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Relation of substorm disturbances triggered by
abrupt solar-wind changes to physics of plasma
sheet transport

L. R. Lyons, D.-Y. Lee, C.-P. Wang, and S. B. Mende

Abstract: Substorm onset occurs within the near-Earth plasma shagéeiregion that maps to the Harang electric field
reversal observed within the ionosphere. IMF changes tteaggpected to reduce the convection electric field after

2 25 min of negative IMF B are well known to cause substorms. Solar wind dynamic presdy,,, enhancements
following prolonged strongly southward IMF (BS —8 nT) also cause substorms. However, an interplay of effeots a
simultaneous IMF and £,, change can prevent the occurrence of a substorm, leading@b we refer to as null events.
We show that the combination of inward convection and enéependent magnetic drift in the finite-width plasma sheet
offers an explanation for the IMF and pressure triggeredstauins, for their onset within the Harang reversal region,
and for the null events. These same aspects of the plasmatsiesport also offer an explanation for the growth-phase
development of the Harang reversal, for steady-magnetogpbonvection events, and for pseudo-substorms.
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1. Introduction 2. Disturbance Features

) ) o It is well known that IMF changes that lead to a convection

Abrupt changes in the interplanetary magnetic field (IMF)yeduction after a225 min period of negative Blead to the
and solar wind lead to large-scale disturbances of the magne onset of substorms. Global auroral images from the Wideband
sphere-ionosphere system and in particular to substomms. F jmaging Camera (WIC) on board the IMAGE spacecraft are
thermore, auroral observations have been used to show thghown in the top row of Fig. 1 for a substorm triggered by an
substorm onset occurs within a region of converging electri \ME northward turning following a~30 min period of IMF
fields known as the Harang discontinuity [1,6,8,18,19].&Not B_ . _2 to —4 nT on 9 December 2000 (color images and
that the Harang discontinuity is a region where the nortifso  gther data for this and other events discussed here are shown
component of electric fields reverses direction, and is et a i [16]). These images illustrate what typically is obserfer
tually a discontinuity. For this reason, it is referred taehas  sypstorms triggered by an IMF change under constant solar
the “Harang reversal.” Observations of ionospheric flowseha \yind dynamic pressure 4.
shown that the Harang reversal enhances during the substormthe images show that brightening within the equatorward
growth phase and decreases dramatically at onset, implyingortion of the oval was first visible at 1914 UT at00 to
thatthe evolution of the Harang reversal is “related to 4ese 01 MLT. Such brightening indicates the onset of a substorm ex
of substorm expansion onsets” [3]. pansion. Based on the previous studies referred to in the-int

Here we first describe how disturbance features depend athuction, this brightening occurs within the region of therHa
the type of interplanetary change and identify which changeang reversal. The region of enhanced expansion-phasesauror
lead to substorms and which do not. We then describe our prghen spreads azimuthally and poleward over the next 4—6 min,
posal for how basic plasma sheet transport leads to the growforming a typical aurora bulge and reaching a maximum azi-
phase development of the Harang reversal, causes substormuthal coverage of5 hr of MLT. This expansion-phase bulge
onset within the Harang reversal, explains why some changésdicates that current-wedge formation occurred withiith
cause substorm onset and others do not, and offers a feaser plasma sheet. Consistent with this, the geosynchrameus
ible explanation for steady magnetospheric convectioerint ergetic particle data for this event show the clear dispersi
vals (SMCs, also known as convection bays) and pseudo-suless flux enhancements near midnight that result from ctirren

storms (also known as pseudo-breakups). wedge formation.
WIC images from 26 July 2000 illustrating the typical au-
Received 12 May 2006. roral response to an increase ip, P under steady IMF are

shown in the second row of Fig. 1. An enhancement of au-
L. R. Lyons and C.-P. Wang. Department of Atmospheric and roral emissions is observed over a wide range of MLT, both
Oceanic Sciences, University of California, Los Angeleslifor-  on the dayside and nightside. This enhancement is firstlglear
nia, USA. . seen in the 1857:09 UT image and was as close to simultan-
log6 of Natural Scionces and InStiute for Basi Scioncefre, | 60US Wih the R, impact as can be determined with the 2-min
Chungbuk National University, Chungbuk, South Korea. time r_esolut|0_n of WIC. Also note thz_;\t, unlike for substorms
S. B. Mende. Space Sciences Laboratory, University of California, (€€ is no evidence for bulge formation. Such a global a@liror
Berkeley, California, USA. enhancement, without the bulge formation associated with c

rent wedge formation, is the response to thg,Ririven com-
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Fig. 1. Selected global auroral images from WIC for four differeypes of events as identified.

pressional heating of plasma sheet electrons, which underg~40 min of IMF B, ~—10 nT are shown in the third row of
strong pitch-angle scattering losses to the atmospherecDi Fig. 1. This is the second of the two events labelggd $
evidence for a lack of current wedge formation during thigety Fig. 2. The auroral brightening within the expected regibén o
of event has also been found using geosynchronous observdte Harang reversal is first evident in the 0820:24 UT image.
tions [10]. We attribute most of the global auroral enhaneetm The only significant difference from the images for typiagbs
to enhancement of the diffuse aurora, though some disauete astorms is that the region of enhanced expansion-phasesauror
roral features will also be enhanced due to the increaseein thafter onset spreads azimuthally to a maximum azimuthal cov-
global field-aligned current system that has been observed ierage of~6—7 hr of MLT, which is somewhat broader than for
response to an increase ip,R. the typical substorms. A similar IMF substorm, also labeled
We next address several disturbances that occurred durirgs., in Fig. 2, occurred at-0640 UT.
the 00-12 UT period on 11 August 2000 when the IMF was WIC images for a disturbance triggered by an enhancement
generally strongly southward at aboutlO nT. This period in Pgy,, are shown in the bottom row of Fig. 1, which illus-
illustrates two important surprises [16]. The IMF and solartrate the first of our major surprises. Dayside imaging wds no
wind dynamic pressure for this period from two spacecradt ar particularly good for this event because of sunlight andtém
shown in Fig. 2 as mapped to just in front of the bow shocktions in the algorithm for subtracting dayglow from the ireag
using the [23] mapping technique. However, some auroral brightening can be seen just to the day
WIC images for an IMF triggered substorm that followed side of the dawn-dusk meridian in the 0415:09 and 0419:04 UT
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Fig. 3. lllustration in the equatorial plane of physics of formatio
of the Harang reversal. Shaded regions identify the looadiothe
plasma sheet. (based on [5]).
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Aug 11, 2000 strongly southward IMF conditions whern,f, decreases (in-
Fig. 2. [23]-mapped IMF B, B. and R, from ACE and creases) with a simultaneous northward (further southward
Geotail, and for 0-12 UT on 11 August 2000. Vertical dashed  turning of the IMF.
lines identify events discussed in the text. Three such events occurred on 11 August 2000 and are iden-

tified in Fig. 2 as “Null”. The first had an IMF northward turn-
images. This is as expected from the magnetospheric compreigg from B, < —10 nT and a simultaneous decrease jf),P
sion caused by the pressure enhancement. However, simultahhe other two events had a further southward IMF turning and
eously, there is a Harang region auroral brightening, wiich an increase in §2,,. The impacts of the i, changes for these
initially seen at 21-23 MLT in the 0415:09 UT image and thenevents were clearly seen in the low-latitude H observations
expands azimuthally. The Harang region brightening loasks e Based on the results from other events, we would expect that
sentially the same as the auroral bulge for northward tgrninthe IMF northward turning for the first event and thg,Pin-
substorms. This suggests that the pressure enhancemémt leccreases for the second two events would, by themselves, have
formation of a substorm current wedge as well as to magnetcsaused a significant, large-scale auroral disturbance eMesy

spheric compression. the WIC images for these events (see [16]) clearly show that
The WIC observations thus show evidence for both comsuch a disturbance did not occur for these events.
pressive and substorm auroral enhancements for this iR- These results for the 11 August 2000 events suggest that

crease event which occurred following prolonged stronglys  the effects of a decrease (increase) ip,fand a simultaneous
thward IMF. Furthermore, as the bulge-region aurora expandnorthward (further southward) turning of the IMF can nuilif
azimuthally, it seems to merge with the compressive auroratach other, so that a large-scale disturbance, and in plartie

enhancement, particularly on the dusk side. This leads to asubstorm response, does not occur.

unusually broad region of enhanced auroral emissions oayer
10-14 hrs of MLT by 0421:17 to 0425:22 UT. Also, clear evid- .
ence for current wedge formation within the nightside near3- Harang Reversal Physics

Earth plasma sheet, and for its occurring together with@lob  |n order to understand how particle transport associatéd wi
magnetospheric compression, is seen in the geosynchronogfe Harang reversal offers an explanation for the typestefin
particle data for this event [10]. This event is identifiedSas  planetary changes discussed above that do, and do nogrtrigg
in Fig. 2, and there were two other similar events during thesybstorms, it is necessary to first consider the formatidhef
time interval shown that are identified in Fig. 2 and were conHarang reversal during the substorm growth phase. This is il

sidered along with other such events by [16]. lustrated in Fig. 3 and can be understood in terms of the equat
The above events were all selected because they are quiggial continuity equation for flux tubes

ideal in that there was either an IMF northward turning with

approximately steady 4, or an increase in f,, with ap- 0 B.eVP x VV
proximately steady IMF B. However, it is far more common &(”V) +(VeeV)(nV) = - 4B,

for a solar wind change to simultaneously affect bothaad 9

Payn. If increases in solar wind dynamic pressure and north- = i (1)

ward turnings of the IMF can cause nightside substorm distur qBi

ances, it makes sense that effects of changes in thesettgganti Here V; is the electric drift velocityp is the plasma density,
should interact if both occur simultaneously. For examjtle, y is flux tube volumey is the electronic chargegj ; is the
would seem that an IMF northward turning accompanied byupward field-aligned current density mapped to the ionosghe
an increase in &, might lead to a stronger disturbance thanandB, andB; are the equatorial and ionospheric field strength,
would an equal change in only one of the quantities. This ide@espectively. The top portion of (1) is a re-written form bét
has not yet been evaluated. plasma sheet continuity equation obtained by [7] by intégga
However, the second significant surprise is that we have beafe single species mass conservation equation over theneolu
able to determine that there indeed is important interactio of a flux tube.
between effects of IMF Bchanges and f,, changes under
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The second term on the left-hand-side of (1) represents a 98 kV Steady State, y =0

source term to the inner plasma sheet due to inward convectio o5 T T T T 1

This leads to an increase in inner plasmasheet flux tubeclgarti

contentn) and plasma pressure after an increase in convec-

tion speed. However, as protons drift earthward, the irsinga

magnetic drift deflects them toward the dusk side as illtestia

in Fig. 3. Thus the highest plasma pressure occurs on the dusk 0.4f

side of the inner plasma sheet. Because of the finite width of &~

the tail, higher energy protons from the distant tail do reoteh B

access to the dawn side plasma sheet, where such particIeF

must originate from the dawn side low-latitude boundargtay & 0.3

(LLBL). The LLBL source for high-energy protons is far smal- @

ler than is the source from the deep tail, and protons regchin ~—

the dawn side have moved a smaller distance across the tail, &

and thus gain less energy from the cross tail electric fiedd th

do the particles that reach the dusk side. As a result, pressu ~(,2

at the same radial distance on the dawn side will be less than®

on the dusk side, giving a significant dawn-to-dusk gradient ~

pressure within the inner plasma sheet. o
Since the magnetic drift speed is proportional to pressure,

this azimuthal pressure gradient gives a divergence obprot 0.1f

flux, which is also a divergence of cross tail current. Thismu

be balanced by upward field-aligned current from the iono-

sphere as given by the well-known relation betw&&n x VY

10

andj ; in (1). However, current continuity must also be main- 0.0L— NP B B )
tained in the ionosphere. This requires the formation aftate 0 -5 -10 -15 -20
fields AE in the ionosphere that give Pedersen currents that

converge towards the region of upward field-aligned cusient XGSM(RE)

These converging electric fields add to the convection itect ,

field to give the reversal of the north-south electric fiekistt Fig. 4. Equatorial proton pressure and’P* at midnight MLT

forms the Harang reversal. They also map along field lines t&om the model of [22].

the equatorial plasma sheet as indicated byAfi&vectors in ] ] ] o

Fig. 3. divergence in the heat flux vector [7], causing a reductiemin
Equation (1) thus allows us to view the local changen  tropy and thus P/3 along drift paths. This reduction is seen

as a balance between a source due to earthward convectidf,the model results of [21, 22] where the energy-dependent

given by Vz e V(nV), and a loss due to divergence driven by particle driftis included, as shown in Fig. 4 at the equatong

magnetic drift. This balance provides a framework for under the midnight meridian. The pressure balance inconsistency

standing the evolution of the plasma sheet during the stbsto based on conservation obP/? as particles electric field drift

growth phase and near the onset of the substorm expansi@arthward on the nightside, whereas the model results show

phase as described by [15]. During periods of weak convectio that the energy dependent magnetic drift causé/Pto de-

plasma pressure and’ are low throughout the inner plasma crease substantially along the midnight meridian. Thiegiv

sheet and both the source and loss terms in (1) are low. An irplasma pressures at geosynchronous orbit, for example, tha

crease in the strength of convection will increase the garti are more than a factor of four lower than would be 1153

source due to earthward convection, leading to the incri@ase were conserved along the midnight meridian.

plasma pressure and’ that gives rise to the substorm growth

phase. This will slowly increase the loss termin (1) and $imu

taneously lead to the growth-phase intensification of the Ha 5. IMF and Pg4,,, and Substorms

ang reversal. This increase will continue until either adte

state is reached between sources and losses or the convectj

strength is reduced so that the source term becomes small

than the loss term.

A reduction in the source term relative to the loss term in

) will lead to a loss rate that exceeds the source rate ared gi

/0t)(nV) < 0. This will lead to a reduction im), P, and
cross tail current as is necessary for current wedge foomati
and the onset of the expansion phase of substorms. This pro-

4. Steady Magnetospheric Convection Events cess is discussed in [15] and [13], where it is also addressed
how this substorm process leads to a non-linear enhancement

Note that a balance between source and loss terms can Rethe rate of current wedge formation and thus to the rapid de

reached and allows for a stable plasma sheet conﬁgurathybbpment of the substorm expansion phase. The source term

without substorms during periods of enhanced convectidn [2 i, (1) is proportional toVz, which equalsE/B., where E

22], as occurs during steady magnetospheric convection®ve s the electric field within the equatorial plasma sheet. k@n t

(SMCs). This occurs without the pressure inconsistencybf [ other hand the loss term in (1) is proportional /8., which
because the loss term in (1) is the same divergence thataives
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varies asB! to B3 [15], and is thus nearly independent ment and thus ending the expansion phase development. Ex-

of E and B.. Therefore a significant reduction Mz within ~ amples where this appears to have occurred are shown by [17].
the plasma sheet should lead to substorm onset, which can oc-

cur from a decrease i or an increase iB.. IMF changes )

modify E, and the magnetopause current changes resulting: Conclusions

from Py, changes modify5., thus offering a plausible ex-
planation for why substorm onset can be caused by either £
IMF change that reduces or a Ry, increase. Note that the

We thus conclude that the physics of the particle transport
at leads to the Harang electric field reversal offers aniiate
explanation for the IMF and R),, changes that do and do not

same particle divergence gives rise to both the HarangsgVer cause substorm onset, as well as for SMCs and pseudo-storms
during the substorm growth phase and the reduction)n as follows:

when the strength of convection is reduced. Thus, following
a reduction in convection, the maximum rates of reduction o
nV should occur within the region of the equatorial mappin
of the Harang reversal, explaining why substorm onset is o
served within the Harang region.

Typical increases in B on the nightside in responses to in
creases in B, are~10 nT at synchronous orbit (e.g., [9]).
Such an increase most often is not significant compardgl to
in the inner plasma sheet (which, from the Earth’s dipolelfiel
alone, is~100 nT at geosynchronous orbit). However, mod-
eling has shown thaB. can become below 10 nT within the
r~7-10 Rz region of the inner plasma sheet following pro-
longed periods of enhanced convection [20, 22], &hdval-
ues below 10 nT have been observed within this region of th
plasma sheet prior to substorm onset[11,14]. Thus, anasere
in Py, can cause a significant increaseBa if it occurs fol-
lowing a period of strongly southward IMF, whé#, is sub-
stantially reduced within the inner plasma sheet. Howétisr,
unlikely to do so under other situations. This is particiylan-
portant because increases i), fhave been observed to cause
an increase in the strength of convection [2,12], so thatgela
relative increase iB. is necessary for an increase ip,R to
reduceE/ B, and thus cause current wedge formation.

tSM Cs. The finite tail width together with the energy depend-
Yent magnetic drift gives particle & energy flux divergencatth
prevents excess build up of pressures. This allows for destab
balance within the inner plasma sheet between the sounte fro
inward convection and the loss from azimuthal magnetia.drif

IMF & strong south IMF Pg,,, substorms: An IMF change

or increase in B, decreases the inner plasma sheet source
from inward convection. It is necessary By to be consider-
ably lower than average for &P, increase to trigger a sub-
storm, so that such triggering only occurs after a period of
gtrongly southward IMF.

Null events: Competing effects of an IMF or £, trigger and
a simultaneous nullifying IMF or B,, change lead to an ap-
proximately unchanged or increased source term.

Pseudo-substorms: A nullifying IMF or Pg4,,, change enhan-
ces the inner plasma sheet source term after onset, temgnat
substorm development before it becomes fully developed.
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