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Abstract. Arrays of GPS lonospheric Scintillation and TEC while it was significantly higher in Cambridge Bay (771;
Monitors (GISTMs) are used in a comparative scintillation 310.T E) than at Mario Zucchelli (80%05; 307.7 E). In the
study focusing on quasi-conjugate pairs of GPS receivers irpolar cap, when the interplanetary magnetic field (IMF) was
the Arctic and Antarctic. Intense GPS phase scintillation andstrongly northward, the ionization due to energetic parti-
rapid variations in ionospheric total electron content (TEC) cle precipitation was a likely cause of scintillation that was
that can result in cycle slips were observed at high latitudesstronger at Concordia (88.8; 54.42 E) in the dark iono-
with dual-frequency GPS receivers during the first signifi- sphere than in the sunlit ionosphere over Eureka (88;1
cant geomagnetic storm of solar cycle 24 on 5-7 April 2010.333.4 E), due to a difference in ionospheric conductivity.
The impact of a bipolar magnetic cloud of north-south (NS) When the IMF tilted southward, weak or no significant scin-
type embedded in high speed solar wind from a coronal holdillation was detected in the northern polar cap, while in the
caused a geomagnetic storm with maximum 3-hourly Kp =8-southern polar cap rapidly varying TEC and strong phase
and hourly ring current Dst=73 nT. The interhemispheric scintillation persisted for many hours. This interhemispheric
comparison of phase scintillation reveals similarities but alsoasymmetry is explained by the difference in the location of
asymmetries of the ionospheric response in the northern andolar terminator relative to the cusps in the Northern and
southern auroral zones, cusps and polar caps. In the nightsid@outhern Hemisphere. Solar terminator was in the immedi-
auroral oval and in the cusp/cleft sectors the phase scintilate proximity of the cusp in the Southern Hemisphere where
lation was observed in both hemispheres at about the samsunlitionospheric plasma was readily convected into the cen-
times and was correlated with geomagnetic activity. Thetral polar cap and a long series of patches was observed. In
scintillation level was very similar in approximately conju- contrast, solar terminator was far poleward of the northern
gate locations in Qigiktarjuaq (75.4M; 23.# E CGM lat. cusp thus reducing the entry of sunlit plasma and forma-
and lon.) and South Pole (74.%; 18.9 E), in Longyear- tion of dense patches. This is consistent with the observed
byen (75.8N; 111.2 E) and Zhongshan (7£.5; 96.7 E), and modeled seasonal variation in occurrence of polar cap
patches. The GPS scintillation and TEC data analysis is sup-
ported by data from ground-based networks of magnetome-
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Fig. 1a. The CHAIN and European GISTM arrays (red dots) and Fig. 1b. GPS scintillation receivers in Antarctica (blue dots) and the
fields of view of SuperDARN radars in Saskatoon, Rankin Inlet andfield of view of the SuperDARN radar in McMurdo and Syowa East.
Hankasalmi. Conjugate locations of four Antarctic GPS receiversConjugate locations of northern GISTM arrays (red dots) and fields
(blue dots) and the field of view of the McMurdo SuperDARN radar of view of Saskatoon, Rankin Inlet and Hankasalmi SuperDARN
(dashed line) are superposed. The location and field of view ofradar (dashed line) are superposed. Radar locations are shown
an all-sky imager in Fort Smith is shown. Corrected geomagneticby black dots. Corrected geomagnetic (CGM) latitude3S @nd
(CGM) latitudes 70 N and 80 N and DMSP F17 satellite track are 80° S and DMSP F16 satellite track are superposed.

superposed.

o » storms, Kumar et al. (2005) reported that about 30 % of mag-
Keywords. lonosphere (lonospheric irregularities) — Mag- peic storms were associated with MCs. The ionospheric ef-
netospheric physps (Storms gnd.substorms) — Radio sciengg s included VHF scintillation in the post-midnight period
(Space and satellite communication) around the time of maximum storm ring current. High pres-
sure pulses on the leading and trailing edges of MCs also
result in magnetospheric disturbances including compression
1 Introduction and deformation, large scale motions of the magnetic tail and
initiations of substorms and storms (Yermolaev et al., 2000).

Magnetic clouds (MCs) are a subset of interplanetary coro- The extended periods of northward or southward inter-
nal mass ejections (ICMEs) showing a strong and smoothlyplanetary IMF during an MC passage can produce dynamic
rotating magnetic field, a low proton temperature, and a ra-and intense polar precipitation and auroras or polar cap
tio of the plasma pressure to the magnetic pressure (plasmpatches of ionization, respectively, as shown for the MC
B) significantly lower than unity (Burlaga et al., 1981). Hut- event of 10 January 1997 (Elsen et al., 1998; Steele et al.,
tunen et al. (2005) divided MCs into “bipolar” and “unipo- 1998). For the same event, Ho et al. (1998) generated global
lar” based on the axial orientation of the magnetic field andionospheric TEC maps that showed significant differences in
studied geoeffectiveness of MCs during various phases of thdistribution and variations of TEC between the Northern and
solar cycle. They found that near the solar minimum andSouthern Hemispheres. In particular, their Fig. 2 shows a
in the rising phase of solar activity most MCs are bipolar. dense tongue of ionization (TOI) traversing the southern po-
Echer et al. (2005) found that 77 % of MCs are followed lar cap while at the same time a TOI appears to have been
by intense or moderate geomagnetic storms €bs60 nT). absent in the northern polar cap where only weaker patches
The geoeffectiveness of MCs and ICMEs in general largelywere observed optically (Steele et al., 1998) and with an
depends on the polarity of the IMBz, the magnetic field ionosonde in Eureka. Under disturbed and dynamic condi-
strength B) and their products with solar wind speedd  tions TOI can be fragmented into smaller structures includ-
andVBz) (Kumar and Raizada, 2010; Richardson and Canejng scintillation-causing ionospheric irregularities (see, e.qg.
2011). Regarding the interplanetary causes of geomagnetiblitchell et al., 2005). The dynamics of such irregularities
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Table 1. Geographic and corrected geomagnetic coordinates of GISTM sites.

Station Geographic latitude  Geographic longitude CGM latitude CGM longitude
Northern Hemisphere °N) (°E) (°N) (°E)

Ny Alesund (NYA) 78.92 11.92 76.24 110.19
Longyearbyen (LYB) 78.17 15.99 75.26 111.22
Tromsg (TRO) 69.58 19.22 66.59 102.70
Eureka (EUR) 79.99 274.10 88.08 333.43
Resolute Bay (RES) 74.75 265.00 83.06 321.24
Pond Inlet (PON) 72.69 282.04 81.49 1.78
Cambridge Bay (CAM) 69.12 254.97 77.03 310.12
Taloyoak (TAL) 69.54 266.44 78.59 330.10
Hall Beach (HAL) 68.78 278.74 78.12 354.22
Qikigtarjuaq (QIK) 67.53 295.97 75.38 23.37
Iqaluit (IQA) 63.73 291.46 72.41 14.77
Sanikiluag (SAN) 56.54 280.77 66.66 356.90
Ministik Lake (MST) 53.35 247.03 60.70 307.36
Southern Hemisphere °B) (CE) ©S) CE)
Concordia (DMC) 75.10 123.33 88.75 54.36
Mario Zucchelli (BTN) 74.70 164.11 79.97 307.69
South Pole (SPO) 90.00 0.00 74.10 18.91
Zhongshan (ZSH) 69.37 76.38 74.68 96.73
Sanae (SNA) 71.67 357.16 61.42 43.78
Marion Island (MAR) 46.88 37.86 51.91 93.10
Macquarie Island (MQI) 54.50 158.95 64.37 248.32

is controlled by the IMF as shown, for example during the (Jayachandran et al., 2009) to study the high-latitude iono-
October and November 2003 storms (De Franceschi et alsphere in the North-American sector. Figure 1la shows the
2008). CHAIN and European GISTM arrays, fields of view of Su-

lonospheric irregularities embedded in polar patches thaperDARN radars and “conjugate” locations of some Antarc-
are produced in the cusp and also the auroral irregularitiesic GPS receivers (blue dots) shown at northern magnetic lat-
produced by intense auroras, result in rapid fluctuations oftudes. Figure 1b shows locations of GPS receivers, fields
radio wave amplitude and phase, called scintillation. Scintil-of view of SuperDARN radars and “conjugate” locations of
lation may affect performance and operational capabilities ofArctic GPS receivers (red dots) shown at southern magnetic
radio communication and navigation systems using satellitelatitudes. Table 1 lists the geographic and corrected geomag-
to-ground links near the magnetic equator and at high lati-netic coordinates of GISTMs used in this paper.

tudes. The present paper focuses on the high-latitude iono- A GISTM of the GSV 4004B series consists of a NovAtel
spheric effects including GPS phase scintillation, rapid vari-OEM4 dual frequency receiver with special firmware specif-
ations in TEC, and cycle slips. The scintillation and TEC jcally configured to measure and log high rate (50 Hz) power
variations were caused by an impact of an MC that was im-and phase of the GPS L1 signal. The receiver provides iono-
mersed in high speed solar wind and produced strong bugpheric TEC from the GPS L1 and L2 signals. It can also
sometimes asymmetric response in the northern and southgytomatically compute and log the amplitude scintillation in-
ern high latitudes on 5-7 April 2010. dex, S4, which is the standard deviation of the received power
normalized by its mean value, and the phase scintillation in-
dexog, the standard deviation of the detrended phase using
2 Instruments and techniques a filter in the receiver with 0.1 Hz cutoff. A minimal eleva-
tion of 20° is used to reduce the impact of non-scintillation
The GPS lonospheric Scintillation and TEC Monitors related tracking errors such as multipath. Only phase scin-
(GISTMs) are operated in northern Europe and Antarcticatillation index o is used in this study. Th8, index is not
(De Franceschi et al., 2006; Li et al., 2010; Ngwira et considered since it was generally very low even whgn
al., 2010). The Canadian High-Arctic lonospheric Network was enhanced, as is usually the case at high latitudes (Kint-
(CHAIN) is an array of GISTM receivers and ionosondes ner et al., 2007). Large ionospheric plasma drifts at high
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1-MIN OMNI DATA SET
SOLAR WIND MAGNETIC FIELD AND PLASMA APRIL 5-6, 2010
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Fig. 2. Solar wind magnetic field and plasma parameters from OMNIWeb data set combining available solar wind monitor data projected
to the nose of the Earth’s bow shock. Quasi invariant index is superposed in red line. Provisional hourly values of AE and Dst indices are
shown in the bottom panel.

latitudes cause the GPS receivers to record negligible ampliity scale length at the cut-off frequency will be large and will
tude scintillation indexS4, while phase scintillation is much correspond to a large power spectral density causing a large
enhanced. For amplitude scintillation, the Fresnel frequencyalue of the phase scintillation index.
fr=v/(2x2)®°, wherev is the ionospheric drifta is the
wavelength of GPS L1 frequencyjs the mean ionospheric A tomographic technique known as ionospheric imaging
height. Wherv is large, the Fresnel frequency is moved to a is used to construct TEC maps. The method is an adaptation
range beyond the Nyquist frequency, so that amplitude scinef the MIDAS (Multi-Instrument Data Assimilation System)
tillation is not detected by the receiver. On the other hand, thanethod developed by Spencer and Mitchell (2007) and the
phase scintillation index is controlled by the power spectrallDA4D (lonospheric Data Assimilation Four-Dimensional)
density of irregularities at 0.1 Hz, the low cut-off frequency technique by Bust et al. (2004). The ionospheric electron
of the receiver. At high convection velocity the irregular-  density was reconstructed on a three-dimensional grid of res-
olution 4 in latitude, 4 in longitude and 40 km in altitude
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(Kinrade et al., 2011). Electron density images were pro-tively. The magnetic-field magnitude peaked at 20 nT at
duced with 10-min GPS data samples using a tomographi¢he beginning of the cloud but dropped to about 7 to 9nT,
space-time inversion. The inversion required regularizationwhich was still exceeding the average value of about 5nT
which sought to minimize the rate of change of electron den-before and after the event. Figure 2 shows intense and dy-
sity gradients in space and time. namic (ram) pressurgpyn pulses at the leading edge of the
The GISTM arrays are supported by radars, optical in-cloud followed by a period of enhanced QI index (red line)
struments and magnetometers of the Canadian Geospade the cloud interior. The quasi-invariant index (Osherovich
Monitoring (CGSM) program (Liu, 2005), the Istituto et al., 1999) is defined as & (B?/2u0)/(0V?/2) = MA‘Z,
Nazionale di Geofisica e Vulcanologia (INGV) magnetome- whereug is permeability of free space, is plasma density,
ters in Antarctica, the IMAGE array (Viljianen andikkinen,  V is plasma velocity, and/a is the magnetic Mach num-
1997) and magnetometer data provided by INTERMAGNET ber (Ma = V/ Va, whereVy is the Alfvén speed). As a sin-
(www.intermagnet.org The Northern Solar Terrestrial Ar- gle non-dimensional quantity of fundamental importance, QI
ray (NORSTAR) (Donovan et al., 2003) is an optical and ra- characterizes the solar wind geoeffectiveness and correlates
dio facility designed to remotely sense auroral precipitationwith solar activity indices. The index is equivalent to the
on a continental scale. NORSTAR consists of CCD-basedatio of the solar-wind magnetic to ram pressures, or the in-
All-Sky Imagers (ASIs), Meridian Scanning Photometers verse of the magnetic Mach number squared. To characterize
(MSPs), and riometers. Particle data obtained during highthe geomagnetic response to the solar wind, the provisional
latitude overpasses by Defense Meteorological Satellite Proauroral electrojet index AE and the storm ring current Dst in-
gram (DMSP) satelliteshftp://sd-www.jhuapl.edu/Aurorp/  dex are shown in Fig. 2. The arrival of the upstream shock
are used to support the scintillation study. combined with strong southward IMF caused a substorm as
The Super Dual Auroral Radar Network (SuperDARN) is a result of very large dipolarization of the Earth’s magnetic
a network of coherent-backscatter HF radars with fields offield observed at geostationary orbit in the midnight sector
view covering a large fraction of the northern and southern(Singer et al., 2010).
high-latitude ionosphere (Greenwald et al., 1995; Chisham
et al., 2007). The radars transmit at frequencies 8—20 MHz
along 16 successive continuously swept azimuthal beamsg} The high-latitude ionosphere response
The range bins are 45km long in standard operations (75
range gates) and the dwell time for each beam is 7s. A ful4.1 Auroral and cusp activity
16-beam scan with successive beams separated y&24
ers about 52in azimuth every 2 min. Line-of-sight (LOS) ©On 5 April 2010, an auroral breakup evertd5:05 UT) that
Doppler velocity, spectral width and backscatter power frompreceded the arrival of the upstream shock (08:30 UT), and

field-aligned ionospheric (FAI) plasma irregularities are rou- the substorm that closely followed it, were captured by all-
tinely measured. sky imagers, riometers and magnetometers in northwestern

Canada. The auroral 557.7-nm emission brightening and

poleward expansion for both events are shown in a keogram
3 High speed solar wind on 5-6 April 2010 constructed from all-sky images obtained from Fort Smith

(Fig. 3a). Cosmic noise absorption observed by riometers at
The interplanetary propagation of the fast ICME event that30 MHz is a good proxy for intensity of precipitating ener-
included a geoeffective MC was discussed in some detail bygetic electrons and the 557.7-nm emission. Figure 3b shows
Mostl et al. (2010). The ICME/MC was embedded in a high the riometer absorption and the 557.7-nm emission intensity
speed plasma stream from a coronal hole with solar windn the zenith at Fort Smith. The absorption decreased at high
speedV reaching up to 820knts (Fig. 2). As typically latitudes but the poleward expanding aurora reached Cam-
the case (Richardson and Zhang, 2008), an upstream shodkidge Bay at 05:20 UT and Taloyoak at 06:00 UT. The all-
and a sheath of compressed solar wind bounded the leadingky imager at Taloyoak (not shown) observed aurora rapidly
edge of the ICME/MC. Dynamic pressure pulses of up tomoving into the field of view from the south, which resulted
18 nPa and a strong southward INBZ in the sheath sparked in a sharp increase in riometer absorption and was closely
intense substorm activity that was followed by the strongestassociated with an onset of phase scintillation as discussed
geomagnetic storm of the year (maximum Kp index of 8- andbelow.
Dstindex reaching-73 nT). The upstream shock was associ- The auroral substorm expansion after 09:00 UT (Fig. 3a)
ated with a steep southward turning of the IMF, followed by caused much stronger riometer absorption across auroral lat-
an oscillation ofBz between large negative and large positive itudes but the absorption diminished at high latitudes. The
values before turning northward and later rotating more grad-ground magnetic perturbations during the substorm exceeded
ually from northward to southward inside of the north-south 1200 nT at most auroral sites in the North American sector,
(NS) type cloud. In the cloud interior, the proton temperaturereaching a maximum of about 2400 nT in Dawson, Yukon, at
and plasma beta were low, less thar? KGand 0.2, respec- 09:15 UT. Intense phase scintillation was observed following

www.ann-geophys.net/29/2287/2011/ Ann. Geophys., 29, 228¥-2011
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o1 P C—— T e s equal to 1.5 TECU in one second (1 TEC Unit corresponds to
106 electrons m?2). The GPS satellites are identified by the
receiver by means of their pseudo random noise (PRN) codes
and satellite numbers, 1-32, are coded by color in Figs. 5-7.
The phase scintillation and cycle slips were closely associ-
ated with the ground magnetic horizontal field H-component
perturbations measured at Cambridge Bay. At Taloyoak, the
magnetogram data were not available but the onsets of phase
scintillation occurred in conjunction with riometer absorp-
tion onsets (Fig. 5b). Phase scintillation intensified again in

300 400 500 600 7:00 840 900 1000 11:00 12:00 the pre-noon cusp/cleft sector starting frori4:00 UT af-
I (ki) ter intense solar wind dynamic pressure pulses caused ULF
wave activity that was observed in Cambridge Bay (Fig. 5a).

FORT SMITH RIOMETER ABSORPTION AND ZENITHAL 557.7—nm INTENSITY . . .

14] The pressure pulses were accompanied with large-amplitude

e (b) oscillations of the IMF that become mostly northward in the

compressed interaction region at the leading edge of high-

N speed solar wind stream (Fig. 2).

2] South Pole (744S CGM latitude) is approximately con-

° e jugate with Qigiktarjuaq (75%N) and Iqaluit (72.9N). Fig-

ure 6a shows that concurrent short bursts of phase scintilla-

Fig. 3. (a) The 557.7-nm auroral emission as a function of geodetiction were observed at these sites during auroral events before

latitude and UT extracted from all-sky images ghjicosmic noise ("€ MC event a~02:30-03:30 and at06:00 UT and, as

absorption observed in Fort Smith (6019, 248.F E). The zenithal ~ @ response to the upstream shock arrival and substorm on-

557.7-nm intensity (green line) is superposed. The arrow indicateset, at~08:35 and 09:20 UT. Continuous phase scintillation

magnetic local midnight. persisted through the morning until noon, while at the same
time very similar magnetic perturbations (ULF waves) were
observed in Igaluit and South Pole.

the upstream shock at auroral CHAIN stations in Ministik  Longyearbyen (753N) and Zhongshan (7425) were lo-

Lake, Sanikiluag, Igaluit, Qikitarjuag, Taloyoak and Cam- cated in the cusp (Fig. 4) when the upstream shock arrived

bridge Bay but it was significantly reduced in the polar cap atand strong phase scintillation occurred between 08:30 and

Pond Inlet, Resolute Bay and Eureka. This is consistent with13:00 UT. The observed rate of TEC change agdscintil-

strong decameter irregularities and enhanced convection ollation index in Longyearbyen and Zhongshan were compa-

served over the poleward edge of the nightside auroral ovatable in intensity as shown in Fig. 6b. The convection in the

while there was no backscatter detected over the central polagouthern cusp may appear to be weaker (Fig. 4b) but this can

cap (Fig. 4a). be attributed to insufficient backscatter. In the evening sec-
The upstream shock arrival coupled with strong southwardtor, concurrent scintillation was again observed at these two

IMF (Fig. 2) caused intense ionospheric convection with stations at~19:00, 21:00 and 23:00 UT with higher values of

cross-polar-cap-potential exceeding 100kV in the Northernsg in Longyearbyen. In the morning sector prior to the MC

Hemisphere. Figure 4 shows the northern and southern Swevent, however, moderate scintillations events in Longyear-

perDARN convection maps at 08:38 UT. In the Scandinavianbyen at 05:00 and 07:00 UT were associated with only low

sector, scintillation data were available from Myesund level scintillation in Zhongshan.

(two receivers at 762N CGM lat.), Longyearbyen (75°3N) In a different longitude sector, Mario Zucchelli station

and Tromsg (666N). Longyearbyen along with approxi- (80.0° S) is approximately conjugate with Cambridge Bay

mately conjugate Zhongshan station (745§ in Antarctica  (77.0° N) and Taloyoak (78%N). Two top rows in Fig. 7

were located in the cusp. Enhanced convection of up tashow the rate of TEC change am@, scintillation index

2000ms? was observed in the northern cusp. The scin-at Mario Zucchelli on 5 and 6 April. On 5 April, auro-
tillation event started in Longyearbyen and Zhongshan atal scintillation events starting at06:00 and 08:30 UT and
~08:30 UT as a direct response to a pressure pulse that wake cusp/cleft scintillation starting at15:00 UT were ap-
observed as a sudden impulse (SI) event by magnetometeggoximately concurrent with scintillation events observed in
in Scandinavia. At Tromsg, much weaker scintillation was Cambridge Bay and Taloyoak (Fig. 5a and b). However,
delayed until 09:00 UT. the scintillation at Mario Zucchelli was generally weaker,
Figure 5a shows the rate of TEC change, phase scintillawith o4 rarely exceeding 0.5 radians. The perturbations
tion indexoe, and numerous cycle slips observed in Cam- of the ground magnetic field H component at the conjugate
bridge Bay. A cycle slip (Horvath and Crozier, 2007) is de- sites also approximately coincided but the first auroral event
fined here as a jump in differential phase TEC of more than orat ~06:00 UT, and the morning ULF activity starting after
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Fig. 5. (a) The rate of TEC (ROT) change, phase scintillation indgxand number of cycle slips in Cambridge Bay observed at elevations
above 20 on 5 April 2010. Only phase scintillation index, is shown for(b) Taloyoak,(c) Resolute Bay an¢d) Eureka (note the different

scale forog panels comparing to Cambridge Bay). Superposed in the scintillation panels is the H component of the ground magnetic field
or riometer absorption measured at these stations. The H-component from Concordia station is shown in dotted lin@)n panel

12:00 UT, both showed significantly smaller magnetic per- Figure 8a—c shows percentage occurrence of phase scin-
turbation amplitudes<€200 nT) in the Southern Hemisphere. tillation 0 exceeding 0.15 radians in the Canadian Arc-
The vertical TEC, the rate of TEC change amg scintil- tic, Scandinavia and Antarctica from 5 to 7 April, mapped
lation index at Concordia (conjugate with Eureka) are alsoas a function of latitude and universal time (UT) on a grid
show in Fig. 7. The interhemispheric comparison in the cen-1° x 1 h, assuming the ionospheric pierce points (IPP) at
tral polar cap is discussed in Sect. 4.2. 350 km altitude. The¢ threshold is chosen to be sufficiently
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Fig. 6. The rate of TEC (ROT) change and phase scintillation ingigxobserved at elevations above®2@ (a) lgaluit, Qikigtarjuaq and
South Pole and ifb) Longyearbyen and Zhongshan stations on 5 April 2010. Superposed in the scintillation panels for Igaluit, South Pole
and Longyearbyen is the H component of the ground magnetic field.

above the noise level for all receivers. Grey areas indicate eieurred mostly around magnetic noon when the high-speed
ther complete absence or insufficient number of data pointsolar wind arrived. In Antarctica (Fig. 9e), the highest scintil-
to estimate statistically significant scintillation occurrence in lation occurrence was in the cusp in Zhongshan at the start of
a given grid cell (Spogli et al., 2009). The arrow indicates the storm and in the polar cap at all MLTs (Sect. 4.2). Unfor-
substorm onset that caused phase scintillation over a widéunately, there was a gap in the latitude coveragé8-70)
band of auroral latitudes in the CHAIN sector (Fig. 8a). Af- that prevented observing more auroral scintillation if present.
ter the substorm recovery a brief calm period centered about On 6 April, during the peak of the storm (Dst73nT)
12:00 UT coincided with a period of large northward IMF when the IMF rotated southward as the geomagnetic activ-
(Fig. 2). At about 12:30 UT, after a discontinuity in the IMF jty intensified and the auroral oval expanded, the scintillation
Bx andBy, and a reduction of the northwagy as the Earth  region shifted to lower auroral latitudes (Fig. 8a—b). As a
entered the MC, ground magnetic perturbations and phasfinction of MLT (Fig. 9b, d and f), the scintillation occur-
scintillation resumed at cusp/cleft latitudes from Cambridgerence was highest in the auroral zone and low in the cusp.
Bay to Qikigtarjuaq in the pre-noon sector (Fig. 8a). It should |t was persistent in the southern polar cap but almost com-
be noted that during this time the IMBz was northward and  pletely absent in the northern polar cap (see, Sect. 4.2). Dur-
then gradually rotated to become southward when the geoing the storm recovery on 7-8 April, episodic events of phase
magnetic storm peaked on 6 April. scintillation associated with auroral breakups as well as weak
Figure 9a—f shows the scintillation occurrence as a func-Scintillation due to the cusp/cleft activity continued but grad-
tion of magnetic latitude and magnetic local time (MLT) for ually diminished (Fig. 8).
CHAIN, Scandinavia and Antarctica on 5 and 6 April. The
position of the statistical auroral oval for disturbed condi- 4.2 Polar cap activity
tions (Feldstein and Starkov, 1967; Holzworth and Meng,
1975) is superposed. On the first day of the storm in theln the northern polar cap, only weak scintillation was ob-
CHAIN sector, the scintillation occurrence was highest from served in Resolute Bay and Eureka from 5 April to 7 April.
00:00 MLT at lower auroral latitudes to 12:00 MLT in the It rarely exceeded the adopteq threshold of 0.15 radians
cusp (Fig. 9a). In Scandinavia (Fig. 9c), scintillation oc- and therefore does not show in the scintillation occurrence
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Fig. 7. The rate of TEC (ROT) change and phase scintillation inglgobserved at elevations above®2@ (a) Mario Zucchelli (top two

rows) and(b) Concordia stations (three bottom rows) on 5 and 6 April 2010. TEC values projected to the vertical are shown for Concordia
with an arrow pointing to large variations due drifting patches before 16:00 UT on 6 April. Superposed in the scintillation panels is the H
component of the ground magnetic field.

maps in Figs. 8a and 9a—b. Nevertheless, this relatively weakvas much lower, in the northern polar cap (Fig. 9). The
scintillation activity on 5 April was associated with moder- ionosonde in Eureka experienced technical problem but ob-
ate ground magnetic perturbations (Fig. 5¢ and d), which in-served weak polar patches before 09:00UT. Figure 10a
dicated dynamic ionospheric currents driven by coupling ofshows a fixed frequency ionogram for 2.7 MHz from Res-
solar wind ULF waves to the polar ionosphere for severalolute Bay. A series of patches identified as U-shaped struc-
hours. It should be noted that the orientation of the IMF wastures were observed mostly before 10:00 UT and the iono-
changing from predominantly southward befer@0:00 UT  grams (Fig. 10b) indicated maximurfioF2 values up to
to predominantly northward later on. As a result, polar cap4 MHz. After the northward turning of the IMF, sporadic E-
patches were formed before 10:00 UT while the strong northdayer echoes appeared and the F-region patches weakened in
ward IMF that followed was conducive of polar cap aurora. the Northern Hemisphere. In the Southern Hemisphere, the
Itis interesting to note how quickly the polar cap reacts to theF-region patches appeared to be denser although the maxi-
IMF Bz orientation. Patches were observed before 10:00 UTmumfoF2 value could not be determined with certainty be-
when the IMFBz was southward, and with the northward cause of oblique echoes. However, considering the angle-
switch of Bz precipitation into polar cap arcs was turned on of-arrival information and limiting the echoes to within°10
(Fig. 10a). off zenith it is estimated thaoF2 did not exceed 5MHz.
Later on, a strong sporadic E-layer was observed in both

On 5 April, patches were observed in both hemisphereshemispheres. The sporadic E-layer ionization was produced
although they were weaker, and scintillation occurrence
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CHAIN: APRIL 5-7, 2010 SIGMA PHI > 0.15 RADIANS (hw=350 km) ,  clev>20° In contrast with the weak scintillation activity in the north-
o ern central polar cap in Resolute Bay and Eureka (Fig. 5¢c—
d), the GPS receiver in Concordia observed relatively strong
scintillation between 08:30 and 11:00UT (Fig. 7b). The
400 ground magnetic perturbations in Concordia and Eureka
were similar in magnitude but were anti-correlated (Fig. 5d).
The highest scintillation occurrence (Fig. 8c) was observed
0.0 when the IMF Bz oscillated between-15 and+10nT and
the IMF By was predominantly negative (dawnward) but
showing large oscillations. Dense F-region patches were ob-
00 served by the ionosonde at Casey (Fig. 10c). These patches
s T ghe ™ T e were formed in the cusp where the highest occurrence of
phase scintillation was observed at Zhongshan (Figs. 8c and
9e). The patches then convected across the polar cap and
caused scintillation in Concordia. The SuperDARN Mc-
Murdo radar observed patches (shown only for 6 April in
Fig. 12) and strong convection (Fig. 4) in the polar cap until
~09:30 UT when the IMRBz turned northward.
The phase scintillation in the southern polar cap over a
wide range of MLTs was not only due to patches. As already
, discussed for the Northern Hemisphere, conditions of strong
L S N northward IMF on 5 April were favorable for polar cap au-
roras. From~11:00 UT the ionosonde at Casey observed a
strong sporadic E-layer (Fig. 10c) suggesting energetic par-
ticle precipitation. Similarly to the DMSP-F17 satellite pass
in the Northern Hemisphere, the DMSP-F16 pass over Con-
cordia at 12:06 UT, in the nighttime ionosphere, detected po-
lar cap electron precipitation with energies of up to 3keV
(Fig. 11b) indicating the presence of polar cap arcs at this
time. Moderate scintillation in Concordia (Fig. 7b) continued
into later UT hours when the MC magnetic field weakened
but remained pointing northward (Fig. 2).
On 6 April, when the IMF in the MC rotated to point
o 6 12 s o s 1z 18 o & 2 5 aur southward (Carlson Jr., 1994), patches were again observed
e e b by the ionosonde at Casey and a long series of F-region
Fig. 8. Phase scintillation occurrence as a function of UT and CGM Patches of decameter irregularities were observed with Su-
latitude for(a) CHAIN, (b) North European an¢c) Antarctic ar- ~ PErDARN in the southern polar cap. Figure 12a and b
rays for 5-7 April 2010. The superposed white arrow indicates ashows backscatter power and LOS velocity for the Syowa
substorm onset just after the arrival of the upstream shock. East radar beam 0 and McMurdo radar beam 9 (the closest
beams passing near the Concordia station). On 6 April, ap-
proaching or receding patches that can be identified as tilted
by energetic particle precipitation that was observed by ahands of backscatter in Fig. 12a and b were observed by
DMSP-F17 satellite pass over northern Greenland west opoth radars. At times, the corresponding LOS velocities ex-
Eureka at~11:55UT, in daylight at this time. The DMSP  ceeded 1000 m& either towards or away from the radars.
particle detectors observed electron precipitation fluxes WIthTh|S strong anti-sunward convection transported the patches
energies of up to 4keV in the polar cap (Fig. 11a) indicatingover Concordia station where moderate phase scintillation
presence of polar cap arcs (Newell etal., 2009). At 11:51 UT,and large TEC variations were observed for many hours af-
the satellite was over Svalbard where the electron precipitater 09:00 UT (Figs. 7 and 8). Figure 12c shows a McMurdo
tion fluxes with energies of up to 3keV were measured antradar scan of backscatter power at 15:09 UT showing two
phase scintillation was observed at Longyearbyen (Fig. 6b)patches that produced large variations in TEC as they passed
Figure 9c shows that scintillation mostly occurred at latitudesover Concordia (Fig. 7b). Superposed on the patches are IPPs
near Svalbard in the noon to post-noon MLT sector. The ion-for three PRNs near this time when phase scintillation index
ization structure due to precipitation and associated cusp dys4, exceeded 0.2 radians that coincided with strong decame-
namics were the most likely causes of phase scintillation.  ter irregularities. As a function of MLT, scintillation withe
exceeding 0.15 radians was observed for many hours in the
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80
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Fig. 9. Phase scintillation occurrence as a function of MLT and CGM latitudéafie{b) CHAIN, (c)<d) North European angk)(f) Antarc-
tic arrays for 5 and 6 April. Superposed in white line is the Feldstein statistical auroral oval for IQ =5.

southern polar cap (Fig. 9f). In contrast, very low occurrenceand substorms have been observed (Sato et al., 1998, 2005;
of radar backscatter and relatively weak patches were obkaundal and @stgaard, 2009). The GPS phase scintillation
served in the northern polar cap with SuperDARN and CADI at high latitudes during magnetic storms has been studied in-
ionosondes, respectively. Only weak scintillation (Fig. 5¢c—d)tensively in the past (Aarons et al., 2000; Basu et al., 2001).
that is below the threshold of 0.15 radians in Fig. 9b was ob-Studies of polar ionospheres during geomagnetic storms
served in Resolute Bay and Eureka. (e.g. Momani, 2008) revealed similarities and differences in
GPS ionospheric scintillation, including asymmetrical occur-
) ) ) o rences of the ionospheric scintillation at conjugate points.
5 Interhemispheric asymmetry in phase scintillation Climatology studies in both hemispheres (Spogli et al., 2009;
occurrence Li et al., 2010; Prikryl et al., 2011) showed that phase scin-
tillation, as a function of magnetic local time and geomag-

At high latitudes, particularly in the cusp, the symmetry Eetic latitude, primarily occurs in the night-side auroral oval

between expected conjugate ionospheric phenomena is %%nd ionospheric cusp, with scintillation regions shifting in

ten broken implying complicated magnetic field topology latitude in response to varying geomagnetic activity. Phase

(Watanabe et al., 2007; Kabin, 2010). Similarities as well _ . .~ . . . .
. . . scintillation and cycle slips were shown to be associated with
as asymmetries of conjugate auroras during auroral breakups
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Fig. 10. (a)Fixed frequency an¢b) swept frequency ionograms from Resolute Bay @r)donograms from Casey on 5 April 2010.

auroral arc brightenings and auroral substorms (Prikryl et al.terhemispheric comparison to other conjugate pairs, includ-
2010). In a statistical study based on one year of data acing South Pole and Qikigtarjuag.

quired by a bipolar network, Alfonsi et al. (2011) obtained The present multi-instrument study of the high-latitude
initial results describing the GPS scintillation occurrence inionospheres during an MC event further supports the above
relation to the relative TEC variation and, in particular, the findings. We find that phase scintillation is associated with
relationship between the irregularity scale size and the scinauroral and cusp events in both hemispheres. The phase
tillation level. Li et al. (2010) conducted a statistical study of scintillation occurrence and intensity that were observed
GPS phase scintillation occurrence at approximately conjuin the auroral and cusp ionospheres over Cambridge Bay
gate locations at Ny-Alesund, Svalbard, and Larsemann Hill{Fig. 5a) were significantly higher than those at approxi-
(Zhongshan station), Antarctica, which are typically locatedmately conjugate Mario Zucchelli station (Figs. 7a and 8).
in the cusp and in the auroral oval or poleward of it in the Comparable concurrent scintillation was also observed at
night. They found maximum occurrence of scintillation dur- Qigiktarjuag and South Pole (Fig. 6a), and in Longyearbyen
ing the local winter months. Their results also indicated thatand Zhongshan (Fig. 6b).

irregularities causing scintillation may be produced by pre-

cipitation into the cusp/cleft region. We have extended the in-
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Interhemispheric asymmetry in TEC has already beenitude observed strong absorption, which must have strongly
briefly discussed in Sect. 1. In another study of the MC eventaffected the HF propagation. Strong E-region backscatter
of April 2010 (Kinrade et al., 2011) showed a case of a TECwas observed and a dense E-region could have reflected HF
enhancement over Antarctica on 5 April, between 10:00 andadio waves back to the ground causing multi-hop ground
19:00UT (Kinrade et al., 2011; their Fig. 4). It extended scatter, and this may have prevented HF propagation to F-
towards South Pole station at the poleward edge of aurorategion in the northern polar cap. lonosonde F-region echoes
oval where strong scintillation was observed. Only a weakin the northern polar cap were also generally weak or com-
to moderate scintillation was observed in Concordia at thispletely missing. This was in contrast with a denser F-region
time (Fig. 7b) when TEC in the central polar cap was very and strong HF backscatter in the southern polar cap.
low. Although an earlier TEC map reconstructed for an hour The asymmetry between the northern and southern polar
centered at 08:30 UT (Fig. 13a) shows higher values of TECcap ionospheric structure is consistent with the seasonal vari-
in the polar cap, low density of ray paths in the polar capation in the occurrence of polar cap patches. Rodger and
region (Fig. 13e) diminishes our confidence in the TEC re-Graham (1996; their Fig. 2) found the highest occurrence
construction result in the region that was sparsely populateaf polar patches, as identified in HF-radar data from Halley,
with GPS receivers. Nevertheless, a moderate TEC enhancéntarctica, between equinox and winter (March to June) in
ment on the dayside in the cusp would be consistent with the1 989—-1990, with a peak in April. They found minima in oc-
intense convection across solar terminator (Fig. 4b). At thecurrence in midsummer and midwinter (January and July).
same time, Northern Hemisphere TEC image suggests evelm the Northern Hemisphere, the mean occurrence of HF
lower TEC level just north of Scandinavia (Fig. 13b), where a backscatter attributed to polar patches from 2006—2008 av-
strong antisunward convection occurred in the cusp (Fig. 4a)eraged over 24 h (Prikryl et al., 2010; see their Fig. 9) is
However, TEC was very low in the central polar cap over found highest from September to November, with a peak
Greenland and the Canadian Arctic where the ray path covin November. The lowest HF backscatter occurrence in the
erage was good (Fig. 13f). Only weak patches (Fig. 10a) andhorthern polar cap is found from April to August. While
scintillation (Fig. 5¢c—d) were observed at Eureka and Resothe latter study was during solar minimum and statistics of
lute Bay. patches by Rodger and Graham (1996) were for solar max-

On 6 April, the TEC maps over Antarctica (Fig. 13c) imum, the seasonal variations in both hemispheres are very
showed a moderate TEC enhancemerit TECU above the similar. Also, they are consistent with modeling and obser-
lowest TEC in the nightside polar cap region adjacent to it)vations of plasma density structures in the central polar cap
that appears to extend across the terminator into the polar cafBojka et al., 1994; Basu et al., 1995).
over Concordia. Kinrade et al. (2011) presented a series of Asymmetries in scintillation intensity and occurrence be-
these TEC maps between 06:00 and 10:00 UT in their Fig. 5fween the northern and southern polar caps are also found
all showing somewhat enhanced TEC on the dayside. Al-during a period of northward IMF. Comparable polar cap pre-
though such TEC values would not be considered unusuatipitation in both hemispheres was associated with stronger
even on a quiet day as they occurred in the immediate vicinscintillation in the southern polar cap nighttime ionosphere,
ity of the cusp, the density of ray paths in the polar cap regionin contrast with sunlit E-region over Eureka and Resolute
was much lower than the density of ray paths over the geoBay. The higher-density sunlit ionosphere would increase
graphic pole, which prevents us from drawing definitive con- conductivity thus shorting out the electric fields and inhibit-
clusions. Nevertheless, a strong scintillation and TEC vari-ing irregularity formation by smoothing out density gradi-
ations observed over Concordia (Fig. 7b) on 6 April were ents, which could have caused the asymmetry in scintillation
associated with abundant polar cap patches observed by Sstrength.
perDARN radars (Fig. 12). At the same time, solar termi- In both hemispheres, the scintillation in the nightside au-
nator in the Northern Hemisphere was located far from theroral zone showed a significant shift to lower latitudes as the
cusp and moved poleward from it across the polar cap. TEQeomagnetic activity increased on 6 April. The auroral and
values remained low in the central polar cap over Eurekacusp scintillation returned back to higher latitudes as the au-
(Fig. 13d). No significant scintillation, F-region backscatter roral oval contracted. Aarons et al. (1997) have shown that
and only weak patches were observed in the northern polaintense scintillation events are a function of the entry and exit
cap. Thus we conclude that the difference in the location ofof an observing site into the expanding auroral oval, the dy-
solar terminator relative to the cusp can explain the observedamics of the individual storm and the local magnetic time.
interhemispheric asymmetry in the occurrence of polar caprhis is also contained in the study by Ngwira et al. (2010). It
patches and scintillation. is anticipated that in the future the scintillation receiver cov-

Interestingly, the asymmetry was particularly evident erage in both hemispheres will improve to support further
when the IMF rotated southward on 6 April (Fig. 8). There multi-instrument interhemispheric conjugate studies.
was no polar cap absorption event and riometers in Resolute
Bay and Alert observed very low or no absorption. However,
riometers in the northern auroral oval upt@8° N CGM lat-
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6 Summary and conclusions ANT-0840158 and ANT-0638587. These awards further support
the University of Bath and Siena College GPS collaboration at
Interhemispheric comparison of high-latitude ionosphericSouth Pole and McMurdo Stations, Antarctica. GPS ground data
scintillation during a geomagnetic storm caused by a mag{rom the PoleNet and IGS campaigns were obtained through the
netic cloud embedded in high-speed solar wind is presentedNAVCO facility with support from the National Science Foun-
Similarities but also asymmetries of the responses in thelation (NSF) and National Ae_ronautics and Space Administration
northern and southern auroral zones, cusps and polar caps SA) under NSF Cooperative Agreement EAR-0735156. The

found. The arrival of the upstream shock, associated with a{unding for the operation of SuperDARN radars at Syowa Station
' ' In Antarctica was provided by the Research Program of Japanese

pressure pulse and southward IMF twrning th".it (_:au_sed a SUarctic Research Expedition (JARE) of the Ministry of Educa-
storm onset, produced comparable pr_]ase .scmtlllatlon OCCUNion Culture, Sports, Science, and Technology of Japan (MEXT).
rences at the poleward edge of the nightside auroral oval 8bperation of the McMurdo SuperDARN radar is supported by
approximately conjugate locations. An auroral breakup evenirant ANT-0944270 from the National Science Foundation Office
that preceded the shock arrival and produced strong scintilof Polar Programs. The solar wind data were obtained from God-
lation (0 > 1rad) and numerous cycle slips in the Northern dard Space Flight Center Space Physics Data Facility OMNIWeb
Hemisphere resulted in weaker but coincident scintillation (http://omniweb.gsfc.nasa.ggviThe DMSP particle detectors were
associated with small amplitude ground magnetic perturbadesigned by Dave Hardy of Air Force Research Laboratory, and
tion at southern stations. In the morning and in the cusp/clefthe data were obtained from Johns Hopkins University Applied
sector, comparable scintillation levels were observed in botHieSearch Laboratory. The results presented in this paper rely on
hemispheres at about the same times. data collected at magnetic observatories operated by the Canadian

Strona asvmmetry was observed in the polar ionos herGeoSpace Monitoring network, the Geological Survey of Canada,
g asy y p P (?he Istituto Nazionale di Geofisica e Vulcanologia, the French Ecole

when the upstream shock arrived and the IMF turned SOUthét Observatoire des Sciences de la Terre (EOST), Strasbourg, and

ward. Dense patches that were produc_ed in the southerfhe south African National Space Agency. Management of the

cusp and SUbseql{ef.my.ObserVed by an ionosonde at Cas@hncordia magnetic observatory is shared by Italian and French re-

caused strong scintillation at Concordia. However, only search institutes. The SANAE-IV observatory is managed by the

weak patches and scintillation were observed at Eureka an8outh African National Antarctic Programme (SANAP). We thank

Resolute Bay. When the IMF turned strongly northward duethe national institutes that support them and INTERMAGNET for

to leading polarity of the bipolar magnetic cloud, compara- promoting high standards of magnetic observatory practice. The

ble electron precipitation was observed by DMSP satelliteaUth°r§ thank for support by PNRA (Italian National Program for

passes over the sunlit northern and dark southern polar cafinterctic Researches) and POLARNET-CNR.

Phase scintillation was moderate in the southern polar ca Topical Editor K. Kauristie thanks two anonymous referees for
. s . . %eir help in evaluating this paper.

while only a weak scintillation was observed in the sunlit

northern polar cap, probably due to reduced electron den-
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