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Abstract

Results of a superposed epoch (SPE) analysis of occurrence of phase scintillation and cycle slips at high latitudes
keyed by arrival times of high-speed solar wind streams (HSS) and interplanetary coronal mass ejections (ICME) for
years 2008 to 2012 are presented. Phase scintillation index σΦ is obtained in real time from L1 signal recorded at
the rate of 50 Hz by specialized global positioning system (GPS) ionospheric scintillation and total electron content
(TEC) monitors (GISTMs) deployed as a part of the Canadian High Arctic Ionospheric Network (CHAIN). The phase
scintillation, mapped as a function of magnetic latitude and magnetic local time, occurs predominantly on the
dayside in the cusp and in the nightside auroral oval. The scintillation occurrence peaks on days of HSS or ICME
impacts at the Earth's magnetosphere and tapers off a few days later, which is similar to day-to-day variability of
geomagnetic activity and riometer absorption at high latitudes. ICMEs that are identified as magnetic clouds are
significantly more geoeffective than HSSs and ICMEs with no or weak magnetic cloud characteristics. On their arrival
day, magnetic clouds result in higher occurrence, and thus probability, of scintillation in the nightside auroral zone.
The SPE analysis results are used to obtain cumulative probability distribution functions for the phase scintillation
occurrence that can be employed in probabilistic forecast of phase scintillation at high latitudes.

Keywords: Ionosphere; Ionospheric irregularities; GPS scintillation; Solar wind disturbances; Space weather
forecasting

Background

Ionospheric scintillation (Aarons 1982, 1997; Aarons

et al. 2000; Basu et al. 1987, 1995, 1998) of the Global

Navigation Satellite Systems (GNSS) signal severely de-

grades positional accuracy, causes cycle slips which can

lead to loss of lock, and affects performance of radio

communications and navigation systems. GNSS receiver

tracking performance during severe scintillation condi-

tions can be assessed by the analysis of receiver phase-

locked-loop (PLL) jitter (Conker et al. 2003; Sreeja et al.

2011). At high latitudes, statistical characterization and

climatology of scintillation of global positioning system

(GPS) signals show prevalence of phase over amplitude

scintillation with the phase scintillation primarily caused

by steep ionospheric density gradients and irregularities

associated with auroral and cusp precipitation and polar

cap patches (Spogli et al. 2009; Li et al. 2010; Prikryl

et al. 2011a, b, 2013a; Jiao et al. 2013). The ionospheric

dynamics in these regions is driven by the coupling be-

tween solar wind, the magnetosphere, and ionosphere.

Solar wind disturbances, in particular, the co-rotating

interaction regions (CIRs) on the leading edge of high-

speed streams (HSSs) and interplanetary coronal mass

ejections (ICMEs) have been closely linked with the oc-

currence of scintillation at high latitudes (Prikryl et al.

2012). These initial results demonstrated a technique of

probabilistic forecast of phase scintillation occurrence in

the cusp relative to arrival times of CIRs and ICMEs.

Such scintillation prediction can be combined with as-

sessment of the GNSS receiver tracking performance
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(Prikryl et al. 2013b) and thus offer a potentially useful

tool to provide users with expected tracking conditions.

In this paper, we extended the superposed epoch (SPE)

analysis of solar wind parameters and scintillation occur-

rence over a period of 5 years (2008 to 2012) and ob-

tained probability distribution functions that can be used

in probabilistic forecasting of phase scintillation and

cycle slip occurrence at high latitudes.

Methods

Phase scintillation data used in this study were collected

from 2008 and 2012 by ten specialized GPS ionospheric

scintillation and total electron content (TEC) monitors

(GISTMs) of the Canadian High Arctic Ionospheric

Network (CHAIN) (http://chain.physics.unb.ca/chain)

(Jayachandran et al. 2009). CHAIN instruments, includ-

ing six ionosondes, are distributed in the auroral oval,

cusp, and the polar cap (Figure 1). A brief description of

CHAIN, the scintillation parameters obtained, and the

geographic and corrected geomagnetic coordinates of

stations can be found in Prikryl et al. (2011a).

The NovAtel OEM4 GSV 4004B dual frequency GPS

receivers (Van Dierendonck and Arbesser-Rastburg 2004),

with special firmware specifically configured to record the

power and phase of the L1 signal at 50-Hz sampling rate,

compute the ionospheric TEC using both L1 and L2 sig-

nals, the amplitude scintillation index S4, and the phase

scintillation index σΦ. The phase scintillation index σΦ is

the standard deviation of the detrended phase using a filter

in the receiver with 0.1-Hz lower cutoff. Intense scintilla-

tion is usually accompanied by cycle slips. A cycle slip

(Horvath and Crozier 2007) is defined here as a jump in

differential phase TEC of more than or equal to 1.5 TECU

in 1 s (1 TEC unit corresponds to 1016 electrons/m2).

Solar wind data, projected to the Earth's bow shock,

are obtained from the Goddard Space Flight Center

Space Physics Data Facility OMNIWeb (http://omniweb.

gsfc.nasa.gov/). To characterize the solar wind by one

index, we use the quasi-invariant (QI) index (Osherovich

et al. 1999) that is defined as the ratio of the solar-wind

magnetic to ram pressures.

High-speed streams generate CIRs, regions between

the fast and slow solar wind where the solar wind

plasma is compressed. Following the criteria of (Prikryl

et al. 2012), arrival times of high-speed stream interfaces

CIR/HSSs are determined. A total of 108 HSS/CIRs with

a maximum velocity VMAX exceeding 500 km/s are used

in the SPE analysis of scintillation data from 2008 to

2012. For ICMEs, we use a catalogue of near-Earth

ICMEs (Richardson and Cane 2010) that is updated at

http://www.srl.caltech.edu/ACE/ASC/DATA/level3. In

this table, ICMEs are classified into three categories

based on the properties of magnetic clouds in column l:

a value of 2 in this column indicating that a magnetic

cloud (MC) has been reported in association with the

ICME; a value of 1 indicating that the ICME shows

evidence of a rotation in field direction but lacks some

other characteristics of an MC, for example, an enhanced

magnetic field; and a value of 0 indicating that the ICME

has not been a reported magnetic cloud and lacks most

of the typical features of a magnetic cloud, such as a

smoothly rotating, enhanced magnetic field.

The time of the leading edge (front) of an HSS or of

the ICME upstream shock/wave/disturbance provides

key times of a geoeffective solar wind disturbance ob-

served upstream from the Earth. Projected to the Earth's

bow shock (OMNI), these key arrival times can be used

in an SPE analysis to obtain an average response of the

ionosphere, e.g., geomagnetic disturbance (McPherron

and Siscoe 2004; McPherron and Weygand 2006),

riometer absorption (Kavanagh et al. 2012), and scintilla-

tion and cycle slip occurrence (Prikryl et al. 2012). Such

results can then be used in probabilistic forecasting of a

given ionospheric variable due to specific solar wind

conditions. This can be thought of as an analogy to

traditional meteorology approach in weather forecasting

based on atmospheric air mass climatologies separated

by boundaries (weather fronts) as discussed by McPherron

and Siscoe (2004).

SPE analysis of solar wind and scintillation data

To obtain the mean variations of solar wind parameters

relative to HSS interface (CIR) SPE analysis of solar wind

plasma time series is performed. Figure 2a shows the

mean solar wind velocity,V, mean flow angle ΦV, density,

Figure 1 Canadian High Arctic Ionospheric Network (CHAIN).

The corrected geomagnetic (CGM) latitudes 70° and 80° are superposed

over the geographic grid.
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np, magnetic field magnitude, |B|, and standard devi-

ation of IMF BZ component, σBz, over 12 days centered

at the key time (day 0). The mean solar wind velocity de-

creases to a minimum just before the stream interface

and then steeply rises to a maximum 2 days later. All

other mean solar wind parameters peak at, or very close

to, the key time. The mean flow angle ΦV shows a bipo-

lar east-west deflection. Figure 2b shows the results of

the SPE analysis for 40 ICMEs for which the geomag-

netic disturbance, Dst, was less than −30 nT. Because

the ICMEs are often preceded by shocks, the mean V,

np, |B|, and σBz increase near the key time. The mean

flow angle ΦV does not show a strong bipolar east-west

deflection that is typical for CIRs. These results are simi-

lar to those obtained previously (Prikryl et al. 2012) for

2008 to 2010.

The GPS phase scintillation predominantly occurs in

the ionospheric footprint of the cusp, auroral oval, and

polar cap (Spogli et al. 2009; Prikryl et al. 2011a, b,

2012). In response to varying geomagnetic activity, the

scintillation regions shift in latitude. To examine a re-

sponse of scintillation and to propose a method of scin-

tillation forecasting relative to arrival time of CIRs and

ICMEs, Prikryl et al. (2012) focused on the cusp stations

in Cambridge Bay and Taloyoak that showed steep in-

creases in scintillation occurrence on the zero epoch

day tapering off a few days later. We now include ten

CHAIN stations in the SPE analysis. The scintillation

and cycle slip occurrence is mapped as a function of

CGM latitude and magnetic local time (MLT).

Similarly to solar wind parameters in Figure 2, Figure 3a,b

shows the SPE analysis results for QI and Kp indices,

shown in green and black lines, respectively. The mean QI

index increases more gradually and peaks later but reaches

a higher value for ICMEs than for HSS/CIRs. This is be-

cause many ICMEs are actually magnetic clouds, and the

ratio of the magnetic to ram pressures is higher inside the

magnetic cloud. Also, the average background levels of QI

a

b

Figure 2 Superposed epoch analysis of solar wind plasma

parameters. Velocity V, density np, magnetic field magnitude |B|,
standard deviation of the IMF BZ component σBz, and mean flow
angle ϕV are keyed by the arrival times of (a) major CIRs and (b)

ICMEs. The scale ranges and colors/line styles for each parameter
are shown in the label for the ordinate.

a

b

Figure 3 Superposed epoch analysis. QI (green line), Kp (black
line), number of cycle slips Ncys (red dotted line), and phase
scintillation occurrence (blue line) for the cusp latitudes. The time

series are keyed by the arrival times of (a) major CIRs and (b)

ICMEs. The scale ranges and color/line styles for each parameter

are shown in the label for the ordinate.
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and Kp before the arrival of a solar wind disturbance are

higher for ICMEs than for HSS/CIRs because most of the

ICMEs occurred in the years of rising solar activity (2010

to 2012), while the HSS/CIRs events are distributed more

evenly over the whole period. However, the focus of this

study is phase scintillation occurrence and number of

cycle slips Ncys that are shown in Figure 3a,b in blue and

red lines, respectively. They are averaged over the cusp re-

gion defined here by latitude range from 70.0°N to 82.5°N

and MLT from 0600 to 1800 hours. Both the scintillation

and cycle slip occurrence peaked about three to four times

higher for ICMEs than for HSS/CIRs. As we already noted

for QI and Kp indices, the background average levels of

occurrences are higher for the case of ICMEs than for

HSS/CIRs.

Figures 4 and 5 show the SPE analysis results for CIRs

and ICMEs, respectively, for all magnetic latitudes and

MLTs. Figure 4a,b shows the SPE analysis results based

on 108 CIRs, namely, the maps of percentage occurrence

of phase scintillation σΦ exceeding 0.1 radians and aver-

age number of cycle slips, respectively. The positions of

the statistical auroral oval (Feldstein and Starkov 1967;

Holzworth and Meng 1975) are superposed in white line

for conditions from very quiet (IQ = 0) to disturbed

(IQ = 6), proportionally to the daily mean value of the

Kp index. For each epoch day, the phase scintillation oc-

currence and mean number of cycle slips maximized in

the cusp and extended into the polar cap with the grand

maximum occurring on the epoch day 0. However, sig-

nificant scintillation also occurred at auroral and even at

subauroral latitudes. The occurrence of scintillation and

cycle slips tapered off, reaching the pre-event background

level a few days later.

Figure 5a,b shows the results of the SPE analysis based

on 40 ICMEs (Dst < −30 nT). Similarly to CIRs, the

mean phase scintillation occurrence and mean number

of cycle slips maximized in the cusp and extended into

the polar cap with the grand maximum occurring on the

epoch day 0, but the peak scintillation occurrence and

cycle slip number were higher and tapered off faster,

reaching the pre-event background level on epoch day 2.

Significant scintillation also occurred at auroral and even

subauroral latitudes on epoch days 0 and 1.

Cumulative probability distribution functions

Figures 6 and 7 show cumulative probability distribution

functions (PDFs) for the phase scintillation occurrence

in the ‘cusp’ region defined here by latitude range from

70.0°N to 82.5°N and MLT from 0600 to 1800 hours. The

PDFs are based on the SPE analysis results shown in

Figures 4a and 5a for CIRs and ICMEs, respectively. The

curves represent the probabilities that phase scintillation

will exceed a given value as plotted on the abscissa.

In Figure 6, the solid lines show overall PDFs for

epoch days −1 and 0 (for slow solar wind just before and

fast solar wind after the key time) including all solar

wind conditions. The overall probability curves for both

the slow and fast streams (shown by solid lines) are

bracketed by probability curves (broken lines) for scintil-

lation data subdivided by corresponding solar wind low

and high (below and above median) values of V, |B|, and

σBz. In general, the probabilities are higher for ICMEs

a

b

Figure 4 The SPE analysis results based on 108 CIRs. The maps of (a) an average percentage occurrence of phase scintillation σΦ exceeding

0.1 radians and (b) average number of cycle slips for epoch days before and after the arrival of CIRs. The positions of the statistical auroral oval
are superposed in solid white lines for conditions from very quiet (IQ = 0) to very disturbed (IQ = 6), proportionally to the daily mean value of

the Kp index.
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than for CIRs. As discussed further in the ‘Results and dis-

cussion’ section, the period of slow solar wind before the ar-

rival of CIR/HSS is characterized by very low geomagnetic

activity and, expectedly, the lowest level of scintillation. It

gives the lowest background levels of scintillation occur-

rence and thus the lowest probabilities, particularly for the

case of low (below median) values of |B| and σBz. Because

ICMEs can arrive when a HSS is active, the mean ‘back-

ground’ level of probabilities before the arrival of ICMEs is

expectedly higher. By the same token, the scintillation

occurrence (probability) level after an ICME arrival is a

superposition of that ‘background’ level and scintillation

caused by the ICME interaction with the magnetosphere-

ionosphere system. The PDFs shown for low and high V,

|B|, and σBz indicate that variability about the average of the

solar wind speed affects the computed probability values

the least. The scintillation occurrence (probability) is

strongly affected by the variability of the magnetic field.

a

b

Figure 5 Same as Figure 4a,b but for the SPE analysis based on 40 ICMEs.

Figure 6 The cumulative PDFs in the ‘cusp’ for days −1 and 0. Probability of the phase scintillation occurrence for (a) slow and fast solar
wind on days just before and after CIRs (n = 108) and (b) days just before and after ICMEs (Dst < −30 nT; n = 40). The overall probabilities for

each case (solid lines) are bracketed by a pair of curves (broken lines) for data corresponding to low and high (below and above median) values
of the mean solar wind velocity, V (dashed lines), magnetic field magnitude, |B| (dash-dot line), and standard deviation of IMF BZ component,

σBz (dotted line).
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In Figure 7a,b, the overall PDFs are shown from −6 to +6

epoch days stepped by 1-day intervals for HSS/CIRs and

ICMEs, respectively. In both cases, the highest probabilities

are observed for day 0 (i.e., over 24 h after the key time)

but are significantly higher for ICMEs. Although the back-

ground levels of occurrences, and thus the PDF values, are

higher for the case of ICMEs than for HSS/CIRs; the range

of probabilities is larger for the latter. It is noted that the

lowest occurrences (Figures 3a and 4) and the lowest prob-

abilities (Figures 7a and 8b) are observed 2 days before

HSS/CIR arrivals, i.e., on epoch day −2.

To differentiate between the response in the cusp and

auroral zone, Figures 8 and 9 show the cumulative PDFs

for the phase scintillation occurrence in the nighttime

auroral zone defined here by a latitude range from 60.0°N

to 75.0°N and MLT from 1800 to 0600 hours. Clearly, the

Figure 7 The cumulative PDFs in the ‘cusp’ for days −6 to +6. Probability of the phase scintillation occurrence stepped by 1-day intervals
before and after (a) CIRs (n = 108) and (b) ICMEs (Dst < −30 nT; n = 40). The line colors correspond to days before and after CIR/ICME as shown

in the legend. The days before CIR/ICME are shown in broken lines (from black to blue to cyan); the days after CIR/ICME are shown in solid lines
(red to yellow to green).

Figure 8 Same as Figure 7a,b but showing the cumulative PDFs for the nightside auroral zone.
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probabilities are significantly lower as already indicated

by lower occurrence rate of phase scintillation in the aur-

oral oval as compared with the cusp (Figures 4a and 5a).

However, in all instances, both in the cusp and in the aur-

oral zone, the highest probability of phase scintillation

occurrence is on epoch day 0, i.e., just after the arrival of

CIRs or ICMEs. Also, the probabilities are higher for lar-

ger values of |B|, σBz, and V. The variability of the mag-

netic field affects the probabilities the most.

Results and discussion

Because of complexity of the solar wind-magnetosphere-

ionosphere coupling and the resulting ionospheric ir-

regularities, it is generally very difficult or impossible to

predict radio scintillation for a given ray path based on

physical modeling of the ionospheric structure. Thus,

probabilistic forecasting based on statistical results over

many years for specific conditions either in solar wind

or in the ionosphere appears to be appropriate approach

in forecasting scintillation at high latitudes. Since the

solar wind disturbances like CIRs and ICMEs are the

major causes of geomagnetic and ionospheric distur-

bances that result in enhanced scintillation, we applied

the forecasting method by McPherron and Siscoe (2004)

to forecast phase scintillation occurrence at high latitudes.

Initial results (Prikryl et al. 2012) have demonstrated the

feasibility of probabilistic forecasting of scintillation in the

cusp for a given location of a GPS receiver. In this paper,

we use the statistical data from a network of receivers to

map the scintillation occurrence as a function of magnetic

latitude and MLT. Focusing on specific solar wind events

(CIRs and ICMEs), the SPE analysis can provide average

occurrence rate and average number of cycle slips relative

to arrival time of CIRs or ICMEs, as a function of magnetic

latitude and MLT. Based on these statistical results, one

can then construct cumulative PDFs. The PDFs can be

specified for a range of magnetic latitudes and MLTs, and

also for different solar wind conditions. They can be then

used in probabilistic forecasting of scintillation occurrence

at high latitudes.

GPS scintillation databases with improved spatial cover-

age in latitude/longitude including polar cap and auroral

oval, as well as coverage over a complete solar cycle, are

needed. The present data cover mostly the last, anomal-

ously extended, solar minimum and rise of solar cycle 24,

and the majority of ICMEs caused only weak geomagnetic

disturbances; none of the ICMEs resulted in a major geo-

magnetic storm, e.g., Richardson (2013), which is clearly

not representative of periods of high solar activity. In com-

parison, strong and recurrent high-speed streams from cor-

onal holes remained active during most of the period

studied in this paper. The obtained mean probability curves

for days before and after CIR arrival are expected to be

similar throughout the solar cycle, although they may re-

flect the differences between slow and fast solar winds that

are likely to be enhanced during the declining phase when

the recurrent streams are dominant.

As we have already discussed in the ‘Cumulative prob-

ability distribution functions’ section, the SPE analysis

keyed by the HSS/CIR arrivals resulted in lower back-

ground levels of occurrences and probabilities (before

epoch day 0), which is partly because of large contribu-

tion from years of solar minimum when HSSs regularly

occur, while ICMEs are mostly absent. The lowest

Figure 9 Same as Figure 6a,b but showing the cumulative PDFs for the nightside auroral zone.
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scintillation occurrences and lowest probabilities are

found for epoch day −2, i.e., 2 days before HSS/CIR arrival.

This is consistent with the periods of ‘calm’ (Borovsky and

Steinberg 2006) during 2 days of slow solar wind just before

the major CIR/HSS arrival that is followed by about two

‘stormy’ days of fast solar wind disturbances. The latter

solar wind variation is then mirrored by geomagnetic

activity (Figure 3a) as well as scintillation and cycle slip

occurrence.

MCs are a subset of ICMEs with a smoothly rotating and

stronger-than-average magnetic field, as well as low proton

temperature (Burlaga et al. 1981). ICMEs associated with

MCs are known to be more geoeffective (Huttunen et al.

2005) than non-MC ICMEs. Even small-scale magnetic

ropes are found to induce substorm activity (Zhang et al.

2013). Strong ionospheric scintillation was observed during

the magnetic cloud-induced geomagnetic storm of April 5

to 7, 2010 (Prikryl et al. 2011b). The scintillation occur-

rence during that event increased in the auroral oval in

both the northern and southern hemispheres as the MC

magnetic field rotated southward. As already discussed in

the ‘Methods’ section, we use the MC classification of

ICMEs based on the catalogue of ICMEs by Richardson

and Cane (2010). Out of 40 ICMEs (Dst < −30 nT) used

in the present SPE analysis (Figure 5), 27 cases were classi-

fied as MCs indicating all required characteristics of MCs

Figure 10 The cumulative PDFs for MC and non-MC ICMEs. Probability of the phase scintillation occurrence in the ‘nightside auroral zone’

(top panels) and in the ‘cusp’ (bottom panels) for (a, c) non-MC (n = 13) and (b, d) MC (n = 27) events.
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(l = 2), while 13 cases lacked some or all important char-

acteristics of MCs (l = 0 or 1).

Figure 10a,b,c,d shows the PDFs for ‘nightside auroral

zone’ (Figure 10a,b) and ‘cusp’ (Figure 10c,d) obtained

by the SPE analysis for the subsets of MC (n = 27) and

non-MC (n = 13) events. In the ‘nightside auroral zone’,

the probabilities of scintillation occurrence just after ar-

rival are significantly higher for MC events (Figure 10b)

compared to the non-MC events (Figure 10a). This is

consistent with the finding that MCs are associated with

increased substorm activity (Huttunen et al. 2005; Zhang

et al. 2013). In the ‘cusp’, while the PDFs just after the

arrival of an event (epoch day 0) are very similar for

non-MC (Figure 10c) and MC (Figure 10d) events, the

‘background’ PDFs before and a few days after the epoch

day 0 are lower for the MC subset (Figure 10d). This

suggests that, both in the cusp and auroral oval, the differ-

ence between the probability of scintillation occurrence just

after ICME arrival and probability of scintillation occur-

rence before and a few days after the event is higher for the

MC events than for the non-MC events.

These results are based on a relatively small statistical

sample, and while they represent a proof of concept, a

larger statistical sample is needed to further refine the

scintillation forecasting method by compiling PDFs sep-

arately for different seasons, levels of solar activity, various

threshold values of σΦ, and different magnetic latitudes and

local times. Also, it will be important to consider periods of

southward and northward IMF since the IMF BZ compo-

nent (in the geocentric solar magnetospheric coordinate

system (GSM)) controls the coupling to the magnetosphere

and the energy deposition into the ionosphere, which, in

turn, affects the ionospheric structure and thus the scintilla-

tion level.

As already discussed previously (Prikryl et al. 2012),

the feasibility of probabilistic forecasting of scintillation

relative to solar wind disturbances will be dependent on

accurate prediction of CIR or CME arrivals. Space wea-

ther forecasting has benefited from advances in MHD

modeling of CMEs and CIRs (Odstrcil et al. 2005; Wu et al.

2011). Multi-spacecraft tracking of CIRs propagation

(Williams et al. 2011; Davis et al. 2012) and forecasting

propagation and evolution of CMEs in an operational

setting (Zheng et al. 2013) are being developed. The

viability of probabilistic forecasting of ionospheric

scintillation will hinge upon the progress of the solar

wind modeling and monitoring efforts to improve

space weather forecasting in general.

Conclusions

The SPE analysis is applied to time series of phase scin-

tillation and cycle slip occurrence observed by CHAIN

from 2008 to 2012. Arrival times of HSS and ICME were

used as key times for the SPE analysis. Mapped as a

function of magnetic latitude and magnetic local time,

phase scintillation and cycle slips occur predominantly

on the dayside in the cusp and in the nightside auroral

oval. The scintillation and cycle slips peak on days when

HSS or ICME impacts the Earth's magnetosphere. The

occurrence of phase scintillation and cycle slips taper off

more gradually and reach the mean background levels a

few days after the arrival of HSS. In contrast, the occur-

rence peaks significantly higher just after the ICME im-

pact but drops to background levels 1 or 2 days after the

ICME arrivals. The ICMEs of magnetic cloud type result

in higher occurrence of scintillation and cycle slips in

the nightside auroral oval when compared to the non-

magnetic cloud ICMEs. Cumulative probability distribu-

tion functions for the phase scintillation occurrence as a

function of epoch day relative to the HSS or ICME ar-

rival are obtained for typical cusp and auroral oval loca-

tions. The probability distribution functions can also be

specified for low and high (below and above median)

values of various solar wind plasma parameters. These

results can be used to predict occurrence of phase scin-

tillation and cycle slip occurrence; however, a larger stat-

istical dataset covering at least one solar cycle is needed

to develop a probabilistic forecasting method.
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