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ABSTRACT

Ionospheric scintillation activity over the East African region is often monitored using measurements
from the SCIntillation Network Decision Aid (SCINDA) receivers. Many of the SCINDA receivers
over East Africa are currently not archiving data and therefore a large part of the region remain un
sampled. We investigated the possibility to use dual frequency receivers of the Global Navigation
Satellite System (GNSS) network for scintillation mapping. A proxy for amplitude scintillation was
first derived by scaling the rate of change of total electron content index (ROTI). The proxy was
validated against S4 derived from nearly collocated SCINDA receivers over the region. A good
correlation was observed between the proxy and S4. The proxy was then used to map the
occurrence of amplitude scintillation over East Africa based on semivariogram modeling and Kriging
interpolation technique. The results indicate that the S4 values had a good positive correlation with
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the simulated S4p from the Kriging interpolation. This observation suggests that data from the dual
frequency receivers of GNSS may be used to map scintillation over East Africa. These maps can
in turn be used to study the evolution of ionospheric scintillation patterns over the region.

Keywords: Amplitude scintillation proxy; Scintillation maps; Kriging.

1 INTRODUCTION

The ionosphere plays a critical role in the
propagation of trans-ionospheric radio signals.
After the end of selective availability in 2000, the
reliability and accuracy of systems that use trans-
ionospheric radio signals such as the GNSS,
apart from the hardware problems depend on
the state of the ionosphere. The primary effect
of the ionosphere on trans-ionospheric radio
signal is the induced propagation time delay
which depends on the signal frequency. Several
methods e.g. [1, 2, 3] are available for correcting
the effects that a user may experience due to
ionospheric time delay of the GNSS signals.
A typical, but still unresolved threat to GNSS
users is the rapid and random variations in
the amplitude and phase of satellite signals,
commonly referred to as scintillation. It is
generally known that ionospheric scintillation
of a radio wave is caused by a plasma density
irregularity lying along the signal path. The
irregularity induces fluctuations in the phase and
amplitude of the original signal by either refractive
or diffractive scatter thus giving rise to a randomly
modulated wavefront that is received on ground.
Such rapid fluctuations disrupt communication
along some satellite links. Phase fluctuations
may result in cycle slips, thus affecting the
receiver’s ability to hold lock on a signal. Deep
signal fades below the receiver’s lock threshold
often occur during strong amplitude fluctuations
[4]. Both phase and amplitude fluctuations cause
difficulties in the receiver’s ability to remain locked
on to the signal. The net effect is an increase
in the noise level in the received signal, and
inability of the receiver to smoothen the range
measurements.

Ionospheric scintillation cannot be eliminated
before the radio signal reaches the receiver’s
tracking loop. The remedy to scintillation is to
avoid the times and the locations when it is
most likely to occur. For this to be effective,
accurate prediction of these times and places

in real time is required. However, no such
perfect systems are known to exist in the
real world. Through continuous monitoring
of scintillation characteristics, and analysis of
available scintillation data in the archives, coded
schemes have been developed to predict the
likely times of communication outages due to
scintillation. These codes are commonly referred
to as models, and are derived from empirical
e.g. [5], semi-empirical e.g. [6], and non-
empirical techniques e.g. [7]. These models
have produced results in good agreement with
observations. No single model can perfectly
predict scintillation at all times, frequencies and
locations. The empirical and semi-empirical
models are limited to the radio frequency, and
geomagnetic regions for which they have been
constructed [5]. The accuracy of theoretical
models depends on the assumptions and
approximations used to simplify the models [4, 8].

The SCINDA forecasting campaign of the
Air Force Research Laboratory (AFRL), has
a network of sensors deployed over Africa
and South America to monitor ionospheric
scintillation. Remotely stored data from these
sensors are retrieved to produce amplitude
scintillation index (S4), and phase scintillation
index (σϕ). Real-time scintillation maps are
produced from these indices to advise users on
the likelihood of communication outages. Though
largely successful, the capability of SCINDA
is limited by many factors [9]. Among these
factors include the poor geographical distribution
of the receivers and high maintenance costs
which degrade the accuracy of the scintillation
forecasts. The possibility of using scintillation
proxies derived from the dual frequency GNSS
receivers has been explored in the last two
decades to overcome the limited geographical
coverage offered by standard scintillation
monitors [10, 11, 12, 13, 14]. In these studies a
good correlation has been observed between the
scintillation indices and the proxies suggesting
that dual frequency receivers of GNSS network
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could be used to characterize scintillation,
especially in the absence of scintillation monitors.
The current research in this area is focused
towards refining these proxies to obtain a more
appropriate scintillation proxy. Recently, [15]
used irregularity drift velocity estimated from the
nearby VHF receiver to derive a proxy for S4.
Their results show that with a correct estimate
of the irregularity drift velocity and the satellite
velocity at the Ionospheric Pierce Point (IPP), a
better match is observed between the S4 and
the proxy values. The main objective of this
paper is therefore to investigate the possibility to
use the relatively low cost dual frequency GNSS
receivers to map scintillation over East Africa.
The wider geographical coverage provided by the
relatively denser network of the GNSS receivers
is expected to result in improved scintillation
maps over the region.

2 DATA AND METHODS

2.1 Sources of Data
This study made use of data from both SCINDA
and dual frequency GNSS receivers which form
part of the ground receiver network over the East
African region. The SCINDA network of receivers
in East Africa were supplied by the Air Force
Research Laboratory in coordination with Boston
College, USA. While the GNSS receivers from
which the data were obtained belong to either
the International GNSS Service (IGS) network or
the University NAVstar COnsortium (UNAVCO).
Fig. 1 shows the location of the receivers from
which data used in this study were obtained.

These data were processed to obtain the
amplitude scintillation proxy which was then used
to construct scintillation maps.
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Fig. 1. Location of ground receiver infrastructure over East Africa from which data used in
this study were obtained. The triangles are for the dual frequency GPS receivers while the

asterisk are for the SCINDA receivers. The solid black and broken lines are the geomagnetic
equator and the location of the southern crest of the Equatorial ionization anomaly

respectively
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2.2 Methods

2.2.1 Amplitude scintillation proxy
index

The GNSS data in Receiver INdependent
EXchange (RINEX) format were obtained from
the selected stations over the East African
region which are shown in Fig. 1. The total
electron content (TEC) along the line-of-sight
commonly referred to as slant TEC (sTEC) was
extracted from the RINEX data using the GPS-
TEC algorithm of Boston College [16]. The sTEC
is defined as

sTEC “

ż S

R

Neds, (1)

where R and S are the receiver and satellite
positions respectively and Ne is the electron
density. The software uses the thin-shell mapping
function to map the sTEC to obtain the TEC
above the receiver often times referred to as
vertical TEC (vTEC) as

vTEC “ sTEC ˆ

«

1 ´

ˆ

REsin zo
RE ` h

˙2
ff 1

2

, (2)

where RE and h are the radius of the earth
and height of the ionosphere respectively, and
zo is the zenith angle at the observation site.
The vTEC values were used to calculate the
rate of change of TEC (ROT). The ROT for
each satellite was detrended for elevation angles
greater than 50o to minimize the effects of
large-scale gradients in TEC, which are not
necessarily associated with irregularities [17].
The standard deviation of the detrended ROT
was then calculated over a running window of
5 minutes to obtain ROT index (ROTI) [10].
The amplitude scintillation proxy (S4p) used in
this study was then obtained by scaling ROTI
following [12] as

S4P “ γROTI. (3)

The scaling factor γ in equation 3 is given by
γ´1 “ 2πV 2{λ2rez, where re is the electron
radius (2.8 ˆ 10´15 m), λ is the wavelength for
the GPS L1 frequency and z is the scattering
height which is taken to be 350 km. The unknown
velocity V is given in [15] as

V “ Vd ´ pVpy ´ tanθsinϕVpzq, (4)

where Vd is the zonal drift velocity of irregularities,
Vpy and Vpz are the ray path velocities in
magnetic eastward and downward directions
respectively and are determined from the satellite
receiver geometry. The angles θ and ϕ
are the nadir and the azimuth angles at the
IPP respectively. We then used the derived
proxy from equation 3 to construct amplitude
scintillation maps over East Africa using the
Kriging interpolation technique.

2.2.2 Kriging

Kriging is a well known method in geostatistics
and dates to the pioneering work of Krige
[18] in which he estimated the concentration of
gold and other metals in the ore. Since then
Kriging technique is widely used in environmental
studies especially where there is a desire to
interpolate a sparse data such as in mining,
geology, remote sensing, and public health
[19]. In ionospheric physics, Kriging has been
applied in TEC mapping e.g. [20, 21] and
mapping of ionospheric scintillation e.g. [22,
23, 24]. Unlike other methods of ionospheric
mapping such as tomography that require a
dense receiver network, Kriging operates on
the sparse measurements and searches for the
optimal covariance between the measurements.
The estimate is based on two main assumptions
of intrinsic stationarity in the expectation values
of the measurements, and the variance of the
measurements only depend on the distance
between the measurements [20, 21]. The
mathematical equivalence of these assumptions
are

Epzpxi ` hq ´ zpxiqq “ 0

Varpzpxi ` hq ´ zpxiqq “ 2γphq,
(5)

where h is the straight line distance between the
measurements, zpxiq is the value of the variable
which for our case is the S4p at position xi
and zpxi ` hq is the S4p at position xi ` h.
The function γphq is called the semivariogram
and it characterizes the spatial correlation of the
S4p. The purpose of the Kriging technique is to
estimate an unknown value zo at xo using a linear
combination of the known values zi at positions
xi as

zo “
ÿ

i

λizi, (6)
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where λi are the Kriging weights that are applied to each value of zi at xi. For the estimate in
equation 6 to be unbiased,

ř

i

λi “ 1. The variance of the difference between the predicted value in

equation 6 and the true value is

V ar

«

ÿ

i

λizpxiq ´ zpxoq

ff

“ 2
ÿ

i

λiγpxi ´ xoq ´
ÿ

i

ÿ

j

λiλjγpxi ´ xjq ´ γpxo ´ xoq, (7)

where γpxi ´ xoq is the semivariance of z between the sampling point xi and the target point xo and
γpxi ´ xjq is the semivariance between the ith and jth sampling points. The Kriging equation is set
by minimizing the variance in equation 7 subject to the constraint

ř

i

λi “ 1. From equations 6 and 7,

and following [19], the Kriging equation is
ÿ

i

λiγpxi ´ xjq ` ψ “ γpxi ´ xoq, for all j (8)

where ψ is the Lagrange multiplier for minimization. The matrix form of equation 8 is
»

—

—

—

—

—

—

–

γ11 γ12 . . . γ1N 1
γ21 γ22 . . . γ2N 1

...
...

. . .
...

...
γN1 γN2 . . . γNN 1

1 1
... 1 0

fi

ffi

ffi

ffi

ffi

ffi

ffi

fl

»

—

—

—

—

—

–

λ1

λ2

...
λN

ψ

fi

ffi

ffi

ffi

ffi

ffi

fl

“

»

—

—

—

—

—

–

γ1o
γ2o

...
γNo

1

fi

ffi

ffi

ffi

ffi

ffi

fl

(9)

In order to construct the interpolation in equation 6, the Kriging algorithm solves equation 9 for the
values of λi and ψ. To solve equation 9, a semivariogram is required. For Nphq pair of measurements
at a distance h, and using equation 5, the semivariogram γphq is given as

γphq “
1

2Nphq

Nphq
ÿ

i“1

rzpxi ` hq ´ zpxiqs
2 . (10)

First, an experimental semivariogram was
determined by substituting the values of S4p
in equation 10 to examine the spatial variability
of amplitude scintillation. The most appropriate
theoretical semivariogram that best matched the
experimental semivariogram is then determined.
The theoretical semivariogram is then used in
solving the Kriging equation and consequently
an interpolated value of S4p is obtained in the un
sampled points using equation 6.

3 RESULTS

3.1 Derivation and Validation
of S4p

The intensity of scintillation experienced by a
trans-ionospheric radio signal intercepted by
moving irregularities has been reported to
depend on the IPP velocity and the zonal drift
velocity of the irregularities [25]. Following

[15], we used the IPP velocity together with the
zonal drift velocity of irregularities to scale ROTI
according to equation 3 to obtain S4p. The
zonal drift velocity of irregularities were obtained
from VHF antennas in an east-west alignment
nearly collocated with the dual frequency GNSS
receivers. Fig. 2 shows the results for some
satellites designated by their Pseudo Random
Noise (PRN) numbers on the Day Of the Year
(DOY) 219 and 300 in 2011 observed over
Nairobi.

Fig. 2 (a) shows a case of weak scintillation over
Nairobi with the S4 index recorded by PRN 14
reaching a value of 0.3 on the DOY 219 in 2011
between „21:30 LT and 22:30 LT. At the same
time, the east-west velocity of the irregularities
estimated from the VHF receiver at Nairobi was
about 100 m/s. Relatively strong TEC fluctuations
with the ROTI index reaching 1.5 TECU/min were
also observed on the link of PRN 14 at high
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elevation angles between 21:30 LT and 22:30 LT,
suggesting that these fluctuations are not as a
result of multipath. The trends of ROTI and S4
were similar. The values of S4p are in the same
range as that of S4 though in some cases S4p
under estimated S4 especially at lower elevation
angles. Fig. 2(b) shows a case when scintillation
was observed over Nairobi by PRN 11 at high
elevation angles on the DOY 300 in 2011 from
20:40 LT to 23:00 LT. The estimated irregularity
drift velocity at this time from the collocated VHF
receiver was about 120 m/s to 135 m/s. The
TEC showed strong fluctuations with the ROTI
index reaching 3 TECU/min between 20:40 LT
and 23:00 LT. During this time, strong scintillation
of the signals from PRN 11 were observed
with the S4 reaching 0.6. Although small
variations were observed between S4p and S4,

they are numerically close and they can easily be
presented on the same axes. These observations
suggest that S4p may be used to characterize
scintillation similar to S4. However the use of
S4p for characterizing scintillation over the East
African region is hampered by the limited data for
the zonal drift velocity of the irregularities over the
region. In an attempt to address this challenge,
we first analyzed the nighttime zonal drift velocity
of irregularities over East Africa recorded by two
VHF receivers one at Makerere and the other
at Nairobi to obtain the most appropriate zonal
drift velocity of irregularities over the region.
Fig. 3 shows the variation of the hourly averaged
zonal drift velocity of irregularities and the hourly
occurrence probability of amplitude scintillation
from collocated SCINDA receivers.
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Fig. 2. Variation of zonal irregularity drift velocity (a(i) & b(i)), TEC (a(ii) & b(ii)), ROTI and S4
(a(iii) & b(iii)) over Nairobi for PRN 14 on DOY 219 (a) and for PRN 11 on DOY 300 (b) in 2011.

In the bottom panels, the black curve is for S4, the red curve is for the conventional ROTI
[10], the green curve is for the ROTI scaled using zonal drift velocity of irregularities derived

from the VHF at Nairobi
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The occurrence probabilities were determined
by expressing the number of S4 values greater
than 0.2 in an hour as a fraction of the total
number of observations in a given time bin.
The hourly averages presented in Fig. 3 are
only for days where both L-band scintillation and
zonal drift velocity data were available. Fig. 3
(a) shows that the maximum hourly averaged
zonal drift velocity of irregularities over Nairobi
is about 125 m/s between 19:00 LT and 21:00
LT in 2011. This velocity gradually decreased
towards the local midnight. Similarly, Fig. 3
(b) shows that the peak zonal drift velocity of
irregularities over Makerere was about 120 m/s
and this was observed from 20:00 LT to 21:00 LT
in 2012. The higher zonal irregularity drift velocity
observed just after sunset is possibly a direct
consequence of the post sunset enhancement
in the thermospheric zonal neutral wind (U) due
to pressure gradient at the terminator. In the
case of the L-band scintillation observed from the
nearest SCINDA receivers, Fig. 3 (a) shows that
the highest likelihood of scintillation occurrence
was between 21:00 LT and 22:00 LT, and the
chances of occurrence of L-band scintillation
significantly reduced almost to zero just after
local midnight. A similar higher likelihood of
L-band scintillation over Makerere was also
observed to be between 21:00 LT and 22:00
LT. Similar to the case of Nairobi, the L-band

scintillation ceased just after the local midnight.
The enhanced post sunset thermospheric zonal
neutral wind creates polarization electric fields
through the U ˆ B mechanism [26]. The
polarization electric field has a prominent vertical
component and a small zonal component [27].
The vertical component drives an eastward
electric field. This electric field enhances
the already eastward eveningtime electric field
resulting in a rapid uplift of the F layer plasma
by E ˆ B mechanism. This creates necessary
conditions for the growth of irregularities within
the F layer. These irregularities are responsible
for the observed scintillation. The decreased
occurrence probabilities after local midnight is
possibly due to the decreased electrodynamic
processes in the ionosphere. In general, Fig. 3
shows that at the time of peak likelihood of
occurrence of scintillation, the irregularities were
observed to drift with a zonal velocity of about 120
m/s. This velocity was used as a typical zonal
drift velocity of irregularities over the East African
region to scale ROTI to obtain a proxy for S4. To
validate the possibility of using a constant drift
velocity to scale ROTI at both the crest and the
trough of the equatorial ionization anomaly (EIA),
we have shown in Fig. 4 a comparison between
S4 and S4p derived using a drift velocity of 120
m/s.
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Fig. 4. Comparison between S4p with S4 over Addis Ababa, Nairobi and Makerere for DOY
157, 265 and 298 in 2011. The S4p was derived using a constant irregularities drift velocity of
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From Fig. 4, mild scintillation events were
observed at the SCINDA receiver ADD on PRNs
9, 27 and 29. The S4p from the nearby dual
frequency GNSS receiver ADIS also showed
values in the same range for all the visible
satellites at elevation angles greater than 30o.
Particularly mild scintillation was observed on the
same PRNs 9, 27 and 29 using the S4p index.
At the SCINDA station UON which is near the
crest region of the EIA, moderate scintillation was
experienced by the signals on PRNs 3, 6, 14,
16,19 and 31. The S4p for the same PRNs from
the nearby dual frequency GNSS receiver RCMN
also revealed moderate scintillation, though S4p
slightly over estimated S4 in some of the cases
such as for PRNs 3, 6 and 19. Similarly for
the case of the SCINDA receiver MAK, moderate
scintillation was experienced by PRNs 1,11,13
and 23 and strong scintillation by PRN 19 on
the evening of the DOY 298 in 2011. The
S4p from the nearest dual frequency receiver
EBBE also showed strong scintillation on PRN
19 and moderate scintillation on PRNs 1,11,13
and 23. In general, S4p is able to capture
the spatial variation of scintillation over the
East African region with stronger scintillation at

the crest than at the trough of the EIA. The
ability of S4p to capture the spatial scintillation
characteristics over the region was investigated
further by comparing the one minute S4p values
with S4. The choice of one minute was to have
the same sampling rate for S4p and S4. Fig. 5
shows the variation of the one minute
averaged S4 and S4p for the different
satellite geometries at elevation angles
greater than 30o over Addis Ababa,
Makerere and Nairobi in 2011.

From Fig. 5, S4 values at ADD were smaller than
those at MAK which in turn were less than what
was observed at UON. Similarly, the S4p values
were smallest at ADIS followed by EBBE and
then RCMN. In all the cases, high values of S4
and S4p (S4, S4p ą0.2) which signify scintillation
activity were observed to peak between 20:00 LT
and 23:00 LT. In some cases, S4p over estimated
S4 especially near the crest of the EIA. Based
on the the relatively good correlation between
S4p and S4, and the good geographical coverage
provided by the dual frequency GNSS receivers,
we adopted S4p as an alternative for S4 to
construct scintillation maps.

Fig. 5. Diurnal variation of S4 and S4p over Addis Ababa, Makerere and Nairobi in 2011
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3.2 Scintillation Maps

3.2.1 Semivariogram

A semivariogram describes the relationship
between the data points distributed in space.
In Kriging, the semivariogram is important in
selecting the appropriate sample weights. The
starting point in semivariogram construction
for Kriging is the empirical semivariogram to
which an appropriate theoretical semivariogram
is fitted. Before determining the experimental
semivariogram, the S4p values within a latitude
by longitude bin of 1o ˆ 1o were averaged.
To determine the average, it was required that

at least five values were present within the
bin otherwise the bin was flagged to have no
value. This averaging was necessary to minimize
physically meaningless values of S4p. The
average value of S4p in a given bin was then
assigned to an IPP that was determined by
inverse distance weighting of the different IPPs
that fall within the bin. The bin averaged
S4p values together with their corresponding
IPP coordinates were then used to construct
an empirical semivariogram. Fig. 6 shows a
typical semivariogram for the DOY 300 in 2011
constructed using the S4p values between 16:30
UT and 21:00 UT generated for every thirty
minutes.
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Fig. 6. Semivariogram for the ionospheric irregularities over the East African low latitude
region observed from the S4p values on DOY 300 in 2011 between 16:30 UT and 21:00 UT.

The blue dots are for the experimental semivariogram and the red curves are the fitted
theoretical semivariogram.
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The Kriging algorithm requires that the
semivariogram function be positive definite and
interpolatable. To meet these conditions, a
theoretical semivariogram model is often used.
The Kriging toolbox1 used in this study offers
a number of theoretical models such as linear,
spherical, Gaussian and exponential that best
describe a physical phenomena. The best
theoretical semivariogram that matched the
experimental semivariogram was determined
by first calculating the root mean square error
(RMSE) between the experimental and the
theoretical semivariograms. The model with the
least RMSE was then selected. In the study area,
it was the Gaussian model given by

γphq “ ko ` k
´

1 ´ eh
2{a2

¯

, (11)

that produced the smallest error and therefore
was chosen. The unknown parameters ko, ko `

k and a which represent the nugget, sill and
range were determined from the S4p values
for a given observation interval. The Gaussian
semivariogram for each of the experimental
semivariogram is shown with a solid line in

Fig. 6. From Fig. 6, the nugget, sill and the
range all show variation with time, particularly
the sill value is high from 17:00 UT to 20:00 UT,
the time when scintillation was observed over
East Africa. Therefore all the parameters of
the Gaussian semivariogram which we used to
solve equation 9 for the Kriging weights λi were
dynamical determined for each time interval. The
Kriging weights were then applied in equation 6
to estimate the values of S4p at the un sampled
points. The estimated values were then used to
construct the scintillation maps over the region
during quiet and disturbed conditions.

3.3 Example of a Scintillation
Map on a Quiet Day

A typical quiet day of DOY 075 in 2011 when
scintillation was observed over East Africa was
chosen to demonstrate the ability of Kriging to
generate S4p maps. Fig. 7 a (i) show that the
minimum Disturbance storm time (Dst) index was
just about -3 nT indicating that the day was quiet.
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Fig. 7. (a) Variation of Dst and S4 on DOY 075 in 2011. (b) Scintillation maps between 16:30
UT and 21:00 UT on DOY 075 in 2011

1https://sourceforge.net/projects/mgstat/files/mGstat/
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The S4 from SCINDA receivers at Addis Ababa
(ADD) and Nairobi (UON) show that there was
scintillation over East Africa (see Fig. 7 a
(ii) and (iii)). From Fig. 7 (a)(ii), scintillation
over Addis Ababa started at about 19:00 UT
and persisted up to about 21:00 UT with the
peak occurrence at about 20:00 UT. Fig. 7
(a)(iii) shows that scintillation over Nairobi started
earlier at about 18:00 UT with S4 reaching
more than 0.4 between 18:00 UT and 21:00 UT.
These observations suggest that scintillation at
the crest region was stronger than that within
the vicinity of the dip equator. The more
pronounced scintillation near the crest of the
ionization anomaly than around the dip equator
could be due to the EˆB vertical drift of the
ionospheric plasma at the dip equator which
map the equatorial plasma together with the

scintillation causing irregularities to the crest
of the anomaly region. Fig. 7 (b) shows the
scintillation maps over the East African region
for the DOY 075 in 2011 generated from the
S4p values by using the Gaussian semivariogram
in the Kriging interpolation. The maps were
generated in grid cells of 2o ˆ 2o in latitude
by longitude. From the maps, scintillation at
the crest of the EIA started at about 18:00 UT
and ceased at about 20:30 UT. While at the
trough, scintillation started between 19:00 and
19:30 UT and ceased between 20:00 and 20:30
UT. The time of maximum scintillation activity in
the maps is consistent with the observation from
the SCINDA receivers over the region showing
that Kriging is a promising technique to generate
scintillation maps over the region.
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Fig. 8. (a) Variation of Dst and S4 on DOY 298 in 2011. (b) Scintillation maps between 17:00
UT and 21:00 UT on DOY 298 in 2011

3.3.1 Example of a scintillation map
on a disturbed day

A strong geomagnetic storm occurred between
DOY 297 and DOY 299 with the main phase on
DOY 298 in 2011. Fig. 8 (a) (i) shows that the
Dst index reached a minimum value of -134 nT
in the early hours of DOY 298 and the storm
conditions (Dst ă -50 nT) persisted through
out the day.

The variation of S4 index on the same day from
the SCINDA receivers ADD and UON are shown
in Fig. 8 (a) (ii) and (iii) respectively. The S4
values show that post sunset scintillation were
observed both at the trough (ADD) and the crest
(UON) on the storm day. The scintillation activity
at the crest was stronger than that at the trough.
Fig. 8 (b) shows examples of scintillation maps
for the DOY 298 in 2011 constructed using S4p
from 14 GNSS receivers since MBAR and BDAR
had no data on the same day. The maps
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show that scintillation started from about 17:30
to 18:00 UT and lasted for about one hour and
significantly reduced between 18:30 and 19:00
UT. From about 19:00 to 19:30 UT, scintillation
peaked and ceased between 19:30 and 20:00 UT.
During the time of the peak scintillation activity,
S4p reached a value of more than 0.5. This again
is in agreement with the observations from the
SCINDA receivers. This further affirms that S4p
may be used to map scintillation over East Africa
during storm conditions when an appropriate
interpolation technique such as Kriging is
used.

3.3.2 Validation of the scintillation
maps

To validate the scintillation maps, we compared
the S4 values for some selected PRNs that were
visible at elevation angles greater than 30o on
the DOY 263 from the SCINDA receivers at Addis
Ababa, Makerere and Nairobi with the S4p values
generated by Kriging interpolation. The values

simulated from the Kriging interpolation were at
the location of the IPP coordinates of the PRNs
observed at the SCINDA receiver sites. Fig. 9
shows the results for PRN 11 observed at Addis
Ababa and Nairobi, and PRN 19 observed at
Makerere.

The simulated values show a good correlation
with the S4 observed from the SCINDA receivers.
However, the inherent assumption of stationarity
of the mean applied in the Kriging algorithm tends
to smooth out some of the extreme values of
S4p. This shortfall can be traded off with the
advantage offered by the scintillation maps in
space weather monitoring. We further simulated
the S4p values for all the PRNs that were
visible in the evening of DOY 075 and DOY 298
at elevation angles greater than 30o and then
determined the Pearson correlation coefficients
between these values with the S4 values from
the SCINDA receivers. Fig. 10 shows the results
for the correlation analysis at Addis Ababa,
Makerere and Nairobi.
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Fig. 9. Comparison between S4, S4p and simulated S4p on the evening of DOY 263 in 2011
over Addis Ababa, Makerere and Nairobi.

From Fig. 10, the simulated S4p by Kriging show a good positive correlation with correlation coefficients
between „0.9055 and „0.9689 with the S4. Therefore the maps will provide a good estimate for S4 at
the un sampled positions and may be useful in understanding spatio-temporal evolution of scintillation
patterns.
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Fig. 10. Correlation analysis between S4 and the interpolated S4p over Addis Ababa,
Makerere and Nairobi on the evening of DOY 075 and DOY 298 in 2011

4 CONCLUSION

Ordinary Kriging algorithm is used to generate amplitude scintillation maps over the East African
region using a scintillation proxy data from 16 dual frequency GNSS receivers over the region. The
data from the GNSS receivers was used to derive ROTI which is then scaled to obtain a more
numerically accurate proxy for amplitude scintillation referred to here as S4p. The proxy is validated
against S4 derived from nearly collocated SCINDA receivers over the region. The S4p is then used
to generate amplitude scintillation maps by using the Kriging interpolation technique. The features
observed in these maps were consisted with what is observed from the SCINDA receivers. These
observations show that the Kriging algorithm is a promising method to produce scintillation maps over
East Africa. The maps generated from the scintillation proxy can be used to study the spatio-temporal
evolution of scintillation and hence scintillation causing irregularities.
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