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Abstract. The onset of anomalous resistance in a layer on A typical Pi2 waveform-damping short train implies that
auroral field lines is shown to be accompanied by the excitaPi2 is a transient response to some rapid large-scale change
tion of an Alfvenic impulse (Al). The generated Al marks the of the night-side magnetospheric current system (Baumijo-
transition of the global magnetosphere-ionosphere instabilitthann and Glassmeier, 1984; Olson, 1999). Because of multi-
into an explosive phase with positive feedback. The spatiaple rapid plasma processes in the nightside magnetosphere, it
structure of this impulse both in space and on the ground hashould be expected that Pi2-like transient disturbances can be
been described analytically and numerically under the thintriggered by several possible magnetospheric drivers. Gen-
layer approximation. The field-aligned currents transportederal association within a few minutes was established be-
by the Alfvénic impulse are concentrated near the edges ofween the Pi2 waves and the substorm onset, auroral breakup,
the layer with anomalous resistivity, whereas the reverse curenset of geomagnetic bay, and explosive phenomena in the
rents are spread throughout the layer. For some parametersghtside magnetosphere, such as the cross-tail current dis-
of the layer the ionospheric attenuation of even small-scalguption, dipolarization, X-line formation, bursty bulk flows,
structures is not dramatically large, so the magnetic responsetc. (Shiokawa et al., 1998; Kepko and Kivelson, 1999; Liou
to the generated Al may be observed on the ground. Theet al., 1999, 2000; Kepko et al., 2001). Moreover, the exis-
considered event on 3 January 1997 with magnetic-auroraience of several onset mechanisms or their synthetic com-
intensification observed by ground magnetometers and Poldrinations is possible (Lui, 1996). The growth phase of a
UV imager agrees with the model proposed. substorm is often accompanied by a series of localized au-
roral activations, from small-scale arc activation to pseudo-
al?reakup (Shiokawa et al., 2002). Probably only one from this
Series of activations is the “main onset”, leading to the explo-
sive substorm development. Moreover, transient magnetic
signals can be excited in the ionosphere by sudden changes
in the ionospheric conductance under the impact of precipi-
1 Introduction tating electrons (Maltsev et al., 1974), or by the switch-on of
the energetic particles source (Trakhtengertz and Feldstein,

Though Pi2 pulsations belong to the most well-known types1988). Thus, to identify a specific mechanism of the sub-
of ULF waves, still there is no confirmative physical interpre- Storm global instability, more detailed timing and examina-
tation of their generation mechanism. To some extent, thidion Of the onset fine structure are necessary.

situation is quite natural because it is unrealistic to develop Here we draw attention to the possibility of an addi-

a final theory of Pi2 before the build-up of a general theorytional mechanism of Pi2 generation related to the onset of an
of substorms. Nowadays, the substorm theory is still an un@nomalous resistance on auroral field lines. The sudden onset
resolved problem of geophysics. However, as seismic wave$f field-aligned resistance is to be accompanied by the exci-
provide information about earthquakes, though the physicdation of Alfvénic impulse (Al), as was originally suggested

of earthquakes is not fully understood, in a similar way the by Arykov and Maltsev (1983). We develop a mathematical
Pi2 waves may be used as a tool for the understanding antprmalism for the description of the Al spatial structure and

Keywords. Magnetospheric physics (MHD waves and in-
stabilities; magnetosphere-ionosphere interactions; auror
phenomena)

monitoring of the substorm process. discuss some implications of this model. Also, we provide
some observational evidence in favor of this hypothesis. We
Correspondence tov. Pilipenko believe that the proposed mechanism might be an important

(pilipenk@augsburg.edu) element of the substorm-Pi2 relationship.
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ionosphere-coupled phase with a much higher growth rate.
The occurrence of resonant features of the ionosphere-
\ magnetosphere system, such as the magnetospherienAlfv
resonator (with typical eigenfrequencies at auroral latitudes
f~10mHz), ionospheric Alfén resonator (~few Hz)
(Belyaev et al., 1990), and the resonator formed between
the ionosphere and the auroral acceleration regjonféw
tenths of Hz) (Pilipenko et al., 2002) can produce an oscilla-
tory transient response to the excited Al.
Phase | Thus, the temporal evolution of a substorm onset can be
visualized as a sequence of the following phases, as schemat-
ically illustrated in Fig. 1:

I. Growth of the field-aligned currenip due to energy
Phase Il disbalance in the nightside magnetosphere. At this
stage there is still no feedback between the magneto-
sphere and ionosphere. This stage could be revealed
from ground magnetograms as a gradual slow decrease
of the H component of the geomagnetic field, and can
be coined as a “substorm precursor” (Groot-Hedlin and
2 General physics of the magnetosphere-ionosphere in- Rostoker, 1987). At some moment, whgnexceeds a
teraction plasma instability threshold the sudden (on MHD time
scale) onset of anomaloug occurs. This moment, as
First, we outline the role of anomalous resistance in the ~ Suggested by Arykov and Maltsev (1983), is to be ac-
magnetosphere-ionosphere interaction. The origin of a sub- ~ cOmpanied by the appearance of transient Al.
storm is related to the reconfiguration of global currents in
the nightside magnetosphere. The key element of this recon-
figuration is the disruption of the cross-tail current and its
divergence into field-aligned currents towards or away from
the ionosphere. This process may be visualized as a spo-
radic electric discharge of the magnetospheric cross-tail po- From the scenario outlined above it follows that the tran-
tential through the ionosphere, though the specific mechasition from phase | to phase Il actually means a transfer of
nism of this global instability has not been firmly identified the global magnetospheric instability into an explosive phase
yet. Inthe region of upward field-aligned currgpthe emer-  (detonation) with a positive ionospheric feedback.
gence of an anomalous resistivity layer (ARL) with a finite
field-aligned conductivity results in the emergence of an _
anomalous electric field|~jo/oy. This field-alignede; 3 MHD model of a thin ARL

accelerates down-going electrons that precipitate in the iono-

sphere. The accelerated electrons, in turn, cause additionglere we develop a mathematical formalism for the descrip-

ionization of the ionosphere and activation of the auroral ac1°" Of the Al generation during the switch-on of anomalous

tivity. The ionospheric ionization and relevant modification h ‘cally sh i Fig. 2. wh h iah
of the ionospheric conductance make feasible various mecha° ematically shown in Fig. 2, where the straight geomag-

nisms of feedback in the coupled ionosphere—magnetospher'%e'[iC field is directed _vertically uBo=>Boz. The homoge_—
system (Lysak and Dum, 1983; Pokhotelov et al 2001:N€ous magnetospheric plasma has zero transverse static con-

Lysak and Song, 2002). In a general sense, it may be S’peCLg_uctivity and infinite field-aligned conductivity=ooc. Only

lated that the cause of substorm is some global instability of2t SOMe altitude, which is considered to be the origin of the
the ionosphere-magnetosphere system. After the turn-on offgld'a“gm?d coordinate, the finiteo occurs inside the ARL
the positive feedback in the system this instability transformsW'Elt‘hthe thlc.I:jnesﬁ andr\]mdth ,2"| del is based on th
itself into an explosive phase with a much higher, possibly € consl efe mathematical model is based on the sys-
non-linear, growth rate. tem of Maxwell's equations

At the same time the sudden “switch-on” of the anoma- 1 4rr
lous resistivity results in the excitation of Al. Details of the VxE= _;a’B’ VxB= - @)
excitation mechanism and peculiar spatial structure of this ted by Ohm's |
impulse will be considered in this paper. According to the augmented by Dhm's law
proposed scenario, the Al occurrence sigpifies the _switch-orh -, VA_latEJ_ . Jj.=0E;, (2)
of o along an auroral field line and thus is the indicator of
the transition of a global magnetospheric instability into the whereX s =c2/(4n V) is the Alfvén wave conductance.

Fig. 1. A schematic scenario of the temporal two-stage evolution of
the substorm explosive phase.

Il. Acceleration of precipitating electrons by anomalous
E) and modification of the ionospheric conductance,
thus establishes a feedback between the ionosphere and
the magnetosphere.

resistivity on auroral field lines. We adapt the ARL model,
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scribed by the following decoupled equations for Afv 4
waves, carrying the field-aligned currejyt, and compres- B, A A~
sional waves, carrying the field-aligned magnetic field dis- | |
turbanceB,:

) ISR RN N I
2 . N Ib
. . ¢ 1. E'
Orr jz — Vfazz]z = - Viat (GH 1]1)7 / /4 5 v | ARL

22
3B, — VEV°B, = 0. ) || impulse ||

We assume that the ARL is a thin layer as compared to the v v _ ~
Alfv én wave length. Therefore, the thin layer approximation wa X ZEBRARRRATRIN. 2.
can be used, that is the ARL thicknéss 0, whereas its total ’
resistanced (x, y, t)=>b/oy remains finite. n z

In this approximation the simple Alén wave equation is 4

Pt . . ground
valid in the upper{>0) and lower {<0) hemi-spaces A 5 TERTRERR XE TS

1 j. — V20..j. = 0. 4
)z = Va%zlz @) Fig. 2. Model of the Alfven impulse generation by the ARL with
This equation must be supplemented with two boundary conanomalous electric field).

ditions at the interface=0 between two hemi-spaces, sepa-
rated by a thin layeri(— 0) with the resistivityQ. The first
condition is the requirement of the continuity of field-aligned {szz}zzo:—sz‘lathA, into the condition %) one obtains
current j,(x, y, z,t) acgoss the ARL, which enables us to the equation for the induced current as follows:

consider the functiorjz( ) (x, v, t)=j,(x, y,0,t) (the super-

script (0) indicates that the current is considered inside ther [_ijA + VAVE [R (Jo+ jzA)]} =0.

ARL). The second boundary condition is obtained by inte-
gration of the first equation from the systeB) @cross the
layer and subsequent transition to the litnit-0, as follows

In this system the possible MHD disturbances are de- l l
o

This relationship means that the expression in curly brack-
ets does not depend on time. Since a0 the current dis-
turbancej, 4 =0 and resistanc&=0, the above equation re-

{8,):}.0 + V2§, [R(x, y, z)jz(")] = 0. (5)  duces to the following
2 . = 2jea+ VaVi [R (o + jea)] = 0.

Here R(x,y, )= S0=%40V, is the _ _ ) i ) )

A% The equation obtained yields the relationship between the in-
normalized resistance of the  ARL, and duced currenj. 4 (x, y, t) of Al and external currenfy. This
{02)2}:=0=0;j: (x, y, +0, )=, j.(x, y, =0,¢) is  the  equation may be re-written as a relationship between the cur-
jump in the current density derivative across the ARL. rent inside the ARL and the external background current

. A . . 0 _Vage (pio) @

4 Generation of Alfvénic impulse during the switch-on ~ J: = %5 VL \fJ: ") = Jo-

of anomalous conductivi
b4 From relationship¥) the equation from (Arykov and Malt-

Let us suppose that a0 a steady homogeneous current Sev, 1983) for the wave potential(bound to the transverse
j.(x,y,z,1)=jo flows along the field lines with zero resis- electric field by the relatiore; =—V, ¢) can be obtained
tance 0=0. Then, atr>0 anomalous resistivity is turned by the substitution.? =—20-1p=—254(V4R)~1p as fol-
on, described by some functign(x, y)>0 at the plane=0 lows

(Fig. 2). The onset of induces the disturbance of field-

_1 2 .
aligned current inside the ARL, which is characterized by ~2¢ ¢ T XaVie =Jjo. ®)

the current density_ 4 (x, y, t)=jz(0)(x» y,t)—jo. The solu-  Note that the potentiap (as well asE ) is discontinuous
tion of Eq. @) for 1>0 for the whole space is determined across the layer, and EdB)(corresponds to the potential at
by the functionj 4 (x, y, 1), defined at the border=0. This  the upper ARL boundary, i.@e=¢(x, y, +0, ). Due to the
solution evidently has the form of outward propagating dis- system symmetry(z= + 0)=—¢(z=-0), so the potential
turbances: drop across the layer {g}=—2¢.

J., v 2, 0) = jo+ jealx, y, t —z/Va), z>0; The induced field-aligned current densjty (x, y, ) can
J.(c, v z,0) = jo+ joalx, y,t4+2/Va), z<O. (6) be expressed directly through the potenta{Arykov and

. Maltsev, 1983). From the linearized basic Edg. dnd @)
The second boundary conditio®)(enables us to ob- one obtains the relation

tain an equation to determine the induced field-aligned cur-
rent densityj. 4 (x, y, 7). Substituting the jump in the cur- . c?

: - 0zj: = ————0(V-EL). 9)
rent density derivative across the ARL found from Eg), ( A Vf
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Fig. 3. The spatial structure of the currejity (x) for a fixed spa-  Fig. 4. The structure of induced currept, for certain fixed scale
tial scalea and smoothness parameter0.1, for several values of 4 and parameter 4o (p=2.0) with respect to the parameter

p=Xao0/a.

Here the parametgr=(xoa) 1=x40/a is the ratio between

the characteristic Alfén damping scale and the ARL width.
The induced electric field, and the induced field-aligned

Joa=EXA(V-EL) = q:EAViw, (20) current densityj.4 can be derived via the dimensionless po-

where the upper/lower signs correspond to the upper/loweFent'alu(S):

ARL boundary (because of the symmetric jump in the poten- g, = —5,¢ = —(go/a)dzu = —Eopdsu,

tial across the I_ayer). i i Jia = —Ta0ug = —jo[1+u/g] = — jop®dezu.
The interaction of Al with the ARL can be categorized

by the Alfven damping scale =/, 0/2, introduced by  Here Eo=goxo=jor a0/ £ 4 denotes the characteristic value

Vogt and (1998), and Fedorov et al. (2001). This parameter i®f Ex.

the scale of the flux tube where the field-aligned conductance Let us suppose that the transverse profile of the ARL is

matches the Alfén wave conductance. As the resistagce described by an even functigy(€), determined by the for-

of the ARL increases the parametey grows larger. mulas:

From Eg. @) one may obtain the relationship for the prop-
agating Alfven waves ) as follows:

(13)

5 Transverse spatial structure of Alfven impulse cosh?[1+ (] — /8] at [§]>1—3.

We assume that the system under consideration is inﬁniteIJhe prz]irametirsr(]0<:§Ll) (;n EOI-_”(]14) crlwaae;ictre]rizesf_fhe
extended along the axis, similar to the auroral arc configu- smoothness of the edges. thus, w the profile

i _ -2
ration. Equationg) for the Al potential in a 1-D inhomoge- IS S”.‘OOF"' namelg(é)_(cosh;&) ' whergas wh-e&—>0the
neous (along axis) plasma is as follows: distribution tends to be step-wise (considered in the next sec-

tion).
¢ —k()%p = jo/Za, Equation (2) has been solved numerically as a bound-
Where/c(x)zz)\f(x)=2/z,4Q(x). For the profile ofQ(x) ary problem with a zero boundary condition at infinity for

with maximal valueQo and transverse scale(Fig. 2) this ~ the chosen ARL profileld). Figure 3 shows the calcula-
equation can be re-written as: tion results for the spatial structure of the currgnt(x) for

5 a fixed spatial scale and smoothness parameget0.1 for
n_ Ko _Jo (11) several values of the ARL resistance characterized by the ra-
g(x/a)(p T4’ tio p=A40/a. The induced current is concentrated at the
. ARL . Insi he ARL idely distri -
where Kozk/}é:(Z/ZA O0)Y2. The  function edges. Inside the , @ more widely distributed re

. . verse induced current flows which tends to compensate the
g(x/a)=0(x)/ Qo (0<g=<1) describes the transverse spatial .
structure of the ARL. Equatiorig) can be normalized using background external current. The larger the resistance of the

. . ) . X ARL, the bigger the amplitude will be of the excited current
the dmensmnless var|able=x/q and thg dlmen25|onless impulse . ,. For example;..x /jo~5 for p=2.0, but it drops
potential u=¢/@o, where @o=joQo/2=jo/(Xak5), as ..
follows: 0 to j.4/jo~1 for p=0.25.

' Figure 4 shows the structure of inducgg, for a cer-
P2 —u/gE) =1. (12) tain fixed scalea and parametei 4o with respect to the

(14)
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Fig. 5. The spatial structure of induced curreif (x) for a fixed  Fig. 6. The electric field along the ARL and the dependence of
characteristic length 4o with respect to the ARL width character- maxE, on the scale:.

ized by p (indicated near curves).

dependence of mak, in respect toa. As it can be seen
smoothness of the ARL edges characterized by parameter from this figure, the integrated currestyoc maxE, grows
the ARL edges (the smalle¥), the larger the peak current maximal disturbance of total current is produced by the ARL

density will be for the same ARL resistance (the sam}e  ith scaless comparable to the Alfen damping scale, that
The peak current density can even exceed several times thg ; /. ,o~1.

density of the original currenj, whens<«1.
Figure 5 shows the calculated spatial structure (in dimen-
sionless variabler /1 40) of the induced current under the 6 Structure of the Alfvén impulse in a step-wise ARL
fixed Alfvén scale. 4o and ARL smoothnes$=0.5, for sev-
eral values ofp (i.e. for different scaleg). It follows from In a simplified case, corresponding to the elongated box-like
this plot that for the same magnetospheric parameters thgrofile of the ARL ¢—0), the Al spatial structure can be
peak intensity of the induced current increases with a de-described analytically (Arykov and Maltsev, 1983). From
crease of the ARL width (increase pj. Eq. (L1) with g(§)=n(1—|&|), wheren(§) is the Heaviside’s
However, the integral induced current flowing into the function (7(é <0)=0 andn(£>0)=1), the expression for po-
ionosphere depends on the ARL scale in a different waytential follows
as compared to the current densjty. The occurrence of coshixox) — coshixoa)
the ARL causes the redistribution of the background externaly = ¢o
current in such a way that the total disturbed current vanishes,
namely The electric field in the ARL is

o sinh(kgx)
L — pp—
ox coshkoa)

cosh(xoa) n(@ = lxD.

/ Jea()dx = — / Jea(X)dx. Ey = n(a — |xf).

=0 o< The peak values of electric field are reached at the
The total current integrated over the regions with a positiveedges x= + a: E"=|E,(+)|=Eotanhkoa).  For
current density actually is determined by the peak values ofsmall-scale structures,a<i0, the peak value is
the induced electric field , (x) in the ARL. Indeed, because
of the relation £0) and owing to the assumed symmetry of
the model (so mak,=— min E, ), the total current is related
to maxE, as follows: dE, . coshikox)

o = I — = —jg—— = _
JzA A Jocosmcoa)n(a lx])

E"™~Eokoa=joa/ .
Disturbance of current is

Joa = / Jja(x)dx = 23X 4 maxEy.

Jz4>0

+i—‘; tanh(koa)[8 (x + a) + 8(x — )],

Figure 6 shows the structure @&f, (x) under fixedx 40 and whereé (&) is thes-function. The second term corresponds
8=0.5 for various scalea. Each curve is denoted by the to the infinitely thin localized current at the ARL edges and
relevant value ofp=Xx40/a. The insert in Fig. 6 shows the the first term corresponds to the reverse current distributed
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Eq. (12), relationship 16) has been normalized by the scale
a. Introducing the parameter=a/h, that is the ratio be-
tween the ARL width and the height of the ionosphere, this
relationship can be presented as:

Hy(§a,p) = —H® (ﬂ)z /
h

—00

dgu(E’; p)dg’ o an
1+a2( —§)2
Here we have introduced a characteristic value of the ground
magnetic fieldd ®' =8%y (442 p) L johc ™! that does not
depend on the parametergo anda and refers to the case
when the three considered linear scaleg;, a, andh, are
the same.

The spatial ground structure of the normalized magnetic
disturbanceH, (x)/H® has been calculated numerically
and it is shown fo=0.25 in Fig. 7 for several values of

Fig. 7. The numerically calculated spatial structure of the ground and parametex 40/ #=1.0. The ground magnetic signal has

magnetic response for several valuesxofindicated near curves)
andi 4o/ h=1.0.

within the ARL. The maximal value of the current distur-

bance, jo at x=+a, compensates for the background cur-

rent. In the case>>>A 0, the region where the reverse cur-
rentis significant {, 4~ jo) is very narrow as compared to the
ARL width a, whereas at <« 40, the reverse current 4~ jo

occurs throughout the entire ARL. The integrated current

J.axmaxE,=Egtanh(a/A o) grows in a monotonic way
upon the increase of scale approaching the asymptotic
value Z 4 Ep.

7 Ground effect of the Alfvén impulse

The ground effect of the 1-D Al-related currepfy (x, ¢) is
produced by the ionospheric Hall current along thaxis.
This current is induced by thg, component of the incident
Al:

2Xy>a
= “ZHZA g
Ya+Zp

Expression 15) is obtained using the boundary conditions
upon reflection of an Alfén wave from the thin ionosphere
with the height-integrated conductiviti®y; andX p.

JH (15)

The ground magnetic effect of the ionospheric Hall current ) 5
(15) can be found using Biot-Savart's law. Near the surface’x = = 3V3IM|h

of the highly-conductive ground th&, component vanishes
and theH, component doubles, so

4 [ jnax
== [ O (16)

where# is the altitude of the conductive current above the

Earth’'s surface. The sign in Eql®) corresponds to the
Northern Hemisphere.

In order to apply directly the estimates of the ground ef-

fect of the solution for the dimensionless potentiéd; p) of

a bi-polar structure: it changes polarity beneath the ARL.

Geometrical attenuation of magnetic response upon trans-
mission through the ionosphere is weak for large-scale struc-
tures whenoe>1 or a>h. In this case the peak magnetic
values H™ = max|H,|~H®. For example, in the case
Aa0/h=1.0 at «=3.0 the peak value of the ground mag-
netic disturbance i7" ~0.63H® (Fig. 7). The atten-
uation of the ground magnetic response from small-scale
structuresa<<h becomes significant. For example, for the
same plasma paramete,"~0.36H) for «=1.0, and
H™ ~0.003H® for =0.1.

Let us examine the attenuation of small-scale structures in
greater detail. In the case of small-scale ARL as compared
with the height of the ionosphere, i« 1, relationship 17)
can be presented as the 2-D dipole approximation, namely

hx
(h? +x2)2°
Here M is the magnetic moment per unit length along the
axis, created by the Hall currept;, namely

H,.(x)=16M

o0

/ Jju(x) xdx.

—00

1
M==
2c

The maximum magnetic disturbance on the ground is
achieved at the distanaé™ from the center of the ARL:

at x™ = +h/V/3. (18)

The magnetic momerm may be expressed via the normal-
ized potentiak(&¢; p)<0 as follows:

e ¢]

1
M=~ 23HDaU(p), Ulp) =~ / u(E: p)de . (19)

—0o0

On the order of magnitudé/~ max|u|, because the inte-
grand functionu(§) is exponentially small beyond the unit-
length interval.

Now we consider the dependence of the integral function
U(p) on p, that is the ratio between,o and the ARL width



V. Pilipenko et al.: Alien impulse from anomalous resistance onset

a. It follows from the analysis of the boundary problem for
Eq. (12) that when ARL is wide p<1), the value oUU (p)~1.
When the ARL is narrow j>>1), the valuelU (p) becomes
as small a¥/ (p)~p~ u, with e in the interval Gcu<2. The
power factoruw depends on the parameterlt is easy to find

w analytically for the step-wise ARL profileé{0). In this
case a1 the functionu(x; p)~3 p=2(x% — Dn(1—|x),
and thereford\/l(p):gp—z, that isu=2. Numerical calcu-
lations show that the factqr decreases somewhat for more
smooth ARL edges. For example,at0.05 it is quite close
to the “step-wise” value;u=1.87, whereas a8=0.25 this
factoru=1.47.

For a narrow ARL ¢« 1), two cases are possible depend-

ing on the ratio between the characteristic length andh.
If A p0<h, then

|

H;m)
H®

(ha0/h)?(a/ h) at a > hao,
(Aao/M)Z H(a/ ) at a < g .

(20)

One can see from the above estimate that the maximum mag-

netic field decays linearly upon the decrease of the scale
and only wheru become smaller thah,o does this decay
occur faster, by a power law!t# (e.g. cubic for the step-
wise profile).

If X40>h, then underr«1 there is only the possible lim-
iting casea< 40, when the peak ground magnetic distur-
bance H{™ /H® is described by the second relationship

from Eq. £0). The above consideration indicates that the
C-
tures,x«1, in some cases decreases not as fast upon the

ground magnetic disturbance produced by small-scale stru

decrease of the ARL scale

The analytical estimates are confirmed by the numerica

calculations of dependend&™ («). Figure 8 shows the de-

pendence of normalized peak values of ground magnetic dis~

turbance H ™ /H®  with respect tax for several values of

Aao/ h (indicated near curves) for the same smoothness pa
rameter§=0.25 as in Fig. 7. It can be seen that upon the
decrease ok the rate of magnetic field decrease is rather

slow (nearly linear) in the range of parameterg/h<0.2
and «>0.2, and faster forx<0.2 (power law with factor
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Fig. 8. The numerically calculated dependence of the normalized
ground magnetic response peak valuesxdior several values of
A a0/ h (indicated near curves) aig=0.25.

current, the moment of an anomalous resistance and elec-
tric field emergence, as described in Sect. 1, indicates the
onset of positive feedback in the magnetosphere-ionosphere
system. However, the situations when the considered mech-
anism can be operative may occur not only during the main
onset but during any intensification of field-aligned current of
sufficient magnitude and accompanying auroral activation.

Many global observational campaigns (Yumoto et al.,
1990; Yeoman et al., 1991; Uozumi et al., 2000, 2004) show

Fhat Pi2 is a global phenomenon which is observed over a

wide range of latitudes (until the equatorial latitudes) and LT,
even till the dayside (Sutcliffe and Yumoto, 1991). There-
fore, a global compressional mode should be involved in the
excitation of Pi2. This large-scale compressional mode is
probably generated by bursty processes during substorm on-
set in the nightside magnetosphere. Upon propagation to-

wards the inner magnetosphere this mode illuminates the

whole nightside magnetosphere and can be transformed on

~2.47). The examination of Fig. 8 shows that the ground Alfvén velocity gradients into transient Afim oscillations

magnetic response from small-scale ARL is essentially at
tenuated. However, this attenuation is not so severe (about anl

order of magnitude only) in the range of parameters).2
and 140/ h>0.5 to prevent the ground observations of the
ARL-related Al in some situations.

8 Model consequences and comparison with observa-
tions

(Baransky et al., 1980). When the field-aligned current den-

ity at the front of the disturbance generated by the sub-
storm detonation exceeds the threshold sufficient for the ex-
citation of some high-frequency turbulence (most probably
at altitudes about Rg), an anomalous resistivity is turned
on. This moment is to be accompanied by the excitation
of additional local transient Al, as was indicated by Arykov
and Maltsev (1983). The theoretic model presented here de-
scribes the features of this impulse.

Thus, at auroral latitudes the substorm onset may be ac-

At the initial phase of the reconfiguration of global currents companied by the superposition of several transient Pi2-like
in the nightside magnetosphere during substorm onset, theignals. Only at lower latitudes, where the localized auroral
ionosphere plays a role as only a passive sink of energy fodisturbances are substantially attenuated does the global part
the magnetospheric field-aligned current. Only when thisof the disturbance related to compressional mode dominate
current exceeds a certain threshold does an anomalous resisnd can be observed as a clear, isolated Pi2 train. A reliable
tivity emerge on auroral field lines. In the region of upward discrimination of various source mechanisms that contribute
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CPMN data/ Jan. 3. 1997 8.1 Estimates of critical plasma parameters and Al peak

magnitudes

Raw Data D
O0r—T—T—T 71 \H\\D\\

Let us estimate the expected parameters of the Al related
to the ARL emergence. The threshold for the excita-
tion of plasma instabilities and related anomalous resistance
by the field-aligned current is different for different types
of turbulence. It is highest for the Buneman instability
j*~enu,~510"° AIm?, it is lower for the ion-sound in-
stability j*~enu;~10"°A/m?, and it is even lower for the
ion-cyclotron instability~5-10-% A/m? (Kindell and Ken-

nel, 1971). Thresholds values for all these instabilities have
a deep and narrow minimum at altituded03—3.10% km,
where the formation of ARL could be expected. The iono-
spheric projection of the ARL is about the width of the auro-
ral arc. The ARL width, as well as the auroral arc thickness,

N . .
150 TIK W may vary over a wide range, from fractions of km to hun-

dreds of km.

CHD The Alfvén damping scal& 40 is mainly determined by a
Mm magnitude of the anomalous resistivity. However, estimates
1] A N N Y A S of o, being very uncertain, may vary in a wide range. Nu-
1330 1335 13u4$ 1345 130 merical modeling by Strelzov and Lotko (2003) of A#fw

wave interaction with the ARL demonstrated a significant

Filtered Data [40-100] H—D_ wave reflection with transverse scate20 km. We suppose
S S O O ‘ that this scale should coincide withyg.

4 g
20 —&V\%JV\/MO&,V\/\/\/W The following order-of-magnitude estimates of possible

-50

-100 |-

0 —TIK peak values can be obtained from the above formulas for the
CHD east-west elongated ARL. The transverse radial electric field
-20 o ofthe Al is E~Eo=~jol 0% ; *, and corresponding azimuthal
A magnetic component i$~~ Eo=47 joraoc™ . The
1330 1335 1340 1345 1350 9 P (¢/ Va) Eo=4m joA aoc

uT drop in the potential across the ARL{ig}~2¢0=joQ. The

induced field-aligned current density is comparable to the ini-

Fig. 9. Magnetic intensification and Pi2 transients, recorded attial global current density,; 4~ jo. The disturbance of total

CPMN stations on 3 January 1997. The vertical lines indicate thecurrent isJ~2% 4 Eo=2joAa0. The ground disturbance has

moments of the auroral intensifications observed by Polar UV im-a bipolar latitudinal structure with a phase reversal just be-

ager. neath the ARL ionospheric projection. If the ARL is wide,
as compared with the ionospheric height-¢), the iono-
sphere does not produce substantial geometric attenuation of
the magnetic impulse. However, even if the ARL is narrow
(a<h), in the case\,«h, this attenuation is not dramati-

to the ground ULF disturbance during a substorm break-upzally large, and the ground magnetic response could possibly

can be done with a more dense array of magnetometers withe revealed from ground magnetograms. The peak ground
high time resolution. Special methods of analysis are necessignal is

sary to discriminate contributions from various mechanisms

into Pi2 signature. For example, to reveal a fine temporal ) (@) {40 2 8y )»%Ojo

structure of Pi2 trains, the phase breaks in their wave formd? ™ = H (T) TS +3%p ch

can be used as time markers for abrupt processes in the FAC

signatures. These peculiarities may help to discriminate this impulse

from the transient responses produced by other mechanisms,

The occurrence of the Al described above should coincidesuch as a burst of precipitating electrons, or cross-tail current

with a brightening of an auroral arc due to additional accel-disruption.

eration of auroral electrons by the anomalous electric field. The Al related to the onset of anomalous conductivity may

However, the delay of a few tens of seconds is possible, owbe masked by transient responses from other impulsive dis-

ing to the difference in the electron and MHD transit times. turbances during the substorm break-up. Thus, at auroral

The model considered predicts an excitation of a very spafield lines, where ARL occurs, the Pi2 waveforms must be

tially localized response, because no compressional mode isather complicated due to the superposition of transient sig-

generated during the anomalous resistance onset. nals from several impulsive sources. At some distance from
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32:23 UT 1332:50 UT 13

Polar Ultraviolet Ima Photons-cm™-s™
Day 003 01/03 1997gh —

10 12 14

Fig. 10. The snapshots of UVI (LBHL) aurora made by Polar on 3 January 1997.

YEAR: 1997 DAY: 003 HOUR: 13 MINUTE: 38 A detailed consideration of the further evolution of the ex-

cited Al is beyond the scope of this paper. Transient Al will
interact with the ionosphere and the ARLs in the Northern
and Southern hemispheres. Upon this interaction parts of
the incident wave energy are reflected and absorbed by ARL,
and part penetrates through the ARL (Lysak and Dum, 1983;
Trakhtenhertz and Feldstein, 1985). As a result, some part of
the Al energy will be trapped in the Alen quasi-resonator
between the conjugate ARLs, and part will be trapped in the
cavity between the ionosphere and the ARL (Pilipenko et al.,
2002; Streltsov and Lotko, 2003). If the reflection from the
ARL does occur, the period of transient response to the ex-
cited Alfvén impulse will be shorter than the fundamental
eigenperiod of the same field line.

9 Eventon 3 January 1997

As a qualitative illustration of the principal feasibility of
the considered effect, we consider the event on 3 January
1997. This substorm-like intensification with an amplitude
Fig. 11. The mapping of Polar UVI image onto the position of Of. about 100 nT has been detected by stations from the
CPMN stations in Northern Russia at 3 January 1997, 13:38:22 UTClrcum-Pam.flc Magnetometer Network (CPMN) at _13:30_
(in geomagnetic coordinates). 13:50 UT (Fig. 9): Kotelny (KTN, geomagnetic coordinates:
69.9°, 2010°, L=8.5, MLT~UT+16), Tixie (TIK, 657°,
1969°, L=5.9, MLT~UT+16), and Chokurdakh (CHD,

. ] ) ] 64.8°, 2124°, L=5.6, MLT~UT+15). A decrease in the
these field lines, the d|§turbance caused by the excited Ahwagnetic field H component started at 13:31 UT. However,
decays fast, and more simple waveforms can be observed. gt 13:34 UT the rate of the magnetic field decrease rapidly

It is necessary to indicate that we have considered herehanged. The trend of the development of the bay is drawn as
the non-consistent problem — the onsetogpfunder steady adashed curve. This moment coincided with the auroral UVI
jo, owing to fluctuations of plasma parameters near theintensification as observed by the Polar satellite (Fig. 10).
threshold (that is, the external turn-on). To elucidate Another rapid change of the magnetic field decrease and au-
fully the physics of Al, an additional problem should be rora intensification occurred at 13:37 UT.
analyzed: a self-consistent description of theonset by a These moments, 13:34 UT and 13:37 UT, of rapid change
time-increasingjg. Elsewhere, we are going to consider this in the H component decrease rate and the auroral brightening
self-consistent problem. were accompanied by the excitation of oscillatory transients.
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Band-pass filtering (40-100s) indicates the occurrence ofNTAS grant 03-05-5359 (NM), and RFBR grant 03-05-64670
Pi2-like oscillations at KTN with a period of about 1 min and (EF).
a peak-to-peak amplitudel0nT. Topical Editor T. Pulkkinen thanks T.@&inger and another ref-
The mapping of the Polar UV image, corresponding to theeree for their help in evaluating this paper.
moment 13:38 UT just after the aurora intensification, onto
the CPMN stations positions, shown in Fig. 11, indicates
that only KTN was beneath the arc intensification region,
whereas the Static.ms TIX and CHD _We.re bgyond i, thouqhArykov, A. A. and Maltsev, Yu. P.: Generation of ABn waves in
not very far. As Fig. 9 shows, _the P'Z_'I'ke S'g_nals were de- an anomalous resistivity region. Planet. Space Sci., 31, 267-273,
tected at KTN only, at TIK their amplitudes did not exceed 1gg3.
1nT. Thus, the ground transient response is highly localizedsaumjohann, W. and Glassmeier, K. H.: The transient response
within the region of the aurora intensification. mechanism and Pi2 pulsations at substorm onset — Review and
At the recovery phase of this bay, Pc5 oscillations with a  outlook, Planet. Space Sci., 32, 1361-1370, 1984.
period~2.5-3.0 min were observed (Fig. 9). The period of Baransky, L. N., Sterlikova, I. V., Troitskaya, V. A., Gokhberg, M.
these oscillations probably corresponds to the fundamental B.. Pilipenko, V. A., and Munch, J.: Investigation of Pi2 pulsa-
eigenperiod of the field line. Thus, the Pi2 period is shorter Fions a_llong geomagnetic meridian, |. Meridional distribution of
than the expected fundamental eigenperiod. intensity and spectral content, Geomagn. Aeronomy, 20, 896
The basic features of this event agree with the scenario of %e?f;e’vlgp?ob Bsinger, T., Isaev, S. V., and Kangas, J.: First ev-
t,x\llog-gzgfaetiilribritggg da\i)?/lloe?/rgrert];sg?vgr? ep)l(’zrqr:sg)r\:vs&gfi;he idence at high latitudes for the ionospheric Afvresonator, J.
tended to show the occurrence of localized Pi2-like responsq;e(j;%?,by; R,:}ﬁgelnokdg"l\s;_?sa:j gg;ff,%;son, M. J: ULE wave
and spatial and temporal correspondence between the mag- damping in the auroral acceleration region, J. Geophys. Res.,
netic transients and auroral activation, but it cannot be con- 106, 6203-6212, 2001.
sidered as firm evidence in favor of the suggested mechaGroot-Hedlin, C. D. and Rostoker, G.: Magnetic signatures of pre-
nism. The auroral bulge as seen in the Polar image may com- cursors to substorm expansive phase onset, J. Geophys. Res., 92,
prise many discrete auroral arcs, each with an individual time  5845-5856, 1987.
evolution and its magnetic fingerprint. To discriminate con- Kepko, L., and Kivelson, M. G.: Generation of Pi2 pulsations by
tributions to ground magnetic response from different sourceFel;”kLSt{ bﬂszg’;’i’ f\/l Géog%s\.(srizt 'Ol?<4_' '2;?0(3\12&;55?53; 'ati‘?%g'
mechanisms during a substorm onset or auroral activation i . o H ' ’
is necessary to ha\glle a more dense (than CPMN) network of and Pi2 pulsations, J. Geophys. Res., 106, 1903-1915, 2001.
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