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Turbulence in fluids1 and plasmas2–5 is a ubiquitous phenomenon
driven by a variety of sources—currents, sheared flows, gradients
in density and temperature, and so on. Turbulence involves
fluctuations of physical properties on many different scales,
which interact nonlinearly to produce self-organized structures
in the form of vortices2–5. Vortex motion in fluids and magnetized
plasmas is typically governed by nonlinear equations2–5, examples
of which include the Navier–Stokes equation1,2, the Charney–
Hasegawa–Mima equations2–5 and their numerous generaliza-
tions6–9. These nonlinear equations admit solutions2–5 in the
form of different types of vortices that are frequently observed
in a variety of contexts: in atmospheres, in oceans and planetary
systems2,4, in the heliosphere10,11, in the Earth’s ionosphere and
magnetosphere12–17, and in laboratory plasma experiments18. Here
we report the discovery by the Cluster satellites19 of a distinct
class of vortex motion—short-scale drift-kinetic Alfvén (DKA)
vortices8,9—in the Earth’s magnetospheric cusp region. As is
the case for the larger Kelvin–Helmholtz vortices observed
previously17, these dynamic structures should provide a
channel for transporting plasma particles and energy through
the magnetospheric boundary layers.
The DKA vortices are result of nonlinear interaction of coupled

finite-amplitude, low-frequency (in comparison with the proton
gyrofrequency) drift and kinetic Alfvén waves20, which accompany
density, potential and sheared magnetic field perturbations, and
which are propagating obliquely to the external magnetic field and
density gradient directions. We present clear evidence that the DKA
vortex structures exist on several spatial scales, contrasting them to
those Alfvénic structures that have been deduced from simple
magnetohydrodynamic (MHD) models2,11. The observed DKA
vortices have a characteristic scale of the order of the ion (sound)
gyroradius, rp < 25 km. Hence, the electromagnetic DKA vortices,
as discovered here, are in sharp contrast to a recent observation17 of
Kelvin–Helmholtz (KH) vortices which are typically 40,000 km
across in space. Both the DKA and KH vortices provide new channels
for transporting plasma particles and energy through the magneto-
spheric boundary layers, but on different spatio-temporal scales.
Furthermore, it should be stressed that the DKA vortices are of
fundamental interest also in the heliosphere11 and in fusion plasmas18

with regard to cross-field transport processes.
The formation of vortices is generally attributed to inverse cas-

cade1–5 of energy between two or three-dimensional (3D) dispersive
modes that are nonlinearly interacting. For the DKA vortices in a
non-uniformmagnetoplasma, nonlinear equations8,9 governing their
dynamics include the evolution of nonlinearly coupled density
perturbations, the ion vorticity, and the parallel (with respect to
the external magnetic field direction) component of the vector
potential. Owing to anisotropic dispersion characteristics of the

DKA waves in a non-uniform magnetoplasma (with the plasma
b—the ratio kinetic pressure/magnetic pressure—being larger than
the electron-to-proton mass ratio), the above mentioned nonlinear
equations admit inverse cascade, but the energy spectrum in the
inertial range may not follow a Kolmogorov-like power law1 because
the turbulence now contains the characteristic scale rp. This makes a
clear distinction between the nonlinear dispersive DKAmode related
vortices and those localized Alfvénic structures that are based on the
nonlinear MHD equations2,11. Although extensive theoretical work
has been carried out to investigate the properties of the DKA
vortices8,9,13, there are no direct microscale observations of these
coherent structures inmagnetized space plasmas. Earlier space-borne
observations, which suggested vortex-like structures13–16 in the
Earth’s ionosphere and magnetosphere, suffered from the inherent
problem of separating temporal from spatial variations owing to
limitations of single point measurements in space. Hence, up to now,
the existence of the DKA vortices and many theoretical predictions
regarding their properties could not be experimentally verified—for
example, the characteristic length scale perpendicular to the ambient
magnetic field direction, which is a crucial parameter for identifying
the size of a plasma vortex.
The Cluster multi-spacecraft mission, with in situ simultaneous

multi-point measurements19, provides a unique opportunity to
investigate the existence of the DKA vortices inside the cusp region
of the Earth’s magnetosphere, where there exist sheared plasma flows
and density gradients sufficient to excite finite amplitude DKA
fluctuations in a non-uniform magnetoplasma with b < 0.02. In
the following, we present multipoint microscale measurements that
unambiguously show the existence of short scale DKA vortices.
The cusp is an important region in the Earth’s magnetosphere

where the solar wind can directly access the ionosphere, and where
large amounts of the plasma as well as kinetic and electromagnetic
energies are transported. The cusp often exhibits the characteristics
of low-frequency electromagnetic turbulence16,21. On 9 March 2002,
the Cluster satellites passed outward through the high-altitude
northern cusp during a time of northward interplanetary magnetic
field21. Under such conditions, high-latitude magnetic reconnection
takes place tailward from the cusp. A turbulent boundary layer on the
border between the cusp and the polar cap is then formed, charac-
terized by reconnection induced field-aligned proton jets. The four
Cluster satellites entered the region of the turbulent boundary layer at
02:49 UT (Fig. 1). The cusp is identified as a high-density region with
the presence of intense ion flux (Fig. 2a, b). Associated with these
proton injections, there are broadband low-frequency electromag-
netic fluctuations of Alfvénic nature (E’ /B’ < vA, where ’
denotes perpendicular components and vA is the Alfvén speed)
around and below the proton gyrofrequency, f cp < 1.6Hz, giving
rise to the turbulent spectra shown in Fig. 2c (only the magnetic
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spectrogram is shown here). The Alfvén speed is typically around
1,000 km s2 1 in this region. Direct multi-point measurements21

revealed the presence of coupled drift and kinetic Alfvén waves
(KAWs) as well as electromagnetic ion-cyclotron waves whose
characteristic perpendicular scale-lengths are of the order of (2–
4)rp. The boundary layer plasma is strongly inhomogeneous (den-
sity gradients up to 25% at distances of a few proton gyroradii), with
prevalent shear velocity flows21. These gradients are well above
the theoretical threshold values for spontaneously exciting finite
amplitude DKA waves which self-organize in the form of vortical
structures. Below, we study the low-frequency electromagnetic waves
in detail, and show that a significant part of the frequency spectrum
can be attributed to coherent DKA vortex structures.
The result of a polarization analysis of the three magnetic field

components in the frequency domain around and below the proton
gyrofrequency is displayed in Fig. 2d. The degree of polarization22

(DOP) can be regarded as a test for the plane wave ansatz. A high
value of DOP implies that the fluctuations considered as linear plane
waves are coherent over several wavelengths. The sudden drop in
DOP at frequencies below 0.1–0.2Hz, when the spacecraft enters the
cusp boundary layer, indicates that the electromagnetic field fluctua-
tions can be structures, rather than plane wavepackets. Hodogram
representations of the perpendicular magnetic and electric fields
along the spacecraft trajectory (Fig. 2e, f) indeed show rotation
reversal behaviour reminiscent of vortices. Moreover, we notice
that the vortex structures exist nested on several different scales
(Fig. 2e, f). To demonstrate that the observed variations are coherent
vortex structures, it is necessary to show their characteristics and
their spatial origin. The latter was not possible with earlier single-
spacecraft measurements. We now demonstrate the spatial occur-
rence of these structures by using the fact that we have four
simultaneous measurement points in space.
Figure 3e exhibits the configuration of the Cluster spacecraft in the

plane perpendicular to the ambientmagnetic field direction, together
with the projection of the convective plasma flow velocity V’ at
about 02:55 UT on 9 March 2002. The relative velocity between the
spacecraft and the bulk plasma is ,28 km s21. The relative align-
ment of the C1 and C2 spacecrafts along the plasma flow vector
(Fig. 3e) predicts that a structure fixed in the plasma frame should be
visible on both spacecraft with a time lag of approximately one

second. Moreover, a quasi-static structure of the size of a few rp will
be Doppler-shifted in frequency domain to f < V’ /l’ < 0.1–
0.3Hz, where l’ is the typical perpendicular scale size. The time
series of the perpendicular magnetic field components, which are
bandpass filtered at 0.1–0.2Hz, are depicted in Fig. 3a, b. The time lag
between the spacecraft is clearly visible and is about 1.2 s, which is
consistent with the spacecraft observing a quasi-stationary structure
moving with the plasma flow. Observations by the C3 and C4
satellites, which are not aligned along the flow with any other
satellites, do not correlate with the observations from other space-
craft (Fig. 3d, e), thus giving an estimate of the transverse radial scale
size of the structure of the order of (2–3)rp.
To confirm the vortex nature of the coherent structures, we

perform an analysis of the temporal evolution of the instantaneous
direction of the magnetic field vectors (Fig. 3c, d). The angle between
the magnetic field and the fixed direction of the spacecraft trajectory
shows the polarization reversal feature, which is a unique character-
istic of a vortex: polarization change on its spatial scale. At
02:55:03 UT and 02:55:16 UT (indicated by arrows) the sense of
rotation changes direction from left-handed to right-handed and
then back again.
We have demonstrated that the variations are spatially coherent

vortex structures. Taken together with their Alfvénic nature in a
strongly inhomogeneous magnetoplasma, we conclude that we have

Figure 1 | Location of the Cluster spacecraft and the Earth’s magnetic field
lines. The red line marks the trajectory of the spacecraft for the time
interval in Fig. 2, while traversing outbound through a boundary layer to the
cusp. The interplanetary magnetic field was northward and reconnection
occurred on the same field lines at higher altitudes. RE, Earth radius.

Figure 2 | Proton flux, density and low frequency fields for a cusp
passage. a, Proton number flux. b, Plasma density, n, measured by three of
the Cluster spacecraft, C1, C2 and C3. c, Power spectral density of magnetic
field strength B as a function of frequency f and time. A wavelet transform
has been used to better resolve the low-frequency structures. d, Degree of
polarization (DOP) of the three components of themagnetic field, which can
be viewed as a test for plane waves. Note how the DOP decreases
dramatically for emissions below,0.1–0.2Hz when entering the boundary
layer to the cusp, implicitly indicating the presence of structures.
e, Hodogram representations of perpendicular magnetic field, B’ , for two
frequency intervals, corresponding to different spatial scales through a
Doppler shift. The arrows shows where rotational reversal occurs. f, Same as
e, here for the perpendicular electric field.
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indeed observed short scale coherent DKA vortices. The angular
rotation in Fig. 3c, d is consistent with a vortex chain convected past
the spacecraft. We can also estimate the characteristic size of the DKA
vortex from these time series. It is difficult to say when one vortex
ends and the next begins, but we note (Fig. 3c, d) that the typical time
period is of the order of 10–20 s, which corresponds to spatial radial
scales of the order of (3–6)rp. Thus, we have two independent
methods for calculating the transverse spatial scale that are in
agreement with each other—one from the spatial configuration of
the spacecraft at the same instant of time, and the other from the time
series as the vortices are convected past the spacecraft. This is also in
good agreement with the theoretical estimate8,9, which gives the
radial scale-size as ,3rp. The vortices propagate along (across) the
geomagnetic field lines with a speed comparable to the Alfvén speed,
vA ((0.01–0.1)vA).
Strong electromagnetic wave turbulence in a non-uniform mag-

netoplasma can be considered as an ensemble of nonlinear dispersive
Alfvén and drift-waves, DKA vortices, and quasi-magnetostatic
structures23. We have constructed an isolated DKA vortex model8,9

for conditions applicable to the cusp plasma, and used it to extract
the main characteristic features to be compared with our observa-
tional data (Fig. 4). An example of the magnetic field from such a
model is shown in Fig. 4c. The spectrogram has been obtained from
simulating a spacecraft trajectory through amodel field, the temporal
fluctuations depending solely upon a Doppler shift of quasi-static
DKAvortices (compare Fig. 4b). The spectra obtained are broadband
with the largest intensities in the lowest frequencies, and can be
compared to the observed field in Fig. 2c. The angular rotation of the
magnetic field, while passing through a vortex chain (Fig. 4d), is in
perfect agreement with our observations (Fig. 3c).
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In the print and PDF versions of this Letter, the colour scale bars in
Fig. 2a, c and d should have been respectively labelled as follows:
‘Proton number flux (cm22 s21 sr21 keV21)’; ‘B (nT2 Hz21)’; and
‘DOP’. This labelling is correctly shown in the online HTML full text
version.
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In Table 1 of this Review Article, some reference citations are
incorrect. Those in the fourth row from the top (IRF-1 regulation)
should be 89,90 (and not 93,94); in the second-to-last row from top
(regulation of RIG-I signalling), reference 94 should be included (to
read 21,94).
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The panels of Fig. 3 in this Letter are incorrectly cited in the text. In
the first full paragraph on page 560, these should be: line 7, ‘Fig. 3b,
top’; line 11, ‘Fig. 3b’; line 12, ‘Fig, 3c, top’; and line 13, ‘Fig. 3c,
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