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Establishing the mechanisms by which the solar wind enters
Earth’s magnetosphere is one of the biggest goals of magneto-
spheric physics, as it forms the basis of space weather phenomena
such as magnetic storms and aurorae1. It is generally believed
that magnetic reconnection is the dominant process, especially
during southward solar-wind magnetic field conditions when the
solar-wind and geomagnetic fields are antiparallel at the low-
latitude magnetopause2. But the plasma content in the outer
magnetosphere increases during northward solar-windmagnetic
field conditions3,4, contrary to expectation if reconnection is
dominant. Here we show that during northward solar-wind
magnetic field conditions—in the absence of active reconnection
at low latitudes—there is a solar-wind transport mechanism
associated with the nonlinear phase of the Kelvin–Helmholtz
instability5. This can supply plasma sources for various space
weather phenomena.

Along the outer boundary of Earth’s magnetosphere, there is a
boundary layer that contains plasma of dominantly solar-wind
origin6 (Fig. 1a). The boundary layer exists for all orientations of
the solar-wind magnetic field, but it tends to be thicker when the
solar-wind field points northward3,4. The existence of the boundary
layer implies penetration of solar wind across the magnetopause.
Although reconnection between solar-wind and terrestrial magnetic
fields can readily account for solar-wind entry during southward
solar-windmagnetic field conditions, it is at present not known how
the plasma crosses themagnetopause when the solar-windmagnetic
field is oriented northward and parallel to geomagnetic fields and
reconnection is less efficient, although there is a suggestion that
simultaneous northern and southern cusp reconnection could
result in the formation of the boundary layer at low latitudes7.
Several candidate local entrymechanisms unrelated to reconnection
have been proposed8, one of which is the Kelvin–Helmholtz
instability (KHI) that could occur along the flanks of the magneto-
sphere where the shocked solar wind is flowing fast relative to the
stagnant magnetospheric plasma9,10 (Fig. 1). Recent numerical
simulation models11–16 suggest that fast plasma transport across
the magnetopause can be accomplished by the KHI only when the
KHI has grown sufficiently to form rolled-up vortices that can
engulf plasmas from both sides of the magnetopause. In these
models, the collapse of, or reconnection within, such a vortex (in
the nonlinear phase of the KHI) is responsible for the plasma
transport.

Multiple and quasi-periodic encounters by spacecraft with the
magnetopause and vortex-like flow perturbations near the magne-
topause have been reported, and are often interpreted as represent-
ing surface waves or vortices excited by the KHI17–21. But as long as

these signatures are observed only by a single spacecraft, one cannot
tell unambiguously whether the KHI has reached its nonlinear stage
and is generating rolled-up vortices, which are the crucial ingredient
for plasma transport, or if they are just ripples or small-amplitude
Kelvin–Helmholtz (KH) vortices on the magnetopause surface. The
KH rolled-up vortex expected to form at the magnetopause has
complex structures, such as vortical plasma flow and a filament-like
high density region intruding into the low density (magneto-
spheric) region (see Fig. 1). To resolve such complex structures in
the KH vortices, multipoint in situ measurements as carried out by
the Cluster mission are essential, as is comparison with realistic
three-dimensional (3D) plasma simulations.
Here we report multi-spacecraft measurements that provide

unambiguous evidence for rolled-up vortices at the flank magne-
topause as well as simultaneously observed boundary-layer charac-
teristics that result from plasma transport across the boundary, such
as would be expected from the suggested KHI mechanism.
The four Cluster spacecraft forming a tetrahedron made a

Figure 1 Three-dimensional (3D) cutaway view of Earth’s magnetosphere, showing

signatures of Kelvin–Helmholtz instability (KHI). a, View of the magnetosphere, showing

the KH vortices at the duskside magnetopause. The velocity gradient across the

magnetopause increases with distance from the subsolar point. The KHI occurs at the

interface between the solar wind and the plasma sheet because the plasma energy

dominates in both regions, whereas it does not occur at the surface of the lobes where the

magnetic energy dominates and the magnetic tension prevents it from deforming the

magnetopause. Consequently, the KH vortices evolve only along the low-latitude

magnetopause and only low-latitude portions of the magnetospheric and solar-wind field

lines are entrained into the vortices, inducing characteristic field perturbations in regions

off the equatorial plane where the Cluster spacecraft were located. The satellites were

situated at (x, y, z) < (23, 19, 23) Earth radii (R E ) in GSM (geocentric solar

magnetospheric) coordinates, and were separated by ,2,000 km from each other. The

coordinate system in the figures is defined such that2x is in the direction of motion of the

vortex structure which was sliding anti-sunward in the spacecraft frame, y points outward

along the magnetopause normal, and z points to the north. b, Vortex structure resulting
from a 3D numerical simulation of the magnetohydrodynamic KHI under a

magnetosphere-like geometry, with the plasma sheet sandwiched between the two lobes.

Colour-coded is the plasma density (minimum, 0 cm23; maximum, 5.0 cm23) in an x-y

cross-section cut below the equatorial plane. The density, velocity and magnetic field

variations expected when a synthetic satellite passes through the centre of the KH vortices

to the left are shown in Fig. 2.
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FIG.1.	  Interac-on	  between	  the	  
Earth’s	  magnetopause	  and	  
solar	  wind	  flow	  
	  [Hasegawa	  et	  al.,2004]	  
	

The	  Kelvin-‐Helmholtz	  (KH)	  instability	  at	  the	  magnetopause	

The	  KH	  instability	  can	  be	  an	  important	  process	  to	  understand	  the	  evolu-on	  of	  
the	  Mar-an	  atmosphere	  through	  its	  history.	  

2	

Expected	  roles	  of	  the	  KH	  instability	  at	  the	  ionopause	
✔	  Brace	  et	  al.	  [1982];	  Wolff	  et	  al.	  [1980]	  
	  	  	  	  	  	  	  	  	  One	  of	  the	  major	  loss	  processes	  of	  ionospheric	  ions	  from	  an	  unmagne-zed	  planet	  
✔︎	  Wolff	  et	  al.	  [1980];	  Clou-er	  et	  al.	  [1981]	  
	  	  	  	  	  	  	  	  	  The	  KH	  instability	  may	  generate	  magne-c	  flux	  ropes	  in	  the	  ionosphere. 	  	  



1.	  Introduc-on	

The	  linear	  theory	  of	  the	  KH	  instability	  at	  the	  ionopause	
✔︎	  The	  linear	  growth	  rate	  of	  the	  KH	  instability	  with	  the	  most	  unstable	  case	  (k⊥B)	  

γ = k2 ρ1ρ2 (U1 −U2 )
2

(ρ1 + ρ2 )
2

U	  :	  Velocity	  
ρ	  	  :	  Density	  
Suffix	  :	  1	  means	  sheath	  region,	  2	  means	  ionosphere	  region	  
(The	  finite	  thickness	  of	  the	  shear	  layer	  is	  ignored)	

The	  linear	  growth	  rate	  depends	  on	  velocity	  shear	  and	  density	  jump.	  
To	  inves-gate	  the	  evolu-on	  of	  the	  KH	  instability,	  	  numerical	  studies	  are	  needed.	  

density of the lower plasma layer ten times halves the
maximum growth rate. We found that the dependence of !m
on "1 can be fitted by a logarithmic function of the form
!m=c+b ln!"1" with c=0.1208 and b=−0.0168, as displayed
in Fig. 5. The dashed line in this figure represents the pos-
sible continuation of the curve for larger "1.

B. Saturation and nonlinear evolution

Having determined km, we know at which wave number,
respectively, wavelength, the KH instability has its fastest
growth, and we can examine the different phases of the evo-
lution. As already pointed out previously, the initial phase is
characterized by an exponential growth of the perturbations,
which we call linear growth phase since we can determine a
linear growth rate for this phase. Clearly visible in Fig. 3 is a
saturation after the linear growth phase. In line with the work
by Keppens et al.,6 we take the first maximum of the evolu-

tion of ln!Ey" as a measure of the saturation level and the
corresponding linear growth time tlin, which we define as the
time needed for the linear growth. Figure 6 displays the evo-
lution of ln!Ey", the saturation levels, and the linear growth
times for three different cases. An increase of the density
jump increases tlin, which means that a vortex needs
more time to evolve if the lower plasma layer has a larger
density. Quantitatively, we have tlin=71.1a /vn for "1=10,
tlin=97.6a /vn for "1=50, and tlin=119.4a /vn for "1=100.

During the linear growth phase, the perturbations grow,
and eventually rolled-up vortices are formed at the saturation
level. Figures 7–9 show the time series of the mass density
for the cases "1=10 and kma=0.52, "1=50 and kma=0.42,
and "1=100 and kma=0.35, respectively. The vortices be-
come more inhomogeneous and less structured for the high
density cases.

FIG. 3. Time evolution of the logarithm of the peak vertical kinetic energy
Ey for the case "1=10 and kxa=0.52. The dashed-dotted line represents a
linear fit.

FIG. 4. Normalized linear growth rate as a function of the normalized wave
number. The symbols mark the growth rates obtained numerically, whereas
the solid, dashed, and dashed-dotted lines represent parabolic fits.

FIG. 5. Maximum growth rate as a function of the density jump "1. The
asterisks mark the maximum growth rates obtained numerically, whereas the
solid and dashed lines represent the logarithmic fit.

FIG. 6. Time evolution of the logarithm of the peak vertical kinetic energy
Ey for three different cases. The asterisks and the vertical lines highlight the
first maximum of ln!Ey" and the corresponding linear growth time,
respectively.
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ρ1:small	

ρ1:large	

FIG	  2.	  The	  normalized	  linear	  growth	  rate	  as	  a	  
func-on	  of	  the	  normalized	  wave	  number.	

3	

Previous	  study	  [Amerstorfer	  et	  al.,	  2010]	
Authors	  have	  inves-gated	  the	  effect	  of	  the	  ver-cal	  
density	  gradient	  using	  local	  MHD	  simula-on	  
	  
︎	  ✔ ︎The	  	  maximum	  growth	  rate	  decreases	  	  
　　with	  increasing	  the	  density	  ra-o.	  
︎	  ✔ ︎The	  wavelength	  of	  the	  fastest	  growing	  mode	  
becomes	  large	  with	  increasing	  the	  density	  ra-o.	  



1.	  Introduc-on	

To	  inves-gate	  following	  two	  issues	  using	  non-‐local	  MHD	  simula-ons	  
✔︎	  the	  asymmetrical	  evolu-on	  of	  the	  KH	  instability	  
	  
✔︎	  the	  effect	  of	  a	  day-‐to-‐night	  (horizontal)	  density	  gradient	  on	  the	  linear	  and	  	  
	  	  	  	  	  	  nonlinear	  evolu-on	  of	  the	  KH	  instability	  

Purpose	  of	  this	  study	

✔	  Local	  periodic	  simula-on	  
	  	  	  	  	  Actual	  KH	  vortex	  has	  not	  necessarily	  a	  periodic	  
structure.	  
	  
✔︎	  Did	  not	  consider	  a	  day-‐to-‐night	  density	  gradient	  
	  	  	  	  	  	  The	  Mar-an	  ionosphere	  has	  a	  density	  gradient	  not	  	  
	  	  	  	  	  	  only	  in	  the	  ver-cal	  direc-on	  but	  also	  in	  horizontal	  	  
	  	  	  	  	  	  (day-‐to-‐night)	  direc-on.	  [Duru	  et	  al.,	  2008]	  

Problems	  of	  previous	  numerical	  studies	

Extended-‐local	  MHD	

4	

aperiodic	  boundary	  	  
horizontal	  density	  gradient	  local	  MHD	

Elements	  of	  a	  global	  model	
densities at a given altitude. The nature of these extreme
variations can be illustrated by using percentage occurrence
plots, such as in Figure 11. This plot gives a color-coded
display of the occurrence rate of events within a given
electron density range, normalized for each bin in SZA, as a
function electron density and SZA. For the altitude range
shown (250–300 km), the occurrence is highest, around

35%, at densities of approximately 5000 cm!3 throughout
the dayside. The highest occurrence rate drops to much
smaller electron densities on the nightside. At SZA = 100!,
the highest occurrence ("35%) is at around 250 cm!3. A
comparison of these occurrence rate plots with the average
electron density versus SZA plots (as shown in Figures 9
and 10) shows that the electron densities with the maximum

Figure 10. Electron density profile as a function of the solar zenith angle at the altitude range between
900 and 950 km. At high altitudes, the electron density becomes very weak even in the dayside. The
dayside densities are quite variable and the difference between the dayside and the nightside vanishes.

Figure 9. Electron density profile as a function of the solar zenith angle at an altitude range between
300 and 350 km. The median electron density is almost constant on the dayside up to 80!, at around
2500 cm!3. As the spacecraft enters the nightside, there is a substantial decrease in the average electron
density. The vertical lines around the data points, which show the lower and upper quartiles at a given
SZA, show that the electron density values can vary on the order of 100%.
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→FIG 3.	  The	  electron	  density	  profile	  
as	  a	  func-on	  of	  the	  SZA.	  
(Al-tude	  :	  300km	  to	  350	  km)	  
	  [Duru	  et	  al.,	  2008]	  



2.	  Model	  descrip-on	  and	  ini-al	  condi-ons	
Governing	  equa-ons	
2D	  ideal	  MHD	  equa-ons	  
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Model	  descrip-on	

Scheme	  
Time	  differencing	  ・・・	  3rd	  order	  TVD	  Runge-‐Kuba	  	  
Space	  differencing	  ・・・	  4th	  order	  semidiscrete	  	  

	   	   	   	  	  	  	  	  	  	  	  scheme	  with	  UNO	  limiter	  
	  
Simula-on	  box	  length	  	  
Length	  of	  1	  grid	  :	  Δx	  =	  Δy	  =	  1	  km	  
Box	  size	  :	  [Case	  1]	  (Lx,	  Ly)	  =	  (800,	  Ly)	  

	   	   	  ※Ly	  depends	  on	  a	  wave	  number	  
	   	  [Case	  2]	  &	  [Case	  3]	  (Lx,	  Ly)	  =	  (800,	  2000)	  

Simula-on	  box	  is	  normalized	  with	  a	  
	  (a	  is	  a	  half	  of	  transi-on	  layer)	  

y	

x	

ρ	  =	  1	  
Vy	  =	  1.0	  
Sheath	  region	

ρ	  =	  10	  
Vy	  =	  0.0	  
ionosphere	  region	

FIG.4.	  Sketch	  of	  the	  
assumed	  configura-on	  	

2a	  (transi-on	  layer)	

5	



2.	  Model	  descrip-on	  and	  ini-al	  condi-ons	
Model	  descrip-on	

6	

Case	  1	  :	  local	   Case	  2	  :	  extended-‐local	 Case	  3	  :	  extended-‐local	
Periodic	  boundary	  
[x]	  Free	  	  
[y]	  Periodic	  
◆	  Ver-cal	  density	  gradient	  
◆	  The	  fastest	  growing	  	  
mode	  only	  grows	  up	  
	

x	

y	

Aperiodic	  boundary	  
[x]	  Absorbing	  boundary	  
[y]	  upstream	  :Fixed	  
	  	  	  	  	  	  downstream	  :	  Free	  	  

	   	  /	  no	  inflow	  boundary	  
◆	  Ver-cal	  density	  gradient	  
	

subsolar	

terminator	

χ	

[Case	  2]	

20
00
	  k
m

	

800	  km	

Aperiodic	  boundary	  	  
	  (	  same	  as	  [Case	  2]	  )	  

	  
◆Ver-cal	  and	  horizontal	  	  

	   	  　density	  gradient	  
(Horizontal	  density	  gradient	  is	  given	  	  

	   	  	  	  	  	  	  	  	  	  	  	  by	  observa-on	  results)	  

	

subsolar	

terminator	

χ	

[Case	  3]	

20
00
	  k
m

	

800	  km	

The	  small	  perturba-on	  
is	  inserted	  from	  
upstream	  boundary.	

The	  small	  perturba-on	  
is	  inserted	  from	  
upstream	  boundary.	

ionosphere	sheath	
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7	3.	  Results	
[Case	  2]	  Aperiodic	  &	  ver-cal	  density	  gradient	  (density	  ra-o	  =	  100)	

[Matsumoto	  and	  Seki,	  2010]	
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3.	  Results	
[Case	  2]	  Aperiodic	  &	  ver-cal	  density	  gradient	

✔︎The	  linear	  growth	  rate	  is	  almost	  same.	  
✔︎Kine-c	  energy	  increases	  during	  	  
satura-on	  phase	  because	  of	  the	  excita-on	  
of	  longer	  wavelength	  modes	  than	  the	  	  
fastest	  growing	  mode	  [Baty	  et	  al.,	  2003].	  

FIG	  5.	  Time	  evolu-on	  of	  the	  logarithm	  of	  the	  
peak	  ver-cal	  kine-c	  energy.	  (Ex	  =	  1/2ρvx2)	
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Comparing	  the	  evolu-on	  of	  the	  KH	  instability	  in	  Case	  2	  with	  that	  in	  Case	  1.	  	

Main-‐1	  vortex	 Leading	  vortex	

9	3.	  Results	
[Case	  2]	  Aperiodic	  &	  ver-cal	  density	  gradient	

Mostly	  same	  evolu-on	
Completely	  different.	  	  
The	  leading	  vortex	  excavated	  deeply.	
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10	3.	  Results	
[Case	  2]	  Aperiodic	  &	  ver-cal	  density	  gradient	

Previous	  picture:	  
At	  y	  =	  600,	  	  the	  amplitude	  is	  small	  and	  
no	  KH	  vortex	  develops.	

New	  picture:	  
（１）The	  leading	  vortex	  develops	  at	  y	  =	  600.	  	  
（２）The	  ionosphere	  is	  excavated	  deeply.	

FIG	  6.	  The	  -me	  history	  of	  the	  
average	  profile	  of	  the	  mixing	  rate	  	  
[Matsumoto	  and	  Seki,	  2010].	



4.	  Discussion	
Comparison	  :	  Case	  1	  vs.	  Case	  2	  	

✔︎	  The	  asymmetry	  in	  the	  structure	  of	  both	  
sides of	  the	  vortex.	  
✔︎	  The	  structure	  in	  downstream	  of	  the	  
vortex	  behaves	  wall	  against	  the	  sheath	  flow.	  
	 The	  sheath	  flow	  will	  be	  stagnated	

Excavated	

wall-‐like	  structure	

[Case	  2]	 [Case	  1]	

11	

It	  has	  been	  thought	  that	  the	  mixing	  area	  gradually	  increases	  with	  the	  growth	  of	  the	  KH	  vor-ces.	  	  
However,	  the	  leading	  vortex	  excavated	  ionosphere	  deeply	  during	  the	  linear	  growth	  phase.	  	
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This	  excava-on	  enhances	  mixing	  of	  ions	



4.	  Discussion	
The	  later	  stage	  of	  the KH	  evolu-on	  	

12	

The	  later	  stage	  of	  the	  KH	  evolu-on	  
	  
✔︎leading	  vor-ces	  arise	  one	  aser	  
another.	  
→ionosphere	  is	  excavated	  200km.	  
	  
✔︎Large	  wave	  like	  structure	  may	  
arise.	  
It	  is	  possible	  to	  arise	  a	  larger	  KH	  
vortex.	  
Simula-on	  domain	  is	  not	  enough.	  
	  
✔︎Compressibility	  makes	  upstream	  
ionopause	  unstable.	  
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t	  =	  374	  	 t	  =	  418	 t	  =	  550	

We	  can	  see	  a	  wave-‐like	  structure	  more	  clearly	  in	  the	  case	  of	  ρ1=10,	  50.	  
→We	  need	  a	  larger	  simula-on	  box	  size	  and	  -me	  steps	  in	  the	  case	  of	  ρ1=100	



4.	  Discussion	
loss	  rate	  [Case	  1	  vs.	  Case	  2]	  	

13	

There	  are	  many	  assump-ons	  to	  evaluate	  the	  ions	  loss	  efficiency.	  
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ーCase	  1	  
ーCase	  2	  all	  region	  
ーCase	  2	  upstream	  
ーCase	  2	  gradient	  region	  
ーCase	  2	  downstream	

Previous	  assump-on	  :	  	  	  
The	  ion	  loss	  rate	  are	  evaluated	  using	  this	  slope.	  	  

The	  loss	  amount	  per	  unit	  of	  all	  region	  in	  Case	  2	  	  
decreases	  but	  loss	  efficiency	  increases	  
	  (because	  we	  take	  an	  average	  of	  all	  sheath	  region)	  

-me	  [s]	

The	  KH	  vortex	  develops	  one	  aser	  another.	  
The	  slope	  of	  previous	  assump-on	  is	  ‘transient’	

We	  can	  evaluate	  the	  ion	  loss	  efficiency	  
more	  directly	  using	  the	  aperiodic	  
boundary	  condi-on.	  
	  	  	  	  	  	  	
	

The	  loss	  rate	  in	  Case	  2	  is	  about	  3	  
-mes	  larger	  than	  that	  in	  Case	  1.	
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The	  effect	  of	  an	  aperiodic	  boundary	  condi-on	

✔	  The	  asymmetry	  in	  the	  structure	  of	  both	  sides	  of	  each	  vortex.	  
	  	  	  	  	  -‐	  The	  ionosphere	  excavated	  1.5	  -mes	  deeper	  in	  Case	  2	  because	  of	  the	  stagnated	  sheath	  flow.	  
	  	  	  	  	  →	  The	  excava-on	  enhances	  mixing	  of	  ionospheric	  ions.	  
	  	  	  	  	  →	  Elongated	  filaments	  may	  be	  ‘tail	  rays’	  or	  ‘filaments’	  observed	  in	  wakes	  of	  Venus	  and	  Mars.	  
	  

✔︎	  The	   ︎peak	  energy	  of	  the	  KH	  waves	  increases	  during	  the	  nonlinear	  phase.	  
	  	  	  	  	  	  because	  of	  the	  excita-on	  of	  longer	  wavelength	  modes.	  
	  	  	  	  	  	  →	  Aperiodic	  boundary	  condi-on	  can	  provide	  a	  more	  realis-c	  picture.	  
	  
✔︎	  The	  later	  stage	  of	  the	  KH	  evolu-on	  
　　We	  can	  see	  the	  larger	  wave-‐like	  structure	  in	  the	  later	  stage	  of	  the	  KH	  evolu-on.	  
	  	  	  	  	  	  It	  is	  possible	  to	  arise	  the	  larger	  KH	  vortex.	  
	  	  	  	  	  	  	  
✔	  Ion	  loss	  efficiency	  
	  	  	  	  	  	  We	  can	  evaluate	  the	  ion	  loss	  efficiency	  more	  directly	  using	  the	  aperiodic	  boundary	  condi-on.	  
	  	  	  	  	  	  	

The	  effect	  of	  the	  day-‐to-‐night	  density	  gradient	
✔︎	  The	  asymmetry	  in	  the	  structure	  of	  both	  sides	  of	  each	  vortex	  
✔︎	  The	  two-‐way	  wave	  propaga-on	



15	6.	  Future	  work	

✔	  There	  is	  a	  large	  gap	  between	  global	  MHD	  simula-on	  	  
	  	  	  	  	  	  and	  local	  MHD	  simula-on	  	︎  　	

Global	  model	

Local	  model	

✔	   ︎We	  would	  like	  to	  understand	  	  
the	  later	  stage	  of	  the	  KH	  evolu-on	  and	  	  the	  
effect	  of	  the	  asymmetry	  in	  the	  structure	  for	  
global	  processes.	  
	  
✔︎	  We	  can	  compare	  observa-onal	  results	  from	  
MAVEN	  	  and	  simula-on	  results	

Meso-‐scale	  model	  
(Extended-‐local)	

✔　The	  spa-al	  scale	  
To	  inves-gate	  the	  later	  stage	  of	  the	  KH	  evolu-on	  and	  to	  compare	  simula-on	  results	  
with	  observa-on	  results,	  the	  spa-al	  scale	  is	  not	  enough.	  We	  need	  to	  use	  a	  larger	  
simula-on	  box.	  
	  
✔︎	  	  Chemical	  reac-on,	  gravity,	  etc.	  
To	  understand	  the	  evolu-on	  of	  the	  KH	  instability	  in	  more	  realis-c	  configura-on.	  
Some	  other	  effects	  should	  be	  taken	  in	  considera-on.	  
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