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KELVIN-HELMHOLTZ INSTABILITY AT THE MAGNETOSPHERIC BOUNDARY 
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Abstract. A magnetohydrodynamic simulation of layer and the velocity shear layer at the boundary 
Kelvin-Helmholtz instability at the magnetospheric are at least several finite Larmor radii thick 
boundary is performed by including inhomogeneities (e.g., Parker, 1967; Berchem and Russell, 1982); 
of plasma and magnetic field at the dayside low also an initial-value treatment of the Helmholtz 
latitude magnetospheric boundary. A magnetopause instability is improperly posed for the velocity 
current layer is corrugated highly nonlinearly by shear layer of zero thickness (Richtmyer and 
the instability and a wide velocity boundary layer Morton, 1967); such a tangential discontinuity is 
is formed within the magnetopause current layer, at times observed on the dayside magnetospheric 
a result being consistent with observations. In- boundary (Papamastrakis, et al., 1984). We adopt 
terchange of plasma and flux tubes is accomplished a 2-D model, which seems to be a good assumption 
by the instability. as long as the condition ¾KH TW >> 1 is satisfied, 

Introduction 

It has long been suggested that the solar wind 
plasma flow interacts with magnetospheric plasma 
in two basic ways: one is the viscous-like inter- 
action (Axford and Hines, 1961) along the flanks 
of the magnetosphere and the other is the recon- 

where ¾KH is the growth rate of the KH instability 
and TW is the travel time of the Alfv•n wave prop- 
agating from the magnetopause to the ionosphere 
and returning back to the magnetopause after re- 
flection from the ionosphere. Finally we assume 
that the initial velocity shear layer and the mag- 
netopause current layer have same thicknesses; by 
starting from the same thickness of the two layers 

nection of the interplanetary magnetic field lines we will then be able to elucidate how the two lay- 
with the terrestrial magnetic field lines (Dungey, ers evolve with time and what kind of boundary 
1961; Petschek, 1964; Levy et al., 1964). In the structure is realized by the KH instability. 
viscous-like interaction model the solar wind mo- 

mentum diffuses onto the magnetosphere via 'anom- Model 
alous viscosity' through the magnetospheric bound- 
ary. In order to explain the observed magneto- Figure 1 shows a model of the finite thick tan- 
spheric convection the viscosity at the magneto- gential discontinuity representing the dayside low 
spheric boundary must be essentially 'anomalous', latitude magnetospheric boundary on the equatorial 
since the actual ion-ion viscosity by Coulomb col- plane. The magnetospheric boundary is character- 
lisions at the boundary is negligibly small to ex- ized by the shear in the flow velocity, the mag- 
plain the required momentum transport. It has re- netic field change, and the gradient of the plasma 
cently been demonstrated (Miura, 1982, 1984) by a density: The magnetosheath plasma is flowing with 
magnetohydrodynamic (MHD) simulation that the MHD the velocity V o and the magnetospheric plasma is 
Kelvin-Helmholtz (KH) instability driven by veloc- stationary with a transition represented by a hy- 
ity shear existing at the magnetospheric boundary perbolic tangent shear profile. The magnetic 
is a fundamental mechanism yielding required anom- field (solid arrows) in the magnetosheath is taken 
alous momentum and energy transport and hence the parallel to the flow (dashed arrows). In order to 
anomalous (eddy and magnetic) viscosity for the represent that both flow velocity and magnetic 
viscous interaction hypothesis of Axford and Hines field are sheared in a thickness 2a we express the 
(1961). In that simulation, however, the inhomo- flow velocity Voy(X) and y and z components of the 
geneities of plasma and magnetic field at the mag- magnetic field as follows: 
netospheric boundary were not included and hence 
the magnetospheric boundary has not been properly Voy(X) = (Vo/2) (1 - tanh(x/a)) (1) 
modelled; the purpose of this letter is therefore 
to extend that simulation model to a more realis- Boy(X) = (Bo/2)(1 - tanh(x/a)) (2) 
tic configuration including those inhomogeneities 
of plasma and magnetic field at the boundary, es- Boz(X ) -- 5.08-(Bo/2)(1 + tanh (x/a)) (3) 
pecially at the dayside low latitude boundary, and 
hence to provide a more realistic modelling of the The plasma pressure Po(X) is taken to satisfy the 
KH instability at the magnetospheric boundary. total pressure balance. The plasma temperature is 
Such a realistic simulation of the KH instability assumed uniform across the boundary. In the mag- 
at the magnetospheric boundary is an important netosheath the Alfv•n mach number M A = 5.0 and the 
step toward a complete understanding of the nature sound mach number Ms = 1.0, where MA - Vo/vA and 
of the viscous interaction at the boundary and the Ms = Vo/cs, VA and c s being the Alfv•n speed and 
resulting boundary structure. the sound2speed, respectively, and the plasma B(B 

In the present simulation we assume that a mag- = 2•oPo/Bo) is 30. The plasma B in the magneto- 
netospheric boundary is a 'finite thick tangential sphere is 0.2. A periodic boundary condition is 
discontinuity', because the magnetopause current imposed at y = 0 and y = Ly and hence the KH in- 

stability is absolute in the present model. The 
periodicity length Ly in the y direction is set 

Copyright 1985 by the American Geophysical Union. nearly equal to the wavelength of the fastest 
growing mode 15.7a. Time is normalized by a/V o. 

Paper number 5L6611. The detail of the numerical scheme used is de- 
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Fig. 1. A model of the finite thick tangential 
discontinuity representing the dayside low lati- 
tude magnetospheric boundary. 

Results 

been diffused quite remarkably and a large flow in 
the positive y direction (antisunward) is induced 
in the region x < 0, which was originally the sta- 
tionary magnetosphere. This formation of the wide 
velocity shear layer from th e initially narrow 
shear layer is due to the anomalous momentum 
transport by the KH instability. The current lay- 
er also undulates with time and at T = 80 the mag- 
netic field lines in the magnetosheath are strong- 
ly stretched and twisted, and the magnetopause 
current layer is corrugated highly nonlinearly. In 
contrast to the flow evolution shown in the left 

panels, where the velocity gradient has been dif- 
fused remarkably by the instability, the magneto- 
pause current layer characterized by a steep gra- 
dient of the magnetic field has still a clear cut 
field gradient. This is because in the present 
ideal magnetohydrodynamics the KH instability 
gives the anomalous viscosity but not the anoma- 
lous resistivity, which is necessary to diffuse 
the magnetopause current layer. 

Shown in Figure 3 are 3-D views of top surfaces 
of the plasma pressure for four different times in 
the temporal evolution. The boundary is seen to 
be undulated with time and at T = 80 we see that 

the magnetopause boundary characterized by a steep 
Starting from the initial equilibrium specified gradient of the plasma pressure is deformed in a 

in the previous section a MHD simulation has been very complicated, highl. y nonlinear manner to form 
performed by adding a small unstable perturbation a plasma blob within the magnetospheric boundary 
to the initial flowing equilibrium. The KH insta- as a result of the interchange motion. These pan- 
bility has grown linearly and saturated at T = 70. els demonstrate clearly how the plasma of the high 
Figure 2 shows flow velocity vectors (left panels) pressure side (magnetosheath) tends to penetrate 
and magnetic field vectors (right panels) at T = into the low pressure side (magnetosphere) owing 
20 and 80. The flow is found to be disturbed more to the KH instability. 
and more with time and at T = 80 the initial par- Three panels in Figure 4 show cross-sectional 
allel shear flow is disturbed very strongly; by profiles, as a function of x, of Ex, the plasma 8, 
this time the gradient of the flow velocity has the density 0, the temperature T, Vx, Vy, Bz, By, 
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Fig. 2. Flow velocity vectors (left panels) and magnetic field vectors (right 
panels) at T = 20 and 80. 
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Fig. 3. 3-D views of top surfaces of the plasma 
pressure at T = 20, 40, 60, and 80. 

middle panel the magnetopause is shifted slightly 
and a very wide velocity boundary layer (hatched 
region) is formed inside the magnetopause current 
layer; the width of this velocity boundary layer 
is much larger than the initial thickness of the 
magnetopause current layer and the velocity shear 
layer. In the rightmost panel the magnetopause is 
again shifted!and a wide velocity boundary layer 
is formed inside the magnetopause current layer. 
The formed boundary layer is several times thicker 
than the magnetopause current layer. In contrast 

to the large diffusion of • due to the anomalous momentum transport by the instability, the gra- 
dient of Bz at the magnetopause is found to become 
slightly steeper than the initial gradient (dot- 
ted line) and this means that the magnetopause 
current layer is constricted by disturbed con- 
verging flows. in this regard it is also of in- 
terest to notice that the plasma is heated and 
cooled adiabatically by magnetosonic compression 
and rarefaction. 

Discussion 

Bx, lB i, and the pressure p at T = 80 for three The present result seems to be consistent with 
different y(y/a = 5.97, 12.2, 15.4 from the left observations of Eastman and Hones (1979) showing 
panel); the dotted curves in these panels show in- the existence of a layer of substantial antisun- 
itial profiles of those MHD variables; the varia- 
bles are so normalized that only relative scales 
are meaningful. In the leftmost panel at y = 
5.97a, those profiles of MHD variables across the 
plasma blob are shown: In this panel we identify 
three magnetopause regions (designated as MP), 
which are characterized by a steep gradient of B z 
or p and distinguish between a region of high-• 
magnetosheath plasma and a low-• magnetospheric 
plasma. The magnetopause is shifted by a large 

ward flow within the magnetopause current layer, 
whose thickness is much larger than the magneto- 
pause thickness typically equal to m10PLi (Berchem 
and Russell, 1982). Here one quantity which is of 
interest for comparison with observations is the 
ratio of the thickness of the velocity boundary 
layer to the thickness of the magnetopause current 
layer. The present simulation indicates (see Fig- 
ure 4) that the thickness of the velocity boundary 
layer just inside the magnetopause current layer 

distance by the KH instability. In the profile of is modulated by the KH instability, a result bein•g 
Vy in this panel, we see the existence of a re- consistent with observations (Sckopke et al., 
verse flow at 4 _< x/a _< 9, which corresponds to 1981), and that the average of the final thickness 
the region where a flow vortex is formed. In the of the velocity boundary layer is 4-5 times of the 
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Fig. 4. Cross-sectional profiles, as a function of x, of E x, the plasma •, the 
density p, the temperature T, Vx, Vy, B z, By, Bx, IBi, and the pressure p at T = 
80 for y/a = 5.97, 12.2, 15.4 from the left panel; the dotted curves are initial 
profiles of those MHD variables; MP is the magnetopause current layer and the 
velocity boundary layer within the magnetopause current layer is hatched. 
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thickness of the magnetopause current layer, which the anomalous viscosity associated with the KH 
has remained almost constant during the evolution instability. 
of the KH instability. The above ratio seems to 
be still smaller compared with the observed aver- Acknowledgements. The author would like to 
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of the KH instability to the magnetospheric con- 
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boundary layer defined by ]Exdx. The ratio of 
this integral of the electric field to its initial 
value has been calculated for three different 

cross sections shown in Figure 4 and we obtained 
those ratios of 5.68, 2.75, 5.48 from the left 
panel; thus the antisunward convection potential 
drop (strength) is amplified several times by the 
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