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ABSTRACT

The global positioning system (GPS) phase scintillation caused by high-
latitude ionospheric irregularities during an intense high-speed stream
(HSS) of the solar wind from April 29 to May 5, 2011, was observed using
arrays of GPS ionospheric scintillation and total electron content moni-
tors in the Arctic and Antarctica. The one-minute phase-scintillation
index derived from the data sampled at 50 Hz was complemented by a
proxy index (delta phase rate) obtained from 1-Hz GPS data. The scin-
tillation occurrence coincided with the aurora borealis and aurora aus-
tralis observed by an all-sky imager at the South Pole, and by special
sensor ultraviolet scanning imagers on board satellites of the Defense Me-
teorological Satellites Program. The South Pole (SP) station is approxi-
mately conjugate with two Canadian High Arctic Ionospheric Network
stations on Baffin Island, Canada, which provided the opportunity to
study magnetic conjugacy of scintillation with support of riometers and

magnetometers. The GPS ionospheric pierce points were mapped at their

actual or conjugate locations, along with the auroral emission over the
South Pole, assuming an altitude of 120 km. As the aurora brightened
and/or drifted across the field of view of the all-sky imager, sequences of
scintillation events were observed that indicated conjugate auroras as a
locator of simultaneous or delayed bipolar scintillation events. In spite
of the greater scintillation intensity in the auroral oval, where phase scin-
tillation sometimes exceeded 1 radian during the auroral break-up and
substorms, the percentage occurrence of moderate scintillation was high-
est in the cusp. Interhemispheric comparisons of bipolar scintillation
maps show that the scintillation occurrence is significantly higher in the

southern cusp and polar cap.

1. Introduction

Rapid fluctuations of the amplitude and phase of
transionospheric radio signals degrade positioning ac-
curacy and cause cycle slips, which can lead to complete
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loss of signal lock and operational outages that can af-
fect the performance of radio communication and nav-
igation systems. Scintillation of high-latitude global
positioning system (GPS), or in general, Global Naviga-
tional Satellite System (GNSS), is caused by ionospheric
irregularities that are produced by energetic particle pre-
cipitation and by patches of enhanced plasma density
convecting in the polar cap. These high-latitude phe-
nomena occur in both hemispheres, sometimes simul-
taneously, and they are threaded by magnetic field lines
that are either closed or open; i.e., connected to the in-
terplanetary magnetic field (IMF). Conjugate auroras
during auroral break-up and substorms show similari-
ties as well as asymmetries [Sato et al. 1998, Sato et al.
2005, Laundal and @stgaard 2009]. Auroral arc bright-
ening and substorm intensification are known to corre-
late with GPS phase scintillation and cycle slips, which
appear to be caused by ionospheric irregularities that
are produced by auroral precipitation [Smith et al. 2008,
Prikryl et al. 2010]. Scintillation-causing irregularities are
also produced in the cusp/ cleft region by shear-driven
plasma density instability, and in the polar cap by gradi-
ent-drift instability, particularly at the trailing edge of
the polar cap patches [Basu et al. 1998, Carlson 2012].
GPS scintillation climatology studies in both hemi-
spheres have shown that as a function of magnetic local
time and geomagnetic latitude, phase scintillation pri-
marily occurs on the dayside in the ionospheric cusp,
and in the night-side auroral oval [Spogli et al. 2009, Li
etal. 2010, Alfonsi et al. 2011, Prikryl et al. 2011a]. Liet

al. [2010] conducted a statistical study of GPS phase-
scintillation occurrence at approximately conjugate
locations at Ny-Alesund, Svalbard, and Zhongshan,
Antarctica, which are typically located in the daytime
cusp and in the auroral oval, or poleward of at night. An
interhemispheric comparison of high-latitude ionos-
pheric scintillation during a geomagnetic storm caused
by a magnetic cloud that was embedded in a high-speed
solar wind found similarities, but also asymmetries, be-
tween the northern and southern auroral zones, cusps,
and polar caps [Prikryl et al. 2011b, Kinrade et al. 2012].
Energetic particle precipitation during substorms is rou-
tinely recorded by riometers to study substorm injec-
tions [Spanswick et al. 2007], and the associated sudden
increases in GPS total electron content (TEC) can be
used to track substorm expansion [Watson et al. 2011].

In this study, we focus on the GPS phase scintilla-
tion that is associated with aurora and riometer ab-
sorption at the poleward edge of the night-side and
dayside auroral oval observed during a week-long high-
speed solar-wind event. In particular, phase scintillation
associated with auroral emission and riometer absorp-
tion at the South Pole, Antarctica, and at two sites in
the Arctic, are compared. The SP (74.1°S corrected ge-
omagnetic [CGM] latitude) is approximately conjugate
with Qikiqtarjuaq (QIK; 75.4°N) and Iqaluit (IQA;
72.4°N). Another approximately conjugate pair was
provided by Zhongshan station in Antarctica and the
stations on the Svalbard archipelago. Mapping of the
ionospheric pierce points (IPPs) on the auroral images
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Figure 1. (a) The CHAIN and European GISTMs (red dots) and conjugate locations of southern hemisphere GISTMs (blue dots). Corrected
geomagnetic (CGM) latitudes 70° N and 80° N and two DMSP F16 satellite tracks are superposed. The times shown on the DMSP tracks are
in UT and MLT for April 29 (cyan) and May 2 (green), respectively. (b) The southern hemisphere GISTMs (blue dots) and conjugate loca-
tions of CHAIN and European GISTMs (red dots). The field of view of an all-sky imager at SP is shown. Corrected geomagnetic (CGM) lat-
itudes 70° S and 80° S (orange) and a DMSP F16 satellite track are superposed.
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indicated simultaneity of bipolar scintillation events in
some cases. However, delays between the bipolar scin-
tillation events that were also observed can be explained
by drifting conjugate auroral forms sequentially cross-
ing the IPPs in the northern and southern hemispheres.
Finally, to compare the phase scintillation index with its
proxy index, scintillation occurrence maps for the
northern and southern high latitudes are presented.

2. Instruments and data

The Canadian High Arctic Ionospheric Network
(CHAIN) [Jayachandran et al. 2009] consists of ten spe-
cialized GPS ionospheric scintillation and TEC monitors
(GISTMs) and six Canadian Advanced Digital ionoson-
des (CADIs) distributed in the auroral oval, the cusp, and
the polar cap (http://chain.physics.unb.ca/chain). The
SP GPS receiver operations were a collaborative effort of
the University of Bath (Bath, UK) and Siena College
(Loudonville, USA). The GISTM of the South African
National Antarctic Expedition in Antarctica is operated
by the South African Space Science Directorate. The GSV
4004B receivers can track up to 11 satellites simultane-
ously at L1 (1575.42 MHz) and L2 (1227.60 MHz) fre-
quencies. They can record the signal phase and amplitude
at a sampling rate of 50 Hz, and compute the amplitude
scintillation index, S » which is the standard deviation of
the amplitude normalized to its mean value, and the
phase scintillation index, o, which is the standard devia-
tion of the detrended phase. CHAIN is supported by
radars, riometers, optical instruments and magnetome-
ters of the Canadian Geospace Monitoring Program [Liu
2005, Mann et al. 2008], including the Northern Solar Ter-
restrial Array [Donovan et al. 2003]. An all sky imager is
operated in a collaboration between Kyoto University
(Kyoto, Japan) and Siena College at the SP Station [Ebi-
hara et al. 2010]. This consists of a fish eye lens, an auto-
mated filter changer, and a back illuminated, air cooled
CCD camera with resolution set at 512 X 512 pixels for an
electron aurora. The station is also equipped with an im-
aging riometer and magnetometers. Figure 1 shows the
locations of the GISTMs in the northern and southern
high latitudes, along with the conjugate locations of the
respective opposite hemisphere stations. For the geo-
graphic and geomagnetic latitudes of the stations and the
station acronyms, see Prikryl et al. [2011b; their Table 1].

To overcome the limited geographic cover of the
GISTMs, other GNSS data sampled at 1 Hz were used
to obtain the phase scintillation proxy index. A proxy
index 'delta phase rate' (DPR), in units of m/s, was ob-
tained as a difference between the ionospheric delays
encountered by GPS phase measurements over two
consecutive epochs 1 s apart, averaged over 30 s [Ghod-
dousi-Fard and Lahaye 2012].
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Figure 2. Solar-wind magnetic field and plasma parameters from
the OMNIWeb dataset combining available solar-wind-monitor
data projected to the nose of the Earth bow shock. The quasi in-
variant (QI) index is superposed as the green line. Hourly occur-
rences of phase scintillation, riometer absorption and magnetic
H-component observed at Iqaluit-Qikiqtarjuaq (IQA/QIK) and
South Pole (SP) are shown in red and dark blue, respectively.

A special sensor ultraviolet scanning imager (SSUSI)
was on board the DMSP satellites (F16 to F18). This
measures auroral and airglow emissions in FUV bands,
and provides partial global auroral images in five 'colors":
121.6 nm (proton aurora), 130.4 nm (O emission), 135.6
nm (O emission), 140 nm to 150 nm (Lyman-Birge—
Hopfield [LBH]S: N2 LBH short band) and 165 nm to
180 nm (LBHL: N2 LBH long band) [Paxton et al. 2002].
The LBHS and LBHL bands were used to derive the en-
ergy flux and mean energy of precipitating electrons in
the auroral oval [Zhang and Paxton 2008, and references
therein]. SSUSI takes 15 auroral images in both hemi-
spheres every day, and the images have spatial resolution
down to 10 km at nadir. The presented SSUSI auroral im-
ages have been re-binned with a grid side of 25 km X 25
km. The SSUSI is almost the same as a global ultraviolet
imager [see Zhang and Paxton 2008].

3. Auroral activity and scintillation during the solar-
wind high-speed stream

3.1. Solar-wind parameters
A plasma HSS from a coronal hole with a solar-wind
speed V that reached up to ca. 700 km/s swept past the
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Earth between April 29 and May 6, 2011. Figure 2
shows the 5-min averages of the magnetic field and
solar-wind velocity components in Geocentric Solar
Ecliptic System coordinates (Figure 2, top three panels),
the total flow velocity V, the proton density n - and the
total magnetic field magnitude B, from the OMNI
dataset, projected to subsolar bow shock (http://om
niweb.gsfc.nasa.gov/). The quasi-invariant index, QI
(Figure 2, green), is equivalent to the ratio of the solar-
wind magnetic to ram pressures, or the inverse of the
magnetic Mach number squared [Osherovich et al. 1999].
It is thus defined as QI = (B*/2p,)/(pV?/2) = M,
where L, is the permeability of free space, p is the
plasma density, V is the plasma velocity, and M, is the
magnetic Mach number (M, = V/V, , where V, is the
Alfvén speed). As a single nondimensional quantity of
fundamental importance, QI characterizes the solar-
wind geoeffectiveness and correlates with solar activity
indices. The compression ridge of the HSS was associ-
ated with enhanced QI values and a sharp increase in
the solar-wind density that was followed by a peak in
the dynamic pressure of 16 nPa, and with the IMF
northward turning at ca. 21:55 UT, ending a period of
ca. 4 h of IMF B, < 0. The co-rotating interaction re-
gion (CIR) HSS interface arrived at ca. 22:00 UT on
April 29, 2011. This was followed by large-amplitude
Alfvén waves. The corresponding components of the
IMF and ion velocity fluctuations were correlated,
while the total IMF magnitude and density n " remained
relatively constant (Figure 2). For sunward-oriented
background IMF (B, > 0), the positive correlations in-
dicated anti-sunward propagating Alfvén waves
[Belcher and Davis 1971] advected in the solar wind.
Figure 2 also shows the hourly occurrences of phase
scintillation observed by the GPS scintillation monitors
at IQA-QIK and SP (Figure 2, red, blue, respectively).
Significant phase scintillation commenced with the ar-
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Figure 3. In colors (top three panels), the phase scintillation index
0, observed at elevations above 30° on April 29, 2011. The riome-
ter absorption and the H components of the ground magnetic field
measured at IQA and SP are superposed in the scintillation panels.
The IMF By, and B,, are shown in the bottom panel.

rival of the HSS and continued for several days. The
scintillation occurrence was associated with enhanced
riometer absorption and ground-magnetometer per-
turbations of the horizontal component H at SP and
IQA (Figure 2, bottom panel).

3.2. April 29, 2011

The arrival of the HSS sparked substorm activity
and a geomagnetic storm (Kp and Dst indices reaching
5+ and —44 nT, respectively). Bright auroras that were
associated with scintillation were observed at SP on
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Figure 4. The 557.7-nm all-sky images during substorms on (a) April 29 and (b) April 30, 2011, mapped on a geographic grid assuming an al-
titude of 120 km. The IPPs for which o,, > 0.15 rad are shown at SP (red) and at locations conjugate to the northern hemisphere stations of
IQA (orange) and QIK (blue). The corrected geomagnetic (CGM) latitudes and MLT (white) are superposed over the geographic grid (yellow).
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Figure 5. Precipitating particle fluxes observed by the F16 DMSP satellite during a pass over the northern auroral oval.

successive nights. On April 29, after a substorm onset
at ca. 21:30 UT, an auroral arc brightened near the
horizon and the aurora quickly expanded to the
zenith. The Wp index [Nosé et al. 2012], which char-
acterizes the Pi2 wave power at low latitude that closely
precedes substorm onset, peaked at 21:29 UT (http://
s-cubed.info). This is consistent with the magnetic sig-
nature of the substorm observed by ground-based
magnetometers in Scandinavia in the midnight sector
(not shown). Figure 3 shows the phase scintillation
index o as observed at IQA, QIK and SP, which were
located in the early evening sector (between 18:00 and
19:00 magnetic local time [MLT]) at the time of the
substorm onset. The nearly simultaneous onset of the
riometer absorption and perturbation of the H-com-
ponent at SP and IQA is indicated by vertical dotted
lines. The H-component from the IQA magnetometer
is shown in the middle panel of Figure 3 (there was no
magnetometer at QIK). To be compared with the
broad-beam riometer absorption recorded at IQA, the
SP imaging riometer absorption was averaged over all
49 beams. The phase scintillation onset at 21:40 UT oc-
curred at SP, IQA and QIK nearly simultaneously. How-
ever, the scintillation at IQA and QIK was much weaker,
and the onset of riometer absorption at IQA was less
abrupt, compared to SP. The GPS satellites were iden-
tified by the receiver by means of their pseudo random
noise (PRN) codes and satellite numbers, as 1-32, and
they were coded by color. The phase scintillation onset
at 21:40 UT closely coincided with the ground mag-

netic horizontal field H-component perturbations and
riometer absorption observed at IQA and SP. At SP, 6,
exceeded 2 rad for two PRNs at 21:43 UT (Figure 3). At
IQA and QIK, o, reached only 0.4 rad and 0.2 rad, re-
spectively. The IMF (Figure 3; bottom panel) indicated
a large dawnward (B, < 0) component at the time of
the scintillation onset, but recovered to zero 10 min
later, while B, changed to northward.

Figure 4a shows an all-sky image mapped in geo-
graphic coordinates, with the SP (red), IQA (orange),
and QIK (blue) IPPs at an assumed altitude of 120 km,
for various PRNs when o, >0.15 rad. The conjugate
locations of IQA and QIK, and the associated IPPs are
shown. The weak scintillation that was observed at
QIK did not exceed the 0.15-rad threshold, and indeed,
the QIK conjugate location mapped away from the
bright aurora over SP at this time. However, several
IPPs that indicated enhanced o, are shown for SP and
IQA. The conjugate locations of PRNs for IQA are col-
located with the brightest (saturated) parts of the au-
roral forms, which suggests some degree of aurora
conjugacy and the presence of auroral emission di-
rectly above IQA in the northern hemisphere. The IPPs
for SP are associated with the rayed arcs (corona) dis-
play in the zenith. During this time, the horizontal
component of the magnetic field experienced a maxi-
mum negative deflection of ca. 1000 n'T, while the cos-
mic radio noise absorption due to energetic particle
precipitation peaked 2 min earlier. A moderate mag-
netic-field disturbance accompanied by riometer ab-
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sorption in IQA was coincident with the event at SP.

The onset of phase scintillation occurred at the
poleward border of the auroral oval that was observed
by the DMSP-F16 satellite in the northern hemi-
sphere, over Labrador and Baffin Island. The satellite
crossed the poleward border of the auroral oval at
21:47 UT, when it passed very close to IQA (Figure 5).
The DMSP particle detectors observed electron pre-
cipitation fluxes with energies that exceeded 4 keV,
which indicated the presence of auroral arcs [Newell
et al. 2009]. It can be noted that prior to the substorm
event, there was weaker scintillation that was ob-
served for 3 h to 4 h that started at 18:00 U'T, simulta-
neously at SP, IQA and QIK, after the southward
turning of the IMF B, associated with the arrival of
the HSS/CIR (Figure 2), which was followed by en-
hanced values of the indices of geomagnetic activity,
including AE and Wp (http://s-cubed.info). At this
time, low intensity multiple rayed arcs were observed
by the imager at SP.
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Figure 6. (a) The scintillation proxy DPR index for IQA on April 30,
2011. (b) The phase scintillation index o, observed at elevations above
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magnetic field measured at IQA and SP are superposed in the scin-
tillation panels. The IMF B, and B, are shown in the bottom panel.

3.3. April 30, 2011

On April 30, 2011, after a period of several hours
(09:00 to 15:00 UT) of concurrent scintillation at both
hemispheres in the morning sector, another auroral
substorm resulted in the onset of phase scintillation at
SP, IQA and QIK in the early evening sector (Figure 6).
The DPR proxy index that is shown in Figure 6a is fur-
ther discussed in Section 5. For the present discussion
here, we refer to the four panels in Figure 6b. Similar
to the previous day, the substorm onset occurred in the
pre-midnight Scandinavian sector, and the substorm
Wp-index increased at 20:33 UT. The onset was fol-
lowed by a spike in phase scintillation at IQA (20:38
UT), and with a delay of ca. 7 min, by approximately si-
multaneous scintillation onsets at SP and QIK (20:45
UT). The riometer absorption, the ground magnetic
field perturbation and scintillation onset at IQA at 20:38
UT is indicated by the vertical dotted lines in the top
three panels of Figure 6. The aurora brightness ex-
ceeded 44 kR (Figure 4b) when o4 peaked at 1.5 rad at
SP. Most of the IPPs, including those shown at their
conjugate locations (IQA, QIK), were collocated with
the bright aurora. However, the peak riometer absorp-
tion and scintillation at IQA (when the bright aurora
would be expected over IQA) preceded the onset of
scintillation at QIK by 13 min. The scintillation at QIK
occurred concurrently with the scintillation at SP, but
was weaker. The IMF at this time was southward, with
B, fluctuating around zero.

It can be noted that not only were the bright au-
roras during substorms associated with significant scin-
tillation. Rayed arcs and coronas in the morning and
post-noon sectors were also co-located with moderate-
to-weak scintillation in the morning sector on April 30.
This is illustrated in Figure 7a, which shows a corona dis-
play at its peak at 12:08 U'T, when the H-component per-
turbations were maximized, and the riometer absorption
also peaked and/or was enhanced at IQA and SP.

3.4. May 1, 2011

In the next two days, continuing large-scale solar-
wind Alfvén waves resulted in many periods of south-
ward IMF that caused ionospheric disturbances and
scintillation. A series of pseudo break-ups in the mid-
night sector associated with moderate scintillation
events occurred in both hemispheres on May 1 between
00:00 and 06:00 UT. Figure 7b shows the rayed arcs that
reached maximum intensity at 00:32 U'T, which resulted
in scintillation at SP and IQA. The mapped IPPs of en-
hanced scintillations were closely collocated with arcs,
while there was no scintillation observed from QIK at
this time, when the QIK conjugate location was far re-
moved from the arc observed near zenith at SP. Instead,
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Figure 8. Mapped 557.7-nm images showing a poleward moving auroral form on May 1, 2011.

moderate scintillation was observed at SP between
08:00 and 18:00 UT with o, frequently reaching or ex-
ceeding 0.5 rad, particularly near the cusp where pole-
ward-moving auroral forms were observed. Figure 8
shows a poleward-moving auroral form that fanned to-
wards the zenith as it moved polewards. Equatorward
of the zenith, it intercepts IQA IPPs that detected scin-
tillation first. When reaching the zenith, the scintilla-
tion at IQA ended, while it continued at SP and QIK. In
addition to aurora, copious patches were observed in
the polar cap by McMurdo radar (not shown) that con-
tinued through the next day, as a result of coupling of
large amplitude Alfvén waves to the dayside magne-
topause [Prikryl et al. 1999]. Scintillation due to polar
cap patches is not the focus of this study, and so it is
only briefly discussed below.

3.5. May 2-5, 2011

On May 2, the riometers and magnetometers at
IQA and SP (Figure 9) showed delayed onsets of auro-
ral activity at ca. 00:11 and 00:15 U, respectively, which
started a period of drifting arcs observed over SP. An
arc that brightened near the north-western horizon was

detached from the poleward edge of the auroral oval
near -70° CGM latitude, and moved polewards (Figure
10). As the arc moved polewards, strong scintillation
was first detected at IQA, then at SP, and finally at QIK
(Figures 9, 10). After it moved past zenith at SP, the arc
split into two. The equatorward portion brightened and
then dimmed. As the poleward arc drifted back to zenith,
moderate scintillation was observed, this time in a re-
versed sequence: QIK followed by SP and IQA. At ca.
00:32 UT, the arc brightened and broke up, which re-
sulted in scintillation observed at all three stations. This
sequence of scintillation and absorption events sug-
gested that similar auroral forms occurred and evolved
at conjugate locations. The IMF B, was at nearly zero
while By, reached zero between 00:10 and 00:15 U'T, but
was slightly negative (dawnward) at other times.

More asynchronous interhemispheric scintillation
events were observed during a substorm that occurred
before 23:00 UT (Figure 9). The substorm index Wp
and AE index both peaked at ca. 22:47 UT (http://s-
cubed.info). The riometer absorption and scintillation
activity commenced at IQA at 22:43 UT, but scintilla-
tion was delayed until after 23:00 UT at QIK. At SP, the
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Figure 9. The phase scintillation index o, observed at elevations above 30° on May 2, 2011. The riometer absorption and the H components
of the ground magnetic field measured at IQA and SP are superposed in the scintillation panels. The IMF B, and B,, are shown in the bot-

tom panels.

substorm onset occurred at ca. 23:04 U'T, although this
was preceded by weak absorption and one PRN
showed a scintillation peak a few minutes earlier. Sim-
ilar to the event discussed above (Figure 10), an auroral
arc brightened near the north-western horizon at SP at
ca. 22:45 UT, and expanded polewards, reaching the
conjugate location of IQA by 23:00 UT (not shown). A
break-up that occurred at 23:04 UT resulted in strong
scintillation at SP (o, > 1 rad) while only a moderate
scintillation was observed at QIK and IQA at that time
(Figures 9, 11). A few more auroral brightenings and/or
break-ups followed (see Figure 9, riometer absorption
spikes at SP and IQA), each of which resulted in scintil-
lation at all three locations (Figure 11). The IMF B, and

B, were both weakly negative during this event.
Figure 12a, b shows two successive SSUSI auroral
image scans from DMSP F16 in the northern and south-
ern hemispheres, respectively. The equatorward auroral
boundary from a global ultraviolet imager auroral
model at a fixed electron flux (0.2 ergs/s/cm?) is shown
in the red dashed line in Figure 12a, b. This model
boundary was selected to match the SSUSI night-side
boundary at the same flux threshold. In the northern
hemisphere, the image captured an auroral arc bright-
ening (observed also at SP; Figure 11) at the poleward
edge of the auroral oval, with an arc being detached.
The CHAIN IPPs where phase scintillation exceeded
0.1 rad clustered prominently around IQA and QIK, as
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Figure 11. Mapped 557.7-nm images of an arc brightening during a substorm on May 2, 2011.

shown in blue and cyan, respectively, in Figure 12c.
About 50 min later, in the southern hemisphere, the arc
that is seen in Figure 11 was already detached, and
stretched from the pre- to post-midnight sector. Figure
12d shows the IPPs clustered around SP (green) just
outside of the SSUSI image at latitudes and MLTs
where the arc was joining the auroral oval, as observed
at SP (Figure 11). In addition to the scintillation cluster
around SP in the dusk sector at ca. 19:30 MLT, another
cluster of IPPs is shown co-located with the bright part
of the arc in the post-midnight sector at ca. 01:30 MLT

(Figure 12d). This cluster shows IPPs for ZHON (or-
ange) as well as IPPs for conjugate locations of the Sval-
bard stations at NYAO, LYBO and YRGN (shades of
blue). These two prominent clusters of IPPs, both of
which included conjugate locations, suggest that scin-
tillation was co-located with similar large-scale conju-
gate arcs occurring in the respective hemispheres.

In the following days, before the activity caused by
the HSS subsided, there were other coincident scintilla-
tion events at SP, IQA and QIK that were associated with
riometer absorption (not shown). These included bright-
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Figure 12. (a, b) Two successive SSUSI (DMSP F16) auroral image scans mapped as a function of magnetic latitude and MLT. (b, d) Corre-
sponding maps of IPPs where scintillation exceeded 0.1 rad. The statistical auroral oval for moderately disturbed conditions is superposed.

enings of rayed auroral arcs near zenith at SP in the pre-
midnight hours at 03:52 UT on May 3 and 02:55 UT on
May 5. During a series of pre-midnight pseudo break-
ups on May 4 (very similar to those shown in Figures 9,
10), the aurora at SP periodically expanded polewards,
but only once reached the zenith at 01:00 U'T, when scin-
tillation occurred at SP. At IQA, each brightening and
poleward expansion of the auroral oval resulted in ri-
ometer absorption and a burst of scintillation, while no
scintillation was observed further polewards at QIK.

4. Auroral conjugacy of phase scintillation

Particle precipitation during substorms, pseudo
break-ups, auroral-arc brightenings, corona displays of
rayed arcs, and dayside poleward moving auroral forms
resulted in riometer absorption that was observed si-
multaneously, or with a delay of a few minutes, at ap-
proximately conjugate sites at SP and IQA. The events
were associated with phase scintillation observed by
GISTMs in the Arctic and Antarctic. Assuming an alti-
tude of 120 km, the same hemisphere and conjugate
IPPs of phase scintillation events observed at southern
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and northern high latitudes during a period of solar-
wind HSS were mapped on the auroral images that
were obtained by an all-sky camera at SP and SSUSI im-
agers on the DMSP satellites. Bipolar scintillation events,
as either simultaneous or delayed, were observed by
conjugate pairs of receivers where the IPPs were co-lo-
cated with auroral forms that were observed by an all-
sky imager at SP or DMPS SUSSI. The sequences of
bipolar scintillation events associated with a variety of
auroral forms are consistent with the occurrence of
conjugate auroras.

Simultaneity of bipolar scintillation events was ob-
served when IPPs mapped on, or near, the auroral
forms, while delays between the scintillation events can
be explained by drifting conjugate auroral forms cross-
ing the IPPs sequentially. In one instance, a large-scale
conjugate auroral arc was observed from the ground
by an all-sky imager at SP (Figure 11) and by the DMSP
F16 satellite SSUSI imager during polar overflights (Fig-
ure 12). The southern auroral arc was observed by an
all-sky imager from the ground at SP as it was detached
from the poleward edge of the auroral oval (Figure 11).
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Figure 13. Phase scintillation occurrence from April 29 to May 5, 2011 as a function of CGM latitude and UT observed by (a) CHAIN and
(b) GISTMs at southern high-latitudes. The occurrence of the proxy phase scintillation (DPR > 2 mm/s) obtained from 1-Hz GPS data for
(c) CHAIN and 40 more GPS receivers in the northern hemisphere. White arrows indicate the arrival time in UT of two ICMEs.

In the northern hemisphere, the brightened detached
arc was captured by SUSSI (Figure 12a). About 50 min
later, the SUSSI imager observed the arc stretching over
many MLT hours from pre- to post-midnight in the
southern hemisphere (Figure 12b). Simultaneous or
slightly delayed scintillation events that co-located with
the auroral forms were observed by approximately con-
jugate GPS receiver pairs. While the SP-IQA-QIK group
of receivers observed the scintillation caused by the
brightening arc in the dusk sector, nearly simultaneous
scintillation was also detected in the post-midnight sec-
tor by approximately conjugate receivers in Svalbard
(LYBO, NYAO and YRGN) and in Zhongshan, Antarctica
(Figure 12d).

Temporal and spatial co-location of scintillation
was associated with the brightest emissions due to au-
roral break-ups and substorms, but moderate scintilla-
tion was frequently co-located with rayed arcs, corona
displays and poleward-moving auroral forms. How-
ever, to further study scintillation associated with con-
jugate auroras in more detail, an all-sky imager and/or
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imaging riometer at IQA are required.

The IMF orientation is an important controlling
factor in the solar-wind coupling to the magnetosphere
and the location of the conjugate auroras. Jstgaard et
al. [2004] obtained an empirical model for the relation
between longitudinal displacement of the conjugate
point and IMF B, These results are consistent with ob-
servations by Motoba et al. [2011], and they provide
strong evidence that the hemispherical asymmetry is
controlled by the IMF clock angle. The IMF B, was
strongly negative (dawnward) during the growth and
expansion phase of a substorm event on April 29, which
might explain a strong hemispherical asymmetry in the
intensity of scintillation that was observed just after
21:40 UT (Figure 3). In the alfvénic solar wind that fol-
lowed, the IMF B, and B, rapidly fluctuated around
zero, but with smaller amplitudes. Thus it would be dif-
ficult to relate hemispherical differences, if any, ob-
served in the scintillation occurrence. For the present
study, simultaneous auroral images from both hemi-
spheres were not available, and the GNSS coverage in
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the southern hemisphere was insufficient to examine
such effects in detail. Inclusion of 1-Hz GPS receivers to
obtain a proxy scintillation index (discussed below) and
addition of more scintillation receivers with support by
all-sky imagers at SP and IQA should make it possible to
undertake a more detail analysis in the future.

5. Interhemispheric comparison of the phase scintil-
lation occurrence

Figure 13a, b shows that the percentage occurrence
of phase scintillation o, exceeding 0.1 rad in the Cana-
dian Arctic and in Antarctica, respectively, from April 29
to May 5, mapped as a function of latitude and universal
time (UT) ona grid 1° x 1 h, assuming the IPPs at 350
km altitude. The gray areas in Figure 13a, b indicate
either complete absence or insufficient numbers of
data points to estimate statistically significant scintilla-
tion occurrence in a given grid cell [Spogli et al. 2009].
The arrow in Figure 13a, b indicates the arrival time
of the HSS/CIR. During the most active days of HSS
(from April 29 to May 3), the scintillation occurrence
was enhanced and the scintillation region expanded
polewards and equatorwards in both hemispheres. The
occurrence rate was generally higher at southern high
latitudes (in Figure 13a, b, note the different scales),
particularly in the polar cap. While the scintillation
critically depends on the characteristics of the high-
pass filter, similar or identical scintillation monitors
were used in this study.

The scintillation in the polar cap was due to the
high occurrence of polar cap patches in the southern
hemisphere. As the solar-wind velocity declined and the
amplitude of the IMF fluctuations (Alfvén waves) di-
minished, the scintillation occurrence faded away. The
marked differences in UT dependence of the occur-
rence are due to different longitude sectors represented
in the database. Southern stations are at various longi-
tudes, while CHAIN occupies a limited longitude in-
terval corresponding to a narrower magnetic local time
sector. As a result, there is a pronounced diurnal varia-
tion in CHAIN data (Figure 13a), with auroral scintilla-
tion dominating around magnetic midnight, and
shifting to cusp and polar cap in the noon sector.

A proxy phase scintillation index, namely the DPR,
was obtained as a difference between ionospheric delays
encountered by GPS phase measurements over two
consecutive epochs 1 s apart, averaged over 30 s. Similar
to 0, the proxy index DPR is projected to the vertical to
account for geometrical effects on the measurements
made at different elevation angles [Spogli et al. 2009].
For comparison with the phase scintillation index o,
we use the absolute value of DPR averaged over 60 s. As
shown for IQA in Figure 6, in terms of temporal occur-
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rence, DPR compares reasonably well with o, but in-
dividual 60-s values were only moderately correlated on
April 29 (correlation coefficient, 0.51). Due to the under
sampling at 1 Hz, the DPR index does not capture the
rapid changes of the phase that would cause strong scin-
tillation; e.g., just after the onset of riometer absorption,
the initial spike at 20:38 UT that is evident in 0, was less
pronounced in the DPR. Nevertheless, we find the DPR
index to be a useful proxy to complement o4 and to im-
prove coverage in scintillation occurrence mapping.

Figure 13c shows the occurrence map of the DPR
that exceeded 2 mm/s. Similar to the adopted o, thresh-
old, the DPR threshold is somewhat arbitrary, but it was
chosen to be safely above the DPR noise level. To deter-
mine thresholds that would give matching mean per-
centage occurrences for o, and DPR, further statistical
analysis is required. About 40 GPS stations with 1-Hz
sampling rate in North America are used to comple-
ment the CHAIN stations scintillation measurements
[Ghoddousi-Fard and Lahaye 2012; Prikryl et al. 2013].
This map is very similar to the CHAIN phase scintilla-
tion occurrence map of o, > 0.1 rad (Figure 13a), al-
though the percentages are higher for the latter
threshold. Further evaluation of the DPR proxy index
and comparison with o, will be carried out to justify its
application as a phase scintillation proxy index [Prikryl et
al. 2013]. Figure 14a-c shows the occurrence of o4 > 0.1
rad and DPR > 2 mm/s in the northern hemisphere and
southern hemisphere as a function of magnetic latitude
and MLT on a grid 2.5° x 1 h that spanned the interval
from April 29 to May 5. The position of the statistical
auroral oval for disturbed conditions [Feldstein and
Starkov 1967, Holzworth and Meng 1975] is super-
posed. The occurrence of phase scintillation was higher
in the southern hemisphere (Figure 14a) than the
northern hemisphere (Figure 14b) polar cap and the
cusp. SuperDARN radar in McMurdo observed copious
backscatter from polar cap patches over Antarctica while
the ionospheric backscatter observed in the Arctic by
the PolarDARN component of SuperDARN was much
weaker. This was very similar to another April event
during a geomagnetic storm in 2010 [Prikryl et al.
2011b], and it can be explained by seasonal variations
in the occurrence of polar cap patches. The highest oc-
currence of polar patches, as identified in HF radar data
from Halley, Antarctica, was observed from March to
June [Rodger and Graham 1996]. In contrast, the low-
est ionospheric backscatter occurrence in the northern
polar cap was observed from April to August [Prikryl
etal. 2010].

While in this study we have focused on scintillation
associated with aurora over the South Pole and magnet-
ically conjugate sites in Canada, the auroral oval is
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disturbed conditions is superposed.

sparsely covered by scintillation GISTMs receivers. How-
ever, the use of 1-Hz receivers to obtain the DPR index to
characterize the scintillation occurrence can significantly
improve the spatial coverage. Figure 14c shows a map of
the percentage occurrence of DPR >2 mm/s that was
obtained for 1-Hz Receiver Independent Exchange For-
mat data for CHAIN augmented by many other 1-Hz re-
ceivers. While the mapping for the adopted thresholds
is very similar in the cusp and polar cap, which are cov-
ered mostly by CHAIN, the DPR occurrence gives a
smoother average auroral oval that indicates auroral
scintillation predominantly in the pre-midnight sector.

6 Summary and conclusions

Phase scintillation events at magnetically conju-
gate Antarctic and Arctic locations were observed dur-
ing a period of a strong solar-wind HSS. The 558-nm
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auroral emission observed at SP was mapped on a geo-
graphic grid along with the GPS IPPs, including the
conjugate locations of CHAIN stations, assuming a
mapping shell height at 120 km. At times of substorm
onsets, the interhemispheric comparisons of phase scin-
tillation that was co-located with the brightest auroral
emission sometimes revealed simultaneity at approxi-
mately conjugate locations, and at other times revealed
asynchrony with delays between the northern and
southern auroral events. In one case, a large-scale arc
that was detached from the auroral oval was observed
by an all-sky imager at SP as well as space-borne DMSP
SSUSI. Nearly simultaneous scintillation events at ap-
proximately conjugate locations in the northern and
southern hemispheres were co-located with the arc.
Phase scintillation was co-located with a variety of au-
roral forms. The strongest phase scintillation was asso-
ciated with the brightest emissions due to auroral
break-ups and substorms, but moderate scintillation
was frequently co-located with rayed arcs and corona
displays, including those observed in the cusp. The per-
centage occurrence of scintillation in the auroral oval
was comparable between the hemispheres, but was sig-
nificantly higher in the southern cusp and polar cap,
which correlated with increased occurrence of patches
over Antarctica. This agrees with the seasonal variation
in polar-patch occurrence that is out of phase in the
northern and southern hemispheres.

The proxy phase scintillation index DPR is a very
useful substitute for the phase scintillation o, to com-
plement scintillation studies if 1-Hz GNSS data are
available. In the auroral oval, where the coverage by the
50-Hz GISTMs was sparse, the DPR occurrence maps
show that phase scintillation predominantly occurs in
the pre-midnight sector.
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