciording to equation (2), the lobe ficld strength can be nor-
malizedto R = 20 Ry, i.c.,

By* =(20/R)1-20B 3

Systematic errors made by using equation (3) can be estimat-
ed to be within $0.8 nT. Power values of R in equation (2)
have also been calculated on the basis of data along with sev-
eral different criteria for B,, Pp, P, and AL. It has been
found, however, that no obvious differences, at least statisti-
cally meaningful differences, exist in the power of R for the
different criteria. The averages of By * are plotted as functions
of Y" and DZ in Figures 7 and 8, respectively. It is noticeable
that the By * value seems not to depend critically on Y but in-
creases by 0.5810.13 nT for every increase of 1 Rgin DZ. If
the data distribution in the direction of DZ changes systemati-
cally as a function of R, Figure 6 and equation (2) would be
influenced by the “hidden” dependence of By on DZ.
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Fig. 7. The averages and standard deviations of the norm.al-
ized (to R = 20 Rp) lobe field strength are shown as a function
of Y'.






