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The pattern of undulation on the equatorward boundary of the diffuse aurora, occasionally observed 
in the afternoon-evening sector, is studied by two-dimensional particle simulations for the motion of 
magnetospheric plasma perpendicular to the geomagnetic field. In the simulation model, the poleward 
electric field is assumed to be initially enhanced locally in latitude and independent of longitude, as 
suggested by the observations near the undulations of the diffuse auroral boundary. Such an electric 
field is assumed to be maintained by space charges carried by a cold plasma. The diffuse aurora is 
initially distributed over a longitudinally extended zone. Since this type of diffuse aurora is probably 
caused by precipitation of the energetic protons with energies in excess of a few keV, the temporal 
evolution of the diffuse auroral pattern, as displayed in photographs from the satellites, can be 
visualized by following the cluster of the energetic protons. Sheared plasma flow arising from the 
electric field distribution drives the Kelvin-Helmholtz instability and causes undulations on the 
equatorward boundary of the diffuse aurora with wavelengths and amplitudes comparable to the 
typical observed values. Notably, the particle simulation can reproduce the outstanding indentations 
characteristic of large-amplitude undulations which have occasionally been observed. The good 
agreement between the simulation results and the observed undulations suggests that the Kelvin- 
Helmholtz shear-driven process is responsible for undulations on the equatorward boundary of the 
diffuse aurora in the afternoon-evening sector. It is also shown that the magnetic drift of the energetic 
protons producing the diffuse aurora is important in creating the characteristic pattern of the diffuse 
auroral boundary. 

1. INTRODUCTION 

It has been shown by numerical simulations that the 
Kelvin-Helmholtz (K-H) instability plays an important role 
in auroral arc dynamics. Miura and Sato [1978] demon- 
strated that the growth of K-H waves leads to cud-type 
distortions similar to those observed in the aurora [Hallinan 
and Davis, 1970; Oguti, 1974]. A more systematic analysis of 
the deformations of curls and folds was carried out by 
Wagner et al. [1983]. They showed that cuds form when the 
sheath thickness of hot ions is large in comparison with the 
electron sheet. Folds can occur when the ion sheath is thin, 
i.e., the ratio of ion to electron temperature is near unity. 
Recently, considerable progress has been achieved in the 
theoretical analysis of the K-H instability and associated 
phenomena in magnetospheric and ionospheric plasmas. 
Lyons and Walterscheid [1985] suggested a possible connec- 
tion between a K-H instability of the neutral winds and the 
generation of auroral omega bands. Effects of finite Larmor 
radius on the K-H instability were discussed by Pritchett 
and Coroniti [1984] and Pritchett [1987]. Effects of electron 
dynamics along the magnetic field and Coulomb collisions on 
this instability were examined by Satyanarayana et al. 
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[1987]. Keskinen et al. [1988] presented numerical simula- 
tions of the development of K-H waves with ionospheric 
Pedersen conductivity coupling. Ganguli et al. [1988] and 
Nishikawa et al. [1988] discussed a kinetic ion cyclotron 
instability driven by a localized electric field perpendicular 
to an ambient magnetic field. 

Using photographs from the Defense Meteorological Sat- 
ellite Program (DMSP) satellite, Lui et al. [1982] first re- 
ported occurrences of large-amplitude undulations on the 
equatorward boundary of the diffuse aurora in the afternoon- 
evening sector. The crest-to-trough amplitude of these wave- 
forms ranges from about 40 to 400 km, and the wavelength 
varies from about 200 to 900 km. Auroral images from 
successive DMSP passes suggest that this phenomenon lasts 
for about 0.5-3.5 hours. In all cases observed, the undula- 
tions occur during a geomagnetic storm interval near the 
peak development of the storm time ring current. 

Several satellite experiments have shown the existence of 
large localized meridional electric fields, or, equivalently, 
sheared azimuthal flow near the equatorward boundary of 
the diffuse aurora (for a brief review, see Kelley [ 1986]). This 
fact suggests that the diffuse auroral undulations are caused 
by an instability of this sheared flow. (Lui et al. first 
suggested the Kelvin-Helmholtz instability as one possible 
mechanism for the undulations.) Recently, Kelley [1986] 
conducted a search for near-simultaneous data from satellite 
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Fig. la. Undulation on the equatorward boundary of the diffuse aurora in the premidnight sector photographed by 
the DMSP F6 satellite on November 12, 1983, in the northern hemisphere. A westward traveling surge can also be seen 
at higher latitudes. 

electric field receivers and from DMSP photographs of the 
undulations. The closest example was a satellite pass indi- 
cating shear 20 min after a DMSP photograph showed strong 
undulations which had been developing for at least I hour. 
On the basis of a theory by Vifias and Madden [ 1986], Kelley 
argued that several of the undulation events satisfied the 
magnetic Richardson number criterion for instability and 
that the observed wavelengths are in good agreement with 
the theory. So far, however, theoretical work has never 
demonstrated the development of large-amplitude undula- 
tions on the equatorward boundary of diffuse aurora in a 
synthetic system which includes diffuse auroral particles as 
well as space charges responsible for the localized meridi- 
onal electric fields. Note that the undulation pattern of the 
diffuse aurora occasionally exhibits remarkable indentations 
as seen in DMSP photographs (see Figure la). It may 
therefore be a challenging problem for computational phys- 
ics to reproduce such a spectacular pattern in a model 
magnetosphere and to bring out nonlinear plasma dynamics 
possibly involved in it. The westward traveling surge that 
can be seen in Figure 1 has also been simulated numerically 
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Fig. lb. Sketch of the main auroral features seen in Figure la. 
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Fig. l c. Electron and proton precipitation profiles measured 
along the subtrack as the satellite crossed the auroras in Figure la. 
Labels a-e indicate the positions a-e on the subtrack in the DMSP 
photograph (Figure la). Number fluxes, energy fluxes, and average 
energies of the precipitated electrons (in the upper panel) and 
protons (in the lower panel) are shown. 

by T. Yamamoto et al. (A particle simulation of the west- 
ward traveling surge, submitted to Journal of Geophysical 
Research, 1990). 

The purpose of the present paper is to show that large- 
amplitude undulations observed on the equatorward bound- 
ary of diffuse aurora can be identified with spatial modula- 
tion of magnetically drifting auroral protons by the 
electrostatic Kelvin-Helmholtz instability due to the sheared 
azimuthal flow. By performing two-dimensional particle 
simulations we obtain the indentation pattern of the ener- 
getic proton cluster, which is quite similar to the large- 
amplitude undulations observed. 

2. BASIC EQUATIONS 

To begin, we present the basic equations which primarily 
govern the plasma electrostatic dynamics in a plane perpen- 
dicular to the magnetic field. If a velocity shear is present 
across the geomagnetic field over a distance much larger 
than the ion Larmor radius, the electrostatic shear instability 
takes place in a frequency regime below the ion cyclotron 
frequency [Miura and $ato, 1978]. This may be the case in a 
region magnetically connected to the diffuse aurora of inter- 
est. We are then allowed to use the guiding center drift 
approximation. The electron and ion guiding center veloci- 
ties Ve and ¾i are expressed as 

¾e = ¾E -}- ¾G -}- ¾C -- E X B/B 2 - (Wñe/e)B X VB/B 3 

-- (2Wlle/e)B X (/•. V)/•/B 2 (1) 

Vi: VE + VG + Vc = E x B/B 2 + (Wz//e)B x VB/B 3 

+ (2Wili/e)B x (/;. V)•;/B 2 (2) 

where E is the electric field arising from charge separation; B 
is the geomagnetic field; /; is the unit vector parallel to B, 
i.e.,/; = B/B; e is the electronic charge; Wz and Wii are the 
perpendicular and parallel kinetic energies, respectively, of a 
particle; and the subscripts e and i denote the electron and 
ion species, respectively. The second and third terms in each 
equation represent the gradient-B and curvature drifts while 
the polarization drift is neglected. 

In our two-dimensional model, it is assumed that the 
plasma is composed of a uniform equilibrium part with 
density no and a nonuniform perturbed part which is related 
to the charge separation. Expressing the electron and ion 
number densities as n e = n o + • n e and n i = n o + • hi, the 
Poisson's equation is then written as 

div E = -V2qb = (e/so)(•n i - •ne) 

where •b is the electrostatic potential, i.e., E = -V •b, and s0 
is the dielectric constant of free space. Thus we need to 
solve only for the perpendicular (to B) motion of plasma 
particles constituting the nonuniform part when an initial 
distribution of these particles is given [Yamamoto and 
Yamashita, 1988]. 

3. SIMULATION MODEL 

In this section we present a simulation model to study the 
temporal and spatial development of the diffuse aurora 
involved in an electrostatic shear instability in the magneto- 
sphere. Since the electrostatic acceleration of diffuse auroral 
particles parallel to the magnetic field is negligible, the 
geomagnetic field lines are nearly equipotential in the diffuse 
auroral region. Therefore it suffices to consider only the 
potential distribution at a given altitude. In the present 
analysis the simulation plane is set at the ionospheric altitude 
(see Figure 2). Numerical simulations are performed in a 
rectangular domain on the ionospheric plane covering 0 < 
x < L x = 768 km and 0 < y < Ly = 1536 km, where the 
latitudinal coordinate x and longitudinal coordinate y are in 
units of kilometers and positive directions are poleward and 
westward, respectively. The z axis is in the direction oppo- 
site to the geomagnetic field B. In these Cartesian coordi- 
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Fig. 2. Schematic illustrating a model system for numerical simulations of undulations on the equatorward 
boundary of the diffuse aurora. The undulations are identified with spatial modulations of energetic protons by the 
Kelvin-Helmholtz instability, which is driven by a velocity shear in the westward convection flow. Diffuse auroral 
undulations are simulated on the ionospheric plane perpendicular to the geomagnetic field. The directions of the x and 
y axes of an ionospheric coordinate system referred to in the text are indicated. 

nates, for simplicity, the x and y directions are identified with 
the latitudinal and longitudinal directions, respectively. 

In the simulation model, initially, the cold plasma flow is 
assumed to have only a westward (y) component U(x) 
independent of y, i.e., OU/Oy = 0, but a velocity shear of 
O U/O x • O. The distribution of U(x) is specified as shown in 
Figure 3a. The corresponding distribution of the electro- 
static potential is also shown in Figure 3b, where the 
geomagnetic field B is assumed constant in calculating the 
potential from the plasma flow. Note that the equipotential 
contours indicate the streamlines of the cold plasma flow VE. 
Such a local enhancement of the westward convection flow 

at the equatorward edge of the auroral oval has been 
observed by Srniddy et al. [1977], Maynard [1978], Spiro et 
al. [1979], Rich et al. [1980], Unwin and Curnrnack [1980], 
Gonzales et al. [1983], and Kelley [1986]. 

Space charges from the cold plasma are thought to be 
responsible for the observed sheared plasma flows. In the 
present model, the local enhancement of the meridional 
electric field corresponding to the initial flow pattern U(x) is 
self-consistently formed by two longitudinally elongated 
strips of cold electrons at high latitude and cold protons at 
low latitude. The electron and proton strips are centered at x 
= 417 km and x = 351 km, respectively, and have a 
latitudinal width of 60 km. The background cold plasma is 

treated as a uniform incompressible neutral fluid. The parti- 
cle density in the strips is adjusted so that the maximum flow 
speed (in U(x)) at the ionospheric height is about 3.8 km/s. 
This is comparable with the peak flow speeds which are 
deduced from the S3-2 satellite data taken almost simulta- 

neously with occurrences of the diffuse auroral undulations 
[Kelley, 1986]. Also, note the similarity of the flow pattern 
U(x) in the model and those observed in Figure 4 of Kelley 
[1986]. The diffuse aurora subject to undulations on its 
equatorward boundary in the afternoon-evening sector may 
be primarily caused by energetic protons with kinetic energy 
more than a few keV. This is evidenced by the DMSP 
satellite detection of the electron and proton precipitation 
profiles across the diffuse auroral undulations (see Figure 
l c). Note that the number fluxes, energy fluxes, and average 
energies of the precipitated protons (in the lower panel of 
Figure l c) are enhanced only over that region. 

The energetic particles causing the diffuse aurora execute 
gradient-B and curvature drifts in the azimuthal direction 
and change their drift velocities (V c + Vc) during their 
field-aligned motion. As a first approximation in our two- 
dimensional model, we assume that energetic particles move 
in the ionospheric plane with the electric drift velocity (VE) 
plus the virtual magnetic drift velocities (Vc+c,i) defined as 
follows. When the particle motion at an altitude of s is 
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Fig. 3. Initial conditions for the simulations. (a) Westward flow U(x) of a cold plasma. (b) Distribution of the 
electrostatic potential associated with the flow pattern U(x). Potential values are in units of kilovolts. Contour intervals 
are 1.62 kV. (c) Spatial distribution of energetic protons in run 1. (d) Position xt, of the equatorward boundaries of the 
energetic proton clusters for runs 1-6. 

projected, along a field line, onto the ionospheric plane, the 
projected value of a total magnetic drift velocity Vc+c = Vc 
+ V½ is given by 

VG+C, i -- [a(s)/a i]O.5VG+c(S) 

A 

VIRTUAL MAGNETIC DRIFT VELOCITY 

,•, ......... ! ........ ! ........ i ........ 

L----6 

L----4 
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KINETIC ENERGY W(keV) 

Fig. 4. Virtual magnetic drift velocities (Vc+c,i) (kilometers per 
second) (defined in the text) plotted as functions of the particle 
kinetic energy W (keV) for the Earth dipole field lines at various L 
values. 

where B(s) and B i are the magnetic field intensities at the 
altitude s and at the ionospheric altitude on the field line, 
respectively. The projected velocity Va+c,i of a particle with 
total kinetic energy W = Wñ + Wll and equatorial pitch angle 
C• e is averaged over its transit period from the equator to the 
ionosphere or the mirror point, and the value thus obtained 
is averaged over the pitch angle range of 0 < c• e • 30 ø. (Note 
that energetic particles with small pitch angles will primarily 
be responsible for the brightening of the diffuse aurora.) In 
this calculation, adiabatic motion of a particle and an isotro- 
pic distribution of the particle velocities are assumed. In 
Figure 4 the averaged values (Va+c,i), which are called the 
virtual magnetic drift velocities in the ionospheric plane, are 
plotted as functions of W for the dipole field lines at various 
L values. In the present analysis the virtual magnetic drift 
velocities (Va+c,i)(W) of energetic particles in the simula- 
tion plane are assumed constant (in time and space). 

The diffuse aurora is thought to be caused by precipitation 
of energetic protons with energies W above a certain level 
Wc (approximately a few keV). (Such precipitation may be 
due to pitch angle scattering through wave-particle interac- 
tions.) Therefore, in our model, the two-dimensional evolu- 
tion of the diffuse aurora is obtained by following the 
energetic protons that have virtual magnetic drift velocities 
greater than (Va+c,i)(Wc). For simplicity the distribution 
of (Vc+c,i) is given by a truncated (> (V•+c,i)(Wc)) Gaus- 
sian with a most probable value V•, and standard deviation 
0'. 

The initial spatial distribution of the diffuse auroral pro- 
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tons in run 1 is shown in Figure 3c. In runs 2-6, only the 
latitude of the equatorward boundary of the auroral proton 
cluster is changed. The boundary positions xb for runs 1-6 
are also indicated in Figure 3d. 

Since protons and electrons of an energetic plasma mag- 
netically drift in opposite directions, space charges tend to 
arise from density irregularities in the plasma. On the 
poleward boundary of the energetic plasma, charge separa- 
tion can proceed further and deform the boundary in a 
similar way to the Rayleigh-Taylor instability. This instabil- 
ity has been proposed as the mechanism for the generation of 
auroral omega bands by T. Yamamoto et al. (A particle 
simulation of auroral omega bands and torchlike structures, 
submitted to Journal oœGeophysical Research, 1990). In this 
sense, the equatorward boundary of the energetic plasma is 
quite stable, as is shown by their numerical simulation. It 
can then be understood that the above mentioned instability 
arising from charge separation in an energetic plasma has 
nothing to do with the deformation of the equatorward 
boundary of the energetic plasma. To more closely examine 
possible effects of charge separation in the energetic plasma, 
we perform two additional test runs in addition to the main 
simulation runs. In the tests we assume the same initial 

distribution of cold particles as in the main runs, and we use 
the same boundary conditions (stated below). The initial 
distributions of energetic particles are again specified as 
shown in Figure 3c, and the proton and electron distributions 
are initially the same so that the energetic plasma is neutral. 
To suppress the Rayleigh-Taylor-type instability on the 
poleward boundary of the energetic plasma, we assume that 
the density gradient on this side is small. The energy 
distribution of the energetic protons is essentially the same 
as in the main runs. For simplicity, magnetic drifts of the 
electrons are neglected. In test 1, space charges from the 
energetic plasma are self-consistently treated under the 
condition that the energetic plasma density is smaller than 
that of the nonuniform part of a cold plasma. In test 2, space 
charges from the energetic plasma are neglected in calculat- 
ing the potential distribution at each time step. In these tests, 
K-H waves are driven by the velocity shear of the cold 
plasma flow, and associated modulations of the energetic 
plasma occur. Similar large-scale patterns of the modula- 
tions are observed in both test runs. In test 1, random 
fluctuations on a small scale (approximately a few tens of 
kilometers) are seen in the energetic plasma density and the 
potential distribution. Since small-scale fluctuations are not 
observed in test 2, the generation of such fluctuations is 
attributed to charge separation in the energetic plasma. (It 
may be suggested that this phenomenon is related to the 
patchy structure observed in the diffuse aurora region [e.g., 
Oguti, 1981].) Since the aim of our simulation is to study the 
large-scale deformation of the equatorward boundary of the 
diffuse aurora, we are allowed to neglect space charges in the 
energetic plasma. Thus, in the present model, the diffuse 
auroral protons are treated as "test particles." 

The particle simulations are performed by using a particle- 
in-cell code [e.g., Okuda, 1985]. Our two-dimensional com- 
putational mesh size is N x x Ny = 128 x 256. The grid 
spacing A is then Lx/128 = Ly/256 = 6 km. In a two- 
dimensional guiding center model, A is not required to be 
less than the proton Larmor radius nor the Debye length. 
For the strips of cold particles producing the sheared flow, 
20,480 particles are used. Initially, they are uniformly loaded 

in the strips, and the number density per cell is 4. Since the 
background uniform plasma is assumed to be neutral, there 
is no need to load particles for this particle population. The 
number of particles used for the auroral protons is about 
20,000. The results to be presented are from runs using a 
time step at At = 1.0 s. The time step At is taken small 
enough to satisfy the Courant condition of VmA t < A, where 
Vm is the maximum particle speed. The guiding center 
positions of particles are advanced by using the predictor- 
corrector method [Lee and Okuda, 1978]. The Poisson's 
equation is solved by using the standard five-point finite 
difference approximation. The boundary conditions on the 
potential are periodic in the longitudinal (y) direction and 
bounded in the latitudinal (x) direction. On the boundaries at 
x = 0 and x = Lx the longitudinal flow speeds VE are fixed at 
the initial value of Vœ (see Figure 3a). The boundary 
conditions on particles are periodic in both the x and y 
directions. In the actual simulation runs, no cold particles 
pass the boundary at x = 0 (or Lx), and very few auroral 
protons pass it. In test runs it was found that the temporal 
evolution of the electrostatic Kelvin-Helmholtz instability is 
not significantly changed by increasing the number of parti- 
cles per cell (in the strips) from 4 to 8, nor by decreasing the 
time step At from 1.0 s to 0.5 s. 

4. SIMULATION RESULTS 

In this section we show how the spatial distribution of the 
diffuse auroral protons is modified by the Kelvin-Helmholtz 
instability developing from the plasma flow pattern specified 
in Figures 3a and 3b. As for the distribution of the virtual 
magnetic drift speed (Vc+c,i) of the auroral protons, we 
choose the parameters as the most probable value Vp = 0.19 
km/s, the standard deviation tr = 0.13 km/s, and the mini- 
mum speed (Vt•+c,i)(Wc) = 0.076 km/s. From Figure 4 it is 
found that protons with magnetic drifts of 0.19 and 0.076 
km/s have total kinetic energies of about 8 and 3 keV, 
respectively, when the magnetic shell at L --• 5 is considered. 
Recall that the average energy of the precipitating protons 
can exceed 10 keV over the diffuse aurora as seen in Figure 
lb. By performing runs 1-6 we examine how the undulation 
pattern of the diffuse aurora is changed with the latitude of 
the auroral boundary relative to the zone of the enhanced 
plasma flow. 

Figures 5-7 are the results from run 1, in which the initial 
distribution of the diffuse aurora is given as shown in Figure 
3c (the boundary position xb is Lx/2). Figure 5a shows the 
temporal evolution of the electrostatic potential distribution, 
or, equivalently, the streamlines associated with E x B drift. 
The potential •b in Figure 5b is calculated by imposing the 
condition that Ocb/Ox = 0 on the boundaries at x = 0 and 
x = Lx. Thus the potential •b in Figure 5b is primarily formed 
from space charges inside the simulation domain. On the 
other hand, the potential in Figure 5a is calculated under the 
condition that the longitudinal flow speeds at x = 0 and L x 
are fixed at the initial value of Vœ (see Figure 3a). As a 
consequence, this potential includes a uniform (inside the 
domain) meridional electric field due to outer space charges. 
(Note that initially, the meridional electric field on the 
boundaries at x = 0 and x = L x is entirely due to space 
charges outside the simulation domain. This is so because 
the total amount of space charges inside the simulation 
domain is zero and the initial particle distribution is uniform 
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Fig. 5. (a) Temporal evolution of the electrostatic potential distribution. (b) Potential (qb) distributions (arising from 
space charges inside the simulation domain) at the same times as in Figure 5a, which are calculated by imposing the 
condition of O•/Ox - 0 on the boundaries at x - 0 and x - Lx. Potential distributions in Figures 5a and 5b are common 
to all runs. Potential values are in units of kilovolts and contour intervals are 1.62 kV. 

in y. In the later period, since space charges from the cold 
particle strips are still confined in a small latitudinal dimen- 
sion, the electric field of internal origin is negligible near the 
boundaries at x = 0 and Lx.) Thus the E x B can be 
considered as a combination of the background (uniform) 
westward flow due to outer space charges and the perturbed 
flow due to inner space charges. The streamlines of the 
perturbed flow are shown in Figure 5b. Figure 6 shows the 
temporal evolution of the spatial distribution of the energetic 
protons, which is identified with the temporal evolution of 
the diffuse auroral pattern. To understand the significance of 
the magnetic drifts of the energetic protons for the formation 
of undulations on the diffuse auroral boundary, we also 
follow the test particles without magnetic drifts, which have 
initially the same distribution as the energetic protons, and 
compare the two distributions. Figure 7 shows the distribu- 
tion of the particles without magnetic drifts at t = 900 s, 
when the diffuse auroral undulations are fully developed as 
seen in Figure 6. 

As seen from Figure 5b, two lines of vortices are devel- 

oped on both sides of the streamlines for the most intense 
westward flow. Accumulation of positive charges is centered 
around each vortex on the equatorward line while negative 
charge accumulation is on the poleward line. "Staggered" 
formation of vortices of oppositely charged polarities, such 
as that seen in Figure 5b, has been studied, for example, by 
Yamamoto and Yamashita [1988]. Note that a vortex cell is 
only barely formed in the streamlines in Figure 5a due to 
addition of the uniform westward flow. 

According to the linear analysis of the electrostatic K-H 
instability for the flow velocity profile of Um sech 2 (x/L) 
[Gangull et al., 1988], the temporal growth rate 3•m and the 
wavelength Am of the most unstable mode are estimated as 

A m -- 7.0L 'Ym = O.16Um/L (3) 

where Um is the maximum flow speed and L is the shear 
scale in the velocity profile. Although the initial profile of the 
flow velocity in the present simulations is different from that 
assumed by Ganguli et al., substitution of L • 7A = 42 km 
and Um • 3.8 (at x = L•c/2) - 0.81 (at x = 0) = 3.0 km/s into 
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Fig. 6. Temporal evolution of the spatial distribution of the energetic protons (diffuse auroral pattern), for run l. 

(3) yields a rough estimation of •/ff• • 88 s and Am • 290 km. 
Actually, the wavelengths of the undulations in our simula- 
tions are about 50A = 300 km, which is the typical wave- 
length of the observed undulations. The apparent phase 
velocity of the undulations is found to be --• 1.6 km/s, which 
is expected to be about the average westward speed of the 
plasma flow around the vortices. 

In discussing the modulation of the diffuse auroral bound- 

DISTRIBUTION OF TEST PARTICLES 
WITHOUT MAGNETIC DRIFT 

x 

1536 km • 
T = 900 sec Io , , 

o 

Fig. 7. Distribution of test particles without magnetic drifts at 
t - 900 s. The initial distribution of these particles is the same as that 
of the energetic protons in run 1. 

ary, the time ta required for the development of a vortex, 
defined as follows, is more practical than the growth time 
defined by 7 -• . The developing time ta is defined by a period 
during which the maximum radius of nearly circular (closed) 
streamlines associated with a developing vortex increases by 
the length of a shear scale. The time ta in our simulations is 
about 700 s, which is even longer than the growth time. A 
vortex travels over the distance of Vota before that vortex 
causes a significant modulation on the diffuse auroral bound- 
ary, where V0 is the average westward velocity of the plasma 

trajectory of 

an energetic proton 
//ø'"'" ................................ "'"•h• /'/'"'" ..... ' ................... ,l' •',, //"/'"'"'•'• 

of a vopex 

Fig. 8. Schematic illustrating a trajectory of an energetic proton 
in the presence of a chain of vortices. The westward magnetic drift 
of an energetic proton can act to prevent it from being trapped in the 
vortices. 
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T = 675 sec 825 s 
, __ 

x 

750 sec 
_ • ...... .i .... • 

1536 km 

Fig. 9. Same format as Figure 6 but for run 4. 

flow around the vortex. Therefore the distance Vote will be 
required to be small enough for the emergence of large- 
amplitude undulations on the diffuse auroral boundary. From 
the simulation result, Vote is estimated as Vot • • 1100 km, 
which is short enough in comparison with the longitudinal 
length of a diffuse aurora. 

It can easily be understood how indentations such as those 
shown in Figure 6 develop on the diffuse auroral boundary 
located around the region of the most intense westward flow. 
The background westward flow, i.e., the E x B drift due to 
the uniform poleward electric field, does not contribute to 
the undulation of the diffuse auroral boundary. The motion 

of a particle relative to the background flow is due to the E 
x B drift in the electric field from inner space charges and 
the magnetic drift. Some protons are incorporated into 
growing vortices, i.e., start the circular motion of the E x B 
drift, following the closed streamlines in Figure 5b. These 
protons are forming the peninsulas extending equatorward. 
If the particle energy is small so that the magnetic drift is 
negligible, the particle completes the circular motion. This 
behavior of cold particles characterizes the distribution of the 
test particles without magnetic drifts as shown in Figure 7. On 
the other hand, when energetic protons are nearly trapped in a 
vortex, they can escape from the circular streamlines associ- 

675 sec 
, 

.'.3•,:;:?•::•,,.•;;•;:._'.:',C,.'..q .;.'_,;:.•'"'-'" '•':'" ';; ";,,-." ;: "'•':'"'• """' .1'-..;. 'i. :: •., :•.: ;....'...,: ':...• '...•.:.... ::r.•... ;:.;•.-.;:•,.. :•,:, ',.... • ;.:*..';:: ..........,..•...•., -••,.•,.,,,......• -•_ -••; 

750 sec 900 sec 
• , , a 

1536 km y o 
Fig. 10. Same format as Figure 6 but for run 6. 
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ated with that vortex because of their magnetic drifts. A 
physical trajectory of an energetic proton is schemetically 
shown in Figure 8. It is understood that the cluster of the 
diffuse auroral protons can form the equatorward extending 
peninsulas, when it is modulated by the K-H waves. 

From the above considerations the undulation pattern is 
expected to vary depending on the location (xb) of the diffuse 
auroral boundary relative to the zone of the enhanced 
plasma flow (see the boundary positions xb for runs 1-6 in 
Figure 3d). The temporal evolutions of the spatial distribu- 
tions of the auroral protons in runs 4 and 6 are shown in 
Figures 9 and 10, respectively. In runs 2-5 it is found that 
large-amplitude undulations with a similar pattern can finally 
develop on the equatorward boundary of the diffuse aurora. 
In run 6 the energetic protons on the boundary are trapped in 
the central parts of the vortices developing at low altitudes. 
The spiraling structure appears on the boundary. In runs 3 
and 4 the same kind of dynamics can act on protons near the 
boundary because the auroral boundaries are initially set so 
as to cross the central parts of the developing vortices at high 
latitudes. In these cases, the magnetic drifts blow off, west- 
ward, some protons that are nearly trapped in the vortices with 
a clockwise rotation as if water waves were broken off by a 
strong wind. This phenomenon is seen at t = 750 and 825 s in 
run 4 (Figure 9). Subsequently, the blown-off protons merge 
into the main body of the proton cluster. Eventually, the same 
large-scale patterns of undulations as in run 1 are formed, 
although small gaps in the proton cluster still remain. 

Finally, we need to point out that our two-dimensional 
simulation model does not include effects of field-aligned 
currents and associated magnetosphere-ionosphere cou- 
pling. Recent numerical simulations have shown that effects 
of Pedersen conductivity of the F layer can reduce the 
growth rate of the Kelvin-Helmholtz instability and inhibit 
vortex formation [Keskinen et al., 1988]. They have consid- 
ered such Pedersen coupling effects, assuming that the 
height-integrated density of the F layer is proportional to 
that of a magnetospheric region with polarization currents. 
Consequently, their results may not be applied directly to 
the diffuse auroral phenomenon studied here, in which the 
ionospheric plasma density is locally influenced by precipi- 
tation of energetic particles. Inclusion of ionospheric cou- 
pling effects in particle simulations will be the next step of 
our study of auroral dynamics. 

5. CONCLUSIONS 

Using two-dimensional particle simulations, we have 
shown that large-amplitude undulations observed on the 
equatorward boundary of the proton diffuse aurora can be 
identified with spatial modulations of the distribution of 
energetic protons by Kelvin-Helmholtz waves. In our 
model, the temporal evolution of the diffuse auroral pattern 
is obtained by following in time the positions of the energetic 
protons projected onto the ionospheric plane. Chains of 
vortices are generated by the K-H instability from local (in 
latitude) enhancement of the westward convection flow, 
which is consistent with the observed distributions of the 

electric fields or plasma flow velocities. These vortices can 
spatially modulate the cluster of energetic protons, which 
results in the undulation patterns of the auroral boundaries 
similar to those observed. It should be emphasized that the 
magnetic drifts of the auroral protons greatly contribute to 
creation of the characteristic undulation pattern. 
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