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Abstract. A statistical study was made of the tail lobe field response to the dynamical pressure
of the incoming solar wind and to the interplanetary magnetic field, as well as its relation to
the concurrent level of the Dst field. The study covers a wide range of distances between 10
and 60RE and is based on a large set of tail lobe magnetic field data, compiled from three
sources: (1) Geotail magnetometer and low-energy plasma instrument data for 1993-1997,
(2) AMPTE/IRM magnetometer and plasma instrument data for 1985-1986, and (3) ISEE 2
magnetometer and fast plasma experiment data for 1978-1980. The tailward variation of the
tail lobe field and of its response to the solar wind and interplanetary magnetic field (IMF)-
conditions was studied using a regression relationship, including various combinations of
the interplanetary quantities, measured by IMP 8 and Wind spacecraft. An investigation
of the role of the time lag effects was made by tagging each lobe field measurement by

a "trail" of 12 consecutive 5-min average values of the solar wind parameters and finding
best fit distributions of the lagged response amplitudes in the solar-wind and IMF-related
regression terms. The goal of the work is to find a set of input variables providing the highest
correlation between the observed and predicted magnitude of the tail lobe field, so that their
combination could be used for parameterizing the strength of the cross-tail current in the

data-based magnetospheric models.

1. Introduction

A principal requirement on a global magnetospheric model
is its ability to accurately reproduce the configuration of the
magnetic field, given the data on the state of the incoming
solar wind. Early models [Mead and Fairfield, 1975; Tsy-
ganenko and Usmanov, 1982; Tsyganenko, 1987, 1989] did

not directly use any solar wind data and parameterized the '

geomagnetic field only by binning the data and model coef-
ficients into several intervals of the Kp index. In the more
recent T96 model [Tsyganenko, 1995, 1996, 1998] a contin-
uous parameterization by the solar wind pressure, interplan-
etary magnetic field (IMF), and the Dst index was adopted
instead of the crude binning by the Kp index. A similar ap-
proach was also used by Ostapenko and Maltsev [1997] in an

attempt to construct an improved model of the inner magneto--

spheric field; they used the database of Fairfield et al. [1994]
and represented their model coefficients as linear functions
of the Dst and Kp indices, the solar wind pressure, and the
IMF B,. The model of Hilmer and Voigt [1995] did not use
any magnetospheric field data but was also parameterized by
observable variables, such as the solar wind pressure, Dst
index, and the equatorward boundary of the diffuse aurora.
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A major source of the global magnetospheric field is the
cross-tail current. In the T96 model the tail field was repre-
sented by a sum of two independent modules, correspond-
ing to the near-Earth and the distant parts of the magnetotail
current. The magnitude factor for each of the modules was
represented as a linear function of the normalized solar wind
parameters

a+b (fp‘d‘/wd) - 1) +ey/ly)—-1), ¢))

including the square root of the dynamic pressure of the solar
wind P; = pV? in the second term and the parameter y in
the third term, describing the effect of the IMF upon the tail
field. More specifically, the quantity y was defined as
. 0
y=«/ﬁVB, sm—2- “(2)
where N, V, B;, and 6 are the solar wind ion density, speed,
IMF transverse component, and the IMF clock angle, re-
spectively. It was found that the pressure-dependent term in
(1) generally dominated over the IMF-related one, although
a dramatic difference was also observed in the degree of the
closure of the tail field lines across the plasma sheet between
the cases of northward and southward IMF [Tsyganenko,
1996, 1998]. _

While demonstrating the general robustness and reason-
able behavior of the data-based model field in response to the
external factors, those results posed further questions. In par-
ticular, the form (1) is just one of many possible regression
relations, and it remains unclear how far it is from the best
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choice. For example, one could try different powers of P, in
(1) instead of the square root dependence. Note in this regard
that in a similar study by Nakai et al. [1991] the tail lobe field
By, Was postulated to depend linearly on P;. While that as-
sumption could be justified for a relatively narrow interval of
Py, in reality the values of the solar wind pressure can vary
from as low as 0.1 to 20 nPa and even higher, so that a linear
relationship is unlikely to remain accurate in the entire range.
In the middle and distant tail, a simple estimate based on the
transverse pressure balance suggests Bjg,e ~ +/ Py, asSuming
that the external pressure on the lobes is proportional to P,.
However, in the near tail all these approximations become
questionable because as one approaches Earth, the magnetic
field rapidly increases and becomes strongly nonuniform in
all three dimensions. In this work, the effect of the solar
wind pressure on the tail lobe field is studied in more detail,
using a refined set of data taken in a wide range of distances
and assuming different forms of the pressure-related term in
a regression equation.

Concerning the IMF-dependent term in (1), the specific
form (2) of the index y was adopted in the T96 model
solely because of its high correlation with the intensity of
the field-aligned currents, reported by Ilijima and Potemra
[1982]; however, that did not necessarily mean that the in-
dex was best for parameterizing the tail current. Nakai et
al. [1991] used a linear regression model in which the IMF
dependence was represented by the term VB,. In this work,
several other IMF-related combinations of the interplanetary

quantities were tried, and the best results were indeed ob-
tained for a different control variable, as discussed in more
detail below.

Another interesting problem is the delay in the response
of the tail field to the IMF conditions owing to the finite
time required to transfer magnetic flux from the solar wind
to the tail lobes. Nakai et al. [1991] used hourly averages of
the solar wind parameters and assumed a 1-hour lag for the
quantities entering in the term V B,. However, no detailed
study of time lag effects was made so far. In the present work,
the solar wind data at 5-min resolution were used, which
allowed us to pay more attention to the delayed response of
the tail field to the solar wind conditions.

Another way to improve the accuracy of the model is to
use more control variables in the regression equation. One
of possible candidates is the Dst index. Although it is not
independent of the solar wind parameters, the Dst index has
an advantage that it directly reflects the actual strength of the
near-Earth field sources at a given time. While the largest
contribution to the Dst field comes from the ring current,
one can expect that the cross-tail current (at least, its near-
Earth portion) is an important source as well [Maltsev et al.,
1996]. In spite of all the drawbacks of the Dst index as a
physical parameter [e.g., Campbell, 1996a,b], it is nonethe-
less a good measure of the overall strength of the near-Earth
electric currents. As shown below, the inclusion of the Dst
index improves the correlation between the predicted and ob-
served lobe magnetic field. It should be noted that using the
standard Dst index as a parameter in specification models is
hindered by the fact that it cannot be provided in real time,
since it requires a baseline derived from the quietest day data.
However, there exist proxy techniques to obtain a near-real
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time Dst from ground geomagnetic data. Also, the Dst in-
dex can be predicted with a sufficient accuracy, using only the
solar wind data [Burton et al., 1975; Valdivia et al., 1997].
In the present study, a new higher-resolution index SYM-H
[Iyemori, 1990] was used, along with the standard 1-hour
Dst index.

2. Data

The tail magnetic field data for this study came from the
magnetometer experiments onboard three spacecraft: ISEE
2, AMPTE/IRM, and Geotail. In order to identify the data
taken in the tail lobes and separate them from the observa-
tions in the plasma sheet, the concurrent data of the plasma
instruments were used, as described below in more detail.

The final tail lobe data set was divided into six subsets,
corresponding to six consecutive intervals of the distance p =
(X2 + Y2)/? from the Zgew axis, as follows: 10— 15,
1520, 20 —25, 25 —30, 30—40, and 40—60 Rg. These
intervals corresponded to the first six intervals of the tailward
distance in our earlier study of the shape of the tail current
[Tsyganenko et al., 1998], which made it easier to use its
results in this work.

2.1. ISEE 2 data

ISEE 2 spacecraft was launched in October 1978 in a highly
eccentric orbit with an inclination 28.77° and an apogee of
23 R, passing through the nightside magnetosphere during
the spring months. More details on the orbit were given by
Ogilvie et al. [1977], while the magnetic field and plasma
experiments were described in detail by Russell [1978] and
Bame et al. [1978], respectively.

In this work, we used 1-min average magnetic field data
taken during the period from January 2, 1978, to April 8,
1980. The procedure of data selection included the following
steps. First, data taken well outside the magnetosphere as
well as those taken too close to Earth (closer than 4 Rg) were
eliminated. Then a visual inspection of the data was made
to filter out bad and questionable data that might include
magnetosheath contamination and to allow a finer selection
of the data taken within the magnetosphere. In fact, that
part of the data processing was made in the early 1990s and
produced a magnetospheric spacecraft database and a catalog
of the ISEE intervals inside the magnetosphere. That effort
was described in detail elsewhere [Fairfield et al., 1994].

In order to select the tail lobe data of ISEE 2, a subset of 1-
min averages of nightside B was created, using the catalog of
Fairfield et al. [1994]. Then the intervals inside the plasma
sheet were removed, identified by the requirement that the
concurrent proton pressure did not exceed a critical threshold
value P.;. This was specified as follows. Assuming a lobe
field B ~ 25nT at X = —20 Rg, the corresponding mag-
netic pressure of 0.25 nPa was expected to equal the plasma
pressure at the center of the plasma sheet at that tailward dis-
tance. Using this estimate, we chose P, = 0.01nPa, i.e.,
4% of the plasma sheet pressure. Since the lobe field and the
plasma sheet pressure decrease tailward and increase earth-
ward, an appropriate correction factor was introduced, so that
the final formula for the threshold pressure became

P... = 0.01 (R/20)** . 3)
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The value of «v in the power index in (3) can be specified using
the results of earlier studies of the tail lobe field gradient (see
Fairfield and Jones [1996] for an overview). In the present
work, a value « = —0.64 was assumed, obtained from the
radial variation of the lobe field as shown by Yamamoto et al.
[1994] in their Figure 3, based on Geotail data. The above
value is within the ballpark range of those found earlier by
different authors; in any case, owing to a rather strict upper
limit (0.01 nPa) on the pressure at R = 20 R, it is unlikely
that the results of this study would be significantly affected
by a slightly different choice of «.

The last step in the data preparation was averaging the 1-
min values of the lobe B over 5-min intervals and tagging
them with the corresponding 5-min data on the solar wind

state and the Dst index . The solar wind data for the ISEE
2 subset of the tail lobe data were provided by IMP 8 space-
craft. The basic procedures of the solar wind data preparation
were described by Tsyganenko et al. [1999], and readers are
referred to that paper for more details.

Since we were interested in the effects of the solar wind
and IMF "prehistory" on the tail field, every 5-min average
tail lobe B vector in the database was provided with a "trail"
of 12 consecutive 5-min average values of the solar wind pa-
rameters (density N, speed V, and the IMF components) to
ensure a continuous coverage by the solar wind data of the
entire hour, immediately preceding each lobe field measure-
ment. All tail field observations with incomplete solar wind
and IMF data trails were excluded from the analysis.

Besides the interplanetary medium data, the records in the
ISEE 2 subset were tagged with hourly average values of
the Dst index. As described below, the AMPTE/IRM and
Geotail subsets had available a higher resolution Dst field
(SYM-H); unfortunately, that index did not exist for the pe-
riod 1978-1980 covered by ISEE 2. Nevertheless, since, by
contrast to the IMF data, the large-amplitude variations of the
Dst field occur on a relatively large timescale, it is unlikely
that using hourly averages instead of the higher-resolution
data would significantly affect the results.

The final restriction was related to the fact that ISEE 2
had its apogee at significantly higher solar ecliptic latitudes
than two other spacecraft used in this study, which resulted
in a significantly wider coverage of the tail lobes in the Zggy
direction. That would not matter in the middle and distant tail,
where the lobe field is nearly uniform across the tail; however,
at the ISEE 2 location (R ~ 10—20 Rg) the large transverse
gradients of B could introduce a significant scatter. In order
to avoid that an additional requirement | Zisgg — Zn| < 5 Rg
was imposed upon the distance along the Z direction between
the spacecraft and the expected position of the center of the
current sheet Zp, so that the observed B would better reflect
the local magnitude of the cross-tail current. The distance
Zn was calculated using the formula of Tsyganenko et al.
[1998] (see their (2)):

Y4

Y4+ L4

where the parameters Ry, G, and L define the dependence
of the current sheet shape on the dipole tilt angle W¥; their

numerical values were adopted from the above referenced
paper. Note that in the present study we ignored the IME-

ZN(Y)=Ru -G sinV¥ , “)
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induced effect of cross-tail current sheet twisting since it is
quite small at ISEE 2 distances.

Following all the above restrictions, from the original
16,996 5-min data records, only 226 were found to satisfy
all the requirements and were included in the final ISEE 2
data subset. The most dramatic reduction was due to the re-
quirement of the continuous coverage by the solar wind data
over the preceding 1-hour interval and the restriction upon
the distance from the center of the current sheet.

2.2. AMPTE/IRM data

The AMPTE/IRM spacecraft was launched on August 16,
1984, into an elliptical orbit with an inclination of 28.6° and
an apogee of 18.83 Rg. Like ISEE 2, it passed through the
nightside magnetosphere during the spring months, but in
contrast to ISEE 2, the apogees of AMPTE/IRM were located
at much lower solar ecliptic latitudes (and to the south of
the ecliptic plane). More details on the orbit were given
by Bryant et al. [1985]; the same publication contains a
description of the magnetometer [Luhr et al., 1985] and of
the plasma experiment [Paschmann et al., 1985].

The original 4-s average magnetometer and plasma instru-
ment data underwent an initial selection and averaging over
1-min intervals. At that stage, the data taken at Xggy < O
and inside an average model magnetopause were selected for
further processing. The data came from two 6-month inter-
vals, January 2 to June 30, 1985, and February 20 to July 8,
1986. :

The next step was to select the lobe data with P < Py,
using the same formula (3) for the threshold pressure. As in
the case of ISEE 2 data, all the magnetic field data without
concurrent plasma pressure information were omitted. In
total, 15,047 1-min tail lobe field data records were obtained
at this step.

The final procedure was to average the data over 5-min
intervals and tag each record with the SYM-H index of Iye-
mori [1990] and with the solar wind data "trail" in exactly the
same way as described above for the ISEE 2 data. The total
number of data records in the final AMPTE/IRM subset was
512 (135 for 1985 and 377 for 1986).

2.3. Geotail data

The Geotail spacecraft was launched on July 24, 1992. Its
orbit was specially designed to explore the deep magnetotail
(down to ~ 220 Rg) and to skim the magnetopause at a wide
range of distances during its first 2 years of operation. In
1994 and 1995 the apogee was lowered down to ~ 50 Rg
and then to ~ 30 Rg, which provided excellent coverage of
the middle and near magnetotail. Owing to the relatively low
latitude of the Geotail’s orbitin the solar ecliptical coordinate
system, most of the tail data were taken within a short distance
from the center of the plasma sheet. Nonetheless, owing
to the flapping motion of the plasma sheet and because of
its systematic seasonal/diurnal warping and its IMF-induced
twisting, a significant portion of the data came from the tail
lobes. The Geotail orbit and experiments were described
elsewhere [Nishida, 1994; Kokubun et al., 1994; Mukai et
al., 1994]; also, more details on the coverage by Geotail of
the equatorial nightside magnetosphere were given in our
earlier paper [Tsyganenko et al., 1998].
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Geotail, AMPTE/IRM & ISEE-2
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Figure 1. Spatial distribution of the lobe field data for six intervals of the distance p from the Zggy axis.
The distance Sgw across the tail is measured along the cylindrical surfaces p = constant (horizontal axis),
and the distance in the Zggy direction is measured from the position of the center of the cross-tail current,
calculated for each data point using a corresponding value of the geodipole tilt angle.

In this work, the lobe measurements of Geotail were se-
lected and processed using essentially the same procedure
as described above for the ISEE 2 and AMPTE/IRM data.
The magnetic field and plasma data covered the period from
September 18, 1993, to December 22, 1997.

As in the case of AMPTE/IRM, the Dst field data for
the Geotail subset were 5-min averages of the SYM-H in-
dex. Most solar wind data were taken by Wind spacecraft;
a smaller portion was provided by IMP 8. Since most of the

Wind observations were made relatively far from Earth, an’

appropriate time lag was introduced, based on the observed
solar wind speed and the projection of the Earth—~Wind dis-
tance on the Sun-Earth line. Special precautions were also
made to exclude the data taken on solar wind flow lines pass-
ing too far from Earth. More details on the preparation of the
solar wind data can be found elsewhere [Tsyganenko et al.,
1999].

After selecting the lobe data, averaging them over 5-min
intervals, and tagging them with the solar wind data trails, the
total number of the Geotail data records in the final subset was
2911.  More details on the data distribution over individual
bins of the tailward distance will be given in section 2.4.

2.4. Spatial distribution of the data
Figure 1 displays the spatial coverage by the data in the
six bins of the distance p from the Zggy axis. Owing to the

adopted way of the radial binning, the horizontal axis cor-
responds to the distance from the midnight meridian in the
east-west direction Sgw = p¢, measured along the cylindri-
cal surface p = (p). The value of Z (vertical axis) assigned to
each point is measured from the expected location Zy of the
center of the tail current sheet, estimated from (4) using the
values of parameters Ry, G, and L, as found by Tsyganenko
et al. [1998].

The first two bins of p contain data of all three spacecraft.
Owing to the orbit limitations of AMPTE/IRM, the third bin
(20—25 RE) is represented only by the data of ISEE 2 and
Geotail, and as one proceeds farther tailward, Geotail remains
the only source of data. However, because of the long time
span of the data set the longitudinal coverage remains fairly
uniform, except in the most remote bin (40 —60 Rg), where
significantly more data came from the dawn side.

3. Tail lobe field: a linear regression model

In order to quantitatively represent the tail lobe field as
a function of the solar wind state and the Dst field a linear
regression relation was used,

Biae = Bo + B1 (0 — (0)) + B2 (Sp — (Sp))

+B3 (Dst — {Dst)) + B4 (Sme — (Smr)) » (5)



TSYGANENKO: TAIL LOBE MAGNETIC FIELD

resembling the one used by Nakai et al. [1991] but differing
from it in several respects. First, to take into account the
radial variation of the magnetic field within each bin of p,
a linear correction term with the coefficient B; was included
in (5) from the outset, while Nakai et al. first normalized all
their B values to the same location and then used them for
the regression analysis. Second, as noted above, Nakai et al.
assumed a linear dependence of By, on the solar wind ram
pressure Py, while in this study, a more complex function S,
was used, specified below in more detail. Third, a linear de-
pendence on the Dst field was added; as noted above, in the
case of the ISEE 2 data it was a standard hourly Dst index,
while for AMPTE/IRM and Geotail we used 5-min average
values of the higher-resolution SYM-H index. Fourth, in-
stead of the VB, term, used by Nakai et al. [1991], several
different IMF-related regressors Spyr Were explored in order
to find the best one, as described below. Finally, no attempt
was made here to include in the regression relation the solar
wind thermal pressure and the AL index. ;

Withregard to the spatial variation of the lobe field, the ini-
tial version of the regression relation (5) also included terms
with a dependence on the azimuthal angle ¢ and on the dis-
tance Z — Zy from the expected position of the center of the
current sheet, given by (4), and on the dipole tilt angle. How-
ever, those terms were found to provide a relatively small
contribution to the lobe field magnitude and did not signif-
icantly improve the fit. For that reason, it was decided to
retain, in the final expansion, only the radial term. In any
case, an accurate description of the field’s spatial structure
should be pursued by means of full-scale three-dimensional
modeling, while this work concentrates on the effects of the
external factors on the tail current.

The pressure-dependent function S, in (5) was represented
as

12 12
Sp=p Wifi [ Y Wi, ©)
i=1 i=1

where the summation covers twelve 5-min intervals, that is,
1-hour period immediately preceding any given tail field ob-
servation at the time 7. The summation index i is related to the
time lag 7; = 5({ — 1) (in minutes), so that the 5-min interval
with i = 1 is the one of the actual lobe field observation, the
one with i = 2 lags it by 5 min, etc. The response function
fi = f (Pa;) gives therelative contributionto S, by the solar
wind pressure during the ith lag period; its concrete form is
discussed in section 3.1. The weights W; were introduced in
order to vary the relative contributions from the solar wind
states observed during 12 consecutive 5-min intervals. Thus,
taking Wi = 1 and Wy = W3 = ... = Wj3 = 0 would imply
the "directly driven" mode of interaction, in which case only
the current value of the solar wind pressure contributes to the
control variable S,,. In contrast, assigning equal values to all
12 weights W; would be equivalent to using uniform hourly
averages. In this study, a simple continuous parameterization
of the weight function by a single variable a, was adopted,
so that W; = W;(;, ap) (see appendix for more details).
Assigning to a,, values from the interval =2 < ap < +2
makes it possible to reproduce several qualitatively different
basic modes of response; for example, taking a, = —1.9
provides the directly driven mode; a, = —1 yields a linearly
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decreasing sequence of W; values; a, = 0 results in a uni-
form weighting; a, = 1 corresponds to a linear increase of
W; from O to 1 with growing time lag; and a, = 1.9 yields
a delayed pulse-like weight function, similar to the directly
driven case, but lagged by 1 hour.

The IMF-related function Spyr Was represented in the same
way as the pressure term, using the summation over 12 time
intervals but with a set of weights, controlled by its own
independent parameter apg, SO that

12 12
Swr =Y Wigi /> Wi, 7
i=1 i=1

and W; = W;(t;, ape). Several forms of the function g were
explored, containing different combinations of the interplan-
etary parameters. The results are described in section 3.1.

3.1. Choosing the solar-wind controlled response
functions

The general procedure of choosing the regression functions
began with a search for the best form of the pressure-related
function f, entering in (6). At that step a plausible a pri-
ori form of the IMF-related term g was assumed. After the
function f (and hence S,) was specified, a detailed analysis
of other possible candidates for g and Spyr was made. At
an initial phase of this study, a power law f = P} was as-
sumed for the response function f, where the best fit value
of o was expected to be close to 0.5, as suggested by simple
pressure balance considerations for the middle and distant
tail. However, using smaller values of o gave a noticeable
improvement of the correlation coefficient R (also called the
multiple correlation coefficient) between the observed values
of B and those predicted by (5).

That tendency was especially pronounced for two closest
bins of the tailward distance 10 < p <15 and 15 < p <20: in
these cases, choosing smaller and smaller values of « resulted
in progressively higher correlation coefficients. In fact, the
best fit values of « tended to zero, accompanied by unlimited
growth of the regression coefficient B,, which prompted us
to assume f = ln Py, as an asymptotic limit of the power
law with « — 0. That choice provided the best correlation
between the observed and predicted field for p < 20 Rg. At
larger distances, using a power dependence instead of a loga-
rithmic one yielded slightly higher correlations; for example,
at 20 < p <25, the power dependence with o = 0.35 gave the
best result with R = 0.8736 (while the logarithmic function
yielded R = 0.8708). In the most remote bin 40 < p < 60,
the best value of the power index was found to be o« = 0.63,
with R = 0.9182, whereas for the logarithmic dependence

we obtained R = 0.9021. However, in order to consistently
describe the radial variation of the lobe field in the entire
range of the distance and to compare the magnitudes of indi-
vidual regression terms, we retained the logarithmic form of
f for all the six bins of p.

With f and S, thus defined, a search was made for the
function g, entering the IMF-related term Sy in (7). Various
functions, tried in this study, are listed in Table 1 along with
the values of the multiple correlation coefficient R and of the
rms deviation o = (8 B2,.)!/2. The functions are ordered by
increasing values of R. Note that (1) all the results in Table
1 correspond to the closest interval of the distance 10 < p <



5522

TSYGANENKO: TAIL LOBE MAGNETIC FIELD

Table 1. Values of the Correlation Coefficient R and of the rms Deviation o, for 16

Different Combinations of the IMF-Related Parameters of the Solar Wind. i

Combination g R o
1 B, 0.9381 3.95
2 B. 0.9426 3.80
3 B 0.9450 3.73
4 By sin(6/2) 0.9468 3.66
5 B sin?(6/2) 0.9487 3.60
6 B, sin3(8/2) 0.9492 3.58
7 B 0.9534 3.43
8 B2 sin(9/2) 0.9580 3.27
9 B2 0.9602 3.18
10 B; sin? ©/2) 0.9608 3.16
11 B? sin®(6/2) 0.9626 3.09
12 B? sin’(6/2) 0.9639 3.03
13 VB; sin?(6/2) 0.9649 2.99
14 V B2 sin*(6/2) 0.9650 2.99
15 VB{ sin3(6/2) 0.9652 2.98
16 Vh(BL)sin?(6/2) 0.9659 2.95

The results correspond to the nearest bin 10 < p <15 Rg. The rms deviation o = (8 Bl%ba) 172,

15 RE and (2) the weights W; for both the pressure- and IMF-
related functions were calculated using a, = apr = 0, that
is, assuming uniform averaging of both quantities over the
1-hour interval.

In general, the correlation coefficients in all cases are quite
large, ranging between 0.94 and 0.97. The simplest choice
g = B, yielded the lowest correlation (0.9381), while for g =
B, = (B2 + B})!/2 itis significantly higher. Choosing g =
B, = min{0, B,} (i.e., taking into account only southward
values of IMF B,), resulted in a further improvement, more
clearly visible in the values of the rms deviation o.

Introducing powers of sin(9/2), where 6 is the IMF clock
angle, yields even higher correlations, in most cases exceed-
ing 0.96. The best result (line 12) among that kind of function
was provided by g = B? sin®(9/2), which gave R = 0.9639
and o = 3.03. Further improvement can be achieved by mul-
tiplying the IMF-related group of factors by the solar wind
speed V (lines 13—16). Finally, one may expect that for suffi-
ciently high magnitudes of the IMF the quadratic dependence
of By on B should gradually transform into the linear one
(as it appears from a simple model with superposed terres-
trial and interplanetary fields). This conjecture was tested by
introducing the function

(B1/Bo)*

Bl)= 1"
h(B1) 1+ B,/B.’

®)
where B, is a characteristic value of B corresponding to the
transition from the quadratic to the linear law. In line 16 of
Table 1 the results are given for g = Vh(B1) sin’ (0 /2) with
B. = 40nT, a value that provided the highest correlation
coefficient R = 0.9659.

Before proceeding further, a comment should be made on
the degree of mutual independence of the individual input
variables and on the relative importance of the regression

terms in (5). As expected, the radial distance p was found
to be virtually uncorrelated with Dst, Sp, and Sive, with the
correlation coefficients equal to —0.11, —0.02, and -0.04, re-
spectively. The correlation between the pressure term S, and
Dst was also quite low (R = —0.12), but it was found sig-
nificantly higher between S, and Sr (R = 0.44) as well as
it was between Dst and Sy (R = —0.49). To check the rel-
ative importance of various regression terms, the correlation
coefficients were rederived for versions of (5) missing one
term, i.e., lacking dependence on p (B = 0), on the pressure
(Bz = 0), on Dst (B3 = 0), or on the IMF (B4 = 0). These
gave a decrease of the correlation coefficient from 0.966 to
0.843, 0.899, 0.954, and 0.908, respectively. From this, one
might conclude that the radial variation has the largest effect
on the multiple correlation, the pressure- and IMF-related
terms are of approximately equal importance and share the
second place, while the Dst field has the weakest correlation
with Bjy.. However, as noted earlier, Sp, Dst, and Syyr are
not quite independent of each other, and therefore the above
ranking may be questioned. An alternative way of ranking
regression terms is to calculate the partial correlation coeffi-
cients. That method suggested a somewhat different ordering
of the input variables by their importance: The largest par-
tial correlation coefficient (0.7399) was obtained for Siur,
followed by S, (0.6704), p (~0.5490), and Dst (-0.4438).

3.2. Effects of the weighted time-lagged response in the
near tail

The next task was to explore the effect of changing the
time-lagged weight profiles in the pressure- and IMF-related
regression terms. Using the chosen response functions

f=In(P;)  g=Vh(BL)sin’#/2), )
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Table 2. Parameters of Data Subsets and Regression Coefficients for Consecutive Bins of p
10<p<15 15<p<20 20<p<25 25<p<30 30<p<40 40<p<60
Data Set
N 359 624 527 776 412 640
(B2, )? 43.61 29.18 21.99 20.70 18.71 14.53
(p) 12.79 17.72 22.79 27.81 32.66 45.36
(Sp 0.7236 0.7389 0.6745 1.031 1.080 0.7883
(Dst) -20.67 -14.06 -15.97 -7.64 -6.38 -6.49
(SimE) 3.663 2.126 2.183 2.118 2.087 3.081
Term in (5) Regression Parameters

By 1 42.10+0.15 28.57+0.10 21.261+0.12 20.454+0.08 18.374+0.10 13.74+0.08
B p— (p) —4.1940.12 -1.2440.08 -1.02+0.09 -0.62+0.07 -0.574+0.038 -0.069+0.034
By Sp — (Sp) 10.55+40.40 8.17+0.29 8.484+0.35 5.274+0.29 5.99+40.48 5.5440.21
Bs Dst — (Dst) -0.17740.015 -0.078+0.009 -0.02240.008 -0.065+0.008 0.01240.016 0.0534-0.008
By Sve — (StvE) 0.866+0.035 0.749+0.043 0.6264+0.060  0.372+0.043 0.484+0.082  0.386=+0.030
o 2.88 2.58 2.78 2.31 2.10 2.04

R 0.9675 0.9007 0.8675 0.7069 0.8065 0.9012

ap 1.45 -0.80 -1.40 -1.40 -1.75 -0.20
amr 0.15 0.70 -1.30 -1.40 0.70 -1.10

a search was made in each bin of p for an optimal pair of
values of ap and apr, minimizing the rms deviation o. In
the nearest bin of the tailward distance, the optimal values
ap = 1.45 and ayr = 0.15 were found to further increase the
correlation coefficient from R = 0.9659 to R = 0.9675 and
decrease the rms deviation o from 2.95 to 2.88. While it ap-
pears as insignificant improvement, the effect of introducing
the weighted response appears more convincing if we com-
pare the last figures with those calculated under assumption
of a nearly instantaneous (directly driven) mode of the solar
wind control by taking a, = —1.9 and apr = —1.9. Using
the latter values yielded a clearly worse fit with R = 0.9447
and 0 = 3.73.

The assumed simple form of the weight function W (z, a)
did not comprise all possible options (e.g., choosing a weight
function with a peak in the middle of the 1-hour trail inter-
val, or taking longer averaging intervals). Also, no attempt
was made to quantitatively assess the statistical uncertain-
ties of the obtained a), and ane. With these reservations in
mind, note that the value g, = 1.45, obtained for the nearest
bin of distance, implies a considerable delay of the near tail
response to the solar wind pressure variations. A probable
. explanation is that, besides the direct compression/expansion
of the magnetopause (which results in an almost immediate
response of By, ), @ significant contribution comes from the
relatively slow earthward shift of the cross-tail current dur-
ing disturbed periods with large Py. The tailward variation
of the weighted response parameters a, and anr Will be dis-
cussed in the next section, and a more general treatment of
the problem is described in section 3.4.

3.3. Tailward variation of the lobe field parameters

The values of the regression coefficients with their error
estimates, as well as the characteristics of the data subsets for
all six intervals of p are given in Table 2. The first six rows

contain the quantities characterizing the data subsets, such
as the number of the data points, rms values of By, and
the average values of the parameters entering in the regres-
sion relation (5). The bottom of Table 2 presents the obtained
best fit values of the regression coefficients, the rms deviation
o, and the multiple correlation coefficient R. The last two
lines contain the estimates of the parameters of the weight

functions for the pressure- and IMF-related terms. The esti-
mates of the uncertainties are made on the premise that the

chaotic component in the lobe field is distributed according
to Gaussian law [e.g., Bevington, 1969], which is not an ob-
vious assumption. It is also important that in calculating the
uncertainties we tacitly assumed that the values of the solar
wind parameters did not contain errors and corresponded to
their actual values near the Earth’s orbit. Since a significant
fraction of those data came from Wind spacecraft, located far
upstream, one should be aware that the actual errors can be
significantly larger. Section 4 contains further discussion of

the statistical uncertainties.
The coefficients By and Bj represent the average lobe field

within a bin and its radial gradient; as expected, both of them
monotonically decrease with growing tailward distance. The
coefficient B, is a measure of the tail field variation in re-
sponse to the changes in the solar wind dynamic pressure; it
also decreases tailward, although in a less orderly manner and
more slowly than the average lobe field. As aresult, the field
in the middle tail is relatively more sensitive to variations of
P, than it is in the near tail; thus, a fivefold increase of Py
from 2 to 10 nPa would result in a ~ 40% increase of the
field (from 42 to 59 nT) at p ~ 12 Rg, while at p ~ 40 Rg
the relative increase of B, would amount to ~ 60% of its
original magnitude.

The coefficient Bj relating the response of By, to the Dst
field is quite significant in the innermost bin. More specif-
ically, the same increase in the lobe field from 42 to 59 nT,
as in the above example for P;, would require a drop in the
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Scatterplots of the observed tail lobe field values against those predicted by the regression

relationship (5) for six intervals of the distance p. Best linear fits are shown by dashed lines.

Dst index by about -100 nT (assuming that other variables
do not change). However, B3 rapidly falls off with growing
distance and becomes negligibly small even at p > 20 Rg,
which implies that only the near-Earth part of the tail current
makes a tangible contribution to the Dst field on the ground.

The IMF-related coefficient B4 decreases with growing p,
at approximately the same rate as the pressure-related co-
efficient By. The relative importance of the corresponding
IMF-related term in (5) can be clarified by the following ex-
ample: For IMF By = 0, B, = —10 nT, and V = 400 km/s
the contribution from the IMF-related term to the lobe field
in the innermost bin 10—15 Rg equals ~ 17 nT; that s, it has
approximately the same effect as the fivefold increase of Py.
At larger distances the IMF-related term contributes less in
terms of the absolute value but becomes more significant in
the relative sense because of the faster tailward decrease of
the average field. ‘

The correlation coefficient R decreases with growing radial
distance from R ~ 0.97 at 10 < p < 15to R = 0.71 at
25 < p < 30 and then increases back to R = 0.90 at 40 <
o < 60. Regarding the tailward decrease of R, observed
within first four bins, it can be attributed to the following
factors. First, the tail field becomes progressively noisier and
less ordered with growing distance from Earth, even in the
lobes. Second, because of the rapid decrease of the field radial
gradient the contribution from the second term in (5) becomes
smaller at larger distances. In addition, the magnitude of
the Dst related term dramatically falls off with growing p.
In the modeling terms this can be viewed as a reduction of

the number of degrees of freedom of the regression relation
(5), which explains the decrease of R. It still remains not
quite clear why the correlation coefficient raises again beyond
25 < p <30. Apossible cause could be a significantly smaller
number of the data points in the interval 30 < p <40 and the
presence of an isolated group of data points with unusually
large By ~ 30 nT in the most remote interval 40 < p < 60
(those data came from an extremely disturbed period in the
early UT hours of December 24, 1994). However, even after
that group of points was excluded from the calculation, the
correlation coefficient remained as high as 0.83, which is
still larger than for the neighbor earthward bin. A possible
interpretation of this finding will be given in section 4.

The above results are illustrated by a sequence of scatter-
plots of the predicted lobe field values (5) against the observed
ones, which are displayed in Figure 2 for all six intervals of
the distance. In the nearest bin, 10 < p < 15, most of the
data concentrate within the interval 20—60 nT; there is also
arelatively sparse group of data points with larger B ~ 80 nT,
provided by Geotail observations during three disturbed days
in 1995 and in 1997, and, finally, two data points with ex-
tremely large B ~ 120 nT, which came from the ISEE 2
data set (day 52 of 1979). The other plots show similar pat-
terns of the data distribution. As one proceeds from closer
to more distant bins, the data clouds become more dispersed
and shift to smaller values of B, reflecting the increase in the
tail field variability with growing distance and its decreasing
magnitude. In all cases, the clouds abruptly terminate at a
significant distance from the origin, ranging from ~ 25 nT
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Figure 3. Distributions of the values of the weight coefficients B’z‘ (pressure-related term) and B"f (IMF-
related term) over the 1-hour interval of the lag time for six intervals of the tailward distance p. The width
of the shaded bars corresponds to 10-min intervals of the lag time, and their height indicates the statistical

uncertainty.

for 10 < p < 15to ~ 8 nT for 40 < p < 60. This is an
indirect evidence that the selection of the lobe intervals us-
ing the plasma data and the threshold pressure (3) effectively
eliminated all observations in the plasma sheet.

The time-weighting parameters a, and anve also reveal an
interesting variation with p, although not as orderly as in the
case of the regression coefficients. As one proceeds to larger
distances, the parameter a, rapidly decreases from 1.45 at
10 < p < 15 down to —1.75 for 30 < p < 40, indicat-
ing a change in the response mode, from the significantly
delayed one to nearly directly driven. In the farthest bin,
40 < p < 60, the parameter a, sways back to a relatively
small value —0.20, which may result from the increasingly
large propagation time of the lobe compression tailward from
Earth (note that all the times in our solar wind database were
recalculated based on Wind and IMP 8 location relative to
Earth rather than to the spacecraft in the tail). The behavior
of the parameter apr is more erratic than of a,, but one still
can discern the same tendency: positive values in the nearest
bins, large negative values farther out in the middle tail, and
* some fluctuation in the farthest bins.

3.4. Time-lagged response: an al_temative method

As noted earlier, the adopted simple one-parameter form
of the weighting function for the pressure- and IMF-related
terms does not exhaust all possible choices; in addition, the
above results did not give any clue on the uncertainties in-
volved, which left us with a sense of incompleteness. In order
to better resolve the time lag effects, a further study was made
using a different method.

Namely, instead of weighting the 5-min values of the re-
sponse functions f and g by a predetermined set of normal-
ized weights W;, as specified by (6) and (7), the weights them-

selves were treated as unknown coefficients. More specifi-
cally, the regression form (5) was modified, so that the terms
Ba(Sp — (Sp)) and B4(Smr — (Smvr)) were replaced by the
sums

6

B (e — (fi)

k=1

6
> BP (e —(g)) . (10)

k=1

Note that, in contrast to (6) and (7), here we have only six
terms in each sum, representing the response of the lobe field
to six consecutive 10-min average values of f and g from
the 60-min interval immediately preceding the By, mea-
surement. In principle, we could retain in the summation
all twelve 5-min average values of f; and gi; however, that
would further increase the number of unknown parameters
and, hence, rise their uncertainties beyond the acceptable
level. On the basis of the results given below, we believe
that the adopted division of the hourly intervals into six 10-
min intervals is close to an optimal choice.

Figure 3 displays the plots of the individual response am-

plitudes Bék) (top) and Bik) (bottom), corresponding to the
functions fx and g, respectively, as functions of the time
lag, proportional to the index k. The height of the shaded
bars shows the statistical uncertainty. The results, in general,
agree with the previously discussed findings, based on the
analysis of the parameters ap, and apr. In the nearest bin
of p the coefficient B, remains relatively small at small time
lags but rapidly increases as the lag exceeds 30 min. At larger
distances its behavior is quite different: In all the plots but the
last one, the largest contribution comes from the most recent
bin of the time lag, implying that the directly driven response
to the solar wind pressure dominates in most of the tail.
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The distribution of the coefficient By is, in general, more
chaotic. In the nearest bin of the distance, there is a distinct
peak at the lag of 10-15 min, but overall, the shape of the
profile is more evenly distributed over the entire span of the
time lags. In the next bin, 15 < p <20, the peak of the IMF-
related response function is shifted to 20-30 min, while at
larger distances the largest contribution corresponds to small
and intermediate time lags.

4. Discussion and conclusions

Before summarizing the results, a comment should be
made on an important aspect of our regression analysis.
Specifically, in spite of the apparently large number of indi-
vidual 5-min averages in the radial distance bins, one should
. be aware that most of the tail lobe data are grouped in clus-
ters, each containing several (from 3 to ~ 30—50) consecutive
data points, taken on single passes of the spacecraft. In many
cases both the tail lobe field and the controlling parameters
of the solar wind vary on a timescale significantly > 5 min.
Therefore the consecutive data points within each cluster are
not quite independent of each other, which can result in de-
ceptively low values of the statistical uncertainties of the re-
gression coefficients. Since the uncertainties are inversely
proportional to the square root of the number of independent
measurements, the actual values of the uncertainties can be
significantly larger than those given in Table 2. A rougheval-
uation of the effect can be made, taking into account that the
number of the data clusters from different passes was between
10 and 20% of the total number of individual data points in
our subsets. On the basis of this estimate, we conclude that
the actual uncertainties can exceed those in Table 2 by a factor
of 2-3.

In summary, a study was made here of the tail lobe field
response to the state of the incoming solar wind, using the
magnetometer and plasma instrument data of three space-
craft, taken in a wide range of tailward distances and local
times during three separate periods between 1978 and 1997.
Owing to the large size of the initial database arelatively large
set of lobe measurements was compiled, and each tail field
record was provided with a continuous sequence of 12 values
of 5-min average solar wind and IMF parameters during the
preceding hour. A linear regression relationship was derived
between the tail lobe field strength, a solar-wind pressure pa-
rameter Sy, the Dst field on the ground, and an IMF-related
parameter Sy for six bins of radial distance between 10 and
60 Rg.

A detailed search was made for the best combination of
the solar wind pressure- and IMF-related parameters, pro-
viding the highest value of the multiple correlation coeffi-

cient R and the lowest rms deviation o between the predicted
and observed lobe field. A simple four-parameter regres-
sion relation was found to yield a very good fit (R = 0.967
and o/(B%)1/2 = 0.066) in the nearest bin of the distance
10 < p < 15. It was found that the near-tail lobe field be-
comes significantly less sensitive to the solar wind pressure
for large values of Py, so that it can be best described by
a logarithmic dependence, while a power law f = PJ with
any value of the index « yielded persistently worse results.
Our initial guess was that the weaker response of the near-
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tail lobe field to Py was due to a relatively large contribution
from the Earth’s dipole to the total B in thatregion. To check
this conjecture, we fitted the external part of the total field
(i.e., with the dipole part removed), using the same regres-
sion relation (5). Surprisingly, the external field showed the
same behavior as the total one, that is, a clear preference for
the slower logarithmic response to Py in the near tail. This
finding is in line with the result of Fairfield and Jones [1996],
who demonstrated a significantly slower dependence of the
tail lobe field on the external dynamic pressure (fourth root)
than the linear response assumed by Nakai et al. [1991].

Among various IMF-related functions the best results for
the near tail were obtained with g = Vh(B)) sin3(9/2),
where the function £, given by (8), behaves as Bi for weak
IMF but gradually transforms into a linear dependence for
B, > 40nT. It should be noted that for small B, the above
function g is quite close to the € index of Akasofu [1979].

A comparison of the partial correlation coefficients showed
that the IMF- and pressure-related terms are the most impor-
tant ones since they (1) provide the largest contribution to the
predicted lobe field at all tailward distances and (2) have the
largest partial correlation coefficients with Bygpe.

The Dst term yields a significant contribution to the re-
gression relation in the nearest bin of p, suggesting that the
fringe field of the near-tail current sheet contributes to Dst
at Earth’s surface, especially during disturbed times. How-
ever, judging from the obtained values of the corresponding
correlation coefficients, the relative importance of the Dst as
a predicting variable is smaller. In addition, the Dst-related
coefficient rapidly falls off to zero at larger distances.

Using the same regression relationship (5) for representing
the tail lobe field at larger distances yielded the radial varia-
tion of the tail lobe field and its response to the external param-
eters. While the absolute magnitude of the mean field By and
of all the regression terms decreased with growing distance,
the relative amplitude of the externally induced variations
against the average (By.) Was found to increase tailward.
As expected, the correlation coefficient R was found to de-
crease with growing p within first four bins of the distance.
However, in the two farthest bins that trend was reversed,
probably because of the fact that the middle tail (0 ~25 Rg)
appears as a transition region between two different regimes
and, as such, is most affected by the substorm-related in-
stabilities. At closer distances, the tail field becomes more
ordered, due to the growing contribution of the Earth’s field,
while at larger distances the tail configuration becomes fully
established and thus relatively more stable.

A study of the time lag effects was also made by using
the data from 1-hour trails of the solar wind parameters,
accompanying each lobe field data record. Two methods
were employed, in which the contributions from the solar
wind pressure- and IMF-related terms were represented as
weighted sums over 1-hour periods, immediately preced-
ing the lobe field measurements. For the nearest interval
of the distance, the best fit weight function for the pressure-
dependent term was found to rapidly increase with growing
time lag, suggesting a significant average delay between the
changes of the solar wind pressure and the reaction of the
lobe field. However, one has to keep in mind the statisti-
cal nature of the result; in individual cases the sequence of
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events can be more complex, combining an almost immedi-
ate change in the lobe field due to changing magnetopause
current and a delayed growth/decrease of the field in response
to the convective transport effects in the plasma sheet.

The weight functions, derived for more distant bins, in
most cases maximize at or shortly after the time of the lobe
field observation and then decrease with growing time lag.
This implies that the directly driven mode of response prevails
in the middle and distant tail.

The obtained results have several implications with regard
to the parameterization of the cross-tail current in the mag-
netospheric models. (1) The square root dependence of the
tail current, adopted in the T96 model, should be replaced by
a slower one, which can be either the logarithmic function
(9) (in the near-tail region) or a power law with @ < 0.5 (in
the middle tail). (2) The IMF dependence can be best rep-
resented by the function g, given by (9). (3) Information on
the prehistory of the external input is important and can be
taken into account by integrating the solar wind control func-

- tions (with appropriate weight functions) over an hour-long
interval, immediately preceding the moment of the tail field
measurement (or modeling). (4) Inclusion of the Dst index
in the amplitude factor of the near-tail current can distinctly
improve the accuracy.

Appendix. Weight Function for the
Time-Lagged Solar Wind Parameters

The values W; of the weight function in (6) and (7) were
defined as

Wi=W(i,a)= pt —a)q@), (AD)

where 7; = i/12 (1 < i < 12) is the time lag for the ith 5-
min interval (in units of the fraction of an hour). The function
p(t) in (A1) has a trapezoidal profile given by

T+1 if —-1<17t<00
1 f0<t<l
PO=172_7 ifl1<t<2 (A2)
0 otherwise
and the second factor in (A1) is the "gate" function
1 fO0<t<l
q() = { 0 otherwise . (A3)

Varying the parameter a within the interval —2 < a < 2 pro-
vides a shift of the factor p along the time axis, which results
in several different types of the weight function distributions
over the 1-hour trail of the solar wind data, shown in Figure
A1l by shading. Note that, owing to the normalization in (6)
and (7), the absolute values of the weights W; (and hence the
apparent inequality of the shaded areas) do not matter.
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