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[1] Coordinated observations of ionospheric variability near the geomagnetic pole using
the Resolute Bay Incoherent Scatter Radar (RISR-N), Super Dual Auroral Radar Network
(SuperDARN) High Frequency (HF) radars, and all-sky imagers have clarified the relative
contribution of structuring mechanisms operating on polar plasma patches. From the
multipoint RISR-N observations, a three dimensional image can be constructed of the
plasma parameters. The colocated coherent echoes from the SuperDARN radars provide
information on field aligned irregularities, and from all-sky imagers located in Resolute
Bay, Canada and Qaanaaq, Greenland, information is obtained on the emission brightness
at different wavelengths. A good correlation is found between the location of the
coherent, incoherent and optical signals of patches. From the SuperDARN radar data it is
evident that plasma irregularities seem to be present throughout the region of enhanced
electron density. The patches are observed to be formed in the cusp region due to bursty
flux transfer events and are then transported across the polar cap. During the time period
of about 10 minutes when a patch drifted through the RISR-N field of view, the patch
seemed to undergo significant deformation in all three spatial dimensions, with density
fluctuations of about 10% and spatial variations leading to stretching and tilting of the
patch. The findings show that plasma structuring can likely occur within polar cap
patches, which support previous suggestions that a patch is highly variable as it drifts
across the polar cap, with a faster spread of irregularities throughout the patch as a result.
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1. Introduction

[2] At high-latitudes and over the polar cap, discretized
volumes of F-region plasma known as polar cap patches are
pushed from the dayside to the nightside ionosphere by
convection streams formed by the interaction of the geo-
magnetic and Interplanetary Magnetic Field (IMF). To be
defined as polar cap patches, the volumes of plasma must

have a density that is at least twice that of the background
F region, and spatial dimensions on the order of 100 km
[Crowley, 1996]. It is evident that patches are an important
mechanism of horizontal plasma transport in the high-
latitude and polar cap ionosphere. Observations by Semeter
et al. [2003] suggest that patches may also play a large role
in vertical plasma transport within these regions. Patches are
observed under all geomagnetic conditions [e.g., Coley and
Heelis, 1998] and can be studied optically [e.g., Buchau
et al., 1983; Weber et al., 1984; McEwen and Harris,
1996; Moen et al., 2002; Lorentzen et al., 2004; Lockwood
et al., 2005; Hosokawa et al., 2009a; Oksavik et al., 2010;
Zhang et al., 2011] andwith radars [e.g., Rodger et al., 1994a;
Pedersen et al., 1998; Carlson et al., 2002]. Their effects on
radio wave propagation and GPS signals can be significant,
even during periods of subdued geomagnetic activity.
[3] Polar cap patches are often detected by their emission

of the oxygen emission line at 630.0 nm – the “red line”,
originating from the O(1D) state. This state can be reached in
many ways, including
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[e.g., Garner et al., 1996] where e* represents both thermal
and photoelectrons. The most important mechanism for
generating the red line emissions from polar cap patches is
the dissociative recombination shown in equation (1), for
which the reaction rate is proportional to the densities of
O+ and O2 [Link and Cogger, 1988].
[4] Depending on its overall size and density, the amount

of time for a patch to deplete to a density below that which
defines a patch has been estimated to on the order of an hour
[Pedersen et al., 1998]. This relatively lengthy lifetime
combined with the ability to observe patches with the red-line
emission allows for patches to be used as tracers as they drift
along E� B convection streams over large geographic areas.
Even though the definition of a patch relates to the electron
density enhancement above the background, the word patch
has generally been used for the regions of red line emission
detected in the polar cap by all-sky imagers. Since the image
is a two-dimensional projection of an emission dependent on
the chemical composition in the ionosphere, there can be a
discrepancy between a patch seen by an ISR (Incoherent
Scatter Radar) measuring the electron density, and a patch
seen by an all-sky imager measuring the red line emission.
We will still refer to the optical enhancements discussed in
this study as patches, even though their true definition as a
patch will be determined by the radar data.
[5] Historically, optical imager experiments have been a

popular method for patch observations. Due to their large
plasma density gradients and speed, patches are subject to the
gradient drift instability (GDI) [Chaturvedi and Ossakow,
1981; Moen et al., 2002, 2012]. The irregularities produced
from the GDI may set-up a Bragg scattering condition,
allowing the patches to be detected outside of the optical
spectrum, at radio frequencies, by coherent scatter radar
systems [e.g., Rodger et al., 1994a; Milan et al., 2002;
Carlson et al., 2002, 2004; Lockwood et al., 2005; Zhang
et al., 2011; Hosokawa et al., 2010]. Incoherent scatter radar
systems [Moen et al., 2006; Smith et al., 2000], ionosondes
[MacDougall and Jayachandran, 2007], riometers [Nishino
et al., 1998] and rocket-borne instruments [Lorentzen et al.,
2010] have all contributed to patch research as well. The
majority of early patch research only features data from
individual instruments; the infrastructure that would enable
patch investigations with more than one instrument had not
yet been constructed. To test the self-consistency of our
understanding about dynamic processes at work within and
around patches, multi-instrument observations are crucial.
Recently, the scientific community has placed more empha-
sis on the high-latitude and polar cap region, investing in new
scientific instrumentation there. Within the last decade, the
installation of several all-sky imagers at Resolute Bay, like
the Optical Mesosphere Thermosphere Imagers (OMTI)
[e.g., Shiokawa et al., 1999], two Super Dual Auroral Radar
Network (SuperDARN) sites at Rankin Inlet and Inuvik
[Greenwald et al., 1995] and the installation of the Resolute
Incoherent Scatter Radar - North (RISR-N) at Resolute Bay
[Bahcivan et al., 2010], has increased the opportunity to
conduct patch research using a variety of complementary
instruments. In the near future, the soon to be completed
RISR-Canada (RISR-C) ISR will also be able to contribute
to patch research, along with a new SuperDARN site at
Clyde River – scheduled for construction in summer, 2012.

[6] Multi-instrument observations of polar cap patches
have been carried out by for example Carlson et al. [2004,
2006]. In the patch case-study by Lorentzen et al. [2010]
observations from a meridian scanning photometer (MSP),
rocket-borne instrumentation and the European Incoherent
Scatter (EISCAT) Svalbard Radar (ESR), as well as derived
ionospheric convection patterns from the SuperDARN
radars were featured. The use of multiple instruments in that
study culminated in a significant contribution to patch
research: compelling evidence of a strong link between fast
convection flows on the edges of a Poleward Moving
Auroral Form (PMAF) near the cusp region, and the for-
mation of polar cap patches. The PMAF was observed
optically with the MSP, the ESR and rocket were used to
measure the plasma density of the PMAF, and the Super-
DARN radar was used to infer plasma flows in and around
the PMAF and patches. It is important to note that each of
the instruments used in this work offered unique and com-
plementary measurements.
[7] Some studies have shown that radar echoes are often

stronger on the trailing edge of a patch, attributing this to the
notion that GDI growth conditions are more favorable there
[Milan et al., 2002; Cerisier et al., 1985]. Observations of
multiple patches made both optically and with the Rankin
Inlet SuperDARN data by Hosokawa et al. [2009b], found
no evidence to support this. The radar echoes corresponded
well with the optical emissions, even though the lifetime of
the patch was shorter than the time needed for the GDI to
spread through the patch. A process to account for this dis-
crepancy was presented by Carlson et al. [2008], who
argued that shear-driven instabilities could rapidly structure
the patch during its formation, which was also supported by
their measurements.
[8] The complexity and dynamic properties of polar cap

patches necessitate a systematic approach for their investi-
gation. Previous work gives credence to the value of using
multiple instruments for patch studies. However, each
instrument is often limited to measurements in one or two
dimensions. In the work presented here, we continue to
develop the multi-instrument approach by combining patch
measurements from an ISR, a coherent scatter radar and
optical instruments. The fast beam-steering technique of the
phased-array RISR-N provides a novel three-dimensional
view of the plasma parameters in a polar cap patch. This
technique was demonstrated on a polar cap patch by
Dahlgren et al. [2012], who discussed that multiple time-
dependent mechanisms can lie behind the high degree of
structuring seen in the electron density of the patch. In this
paper, we expand on those results, by further investigating
the same event, with more depth and a more extensive suite
of instrumentation. Reminiscent of the combined observa-
tions by Hosokawa et al. [2009b] of a patch with Super-
DARN and an all-sky imager, where a good correlation
between the HF echoes and the optical response was found,
we use the RISR-N radar to obtain data on the actual elec-
tron density in the polar cap, to compare with SuperDARN
echoes, and optical images. The advantages of direct elec-
tron density measurements for polar cap studies are many.
Instead of projecting line-of-sight integrated optical emis-
sions onto a two-dimensional plane, which does not always
reflect the true location of the denser plasma, a three-
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dimensional distribution of the electron density can be
obtained. The observations are also not weather-dependent.
Previous probing of the plasma properties in the polar cap by
ISRs have been conducted by the EISCAT Svalbard Radar
and the Sondrestrom radar, during slow azimuth or elevation
scans [e.g., Carlson et al., 2002; Valladares et al., 1998].
With the capabilities of the RISR-N radar, the probing is no
longer limited to two dimensions, and data can be captured
simultaneously from all beam directions.
[9] At 22:10 UT on December 11, 2009, a patch was

observed for approximately 10 minutes with both the OMTI
and RISR-N instruments. At the same time, and in the same
region, radar echoes consistent with a patch were detected by
both the SuperDARN sites at Rankin Inlet and Saskatoon.
The combined data sets allowed for detailed investigation of
the ionospheric properties of the patch, and a high degree of
intrinsic structuring and variability was indicated in the
patch, suggesting that the patch was subject to an internal
redistribution of plasma during its transit across the polar
cap.

2. Instrumentation and Analysis Techniques

[10] The instrumentation used in this study consists of
incoherent and coherent scatter radars and all-sky imagers,
which are detailed below:

2.1. RISR-N

[11] The northward-looking Resolute Bay Incoherent
Scatter Radar, RISR-N, located in Resolute Bay, Canada
(74.7�N, 265.1�E, 83.6�N MLAT), is a modulated phased
array radar operated at 449 MHz. Utilizing a beam-steering
technique, the pointing direction of the radar can be changed

on a pulse-to-pulse basis, providing simultaneous measure-
ments of the polar cap ionosphere in multiple directions
when integrating the data over seconds or more. For the data
in this study a 480 ms long pulse experiment was run, lim-
iting the line-of-sight range resolution to 72 km. The radar
was pointed in a 5 � 5 beam grid, with a beam separation of
14� on average, corresponding to a coverage of about 300 �
400 km at an altitude of 300 km. The pointing directions of
the beams are illustrated in Figure 1, as small rings over-
plotted on one of the OI 630.0 nm OMTI images during the
time of the event discussed further below. The geographic
cardinal directions as well as the radar beam elevation angle
are marked by white dashed lines in the figure. By using a
trilinear interpolation technique of the data (illustrated in
Dahlgren et al. [2012]), based on the techniques described
in Nicolls et al. [2007] and Semeter et al. [2009], a volu-
metric image of the plasma parameters is obtained at 1 min-
ute resolution.

2.2. SuperDARN Data

[12] The HF SuperDARN radars [Greenwald et al., 1995;
Chisham et al., 2007] at Rankin Inlet (62.8�N, 287.0�E),
Prince George (54.0�N, 237.4�E), Saskatoon (52.2�N,
253.5�E) and Inuvik (68.4�N, 226.5�E) monitor coherent
backscatter from the northern polar cap. SuperDARN radars
operate between 8 and 20 MHz. For the times from which
the radar data was used, the Rankin Inlet radar was operating
at 12.2 MHz, the Prince George radar at 10.7 MHz, the
Saskatoon radar at 10.8 MHz and the Inuvik radar at
10.5 MHz. Each SuperDARN radar is capable of electronic
beam-steering over an azimuth of approximately 55� that is
divided into 16 beams. Each beam is subdivided radially into
100 range gates with a radial resolution of 45 km. These
SuperDARN radar field-of-views (FOVs) encompass Reso-
lute Bay, providing backscatter power and line-of-sight
velocity estimates with a temporal resolution of 2 min. The
FOVs of the four SuperDARN radars are outlined in black in
Figure 2, with Rankin Inlet in the center (data colored with
gray scale), Saskatoon to the top left (green scale), Prince
George to the top center (blue scale) and Inuvik to the top
right (red scale).The RISR-N FOV at 270 km altitude is
outlined with a red tetragon. The Prince George radar also
monitors a region encompassing the cusp during the event
discussed here.

2.3. Airglow Imagers

[13] One of the OMTI airglow all-sky imagers is located
in Resolute Bay. The imager was developed by the Solar-
Terrestrial Environment Laboratory, Nagoya University
[Shiokawa et al., 1999; Hosokawa et al., 2006; Shiokawa
et al., 2009], and captures a 30 s exposure in 630.0 nm
every 2 min and regularly 30 s exposures in 557.7 nm. The
630.0 nm red channel is background corrected, by subtract-
ing a one-hour running average for increased contrast. Due
to gaps in the imaging sequence, a similar correction cannot
be made for the green 557.7 nm channel. Additional 3 s
exposures of N2

+ at 427.8 nm every 30 s were provided by
the NASCAM (Narrow-band All-Sky Camera for Auroral
Monitoring) imager owned by the University of Calgary and
installed in Resolute Bay.
[14] Data from an all-sky imager installed in Qaanaaq,

Greenland (77.5�N, 290.8�E, 85.1�N MLAT) operated by

Figure 1. OMTI 630.0 nm image on 11 December 2009, at
22:10 UT. The overplotted small rings show the pointing
directions of the 5 � 5 RISR-N beam grid. White dashed
lines mark the geographical cardinal directions and elevation
angles. The arrow in the bottom right corner shows the gen-
eral drift direction of the patches from their formation region
and through the zenith at Resolute Bay.
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the U.S. Air Force Research Laboratory are also available
for this study. The imager captures 55 s exposures in the red
line, at 630.0 nm. The FOV is partly overlapping with the
FOV of the OMTI and NASCAM imagers, so that it is
possible to continue monitoring the patches as they move
out of the range of OMTI.

3. Observations

[15] The polar cap density enhancements discussed in this
paper were observed on 11 December 2009, during a very
quiet (Kp = 0) period of negative IMF Bz, and negative and
positive IMF By and Bx, respectively. Faint plasma struc-
tures which drifted anti-sunward from their formation region
into the polar cap were seen during a time period of a couple
of hours following 18 UT. A snapshot of the structures at
630.0 nm taken with the OMTI imager at 22:10:36 UT is
shown in Figure 1. The patches come into the FOV from the
bottom right corner (geographic south-west) and then drift
anti-sunward across the FOV to the north-east. The general
direction of the drift is marked in the image with an arrow.
[16] One of the patches drifted through the RISR-N FOV

around 22:13 UT, producing enhanced echoes in both the
incoherent and coherent scatter radars. Figure 2 shows the
SuperDARN power returns at this time, with data from
the Saskatoon, Prince George and Rankin Inlet radar. All
three color scales are normalized to 30 dB. A stronger echo
(darker region) can be seen in the Rankin Inlet data colo-
cated with the RISR-N FOV. The white regions do not
necessarily signify the absence of a radar echo, but are most
likely due to problems with the fitting of the measured sig-
nal, due to low signal-to-noise ratio. Figure 3 shows the

correlation between the electron density as measured by
RISR-N in a horizontal slice at 270 km altitude (plotted as
colored contours in the figure) and the power echo measured
by the Rankin Inlet SuperDARN radar (gray scale) at the
same time. An enhancement in red line emission could also
be detected in the OMTI data, and the location of the emis-
sion is marked in the magnified image by a white dashed
oval. In Figure 4, range-time plots for backscatter power,
velocity and spectral width, from the Rankin Inlet and
Saskatoon SuperDARN radar are given. In the former, a
transient backscatter power feature – consistent with a patch –
can be seen just after 21:50 UT, drifting in a magnetic
poleward direction. A similar feature is coincidentally detec-
ted by the Saskatoon radar.
[17] A three-dimensional composite of horizontal and

vertical slices from the RISR-N data is displayed in Figure 5
for this patch. The slices at 340 km, 250 km and the vertical
slice are produced by extracting cuts of the trilinear inter-
polation of the radar electron density measurements. The
positions of the radar beams are marked on each horizontal
slice as black circles. This method of visualization and a
discussion of the RISR-N data for this particular event has
been previously presented in Dahlgren et al. [2012]. The
structure has a peak electron density of 1.5 � 1011 m�3,
close to 250 km in altitude. The contemporary 630.0 nm
OMTI image is mapped to 200 km altitude rather than
250 km, to keep the figure from being cluttered. The emis-
sion ratio brightness of signal over average background is
given by the horizontal color bar at the bottom of the figure.
The optical enhancements correspond to the location of the
plasma structures seen in the radar data. The coherent scatter

Figure 2. Backscatter power echo fan plot from the SuperDARN radars at Rankin Inlet (gray scale, in
center), Saskatoon (green scale, top left), Prince George (blue scale, top center) and Inuvik (red scale,
top right), at 22:13 UT. The full FOV of the radars are indicated by black lines. The red tetragon marks
the FOV of RISR-N data at 270 km altitude. The patch of particular interest is seen here with the Rankin
Inlet radar, within the FOV of RISR-N. Resolute Bay and Qaanaaq are indicated by a red dot and star,
respectively. The direction of the Sun is up in the figure.
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from the SuperDARN radar is then plotted at 300 km
altitude. The strongest echo (up to 30 dB, color bar to the
left in the figure) comes from the region to the north-east of
the vertical slice, partly overlapping the RISR-N plasma
structure.

[18] The structure at 22:13 UT is seen in the optical data to
arrive from the cusp region (the identification of the cusp
will be discussed shortly) and then drift anti-sunward and
through the RISR-N FOV at a constant speed. Figure 6 (top)

Figure 4. (a) Range-time intensity plot of beam 7 of the SuperDARN radar at Rankin Inlet (top). The
latitude of the center of the RISR-N FOV is marked as a black line. (middle) The line-of-sight Doppler
velocity and (bottom) the spectral width. (b) Same format as in Figure 4a for data from beam 6 of the
Saskatoon radar.

Figure 3. RISR-N electron density contour is plotted in color on top of gray scale SuperDARN echoes.
The FOV of RISR-N is outlined by a dashed black line. The coherent scatter in SuperDARN is seen next
to the plasma density structure. The white dashed oval in the enlarged figure to the right indicates the
location of the optical patch seen with the 630 nm channel on OMTI.
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shows the OMTImeridian-aligned keogram for the time period
22–24 UT, where each slanted structure illustrates a poleward
drift. The middle and bottom panels show the derived average
velocity and direction of the optical enhancements as they pass
the zenith of theOMTI imager. At 22UT the structures have an
optically measured velocity of close to 300 m/s, in the north-
east direction. The speed then increases and the direction
becomes more eastward. This is consistent with the plasma
velocity vectors in the region as constructed from data from the
SuperDARN network of HF radars for the same segment of
time.
[19] The faint 630.0 nm emissions are also visible in the

all-sky data from Qaanaaq, Greenland. At this time, Qaanaaq
is located anti-sunward of Resolute Bay and there is some
overlap in the FOVs of this imager and the OMTI imager,
but unfortunately it was not possible to track a specific
patch through both imagers. Even so, red line emission could
be seen drifting in the north-east (anti-sunward) direction

through the Qaanaaq imager (J. M. Holmes, private com-
munication, 2012).

4. Discussion

[20] In this paper we present simultaneous coherent and
volumetric incoherent scatter measurements of polar cap
irregularities. The results are compared with optical all-sky
measurements in order to clarify the dynamic evolution of
polar cap patches, and investigate their intrinsic variability.
The weak structures (electron densities of the order of
1011 m�3) seen to drift through the RISR-N FOV have
spatial sizes of about 100 km � 100 km � 100 km, which is
small for typical polar cap patches. Similar horizontal sizes
are measured from the optical data. The emissions are also
very faint, with brightnesses in the all-sky data of only up to
300 R in 630.0 nm and 50 R in 557.7 nm. The NASCAM
imager shows no or very faint emission in the N2

+ 427.8 nm

Figure 5. Three-dimensional view of an F region plasma density structure. The slices at 350 km and
250 km as well as the vertical slice show the electron density as derived from RISR-N data. The location
of the radar beams are marked as black circles on the horizontal slices. At 300 km altitude, the Super-
DARN echo is shown. The simultaneous 630.0 nm OMTI image is projected to 200 km altitude, for which
the emission brightness over the background level is indicated with the color bar below the combined plot.
Optical signatures are seen in the location of plasma density enhancements, whereas the coherent echo
from SuperDARN is strongest to the side of the plasma structure.
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wavelength region at around 22 UT, which indicates that
there is no significant electron precipitation in the polar cap
at this time. The structures in the OMTI imager data appear
to originate close to the poleward edge of the auroral oval
and drift poleward.

4.1. Correlation Between Coherent, Incoherent,
and Optical Data

[21] The location of the optical signatures in OMTI cor-
respond well to the enhancements seen in RISR-N for the
few hours of contemporary measurements in the two data
sets. The coherent backscatter power data from Rankin Inlet
SuperDARN radar are indicative of patches in this region
during the same time period. In Figure 3, the strongest
coherent scatter signal originates from the range gates adja-
cent to the plasma enhancement seen within the RISR-N
FOV. The OMTI all-sky data show a faint optical signature
collocated with the RISR-N enhancement at this time. An
enlargement of the region of interest is shown in Figure 3,
where the location of the optical structure has been marked
with a white dashed oval. This comparison shows that the
optical structure seen in OMTI overlaps well with the
RISR-N structure, and both features straddle two beams
(beams 7 and 8) in the SuperDARN FOV, with the strongest
echo found in beam 8.
[22] Field aligned irregularities (FAIs) likely produced by

the gradient drift instability (GDI) in the plasma set up the
Bragg scattering conditions required for coherent backscat-
ter. These FAIs are closely associated with polar cap patches
[e.g.,Weber et al., 1984; Rodger et al., 1994b; Ogawa et al.,
1998; Hosokawa et al., 2009b]. An asymmetry between the

irregularity intensity on the leading and trailing edge of a
patch is a common feature in patch observations [Milan et al.,
2002; Cerisier et al., 1985]. This has been used to infer
stronger structuring on the trailing edge and weaker struc-
turing on the leading edge of a patch. The GDI is least sta-
bilized where the E � B velocity of the patch is parallel to
the density gradient of the patch, and most stabilized when
the E � B velocity of the patch is anti-parallel to the density
gradient of the patch. It is therefore expected that the FAI
intensity and thus the backscatter power would be higher on
the trailing edge of patches [Cerisier et al., 1985]. This
explanation for the observed asymmetry was further rein-
forced by Milan et al. [2002], who used the CUTLASS
SuperDARN radar in Finland together with an ionosonde
located on Svalbard to investigate the structuring of polar
cap patches near the cusp. Hosokawa et al. [2009b] per-
formed combined SuperDARN radar and all-sky optical
measurements on several patches over Resolute Bay. The
radar data showed decameter-scale FAIs extending over all
of the optically observed polar cap patches, with no prefer-
ence for the patch edges – contradicting the supposed FAIs
preference for the trailing edge of a patch. In their work,
Milan et al. [2002] and Ogawa et al. [1998] speculated that
FAI structuring is distributed along the trailing edge of a
patch shortly after the formation of the patch. The FAIs then
spread over the entire patch during its travel through the polar
cap. This was supported by numerical three-dimensional
simulations of the nonlinear evolution of instabilities and
show that FAI structuring penetrates through the entire patch
over a time period of about one hour after its formation
[Gondarenko and Guzdar, 2004], beginning at the trailing
edge of the patch. The patches studied by Hosokawa et al.
[2009b] were estimated to be only 20–25 min old as they
entered the all-sky FOV at Resolute Bay, and were found to
be almost fully structured. In other work, in-situ measure-
ments of 18 patches in the polar cap region by the Dynamics
Explorer 2 spacecraft showed that the majority of those pat-
ches were either fully structured or were structured at the
edges, regardless of the distance between the patch and the
cusp where they are believed to have formed [Kivanç and
Heelis, 1997]. Thus there does not appear to be any con-
nection between the spread of FAIs throughout the patch, and
the proximity of the patch to the region of its formation. It has
also been suggested that auroral particle precipitation in the
cusp can give rise to km scale plasma structuring, onto which
the GDI can operate [Kelley et al., 1982; Moen et al., 2012].
Oksavik et al. [2010] pointed out that polar patches may
undergo substantial rotation as they travel, constantly re-
defining the trailing edge of the patch, increasing the rate at
which FAIs occupy the entire patch. In a recent paper by
Carlson et al. [2008], a possible explanation was offered: a
velocity-shear instability may rapidly structure a patch as it is
formed, upon which the GDIs then grow. SuperDARN
observations were used to support this new mechanism by
showing several cases of flow shear in the region where
patches were formed. However, no clear evidence of velocity
flow shears was detected in the cusp region probed by the
Prince George SuperDARN radar during the present event.
[23] The location of the cusp is estimated from the plasma

velocity plot in Figure 7 as the region where the drift velocity
arrows turn and change from a sunward to an anti-sunward
direction, near 75�NMLAT and 12:30 MLT. This location is

Figure 6. (top) OMTI 630.0 nm keogram along the merid-
ian for the times 22–24 UT. (middle and bottom) The drift
velocity of the optical enhancements and their drift angle
(east of north), where north is 0 degrees. The structures are
drifting predominantly north east, with a velocity of 300–
400 m/s.
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also consistent with modeling for Kp = 0 [Sigernes et al.,
2011] and coincident with optical signatures consistent with
cusp precipitation and dynamics [e.g.,Milan et al., 1999, and
references therein]. The distance from Resolute Bay to the
cusp is estimated to be 800 km at 22 UT. With an average
drift velocity of 300 m/s the patches would be �45 min old
when they reach the FOV of RISR-N, assuming they were
formed in the cusp region. Compared with the patches
observed by Hosokawa et al. [2009b] we would thus expect
the patches in this event to be fully structured by the time they
reach Resolute Bay. In Figure 3, the SuperDARN data indi-
cates strong backscatter power throughout the plasma density
enhancement observed in the RISR-N data; but the strongest
SuperDARN echo is located on the eastern edge of and
adjacent to the RISR-N structure. This observation further
highlights the indifference of FAIs to align along a leading or
trailing edge of patch. It is important to note that the spatial
resolution of this SuperDARN data is 45 km radially and
�50 km azimuthally, with an estimated accuracy of �15 km
[Yeoman et al., 2001], though the accuracy can be up to
100 km, depending on the HF propagation conditions. Since
the RISR-N patch appears to straddle beams 7 and 8 in the
SuperDARN FOV, the coherent backscatter echo may have
been shifted into an adjacent range gate, creating the
appearance of radar echo power in adjacent range gates. A
correlation does exist between the SuperDARN echoes in
beam 7 and the RISR-N and OMTI signatures; however, their
power is less than that of the SuperDARN echoes in beam 8.

HF radar backscatter power is not strictly dependent on
large density gradients or the amplitude of the FAIs; other
effects must be considered. Radio wave propagation condi-
tions play a major role in coherent backscatter. To undergo
coherent backscatter, the wave vector of an incident radar
beam has to be close to perpendicular (within a few degrees)
with the magnetic field in the scattering volume. At high
latitudes the magnetic field lines are nearly vertical. In order
for the HF radio waves to meet the aspect angle for coherent
backscatter, an HF radio wave must undergo refraction,
which is possible due to the dispersive properties of iono-
spheric plasma. The aspect angle condition can be quite
sensitive and it is not uncommon to measure a large variation
of backscatter power from adjacent range gates or beams, due
to propagation conditions. Ray tracing models show that
discrete F-region density enhancements (i.e. patches) have
similar properties to converging optical lenses causing radio
waves incident on the patch to be focused by the patch and
then backscatter on the far side of the patch, with respect to
the radar. In SuperDARN data this effect would resemble that
of Figure 3, in which the strongest backscatter power return
in the SuperDARN data is behind the patch in RISR-N and
the optical patch in the OMTI data. Therefore, the discrep-
ancy between the locations of the SuperDARN backscatter
power and the RISR-N enhancement (Figure 3) may be the
result of a combination of the HF propagation conditions and
the positioning of the patch between two beams within the
SuperDARN FOV.

Figure 7. Plasma velocity vectors constructed from line-of-sight velocity information from multiple
SuperDARN sites. The plasma flow at Resolute Bay (red dot) is predominantly in the north-east direction.
The estimated location of the cusp is marked with a black dashed oval. The transitions to the light and dark
gray regions mark the day/night terminators at 300 km altitude and on the ground.
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4.2. Formation Mechanism

[24] The substantial amount of instrumentation available
for this event is an important asset when characterizing
the properties of the polar cap patches, but also in gaining
insight into how the structures were formed. Theory sug-
gests that patches may be formed from photoionized plasma
originating from subauroral latitudes. The plasma may be
transported into the cusp region by convection streamlines
and undergo structuring as they reach the cusp [Foster,
1993]. The structuring of plasma within the polar cap or
cusp region is attributed to a variety of mechanisms such as:
transient reconnection and flux transfer events (FTEs)
[Lockwood and Carlson, 1992], enhanced recombination
rates discretizing dense plasma flows, leading to the plasma
depletions between the patches [Valladares et al., 1996], and
soft particle precipitation creating plasma density enhance-
ments [Walker et al., 1999]. The polar cap itself can be a
source of patches; they have been seen to form in the polar
cap due to soft precipitation in a region free of photoioni-
zation [Oksavik et al., 2006; Moen et al., 2012]. Observa-
tions by Lorentzen et al. [2010] have also shown that patches
may merge from much larger poleward moving auroral
forms (PMAFs). In those observations the newly formed
patches subsequently convected into the cusp region.
[25] Observations from OMTI in Figure 8a show strong

emissions at the 630.0 nm wavelength in the region of the
cusp. In the figure, a red dot marks the location of Resolute
Bay and the black, dashed oval is roughly the estimated
location of the cusp. The SuperDARN radar at Prince George
detected an isolated region of backscatter in the same region,
which is over-plotted with the OMTI data in Figure 8b. Both
of these observations are consistent with previous work
investigating HF radar and optical signatures of the cusp
and FTEs [Milan et al., 1999; Moen et al., 2001]. In the
OMTI data, the position, direction and velocity of the patch
was consistent with the convection flow estimates provided
by the SuperDARN coverage, as well as the expected

ionospheric response to FTEs under IMF By < 0 conditions
[Milan et al., 1999]. Additional observations fromNASCAM
also show patches emerging from the same region of high
optical emissions (the cusp region) first identified in the
OMTI data, drifting along the same convection trajectories.
[26] The range time power plot for beam 7 from the Rankin

Inlet SuperDARN radar (Figure 4a, top) shows numerous
features during a one hour period between 21:30 and
22:30 UT. Magnetic latitude coordinates are provided along
the vertical axis and a black horizontal line denotes the
magnetic latitude of the center of the RISR-N FOV. A strong
echo, identified as the patch of interest from Figure 3, pro-
ceeds from a much larger backscatter feature, starting just
prior to 22 UT, at �82�N MLAT. At 22:13 UT, the back-
scatter power of the patch increases. The same feature is
present in the backscatter data measured with the Saskatoon
radar, displayed in Figure 4b, but reaches just out of range of
this radar at 22:05 UT. The line-of-sight velocity is plotted in
the middle panels. The direction of the Doppler velocity is
directed away from the radar, with a magnitude of approxi-
mately 300 m/s. The velocity features in Figure 4 are con-
sistent with those of pulsed ionospheric flows (PIFs). The
poleward moving transient feature in Figure 4 has a velocity
that is larger than the surrounding plasma. This is a signature
of FTEs [McWilliams et al., 2001; Provan et al., 2002]. The
spectral width, a measure of the spread Doppler velocity
components within the scattering volume, is plotted in the
bottom row of panels in Figure 4. The spectral width of the
patch echoes are relatively low, between �150 and 200 m/s,
but seem to have undergone a subtle evolution from a higher
spectral width of 250–300 m/s at 79�N MLAT (at about
21:45 UT). The low spectral width and its decrease over time
for the patch observed here is again consistent, albeit not as
prominent, with the measurements by McWilliams et al.
[2001] and Rodger and Rosenberg [1999], where the spec-
tral width of echoes associated with FTEs evolved from
large values, near 400 or 500 m/s, to lower values near 100
to 200 m/s.

Figure 8. (a) The 630.0 nm OMTI image at 21:48 UT shows the brighter edge corresponding to the
formation region of the patches. The red dot marks the location of Resolute Bay and the black dashed oval
the estimated location of the cusp. (b) The same OMTI image as in Figure 8a, with the SuperDARN
echoes from the radar in Prince George overplotted. Echoes are seen in the region of the cusp, indicative
of the strong electrodynamic processes occurring there.
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[27] Several other structures are also seen to reach the
same latitudes as the patch, north of Resolute Bay, during an
interval of a few hours around 22 UT. FTEs between the
IMF and the geomagnetic field differ from quasi-stationary
reconnection at the dayside magnetopause due to their bursty
nature. In the event reported here, bright emission bands are
seen in the OMTI optical data to form in the cusp region
with 4–8 minute intervals, which then break up to smaller
structures as they drift to the north-east with the modeled
convection streams. This repetition rate is consistent with the
mean period of 8 min found for FTEs in the statistical study
by Rijnbeek et al. [1984]. The longitudinal motion of the
emissions toward the east, observed by OMTI, is also
expected during periods of IMF By < 0 in the northern
hemisphere, due to the curvature force on newly opened
field lines [Sandholt et al., 1992; Lockwood et al., 1993].

4.3. Investigation of Local Ionization

[28] Figure 9 shows RISR-N data of the temporal evolu-
tion of the patch monitored in Figures 3 and 5. In the top row
of panels, electron density contours along a vertical north-

south directed slice through the center of the patch are dis-
played for three subsequent time steps. These slices and their
horizontal locations were also discussed in Dahlgren et al.
[2012] (Figure 3). Each slice in Figure 9 is through the
center of the patch, and therefore moves with the patch. The
northward drift component of the patch is evident in the
three time segments. The electron density of the patch is
approximately twice that of the background ionosphere. The
middle row of panels show the corresponding east-west slice
for the same times. The bottom row of panels in Figure 9
show the weighted average of the electron density taken
over the whole patch, encompassed by approximately the
white dashed circle in Figure 3, as a function of altitude
during each of these three time intervals. At 22:11 UT (first
column), the electron density peaks close to 260 km altitude.
During the next minute of integration the density peak
moved up in altitude to 320 km and marginally decreased in
magnitude. The data from the subsequent minute (starting at
22:13:51 UT) shows an increased electron density, where
the peak altitude dropped to 280 km. The observations are
not consistent with patch depletion due to recombination

Figure 9. (top) Contour plots of vertical north-south aligned slices through the patch, for the times
22:11:21 UT, 22:12:36 UT and 22:13:51 UT. (middle) Same as top, but for an east-west aligned slice.
(bottom) The weighted average vertical density profile of the patch, for each time.
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with neutrals. The time sequence illustrates a significant
variation in the plasma density of the patch over a short
period of time. Since the position of the region over which
an weighted average of the electron density is being taken
(the white dashed line in Figure 3) is moving with the patch,
the density variations are not due to the motion of a patch
through a stationary reference frame. This is also evident
from the bottom row of panels, since they depict the total
average density over the whole patch, the variations are not
the result of horizontal displacement. The sudden electron
density enhancements with a lowering of the peak altitude at
22:13:51 UT suggest that the patch may be experiencing some
degree of internal turbulence, resulting in a re-distribution of
plasma density, possibly initiated by local precipitation, solar
irradiance, or another unknown mechanism.
[29] If soft precipitation is present, an increase in the

electron temperature, Te, would be expected, but the Te/Ti
ratio measured by RISR-N did not show any associated
enhancements. The O and N2

+ emission rates would have
increased due to precipitation in the region; however, a close
study of the NASCAM imager data associated with these
emissions show no significant enhancements indicative of
electron precipitation.
[30] The altitude at which the patch event takes place is

sunlit at 22:10 UT, which corresponds to 14:25 MLT at
Resolute Bay. At this time, the atmosphere is sunlit above
200 km (Figure 10). Photoionization would therefore be
underway in the region in and around the patch. The photo
production rates of O+ are significant enough to cause den-
sity increase on the order of 1011 m�3 during the plotted
time-segment [Tohmatsu, 1990], but the increase would be
over a larger region and not as localized as the observed
enhancements. Analysis of the density profiles of the iono-
sphere surrounding the patch do not indicate any significant
plasma density changes, consistent with photoionization.
The contours suggest a relatively steady plasma density in
the vicinity of the patch over a period of a few minutes.

4.4. Interior Plasma Transport

[31] Plasma drift velocities in the horizontal and anti-
parallel directions with respect to the background magnetic
field can be derived utilizing inversion techniques from the
RISR-N line-of-sight ion drift measurements. The horizontal
components are split in northward and eastward components
and are found to correspond well with the SuperDARN
(Figure 7) and OMTI data. From the three dimensional
imaging of the patches with RISR-N, we can establish the
plasma rest frame in the polar cap ionosphere such that the
convection term corresponding to the direction perpendicu-
lar to the geomagnetic field, r? � (neue?), in the electron
continuity equation,

∂ne
∂t

¼ Pe � Le � ∂
∂r

neuek
� ��r? � neue?ð Þ ð3Þ

can be disregarded. The rate of change of the electron den-
sity, ne, of the patch is therefore only governed by ion pro-
duction (Pe) via impact ionization, chemical loss terms (Le)
and any electron transport along the magnetic field line,
∂
∂r neuek
� �

. The RISR-N data indicates that the patch studied is
a closed system with no additional plasma being transported
into the region. Despite this, the three profiles in Figure 9
show density variations of around 10% which may be
explained by an ionization source between 22:11 UT and
22:13 UT, but none was observed.
[32] The magnitude of the plasma density fluctuations in

Figure 9 exceeds the standard deviation, suggesting a
redistribution of plasma within the patch. The anti-parallel
ion drift obtained from RISR-N data at 84.2�N MLAT,
corresponding to the center of the RISR-N FOV and inte-
grated over all altitudes, is displayed in Figure 11. The data
suggest that there is little vertical plasma motion in the
region, which is further supported by the lack of temperature
enhancements due to frictional heating. Upward motion due
to neutral winds are also not expected at this latitude, since

Figure 10. The modeled sunlit atmosphere (white) above
Resolute Bay shows that the ionosphere is sunlit above
200 km when the patch drifts through the RISR-N FOV at
22 UT.

Figure 11. Anti-parallel ion drift velocity, derived from the
RISR-N data in the center of the RISR-N FOV. A small
increase is seen at 22:12 UT, coincident with an upward shift
of the electron density peak in the altitude profiles displayed
in Figure 9.
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the magnetic field lines are close to vertical. There is a small
increase in anti-parallel velocity at 22:12 UT, coinciding
with the upward relocation of the electron density peak seen
in Figure 9, which then moves to lower altitudes again in the
subsequent minute. Nonetheless, it is clear that even the
extremum of the velocities measured in Figure 11 can not
account for the large density variations seen in Figure 9. This
indicates that a large component of the plasma redistribution
within the patch may be occurring horizontally. Previous
studies [e.g., Kivanç and Heelis, 1997; Hosokawa et al.,
2009b] have shown that patches are subject to structuring
over a range of scale lengths, which may be driven by
multiple instabilities [Basu et al., 1990; Gondarenko and
Guzdar, 2006]. Simulations by Gondarenko and Guzdar
[2006] illustrate that only a short time is needed for a patch
to be fully engulfed with plasma instabilities. In addition,
Carlson et al. [2008] showed that the irregularities can
appear during the formation of the patch, due to shear
motion. The observations in Figure 9 may be an example of
these instabilities and provide a unique ISR observation of
density fluctuations within a patch, due to field-aligned
irregularities. Previous observations, specifically those by
Kivanç and Heelis [1997], were performed by satellite and
therefore were unable to provide an unambiguous stationary
observation of a patch. However, Hosokawa et al. [2010]
demonstrated that a polar cap patch can be split into two
due to larger scale shear motion in the background convec-
tion. The presence of a velocity shear in the patch would
indicate the existence of a field-aligned current, which might
change the vertical structure of the patch.
[33] The variations of plasma distribution shown in

Figure 9 indicate fluctuations within the patch of both
intensity as well as spatial distribution of the electron
density, with possible velocity shear. A patch is driven by
the E� B drift; therefore if E is structured in altitude then the
velocity of the patch could be as well. This is assuming that
the electric fields within the patch are significant enough to
counteract the influence of the large-scale convection electric
field. Reports have been made of plasma density fluctuations
combined with electric field fluctuations observed by satel-
lites within several patches [Basu et al., 1990; Kivanç and
Heelis, 1997]. On this note, Basu et al. [1990] observed
electric field deviations over a range up to �30 mV/m –
magnitudes on par with the convection electric field. It is
however questionable if the presence of intense electric field
fluctuations within the patch would be able to produce such
large effects as those shown in Figure 9. The optical pat-
ches in the OMTI data show no corresponding significant
dynamic as they pass the RISR-N FOV. This is to be
expected, since the electron density does not change much
below 250 km altitude, which is the altitude most of the
optical emission originates from. Some variations can be
detected in the SuperDARN power, but the changes in the
data are not significantly larger than the noise fluctuations.

5. Event on 15 December 2009

[34] The RISR-N 5 � 5 beam experiment was carried out
during a few consecutive days in December 2009, during
very quiet geophysical conditions. Despite the length of the
observations, events with strong electron density enhance-
ments in RISR-N and simultaneously measured echoes in

the SuperDARN data from the same region were difficult to
find. For this segment of time, most SuperDARN echoes are
seen south of Resolute Bay. On 15 December, another event
of enhanced electron densities was measured with RISR-N,
at around 23 UT. The Kp index at this time was 1, IMF Bz <
0, IMF By < 0, IMF Bx > 0 and the plasma features were seen
to drift anti-sunward. Figure 12 shows the Rankin Inlet
SuperDARN power for three consecutive times in gray scale
(with darker regions being stronger echoes). The format is
the same as for Figure 3, with the RISR-N electron density
contour plot at 300 km altitude superimposed in color on the
SuperDARN radar data. A patch of less than 200 km in
diameter drifted in from the south into the RISR-N FOV,
dispersed and diminished as it reached the center of the
FOV. No vertical redistribution of plasma like the one noted
for the 11 December event could be seen in this data. At the
time of this event, the farmost edge of the SuperDARN
scatter reached to halfway through the RISR-N FOV, and
larger power is recorded throughout the regions where the
patch is seen in the RISR-N electron density data. No spe-
cific increase in scatter is seen from the edge of the patch.
Larger structures are evident in the radar data from the
Rankin Inlet SuperDARN radar, located further south and
also drifting anti-sunward at the time. It is possible that these
larger patches break up into smaller structures as they drift
across the pole [Hosokawa et al., 2010], so that the smaller
patch seen by RISR-N is a segment of the larger structure.
However, it was not possible to trace the origin of the
structure seen in the SuperDARN data.
[35] This event highlights the difficulty in capturing an

individual patch with multiple instruments. During this
event, the OMTI imager was unusable due to cloud cover
over Resolute Bay, leaving only RISR-N and the Super-
DARN radars for the observations. Even though RISR-N
clearly detected patches, the SuperDARN radars had a more
difficult time due to the propagation conditions. Although
the event from December 11 demonstrates the validity and
usefulness of using multiple instruments to study patches, it
should be noted that capturing such a clear event is difficult.

6. Conclusions and Summary

[36] Polar cap patches were observed with incoherent and
coherent scatter radars as well as all-sky imagers, as they
passed over Resolute Bay. Volumetric imaging of the RISR-N
data revealed that the electron density enhancements were
largest at around 270 km altitude, with some temporal var-
iations. The low electron densities of �2 � 1011 m�3 as well
as the height of the patches lead to very faint optical emis-
sions, but it was still possible to trace the patches from their
formation region in the cusp, across Resolute Bay and con-
tinuing into the FOV of the all-sky imager located further
north in Qaanaaq, Greenland. The transient nature of the
optical emissions in the formation region and SuperDARN
measurements of the patch suggest that the patches may have
been formed by the FTE mechanism described by Lockwood
and Carlson [1992], Carlson et al. [2004], Lockwood et al.
[2005], and Zhang et al. [2011]. It is also possible that the
internal structuring was initiated by particle precipitation in
the cusp [Kelley et al., 1982; Moen et al., 2012]. A more
focused study of one of the plasma patches demonstrates a
close colocation of the RISR-N, SuperDARN and the all-sky
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data, with the same scale sizes of the regions in all data sets.
No evidence of stronger coherent scatter from the trailing
edge of the patch is seen, which would be expected for GDI
growth on non-rotating, stagnated patches. Instead the irreg-
ularities seem to be present throughout the patch, or even
strongest on the leading edge. A second event on 15
December 2009 showed a similar correlation, with the
measured HF SuperDARN radar scatter taking place
throughout the patch. This event is even fainter than the first
and the patch is quickly breaking up. Interpretation of the
data from these two events should therefore be done with
some precaution. Future observations are planned with a
specially designed SuperDARN mode with higher spatial
resolution over the RISR-N FOV, for a more detailed anal-
ysis of similar patches.
[37] From the ISR volumetric data of the individual patch

under study, it was indicated that during a short time interval
of only a few minutes, significant variations took place, with
shape deformations in all spatial directions and velocity
shears across the patch. It is noteworthy that these dynamic
deformations were observed during a period of Kp = 0. The
data indicate that even under these quiet conditions, the
patch should not be considered a stagnated feature, but a
dynamic and constantly varying structure. This supports the
findings by Oksavik et al. [2010] who observed rotations of
patches during their transit across the polar cap, and suggests
that internal motion may also be present, and the patch
cannot always be considered a rigid plasma body. It has been
learned [Carlson et al., 2008] that irregularity structures in
ionospheric patches can be initially driven by the shear
instability, not gradient drift, due to strong shears associated

with the patch formation process. This leads to structure
throughout the patch, a view which our data supports, and
establishes the required electron density gradients in the
patch to maintain structuring downstream from the high
shear formation region. However, our data go beyond this to
show that the downstream patch is also actively structured
throughout, by dynamics not previously recognized until this
work as a further structuring process.
[38] In a novel approach, compared to earlier observations

of polar cap patches, optical emissions were not used to first
detect the structures; instead the electron density structures
measured with the RISR-N radar defined where the patches
were located, a method also used in Dahlgren et al. [2012].
The patches were then searched for in the SuperDARN and
all-sky imager data. The dimness of the patches would have
made their initial detection in the all-sky imager data diffi-
cult. The faint optical emissions could be mapped to the
same geomagnetic latitudinal and longitudinal location as
the electron density enhancement, but the altitudes of the
two signatures will differ, with the electron density being
larger at higher altitudes. This is important to note since
patches at higher altitudes will not react with neutrals to
produce emissions, and therefore could only be detected
with radio instruments. An exception to this is patch detec-
tion using 777.4 nm O emissions, since that emission occurs
between 250 and 350 km altitude as a result of radiative
recombination of O+ and electrons, and is independent of the
neutral atmosphere. The emission was used by Makela et al.
[2001] for F layer topography maps. However, this emission
is also normally very faint which makes it a difficult tracer.
The ability to conduct multi-instrument patch experiments

Figure 12. A second polar cap patch was observed in the RISR-N data (colored contour plots) on
15 December 2009, between 22:59 and 23:04 UT. The contemporary SuperDARN echoes are plotted in
gray scale, from (top) the Rankin Inlet radar and (bottom) the Inuvik radar. The patch drifts through the
RISR-N FOV in the north-east direction and breaks up around 23:04 UT. Although the event is faint, a
correlation between the coherent and incoherent scatter data can be discerned. The Rankin Inlet Super-
DARN radar also measures strong echoes from large structures south of Resolute Bay (around 70� lat).
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provides the opportunity to gain further insight into the
properties and dynamics of patches and is crucial when
trying to understand and investigate their formation, evolu-
tion and characteristics. In most cases, like the one reported
here, a single instrument cannot provide sufficient mea-
surements to investigate the intricacies of a patch.
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