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[1] The Investigation of Cusp Irregularities (ICI-2) sounding rocket was launched on
5 December 2008 from Ny-Ålesund, Svalbard. The high-resolution rocket data are combined
with data from an all-sky camera, the EISCAT Svalbard Radar, and the SuperDARN
Hankasalmi radar. These data sets are used to characterize the spatial structure of F region
irregularities in the dayside cusp region. We use the data set to test two key mechanisms
for irregularity growth; the Kelvin-Helmholtz (KH) and gradient drift (GD) instabilities.
Except for a promising interval of 4–6 km irregularities, the KH growth rate was found to
be too slow to explain the observed plasma irregularities. The time history of the plasma
gives further support that structured particle precipitation could be an important source of
kilometer- to hectometer-scale “seed” irregularities, which are then efficiently broken
down into decameter-scale irregularities by the GD mechanism.

Citation: Oksavik, K., J. Moen, M. Lester, T. A. Bekkeng, and J. K. Bekkeng (2012), In situ measurements of plasma
irregularity growth in the cusp ionosphere, J. Geophys. Res., 117, A11301, doi:10.1029/2012JA017835.

1. Introduction

[2] It has been known for more than 50 years that electron
density irregularities are a common phenomenon in the
F region arctic ionosphere [e.g., Bates, 1959; Weaver, 1965;
Dyson, 1969]. The spatial scale of individual irregularities
can range from tens of km to meters [Basu et al., 1990], and
the irregularities are frozen into and drift with the ambient
plasma [e.g., Hanuise et al., 1985; Baker et al., 1983]. The
irregularities may cause significant negative effects for vari-
ous radio systems, including ground-to-satellite links and
other navigation and communication systems [e.g., Basu
et al., 1990, 1998]. Radio waves propagating through these
irregularities will experience strong scintillation, both ampli-
tude fading and phase fluctuations up to GHz frequencies
[Basu et al., 1988]. These disrupt VHF, UHF and GPS
navigation systems at L-band frequencies. At longer wave-
lengths the plasma irregularities also backscatter radio waves,
e.g., at HF frequencies [Hanuise et al., 1981; Villain et al.,
1986]. These irregularities are highly field aligned, and a
radar beam must be perpendicular to the magnetic field in the
F region in order to receive significant backscatter [Bates and
Albee, 1970].

[3] When the interplanetary magnetic field (IMF) is
southward these irregularities are closely related to electron
density enhancements in high-latitude F region called polar
cap patches [e.g., Crowley, 1996]. Polar cap patches typi-
cally have a density which is 2–20 times larger than the
surrounding background electron density [Buchau et al.,
1983; Weber et al., 1984; Crowley et al., 2000], and polar
cap patches can be 100–1000 km wide in the horizontal
direction [Weber et al., 1984]. The electron temperature
inside a patch is often low and unstructured, indicating no
precipitation of auroral electrons when it is located in the
polar cap [Rodger et al., 1994]. Patches can be observed
both in winter and summer, but are most prominent during
moderately disturbed conditions (Kp > 4) [Weber et al.,
1984] and near the maximum of the sunspot cycle [e.g.,
Dandekar, 2002; McEwen et al., 2004]. Polar cap patches
tend to maximize near equinox and around magnetic noon
[Rodger and Graham, 1996] and have been observed to
drift across the central polar cap [McEwen and Harris, 1995;
McEwen et al., 1995] and exit the polar cap at night [Lorentzen
et al., 2004; Pryse et al., 2006;Moen et al., 2007;Wood et al.,
2009]. Irregularities have been observed to populate the entire
patch structure, but there is a clear tendency of the strongest
irregularities being observed near the trailing edges of patches
[Weber et al., 1984].
[4] In literature a long list of mechanisms have been pro-

posed to produce irregularities [Hanuise et al., 1981];
including electrostatic turbulence [Kelley and Kintner,
1978], low-energy precipitation [Kelley et al., 1980], and
plasma instabilities like the electrostatic ion cyclotron
instability [D’Angelo and Motley, 1962], the E � B gradient
drift instability [Reid, 1968], the ion-acoustic instability
[Kindel and Kennel, 1971], the temperature gradient insta-
bility [Hudson and Kelley, 1976], and the current-convective
instability [Ossakow and Chaturvedi, 1979]. Several papers
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have provided detailed reviews of the various mechanisms
[e.g., Fejer and Kelley, 1980; Hanuise, 1983; Tsunoda,
1988].
[5] At present two fundamentally different mechanisms

are thought to dominate the production F region irregulari-
ties at high latitudes [Carlson et al., 2007]; the Kelvin-
Helmholtz (KH) instability, and the E � B gradient drift
(GD) plasma instability. The KH plasma instability [Kintner
and D’Angelo, 1977; Keskinen et al., 1988; Carlson et al.,
2007, 2008] is believed to occur if there are severe veloc-
ity shears transverse to the magnetic field [e.g., Oksavik
et al., 2011]; i.e., the velocity gradient is the source of
the free energy. The GD instability [Reid, 1968] operates in
plasma with a preexisting density gradient and different
electron and ion drifts perpendicular to this gradient [Fejer
and Kelley, 1980]. A polarization electric field is created,
and if the resulting polarization E � B drift is of the correct
sign the plasma will become unstable, perturbations will
amplify, and GD irregularities will break down to smaller
scales [e.g., Keskinen and Ossakow, 1983]. The GD insta-
bility grows when the E � B drift is parallel with a pre-
existing density gradient, and it is stable to irregularity
growth when the E � B drift is anti-parallel with the density
gradient [e.g., Tsunoda, 1988]. The GD instability has also
been extended to include effects like high-latitude currents.
The GD mechanism has often been regarded as the domi-
nant mode for the production of F region irregularities in
the cusp inflow region [Ossakow and Chaturvedi, 1979;
Keskinen and Ossakow, 1983;Cerisier et al., 1985; Tsunoda,
1988; Basu et al., 1994; Gondarenko and Guzdar, 2004].
Observations [e.g., Weber et al., 1984; Moen et al., 2012]
showing a clear tendency for the strongest irregularities being
observed near the trailing edges of patches and plasma den-
sity enhancements (i.e., in the area where the E � B drift and
density gradient are expected to be parallel) have also been
interpreted as supporting evidence for the GD mechanism.
[6] Work still remains to be done on the quantification of

the KH and GD growth rates. Moen et al. [2002] attempted
to estimate GD growth rates based on electron density gra-
dients derived from ionospheric topographic images and
SuperDARN plasma flow measurements. However, the
growth rate they found was too slow to explain the close
collocation of the equatorward cusp auroral boundary and
the equatorward cusp HF radar backscatter boundary.
Carlson et al. [2007, 2008] realized that both mechanisms
(KH and GD) in principle could act together to produce a
more efficient growth of irregularities. They documented a
series of quickly developing plasma irregularities observed
by scintillation in connection with patch formation over
Svalbard and concluded that the onset was too rapid to be
explained by any mechanism other than KH. Carlson et al.
[2007, 2008] therefore suggested that irregularities can be
formed in a two-step process, where KH forms the larger-
scale “seed” irregularities on which GD later can operate and
break the irregularities down to smaller scales. However, this
mechanism still needs to be experimentally verified and
quantified.
[7] In this paper we will study the growth rates of the KH

and GD irregularities in more detail, using high-resolution in
situ data of electric fields and plasma density from the
Investigation of Cusp Irregularities (ICI-2) sounding rocket
together with data from an all-sky camera, EISCAT and

SuperDARN. The current paper is part of a series of papers
based on ICI-2 rocket data. Lorentzen et al. [2010] made a
detailed survey of the solar wind conditions and the iono-
spheric response around the time of the ICI-2 rocket flight,
and they studied the formation of a polar cap patch event that
was intersected by the rocket payload. Moen et al. [2012]
presented a more detailed description of the rocket pay-
load, including the first in situ example of electron density
structures at decameter scale, and they reported steep
kilometer-scale gradients onto which the GD process can
efficiently operate. In the current paper we will (1) investi-
gate the spatial structure of the ionospheric irregularities,
(2) derive GD and KH growth rates at various spatial
scales, and (3) determine which mechanism was dominant
in the production of the ionospheric irregularities.

2. Data Presentation

[8] The ICI-2 sounding rocket was launched at 10:35:10 UT
on 5 December 2008 from Ny-Ålesund, Svalbard (NYA:
78.9�N, 11.9�E; 76.4� MLAT, 110.2� MLON) to investigate
the production of decameter-scale irregularities in the cusp
ionosphere associated with HF radar backscatter [Moen et al.,
2012]. The solar elevation angle near the rocket apogee was
approximately �10� [Lorentzen et al., 2010], and rocket
measurements were made between 73.3 and 76.0� MLAT
and 13.0–13.6 MLT, see Figure 1. A detailed overview of the
solar wind conditions has been provided by Lorentzen et al.,
and we encourage the interested reader to take a look at
Figure 2 of Lorentzen et al. The solar wind speed was
400 km/s. The interplanetary magnetic field (IMF) Bz com-
ponent was steady and negative (around �6 nT), By was
steady and positive (around 4–5 nT), Bx fluctuated around
0 nT and reached a maximum of 4 nT near launch. There
were no solar wind density data around launch, but at 11 UT
it was around 5 cm�3. For more details, see the work of
Lorentzen et al.
[9] Figure 1 summarizes the auroral activity and HF radar

measurements. Figure 1a shows an image at 10:37:31 UT of
the 630 nm aurora from the UiO/UNIS all-sky camera in
Longyearbyen, and Figure 1c shows simultaneous HF
backscatter power data from the SuperDARN Finland radar.
The all-sky image has been projected onto a magnetic grid,
using an assumed emission height of 220 km, and the
intensity is shown in color. We notice that the cusp aurora is
colocated with high HF backscatter power, in a wide area to
the south of Svalbard. In both Figures 1a and 1c, we have
indicated the location of the ESR field-aligned 42 m beam
with a pink dot, and the ESR 32 m beam with four purple
dots, corresponding to locations where the radar beam
intersected 100, 200, 300 and 400 km altitude. The ICI-2
trajectory is indicated with a thick black line, and it inter-
sects the ESR 32 m beam from 10:41:15–11:41:34 UT (365–
384 s after launch). We notice that ICI-2 was launched in the
polar cap, and flew southwest toward the cusp aurora.
[10] To study the formation of irregularities in a plasma

that is moving relative to the rocket payload, it is important
to know more about the time history of auroral activity and
HF backscatter power for individual magnetic flux tubes in
the ionosphere. We have therefore used the SuperDARN
convection data and the technique of Oksavik et al. [2010] to
trace backward and forward in time the plasma that
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intersected the ICI-2 trajectory. The resulting tracks of
individual plasma parcels are overlaid in Figures 1a and 1c
as black lines. There is one track intersecting the rocket
trajectory every 100 s after launch, and tiny black dots every
two minutes indicate the time history of each plasma
streamline. Universal time is also indicated with light gray
guide lines every 10 min. To guide the eye, please look at
the 200 s streamline; it originated in the postnoon sector near
70 MLAT and 14.5 MLT, moved through the dayside aurora
from 1006 to 1034 UT, intersected the ICI-2 track around
1038 UT, and was near the northeast coast of Greenland
around 1100 UT. In a similar way it is seen that all plasma
crossing the ICI-2 trajectory originated at lower latitudes in
the dusk sector, consistent with stable IMF By positive and
Bz negative conditions.
[11] Figures 1b and 1d show the time history of auroral

activity and HF backscatter power for all field lines that
drifted across the ICI-2 track (which is shown in black). To
read this plot, first pick a time of flight along the vertical
axis, and then look at a horizontal slice to see the time his-
tory of the field line that crossed the ICI-2 track at that
particular time. To the left hand side of the ICI-2 track in the

Figure 1. Summary of auroral activity and HF radar measurements during the ICI-2 flight: (a) an image
at 10:37:31 UT of the 630 nm aurora from the UiO/UNIS all-sky camera in Longyearbyen projected to
220 km altitude in a magnetic grid, (c) simultaneous HF backscatter power data from the SuperDARN
Finland radar, and time history of (b) auroral activity and (d) HF backscatter power for all field lines
that drifted across the black ICI-2 track. See text for more details.

Figure 2. Comparison of electron density profiles from the
two ESR beams (32 m in blue, and 42 m in red, and the aver-
age of the two in black) with observations from the up and
downleg of ICI-2 (in green).

OKSAVIK ET AL.: PLASMA IRREGULARITY GROWTH A11301A11301

3 of 9



figure is the history of the field line before it reached the
ICI-2 track, and to the right hand side is what happened
after. We immediately note the following: (1) On their way
toward the ICI-2 track the flux tubes traversed an area of
intense auroral activity and enhanced HF backscatter power;
(2) the aurora and HF backscatter power was for the most
part colocated, i.e., a typical signature of the cusp; (3) except
for the last 100 s of flight, where the rocket actually inter-
sected aurora, ICI-2 was located 2–3 min drift time poleward
of the cusp aurora and the enhanced HF backscatter power,
i.e., the irregularities seen by ICI-2 had drifted poleward
and the drift time was longer in the early part of the flight;
(4) around 10:30 UT there was a transient brightening of the
aurora, and flux tubes from this activity intersected the
rocket track less than two minutes later, corresponding to
125–140 s after the ICI-2 launch.
[12] Figure 2 compares electron density profiles from the

two ESR beams (32 m in blue, and 42 m in red) with
observations from the up and downleg of ICI-2 (in green).
The ESR data have been integrated for the entire duration of
the ICI-2 flight (10 min) in order to look at the average
vertical profile of the electron density. By averaging the data
in this way we will not be able to reveal any transient vari-
ability in the electron density. Around 130 s flight time there
was one event passing the ESR that looks very much like a
polar cap patch; we refer the interested reader to Lorentzen
et al. [2010, Figure 4] for more details. But the electron
density of that event was just less than two times the back-
ground, e.g., slightly smaller than the definition [Buchau
et al., 1983; Weber et al., 1984; Crowley et al., 2000].
Because traditional incoherent scatter radar measurements
do not measure the absolute electron density, and to have
the ESR data match the ICI-2 data at the 263 km altitude
F region peak, the 32 m and 42 m profiles have been multi-
plied with calibration coefficients of 1.39 and 1.77, respec-
tively. Still it is noticeable that ICI-2 is observing much finer
structures than ESR, which is possible because of the sig-
nificantly higher temporal and spatial resolution of the
rocket measurements compared to the ESR measurements.
In the F region ICI-2 was making 5700 measurements per
second at meter resolution, while the ESR data were aver-
aged over 10 min, several km in the horizontal direction, and
20–30 km in the vertical direction. The finer structure ICI-2
signatures are associated with kilometer to decameter-scale
ionospheric irregularities, which we will focus on in the
remainder of this paper.
[13] Figure 3a presents electron density measurements

from the 4-needle ICI-2 Langmuir probe [Jacobsen et al.,
2010; Bekkeng et al., 2010] versus time of flight. In
Figure 3b the electron density measurements have been
combined with the average electron density profile (shown
in Figure 2 as a black line) to produce a graphical repre-
sentation in color of the vertical electron density distribution
along the ICI-2 track (which is shown in black in Figure 3b).
To produce Figure 3b we determined the ratio between the
average profile and an individual rocket observation (at the
altitude of the rocket observation), multiplied the average
profile with this number, and repeated the procedure to
produce a series of vertical profiles for the duration of the
rocket data. From Figure 3b we see that on the upleg ICI-2
intersected the bottom of an intense F region (around 140 s),

in the middle of the flight ICI-2 was above the F peak, and
on the downleg ICI-2 flew under a new and intense F region
associated with the cusp aurora. Figure 3c shows horizontal
plasma drift velocities from the ICI-2 electric field instru-
ment (spin-averaged data). The poleward flow (blue) stayed
between 1.0 and 1.9 km/s throughout the flight. The west-
ward flow (red) increased from �0.6 to almost 2.0 km/s, and
the along-track flow (black) went from �1.2 to �0.3 km/s,
as the rocket approached the cusp aurora. In other words,
toward the end of the flight the plasma flow was mostly
perpendicular to the rocket trajectory, i.e., northwestward.
[14] We can now go one step further and identify spatial

structures in the data. The rocket payload is traversing a
medium of variable plasma flow, so the horizontal separa-
tion Dx between two data samples in the plasma frame of
reference is

Dx ¼ Dt � Vr þ VE�B½ �: ð1Þ

Here Dt is the time between data samples, Vr is the hori-
zontal speed of the rocket payload (around 1 km/s), and VExB

is the component of the E � B plasma drift along the rocket
track.
[15] In Figure 3d this technique is used to carry out a

spectral analysis of spatial structures in the electron density.
Using equation (1), the 5.7 kHz sample rate electron density
data in Figure 3a were placed in a horizontal grid. The data
were then reduced to 1 m resolution, and a 1024-point
Hamming window spectral analysis was carried out. The
resulting power spectral density (PSD) is shown in color in
Figure 3d versus spatial distance and time after launch.
Throughout the flight there were several instances where
electron density irregularities extended all the way down to
decameter scale. The most prominent example is 125–140 s
after launch, when the rocket in 200 km altitude was
near an enhancement of the aurora two minutes earlier
(cf. Figures 1a and 1c). At this time strong plasma irregu-
larities were seen at all spatial scales from a few hundred
meters to less than 10 m. Throughout the flight there
were several instances where irregularities extended down
to 20–30 m; e.g., around 245–270 s, around 320 s, and
400–450 s after launch.
[16] The same type of spectral analysis can also be per-

formed for the plasma drift data. Using a 32768 point
Hamming window, in Figure 3g we show the resulting PSD
in color versus spatial distance and seconds after launch.
This analysis shows that, contrary to the electron density that
had spatial structures all the way down to decameter scale,
the drift velocity had almost no fine structures at spatial
scales less than 2–3 km. The strongest fluctuations in the
drift velocity were seen around 200–230 s. These fluctua-
tions had significant wave power in the 3–10 km range.
[17] This information can also be used to estimate the

production of plasma instabilities. For the GD growth rate
literature offers two different equations [e.g., Linson and
Workman, 1970; Ossakow et al., 1978; Sojka et al., 1998].
In a collisional plasma (4gGD ≪ nin) the linear GD growth
rate is

gGD ¼ V 0DN

N 0Dx
: ð2Þ
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Figure 3. A survey of the ICI-2 electron density and electric field data: (a) electron density measure-
ments from the 4-needle ICI-2 Langmuir probe versus time of flight, (b) a graphical representation in color
of the vertical electron density distribution along the ICI-2 track, (c) horizontal plasma drift velocities from
the ICI-2 electric field instrument, (d) a spectral analysis of spatial structures in the electron density, (e) the
time scale for GD instability growth at various spatial scales versus time, (f) the time scale for KH insta-
bility growth at various spatial scales versus time, and (g) a spectral analysis of spatial structures in the
electric field. The altitude of the rocket payload is shown both as text along the time axis and as a black
line in Figure 3b.
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In a collisionless or “inertial” plasma (4gGD ≫ nin) the linear
GD growth rate is

gGD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nin

V 0DN

N 0Dx

� �s
: ð3Þ

Here nin is the ion-neutral collision frequency, N0 is the
background density, and DN/Dx is the horizontal electron
density gradient. Equation (1) gives Dx, and we can use
ICI-2 Langmuir probe data for the electron density. V0 is the
plasma drift relative to the neutral atmosphere in the direc-
tion parallel to the density gradient (also called the “slip”
velocity [Tsunoda, 1988]). Unfortunately we have no mea-
surement of the neutral wind at the time, so we will have to
assume likeMoen et al. [2002, 2012] that the neutral wind is
negligible compared to the plasma drift velocity, i.e.,
V0 = VExB, which is obtained by SuperDARN. Heelis et al.
[2002] have documented that the neutral wind speed in the
F region polar cap may reach 60% of the ion drift speed
during extended intervals of southward IMF. However, a
neutral wind speed which is 60% of the ion drift speed,
will only reduce the GD growth rate by a factor of 0.40 in
the collisional case (equation (2)), and a factor of 0.63 in the
collisionless case (equation (3)).
[18] The KH growth rate can be estimated from work by

Keskinen et al. [1988]. For ionospheric application the
maximized KH linear growth rate is proportional to the
velocity gradient, expressed in terms of a velocity difference
DV and a velocity difference scale length L [Carlson et al.,
2008]:

gKH ¼ 0:2DV=L: ð4Þ

We can now calculate growth or risetimes for the two types
of irregularities in the direction along the rocket trajectory
(for the direction perpendicular to the rocket track we have
no information). In the following we will also ignore loss
mechanisms (e.g., diffusion and recombination) and focus
only on the production terms. The time scale for irregularity
growth is given as t = 1/g, and in Figure 3e we have plotted
the time scale for GD irregularity growth tGD = 1/gGD (in
logarithmic color scale) at various spatial scales versus time.
We notice that 125–140 s after launch there is very efficient
growth of GD instabilities at all spatial scales down to a few
meters. The efficient growth of GD instabilities was seen
when the weak polar cap patch event [Lorentzen et al., 2010]
intersected the ICI-2 trajectory. At all scale lengths greater
than 10 m, the time scale is just a few seconds (or a few tens
of seconds) when we ignore the neutral wind. Assuming a
neutral wind speed which is 60% of the ion drift speed only
increases the time scale for GD irregularity growth by a
factor of 2.50 in the collisional case (equation (2)), and a
factor of 1.58 in the collisionless case (equation (3)). We can
therefore conclude that the GD mechanism, in a few tens of
seconds, will efficiently create a quick cascade of larger
scale irregularities to very small spatial scales. The rocket
intersected this event only two minutes after a significant
enhancement in the aurora (cf. Figures 1a and 1b), so it is
possible that structured ionization due to auroral precipita-
tion was essential to create the larger-scale seed ionization
that the GD instability builds on, consistent with ideas sug-
gested by Kelley et al. [1982] and Moen et al. [2002]. There

is also efficient growth of GD irregularities at 245–270 s,
down to a few tens of meters. The growth of GD irregular-
ities appears to be much slower around 320 s and 400–450 s,
but it does not mean that GD irregularities were unable to
form. Knowing that the plasma drift was primarily perpen-
dicular to the rocket track, it is possible that GD irregularities
could grow in the direction perpendicular to the rocket track.
[19] In Figure 3f we have plotted the time scale for KH

irregularity growth tKH = 1/gKH (in logarithmic color scale)
at various spatial scales versus time. With time scales much
longer than 1 h, we notice that the KH instability appears to
have been inactive, especially at spatial scales less than a
few kilometers. Only around 200–230 s was there a brief
interval of 4–6 km KH irregularities with growth time scales
down to 30 s (i.e., the KH instability could be active).
However, this enhanced growth of KH irregularities was
not coincident with any simultaneous growth of GD
irregularities.

3. Discussion

[20] It is well known that the cusp ionosphere is an effi-
cient target for coherent HF radio waves, i.e., that the region
is composed of decameter-scale field-aligned electron den-
sity irregularities with a spatial Fourier component satisfying
the Bragg condition [e.g., Milan et al., 1998]. There have
also been several papers discussing the colocation of aurora,
HF backscatter and particle precipitation in the cusp region.
Rodger et al. [1995] reported that the equatorward edge of
the ionospheric footprint of the optical cusp and the HF radar
cusp are colocated to better than 1� in latitude. This result
has later been confirmed by other studies [Milan et al., 1999;
Moen et al., 2000, 2002]. Yeoman et al. [1997] found a
colocation of radar backscatter, cusp particle precipitation
and optical signatures. Hosokawa et al. [2004] documented
that high-frequency (0.2–5 Hz) magnetic field fluctuations
occur simultaneously with wide HF radar spectra. Oksavik
et al. [2004] found a near collocation of the equatorward
edge of electric field irregularities imposed on the iono-
sphere and the formation of cusp backscatter irregularities.
Their argument was that the strong electric field turbulence
will give rise to flow shear (KH) instability and plasma
irregularities, as proposed by Baker et al. [1995]. This has
also been further supported by Oksavik et al. [2011], who
presented several reversed flow channels that were associ-
ated with enhanced SuperDARN backscatter power, all in
favor of the KH mechanism.
[21] The current paper presents an example where the KH

mechanism can be questioned as a candidate mechanism for
decameter irregularity growth at spatial scales less than a
few kilometers. KH irregularities were only seen in the km
range for a brief interval around 200–230 s, with growth
time scales down to 30 s for 4–6 km irregularities. It is also
interesting to point out that other reports on KH irregularities
[e.g., Carlson et al., 2007, 2008; Oksavik et al., 2011] have
all been looking at velocity gradients DV/L in the tens of
kilometer range, constrained by the size of individual
SuperDARN range gates. The current study is the first
search at smaller scales. The fact that no significant velocity
gradients were observed at the smallest scales suggests that
the KH mechanism is probably most common at spatial
scales greater than a few kilometers. Carlson et al. [2007,
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2008] also argued that the KH mechanism is likely to gen-
erate the large “seed” irregularities that the GD mechanism
later will build on. However, in the short time interval when
the KH instability was active in the several km range, there
was no coincident and enhanced growth of GD instabilities
at smaller spatial scales. For this reason we did not find any
evidence of the two-step mechanism of Carlson et al. [2007,
2008]. However, this lack of confirmation does not mean
that the Carlson et al. [2007, 2008] mechanism is not
operational at other times. The flow shears seen by ICI-2
were rather small, and the Carlson et al. [2007, 2008]
mechanism would also be more efficient in a situation of
larger flow shears.
[22] Prior to ICI-2 there were very few studies of the

internal substructure of plasma irregularities. Kelley et al.
[1982] showed data of spatial structures from a Greenland
rocket flight, but their data set was not of meter resolution.
Pedersen et al. [2000] used incoherent scatter radar mea-
surements, which cannot reveal the meter resolution struc-
tures that ICI-2 detected. In the current paper we document
the spatial structure of irregularities throughout the entire
rocket flight. The current data set offers an unprecedented
view of kilometer- to meter-scale plasma irregularities in the
F region cusp ionosphere. Figure 3d reveals that the irreg-
ularities were highly variable along a several hundred kilo-
meter horizontal slice. Around 125–140 s after launch the
irregularities were seen to extend from a few hundred meters
and down to less than 10 m. But there were also intervals of
no irregularities at spatial scales less than 100 m, or only
very weak irregularities. The latter could explain why
SuperDARN sometimes does not observe any backscatter
echoes; i.e., significant irregularities may not be present all
the time and everywhere when the plasma is stable to
irregularity growth.
[23] The current data set provides compelling evidence

that the GD instability is a dominant mechanism for irregu-
larity growth in the dayside cusp region. Moen et al. [2002]
made an initial attempt at quantifying the GD growth rate
based on density gradient data from ionospheric tomography
in association with 630 nm cusp aurora and a well defined
edge of HF radar cusp backscatter. They found a linear
growth rate for the GD instability of 12 min. But the tomo-
graphic technique requires observations to be made for a
range of raypath geometries over a period of several min-
utes, and Moen et al. [2002] pointed out that the resultant
integration effect in a poleward convecting flow will smooth
out the density gradient to some degree, so their time scale
for irregularity growth could be an overestimate by possibly
up to an order of magnitude. They concluded that a time
scale of the order of minutes would be needed for the
irregularities to develop, during which time the prevailing
convection would have carried the ionization poleward by a
distance greater than the spatial resolution of the measure-
ments (�25 km). Hence, a clear spatial separation would be
expected between the backscatter boundary and the bound-
ary of the cusp auroral emissions. No such division was
observed, and Moen et al. [2002] concluded that the opera-
tion of the GD mechanism on the observed meso-scale
gradient was inadequate to explain the observations. With
high-resolution data from a subset of the ICI-2 flight, Moen
et al. [2012] found the first evidence of GD time scales that
were 15–70 times faster than the initial estimate of Moen

et al. [2002]. The study of Moen et al. [2012] focused
on a 2 s interval in the later part of the ICI-2 flight (from
427.5 to 431.0 s flight time), where kilometer-scale density
gradients ascribed to electron precipitation gave a GD time
scale of 47.6 s in the direction along the rocket track.
[24] In the current paper we have made a more thorough

analysis of the complete ICI-2 data set. We found the most
efficient irregularity growth 125–140 s after launch; only
two minutes after a significant enhancement in the aurora,
cf. Figure 1c. It also points at soft particle precipitation as a
likely contributor to irregularity growth. Oksavik et al.
[2004] point out that the colocation in latitude of the onset
of small-scale irregularities responsible for backscatter and
the optical emissions is most easily explained if both have a
common source. Backscattering of radar signals arises from
irregularities transverse to the magnetic field at the Bragg
scale, which is about 10–20 m for typical SuperDARN
observations. Red-line 630 nm cusp aurora arises from pre-
cipitation of low-energy magnetosheath particles that also
cause enhancements in electron density at F region altitudes.
Walker et al. [1999] suggested that soft precipitation could
create structured enhancements in the electron density in the
cusp/cleft region. Moen et al. [2002] found spatial structures
in the electron density that mapped closely to the precipita-
tion and proposed that the initial source of the decameter-
scale HF backscatter targets may result from fine structure
within the precipitation itself. Our results support this idea of
a two-step process, which was originally suggested by
Kelley et al. [1982]. When a flux tube drifts through a region
of intense cusp aurora, structured particle precipitation can
generate irregularities at kilometer scale, or even down to a
few hundred meter scale. The life time of these irregularities
depends on loss processes like how quickly the plasma can
diffuse across the magnetic field. According to Kelley [2009,

p. 472] the time scale for perpendicular diffusion is tD ¼
k2D?ð Þ�1

, where the wave number is k = 2p/l, and the
perpendicular diffusion coefficient D? has typical values of
10–50 m2 s�1. ICI-2 was launched near solar minimum, so it
is reasonable to assume the diffusion coefficient to be near
its lower range [e.g., Khocholava, 1977]. It gives diffusion
time scales of 70 h for 10 km structures, 42 min for 1 km
structures, 10 min for 500 m structures, and 25 s for 100 m
structures. Consequently, there is sufficient time for “seed”
irregularities of a few hundred meters to survive a transit
time of a few minutes, while the GD instability begin to
break these irregularities down to decameter scales. The data
presented in Figure 3e show that when conditions are opti-
mal for growth of GD irregularities (e.g., 125–140 s after
launch), the time scale can be as low as a few seconds (or a
few tens of seconds). So in a couple of minutes there will be
sufficient time for intense decameter GD irregularities to
develop. This could also explain why the equatorward edge
of the aurora and the HF backscatter always seem to be
colocated in the cusp region.

4. Summary and Concluding Remarks

[25] We have presented in situ measurements from a
sounding rocket and investigated fine-scale structures in
polar cap patches and the growth of F region plasma irreg-
ularities in the cusp ionosphere. High-resolution sounding
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rocket data from ICI-2 were combined with ground-based
data; an all-sky camera, the EISCAT Svalbard Radar, and
the SuperDARN Hankasalmi radar. These data sets allowed
us to characterize the spatial structure of the observed
F region irregularities and to derive instability growth
rates at various spatial scales. Except for a promising
interval of 4–6 km irregularities, the growth rate of the
Kelvin-Helmholtz (KH) mechanism was too slow to explain
any of the observed plasma irregularities, and we found the
gradient drift (GD) mechanism to be dominating the pro-
duction of the observed F region irregularities. We also
noticed that the strongest plasma irregularities were
observed only two minutes after a significant enhancement
in the aurora (i.e., 125–140 s after launch). It leads us to
propose a two-step irregularity generation process: (1) the
structured particle precipitation generates weak “seed”
irregularities at scales of kilometers to a few hundred meters,
and (2) the GD instability will then break these “seed”
irregularities very efficiently down into decameter scales.
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