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Abstract. Maps of GPS phase scintillation at high lati- field-aligned irregularities is found in the nightside auro-
tudes have been constructed after the first two years of opral oval. Scintillation-causing irregularities can coexist with
eration of the Canadian High Arctic lonospheric Network small-scale field-aligned irregularities resulting in HF radar
(CHAIN) during the 2008-2009 solar minimum. CHAIN backscatter. The statistical cusp and auroral oval are charac-
consists of ten dual-frequency receivers, configured to meaterized by the occurrence of HF radar ionospheric backscatter
sure amplitude and phase scintillation from L1 GPS signalsand mean ground magnetic perturbations due to ionospheric
and ionospheric total electron content (TEC) from L1 andcurrents.

L2 GPS signals. Those ionospheric data have been mappqgeywords. lonosphere (lonospheric irregularities) — Radio

as a function of magnetic local time and geomagnetic lati-_ . .2
oo e : science (Space and satellite communication; Instruments and
tude assuming ionospheric pierce points (IPPs) at 350 kmtechniques)

The mean TEC depletions are identified with the statistical
high-latitude and mid-latitude troughs. Phase scintillation
occurs predominantly in the nightside auroral oval and the

ionospheric footprint of the cusp. The strongest phase scin{ |ntroduction

tillation is associated with auroral arc brightening and sub-

storms or with perturbed cusp ionosphere. Auroral phaserhe spatial and temporal variability of the high-latitude iono-
scintillation tends to be intermittent, localized and of short sphere depend on many variables that include local time and
duration, while the dayside scintillation observed for indi- season, magnetic latitude and magnetic local time, solar and
vidual satellites can stay continuously above a given threshgeomagnetic activity. The dependence of total electron con-
old for several minutes and such scintillation patches persistent (TEC) and scintillation intensity on these factors has
over a large area of the cusp/cleft region sampled by differheen recognized and studied at VHF/UHF frequencies for
ent satellites for several hours. The seasonal variation of thénany years (Aarons, 1982; Basu et al., 1987; Kersley et al.,
phase scintillation occurrence also differs between the night1988: Gola et al., 1992). More recently, GPS receivers have
side auroral oval and the cusp. The auroral phase scintillationmproved coverage at high latitudes (Aarons, 1997; Aarons
shows an expected semiannual oscillation with equinoctiakt al., 2000; Mitchell et al., 2005; Alfonsi et al., 2008; Jay-
maxima known to be associated with aurorae, while the cusgichandran et al., 2009; Spogli et al., 2009; Yin et al., 2009;
scintillation is dominated by an annual cycle maximizing in |j et al., 2010).

autumn-winter. These differences point to differentirregular-  Early scintillation studies that were typically limited to
ity production mechanisms: energetic electron precipitationintensity scintillation characterized by intensity (amplitude)
into dynamic auroral arcs versus cusp ionospheric convectiofading ors, index (Aarons, 1982) noted seasonal and diurnal
dynamics. Observations suggest anisotropy of scintillation-ariations of scintillation at all latitudes, including the au-
causing irregularities with stronger L-shell alignment of ir- yoral zone and the polar region. In the auroral zone it was
regularities in the cusp while a significant component of shown that VHF/UHF scintillation activity was high even
when geomagnetic conditions were quiet. Diurnal and sea-
sonal patterns with maxima around local midnight and in

Correspondence tdP. Prikryl the spring (March to May) were found (Aarons, 1982; Basu,
BY (paul.prikryl@crc.gc.ca) 1975). The occurrence of amplitude and phase scintillation
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Canadian High—Arctic lonospheric Network (CHAIN) 2 Instruments and data

& ionosoiid T
~® GPS Rx\{ .
e HF radan -

The current CHAIN instruments (Jayachandran et al., 2009)
are ten specialized GPS receivers and six Canadian Ad-
vanced Digital lonosondes (CADIs) distributed in the auroral
oval and the polar cap (Fig. 1). One GPS receiver was tem-
porarily operated in Fredericton, New Brunswick (49.85
293.36 E) from January to August 2008. Table 1 lists the
geographic and corrected geomagnetic coordinates of the

i o ¥ o CHAIN stations. The collocation of six of the ten GPS re-

@ VHataryegl ceivers with ionosondes (MacDougall et al., 1995) will have

o an added advantage in the tomographic imaging of the elec-
tron density structures in the polar cap and the calibration
of the GPS data. This configuration will allow us to per-
form more realistic 3-D tomographic inversions of the iono-
sphere using the Multi-Instrument Data Analysis System —
MIDAS (Mitchell and Spencer, 2003) or the Global Assim-
ilative lonospheric Model — GAIM (Hajj et al., 2004) than to-
mographic reconstructions that rely on statistical ionospheric
models.

The CHAIN GPS receivers are the GPS lonospheric Scin-
Fig.. 1. .Canadian.Hig.h Arctic .Ionospheric Network (CHAIN). The tillation and TEC monitors (GISTM) GSV 4004B (Van
loci of |ono_spher|c pierce points (!P_Ps) at 350 km altitude for all Dierendonck and Arbesser-Rastburg, 2004). GISTM con-
GPS satellites as seen from Sanikiluag at elevation angles above.

30° during one day are shown. The corrected geomagnetic (CGM)SIStS of a NovAtel OEMA dual frequency receiver with spe-

latitudes 76 and 80 and fields of view of two SuperDARN radars i@l firmware specifically configured to measure and log
are superposed over the geographic grid. Beam 8 for the Saskatod?PWer and phase of the GPS L1 signal at high sampling
radar that is used in the statistical study is shown with dashed line.fate (50Hz). The receiver computes ionospheric TEC from
the GPS L1 and L2 signals. The GSV 4004B can also au-
was found to be particularly elevated on the dayside intomatically compute and record the amplitude scintillation
the cusp/cleft region, showing variations with season andndex, S4, which is the standard deviation of the received
magnetic activity (Kersley et al., 1988, 1995; MacDougall, power normalized by its mean value, and the phase scin-
1990a, b; Gola et al., 1992). In the polar cap, amplitudetillation index oy, the standard deviation of the detrended
scintillation exhibited clear seasonal and UT variation, whichphase using a filter in the receiver with 0.1 Hz cutoff. This
was consistent with mesoscale plasma density modeling receceiver is capable of tracking and reporting scintillation and
sults (Basu et al., 1995; Sojka et al., 1994). TEC measurements simultaneously from up to 10 GPS satel-
The Canadian High-Arctic lonospheric Network (CHAIN) lites in view (Jayachandran et al., 2009). The collected GPS
is an array of Global Positioning System (GPS) receiversand CADI data are transferred to the University of New
and ionosondes (Jayachandran et al., 2009) for studyingrunswick CHAIN data center in near-real-time basis using
ionospheric structure at high temporal resolution and spatiapatellite links (TELESAT — Ka Band). Data can be accessed
scales from 1000 km down to a few hundred meters at higrand displayed through an interactive interface available at
latitudes. Such structuring gives rise to irregularity caus-http://chain.physics.unb.ca/chain
ing scintillation, rapid fluctuations of radio signal amplitude ~ The S4 index and the phase scintillation indey used in
and phase that may affect performance of radio communicathis paper are computed for 60-s intervals. Continuous GPS
tion and navigation systems. CHAIN is supported by radarsdata collection started in summer 2008, except for GPS re-
optical instruments and magnetometers, most of which argeivers in Cambridge Bay and Ministik Lake, which oper-
part of the Canadian GeoSpace Monitoring (CGSM) pro-ated since December 2007, and the temporary operation in
gram (Liu, 2005; Mann et al., 2008). Fredericton from January to August 2008. All available GPS
In this paper the data from the first two years of CHAIN data from 2008 to 2009 are used in the statistical analysis. A
operation contribute to the climatology of phase scintillation minimal elevation of 30is used to reduce the impact of non-
at high latitudes under solar minimum conditions. The re-scintillation related tracking errors such as multipath. Fol-
sults are supported by a statistical analysis of occurrence dPwing the procedure adopted by Spogli et al. (2009; their
F-region decameter irregularities monitored with HF radarsEds. 1 and 2), scintillation indices are projected to the ver-
of the SuperDual Auroral Radar Network (SuperDARN) and tical to account for geometrical effects on the measurements
by magnetometers recording the perturbation of the groundnade at different elevation angles.
magnetic field due to ionospheric currents.

°
_/ Ministik | .
. Lake Saskatodn P ‘ Fredericton
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Table 1. Geographic and corrected geomagnetic coordinates of the CHAIN stations.

Station Geographic latitude  Geographic longitude Corrected geomagnetic  Corrected geomagnetic
(°N) (°E) latitude ¢ N) longitude ¢ E)

Eureka (EUR) 79.99 274.10 88.10 329.86
Resolute Bay (RES) 74.75 265.00 83.13 320.61
Pond Inlet (PON) 72.69 282.04 81.67 0.69
Cambridge Bay (CAM) 69.12 254.97 77.24 310.11
Taloyoak (TAL) 69.54 266.44 78.75 329.70
Hall Beach (HAL) 68.78 278.74 78.33 353.45
Qikigtarjuaq (QIK) 67.53 295.97 75.77 22.57
Igaluit (IQA) 63.73 291.46 72.85 14.04
Sanikiluag (SAN) 56.54 280.77 67.19 356.44
Ministik Lake (MST) 53.35 247.03 61.50 307.57
Fredericton (FRE) 45.95 293.36 55.81 13.40
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Fig. 2. (a) TEC and(b) phase scintillation index¢ observed at elevations above®Feom Igaluit. The ground magnetic field X-component
is superposed.

The Super Dual Auroral Radar Network (SuperDARN) is ities are routinely measured. The PolarDARN component of
a network of coherent-backscatter HF radars with field of SuperDARN covers a large portion of the polar ionosphere
view covering a large fraction of the high-latitude ionospherein the Northern Hemisphere. The main objective of Super-
(Greenwald et al., 1995; Chisham et al., 2007). The radar©ARN is to study ionospheric convection (electric fields)
transmit at frequencies 8-20 MHz along 16 contiguous, sucby observing the backscatter from FAls, which drift in the
cessively swept azimuthal beams, each of which is gated intd x B direction, whereE and B are electric and magnetic
75 range bins. The bins are 45km long in standard operafields, respectively. The Saskatoon radar field of view cov-
tions, and the dwell time for each beam is 7 s. A full 16-beamers the entire high-latitude portion of CHAIN. The data from
scan with successive beams separated by’ 3@ders~52° the Saskatoon (MLAT 61.3MN) radar beam 8 pointing over
in azimuth every 2min. Several quantities including the Hall Beach and Pond Inlet are used in this study.
line-of-sight Doppler velocity, spectral width and backscatter
power from field-aligned ionospheric (FAI) plasma irregular-

www.ann-geophys.net/29/377/2011/ Ann. Geophys., 29,392-2011



380 P. Prikryl et al.: Climatology of GPS phase scintillation and HF radar backscatter

TEC (TECU) TALOYOAK R27-FEB—2009 PRN 1-32

60 E 3
= (a)
~ 50 %& F N §  PRN
=) ol ’ e #
S 40 %x LA e . wpggf;’wﬁitvﬂw}ﬁ\i)@@& for
= B J/LM =y DU Pt = E 30
B0E i R SN = B
20 = R V‘"“W'\ T = 25
E A EREEEES 24
10 E ) | ) ) ) ) 3 23
22
0 4 8 12 16 20 24 21
TIME (UT) — I
=
PHASE SCINTILLATION TALOYOAK R27-FEB—-2009 PRN 1-32 16
—~ 1.0[F ‘ ‘ ‘ ‘ ‘ m 14
n C 1 13
g 0.8 }(b> X — = %
I
g 0.6 MMWWW = 1§
— = b - . v
£ o4 -- = B
- 4 i
% 0.2 } P! xk { = g
% 00 m | . *.-'fﬂ':,mwdﬁ&.‘m,v.v,wi -
0 4 8 12 16 20 24

0 MLT TIME (UT) M2 MLT

Velocity

Geographic Latitude

Geographic Latitude

| | Yy
55 1050
53 e

00:00

12:00 15:00

UT Time

18:00

Fig. 3. (a)TEC, (b) phase scintillation indexq observed in Taloyoak, the Saskatoon radar bedn){e-of-sight velocity, andd) spectral
width. The arrow in the top panel points to a TEC depletion that was associated with the flow channel shown in Fig. 4. The ground magnetic
field X component is superposed.

3 An example of TEC and phase scintillation observed an auroral arc and substorms in the nightside auroral oval
in the auroral oval and cusp and with enhanced dayside convection including flow chan-
nel events in the ionospheric footprint of the cusp, which can
Before the presention of the climatology results, it is use-Pe identified by HF backscatter showing enhanced line-of-
ful to illustrate the type of the data and their diurnal pat- Sight (LoS) velocities and spectral widths in the cusp (Baker
terns obtained by CHAIN, magnetometers and HF radars irft @, 1995). The cusp is the region through which tongue
the geophysical context of one moderately disturbed even@f ionization (TOI) is drawn into the polar cap (e.g., Fos-
on 27 February 2009. High-speed solar wind from a coro-t€r €t al., 2005) resulting in TEC enhancements and rapid
nal hole caused enhanced geomagnetic and ionospheric abEC variations, which may cause cycle slips (Prikryl et al.,
tivity resulting in rapid TEC variations and phase scintilla- 2010a, b).
tion in the auroral oval and poleward of it on the dayside in  Figure 2 shows TEC, phase scintillation indey, and
the cusp/cleft region. The scintillation was associated withthe ground magnetic field X-component in Igaluit, where
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TROID Sl od tion peaked at-01:20 UT (Fig. 3b). However, the strongest
2000 mis ot £ | % scintillation in the pre-noon sector was associated with dy-

i =" N — namic ionospheric convection and Pc5 pulsations particu-
s ey larly in the cusp/cleft. Figure 3c and d shows enhanced LoS

velocity and spectral width (14:30-20:00 UT) observed by
the Saskatoon radar beam 5 crossing the area where iono-
spheric pierce points (IPPs) for the Taloyoak GPS receiver
are found. Enhanced LoS velocities and spectral widths were
also observed by other SuperDARN radars in Rankin In-
let (13:00-20:00 UT) and Prince George (16:00-21:00 UT).
| Under the conditions of IMRBy > 0, the SuperDARN con-
vection maps (Fig. 4) showed quasi-periodic dayside iono-
spheric convection enhancements (westward flow channels)
as a response to solar wind coupling at the magnetopause
(Prikryl et al., 1999; see their Fig. 1). Such flow channels
produce ionospheric plasma density depletions segmenting
TOI into patches (Rodger et al., 1994; Foster et al., 2005).
APL MODEL The GPS receiver in Taloyoak observed rapid TEC fluctua-
(map.19 110 S tions and a series of quasi-periodic dips in TEC, which are
attributed to density depletions. At 17:25UT (see arrow in
Fig. 3a), a sharp depletion that was observed in 3 PRNs (PRN
Fig. 4. SuperDARN convection map showing ionospheric flow en- 454 ¢oded yellow is highlighted by black dotted line) coin-
han.cement.ln the cusp region at 17:20 UT. The map is in CGM CO-cided with a flow channel shown in Fig. 4.
ordinates with 12:00 MLT at the top. . . o .

In general, the nightside phase scintillation typically ap-
pears to be episodic (Fig. 2b) and are localized to auro-
ral precipitation events (auroral brightening; Prikryl et al.,

the magnetic local midnight and noon were at 03:54 and2010a, b), while the cusp/cleft-related scintillation tends to
15:43 UT, respectively. The satellites are identified by thepe more continuous, with individual scintillation events last-
receiver by means of the pseudo random noise (PRN) numng for several minutes per satellite but scintillation patches
berS 1-32 CO|OI‘ COded. Auroral SubStOI‘m intensiﬁcations atpersisting over a |arger geographica' area Samp'ed by differ_
~03:00 and between 04:00 and 05:00 UT were associatednt satellites for several hours (Fig. 3b). Although in both
with enhanced; and perturbations in the TEC. Later in the cases phase scintillation usually lasts only a few minutes per
mOI’ning sector after 09:00 UT, scintillation and TEC fluctu- PRN' there is preponderance of |0nger durationS, as well as
ations occurred during an interval of enhanced geomagnetigf events occurring concurrently at different PRNs and re-
Pc5 pulsations. At another auroral station in Sanikiluad, cejver locations, in the cusp. To support this statement quan-
phase scintillation was also coincident with geomagnetic ac+tatively, we define scintillation duration per PRN as the
tivity associated with Pc5 pulsations observed by the groundime thato, stays continuously above threshold. A drop in
magnetometer between approximately 09:00 and 11:00UT,, below an adopted threshold of 0.1 radians, even if only
(not shown). However, the amplitude scintillatid in-  for one minute, marks the end of the event. For the exam-
dex remained low, a result that has been reported previously|e discussed in this section, only 3 (13%) auroral scintilla-
(e.g., Ngwira et al., 2010). Low, index is sometimes at-  tjon events lasting 4—6 min were observed in Iqaluit between
tributed to imprecise detrending methods, which in turn mayg2:00 and 06:00 UT, while on the dayside in Taloyoak, 33
lead to overestimation of phase scintillation indices com-(200) scintillation events lasting 4-21 min were observed
pared to amplitude scintillation indices resulting in phase-petween 13:00 and 20:00 UT. If weighted by the event du-
Without-amplitude scintillation (Forte and Radice”a, 2002, ration' the percentages are in fact 34% and 52% for the au-
Forte, 2005, 2007; Mushini et al., 2010). roral and cusp scintillation, respectively. Also, the number
Figure 3a and b shows TEC, the phase scintillation indexof PRNs concurrently affected during the cusp/cleft event in
o4 and the ground magnetic field X-component in Taloyoak, Taloyoak was much larger, thus indicating spatially extended
where the magnetic local midnight and noon were at 06:37scintillation. Statistics of scintillation duration are presented
and 19:04 UT, respectively. Moderate phase scintillation inin the next section.
the evening sector was associated with a bright auroral arc
that was observed from 01:16 UT drifting poleward over
the Taloyoak all-sky imager of the Northern Solar Terres-
trial Array (NORSTAR) (Donovan et al., 2003). Just before
the arc crossed the zenith-a01:29 UT, the phase scintilla-
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Fig. 5. Maps of(a) mean TEC(b) phase scintillation occurrencg) horizontal component of the mean ground magnetic perturbations due

to ionospheric currents, ar{d) number of phase scintillation events lasting more than 3 min, as a function of MLT and CGM latitude. Su-
perposed in white line is the Feldstein oval for IQ =2. Superposed grey dashed rectangular bins(ip) padiebte the regions representing

the cusp and nightside auroral oval used when discussing seasonal variation and anisotropy of irregularities in Figs. 7 and 11, respectively.
(e) Number distribution of phase scintillation durations in the cusp and nightside auroral oval. The event numbers shown at 0 min represent
all one-minute parts after the first minute for events longer than 1 min. Darker shading shows events observed concurrently with 2 or more
PRNSs. Number ratio (on linear scale on the right side) of the cusp and auroral events normalized by the total number of data points is shown
in dashed line. The dotted line shows the same ratio for events observed at multiple PRNs.

4 TEC and phase scintillation climatology Adjusted Corrected Geomagnetic (AACGM) latitude (Baker
and Wing, 1989). Assuming IPPs at 350 km altitude, the
As indicated by the event discussed in Sect. 3, TEC andl@t@ are merged and the indices averaged into bins of 1h
phase scintillation are functions of magnetic local time, geo-MLT x 2.5 CGM latitude. Before averaging, the observed
magnetic latitude and the coupling between the solar wind®0-S slant TEC values and phase scintillation indices are
and the magnetospherefionosphere system. To construProjected to the vertical, to account for varying eIevathn
TEC and/or phase scintillation maps data have been ordere@ngdles as discussed by Spogli et al. (2009). An elevation
and binned by magnetic local time (MLT) and the Altitude cutoff of 30> and a threshold of 0.1 radians to obtain the
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percentage occurrence of phase scintillation are used. Thigardless of their duration, we obtain a very similar map (not
low threshold is appropriate for solar minimum conditions shown) for number of scintillation events that occurred con-
and for intended comparison of phase scintillation and HFcurrently at more than 1 PRN. The map shows the number
radar backscatter occurrence. Although higher threshold valef such events ranging between 500 and 900 events (each
ues reduce the occurrence percentages and the statistical sSiBRN is counted as separate event) in several grid cells in the
nificance, they give qualitatively similar results. The scin- cusp, while the numbers just exceed 100 in only a few auro-
tillation occurrence is defined as 180N (o4 > 0.1)/Niqt, ral cells. Finally, Fig. 5e shows the duration distributions of
whereN is the number of cases when phase scintillation in-cusp and auroral scintillation events for two sectors outlined
dex exceeded a given threshold awg; is the total number by dashed rectangles in Fig. 5b. Darker shading shows events
of data points in the bin. Following the approach by Spogli observed concurrently at 2 or more PRNs. The event counts
et al. (2009) after Taylor (1997), we adopt the same crite-shown at 0 min represent total numbers of one-minute parts
rion to remove the contribution of bins with poor statistics of all events minus the sum of events 1 min or longer. Ra-
for which R = 100x o (Niot)/ Niot is greater than 2.5%, where tios of cusp to auroral counts normalized by the total number
o (Niwot) = +/Niot is the standard deviation of the number of of data points (broken lines) show increases towards longer
data points in each bin. Such bins with sparse statistics areurations.
marked as grey areas in the plots. To characterize the auroral and cusp disturbances due
Figure 5a—d shows the maps of mean TEC, the total perto ionospheric currents, a maximum relative (peak-to-peak)
centage occurrence of phase scintillation with exceed-  change of the horizontal magnetic component in 10-min in-
ing 0.1 radians, number of continuous events lasting morderval is used as a simple measure of the H-component per-
than 3 min, and mean horizontal ground magnetic perturbaturbation observed at each magnetometer location. The mean
tions due to ionospheric currents as a function of MLT andvalue of the perturbation as a function of MLT and CGM
CGM latitude. Superposed on the maps are the boundaries détitude over two years is shown in Fig. 5¢c. The magnetome-
the Feldstein statistical auroral oval (Feldstein and Starkovters used are located in Eureka (EUA), Thule (THL), Reso-
1967) for quiet conditions (IQ =2) using the Holzworth and lute Bay (RES), Nord (NRD), Taloyoak (TAL), Cambridge
Meng (1975) parameterization. The latitudes of CHAIN sta- Bay (CBB), Baker Lake (BLC), Igaluit (IQA), Yellowknife
tions or magnetometers are shown on the right. The CGMYKC), Fort Churchill (FCC), Sanikiluag (SNK), Fort Mc-
latitudes between ?0and 85 are clearly best covered with Murray (MCM), Meanook (MEA), Brandon (BRD), Ot-
the CHAIN stations. However, considering the large spreadtawa (OTT), Victoria (VIC) and St. John’s (STJ). The phase
of IPP latitudes for each station, the statistics are sufficientlyscintillation enhancements (Fig. 5b) are approximately co-
high for all latitudes although it should be noted that only six located with regions of enhanced perturbation of the ground
months of data are available from Fredericton. magnetic field H-component in the nightside auroral oval and
Uncalibrated TEC smoothed in latitude with a 3-point cusp. There are small enhancements of scintillation in the
window is shown in Fig. 5a as a first qualitative result. A polar cap but there is no evidence in our data of enhanged
proper calibration procedure will be implemented in the fu- in the subauroral region or equatorward of the main trough.
ture. Qualitatively, the dayside TEC is enhanced as expectedhe dayside subauroral, auroral and cusp enhancements in
but varies with latitude and MLT. The mean TEC (Fig. 5a) is TEC are most likely associated with the tongue of ioniza-
highest at latitudes less than°5$eaks also at dayside sub- tion (Sojka et al., 1994) and/or sudden enhancement of den-
auroral &-70°) latitudes, and is enhanced from the cusp/cleft sity (SED) particularly during disturbed periods (Foster et
region to polar cap (poleward ef75°). These regions are al., 2005; Foster, 2008). These enhancements of ionospheric
separated by mean statistical troughs, namely the main (middensity are usually segmented into patches that are a source
latitude) trough (Muldrew, 1965) centereda60° and the  of scintillation in the cusp and polar cap (Prikryl et al.,
mean high-latitude trough at75° CGM latitude, that are 2010a, b).
deepest just after midnight and that weaken towards noon.  Figure 5b shows clear MLT and magnetic latitude depen-
The occurrence of phase scintillation is enhanced indence of the occurrence of phase scintillation averaged over
the cusp/cleft (hereafter referred to as “cusp”) and in thetwo years. To examine the seasonal variation of the scintilla-
nighttime auroral oval indicated by grey dashed rectanglegion occurrence, the statistics are divided into four 3-month
(Fig. 5b). Asymmetry about magnetic local noon and mid- intervals that are approximately centered on equinoxes and
night is observed: there is higher occurrence of phase scintilsolstices. Figure 6a—d shows polar maps of the phase scintil-
lation in pre-noon and pre-midnight hours. As already briefly lation occurrenceds exceeding 0.1 radians) with 12:00 MLT
discussed in Sect. 3, phase scintillation events lasting sevat the top. The scintillation in the cusp is observed in all sea-
eral minutes are more frequent in the cusp when compared teons but most frequently in winter and predominantly in the
nightside auroral oval. The map in Fig. 5d shows the numbeipre-noon hours. The scintillation occurrence in auroral oval
of scintillation events lasting longer than 3 min as a functionis highest in autumn and spring and shows a clear dawn-dusk
of MLT and CGM latitude. It shows clear preponderance of asymmetry (predominance in pre-midnight hours) in all sea-
long-duration events in the cusp. Considering all events resons.
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Fig. 6. Phase scintillation climatology maps f@) autumn,(b) winter, (c) spring andd) summer. Superposed in white line is the Feldstein
oval for IQ=2.

To better resolve differences in seasonal dependence ainnual oscillation with equinoctial maxima known to be as-
scintillation in the cusp and auroral oval, the data weresociated with aurorae. The maxima can also be seen in the
grouped by months and averaged over two sectors definedccurrence of ground magnetic perturbatieB0 nT for the
by CGM latitude and MLT as indicated by grey dashed rect-nightside auroral (Fig. 7b) although the autumnal maximum
angles in Fig. 5b. The cusp scintillation sector stretchesappears to be less pronounced. In the cusp, phase scintilla-
approximately between 08:00 and 15:00 MLT and @d  tion is dominated by an annual cycle with scintillation occur-
82.5 CGM latitude, and most of the nightside auroral scin- rence being lowest in summer months and highest in autumn
tillation lies between 19:00 and 02:00 MLT and°6&nd to winter months. The cusp ground magnetic perturbations
75° CGM latitude. Figure 7a shows the seasonal variationsare produced by ionospheric currents that depend on conduc-
of phase scintillation occurrence in the cusp and nightside autivity which is highest in summer.
roral oval. The auroral scintillation shows an expected semi-
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Scintillation is caused by ionospheric irregularities of scale
Fig. 7. Seasonal variation in the cusp and nightside auroralSizes from hundreds of meters to a few kilometers. These
oval of the occurrence df) phase scintillationr, > 0.1 radians,  larger irregularities may coexist with small-scale field-
(b) ground magnetic perturbatior30 nT, andc) the F-regioniono-  aligned irregularities produced by plasma instabilities such
spheric radar backscatter with LoS velocity exceeding 100+ s as the gradient-drift instability. Using multifrequency scin-

tillation and 50-MHz radar observations Basu et al. (1978)

So far, CHAIN has operated during very quiet solar and studied such coexistence of large- and small-scale irregulari-

geomagnetic conditions, except for some moderately disties in the nighttime equatorial F-region. HF radar backscat-
turbed periods when phase scintillation was significantly en-ter from decameter-size irregularities drifting wifi x B
hanced. To discriminate between very quiet and moderatelyelocity is routinely observed with SuperDARN. Figure 9a
active periods the scintillation statistics are divided into two shows the mean occurrence of ionospheric backscatter with
parts by 3-hourly Kp index level over 24 h (Fig. 8a and b). line-of-sight velocities exceeding 100 m'sobserved by the
A disturbed day is defined as having a 3-hourly Kp index Saskatoon radar beam 8 averaged and mapped into binsof 1 h
greater than 2 for more than 60% of the day. Even suchMLT x 1.5° CGM latitude for geomagnetically quiet days
low threshold value gives relatively sparse statistics of mod-in 2008-2009. For comparison of the HF backscatter with
erately disturbed days. Nevertheless, there is a significanphase scintillation occurrence, the irregularity drift is impor-
equatorward shift of about 2.5n latitude (one latitude cell) tant since the phase scintillation is expected to be closely
of the scintillation regions in the cusp and auroral oval whenlinked to the magnitude of relative motion of the irregular-
Kp index is elevated. In general, the occurrence of phasety and its variability. The F-region backscatter tracks well
scintillation significantly increases in these regions. Also,the statistical auroral oval that is shown for relatively quiet
there is moderate enhancement of scintillation equatorwaraonditions (IQ=2). The highest occurrence of HF radar
of the statistical oval on the dayside. This enhancement magpackscatter is in the post noon and pre-midnight auroral oval
be attributed either to equatorward shift of the cusp or toincluding the E-region backscatter (rang800 km or CGM
more frequent SED events during disturbed periods. latitude less than 6. Around 12:00 MLT the occurrence

OCCURRENCE (%)

(=] [~
c— T
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84

| SASKATOON RADAR 2008 2000: SCATTER [V > 100 m/s (BEAM 8) in Fig. 7c is showing annual cycle with a minimum in sum-

= : i mer and maximum in winter. The nightside auroral backscat-
ter occurrence has a minimum in winter but unlike the phase
scintillation it shows a large maximum in summer months,
which is due to more favorable HF propagation condition
in a dense ionosphere that refracts the radio waves to per-
pendicularity with the magnetic field at near ranges from the
radar (see, Sect. 6). This annual variation due to propagation
conditions almost completely masks the semiannual oscilla-
tion due to aurora occurrence, although the plateaus in the
6] : : : : : : : ‘ ' monthly occurrence distribution near the equinoxes are sug-
’ ’ ° eooom gestive of superposed equinoctial enhancements.
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é 140 Small scale ionospheric irregularities such as those detected
g 120 as backscatter by HF radars are closely aligned with mag-
" o netic field lines. However, the anisotropy is size-dependent
g - and larger irregularities are less elongated than smaller ones
£ o 20 (Fremouw et al., 1985; Wernik et al., 1990). VHF and UHF
20 scintillation measurements at high latitudes (Rino and Owen,
o 0.0 1980; Livingston et al., 1982; Gola et al., 1992) suggested a
0 5 6 o e s 1 2 e range of axial ratios to characterize irregularity shapes. The
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elongated and closely field-aligned cylindrical irregularities
Fig. 9. The occurrence of E- and F-region ionospheric backscatterand shorter elongated rod-like irregularities have one axis of
with absolute value of LoS velocity exceeding 100ntobserved ~ symmetry described by axial ratin1:1. Sheet-like4:a:1)
by the Saskatoon radar beam 8 during geomagneti@lyuietand  and non-symmetrical wing-likea(b:1, wherea > b) struc-
(b) moderately disturbed days. tures are elongated along surfaces of constant magnetic lati-

tude (L-shells). The values afare typically between 3 and

15 andb < 3 (Livingston et al., 1982; Gola et al., 1992).
of HF radar backscatter is enhanced poleward of the oval irGola et al. (1992) showed maps of an amplitude scintilla-
the cusp/cleft (above-75° CGM latitude). For moderately tion index as a function of angles between the ray path and
disturbed days (Fig. 9b) the backscatter in the nightside aurothe geomagnetic L-shell and the plane of magnetic merid-
ral oval is almost twice as frequent as it appears during quieian at an altitude of 350 km indicating a predominance of
days and the backscatter regions shift equatorward showingeld-aligned irregularities. Their VHF amplitude scintilla-
a clear predominance of occurrence rate in the pre-midnightion index showed enhanced values in the magnetic zenith
sector. These relative enhancements in occurrence of driftingarticularly in the magnetic nighttime sector and for high
irregularities in the cusp and pre-midnight oval agree wellgeomagnetic activity.
with the phase scintillation occurrence (Fig. 8a and b). Figure 11 shows GPS phase scintillation occurrence as a

Figure 10 shows the radar backscatter statistics groupetunction of off-meridian and off-shell angles that were de-

into 3-month periods that are approximately centered aboutermined for receiver-satellite ray at the 350-km ionospheric
the equinoxes or solstices. As seen in Fig. 6 for phase scintilpierce point. The data are binned into<%° grid points
lation, the backscatter occurrence in the cusp region is highwith the off-shell angle positive for IPPs northward of re-
est in winter (exceeding 15%) but is reduced to less than halteiver and off-meridian angle positive for IPPs eastward of
of that in other seasons. The F-region auroral backscatter iseceiver. The angle distribution map for all MLTs and lati-
detected primarily in the pre-midnight sector in all seasonstudes combined (Fig. 11a) shows that phase scintillation pre-
but the occurrence is highest in the dusk sector in summerdominantly occurred at low off-shell angles less thar 20
To compare the seasonal variation of backscatter occurrenogith highest percentages at off-meridian angte30° and
in the cusp and in the nightside auroral oval we use the samgparticularly near the magnetic zenith. This suggests that scin-
time intervals and approximately the same latitude intervaldtillation is caused by a mixture of field-aligned and L-shell-
as for scintillation (Fig. 5b) to define the backscatter sec-oriented irregularities. Figure 11c and d shows the distribu-
tors. Figure 7c shows the seasonal variations of ionospherition maps for the cusp and nightside auroral oval sectors as
backscatter occurrence in the cusp and nightside auroral ovatlefined in Fig. 5b. The scintillation causing irregularities ap-
Similarly to phase scintillation (Fig. 7a) the cusp backscatterpear to be more shell-aligned in the cusp than in the nightside
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Fig. 10. The ionospheric backscatter occurrence observed with the Saskatoon radar beda) &uitumn,(b) winter, (c) spring and
(d) summer. Superposed in white line is the Feldstein oval for IQ =2.

auroral oval where there was higher percentage of scintil-by showing scintillation occurrence averaged over a range
lation near magnetic zenith suggesting field-aligned irregu-of off-meridian &40°) and off-shell (from—20° to +10°)
larities. The scintillation percentages increased significantlyangles to compare relative alignment with L-shell (broken
with geomagnetic activity particularly for angles near the lines) and meridian (solid lines), respectively, in the cusp and
magnetic zenith both in the cusp and auroral oval (Fig. 11enightside auroral oval for all days as well as for geomagneti-
and f). At cusp latitudes the observations are mostly confinectally disturbed days. The sharpest peaks are found for mean
to the south of the receiver and are scarce close to magnetigcintillation occurrence as a function of off-shell angle sug-
zenith, completely missing poleward of it. Enhanced scintil- gesting predominantly L-shell alignment. However, concur-
lation was observed at low off-shell angles but across a wideent peaks at small off-meridian angles (solid lines) indicate
range of off-meridian angles, which points to L-shell aligned field-aligned irregularities during disturbed conditions both
irregularities. Figure 11b summarizes the anisotropy resultsn the cusp and auroral oval.
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Fig. 11. Maps of phase scintillation occurrence as a function of off-meridian and off-shell angles for dat@jralinatitudes and MLTs
combined,(c) cusp sector an(tl) nightside auroral oval. The maps for disturbed days are showfefousp andf) nightside auroral oval
sectors separatelfb) Average scintillation occurrence profiles perpendicularly to magnetic meridian (solid lines) and L-shell (broken lines)
are shown for each map.

7 Discussion Sect. 3. Consistent with UHF scintillation (Kersley et al.,
1995), GPS phase scintillation occurrence at cusp latitudes
At high latitudes, phase scintillation index; often has showed seasonal variation with a maximum between late au-
higher values than the amplitude scintillation indx This ~ tumn and early winter months (Li etal., 2010). These authors
is particularly the case at GPS frequencies, when amplitudélso reported the diurnal variation of phase scintillation and
scintillation may be completely absent in the presence ofits dependence on IMF at both northern and southern cusp
phase scintillation (Basu et al., 1998; Doherty et al., 2000;/0cations. In the polar cap, Prikryl et al. (2010a, b) found
Li et al., 2010). This is sometimes attributed to improper S€asonal and hourly dependencies of GPS phase scintilla-
detrending of GPS data as already mentioned at the end dfon and TEC. The occurrence statistics of the parameters
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were similar to seasonal and hourly dependencies of polar Phase scintillation in the nightside auroral oval shows a
cap patches as observed in F-region ionosonde echoes amtbar semiannual variation maximizing in equinoxes, which
HF radar backscatter. Such behaviour agrees with models @ similar to what is expected for aurorae and to what is
the patch-to-backgroundn2 ratio by Sojka et al. (1994).  found for geomagnetic activity. On the other hand, the
The mapping of scintillation occurrence as a function of cusp scintillation is dominated by an annual cycle maximiz-
magnetic latitude and MLT was done previously for GPS re-ing in late autumn and in winter with lower occurrence in
ceiver arrays in the European sector using data from Octospring and summer. A comparison between the occurrence
ber to December 2003 that also showed Kindex level at  of phase scintillation and HF radar backscatter from field-
high latitudes (Spogli et al., 2009). The present paper extendaligned irregularities is addressing the question of coexis-
the period to two years around the solar minimum while im- tence of kilometer- and meter-scale irregularities, which was
proving the spatial coverage and resolution over the North{irst raised for equatorial latitudes (Basu et al., 1978) and fol-
American sector. The mean TEC as a function of magnetidowed up at high latitudes (Milan et al., 2005). We found a
latitude and MLT shows TEC depletions associated with sta-statistical collocation of the phase scintillation and HF radar
tistical mid- and high-latitude F-region ionization troughs backscatter occurrence in the auroral oval and cusp.
(Muldrew, 1965) and large enhancements in TEC (statisti- It should be noted that the HF backscatter occurrence at
cal tongue of ionization) on the dayside extending throughhigh latitudes is strongly dependent on HF radio wave propa-
the cusp into the polar cap. A clear statistical link betweengation in addition to the presence of ionospheric irregularities
the phase scintillation occurrence and geomagnetic activitthemselves (Milan et al., 1997; Parkinson et al., 2003). So-
is found. The enhanced cusp and auroral scintillation endar illumination controls the E- and F-region electron density
hancements shift in latitude with the level of geomagneticand the HF propagation modes. Thus the location and oc-
activity. However, no statistical enhancement of phase scineurrence of the backscatter varies with season. During sum-
tillation at the equatorward border of the main trough (Spoglimer months, when the dense ionosphere easily refracts the
etal., 2009) has been found in CHAIN data from 2008—-2009.radio wave towards perpedicularity with the magnetic field,
Also, only a weak mean occurrence of phase scintillation isthe HF backscatter occurrence is highest and predominantly
found in the polar cap. However, it is expected that scintilla- at near-to-mid ranges in the nightside auroral oval. Around
tion due to polar patches and polar cap aurorae will increasehe winter solstice, ionospheric backscatter occurs preferen-
with the rise of solar activity in the current solar cycle as wastially at higher latitudes and peaks in the cusp, on the day
already demonstrated by a few ionospheric events in 2009side near noon. For the months before and after the winter
2010 (Prikryl et al., 2010b). solstice, towards and eventually past both equinoxes, auro-
We identified important differences between the cusp andal backscatter gradually strengthens and shifts to lower lat-
nightside auroral oval in the localization and intermittency itudes (near ranges), away from noon and towards the mid-
of phase scintillation events, scintillation duration distribu- night sector. Around the summer solstice, auroral backscat-
tion and seasonal variation. The nightside scintillation tendster occurrence maximizes in both the post- and pre-midnight
to be more intermittent and localized to auroral arc brighten-sectors. This is a consequence of changing HF propaga-
ing events. The scintillation in the cusp/cleft sector shows antion conditions. However, at the same time, midnight/pre-
excess of long-duration events and multiple PRN events, sugmidnight backscatter that is associated with GPS phase scin-
gesting that it is more continuous and can persist over a largéillation persists at all seasons. It appears to be distinct from
geographical area for several hours. These differences mage HF-propagation-induced enhancements in the dusk and
point to different scintillation-causing irregularity production dawn sectors, although in summer the dusk enhancement due
mechanisms: energetic electron precipitation into dynamicto propagation effect overlaps with the persisting component
auroral arcs versus cusp ionospheric convection dynamicsof the backscatter in the pre-midnight sector. It should be
Anisotropy of irregularity shape that is found both in the noted that the overlap between the phase scintillation and HF
cusp and nightside auroral oval suggests that the irregularbackscatter in the midnight/pre-midnight sector is best seen
ities causing phase scintillation in the cusp are more stronglhat the equatorward edge of the auroral oval. At higher auroral
aligned with magnetic L-shells whereas in the nightside au-atitudes, where the scintillation occurrence is enhanced in all
roral oval the scintillation occurrence as a function of off- seasons (Fig. 6), the HF backscatter is reduced (Fig. 10).
shell and off-meridian angles suggests more significant com-
ponent of field-aligned irregularities. This is consistent with
expectation of largely precipitation-driven auroral irregular- 8 Summary and conclusions
ities and convection-driven cusp irregularities. In the cusp,
L-shell aligned flow channel events frequently shape the denThe data from the first two years of operation of CHAIN
sity structure by producing density depletions with steep gra-have been analyzed to develop the climatology of GPS phase
dients perpendicularly to L-shell (Rodger et al., 1994; Prikryl scintillation at high latitudes. During the period of 2008—
etal., 1999). 2009 that coincided with a deep solar minimum, the ampli-
tude scintillation §4 index) remained insignificant but strong
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