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Abstract. We present multi-instrumented measurements and
multi-technique analysis of polar cap patches observed early
during the recovery phase of the major magnetic storm of
20 November 2003 to investigate the origin of the polar
cap patches. During this event, the Qaanaaq imager ob-
served elongated polar cap patches, some of which con-
taining variable brightness; the Qaanaaq digisonde detected
abrupt N, F» fluctuations; the Sondrestrom incoherent scat-
ter radar (ISR) measured patches placed close to but pole-
ward of the auroral oval-polar cap boundary; and the DMSP-
F13 satellite intersected topside density enhancements, cor-
roborating the presence of the patches seen by the imager, the
digisonde, and the Sondrestrom ISR. A 2-D cross-correlation
analysis was applied to series of two consecutive red-line im-
ages, indicating that the magnitude and direction of the patch
velocities were in good agreement with the SuperDARN con-
vection patterns. We applied a back-tracing analysis to the
patch locations and found that most of the patches seen be-
tween 20:41 and 21:29 UT were likely transiting the throat
region near 19:41 UT. Inspection of the SuperDARN veloc-
ities at this time indicates spatial and temporal collocation
of a gap region between patches and large (1.7 kms~1) line-
of-sight velocities. The variable airglow brightness of the
patches observed between 20:33 and 20:43UT was inves-
tigated using the numerical Global Theoretical lonospheric
Model (GTIM) driven by the SuperDARN convection pat-
terns and a variable upward/downward neutral wind. Our nu-
merical results indicate that variations in the airglow intensity
up to 265R can be produced by a constant 70ms~! down-
ward vertical wind.

Keywords. lonosphere (instruments and techniques)

1 Introduction

Early measurements of polar cap densities conducted at
Thule, Greenland (86° mlat), indicated the presence of large
regions containing enhanced ionization, named polar cap
patches, occurring preferentially during magnetically dis-
turbed periods (B, south conditions) (Buchau et al., 1983).
During the last 30 years, measurements of polar cap patches
have provided information on their typical horizontal dimen-
sions (between 100 and 1000 km) (Weber et al., 1984), their
prevailing motion (antisunward), and their variety of shapes
with a preference for cigar-shaped forms containing a major
axis aligned in the dawn—dusk direction. During the 1980s,
it was found that the density within the patches reached
108 el cm~2 at 250 km altitude, while outside the ionization
dropped below 10° el cm—3 at 400 km altitude. Month-long
experiments indicated that the hourly pattern of patch oc-
currence coincided with the universal time that the dayside
auroral oval moves further down to lower geographic lat-
itudes. This indicated that the solar-produced sub-auroral
ionosphere was the source region of the patches (Buchau
et al., 1985). Measurements at Chatanika and Sondrestrom
conducted by Foster and Doupnik (1984) and Kelly and
Vickrey (1984) confirmed that sub-auroral densities intrude
through the dayside throat region, forming a continuous and
long tongue of ionization (TOI). However, the patchy nature
of the density enhancements implied the presence of a for-
mation mechanism able to fragment the TOI.

The first formulation of a patch-formation mechanism
consisted of sudden reversals of the B, and/or B; interplan-
etary magnetic field (IMF) components (Tsunoda, 1988).
Shortly afterwards, numerical simulations confirmed that
varying the convection pattern due to the migration of the
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reconnection point and a consequent redirection of the ten-
sion force (Sojka et al., 1993) or a resizing of the polar
cap (Anderson et al., 1988), as commonly occurs when B,
switches sign, could result in a fragmented TOI resembling
the observed polar cap patches. However, the observational
fact that patches commonly occur in a succession of sev-
eral polar cap patches separated by time intervals as short
as 10 min raised some doubts about the efficiency of these
mechanisms. More comprehensive measurements were con-
ducted in the 1990s combining instruments placed at the cen-
ter of the polar cap and observatories located at the bound-
ary of the auroral oval and polar cap, such as the Sondre-
strom and EISCAT incoherent radars. These investigations
demonstrated that large plasma jets are effective in creat-
ing a region of depleted densities across the TOI by enhanc-
ing the OT recombination coefficient and transporting less
dense plasma from later local times (Rodger et al., 1994;
Valladares et al., 1994, 1996). Observations gathered mainly
from EISCAT, but also from the EISCAT Svalbard radar
(ESR), have confirmed the important role of transient mag-
netic reconnection in bringing plasma into the polar cap and
creating patches (Lockwood and Carlson, 1992; Carlson et
al., 2002, 2004, 2006). Lorentzen et al. (2010) found that for
each poleward-moving auroral form (PMAF) there existed
enhanced ionization moving into the polar cap, giving more
credence to the transient reconnection. In addition, Carlson
et al. (2007) stressed the role of shear-driven instabilities
in first rapidly structuring the plasma, after which gradient
drift instabilities develop based on these large-scale seeds.
More recently, Carlson (2012) pointed out the role of veloc-
ity shears to more efficiently separate the continuous day-
side plasma in regions of low and high density and simul-
taneously seed other plasma-structuring processes. Oksavik
et al. (2010) tracked the mation of polar cap patches from
the dayside Svalbard sector to the nightside Alaska sector to
find a continuous growth of the irregularities across the polar
cap. MacDougall and Jayachandran (2007) used foF> val-
ues from several stations located in the Canadian Arctic to
propose a mechanism for patch generation in which density
enhancements were produced by low-energy electron pre-
cipitation as the plasma returns from midnight around the
dawn convection cell. Cusp/cleft particle precipitation can
also form polar cap patches (Walker et al., 1999). In other
situations when the IMF is directed northward, cusp precipi-
tation is able to form a patch in a stirred lobe cell (Oksavik et
al., 2006). Moen et al. (2006) used radar and all-sky observa-
tions to find that downward Birkeland current sheets are able
to segment the TOI, creating a sequence of patches at lati-
tudes equatorward of the cusp/cleft region. Bust and Crow-
ley (2007) used a trajectory analysis method and an assim-
ilation scheme to conclude that a sequence of patches ob-
served at Svalbard on 12 December 2001 had been trans-
ported toward noon from the morning and afternoon sec-
tors, and sometimes the patch densities originated at 62° ge-
ographic latitude. Bust and Crowley (2007) also indicated
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the need to use first-principle numerical models to associate
ionospheric measurements conducted at separate locations to
investigate the patch origin, and to forecast the decay of the
large-scale enhanced densities. These new investigations em-
phasize a new trend in polar cap patch research that tries to
attain polar-cap-wide coverage and to complement experi-
mental measurements with numerical assimilations. During
magnetically active days, large-scale gravity waves, gener-
ated in the auroral zone, propagate equatorward (Hocke and
Schlegel, 1996) or circulate across the polar cap (Johnson et
al., 1995). However, the interaction between gravity waves
and polar cap patches has not been reported before.

This paper presents observations of polar cap patches con-
ducted at Qaanaaq and Sondrestrom as well as ancillary data
collected by the SuperDARN radars and DMSP satellites
during the recovery phase of the major magnetic storm of
20 November 2003. We present observations of 630.0nm
airglow, digisonde bottomside densities, and UHF scintilla-
tions conducted near the center of the polar cap at Qaanaaq,
Greenland, in which series of polar cap patches were de-
tected moving with the global convection (Sect. 3). The goals
of this paper are to document the morphology and dynam-
ics of polar cap patches during extremely disturbed condi-
tions, to describe brightness changes of patch airglow, and
to postulate that plasma dynamics near noon were responsi-
ble for the patch fragmentation on 20 November 2003. This
paper also introduces a method of determining the patch ve-
locity using a 2-D cross-correlation analysis of two adjacent
630.0 nm images (Sect. 4), a back-tracing trajectory analysis
(Sect. 5), and forward-in-time modeling of the patch densi-
ties and 630.0 nm airglow intensities (Sect. 6).

2 The super-storm of 20 November 2003

The largest geomagnetic storm of solar cycle 23 occurred
on 20 November 2003, caused by a fast and wide coronal
mass ejection (Gopalswamy et al., 2005). The storm started
at 07:28 UT with the arrival of the shock and reached a
minimum SYM-H index (equivalent to 1 min Dst) of about
—490nT at 18:18 UT (Basu et al., 2007) (see Fig. 1 of Gopal-
swamy et al., 2005, for a display of Dst index and the so-
lar wind parameters). During the main phase of the storm,
the IMF B, reached —52nT at 15:15 UT. During our obser-
vations the IMF B, was nearly constant and about —20nT
(20:00-22:00UT). The IMF B, was negative and about
—20nT after 19:30 UT. During major magnetic storms, the
interaction between the solar wind and the magnetosphere
causes a change in the region 1 and 2 currents. Under these
conditions, the shielding characteristics are varied, allowing
an instantaneous penetration of an electric field from high
latitude to the middle and low latitudes. Several authors have
described the characteristics of the ionosphere and atmo-
sphere that prevailed during the main and recovery phases
of the 20 November 2003 geomagnetic storm (Foster et al.,
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Figure 1. (a)Relative values of 630 nm airglow emissions, (b) UHF
S4 scintillation index, (c) peak density measured by the digisonde,
(d) and color-coded bottomside density profiles. Numbers above
panel (a) refer to the time when the airglow associated with patches
1, 3, and 4 passed overhead the Qaanaaq station.

2005; Meier et al., 2005; Crowley et al., 2006; Basu et al.,
2007). Foster et al. (2005) presented global displays of the
ionospheric total electron content (TEC) to demonstrate that
the dayside source of the TOI is the plume of storm enhanced
densities (SEDs) that is transported from lower latitudes in
the post-noon sector by the sub-auroral electric field. Dur-
ing the major geomagnetic storm of 20 November 2003 a
pronounced SED entered the polar cap in the America sec-
tor near 18:00 UT, as observed by Foster et al. (2005). They
presented 2-D maps of equivalent vertical TEC from a net-
work of GPS receivers to demonstrate that SEDs in fact
penetrate the polar caps, forming a TOI containing plasma
densities with &, F» and N, F> values typical of the mid-
latitude ionosphere. They indicated that the SED density was
transported from low latitudes by the sub-auroral disturbance
electric field acting in the post-noon sector. This paper sug-
gests that the continuous sub-auroral TOI presented by Foster
et al. (2005) breaks off into polar cap patches when it enters
or is about to enter into the polar cap. We use drifts measured
by the SuperDARN radars and time-reversed trajectory trac-
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ing of the patches observed at Qaanaaq to imply that the TOI
fragmentation (i.e., patch formation) occurs in the noon sec-
tor.

3 Observations of the polar cap on 20 November 2003

Optical, radar, and scintillation observations were carried out
in the central polar cap at Qaanaaq, Greenland (77.47° N
69.27° W; ~86°mlat (magnetic latitude); 03:10UT mid-
night magnetic local time) using a high-sensitivity all-sky
imager, a digisonde, and a system of UHF scintillation re-
ceivers, respectively. The imager consists of an all-sky lens
telecentrically coupled to a 4in. (100 mm) filter wheel con-
taining narrow-band (~ 2 nm) filters. In the mode used, light
passing through the filters was re-imaged onto a thermo-
electrically cooled bare-CCD detector operated at —40 °C.
Data were corrected for instrument vignetting and Van Rhijn
brightening and converted to units of rayleighs based on a
laboratory calibration of the instrument against a calibration
source traceable to the National Institute of Standards and
Technology. The Sondrestrom incoherent scatter radar (ISR)
(67.0° N, 50.9° W; 75° mlat; 01:57 UT midnight magnetic lo-
cal time) observed the electron densities and ion drift ve-
locities. The Northern Hemisphere SuperDARN radars pro-
vided plasma drifts and high-latitude convection patterns.
The DMSP satellite measured the characteristics of the elec-
tron and ion particle populations and the direction of the
cross-track drift velocities to help identify the boundaries of
the polar cap.

3.1 Qaanaaq observations

Figure 1 shows the value of 630.0nm airglow emissions,
the S4 scintillation index, the peak density of the F region,
and density profiles of the F-region bottomside. The last two
observables were measured by the Qaanaaq digisonde oper-
ating in a 5min cadence time. The bottom panel also dis-
plays two iso-density contour traces corresponding to 10°
and 108 cm—2. A prominent feature in this plot is the rapid
variability in h,, F» and N,, F». Between 20:00 and 21:00 UT
the F-region peak varied from 500 to 400 km altitude and a
series of density enhancements was detected as the digisonde
peak density varied between 2 x 10° and 2 x 10% cm~3. Af-
ter 21:00 UT, and during the recovery phase of the storm, the
number density continues to display rapid altitude variations.
Several authors (e.g., Weber et al., 1984; Crowley, 1996)
have defined polar cap patches to be 2-10 times larger than
the background density in the polar ionosphere. Here, we
classify a polar cap patch when the density enhances by a
factor of at least 2; simultaneously, the imager detects dis-
crete regions of airglow 40 R above the average and the scin-
tillation index increases above the noise level. However, we
indicate that some patches may have a low level of scintilla-
tions due to a low density or small density gradient.
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On 20 November the Qaanaaq imager started operations
shortly after 20:00 UT. Figure 1a displays relative values of
630.0 nm intensities that were calculated by averaging four
pixels taken directly overhead the station. The calibrated val-
ues of the airglow emissions have the average intensity of
each image subtracted, a value equal to 1200 R. The dotted
line placed at 40 R indicates our designated threshold values
for possible patch detections. Values above this line are de-
fined as enhanced airglow levels that could be produced by
patches transiting across the imager field of view. Two large
positive excursions observed between 20:15 and 21:00 UT
correlate well with increases in the number density (Fig. 1c).
S4 scintillation indices above 0.6 are observed 5-10min
prior to the density enhancements due to the spatial separa-
tion between the scintillations pierce point and the overhead
direction. A third airglow increase is seen between 21:40 and
22:10; this is flanked by increases in the S4 index. No density
measurements were conducted at this time as a short period
of absorption from the D layer inhibited the F-region echoes
between 21:40 and 21:55 UT. Panel b shows 5 min averaged
scintillation measurements obtained at Qaanaaq by the use of
250 MHz transmissions from quasi-stationary beacon satel-
lites (Basu et al., 1998). After 20:00 UT, the 350 km altitude
sub-ionospheric intersection of the scintillation link was lo-
cated at 77.6° N, 77° W and ~ 200 km west of the Qaanaaq
site (indicated by a white dot and the letters Sc in Fig. 2).
Panels 1c and d show the peak density and bottomside den-
sity profiles measured by the digisonde at Qaanaag.

3.2 Qaanaaq images

Figure 2 shows a selected 630.0 nm image obtained early
during the observations of 20 November 2003. Date and time
information is printed on the top left side of the image. The
two black lines intersecting at 90° in the center of the im-
age indicate the direction of geographic north and east. Two
white dots are used to indicate the center of the image field of
view (Q) and the sub-ionospheric intersection of the scintilla-
tion measurements (Sc). At the beginning of the observations
(20:00 UT), the sunward direction is toward geographic west
and the dawn-dusk meridian almost aligned to the north—
south axis. A small number of clouds and some haze were
present during the early period of the observations. However,
after 20:20 UT, the sky was devoid of tropospheric interfer-
ences. Weber et al. (1984), Fukui et al. (1994), and Valladares
et al. (1998) indicated that, near the center of the polar cap,
the patches are preferentially elongated and quite often adopt
a cigar-shaped form with the major axis closely aligned in
the dawn—dusk direction. This type of patch configuration is
seen in the image of 20:21 UT (Fig. 2), where a long and
elongated patch, closely aligned to the magnetic north—-south
direction, is observed extending across the imager field of
view. Two other smaller airglow enhancements are detected
on the western half of the image.
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Figure 2. 630.0 nm airglow image from Qaanaag, Greenland, ob-
served at 20:21 UT on 20 November 2003. The white dots corre-
spond to the zenith direction (Q) and the sub-ionospheric intersec-
tion point of the scintillation system (Sc). The white square dis-
played in the lower part of the image indicates the extension of a
32 x 32 pixel array used in the correlation analysis.

Each of the 630.0 nm images of Fig. 3 was processed by
removing the average value of all pixels within the imager
field of view and normalizing the intensity with respect to the
image standard deviation (o). To avoid systematic effects a
constant o value equal to 80 R was employed to normalize
the images presented in Figs. 3 and 4. Three contour levels
serve to indicate the locations where airglow intensities reach
the relative levels of 50R (blue), 80R (green), and 110R
(blue) values. Note also that the contour levels have been re-
stricted to elevations larger than 20°. The image sequence of
Fig. 3 shows several polar cap patches with atypical morpho-
logical characteristics. It displays the “appearance” of new
patches, and sudden changes of the patch brightness that have
never been reported before. The first image of the sequence
(20:23:03 UT) trails the image of Fig. 2 by 2 min. This image
shows that the north-south-elongated patch (labeled 1) has
drifted eastward and is now located ~ 200 km east of zenith.
Two additional patches are also present in this image: (1) a
small patch (labeled 2) placed at the northern side adjacent
to patch 1 and (2) a bright east—west segment (labeled 3) lo-
cated near the southern edge of patch 1. The subsequent three
images (20:25-20:29 UT) show patch 1 moving antisunward
(eastward), and its apparent width, in the imager frame of
reference, diminishing as it moves toward lower-elevation
viewing angles that have coarser spatial resolution. Images
recorded between 20:23 and 20:47 UT display the growth,
brightening, and exit of patch 2 as it transits across the im-
ager field of view. As time progresses, patch 2 is seen to ex-
tend further south and occupy a much larger area (20:35 UT),
then move continuously toward the east and reach the east-
ern edge of the imager (20:47 UT). It is important to note,
as demonstrated below, that the SuperDARN convection ve-
locity was directed antisunward (eastward) during this time.
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Figure 3. Sequence of images gathered at Qaanaag, Greenland, between 20:23 and 20:53 UT during the recovery phase of the magnetic
storm of 20 November 2003.
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Nevertheless, patch 2 “growth” was in the southward direc-
tion. The images of 20:37:03 and 20:39:03 UT show the ap-
pearance and brightening of a “new” patch (labeled 4) that
intensifies near the western side of the patch that developed
minutes before. Two additional observations support our hy-
pothesis that the 630.0 nm emissions detected overhead the
station at 20:37 UT correspond in fact to a polar cap patch:
(1) before the appearance of patch 4, very faint emissions
were observed close to where the patch develops (see im-
age for 20:35UT), and (2) the peak density in Fig. 1c and d
increases above 10% cm~3. In addition, the contour level of
10° cm~2 of Fig. 1d indicates that at 20:35 UT, the overhead
F-region bottomside was at 240 km altitude, lower than the
altitude (280 km) observed 20 min earlier.

3.3 Sondrestrom densities

On 20 November 2003 the Sondrestrom radar conducted a
series of composite scans along two parallel planes. During
composite scans both the azimuth (AZ) and elevation (EL)
angles are varied accordingly to keep the lines of constant
height parallel to a plane that embeds the vertical direction
and the declination of the magnetic field above the radar site
(—27° from geographic north). Figure 4 presents the elec-
tron number density and the line-of-sight (LOS) velocities
collected during two consecutive scans corresponding to the
periods of 20:01:56-20:05:04 and 20:08:57-20:12:05 UT. In
this figure the density contours have been projected to a plane
in which the vertical axis is the true height and the horizontal
line is the north-south distance along the geographic merid-
ian. The initial values of the density contours were set to
10° cm—3 and the spacing between both contour levels was
also made equal to 10° cm—3. Note that the top panel of Fig. 4
corresponds to the western scan and the bottom panel shows
measurements conducted during the eastern scan. Due to the
nature of the composite scans, the spatial (latitudinal) and
height variability of the density are intermixed. However, the
main features of the polar cap patches can be recovered based
on the main property of the patches extending for hundreds
of kilometers. The western scan shows a patch with a peak
number density almost equal to 108 cm—2 at 450 km altitude.
This patch is placed between 0 and 400 km to the north and
extends up to 850 km altitude. The eastern scan, conducted
7 min later, displays two density enhancements. The patch
closer to the radar site has a peak value near 7 x 10° cm~3
at 500 km altitude and resides ~ 300 km north of the radar
site. The second patch is seen in the northern part of the east-
ern scan containing densities near 106 cm=2 at 700 km north
of the Sondrestrom site extending further north toward the
direction of Qaanaag. Figure 4 also shows the LOS veloci-
ties using blue (toward the radar) and red (away) arrows of
different lengths according to the magnitude of the plasma
velocity. The fact that the velocities are all blue (toward the
radar) in the west scan and all red (away from it) in the east
scan indicates that the plasma velocity was mainly directed
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Figure 4. Number density and line-of-sight velocities measured by
the Sondrestrom ISR on 20 November 2003, and during the time
interval between 20:01:56 and 20:05:04 (west scan, top panel) and
20:08:57 and 20:12:05 UT (east scan, bottom panel). Negative (to-
ward radar) velocities are indicated in blue, and positive (away from
radar) velocities are displayed in red. Density contour lines are used
to indicate levels spaced by 10° cm~3. The thick contour line rep-
resents a density value equal to 5 x 10° cm—3. The radar antenna
conducted composite scans in which azimuth and elevation were
varied to keep the scan plane almost parallel to the magnetic merid-
ian.

toward magnetic east and closely parallel to the boundary of
the auroral oval and the polar cap. This interpretation is based
on the nature of the composite scans in which the radar an-
tenna is directed toward the west on the western scan and
points toward the east on the eastern scan.

Figure 5 shows again some of the density contours pre-
sented in Fig. 4, but here the contour lines have been pro-
jected to a ground plane. The contours corresponding to
5 x 10° and 10%cm—2 indicate that the radar bisected the
patch, measuring the cross section of a long and east-west-
elongated patch. This figure also shows the ground projec-
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Figure 5. 630.0 nm airglow emissions (black and gray contours) from Qaanaag, Greenland, observed at 20:09 UT on 20 November 2003
projected to 250 km altitude. The trajectory of the DMSP-F13 pass is plotted in red. The red dots indicate the minute at which the satellite
passed near Qaanaag. The density measure by F13 is shown in the right panel. Densities measured by the Sondrestrom radar during two

consecutive composite scans are indicated in green.

tion (green line with dots) of the 300 and 500 km constant
altitude for both scans. Figure 5 also includes the 630.0 nm
emissions measured by the Qaanaaq imager, and the DMSP-
F13 satellite trajectory (red line) mapped along the B lines
from 850 km altitude to the F region and then projected to
the ground plane. The right panel shows in situ densities
measured by the DMSP satellite and plotted according to
the satellite trajectory as the satellite moved along in the
geographic plot. Four density enhancements are displayed
in the right panel clearly corresponding to the ISR density
and airglow enhancements that were observed at Sondre-
strom and Qaanaag, respectively. Notice that the DMSP in-
tersected the Sondrestrom east scan at 20:06 UT and later the
Qaanaaq imager at 20:08 UT. It is evident that the first patch
detected by DMSP-F13 at 20:06:10 UT corresponds to the
density enhancement observed 350 km north and during the
radar scan of 20:08:57 UT. The DMSP density enhancement
at 20:07:20 UT is probably related to the density enhance-
ment seen 700 km north of the radar site. The long density
enhancement of 20:08:30 UT is associated with the airglow
enhancement seen by the imager. A fourth patch detected by
the DMSP satellite was almost outside and northward of the
field of view of the Qaanaaq imager.
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3.4 DMSP measurements

Figure 6 shows several parameters measured during the
dusk—dawn DMSP-F13 pass, whose trajectory is displayed
in Fig. 5. The top panel shows the four density enhancements
that were mentioned above and were measured in the dusk
side of the polar cap. A fifth density enhancement is seen in
the dawn side of the polar cap at 20:12:10 UT, presenting a
factor of 2 enhancement ratio. The dusk poleward boundary
of the auroral precipitation is seen near 71° mlat at 20:05 UT,
marking the boundary of the auroral oval and the polar cap
regions. Figure 5 suggests that this boundary (see DMSP tra-
jectory at 20:05 UT) is placed about 200 km south of the Son-
drestrom radar site and clearly equatorward of the density
enhancements detected by the ISR. The DMSP drift veloci-
ties reverse from a sunward to an antisunward direction in a
region equatorward of the particle boundary and are clearly
antisunward within the polar cap. The DMSP particle data
provide conclusive evidence that the density and airglow en-
hancements that were observed at Qaanaaq and Sondrestrom
were well within the polar cap.

4 Patch drift velocities

We have calculated the drift velocity of the polar cap patches
by using an algorithm that employs a 2-D cross-correlation
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Figure 6. Density, magnetic field, electron and ion fluxes, and drift velocities measured by DMSP-F13 satellite on 20 November 2003. Note
the density enhancements observed within the polar cap after 20:06 UT.

analysis of two consecutive images. We compare our results
with the magnitude and direction of the velocities provided
by the SuperDARN potential patterns. By using images sep-
arated only by 2 min, we avoid drastic changes in the airglow
view of polar cap patches that may be occurring due to large-
scale instability processes, or variations in the altitude of the
F region.

Earlier estimations by Fukui et al. (1994) of the patch drift
velocities using 630.0 nm images indicated very good agree-
ment between the patch velocities and the plasma drifts mea-
sured by a digisonde. They derived the patch drift velocities
by tracking the location of the patch center of gravity. Their
analysis applied to 43 patches concluded that the patch ve-
locity did not deviate from the antisunward direction more
that 150 ms—1. More recently, an automated estimation of
the patch drift velocity conducted by Hosokawa et al. (2006)
reproduced the close control of the IMF B, component on
the magnitude of the patch motion, and the B, dependence
on the direction of the patch drift. The analysis of Hosokawa
et al. (2006, 2009) consisted of a 2-D cross-correlation algo-
rithm employing grids of 80 x 80 pixels to estimate the speed
and direction of motion of the polar cap patches.

f7

Our 2-D cross-correlation algorithm uses the image inten-
sities of an area equal to 32 x 32 pixels (see Fig. 2) and cor-
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relates these values with the intensities of an identical region
in the image gathered 2 min earlier. The full cross-correlation
function is obtained by sliding the grid of one image in x
and y with respect to the other. The patch velocity is directly
proportional to the displacement that has the largest cross-
correlation factor. We selected a grid size smaller than the
typical patch extension to allow for multiple drift vector esti-
mations within a single patch. The main requirement of this
method is that the spatial gradients and the boundaries of the
polar cap patches remain coherent between consecutive im-
ages. We have restricted the patch drift calculations for ar-
eas above 30° elevation. We have also considered a reliable
estimation of the patch drift velocity only when the correla-
tion factor is above 0.95. Figure 7 shows the 630.0 nm image
(black and gray contours) and the patch drifts (red vectors)
corresponding to 20:37:03 UT displayed in a geographic (left
panel) and corrected geomagnetic (CG) coordinate system
(right panel). The left panel shows the patch velocity vectors
directed eastward that become nearly antisunward in a CG
coordinate system. The average magnitude of the vector am-
plitudes is ~ 630 m s~ (statistical uncertainty = +94 ms=1).
The right panel also includes the SuperDARN potential pat-
tern (black and gray contours) corresponding to 20:30UT
and for latitudes poleward of 80°. It is worth mentioning
that, during the period analyzed here (20:00-24:00 UT) of
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Figure 7. Airglow images (black and gray in left panel, and blue in the right panel) and vectors of the patch drift velocities (in red) plotted
in a geographic frame (left panel) and CG polar plot (right panel). The oval shaped lines of (a) indicate the locations of CG latitudes equal to
86 and 82°, respectively. Notice the SuperDARN convection pattern corresponding to 2030 UT is also included in (b). Vectors were obtained
by using a 2-D cross-correlation analysis that includes images for 20:35 and 20:37 UT.

the super-storm of 20 November 2003, plasma structuring
within the polar cap was abundant, making it possible for
the SuperDARN radars to have numerous measurements of
LOS velocity, especially on the dusk side of the polar cap.
Close comparison between the patch vectors and the Super-
DARN flows (not displayed) indicates an average difference
of 87 ms~1 for the magnitude of the velocities and a 30° av-
erage angle difference.

Figure 8 shows the patch outlines, the SuperDARN con-
vection contours, and the patch vectors for four selected im-
ages obtained a few minutes after the image of Fig. 7. These
panels show that the patch velocities are mainly antisun-
ward, containing average amplitudes and uncertainties equal
to 560 4 74, 600 & 87, 730 + 129, and 460 +70ms~!. The
sudden decrease in the magnitude of the patch vector in the
last panel is followed by smaller SuperDARN velocities and
consequently an increase in the separation of the potential
contours. Reasonably good agreement between the vector di-
rections and the SuperDARN contours is seen as the differ-
ences are comparable to the patch drift velocity uncertainties.

5 A trajectory analysis technique

Trajectory analysis is a numerical technique that consists of
transporting, backward or forward in time, the ground lo-
cation of quasi-vertical field lines based on the best esti-
mate of the ionospheric E x B velocity field (Crowley et
al., 2000). A trajectory analysis technique, based on maps of
ionospheric convection obtained from the assimilative map-
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ping of ionospheric electrodynamics (AMIE) technique, was
used by Bust and Crowley (2007) to indicate that some of
the patches detected by the EISCAT Svalbard radar on 12
December 2001 were part of the TOI. We have used a tra-
jectory analysis algorithm to step backward in time the out-
line locations of several patches observed between 20:41 and
21:29 UT. Our analysis includes time steps equal to 30s as
well as velocities determined by the SuperDARN convection
patterns with a 10 min cadence time. The time step was short
enough to assure reliable backward tracing along equipoten-
tial contours. The patch boundaries were defined by using the
locations of the contours corresponding to 80 R airglow en-
hancements (green traces of Fig. 3). One of the goals of the
trajectory analysis technique was to inspect the characteris-
tics of the velocities and the nature of the coherent echoes
recorded by the Kapuskasing radar at the time and location
when the back-traced locations were near the dayside throat
region.

Figure 9 shows the results of a trajectory analysis in
which the images of 20:41:03 (red), 21:01:03 (blue), and
21:29:03 UT (green) are used to define the patch boundaries.
The upper (lower) panels of Fig. 9 show the back-traced lo-
cation of the patches at two instances separated by 10 min
displayed in a CG (geographic) coordinate system. The “red”
and “blue” patches delineate regions where the number den-
sity is higher than the background polar cap density. The
shape of these two patches suggests that they have been part
of a much larger entity that was probably “broken up” by
a formation mechanism. The location of the patches in the
convection pattern of Fig. 9 suggests that they originated
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Figure 8. Series of polar cap patches (blue contour) and the patch drift velocity (red vectors) presented in a polar display of CG latitude
versus CG local time coordinates. The format of each panel is similar to Fig. 7b.

from the high-latitude afternoon sector and were transiting
the throat region (above Hudson Bay, Canada) between 19:41
and 19:51 UT.

Figure 10 shows the LOS velocity measured by the
Kapuskasing radar for the periods of 19:40-19:41:32 and
19:42-19:43:32 UT on 20 November 2003. Both panels in-
dicate the presence of velocities directed poleward (antisun-
ward) at all locations over Hudson Bay (yellow traces). The
important feature of these two plots is the small region of
enhanced velocities (1.7 kms™1, green pixels) seen near the
center of the radar scan. The left panel shows the enhanced
velocity to be below 70°, and to be in close proximity with
the location of the gap that is observed between the red and
blue patches in the lower panels of Fig. 9. The panel that
starts at 19:42UT in Fig. 10 (right side) displays a much
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longer and slightly wider channel that almost coincides ge-
ographically with the gap region between the red and blue
patches. The east side of the plasma enhancement (green pix-
els) shows a sharp gradient, suggesting a certain degree of
confinement. We also inspected the velocities from the ad-
jacent panels to conclude that the 1.7 km s~ velocities were
restricted to three consecutive scans (~ 6 min). They decayed
before 19:46 UT. Figures 9 and 10 suggest an association be-
tween the existence of a region of large plasma velocities
and the region of low densities within the patches. Rodger et
al. (1994) and Valladares et al. (1994) provide evidence of
channels of large flows, or plasma jets, splitting the TOI and
forming smaller discrete entities. The peak magnitude of the
enhanced plasma velocity is smaller than the value reported
by Valladares et al. (1994); however, a localized region con-
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Figure 9. Trajectory analysis of the patches observed at Qaanaaq on 20 November 2003 at 20:41 (red), 21:01 (blue), and 21:29 UT (green).
The images were traced backward in time to 19:41 and 19:51 UT. The top panels show the patches in a CG system. The lower panels show
the same information in geographic coordinates. The gray lines in the lower panels indicate constant magnetic latitudes between 85 and 70°.

taining plasma drifts of 1.7 kms~1, or a set of twin vortices
with a central region of 1.7 km s~ velocities, should be able
to produce large Joule heating, increase the recombination
coefficient, and form regions of reduced densities.

6 Modeling

We have used the Global Theoretical lonospheric Model
(GTIM) of the high-latitude ionosphere to investigate the
possibility whether a small downward vertical wind associ-
ated with a large-scale propagating gravity wave is able to
increase the amount of 630.0 nm airglow emissions. GTIM
is based on the numerical code initially developed by An-
derson (1971, 1973) for the low-latitude ionosphere, but has
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been extensively modified to correctly simulate the effect on
the TOI density produced by a variable polar cap size (An-
derson et al., 1988), to reproduce highly structured densities
as observed at Sondrestrom, Greenland (Decker et al., 1994),
to define the role of large plasma jets and traveling vortices
on patch formation (Valladares et al., 1996), and to model
boundary blobs (Anderson et al., 1996). The high-latitude
GTIM is a 1-D ionospheric model that calculates the ion
density by numerically solving the time-dependent O™ con-
tinuity equation along a flux tube. However, the model can
attain a three-dimensionality by repeating the calculations
along several flux tubes. GTIM includes the effect of ioniza-
tion by solar EUV radiation and electron precipitation, loss
through charge exchange with N, and O, transport by diffu-
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Figure 10. Distance-time plots of Doppler velocity (defined positive toward the radar) observed by the Kapuskasing radar. Note the channel
of large negative values (~ 1500 ms~1) seen in the panel of 19:42-19:43:32 UT
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Figure 11. Model column emission rates of atomic oxygen arising
from radiative recombination (dashed line and open circles), and
630.0 nm airglow emissions corresponding to patches 2 and 4 plot-
ted using dot-dash lines.

sion, neutral winds, and E x B convection drifts. The MSIS
and Hedin’s wind models supply neutral densities and winds,
respectively, and an option to specify a value for the verti-
cal wind was added to see its effect on density profiles. We
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Figure 12. Line-of-sight (LOS) velocities measured by the Sondre-
strom radar on 20 November 2003, when the antenna was pointing
in the direction parallel to the local magnetic field.

also modified GTIM by including a parameterized model of
soft electron precipitation, a calculation of the E x B plasma
drift based upon the SuperDARN convection patterns, and a
first-order approximation of the NO™ density based on chem-
ical equilibrium.

During the 1990s the Dynamics Explorer 2 satellite
discovered the existence of vertical velocity perturbations
within the polar cap of the order of 100ms~1 containing
horizontal wavelengths along the satellite path of ~ 500 km
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that occur in association with the transit of large-scale grav-
ity waves during magnetically active periods (Johnson et
al., 1995). Based on these observations, we decided to in-
vestigate, numerically, the effect that a vertical wind could
have on the airglow emissions associated with the polar
cap patches that were circulating during the super-storm of
November 2003.

We have modeled the ionospheric density along flux tubes
that transited over Qaanaaq between 20:00 and 21:00 UT on
20 November 2003. The simulation was initiated by trac-
ing these flux tubes backward in time until they were pass-
ing over the dayside throat region. At these locations, den-
sities along the flux tubes were made equal to the density
profile measured by the Millstone Hill (53° CGLAT) radar
(Foster et al., 2005). The model proceeds by conducting a
full solution of GTIM along a forward tracing of the convec-
tion path. The initial density profile was measured near the
cusp region at 17:30 UT (their Fig. 8) and characterized the
SED/TOI plasma containing densities above 10% cm=2 near
500 km altitude. Although the path calculation is restricted
to the limits of the SuperDARN data (60-90° CGLAT), this
initial profile is probably a reasonable one given the overall
magnetic storm condition and the fact that we are not trying
to closely reproduce the densities observed at Qaanaaq but
rather to study the effect that a vertical wind has on the emis-
sion rates associated with polar cap patch densities. However,
we noticed that doubling the amount of atomic oxygen pro-
vided by the MSIS model increased the F-region peak alti-
tude to values closer to the values measured by the Qaanaaq
digisonde. To assess the effect of a burst of vertical wind, we
introduced a nominal 70 ms~1 downward vertical wind that
lasts from 20:10 to 20:30 UT. This wind produces a down-
ward component parallel to the nearly vertical magnetic field
lines and causes the peak altitude to descend few tens of kilo-
meters. We also noticed that the number density at 300 km al-
titude increased from 2 x 10* to 2 x 10° cm~2 and the shape
of the F-region bottomside varied when the vertical wind
was applied. The new density profiles over Qaanaaq were
used to estimate the 630.0 nm column emission rate, Jg300,
in rayleighs due to dissociative recombination using Eq. (1)
derived by Tinsley and Bittencourt (1975).

J _/A6300V1”l(02)n(o+)dZ
000 AL +d@)/A)

o)

where y; is the O" and O rate coefficient, A is the radiative
transition coefficient for the 1D term, and d(z) is the quench-
ing frequency given by

d(z) = Sn,n(N2) + Sen(e), )

where Sy, and Se are the quenching coefficients for quench-
ing on N and electrons, respectively.

The dashed line of Fig. 11 shows the column rate as a func-
tion of time calculated using Eqgs. (1) and (2). A maximum
increase equal to 260 R was obtained during the simulations.
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Figure 11 also shows the relative brightness of patches 2 and
4 (see Fig. 3) as they transited across the imager field of view.
It is observed that patch 2 brightened by ~200R and that
patch 4, located further sunward (westward in geographic co-
ordinates), increased by 170 R.

To strengthen our claim on the presence of a downward
motion of the ionosphere, we present Fig. 12, which shows
the LOS velocities measured by the Sondrestrom ISR on 20
November 2003, when the radar was pointing along the mag-
netic field (upward B). This figure displays alternating bands
of upward (red) and downward drift velocities (blue) with a
40-60 min periodicity. Plasma drifts reaching values up to
+50 ms~1 were observed between 19:50 and 23:00 UT. It is
well known that, when the ISR antenna is pointed parallel to
B, the radar is able to measure the magnitude of the com-
ponent of the neutral winds along the magnetic field. As the
ionosphere plasma drifts in the E x B direction, any plasma
motion along B is closely related to the neutral wind com-
ponent in the upward B direction. We suggest that the up-
ward, and then downward, neutral wind motions are due to
the passage of a train of large-scale gravity waves. During
the major magnetic storm of 20 November 2003, the Sondre-
strom radar made observations along the B field that were
interleaved with the composite scans (Fig. 4) with a repeti-
tion period of ~10.5min. We also indicate that the Sondre-
strom ISR is located about 1300 km south of the Qaanaaq im-
ager. The Sondrestrom radar measured a downward velocity
in the bottomside F region between 19:50 and 20:20 UT. As
large-scale TIDs (traveling iosnosphere disturbances) propa-
gate with an average velocity of 850ms~1, it is concluded
that the TID will reach Qaanaaq 25min later (20:15UT).
This calculation explains the fact that the velocities at Son-
drestrom were upward between 20:10 and 20:40 UT, when
the patches observed at Qaanaaq were moving downward.

7 Discussion

We have presented multi-instrument measurements of po-
lar cap patches that developed during the recovery phase of
the 20 November 2003 magnetic storm. Various instruments
provided redundant observations of the patch dynamics and
structuring (imager, scintillation receiver and the digisonde
at QaanaaQ, Sondrestrom ISR, SuperDARN radars, and the
DMSP F13 satellite). We have also applied a trajectory analy-
sis technique and a 2-D cross-correlation algorithm and mod-
ified the GTIM of the high-latitude ionosphere in order to
trace patch locations backward to times when they are cross-
ing the dayside throat region and to investigate the possible
effect that a vertical neutral wind has on airglow intensity.
During major magnetic storms, the TOI becomes a dense
stream of cold plasma that has a source in the SED density
that is transported from much lower latitudes by the SAPS
electric field (Foster et al., 2005), there exist severe dis-
ruptions of the thermosphere composition as regions of de-
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pleted O / N3 ratios extend from high latitudes to the Equator
(Meier et al., 2005; Crowley et al., 2006), and there is a pene-
tration of the interplanetary electric field (Huang et al., 2006)
that reaches the equatorial ionosphere and generates a much
larger fountain effect that is able to transport the anomaly
crests to 20° or more away from the magnetic equator. These
mechanisms provide a polar cap ionosphere rich in unusually
high plasma density and gradients.

Weber et al. (1986), and Basu et al. (1988) pointed out
that the gradient drift instability (GDI) was responsible for
the onset of mesoscale (10 km to 100 m) irregularities within
the polar cap patches. While the linear GDI is only unsta-
ble on the trailing edge of the patch, in the nonlinear reg-
imen GDI predicts the development of mesoscale structures
that propagate from the unstable edge, through the patch, and
reach the stable side (Gondarenko et al., 2003; Gondarenko
and Guzdar, 2004). On 20 November 2003, we observed
that the density spikes seen at 20:33 and 20:57 UT (Fig. 1c)
have corresponding high airglow enhancements and signifi-
cant levels (~ 0.6) of UHF scintillations. However, between
19:50 and 20:20 UT, when the number density was only half
(108 cm—3) of the density observed at 20:33 UT, the scintilla-
tion S4 index was saturated. This nonlinear relationship be-
tween number density and the S4 index indicates the impor-
tance of making a full estimate of the plasma conditions asso-
ciated with the patches. It is necessary to measure the plasma
drift in the neutral frame of reference, the density gradient,
and the temporal evolution of the electric fields, and probably
necessary to know the formation mechanism of the polar cap
patch. These parameters dictate the level of plasma structur-
ing that develops within a patch. We also note that a small
time lag (3 min) should be considered due to the offset dis-
tance of the scintillations sub-ionospheric penetration point
and the zenith direction.

To the best of our knowledge, patch brightenings as ob-
served on 20:37 UT have never been documented before. We
hypothesized that this aspect of the patch evolution on 20
November 2003 could be attributed to the passage of large-
scale gravity waves. These waves have been observed inside
the polar cap by Johnson et al. (1995) (W. B. Hanson, per-
sonal communication, 1993) during magnetically disturbed
periods. We do not have simultaneous measurements of the
neutral atmosphere conditions during the period under study.
However, the Sondrestrom ISR observed oscillatory (e.g.,
up and down) LOS velocities when the antenna was look-
ing along the local field line. It is also important to indicate
that the Qaanaaq digisonde measured a density contour cor-
responding to 10° cm—2, showing a downward progression
starting at 20:10 UT. To compare the model results and the
airglow measurements, we quantified the calibrated enhance-
ment of 630.0 airglow emissions associated with patches la-
beled “2” and “4” (Fig. 3) as they transited across the imager
field of view. We measured a rapid increase of 200 and 170 R
for patches 2 and 4, respectively. It is important to mention
that these measurements were carried out when the patches
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were located above 25° elevation. We conducted numerical
simulations of the polar ionosphere incorporating a verti-
cal thermospheric wind into the 1-D equations of continu-
ity and momentum. A 70 ms—! downward wind was applied
between 20:10 and 20:30 UT to mimic the behavior of the
gravity wave passing above the station. A downward vertical
wind will bring higher density F-region plasma to lower alti-
tudes, increasing the recombination of F-region plasma. Our
results indicated an airglow enhancement equal to 265 R, or
25 % higher than the enhancement of patch 2. A more precise
simulation can be conducted if good estimates of the O / N»
ratio, the initial density at the throat region, and the value of
the downward wind are gathered (Barbier et al., 1962; So-
jka et al., 1997; Sakai et al., 2014). However, the numeri-
cal results of the effects that a small vertical component of
the wind can generate on patch airglow emissions are very
encouraging. These calculations also support our hypothesis
that a train of large-scale gravity waves can be responsible
for the variation in airglow emissions.

We have applied a trajectory analysis algorithm to airglow
contours of images observed at the Qaanaag station to inves-
tigate the origin and the formation mechanism of polar cap
patches. Bust and Crowley (2007) backtracked observations
from the EISCAT Svalbard radar to conclude that some of
the patch density had originated in the morning side. Mac-
Dougall and Jayachandran (2007) also suggested that the ori-
gin of the patches observed inside the polar cap could be in
the dawn cell. Moen et al. (2007) indicated that the patches
could equally exit and then re-enter from the dawn and dusk
cells. Our trajectory analysis helps us to conclude that the
majority of the patches observed on 20 November 2003 -
during a major magnetic storm — were originated in the after-
noon side, transported into the polar cap by the polar convec-
tion, and probably formed (broken up) by processes related to
the cusp electrodynamics. Two consecutive scans conducted
by the Kapuskasin radar have indicated the existence of a
channel containing a flow near 1.7kms~! that coincides,
considering a small offset due to uncertainties of the trajec-
tory analysis, with the region that is in between the patches.
We suggest that, at 19:41 UT, plasma originated from the af-
ternoon region was about to enter the polar cap when a nar-
row channel of 1.7kms~! velocities, which probably was
originated in association with the cusp, increased the Joule
heating, the ion temperature, and the O recombination rate.
We also indicate that the large plasma jet of 1.7 kms~—?! con-
tained shears on both sides of the jet that not only seed other
type of instabilities (Carlson, 2012) but also move flux tubes
at different locations helping to dissect the otherwise con-
tinuous TOI. The temporal and spatial collocation between
the large flow and the patch gap suggests a relationship be-
tween these two structures and raises the possibility that the
patches of 19:41 UT (Fig. 9) were formed by the large plasma
jet mechanism. It is also important to mention that Moen et
al. (2006) found patches that were segmented equatorward of
the cusp/cleft region by downward Birkeland current sheets.
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A similar scenario may have happened here, but we do not
have evidence for its occurrence.

We have used 630.0 nm images of polar cap patches and
the principle that polar cap patches drift almost unchanged
with the background E x B convection to derive the magni-
tude and direction of the underlying convection. We obtained
vector velocities which were in good agreement with mea-
sured SuperDARN drifts.

8 Conclusions
This study has led to the following:

1. The polar cap patches observed during the recovery
phase of the large geomagnetic storm of 20 November
2003 showed that their 630.0 nm airglow intensities can
vary as much as 250 R as they transit across the imager
field of view. We used GTIM to investigate whether a
downward neutral wind associated with a train of large-
scale gravity waves could be responsible for the variable
intensity of the 630.0 nm airglow emissions.

2. The GTIM code was modified to accept SuperDARN-
derived polar convection patterns and a variable value of
the vertical component of the thermospheric wind. We
were able to calculate that a 70 ms—! downward verti-
cal wind acting on the same field line for 20 min could
produce an increase of 250R in the 630.0 nm airglow
emissions, supporting the role of gravity waves in in-
creasing airglow emissions.

3. The development of a back-tracing trajectory analysis
algorithm allowed us to investigate the origin of the po-
lar cap patches. We concluded that, during the interval
under study, most of the patches entered the polar cap
from the afternoon sector.

4. Continuous measurements conducted by the Kapuskas-
ing SuperDARN radar provided evidence for the pres-
ence of enhanced velocities (>1.7kms~1) on 20
November 2003. The use of a tracing algorithm able to
step backwards in time permits us to examine the iono-
spheric condition when the patches were in the dayside
region. This algorithm can be applied to other patch
events to study the formation mechanism of polar cap
patches when the ionosphere is in a non-storm condi-
tion.

5. A method to calculate plasma drift velocity that uses
a 2-D cross-correlation algorithm has been developed
based on the property of the patches to drift with the
background polar cap convection. We used the Super-
DARN polar convection to validate our drift results.
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