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Abstract. Small-scale ionospheric disturbances may cause
severe radio scintillations of signals transmitted from global
navigation satellite systems (GNSSs). Consequently, small-
scale plasma irregularities may heavily degrade the per-
formance of current GNSSs such as GPS, GLONASS or
Galileo. This paper presents analysis results obtained primar-
ily from two high-rate GNSS receiver stations designed and
operated by the German Aerospace Center (DLR) in cooper-
ation with Bahir Dar University (BDU) at 11.6◦ N, 37.4◦ E.
Both receivers collect raw data sampled at up to 50 Hz, from
which characteristic scintillation parameters such as the S4
index are deduced.

This paper gives a first overview of the measurement set-
up and the observed scintillation events over Bahir Dar in
2015. Both stations are located close to one another and
aligned in an east–west, direction which allows us to estimate
the zonal drift velocity and spatial dimension of equatorial
ionospheric plasma irregularities. Therefore, the lag times of
moving electron density irregularities and scintillation pat-
terns are derived by applying cross-correlation analysis to
high-rate measurements of the slant total electron content
(sTEC) along radio links between a GPS satellite and both
receivers and to the associated signal power, respectively. Fi-
nally, the drift velocity is derived from the estimated lag time,
taking into account the geometric constellation of both re-
ceiving antennas and the observed GPS satellites.

Keywords. Ionosphere (ionospheric disturbances; iono-
spheric irregularities; instruments and techniques)

1 Introduction

It is generally agreed that localized depletions of the low-
latitude F region electron density may be generated due to
the Rayleigh–Taylor plasma instability after sunset (Kelley,
2009). The plasma density inside these irregularity regions
is strongly reduced, thus forming equatorial plasma bub-
bles (EPBs) that together with electron density irregulari-
ties cause diffraction and forward-scattering of transiono-
spheric radio signals; this is known as scintillation (Basu
and Basu, 1981; Valladares et al., 2004). When the plasma
irregularities are fully developed, the irregular structures,
causing scintillation of satellite signals, are expected to flow
along the ambient zonal drift motion. The E×B zonal drift
moves the plasma perpendicularly to the ambient horizon-
tal magnetic field and the downward-directed electric field
that is mainly generated by thermospheric winds in the low-
latitude ionosphere (Kelley, 2009). The drift motions have
diurnal variations in flow direction and magnitude, but in
general the zonal drift flows westward in the daytime and
eastward in the nighttime. The peak eastward drift speed in
the low-latitude pre-midnight sector has a typical magnitude
of 100 m s−1, while daytime drifts usually peak at 40 m s−1

in the quiet-time ionosphere (Fejer et al., 1985, 1991). From
GPS L1 signals, Kil et al. (2000) derived eastward velocities
of ionospheric irregularities of 50–100 m s−1 at midnight in
the South American sector for magnetically quiet days.

Although the occurrence of eastward drift irregularities
is expected in the low-latitude African sector, their exis-
tence has been shown only in a few cases (e.g. Wiens
et al., 2006). Using a single global navigation satellite sys-
tem (GNSS) station, Hlubek et al. (2014) have recently
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shown statistics of scintillation events occurring over the
Bahir Dar region for GPS frequencies L1, L2C, and L5,
GLONASS L1 and L2, and Galileo E1 and E5, covering the
year 2013. These frequencies range between 1176.45 MHz
(Galileo E5) and 1610.485 MHz (GLONASS L1). The ob-
tained results are based on high-rate real-time GNSS mea-
surements recorded at the DLR’s msbd01 station (see Fig. 1)
in Bahir Dar, Ethiopia. It has been shown that the L5/E5a fre-
quency is much more strongly affected by scintillations com-
pared to the L1/E1 frequency. Overall GLONASS L2 shows
the largest sensitivity with respect to scintillation events. Ad-
ditionally, these studies also confirm the daily and seasonal
variability of scintillation events in low-latitude regions re-
ported by Wiens et al. (2006) and Alfonsi et al. (2013).

In this work we apply a multi-station analysis to study the
characteristics of plasma irregularities, including their zonal
drift characteristics. Therefore, this paper first describes both
station set-ups and their capabilities to detect scintillation
events. Afterwards, we give a short review of simultane-
ously observed scintillation events in 2015. This includes
the analysis of our scintillation processor output compared
to external data from a nearby GNSS station operated by the
Technical University of Berlin (TUB). Finally, we estimate
the zonal drift velocity and spatial dimension of plasma ir-
regularities over Bahir Dar using a cross-correlation analy-
sis method, which is applied to high-rate data from DLR’s
GNSS network.

2 GNSS station set-up

Since 2010 DLR has established two high-rate GNSS re-
ceiver stations in close cooperation with Bahir Dar Univer-
sity for monitoring and analysing amplitude scintillations in
equatorial regions.

The first station, msbd01, was initially deployed in 2010
at Bahir Dar University (Peda Campus). It operates a
Javad Delta G3T receiver combined with an external Temex
LPFRS (low-profile frequency Rb standard) rubidium clock
and a Javad RingAnt-G choke ring antenna to minimize mul-
tipath effects. To intensify scintillation research in equato-
rial regions and as a result of the cooperation with Bahir Dar
University the second station, msbd02, was deployed 2014
at the Yibab Campus (see Fig. 1), which is located around
7 km westward of msbd01. The slightly improved hardware
and software set-up operates a JAVAD Delta 3G GNSS re-
ceiver in combination with an external Temex LPFRS ru-
bidium clock and a Leica AR25 choke ring antenna. After
the ISEA14 conference in 2015 also msbd01 was modern-
ized to harmonize the level of performance and robustness.
Both JAVAD receivers are configured to track GPS (L1, L2,
L5), GLONASS (L1, L2), Galileo (E1, E5a) and Beidou as
well as geostationary satellites of space-based augmentation
systems like the Wide Area Augmentation System (WAAS)
and the European Geostationary Navigation Overlay Service

Figure 1. Geographic distribution of high-rate GNSS receivers in
Bahir Dar, Ethiopia.

(EGNOS) with a sampling rate of 50 Hz. Since power out-
ages occur frequently in Ethiopia, both stations are plugged
to uninterruptible power supply (UPS) devices in order to
bridge power outages of up to 7 h which is adequate for 95 %
of all outages.

To simplify the station maintenance and to enable dis-
tributed real time and post processing of the high-rate GNSS
data for scintillation research, both stations are integrated
into the EVnet (Experimentation and Verification Network)
architecture of DLR (Noack et al., 2005). Over the past
years both systems were able to continuously record high-
rate GNSS raw data, providing an important dataset for ongo-
ing studies on amplitude scintillations in equatorial regions.

In collaboration with the Technical University of Berlin
and the French company IEEA, two additional high-rate
GNSS station were deployed. The TUB station uses a
Septentrio PolaRx GNSS receiver and is located at the Peda
Campus near the msbd01 station (Čokrlić and Galas, 2013).
The IEEA station operates a Novatel GSV4004B GISTM and
is located at the Poly Engineering Campus, roughly 2.6 km
north of the Peda Campus. All together these four stations,
as illustrated in Fig. 1, form an unique local network to study
amplitude scintillations.

3 Monitoring of amplitude scintillations

Both DLR stations were designed to monitor total electron
content (TEC) and signal strength scintillations on GNSS
signals in near real time. Amplitude scintillations are rapid ir-
regular variations in the signal amplitude (e.g. signal fading
and scattering) due to the spatially and temporally varying
density of free electrons on a very small scale throughout the
different layers of the ionosphere. To detect whether GNSS
signal is affected by amplitude scintillations, the variation in
the signal intensity I is observed and quantified by the widely
used S4 index, which is the standard deviation of the received
signal intensity I divided by its mean value (for normaliza-
tion). In general the S4 index is calculated per GNSS link by
using a moving window in the time domain with a window
width of 60 s
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Table 1. Classification of amplitude scintillation events.

Magnitude of S4 Classification of scintillation event

S4 > 0.3 moderate
S4 > 0.6 strong
S4 > 0.9 extreme

The monitoring of S4 derived from the DLR’s worldwide distributed
EVnet stations showed that S4 values up to 0.3 are mostly caused by the
natural noise of the signal intensity.

S4 =

√
〈I 2
〉− 〈I 〉2

〈I 〉2
, (1)

where 〈〉 denotes the corresponding average value. We derive
S4 measurements according to Eq. (1) from high-rate GNSS
data streams (50 Hz) in real-time (1 min update rate) and in
post-processing mode, since the operational JAVAD receivers
including JAVAD’s software tools do not provide S4 directly.
The signal intensity I can be derived from the signal ampli-
tude A (I ∝ A2). The scintillation-processing software cal-
culates the signal amplitude A according to

A2
= i2+ q2. (2)

The high-rate inphase (i = A · cos8) and quadrature (q =
A · sin8) components are provided by the GNSS receiver
(JAVAD, 2015, p. 88). The magnitude of S4 is limited within
the range {S4 εR | 0≤ S4 ≤

√
2} when assuming a Nak-

agami distribution as a fading model for GNSS signal fading
(Hegarty et al., 2001). In order to rate multiple S4 measure-
ments, we classify scintillation events by their magnitude as
listed in Table 1.

The interpretation of the magnitude of S4 should incor-
porate the spatial geometry of the GNSS link, since it is
correlated with the elevation angle of the observed GNSS
satellite. If the elevation is very low, the propagation time
through potentially perturbed regions of the ionosphere in-
creases, with the consequence that the occurrence of scin-
tillation events during low-elevation scenarios is naturally
higher than at high-elevation scenarios. Also, multipath ef-
fects due to very low-elevation scenarios or physical obsta-
cles may degrade the signal quality and can lead to false as-
sumptions on ionosphere-generated amplitude scintillations.
We did not quantify these effects but systematically try to
exclude them by only considering observations at elevations
greater than 20◦. Based on the geographical receiver loca-
tion, there might also be a dependency on the azimuth of
the observed GNSS link. The receivers in Bahir Dar are lo-
cated between the northern and southern crest anomaly re-
gions. As Fig. 2 shows, GNSS measurements with azimuth
angles approximately in the north–south direction and vice
versa are naturally much more affected by amplitude scintil-
lation events than measurements in azimuthal east–west di-

Table 2. Scintillation events recorded by both DLR stations in 2015.

Month Affected days Activity/relevance

February 3 moderate
March 6 strong
April 9 strong
May 7 moderate
December 1 moderate

The gap from May to December is due to the outage of msbd01
before its modernization in October 2015.

Figure 2. S4 estimated from 50 Hz GNSS data recorded between
16:00 and 00:00 UTC (LT −3 h) on 28 February 2015 for msbd02.

rection. The strong scintillation activity around 14–19◦ N ob-
viously fits well with the steep TEC gradient associated with
the northward crest of the equatorial anomaly (e.g. Muella
et al., 2010).

In order to select appropriate scintillation events for the
estimation of equatorial plasma bubble characteristics over
Bahir Dar, all available datasets obtained in 2015 were
scanned for identifying and classifying scintillation events by
applying Table 1. Although there were many events at each
DLR station, only a few events having small data gaps could
be simultaneously recorded at both receivers, as shown in Ta-
ble 2. As is well known (e.g. Basu and Basu, 1981; Aarons,
1982; Hlubek et al., 2014), signal scintillations could be ob-
served in the evening hours after sunset.

To prove the plausibility of the detected scintillation events
we compared DLR data with data collected by TUB in the
same time periods at the most significant events.

Figure 3 shows an example of a typical scintillation event
which was simultaneously recorded independently of the sta-
tions msbd01, msbd02 and tubbd01 (see Fig. 1) on 28 Febru-
ary 2015. It shows enhanced signal intensity variations on
multiple GNSS links within the L1 band (1575.42 MHz).
Also, the link-based signature of S4 evolving over time de-
rived by DLR and TUB software reveals a high similarity as
shown for GPS satellite G24 in Fig. 4. This proves the fact
that both systems are capable of properly detecting amplitude
scintillation events for correlation studies.
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Figure 3. Typical amplitude scintillation event after sunset recorded
at both DLR stations and the TUB station on 28 February 2015 over
Bahir Dar, Ethiopia.

4 Characterization of plasma irregularities

Both DLR stations, msbd01 and msbd02, are located at dif-
ferent longitudes but at nearly the same latitude and simulta-
neously record signals from the same GPS satellite at a sam-

Figure 4. Signature (red line, exponentially-weighted moving av-
erage, window size: 3 min) of S4 indices (grey dots) calculated for
satellite G24 from different scintillation processors in comparison
to the averaged elevation (below).

pling rate of 50 Hz. Figure 5 illustrates the overall measure-
ment principle for characterizing plasma irregularities from
high-rate GPS measurements.

After sunset, equatorial plasma irregularities begin to
evolve, thus causing radio scintillations associated with, e.g.,
enhanced signal power variability and deep fading effects
when the ray path enters the first Fresnel zone (Hargreaves,
1992, p. 33). Assuming that electron density irregularities
are well established at a height of about hI = 350 km, the
first Fresnel (n= 1) zone of GPS L1 signals (λ= 19.042 cm)
in zenith direction (d1 ' hI, d2 ' 20 850 km) has a radius of
rF ≈ 256 m:

rF =

√
nλd1d2

d1+ d2
, (3)

where d1 is the distance between the ionospheric pierce point
(IPP) and the GPS satellite and d2 is the distance between
the GNSS receiver and the related IPP according to Fig. 5.
Scintillation and TEC depletion patterns can be observed by
monitoring the signal power and the slant total electron con-
tent (sTEC) over time. In Figs. 6 and 7, measurements of the
satellite G24 for both DLR stations obtained on 28 Febru-
ary 2015 are shown. The depletion signature starts develop-
ing when the irregularity region enters the first Fresnel zone,
reaches its maximum depletion at the highest Fresnel zone
coverage and decreases when the bubble region leaves the
first Fresnel zone.
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Figure 5. Scheme of GNSS link-based estimation of plasma bubble
characteristics from multiple high-rate GNSS stations in Bahir Dar.

Since the horizontal component of the plasma irregularity
drift is a zonal motion, irregularity effects should be visible at
both links with a similar signature but shifted in time. Anal-
ogously to Wang and Morton (2015), the overall irregularity
drift velocity, vλ, can be estimated from the irregularity pat-
tern velocity, vλPATTERN, and the scanning velocity, vλIPP:

vλ = vλPATTERN+ vλIPP. (4)

vλ can be estimated by determining the time lag of the irreg-
ularity pattern observed on the same links from both stations
and its distance. vλIPP is derived from the dynamically chang-
ing geometry of both observing GNSS links. According to
Kil et al. (2000) and Figs. 5 and 6, the estimated plasma drift
velocity vλ can be used to derive the zonal dimension dλ of
the irregularity region by multiplying the velocity with the
temporal width of the depletion signature according to

dλ = vλ · (te− ts), (5)

with ts as starting time and te as end time of the depletion
signature in seconds.

To estimate the drift velocity of the plasma irregularity pat-
terns, the cross-correlation analysis is applied on two differ-
ent link-based time series in order to estimate the time lag of
the irregularity patterns between both stations as initially de-
veloped by Briggs et al. (1950) and Briggs (1968). The first
series involves the scintillation index S4, calculated accord-
ing to Eq. (1) for a window length of 1 min, but the window is
advanced by the native data rate of 50 Hz. The second series
involves the relative sTEC derived from 50 Hz carrier phase
measurements 8n, where fn and λn denote the signal’s fre-
quency and wavelength and K = 40.3 m3 s−2:

sTEC=
f 2

1 f
2
2

K(f 2
1 − f

2
2 )
(λ181− λ282)−B. (6)

Figure 6. Observed sTEC depletion moving eastward within a time
span of 1 h and a maximum depletion of 10 TEC units for satellite
G24 over Bahir Dar, Ethiopia.

Figure 7. Signal power, SI, derived from inphase and quadrature
components. SI increases with the decreasing distance to the rising
satellite and decreases due to the growing distance when the satellite
sets.

Both datasets need to be preprocessed before applying them
to the cross-correlation analysis. Figure 6 shows a typical ex-
ample of the estimated relative sTEC derived from Eq. (6)
for msbd01 and msbd02. Both time series show a typical de-
pletion scenario of several TEC units over 1 h with similar
sTEC variation, but an offset, 1B = Bmsbd01−Bmsbd02, of
both time series can be observed. The offset1B is composed
of the sum of differential phase biases and the thermal noise
of both receivers and the observed satellite, integer ambigu-
ities for both signal measurements including possible cycle
slips, and multipath effects in low-elevation scenarios. To get
optimal results for the cross-correlation analysis,1B is min-
imized as follows.

Strong scintillations might lead to a loss of lock and cycle
slips. Within the sTEC time series, the effect of cycle slips
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can be found as large jumps between consecutive epochs
(Hofmann-Wellenhof et al., 2001, p. 186). These jumps are
detected by analysing the temporal variation in the sTEC
time series. In cases of detected cycle slips, the slip-induced
offset is determined and the time series of sTEC are con-
nected by reducing the time series after the slip by this offset.

After cycle slip correction the impact of unknown phase
ambiguities has the highest contribution to 1B. This is due
to the different lock times when tracking the satellite. A com-
mon practice to approximate the differential phase ambigui-
ties is to adopt a Hatch filter and apply it to low-noise sTEC
derived from phase measurements by introducing additional
sTEC estimations from pseudorange measurements (Subi-
rana et al., 2013, p. 79). One disadvantage of this procedure
is that the P-code-filtered sTEC measurements are affected
by a much higher noise level than the initial estimations.
The noise introduced strongly depends on the enhanced noise
level of the pseudorange measurements and on the length of
the smoothing window of the Hatch filter. The differential P
code biases can be estimated by using a model-based TEC
calibration as used for generating TEC maps provided by the
DLR service SWACI in near real time (Jakowski et al., 2011).
In the end, the techniques mentioned to minimize 1B are
intentionally not applied for this analysis because they will
degrade the precision of the initial low-noise sTEC derived
from carrier phase measurements. They might also change
the shape of the irregularity pattern and as a consequence so-
phisticate the results of the cross-correlation analysis. Since
we are predominantly interested in the estimation of the lag
of a pattern occurring in two different time series, the knowl-
edge of the absolute sTEC value is not mandatory. To mini-
mize 1B, both sTEC time series are standardized by simply
subtracting their mean behaviour 〈sTEC〉:

sTEC= sTEC−〈sTEC〉. (7)

The mean behaviour 〈sTEC〉 is modelled by using the expo-
nentially weighted moving average with the smoothing factor
α = 0.133× 10−3 that corresponds to a span size s of 5 min
for 50 Hz data (α = 2

s+1 ):

〈sTEC〉 = (1−α) · sTECt−1+α · sTECt . (8)

The S4 series of both stations already shows a similar mean
behaviour and variation as plotted in Fig. 8, since the S4 in-
dex is already a normalized observable. Finally, the lag of the
scintillation pattern, τS4 , and the lag of the depletion pattern,
τsTEC, can be estimated by determining the argument of the
maximum of the cross-correlation applied to both time series
by replacing S with S4 or sTEC:

τS = arg max
tk

∑
kSmsbd01(tk)Smsbd02(τ − tk)√∑
kS

2
msbd01(t)

∑
kS

2
msbd02(tk)

 . (9)

Figure 8. Normalized sTEC and S4 measurements for G24 as input
for cross-correlation analysis.

Due to the normalization, the resulting vector of the calcu-
lated cross-correlation is limited to {c εR | −1≤ c ≤ 1}. De-
riving the drift velocities vλPATTERNS4

and vλPATTERNsTEC is
straightforward when the distance of both measurement lo-
cations, sIPP, is known:

vλPATTERNS4
=
sIPP

τS4

vλPATTERNsTEC =
sIPP

τsTEC
. (10)

To reconstruct the link geometry, the satellite coordinates are
calculated according to IS-GPS200H (2013) by using the re-
ceived broadcast ephemeris data and the antenna positions of
both stations as given in Table 3. In this analysis the obser-
vation location is defined to be the location of the IPP by us-
ing a single-shell approximation for the ionosphere at the as-
sumed plasma irregularity height, hI. The latitude, ϕIPPi , and
longitude, λIPPi , of the IPP from both receivers to the same
GNSS satellite link can be derived for every time step from
the GNSS link geometry by applying the following equations
according to Klobuchar (1987):
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Figure 9. Both time series show high cross-correlations for G24 for
a lag time around 99 s.

9i = 90◦−Ei − arcsin
(

RE

RE+hI
cosEi

)
,

ϕIPPi = arcsin(sinϕRCV cos9i + cosϕRCVi sin9i cosAi),

λIPPi = λRCVi + arcsin
(

sin9i sinAi
cosϕIPPi

)
, (11)

where i denotes the link from the receivers msbd01 and
msbd02 to the same GPS satellite,E andA are the link-based
elevation and azimuth angles, λRCV and ϕRCV are the re-
ceiver antennas longitude and latitude, and9 is the so-called
Earth angle. The spherical distances between both IPPs at the
height hI are calculated by (RE = 6378.1 km):

sIPP = (RE+hI) · arccos(a+ b),
a = cosϕIPP1 cosϕIPP2 cos(λIPP1 − λIPP2),

b = sinϕIPP1 sinϕIPP2 . (12)

Table 3. Locations of DLR’s high-rate GNSS stations in Bahir Dar,
Ethiopia.

msbd01 msbd02

X (m) 4 966 228 4 970 637
Y (m) 3 796 382 3 790 751
Z (m) 1 271 522 1 271 341

Long (◦ E) 37◦23′45′′ 37◦19′49′′

Lat (◦ N) 11◦34′23′′ 11◦34′16′′

Alt (m) 1800 1850

Reference system is WGS84.

The mean zonal speed of both IPPs can be calculated using
the zonal IPP velocity of both stations:

vλIPP = (RE+hI) ·
1
2

(1λIPP1

1t
cosϕIPP1

+
1λIPP2

1t
cosϕIPP2

)
. (13)

For the observed GPS satellite G24 the mean distance sIPP
according to Eq. (12) is about 7 km. For a lag time of approx-
imately 99 s, the estimated approximative pattern speed is
vλPATTERN = 71 m s−1. Since G24 was mostly moving from
north to south, a very low mean zonal velocity of both IPPs
was observed; vλIPP = 10 m s−1. Considering the IPP move-
ment according to Eq. (4) and neglecting effects of upward
drifts, we have computed a plasma irregularity velocity of
vλ = 81 m s−1. These drift velocities agree quite well with
those derived by Wiens et al. (2006). The zonal dimension of
the irregularity region is assumed to be 292 km.

As shown in Fig. 10, we observed an interesting behaviour
for GPS link G29. Beginning at 23:10 LT (20:10 UTC), we
observed a depletion signature moving eastward with a ve-
locity of approximately 80 m s−1. After midnight the east-
ward propagation decreased and finally rapidly changed to
a depletion signature moving westward with a velocity of
approximately 102 m s−1. Kil et al. (2000), Bhattacharyya
et al. (2002) and Abdu et al. (2003) observed similar char-
acteristics while analysing GPS observations, geostationary
satellite observations at Ancón, Peru, and optical measure-
ments (630 nm) at Cachoeira Paulista, Brazil. The authors
concluded that these results point to the dominant role of
a disturbance-dynamo-associated westward thermospheric
wind. This explanation might be applicable to our obser-
vations when looking at the enhanced Kp index plotted in
Fig. 11. Under geomagnetic quiet conditions a reversal of
the drift was found to be much smoother with a reversal time
during early morning around 04:00 to 05:00 LT (e.g. Fejer
et al., 1985, 1991).

The presented results of plasma irregularity characteristics
at low latitudes (Table 4) underline previous studies of Kil
et al. (2000), Ledvina et al. (2004), Wiens et al. (2006), Yao
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Figure 10. Normalized sTEC and S4 measurements for G29 used
as input for the cross-correlation analysis showing a reversal of the
drift direction after midnight local time (21:00 UTC).

and Makela (2007) and Ji et al. (2011) that reported plasma
drift velocities around midnight between 50 and 150 m s−1

and a zonal extension up to approximately 500 km.

5 Conclusions

This paper presents a preliminary investigation of scintil-
lation measurements during the high solar activity phase
of solar cycle 24 in the low-latitude region at Bahir Dar,
Ethiopia. To capture the small-scale irregularities over Bahir
Dar’s ionosphere, we have implemented the spaced-receiver
method by employing two high-rate GNSS receiver stations
(msbd01 and msbd01). Small-scale ionospheric irregularities
are common phenomena in the low-latitude ionosphere af-
ter sunset and could be properly recorded by high-rate GPS
measurements. We observed eastward drifting plasma irreg-
ularities after sunset by monitoring sTEC depletions and en-
hancements of radio scintillation activity. By applying the
cross-correlation analysis method we could derive zonal ir-

Figure 11. The night on 1 March belongs to the five most disturbed
days in March 2015 with a Kp Index> 5 (GFZ, 2010).

Table 4. Plasma irregularity characterization over Bahir Dar,
Ethiopia.

Date LT PRN Direction Velocity Size

28 Feb 2015 23:30 G24 eastward 81 m s−1 292 km
28 Feb 2015 23:10 G29 eastward 80 m s−1 144 km
28 Feb 2015 24:10 G29 westward 102 m s−1 312 km

8 Apr 2015 23:00 G21 eastward 80 m s−1 58 km
8 Apr 2015 23:00 G26 eastward 84 m s−1 151 km
8 Apr 2015 23:30 G26 eastward 78 m s−1 187 km

regularity drift velocities of about 80 m s−1 eastward and
under enhanced geomagnetic disturbances even a westward
reversal. This supports results of prior investigations when
analysing data from geostationary satellites and optical in-
struments. Several research institutions in this research field
such as Boston College, DLR, IEEA, Kyoto University, TUB
and the United States Air Force (USAF), have been deploy-
ing ground receivers/sensors in Bahir Dar, Ethiopia. Thus,
coordinated measurements of these different receivers will
enable studying spatial characteristics and dynamics of the
irregularity pattern in more detail. Future studies will uti-
lize an extended network of high-rate GNSS stations with
its multi-constellation links. Combining the ground-based
GNSS measurements with spaceborne observations such as
ESA’s Swarm constellation mission or regional beacon mea-
surements, the increasing scientific opportunities in Africa
can significantly improve our understanding of the spatial
and temporal characteristics of plasma irregularities at low
latitudes.

6 Data availability

The high-rate GNSS raw data used in this study cover the
Ethiopian region around Bahir Dar and are stored in an in-
ternal DLR archive. Direct open access to this archive is not
possible, since data stored there are used for other research
activities too. However, access to the DLR GNSS raw data
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used within this study can be requested by contacting the first
author of this paper.
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