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Abstract

A unified model is developed £foxr +the propagation of the
Westward Traveling Surge (WTS) which can explain the diversity
in the obsexrved surge characteristics. We start with the
Inhester-Baumjohann model For the surge redgion which
implicitly includes both the Hall and Pedersen currents. It is
found that precipitating electrons at the conductivity
gradient modify the gradient, causing it %o propagate as a
wave front. The velocity of propagation is directly dependent
on the ionization efficiency of the precipitating electrons
and, therefore, increases dramatically when they become more
energetic during substorm onsets. For erample, we predict that
when the incident electron energy changes from 1 keV to 10 keV
the surge velocity should increase from 2 km/s to 34 km/s. The
direction of the suf%e motion depends on the presence of
polarization charges on the poleward surge boundary. This is
related to the efficiency with which the pocleward ionospheric
currents are closed ofi into the magnetosphere by the
field-aligned currents. Inclusion of the electron-ion
recombination rate modifies the surge propagation velocity and
leads to explicit expressions for the conductivity profile.
Sufficient precipitation current is reguired +to overcome
electron-ion recombination in order for the surge to expand.
When the precipitating current is less than this thresholé +he
WTS retreats. Therefore, the nodal describes the icnospheric

response to both the expansion and recovery phases of <the
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magnetic substorm.
1. 3 io

The Westward Traveling Surge (WTS) is a primary signature of
substorm onsets (Rostoker et al., 1980). In simplest terms the
WIS represents the westward electrojet as it expands westward
starting near local midnight during the substorm expansion
phase (Tighe and Rostoker, 19871). Figure 1 shows a typical WTS
profile as measured by the DMSP satellite F-6. In this =sxzample
we see evidence for multiple surge structure as described by
Rostoker et al. (1980). Note +that the shape of the WIS is
similar to that of ocean waves where the wave crest
corresponds +to a surge head. A more detailed examinatiocn of
the surge reveals several characteristic features cf the
phenomena. These are 1) the surge moves in discrete jumps or
steps (Wien and Rostoker, 1975; Pytte et al., 1976). 2)
Instantaneous velocities of up to 30 km/s have been observed
in the leading branch of the westward electrocjet (Opgenooxrth
et al., 1982; Yahnin et al., 1983; G. Rostokexr, private
communication). However, a typical surge wvelocity is on the
order of 1.0-2.0 km/s (Pvtte et al., 1976). 3) The energy of
the precipitating electron flux associated with the surge
region is usually in the keV range (Meng et al., 1978). 4) At
the head of the surge +there exists an intense upward
field-aligned current carried by energetic precipitating
electrons. This current is concentrated within an area of at
least 1100 km x 100 km('lO b4 103 with an average intensity of
1-10 uA/mz and can be modelled as a line current
carrving 22105 A (Inhester et al.;, 1981). The slab model
developed in section 2 can be applied tc both the surge head
and to the western precursor region.

Steady-state models of the WTS have been developed by Hughes
and Rostoker, 1979; Rostoker and Hughes, 1979; and Tighe and
Rostoker, 11981 using primarily ground based observations. By
incorporating STARE data Inhester et al., 1981 have developed
a comprehensive static model of the electrodynamic structure

within the surge. Kan et &al. (1984) have pointed out the
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importance of ionospheric current closure on the poleward
surge boundary. Using static conductivity models they show
that closure is responsible for the westward intrusion of
highly conductive regions. In the present dynamical mcdel we
explicitly show how clesure determines the suxge diraction
and, in contrast to their conclusions, f£ind that the surge
speed does not necessarily depend on the time rate o©f change

of closure.

In this paper we develop a dynamic model for +the propagation
of the WTS. As shown in the next section we explicitly utilize
the closure concept and incorporate it with elements of the
Inhester-Baumjohann model (Baumjohann, 1983). The motion of
the WTS in the midnight sector is considered to be controlled
by three mechanisms. These are: a) the energy and intensity of
the precipitating electrons, b) the electron-ion recombination
rate, and c¢) the degree of current closure on the poleward
boundary of the surge. Closure is governed by the parameter ©
which is a measure of the degree o which the ionospheric Hall
current is continued into the magnetcsphere at +the poleward
boundary. (See discussion near equation (2) for more details.)
In our context strong current cleosure (6 = 1) implies Ffull
continuation of the lonospheric Hall current svystem into the
magnetosphere via field-aligned currents. Both ¢ and the
precipitation energy represent the magnetospheric input to the
surge dynamics. The mechanisms describing these parameters are

outside the scope of the present paper.

Upward field-aligned curxrents in the WIS are most intense
where the conductivity gradient is largest. These currents are
carried by precipitating electrons which modify the
conductivity gradient +through enhanced jionization. A wave
eguation is derived for the propagation of the conductivity
gradient. The phase velocity is proportional to thQH where
th is the magnitude of the total E x B drift velocity and QH
is the height-integrated ionization- efficiency for
precipitating electrons at the conductivity gradient. This
velocity is greatly enhanced when the average electron energy

increases from 1 keV to 10 keV. For example, a 10 nV/m
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electric field implies a surge velocity of approximately 3.7
xm/s for 1 keV incident electrons whereas 10 keV incident
electrong will drive +the surge at approximately 34 km/sec.
(See Table I for details.) We see no direct connection between
this propagation mechanism and that based upon an ion-acoustic

wave as proposed by Kan et al. (1584).

The effect is to produce jumps in the surge velocity whenever
the precipitating energy spvectrum near +the surge head is
sufficiently hard. As shown below, it is even possible tc have
abrupt northeastward surge motion if there is overclosure at
the poleward boundary (i.e. a > 1). Thus, even this simplified
model provides coherence +to the diversity of observed surge

ropagation characteristics.

In section 2 the simplified model is developed foxr the WIS
where electron-ion recombination efiects are ignored. The
magnitude of the surge velocity and its direction are dexived.
In section 3 we investigate the role of electron-ion
recombination effects. We £ind +that +he recomwbination rate
modifies the surge velocity, determines the conductivity
profile at the boundary and is responsible for the retreat of
the enhanced conductivity region and the assoclated electrojet

during the recoverv phase.

2. A model for the westward traveling surdge

We start with the slab model for the WTS near local midnight
as given by Baumjchann (1983) and as shown in Figure 2. In
this section we only consider the motion of this slab. The
results will be applied to the WTS in the discussion section.
For clarity the stated propagation directions are defined for
the WTS occurrxing in +the northern hemisphere. An effective
westward electric field, Eo‘ in the surge region drives a
northward Hall current. This electric field is composed of the
large scale convection field and that produced by negative
charge buildup at the surge head. The northward current is
closed into the magnetesphere by the precipitating electrons

at the conductivity gradient on the northern boundary. The
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Hall current 1is
H HLD (1

However, the net ionospheric current reaching the northern

boundary may be uneqgual to JH depending on ‘the presence of

boundary polarization charges as indicated in Figure 2. This
boundary polarization charge produces a southward polarization
eiectric field, Ep, as shown im the figure. This electric
field gives rise to an associated Pedersen current, JP = ZpEp.
Thus, the net current reachina the northern boundary is
Tn = 91 7 T T wBo T tpfp T Mye
measure of the degree of continuity (closure) of the Hall

-z where +the parametexr ¢ is a
current on the northern boundary via the Birkeland currents,
assuming no closure currents in the ionosphere outside the
slab. It is an undetermined parameter in our theory that
refiects the ionosphere-magnetosphere coupling. The value
=0 denotes noc closure, the value o = 1 full closure and
o » 1 overclosure {i.e. a negative polarization charge on the

northern boundary produvced by excess Bivkeland currents).

e define a coordinate system as shown in Figure 2 such that
the z-axis wpoints perpendicular to both the current channel
and the earth's magnetic field. The x-zxis points parallel to
the current channel. When applied to the westward electrojet
the x-coordinate ig approximatelyv west and the z-coorxdinate
north. For simplicity, in the following model we define x as

pointing due west and z as pointing due north.

The precipitating Birkeland current is the divergence of Jn as
given by

Ju = _a (EO C""EH)/BZ
= -'EGGB LH/BZ (28)

where o is the coupling parameter defined above. A meaningful
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& can only be defined where thsre is a conductivity gradient.
To be moxre precise consider current conservation across the

boundary.

= B2
[ 5, @z = [~ -2 _? (alz) I (z))dz
Z. z C H

1 1 (2b)

If o= const. within the boundary region {21 <z < z,) then

J 3, dz = L”~JH(Z.7) ‘ {2c)

This is another way of expressing the overall current
continuity at +the northern boundaxy. An ¢ < 1 implies the
presence of positive polarization charge. We associate j, with
the flux of precipitating electrons through the relation j,/e.
This assumes that the precipitating protons are not important
in +the surge region (Akasofu et al., 1969) and that the
dominant current carriers are energetic (keV) electrons (Meng
et al., 1978; Inhester et al., 1981). This is consistent with
+he enhancement of keV electrons cbseerved during the passage
of the WTS (Opgenoorth et al., 1883). For simplicity we shall
ignore possible spatial variations in both ¢ and EO. The ratio
of the Hall to Pedersen conductivity (R) is considered to be a

function of z only.

In the following derivation we recognize +that precipitating
electrons +through ionization modify the conductivity. The

local time rate of change of the Hall conductivity 1is
8L, /0t~ (sH/B) an/3t {3)
where n 1is “he ion density which ig related to the

precipitating electrons ‘through the ionization efficiency, @
{(Rees, 1963; Jasperse and Basu, 19%82). Thus,
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Vs = § da -0
BRIPE =0 3,08 " (4)

where here @ is the average number of ions produced pex
incident electron-m and H is the appropriate height interval
for @ and & is the electron-ion recombination coefficient in
the ionosphere. (The unit ions/electron-m when multiplied by
the unit for flux {electxon/m2 ~-3) becomes ions/mJ -3, the ion
production rate per unit volume). Equation (4) is general in
that an average Q can be defined for any incident spectrum.
The ionization rate is +then this average @ times the total
incident electron current providing +the net backscattered
current is small. For example, the pregsence of a parallel
electric field will effectively eliminate any upward electron
current contribution (Evans, 1974). If we assume that only the
energetic component (keV electrons) carry the parallel current
then the Q in equaticn (4) is identical to the ¢/F defined by
Rees (1963).

We initially treat the limiting case where -3,Q/e >> Grnz in
order to illustrate the physicel principles involved, Tﬂ& full
equation is solved below in section 3. There we show that the
simple approximation is valid if 3., »>> 3 A/m2 when Eincid > 1
keV. The sign in front of 3, in equaticn (4) indicatés that
positive current is £flowipng away from the earth. Combining

ags. 2-4 we obtain

w1
o

3L /Pt = ~(Q H E_a)/B 3I./0z (
which is a wave egquation with a phase velocity given by
(&)

where Vd = EOfB. This is easily found by making & Galilean

transformation L, =1 .(z'), where z' = z - V_ t.
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Figure 3 shows the estimated variation of QH with 4incident
electron energy as taken frowm Figure 2 of Rees, 1963. From
this figure it 1is seen that a 1 keV monoenergetic
precipitating flux imples QH =~ 10 and for a 10 keV flux
QH =~ 90. Thus, when the euncrgy spectrum of the precipitating
electrons hardens +the boundary welocity can increase Dby
factors of ten. Meng et al. {(1978) have measured a very hard
precipitating energy spectrum in the surge region. We argue
that the surge velocity is related to the production of
energetic electrons connected with substorm onsets. Beocording
to this mechanism the surge velocity should increase
dramatically during substorm onsets as has been observed by

Samson and Rostoker (1983).

We now consider the western boundary {(i.e. +the surge head).
The dynamics of this boundary is coanetcted to the propagation
of the poleward boundary through closure. That is, a small 2
imples a large Ep which drives a westward Hall current that
adds to the Pedersen curreni driven by EO. The total westward

current is given by

w po Hp (7)

J = (1 -a)
p = LY =8I Ay
5 E. = (1 - L E
ptp = ¢ % d Lpl (8)

Substituting this expregsion for Ep into equation (7)) leads to
an %-dependent Cowling current

9 .
g = {1+ RrR" (1 --ot)}EO??

w P (9)

whare



The precipitating current at the head of the surge is

2 s &
J.o= {1+ R” (1 -a)l .Oazpfox

L

[{ 14+ R% (1 -a)1E fR} 2L fx .

where the x-axis is in the westward direction anéd R is
considered independent of x. HNote that at the northern
boundary it was not necessary to assume R constant in deriving
egquation (5). Thereifore, Ep (eguaticon (8)) may also be a
function of z and our model implicitly allows polarization
charge along +the northerrn boundary. A wave eguation is now
derived for the western boundary associated with the sunge
head iJjust as for the northern boundary. The resulting phase

velocity is

{1+ R2 (1 -a }Yi /R {(11)

We now assume that the surge head region will propagate in &
direction determined by the vector sum of ?F and Vw, The
direction of +the resultant =urge velocity based on this

idealized model is given by
7]
% ' — 7 = o { . - O
tan Y_ = V_/V_ r/ 11+ R® (1 y 1 (12)
where Yy = 0 corresponds to due west motion. We see that the

direction of +he surge is highly dependent on the dagree of

closure on the northern surge boundary and the value vof R o

o |

-

the western surge boundary. For zero clesure (d= {) the surge
moves due west. For complete closure (2 = 1) the direction 1is

almost due north i tan“rs =R ¥ 3 ;\’5 o Eol.
L n
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The sensitivity of Ys to ¢ is modulated by the magnitude of R.
A detailed plot of Yé vs. @ for various wvalues cf R is shown
in Figure 4. Note that the surge direction can range from due
west +to northeast, where tl 2 latter condition will arise when
there is significant overclosure (0 > 1) during periods of
intense electron precipitation.

The magnitude of the total slab velocity, V is found from

5 2 5 ts’
Vn + Vw“. Clearly, the resultant motion cf the suxge

i

vts
head is more complex than that indicated by +the simple slab
model +treated hexe. (See discussion for more details.) MNote
that the slab veloccity, Vts’ can be much largexr than the E x B
speed and is in a different direction. From this definition of

v and equations (6} and (11) we f£ind that

ts
V., QH
. 8 2 .2 , 2 211/2 (13
1 I — (81 a1 KX — 1 L 1 %
]ts = { k S R™ {1 all | {13}
l:) -
Using the identity a“ = (1 -2 )}° - 1 + 2 a in V., one £inds

(see Appendix) that the total slab velocity can be expressed

simply as

v =V, OQH{ 1 + 1IR2} 1/2

ts at (14)

which is independent of ¢ and where V is +the total E x B

dt
speed as given by
2 21 1/2
=v. 1 : : ‘ .
Vag = Vg 1ESS + E } /E, {15)
Using equation {(8) we have
V., =v. {1 +R? (1 -a)2) V2 (186)
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7+ has been noted by OJpgencorzh et al. {19837 that the

measured electric field within and = of the auvroral forms

o
£ O
e
o
o

3
m
&

connected with the passage cf a s typically below ths

threshold ( = 15mV/m) of thz STARE radar. This gives an upper

limit to the drift velocity vdt of 0.375 km/s. For vta
{equation 14) to equal the measured surge velocity of
2.0 - 3.3 km/s OH must be, therefore, on the order of ten.
This implies £rom Figure 2 that the mean electron

precipitating energy was on the oxder of 1 keV, which is
consistent with observations {(Ungencoxrth et al., 1983). HMore

Lo simultaneously

2

comprehensive auroxal campaigns are neede

define the parametsrs used in ocuxr mcdel,
3. Effects of electron-iop xecombination

In this section we include the effects of the electron - ion
recombination rate on the WTS. One exact solution to eguation
{4) can be obtained by assuming an ionoszpheric-magnetospheric
coupling such that © is egual o a censtant. The eguation for

%L _at the northern boundary is now

3L L9, _ . 3% ,9 . E 2
g/ t= oV, TyltE -G Ty (173
where
G = C,rE/eH {‘53)

and where Vn is defined in squation (5.

We not look for a solution +to equaticon (17) which i=
stationary in a coordinate system (z') moving with a wvelocity
V relative ﬁo the earth's surface. Accordingly we ma&e a
Galilean transformation (z' = z - Vt). This allows equation

{(17) to be rewritten as

2
By (g = GV = ¥, ) (12
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wheare ZH = ZH(Z') and EH‘ = BZHfaz‘. Note by definition that
equation (19) is solely a function of z' in the moving frame
of reference and, therefore, EH{z') i1s sgtatiomnarvy in this

frame. The solution is

[
(/]
[
-

T oeoey o I 5 - G o W m
g(z) =5 V-V /- e (209

where Z = ZH(O). Hence, choosing o constant implies that

Ho
the conductivity profile is hyperbolic in the moving frame. We
choose z' = 0 to be where the boundary region joins +he main
surge zregion in the Inhester-Baumjchann model. Therefore, ZHD

has the same value as the conductivity inside the surge head.

The assumed constant velocity V can now be expressed in terms
of the conductivity gradient at 2' = 0. To see this we first

take the derivative of eguation {(20) and evaluate it at

z' = 0. The resulting =xpression is
! i
% = G Z (V- 3
Ho Ho /¢ Vn? (21)
where ZHo' is the wvalue of the conductivity gradient at
z' = 0. The physical meaning of egquation (21) is made clearer

by using equation (2) and solving for V. We find
Vev, -6 L “E 95,00 (22)

We have previously shown that Vn increases dramatically as the
incident energy sSpectrum hardens. The recombination term is
independent of Q and, therefore, V alsc increases in the samne

manner.

Evidently, the slab boundary will not move poleward unlesé

2

i« (0) > G EHG

. 2
E 0/ =0 n“ e
Eg g;vn e e/ (23)
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~13 3 ) . Lot

Taking 0_ ~ 10 ] wm /3 (Walls and Dunn 1874y, =n = 3 x 10
o s 1 * — “ -
ions/mB, and ¢ = 5 x 10 3 {electron-m) {E. = 1 kaV) we find
a threshold current of 2.9 Uﬁfmz. This wvalue i3 consistent

with typical auroral currenc densities.

The precipitation current, therefore, must exceed some minimum
value for the surge to propagate. Equation {22) alao implies
that if the current is below the threshold wvalue +the suxge
will propagate in a negative or equatorward direction. This,
we believe, describes +the ionospheric response during the
TECOVEerY phase o©of a magnetic substorm. The diminishing
precipitation current cannot sustain the high conductivity
against electron-ion recombination and the surge head

retreats.

Equation (17) can be scolved at the western slab boundary in
exactly the same way, except now vﬂ is replaced by Vw as
defined in eguation (11). The resulting effective velocity
depends on the conductivity gradient at the western boundary.
The conductivity gradients, itherefore, must also influence the

surge's direction of propagation as derived in section 2.

It should be emphasizzd that squation (17 could be sclved
because we assumed a specific ionospheric-magnetospheric
coupling such that a stationary solution was possible in a
moving frame of refexence. No doubt the dynamical nature of
the coupling is such that the conductivity profile is probably
nonstationary in all frames of reference. However, the present
theory qualitatively explains wuch of the surge phenomena
using presently available data.

Riscussion

s}
th

It has been cbserved that +the WTS moves in 2 series

]

discrete steps or jumps (Wien and Rostoker (1975), Pyvite ef
al. (1876)). This result led Rostoker et al. (1980) to define
a magnatospheric substorm as allowing a series of multiple
surges during the expansion phase. Each surge corresponds to

an individual substorm onset which on a time average shifts
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the maximum poleward expansion northwestward. In the present
model each surge coxresponds to a temperal hardening of the
precipitating electron flux energy spectrum. This temporal
hardening is related <to the substorm onset processes in the
magnetotail and the generation of parallel alectric fields

which is outside the scope of the present work.

Samson and Rostoker (1983) noted the presence of associated Pi
2 signatures with the WTS. The surge marks the transition from
equatorward to poleward type Pi 2 polarization signatures. The
elliptical polarization of the Pi 2's is conzidered to be
caused by the longitudinal exvansion of field-aligned currents
in +the surge ‘together with the conjugate reflection of
field-aligned current pulses. We suggest that the same
enhanced field-aligned current produces a jump in the surge
velocity as predicted by the model presented here and as

observed by Wien and Rostoker (1975) and Pytte et al. (1976)}.

The surge head may at times break off from the main body
forming a separate surge, {See TFigure 13 in the paper by
Samson and Rostoker, 1982.) Tn terms of +the present theory
once a new conductivity gradient is established between the
surge regiong their relative velocity is determined by the

spectra of the precivitating electrons at the westward
head of the separate parts. The prcopagation of each part can
be describad by ricdelling them as a separate slab.
Instantaneous velocities of up to 30 km/s have been obsexrved
at the leading branch of the western electrojet (Opgencorth et
al., 1983; G. Rostokeyr, private communication). This branch
can be considered as a separate slab with its own model

parameters. Westward velocities of 30 km/s will result from

equation (11) if we assume EO = 10"2 V/m, &= 0, R = 3 and the

incident electron energy to be approximately 5 keV. The higher
westward velocites at the same precipitation energy are due to
the additional R-factor in Vw wnich arises from +the enhanced
Cowling current when o = 0. Yahnin et al. (1983) note that a
harderx precipitation energy exists ‘inside the surge in
comparison with outside the surge region which is consistent
with this zesult.
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Surges have also been occasionally observed moving in a
northeasterly direction (Pytta et al., 1876). This can be
explained in the present model by overclosure of <the Hall
current on the poleward surge boundary as shown in Figure 4.
Intense electron precipitation (o > 1) causes a poleward
polarization electric field with an associated eastward Hall
current that weakens the westward Pedersen current driven by

the external electric field, ED

The direction of the surge motion is related to the direction
of the resultant electric field. From Figure 4 it is noted
that a northwestward direction corresponds o ¢ ¥ 0.8 - 0.9,
Using this result in equation (8) for EQ implies that the
resultant electric field points in the scuth&estern direction
which is consistent with +the results o0f Inhester et al.

(1981).

Oour results in section 2 (sumwarized in Table I foxr © = 1)
indicated that an unphvsical surge velocity could cccur if the
incident energy spectrum is toc hard. However, in section 3 we
found that the surge veleccity is decreased by the electron-ion
recombination rate and that the magnitude of the precipitating
current is important. Note also that the relation batween ©
and the incident energy spectrum iz unkrown so  that the

excessive velocities given in Table I probably do mot occcur.

in summary, it is found that the present model predicts a wide
range of complex surge phenowmena depending on the ratic of the
Hall to Pedersen conductivitias, the dedree of ilonopsheric
current cleosure into the magnetosphere and the energy spectra
of precipitating electrorns. The following summarizes oury main
results., 1. We f£find +that the direction of the WIS depends
strongly on the degree of current closure on the poleward
boundary. The sensitivity of the surge direction to closure
depends on +the ratio (R} of +the Hal to the Pedersen
conductivities. 2. The magnitude of +the surge velocity is
sensitive to the s=2nergy spactrum  of the precipitating
electrons and weakly dependent on R. The ratioc of the surge

velocity to the mesasured driit velocity iz independent of the
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degree of closure at both +he surge head and the northern
boundary. 3. The expansion phase of the substorm ig explained

arec brightening arises from a

I'""'

5
by assuming that the initia
sudden hardening of the precipitating electron energy spectrum
at its poleward boundary. 4. Inclusion of electron-ion
recombination effects hichlights the role of the precipitating
current intensity im modulating the surge propagation and
explains the eguatorward retreat of the surge during the
substorm recovery phasge. 5. Details cof the surge propagation
depend on how the magnetosphere and ionosphere are couplad as
reflected in the functional form of & and Q. Hence, the energy
source is clearly located in the magnetosphere and a complete

description of substorm phenomena must take this into account.
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Appendix

Egquation (14) is obtained from eguation (13) by using the
given identity. The intermediate results for the bracketed
term in equation (13) are

2
(1 = o }2 R™ + 1 + R2 + R‘3 (1 -« )2
(v =% 32 8% ¢ 2R* 4+ 14 8%
(1 +R%) 14+ (1 -0)?g? (A1)

Comparison of this expression with equation (16) immediately
gives eguation (14).
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TABLE I
\'ts(kmfs)
E, ..(keV) H(km) Q(ions/e -cm) Qhf(ions/e ) Jfa=1, k=3.0, E=15mV/m)
incid
. -6
1.0 20 5x 10, 10 3.7
1,65 10 8 x 10_; 8 3.0
5.60 7 x 10 49 18.7
40.00 5 8 x 10" 400 150.0

The height-integrated ion production (QH) from precipitating
electrons is listed as & functionm of incident electron energy.
These values were estimated from Figure 2 inm the article by
Rees, 1963. The appropriate height interval, H, is estimated
at the maximum value of @. The incident electrons arxe
considered +o be isotropic, monoenergetic beamg. The results
are plotted in Figure 3. The parameter & is a measure oI how
efficiently the poleward Hall current closes intc the
magnetosphere, R 1is +the ratio of the Hall and Pedersen
conductivities, amnd E is +the measured (see eguation (15))
electric field in the surge region and V iz the total surge

ts
velccity as defined in equation (14).
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Figure 1.

Figure 2.

Figure 3.

The aurora as phntographed by the NMSP-F6 sgatellite
17, 1983. A

is observed

"small Westward
the

Januaxry
(WTS)

on

3
Surge in center of the
photograph followed by a significantly larger c

the east. The overall shape of a surge is similar to
wvhere +the wawve orest
head.

represented as a slab ag shown in

that of an ocean wave

corresponds to the surge in our idealized

model the surge is
Figure 2.
Inhestexr

idealized model of the WTS as proposed

by
et al., 1981. i

electric field, E ,
o

northward Hall

The total sxternal

drives a westward Pedersen and a
If the northward Hall current is not fully
by

magnetosphere polarization charges build up on the

current.

continusad field-aligned currents into the

northern surge boundary producing a southward
directed electric field, ED, This southward electric
field produces a Hall current in the same direction

as the Pedersen current from the original eleciric
field, Eo‘ This affects the directicn of +the surge
motion as described in the text. Negative
polarization charge may alsa‘build up at the surdge

head due to intense
et al., 1981). This
model by

coocrdinate system Z points perpendicular to ED and x

electron precipitation (Inhester

is treated in our idealiczed

allowing a renormalization of Eo' In oux
is parallel to Eo which approximately corresponds to
North and West.

the

electrons.

Height-integrated ion production efficiency in

ionosphere for incident precipitating

More energetic electrons produce a aigher ionization
density

near the end-of-range. This curve isg for an
isotropic, monoenergetic incident bheam and was taken
from Figure 2 o0f Bees, 1983. Errors up to a factor
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of two could arise from erronecus estimation of tne
appropriate height interval from Rees’' figuxe 2. A
reasonable £ik to this curve is

1.2, . ..
QH ~ 5 E ions/ fincident electron).

The direction of the surge moticon as a function of

£
l:j.
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Q
et
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i
o
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®
e
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s
rr
Jura
et
o
o
HD

the closure paranster

of Hall current closuvre on the nosthern sulge

boundary. The value ¢ = 1 implies Er = O, RAlso a
nl
larger wvalue oi O implies a MOY e intense

precipitating current with o > 1 corresponding Lo a
negative rather than positive charge buildup on the
northern boundary. The sensitivitcy of +the surge

direction to O is depsndent on the ratio of the Hall

to Pedersen conductivities at +the western surge
il . . v T
boundary which we dencte by R, Hote that 7 & &5

corresponds to O 0O E - 0.9.
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A unified model is developed for +the bpropagation of the
Westward Traveling Surge (WTS) which can explain the diversity
in the observed surge characteristics. We start with the
Inhester-Baumjohann model for the surge region which
implicitly includes both the Hall and Pedersen currents. It is
found that precipitating electrons at the conductivity
gradient modify the gradient, causing it to propagate as a
wave front. The velocity of propagation is directly dependent
on the ionization efficiency of +the precipitating electrons
and, therefore, increases dramatically when they become more
energetic during substorm onsets. For example, we predict that
when the incident electron energy changes from 1 keV teo 10 keV
the surge velocity should increase from 2 km/s to 34 km/s. The
direction of the surge moticn depends on the presence of
polarization charges on the poleward surge boundary. This is
related +o the efficiency with which the poleward ionospheric
currents are closed off inte the magnetosphere by the
field-aligned currents. Inclusion of the electron-ion
recombination rate modifies the surdge propagation velocity and
leads to explicit expressions for the conductivity profile.
Sufficient precipitation current is regquired to overcome
electron-ion recombination in order for the surge to expand,
When the precipitating current is less than this threshoeld the
WTS retreats. Therefore, the model describes the iopnespheric
response to both the expansion and recovery phases of +the
magnetic substorm.

Kev _words: Aurora, Eleciroiet, Electron precipitation;
Field-aligned current, Hall conductivity, Iomnization, Pedersen
conductivity, Reccembinaition, Substorm, Westward <travelling

surdge.



