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Abstract. Quantitative relationships allowing one to com- ing the magnetospheric magnetic field for given external con-
pute the lobe magnetic field, flaring angle and tail radius,ditions, such as Tsyganenko (1996), Ostapenko and Maltsev
and to evaluate magnetic flux based on solar wind/IMF pa-(1997), Tsyganenko (2002). However, this approach is lim-
rameters and spacecraft position are obtained for the middlged and these statistical models are principally unable to ac-
magnetotail, X=(—15, —35) Rg, using 3.5 years of simul- curately predict the magnetic field variability. The basic rea-
taneous Geotail and Wind spacecraft observations. For theon is that, besides the solar wind parameters, the magneto-
first time it was done separately for different states of mag-spheric characteristics and dynamical evolution also depend
netotail including the substorm onset (SO) epoch, the steadgn the previous evolution, as the magnetosphere can stay in
magnetospheric convection (SMC) and quiet periods (Q). Indifferent magnetospheric states. For example, during south-
the explored distance range the magnetotail parameters apvard IMF the magnetosphere can either show large changes
peared to be similar (within the error bar) for Q and SMC associated with substorm (passing through the growth phase,
states, whereas at SO their values are considerably larger. kxpansion and recovery phases, e.g. Russell and McPherron,
particular, the tail radius is larger by-B Rg at substormon-  1973) or stay in the state of steady magnetospheric convec-
set than during Q and SMC states, for which the radius valugion (Sergeev et al., 1996). This variability is ignored in the

is close to previous magnetopause model values. The calciaforementioned statistical magnetospheric models by their
lated lobe magnetic flux value at substorm onsetisGWh, design.

exceeding that at Q (SMC) statesb$0%. The model mag- There exist event-oriented models which give a snap-shot
netic flux values at substorm onset and SMC show little de-of the part of the magnetosphere sufficiently covered with
pendence on the solar wind dynamic pressure and distance ipacecraft observations (see the models for the growth phase,
the tail, so the magnetic flux value can serve as an importangé.g. Pulkkinen et al., 1991, or steady convection, Sergeev
discriminator of the state of the middle magnetotail. et al., 1996). However, due to poor statistics these models

Key words. Magnetospheric physics (solar  wind- cannot describe reliably the global configuration and separate

magnetosphere-interactions, magnetotail, ~storms anéhe effelzcts of external variability from the consequences of
substorms) internal processes.

A large amount of the works studying the substorm effects
in the magnetosphere (following basic papers by Fairfield
and Ness, 1970, Russell and McPherron, 1973, Caan et al.,
1973, Fairfield et al., 1981, etc.) allowed one to understand
Interaction of the Earth’s magnetic field with the solar wind many_baS|c featur.es.of substorm phenomenon; however, they

Had either a qualitative character or had very localized sub-

plasma causes the bundles of magnetic field lines to exten . . . . .

; : L . . Jects or the considered spatial domain. Summarizing, we still

in the anti-solar direction forming the magnetotail. To a large oo s : )
have no quantitative empirical model to describe the differ-

degree its properties are determined by the solar wind param- . - . o
. ences of magnetospheric magnetic fields associated with dif-
eters. Now a great amount of magnetic measurements cov: )
. . . - . . ferent magnetotail states.
ering a wide range of solar wind/IMF conditions is available A sten t d h delis d . tudv wh
in different parts of magnetosphere. This allows one to con- Step toward such a model IS done in our study where we

struct statistical data-based magnetospheric models descrils® nsiruct the statistical model_s of basic magne_totall param-
eters separately for three basic magnetospheric states. The

Correspondence tavl. A. Shukhtina quiet magnetotail (Q) is a natural background state with lit-
(mshukht@geo.phys.spbu.ru) tle electromagnetic interaction (and little energy exchange)

1 Introduction
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between the solar wind and the magnetotail. The steady maggfter referred to as PR96) considered both variables together
netospheric convection (SMC) state is a basic state with inand combined them to obtain the magnetic flux estimates.
tense interaction, in which the magnetosphere supports thé/e expand their approach by using a more extended data set
plasma circulation in a steady-state fashion. Such a state iand by doing such analysis for different magnetotail states
known to exist, but its magnetotail magnetic fields are rarelyseparately.
studied (most of the the existing information was summa-
rized by Sergeev et al., 1996), so our task here is to ob- ) i
tain quantitative characteristics of this state and compare i? Data preparation and analysis
to both the quiet state and the substorms. . .

The third state selected is the substorm onset (SO), the2 1 Data analysis and event selection

state just before the global energy dissipation starts explog, approach is based on the tail approximation (Birn,
sively in the magnetotail. As compared to the later stages in1987), in which 3/0Z=0(1), By, B, 3/0X,3/0Y=0(¢)
volving strong and complicated local perturbations, the mag-or (2 1 providing the conservation of one-dimensional
netospheric configuration at the end of the growth phase ispressure balance, which allows one to compute both the lobe
gtill expected to kee_p the smooth magnetic field diStribU'magnetic fieldB, and the magnetopause flaring angle
tion. At the same time, as a result of large-scale evolu-This dictates the choice of the distance range:(-15Rz)

tion, this configuration may considerably deviate from back-in the tail where this approximation is valid.

ground properties, and our main interest will be to evaluate The equivalent lobe magnetic fiel}, is computed from
these differences in quantitative terms. the magnetic field and ion plasma parametetsf) in (or

Our approach will be to construct the regression modelsear) the tail plasma sheet measured at the Geotail (GT)
for a few basic variables describing the magnetotail statégpacecraft as:

which can be observed or computed from simultaneous mea- )
surements in the tail and solar wind. Among them we choosePL /210 = B/2pno +nkT @)
the tail lobe magnetic field3, and the flaring angle: of  whereT=1.147,, to take into account the electron contribu-
the tail magnetopause which characterizes the interaction baions (assuming’,/T,=7, e.g. Baumjohann, 1993). Based
tween the solar wind and the tail (and is computed from theon computedB; and on the solar wind parameters observed
force balance). These two parameters depend differently ot wind spacecraft (time-shifted to the Geotail location with
the external factors. Following the southward IMF turning Ar=(Xg7—Xwina)/ Vsw), the flaring angler is calculated
both considered parameters are known to increase, providinglom the pressure balance on the magnetopause as :
the lobe magnetic flux increase (Caan et al., 1973; Maezaw. _
1975; airfiold et al., 1981; Fai(rfield, 1985). On the other DB8PI ST @ + By /200 + 1 K (Tivn + Tesu) = Bi2/20 (2)
hand, the solar wind dynamic pressuig) variations influ-  where By,, is the interplanetary magnetic field;, and
ence them differently: enhance?} increases thé; value T;s,, are the observed solar wind ion parameters, assuming
(Nakai et al., 1991; Fairfield and Jones, 1996; Tsyganenko7,,,=T;sy,. According to Newbury and Russell (1998), the
2000), but decreases the flaring angle (Nakai et al., 1991best approximation for the solar wind electron temperature
Petrinec and Russell, 1996). As a result, the use of efher is T,,,=1.41 % 10°° K; the assumptiorf,, =27}, is also
or « is insufficient to describe the magnetospheric behavioroften used. We compared values calculated according to
whereas their joint study helps to separate the effects of IMFEQ. (2) using these three approximations and found the dif-
and P; and gives a more complete description of the mag-ference to be<0.1%, so our assumption does not greatly af-
netospheric system. Based on the obtained relations for  fect the results. The coefficient 0.88 gives the ratio of the
is possible to calculate the tail radiug RA great advantage magnetosheath pressure to solar wind dynamic pressure for
in knowing both parametersB¢ and Rr) is the possibility  high solar wind Mach numbers (Newtonian approximation,
to calculate the tail magnetic flux F, a fundamental globale.g. Spreiter et al., 1966). Asisolines in the lobes deviate
parameter of the magnetotail. from the X=const lines, the calculatedvalues correspond

A number of previous studies treated statistically as a functo spacecraft position and should further be recalculated to
tion of distance and solar wind parameters either the lobehe corresponding magnetopause coordinatégsee Sect.
field variations (e.g. Behannon, 1968; Mihalov and Son-2.3).
net, 1968; Sonnet et al., 1971; Slavin et al., 1985; Nakai We used data between January 1995 and April 1998 when
et al.,, 1991; Fairfield and Jones, 1996; Borovsky, 1998;the Geotail spacecraft was in the magnetotaX at—15R g
Tsyganenko, 2000), or the magnetopause shape and siznd |Y|<15Rg. We used Geotail magnetic field and ion
(e.g. Sibeck et al., 1991; Roelof and Sibeck, 1993; Petrineplasma moments available from the DARTS database with
and Russell, 1996; Shue et al., 1997, 1998). The empirl2-s time resolution, computed ti#e values, and then aver-
ical models (Tsyganenko, 1996, 2002) use the predefine@dged them over 6 min to obtain the finl. Wind magnetic
magnetopause which changes self-similarly in shape (changand plasma data from the solar wind witfiL-min resolu-
ing with the dynamic pressure but independent of the IMF,tion taken from CDAWeb were also averaged over 6 min af-
neglecting the well-known magnetopause flaring variationster being shifted in time. The following input variables were
during substorms). Only Petrinec and Russell (1996) (thereselected in our model:
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(1) The solar wind dynamic pressur®;=1.94 x ples from 48 events have been identified as belonging to the
10*‘5answ2 (assuming 4% helium content as in Tsyga- Q data set according to these criteria.

nenko, 1996), with?; in nPa, proton number density, in Steady Magnetospheric Convection (SMCyVe required
cm3, Vg, in km/s. This is the basic parameter controlling 5 substantial external drivinggf,>0.5mV/m, PC follows
the tail magnetic field (e.g. Fairfield and Jones, 1996), as wellg,, variations) without substorms during the preceding hour
as the size of magnetotail (PR96). (both lobe field variations and AE index, as well as auroral
(2) The “dayside merging” electric field zone magnetograms were checked). The lobe field variations
En=Vsu(Bys?+B2,)/?sif®/2 (where ©® is the  associated with solar wing, variations were allowed if they
IMF clock angle inYZ plane). The power law index 3 were within 5% of prediction by the statistical relationship
was chosen as it typically gives the best correlation withfrom Fairfield and Jones (1996). 1412 6-min-long samples
the cross-polar cap potential drop (e.g. Boyle et al., 1997grouped in 53 events have been identified for this SMC data
Eriksson et al., 2000). It was taken to be averaged over theet.
60 min preceding the observation in accordance with the Substorm onset (SO)As different from many previous
results of Bargatze et al. (1985), who revealed the 60-minstydies, we base the onset definition primarily on the behav-
interval presumably corresponding to the accumulation timejor of the lobe magnetic field. Namely, we looked through
of the magnetic flux in the tail. Though the SMC mode is a high-resolution data plots and visually searched for the iso-
direct driven one and is assumed to correspond to the 20-mipated sharpB; decrease, usually accompanied by a sharp
time scale according to Bargatze et al. (1985), we also useg, increase/decrease at Geotail. It was required that cor-
the 60-min averaging interval for the SMC events for jOint responding nega’[ive magnetic bays in the H Component on
formal description of all states. Note that the choice of thethe night-side auroral stations or in the AL index with am-
averaging interval is not crucial for the SMC regime, as plitude >100nT were observed. By the name “isolated”
the SMC data set is characterized by stable solar Wlnd/”\/”:\Ne mean that the lobe fiell; has recovered well after the
conditions. previous substorm. Although multiple substorm intensifica-
(3) Geotail position in the magnetosphere. We used altertions are well known (multiple-onset substorms), we hope
natively either theX coordinate, or the geocentric distance in such an approach allowed us to select the situations when
the equatorial plan@=(X2+Y?)1/2 (which is~(X?+Y2+  the magnetotail was close to the onset of global instabil-
7212 for Geotail sinceZ~0). TheR-dependence is consid- ity (Baker et al., 1999); this is somewnhat similar to the de-
ered because lines of constdht closely follow theR=const  scription of the “main onset” by Hsu and McPherron (1998).
lines (e.g. Fairfield and Jones, 1996; Tsyganenko, 2000). Th&ubstorms inside the storm periods (registes@h after the
X-dependence was considered because the magnetopaugerm main phase commencement and/or corresponding to
(characterized by the flaring angle) is supposed to be axisymSYM<—25nT) were excluded. With these criteria we se-
metric, with the symmetry axis coinciding with thé axis; lected 132 well-defined substorm onsets, thus the SO data
besides, we compare our results with the results of PR96 andet contains 132 6-min-long samples (a single sample for ev-
other magnetopause models, whereXhdependence of the ery event). Ninety-five out of 132 onsets were preceded by
flaring angle and magnetotail radius were used. the distinctB; growth, 34 were not, and for 3 substorms we

All data is presented in a GSM coordinate System_ So-had gaps in the Geotail data for the preceding time interval.
lar wind and magnetotail data are used together with ground Average characteristics of these data sets are presented in
indices and high-latitude magnetograms to select the event$able 1.
of different kind. Ground PC index with 5-min resolution
from Thule was taken (for some periods when Thule datap 2 Regression model for the lobe magnetic field and flar-
missed we used 1-min PC-index from Vostok station). SYM ing angle
and AE indices with a 1-min resolution, together with the PC

index were used to control the geoefficiency of solar wind Our output variables ar8; ande calculated from Egs. (1)
structures detected by Wind and to select the magnetosphergnd (2). Our input variables are the solar wind dynamic pres-

statg. We also used.ma.gnetograms from ground magnetigurepd, the time-averaged dayside merging rAfg and the
stations in three longitudinal sectors (IMAGE, CANOPUS, spacecraft position in the magnetotail (alternativelpr X,
210 MM) to check the substorm onsets. sharing the same functional form). The correlation coeffi-
To categorize the magnetospheric states we used the fokjents between different input parameters for each data set
lowing formal criteria: (given in Table 1) indicate that they can be considered inde-
Quiet state (Q) We required E,, <0.5mV/m (also  pendent in all cases, except for the parand E,, , X and
PC<0.5mV/m and AE<50nT) at the time of observation E,, inthe SMC data set. Further, we checked to what extent
and at least 2- h before. The 2 h-long interval was chosen tdhe outputsB; ande may be considered as independent vari-
avoid the effect of previous substorm activity, as it exceedsables. Asy is calculated from Eg. (2) usinB;, one may sug-
the time interval between substorm onset and the end of thgest that the two quantities are highly correlated. In fact, the
recovery phase (aboutl.5 h according to Fairfield et al., correlation coefficients betweeBy and sirf « presented in
1981, and Baker et al., 1994a). 2172 of the 6- min-long sam-Table 1 show that they are not strongly correlated; therefore,
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Table 1. Characteristics of different magnetospheric states. Table 2. Regression and correlation coefficients obtained from the
regression analysis.
Data set Q SMC SO
Lobe field B;, model Q SMC Substorm onset
Average parameters

) ai 195.4 138.9 192.7

Number of samples (intervals) 2172(48) 1412(53) 132(132) a 0336 0268 0275
Epn, mVim 0.11 1.27 1.18 az —0.8059 —0.680 -0.739
IMFB; ,nT 21 2.1 -1.9 as —-0.0315  0.027 0.0631

P4, nPa 2.18 2.53 2.76 r 0.923 0.781 0.927

ReT. RE 24.6 26.4 25.6 rpy 0.607 0.649 0.556

Xgr, RE -23.0 -24.6 -24.4 rR 0.719 0.429 0.666

Bp,nT 19.4 19.7 25.1 rE, 0.016 -0.271 0.257

B, ,nT 25 43 0.5
Correlation coefficients between the input parameters

Flaring anglex model

by 0.5753 0.5881 0.7303
IR, Py 0.012 0.109 0.079 by —0.2000 —0.2664 —0.4175
X, P, 0.043 0.079 0.118 b3 —0.0783 —0.0749 —0.0658
IR.E, 0.024  0.455*  -0.038 by -0.1826 —0.0313 0.0843
IX.E, 0.0189  0.530* -0.038 r 0.889 0.760 0.891
TPy, Ep -0.011 -0.053 0.102 rp, 0.178 0.253 0.455
Correlation coefficients between the output parameters "R 0.838 0.655 0.802
TEn 0.018 0.279 0.070

. 0.60 0.43 0.46
"BLsita r is the multiple correlation coefficient;p,, rg andrg, are

partial correlation coefficients with variations Bf, R or E;;,.

their joint study gives more information than if they were an- linear systems for unknown coefficients, a», as, a4 and
alyzed separately. b1, by, b3, ba (A1, A2, A3, A4 and By, B, B3, Bs). The
The functional forms foB; anda were chosen based on obtained coefficients; —aa, b1 — b4 are presented in Table 2
the results of previous works. According to Fairfield and (see also Table 3 for the rest coefficients).
Jones (1996), Mihalov and Sonnet (1968), is well de- The results in Table 2 confirm that the most important fac-
scribed by a power function at. Though at large distances tors controlling bothB; and« values are the spacecraft geo-
(tailward of ~100Rf) the B;, value should approach a con- centric distanc&® and solar wind dynamic pressuRg. For
stant (Slavin et al., 1985), it is unimportant for tRerange  the B, parameter the partial correlation coefficients corre-
considered, so, unlike Fairfield and Jones (1996), we did nosponding toR and P, are high (0.6-0.7, exceptz=0.429
include a free term into th&-dependence. Th8; depen- for SMC) and close to each other. For theparameter
dence onP; was well described by a power law (Fairfield rg>rp,, rp,>>rg, (the latter relation is violated for the
and Jones, 1996; Borovsky, 1998). TBe dependence on SMC state, see below). This and P;-influence onB;, are
E,, (not considered in the previous works) was assumed exof the same order, while the flaring angle is more affected by
ponential: forE,,=0 the corresponding multiplier becomes R.
1 and the dependence is linear for sm@j] values, which The influence of the dayside merging ram,( is less im-
looks reasonable. Therefore, tBg model is presented as  portant, though more complicated to understand. Its negli-
_ az pas gible contribution during the quiet periods is expected. If
Bi = a1Fy" R explasEn), (3a) we takeas=b4=0 for the Q data set, the multiple correlation
B = AlprXA3 eXP(AsEn). (3b)  coefficients will change by<0.1% and variations of regres-
sion coefficients are also very small. Thereafter, we neglect
The exponential flaring angle dependencefoand X was  this dependence for the quiet state data set (new coefficients
chosen based on the results of PR96, Nakai et al. (1991)re given in Table 3). In the SO data sgf =0.257 for the
while its P;-dependence was well presented by a power func-g; parameter, so the influence Bf, is not large but should
tion. TheE,,-dependence of st is chosen at Eq. (3). This  be taken into account. The dependence OfE,, is small

gives (rg,,=0.07); its exclusion reduces the multiple correlation
2 — P2 boR 4 biE 4 coefficient insignificantly (from 0.891 to 0.887) and changes
S« = b1P,;” eXp(b3R + baEnm), (48) " the b, value by~10% from 0.73 to 0.81. We keep tHe, -

dependence in the final model for baéf anda at substorm
onset.

To solve for Egs. (3) and (4) we followed PR96 and took The study ofE,, influence onB; anda for the SMC state
the logarithm of both sides of Egs. (3), (4), obtaining two is hampered by the notable mutual correlation betweand

sir?a = B1P,)? exp(B3X + BaEy,). (4b)
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Table 3. Final (versus initial) regression model.

By model Q SMC SO Previous works
ag 194.8(195.4) 123.9(138.9) 192.7
as 0.336(0.336) 0.262(0.268) 0.275 0.25 ([1]), 0.37 ([2]), 0.35 ([3])
as —.806(—.806) —.634(-.680) —0.739 —0.767 ([4]),—1.2 ([5])
ag 0(—0.032) 0(0.0267) 0.0631
o,nT 1.72(1.72) 3.03(3.04) 1.84
r 0.922(0.923) 0.782(0.781) 0.927
O[1] nT 4.01 4,18 2.79
1 0.915 0.740 0.907
Aq 125.7(125.8) 96.5(117.9) 126.4
As 0.346(0.346) 0.249(0.258) 0.289
A3 —.686(—.686) —0.567(.652) —0.623 —0.3 ([6]), —0.577([7]),—0.53([8])
Ag 0(—0.0136) 0(0.0505) 0.0641
o,nT 2.13(2.12) 2.88(2.86) 2.09
r 0.880(0.880) 0.806(0.808) 0.907
Flaring angle model
b1 .5641(.5753) .5977(.5881) 0.7303
by —.2003(.2000) —.2601¢.2664) —0.4175 -0.47 ([5))
b3 —.0783(.0783) —.0772¢.0749) —0.06578
ba 0(—0.1826) 0¢0.0313) 0.0843
o, deg 1.43(1.75) 2.61(2.79) 1.65
r 0.892(0.889) 0.759(0.760) 0.891
B .4350(.4407) .4709(.4760) 0.5692 0.788 ([PR96])
By —.1742(.1740) —.2966(.2929) —0.3899 —0.524 ([PR96])
B3 .0738(.0733) .0720(.0740) 0.05988 0.085([PR96])
By 0(—0.1310) 0(.0234) 0.0828
o, deg 2.05(2.05) 2.72(2.72) 1.77
r 0.825(0.822) 0.764(0.764) 0.877
oppr,deg 2.39 3.25 3.95
PR 0.813 0.740 0.882

The values in parentheses correspond to the full regression model (includiiy, tdependence); is the standard

1023

deviation;o(y), (1), op R, PR @re the standard deviation and correlation coefficient given by [1] and PR96 correspond-
ingly. [1] Fairfield and Jones (1996); [2] Borovsky (1998); [3] Tsyganenko (2000); [4] Mihalov and Sonnet (1968); [5]
Nakai et al. (1991); [6] Behannon (1968); [7] Sonnet et al. (1971); [8] Slavin et al. (1985).

E, (X andE,, ) in this data set (marked by a star in Table 1). the regression coefficients describing #yg-dependence for
Anyhow, the regression coefficienis, b4 , B4, Characteriz- SMC state are unstable and definitely are not reliable with the
ing the E,, contribution for the SMC data set are less than data set we have. Therefore, we decided to omit this depen-
one half of the corresponding coefficients for the substormdence from the final model (although we do not claim that
data set (whereas the values Af are comparable for two such dependence does not exist). The regression and correla-
states), see Table 3. Besides, the coefficient$0.0267)  tion coefficients for the modified final models are presented
and A4(0.0505, as well asbs(—0.0313 and B4(0.0234) in Table 3.

strongly differ from e_ach other, though for independentlinput It follows from Table 3 that bottB; andw are slightly bet-
parameters the relationg~ A4, ba~ B4 are expected (Which o qescribed by using as an input parameter (correlation

is true for the SO array). These considerations show thapefficients are slightly higher, and the standard deviation
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slightly smaller than for X) for Q and SO, whilg isamore 2.3 Magnetotail radius calculation

preferable input for the SMC data set (exceptdh&tandard

deviation behavior). Generally, bofhand X give high (ap-  The model expressions for the flaring anglspecify the tilt

proximately the same) correlation coefficients. of axis-symmetric boundary (magnetopause) as a function of
The final model is given by expressions (3, 4) with the distance. Since tan=d Ry /dx (whereRy is the tail radius),

coefficients from Table 3. Below we rewrite the final regres- it can be formally integrated ovg®, X| to obtain the spatial

sion expressions for each data set in the more convenienfariation of the tail radius for each data set as

form by normalizing the input variables to their average

X
values:
Rr(X) = Rro+ / tarw(x) dx, (7)
Quiet-time data set 0

where Rrg is some initial value of the tail radius, hereafter
supposed to be taken at the termina®e=0). Integration of
(5a)  (7) using (4b) gives:

By = 19.8(P;/2.5)%33%6(R /25)~0.806

o = arcsin(0.4696 P, /2.5)~2200.1423%/25)1/2)

R (X) = Rro—
Steady convection data set 2/ Bz(arcsinC exp(0.5B3X)) — arcsinC)), (8)
B = 20.5(P;/2.5)%202(R /25)~0634 whereC=(B1 P}? exp(B4E,))Y/?, andB1, B, B, By coef-
(5b) ficients are given in Table 3.
o = arcsin(0.4712 P, /2.5)~%280,1450k/25)1/2) Following PR96, we ignore the /8 dependence on the

IMF, and use their formula

_ -1/6
Substorm onset data set Rro = 1463(F4/2.1) ©)
The choice of this Rgp model will be later discussed and

0275 0.739) (ackn/13 \ e
Br = 23.0(F4/2.5)"""*(R/29) 1.085"/ compared with other versions in Sect. 3.2.

(5¢) Now we should take into account that the lings=const
o = arcsin(0.4982 P, /2.5)~%420.193%/25 and a=const approximately correspond to magnetopause
1.1158%/13)1/2) normals near the magnetopause, wherBasisolines fol-

low the linesX=const in the central part of the tail. There-
fore (see Figure 1), th& value at Geotail position should
be replaced with some new* value at the magnetopause
where theB;, value is the same. In the region of the tail ap-
proximation this correction is small and with simple geom-
etry of B, =const lines we can use it &=X—AX, where
AX=(Ryr—(Y2+Z%V2)sina cosa, whereX, Y, Z are the
(6a)  coordinates of the observation point. Following PR96, with
a = arcsin(0.371( P;/2.5)~017420,1580%1/25)1/2) the corrected coordinates we can solve again the regression
problem (finding new coefficient8], B3, B3, (B; for SO;
Eqg. 4b), calculate the newy (X*) function according to

or, with X-variable:
Quiet

By = 19.0(P;/2.5)%346(| x| /25)~0-686

SMC Eqg. (8), and so on. Similar to PR96 we found the iteration
procedure to converge quickly (the solution became stable
By = 19.5(P;/2.5)%%4%(| x| /25) 0567 already on the second-third iteration). The resulting regres-

(6b)  sion models for the tail radius are given in Table 4.

o = arcsin(0.3588 P, /2.5) 029680 1653%1/25)1/2)
3 Discussion

Substorm onset 3.1 The pressure balance and its violations

B = 22.2(P;/2.5)%28%( x| /2506231 08 7Fn/13 Simple pressure balance in the magnetosphere and on the
(6¢) magnetopause are the basic assumptions of this work. The
_ : _0.389 X|/25 validity of the pressure balance assumption in the magne-
o= arCS|r((0.?2812(2Pd/2.5) 02238 tosphere was explored theoretically (e.g. Rich et al., 1972;
1.1136/13)1/2) Birn, 1987) and checked experimentally (Fairfield et al.,
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Table 4. Regression models for the tail radius using the terminator models from PR96 and from Shue et al. (1998) (the latter given in
parentheses).

Q SMC Substorm onset  Previous works

Bi*  0.325(0.321) 0.371(0.366) 0.402(0.396)  0.447 (PR96)
By* —0.116(-0.120) -0.175(-0.182) —0.29(-0.29) —0.524 (PR96)
Bg*  0.075(0.075)  0.0781(0.0776) 0.0612(0.0612)  0.085(PR96)
Bg* 0 0 0.076(0.080)

1981; Baumjohann et al., 1990; Petrukovich et al., 1999). The agreement of our model with previous results is not
It was shown that in general vertical balance exists in theas good. On average, ourvalues show a weaker depen-
magnetotail tailward of{ ~—15Rg, though there are some dence on the distance argy than in Nakai et al. (1991),
exceptions. For example, the 1-D balance may be violated ilPR96. The discrepancy df3 values could be partly due
flux-rope-like structures (plasmoids and Traveling Compres-to the differentX range 10Rg, —22Rg) used in these
sion Regions, TCRs, e.g. Slavin et al., 1984). Such strucstudies. As for the dynamic pressure dependencéthg,
tures, which are several minutes long and associated with guantities differ significantly for different states, being much
bipolar B,-variation, are often observed close to substormlarger (and closer to the previous results) for the substorm
onset (e.g. Maezawa, 1975). Another kind of anomalousdata set than for the Q and SMC ones.
event is reported by Petrukovich et al. (1999), who observed The IMF (E,,) influence on the tail parameters cannot be
3 cases of long=10 min) pressure pulses in the equatorial directly compared with other works, as they used other func-
plasma sheet not seen in the tail lobe at the end of the sultions describing IMF contribution and also, this influence is
storm growth phase. Such rare observations were interpretedf the second order of magnitude as compared to the influ-
as a result of a collision of earthward and tailward flows in ence byR and P,. However, we can compatg; anda val-
the plasma sheet, leading to the local plasma sheet thickentes calculated with our model (Egs. 5 and 6 and Table 3) with
ing. We took care to avoid such problems by inspecting Geothe expressions from Fairfield and Jones (1996) and PR96
tail data with a 2-min resolution. When such pressure peakgincluding their IMF-dependent terms) for our Q, SMC and
were found before substorm onsets, the events were “cut” (ir6O data sets. These results are also presented in Table 3. Our
2 out of 132 selected substorms tBg value after or before  correlation coefficients are, on average, slightly-{dy—3%)
the pulse was taken) or discarded (for pulses longer than Shigher than those given by the models considered. However,
10 min). the standard deviations in the previous models (Fairfield and
The pressure balance along the magnetopause normal wasnes, 1996, PR96) are notably (sometimes more than twice)
demonstrated experimentally in PR96 (their Fig. 3). The va-larger due to systematic differences in our three data sets (see
lidity of this assumption is indirectly supported by a good Sect. 3.3).
coincidence of the magnetopause shape obtained in PR96 When calculating the tail radius, some approximations
(where the pressure balance was a principal assumption likevere made, particularly, (a) we used a simplified procedure
in our Sect. 2.3), with the statistics of observed magne-to compute the corresponding magnetopaXi$eoordinate,
topause positions (Safrankova et al., 2002; Yang et al., 2002)and (b) we extrapolated the tail radius model (based on ob-
servations made a¥f <—15Rg) until the terminator when
3.2 Comparison oB;, « and Ry models with previous re- using Eq. (8). Therefore, the results for the tail radius re-

sults quire a careful comparison with existing observation-based
magnetopause models.
B dependence on the geocentric distaRcéor X coordi- There is still a choice in selection of the terminator mag-

nate), P;, IMF and some other parameters was previouslynetopause model. We used the simple model (Eq. 9) from
studied by Behannon (1968), Mihalov and Sonnet (1968),PR96 ignoring the IMF-dependence Bfo, whereas Shue
Sonnet et al. (1971), Slavin et al. (1985), Nakai et al. (1991) et al. (1998) included the IMF effects together with dynamic
Fairfield and Jones (1996), Borovsky (1998), Tsyganenkagpressure dependence. To check the validity of our choice
(2000). According to Table 3 the power indices describingwe included the additional input parameter, 6-min average
the B, dependence o®; (ap, A2) and R/ X (as/As), on IMF B;, into our data sets, and repeated the iterative proce-
average correspond well to previous results, except Behardure for both variants of the terminator model. The resulting
non (1968) forAz and Nakai et al. (1991) farz. The lat-  coefficients describing the magnetopause shape (see Table 4)
ter discrepancy is due to the different distance rangeR@,0  practically coincide for two terminator models tried, so the
22 Rg), analyzed in Nakai et al. (1991) (see discussion inchoice of either of these models is justified.

Fairfield and Jones, 1996). The Behannon (1968)Value We also checked the influence of the assumeésblines’

is underestimated as compared to values obtained in all preshape on the obtainekly value. It turned out that this shape
vious works. does not considerably change the result, though the chosen
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analyze the behavior of basic output variables, the lobe field
and tail flaring angle, which is given by the coefficients in
20 Table 3 and is illustrated in Figs. 3 and 4. Here we show
the partial contributions of variations related to the distance
- (R), solar wind pressuref;) (and theE,-variation, only for
substorm data set). The top panel in each of Figs. 3 and 4
- Al shows the variations in our Q, SMC, SO models (with other
parameters fixed to their average values), with the error bars
showing the standard deviations in each data set. The remain-
Re ing plots illustrate each of these three models, as well as the
scattering of data points. To produce these plots (to suppress
the scatter due to variations of other input variables) Bpe
anda values in each point were corrected according to the

! ' ! ! regression model (with the values of other variables reduced

-80 -40 -20 20 . . .
X Re to their average values given in Table 1).

_ _ _ We emphasize that the scatter 82 (R), Br(Ps), «(R)
Fig. 1. The scheme presenting the geometry of Geotail measurep|ots is small (corresponding partial correlations in Table 2
ments for the day-night meridiark is the Geotail positionX™ — 516 high) for all states, so these dependencies are well de-
the magnetopause coordinate, corresponding to the Bafaeval- fined, especially for Q and SO states. TdéP;) plot is
ues,X p=0.5(X+X*) and Rp (X p)=0.5(R7 (X)+R7 (X*)) — the P oo ; : ‘
guantities used when calculating the tail magnetic flux. 32?)310;?:&?0%;Siusbzthzznrgacltlgrli;ra%erb‘:‘/cgﬁearlll Izé)ngg))/g‘g?tial

correlation coefficient, whereas fot(E,,) dependence the

orrelation is negligible (0.07).

20 —

[=}

variant with circular symmetry of isolines (Fig. 1) somewhat ¢ ] o
Figures 2a—c demonstrate tiRe dependence on the in- for the SMC and Q data sets taken at the same distance and
puts P, X, and E,, for the present model compared with With th_e same solar wind dynamic pressure practically coin-
previous ones, with other input parameters having their fixect'd® Within the error bars. The scatter for the SMC data set
average values. Note that other models use the BVIfn- Is larger, but the average behavior is well defined. In a case
put instead ofE,,, and the relationship between these two study Of,|SEE'1 observations d=—20R; during a steady
variables may vary. In Figs. 2a and i, and B, have convection event, Sergeev and Lennartsson (1988) reported
their average values for SO and SMC (1.3 mV/m and -2 nT),that the observeds,, values for Q and SMC states were
whereas in Fig. 2c th&, value is calculated fronE,, as- 19nT and (18-22)nT correspondlngly, whereas at substorm
suming V;,,=400 km/s,®=r, i.e. IMF B,=0. According onset they exceeded 25nT. According to our modgl,

to Fig. 2 our Q and SMCR; values everywhere lie be- Values forPy=15nPa,R=20 Rg, E;=(0.95-2.4) mV/m

tween those given by other models (PR96, Sibeck et al.,(aS in Sergeev and Lennartsson, 1988) are 19.6nT(Q),

1991 (S91); Roelof and Sibeck, 1993 (RS93); Shue et al.20-6N"T(SMC) and (25.0-27.4)nT (SO), in good agreement
1998), with the largest discrepancyZ Ry) being observed  With these observations.

with PR96 forP;=6 nPa and with RS93 for IMB.=—5nT. The third important feature is that the magnetotail at sub-
Two dashed curves in Fig. 2b showing the empirical mag-storm onset has a well-defined state (parameters in Figs. 3
netopause for dynamic pressure values bracketing our avegnd 4 display a relatively low scatter), and its parameters are
age value (2.5nPa) according to Sibeck et al. (1991) alsdlistinctly different from the Q, SMC data sets, with the dif-
have our Q and SMC curves between them. Such comparference being larger than the error bar and larger than the
isons allow us to be sure that numerically our magnetopauséifference between the Q and SMC models. Although the
model has a good agreement with observed magnetopaugecrease in the tail lobe field and flaring angle is well ex-
positions, at least in the input parameters range near their awected from previous experience, this is the first quantitative
erage values, where most of the empirical data points coménodel allowing one to compute the amount of tail lobe mag-
from. The SO magnetotail models differ significantly from netic field (and magnetic flux) increase prepared just before
the empirical models and from our Q, SMC models, which is the onset of explosive large-scale tail instability (e.g. Baker
discussed below. et al., 1999) at different external conditions.

Maezawa (1975) studied experimentally the tail radius
3.3 Magnetotail parameters in different dynamical states increase during the substorm growth phase. According
to his estimates, the inferrel;r increase in theX range
We have already noticed the large differences between thé—30, —70) Rg during the growth phase is betweerb &g
magnetotail parameters at substorm onset and in the dynanand 4 Rz, on average, being 1-2:R which agrees with the
ically equilibrium states (quiet and steady convection); nowdifference between SO and Q, SM{G values shown in our
we discuss these differences in quantitative terms. We firsEigure 2.
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X= 25 Re, E,=1.3 mV/m, P;=2.5 nPa, E,=1.3 mV/m, P,=2.5 nPa, X= 25 R,
IMF B,=-2 nT IMF B,= -2 nT d
a b 0 o8 © g 24

T T
Em, mv/m

2 B,,nT 4 6

Fig. 2. Magnetotail radius dependence Bp, X, E;,/ B; for the present model compared with previous models.

3.4 Magnetotail magnetic flux variations value just measured by ISEE2 spacecraft in the tail lobe (ne-
glecting the plasma sheet existence). They concluded that
Having obtained the functions describing both the lobe mag-+ailward of 15R; the flux level dividing magnetotail states
netic field and tail radius variations, we may estimate the ta“both followed and not followed by a substorm onset is 1.0—
magnetic flux (considering one tail lobe) as 1.4 GWb, somewhat larger than our estima@8 GWb. In
F=Bx R% /2 (10) their CDAWQ case ;tudy nger et al. (1994b) estimated th(_%
polar cap size variation during the substorm growth phase; it
When calculating this parameter, one should take into aCCorrespondS to the po|ar cap magnetic 8 GWb at the
count the presumed circular geometryRyf=const lines. In  peginning of the substorm growth phase anti1 GWb at
our approximation, forB, (referred to the coordinatd)  substorm onset in reasonable agreement with our numbers.
we determine(*=X—AX, computeX =0.5(X+X*) (@sin  Much smaller values (0.46 GWb during substorm conditions
Sect. 2.3, Fig. 1), calculater (X r)=0.5(Rr (X)+Rr(X*))  compared to 0.40 GWb for average conditions) obtained by
according to Egs. (8) and (9) and Table 4, and use this valugyewell et al. (2001) approach the lower limit of our Q/SMC
when computing Eq. (10). The results are presented in Fig. Sestimates. Small difference between their substorm and non-
Surprisingly, the so-computefl values have almost no de- sybstorm estimates is probably due to their substorm state
pendence on the distance in the tail, as well as on the dydefinition, mixing the growth and expansion phases; for the

namic pressure for the states with the strong coupling (subsame reason their average values are expected to correspond
storms and SMC). In that sense tRevalue itself is a well-  to Q/SMC ones.

defined global parameter which could be considered as the
global state variable for the magnetotail. According to this The additional magnetic flux stored in one tail lobe be-
figure, the value of the tail magnetic flux at substorm on-fore the substorm onset according to Maezawa (1975) is
set is about 1 GWh, exceeding that corresponding to Q staté\ F~0.05—-0.13 GWb. This is much smaller than the dif-
by 30-60% depending oB; and X values. The SMC flux ference with the SO and Q states, which is about 0.28 GWb
value (~0.7 GWb) coincides with the corresponding Q value (0.15-0.4 GWb). However, our additional analysis (not pre-
within ~15%. sented here) showed that not all events considered had the
There were a few previous estimates of this quantity. Incompact well-defined growth phase, and that in cases with
a similar manner Petrinec and Russell (1996) calculated tha clear growth phase; anda values at the growth phase
tail magnetic flux for several time intervals. They com- beginning usually exceeded the quiet-time values, so the
puted the tail radius from their model and used tBg tail magnetic flux accumulated during the growth phase was
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Lobe magnetic field
R=25R., E_=1.3mV/m P,=2.5nPa, E,=1.3 mV/m
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Fig. 3. The By -dependence oR; (left panel), onk (central panel), and oA, (for SO, left panel) for three magnetospheric states discussed.
The experimental points are reduced, every tenth point, every fifth point and all points being shown for Q, SMC and SO correspondingly.
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Flaring angle
R=25 R, E,.=1.3 mV/m P,=2.5 nPa, E,=1.3 mV/m
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Fig. 4. The same as Fig. 3, but for the flaring angle.
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Fig. 5. X-and P;-variations of the model magnetic flux for different magnetospheric states.

about 0.15-0.20 GWhb, less than the differences with the SQate. According to Dmitrieva and Sergeev (1983), for the
and Q states, but still larger than the value given by Maezawarowth phase of spontaneous substorms, the relationghip
(1975). This discrepancy seems natural, as the estimates ¢¥,,/300=300 (wherer is the duration of southward IMF
Maezawa (1975) correspond to therange (30, —70) Rg, B, in minutes, B, innT, Vj,, in km/s) is valid. The left side
where theF value is expected to be lower than in the more of this relationship multiplied by the length of the dayside re-
eartward region due to magnetic flux closure through theconnection linel gives the merged solar wind magnetic flux
magnetopause. value: F,,,=LVy,TBs;. The L value can be estimated from

Rybal’chenko and Sergeev (1985) studied the rate of thghe cross-tail potential differenc®; according to Weimer
tail lobe magnetic flux increase during the substorm growthet al. (1992), its average value during 30 min before sub-
phase in theX range(—10, —20) Rg. According to their re-  storm onset is 70kV. For our averagg =1.3 mV/m we ob-
sults, for IMFB,=—3nT, V,,,=450km/s the corresponding tain L=&/E,,=8.5Rg, which givesF,,=0.29 GWb. This
dF/dt=6 % 10* Wb/s, which givesA F=0.22 GWb for the  value is close to our upper limit estimate (0.3 GWb differ-
growth phase duration of 60 min, in reasonable agreemengnce between SO and Q), but is about twice larger than the
with our estimates. actualAF discussed above. Such a relationship is expected

It is also instructive to compare our estimates with in the real system, where a part of the tail magnetic flux is
those based on empirical information on the flux transfercirculating back to the dayside magnetopause.
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