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Abstract— The customary procedure to compute the rate of
total electron content index (ROTI) presents some limitations
when using the geometry-free (GF) combination of global posi-
tioning system (GPS) L1 and L2 carriers tracked by geodetic
receivers. First, the effect of the tracking strategy implemented
by each receiver manufacturer to obtain the L2 carrier from
codeless observations. Second, the impact of frequent cycle slips
(CSs) on the L2 carrier. These limitations hinder the monitoring
and characterization of ionospheric scintillation. To overcome
them, the present study proposes the calculation of ROTI from
the individual (uncombined) L1 carrier-phase, ROTIL1, using the
geodetic detrending (GD) post-processing methodology, in con-
trast to the conventional GF combination, ROTIGF. The analysis
of the entire year 2020 shows that those two aforementioned
limitations produce inconsistent ROTIGF values measured by
pairs of close receivers from different manufacturers. In contrast,
the distribution of ROTIL1 values shows a full consistency
between different receivers, being significantly less affected by
CSs and allowing a valid and well-grounded identification of
scintillation. The study concludes that ROTIL1, calculated using
a 60-s window from geodetic receivers operating at 1 Hz, provides
a robust tool to monitor and characterize ionospheric scintillation
worldwide and regardless of the type of receiver. In particular,
a ROTIL1 threshold of 1.8 TEC unit (TECU)/min is established
as the minimum level of detectable scintillation in 2020, a year
of low solar activity. The most intense scintillation periods in
high-latitude regions are statistically characterized by the newly
proposed ROTIL1.

Index Terms— Geodetic detrending (GD), Global Navigation
Satellite System (GNSS) signals, ionosphere, rate of total electron
content index (ROTI), scintillation.

I. INTRODUCTION

HIGH-FREQUENCY oscillations of the total electron
content (TEC) that are present in the upper layer of the
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Earth’s atmosphere impair signals transmitted by the Global
Navigation Satellite System (GNSS) [1]. These fast variations
of the TEC, usually termed as scintillation [2], can give rise to
strong fluctuations in the carrier-phase and to signal strength
fading, ultimately producing a loss of lock of the signal or an
unreliable solution in the GNSS-based positioning [3].

In order to analyze the impact of ionospheric scintillation
on GNSS signals, it is of paramount importance to remove
(i.e., detrend) the non-ionospheric effects that can produce
high-frequency fluctuations in the carrier-phase measurements.
To this end, specialized Ionospheric Scintillation Monitoring
Receivers (ISMRs) [4], working at sampling rates of 50 Hz or
even 100 Hz, are equipped with very stable clocks. Then, the
effects of ionospheric scintillation can be quantified by means
of scintillation indexes like, for example, the phase scintillation
index [5], σϕ , measuring the standard deviation over a 60-s
interval of the detrended carrier-phase measurements. How-
ever, modern ISMRs are expensive devices that are deployed
in a limited number of locations around the world.

In contrast, the worldwide network of ground receivers
deployed by the International GNSS Service (IGS) [6] has
been used to monitor ionospheric scintillation as an alternative
to the scarcer ISMRs. In particular, ionospheric irregularities
have been investigated using the rate of TEC index (ROTI) [7]
calculated from the temporal variation of the dual-frequency
geometry-free (GF) combination [8] of GNSS carrier-phase
measurements. The GF combination algebraically removes the
clock fluctuations of the satellite and of the receiver station.
This independence of the clock stability overcomes the main
limitation of using geodetic receivers instead of ISMRs when
tracking high-frequency fluctuations of the ionospheric TEC.

In this regard, the derivation of the ROTI from the GF
combination (denoted ROTIGF hereafter) has become a reli-
able approach to monitor the ionospheric scintillation [9].
The advantage of using ROTIGF over the phase scintillation
index, σϕ , is that it allows easier and faster calculation and,
consequently, a lower latency in a real-time implementation
of scintillation monitoring. Historically, the most extended
ROTIGF estimates [10], [11] are computed over a time window
of 300 s from carrier-phase measurements collected at 1/30 Hz
from many servers. Nevertheless, these large time scales
present a limitation for tracing accurately the magnitude of the
temporal variations of fast ionospheric fluctuations associated
with scintillation, which often last only a few seconds. This is
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the reason why, nowadays, studies where ROTIGF is estimated
during 60-s windows using 1-Hz data are more common [12].
Moreover, the worldwide maps of ROTIGF have been proposed
to trace ionospheric scintillation by using the network of
geodetic receivers from IGS [13].

The carrier-phase fluctuations associated with scintillation
in high latitudes are mostly due to ionospheric irregularities
moving with large drift velocities [14] that cause fast changes
of the refraction index, but the size of those irregularities
is usually larger than the Fresnel length for the GNSS sig-
nal frequencies. Thus, high-latitude scintillation maintains a
proportionality with the inverse square of the frequency [15],
producing mainly carrier-phase fluctuations but typically little
signal amplitude scintillation [14], [16]. Hence, due to the
refractive nature of scintillation, the ionospheric delay in the
signals can be obtained from the GF combination and ROTIGF
can be used as a proxy for phase scintillation.

In contrast, at low latitudes, diffractive effects on GNSS sig-
nals become important and, consequently, ionospheric delays
at different frequencies are not fully proportional. Hence,
ROTIGF presents the inconvenience of this lack of pro-
portionality and it would measure a sort of intermediate
high-frequency ionospheric fluctuations between the two sig-
nal frequencies being combined. Therefore, in spite of the
studies [17], [18] that propose a statistical relation between
the amplitude scintillation index S4 (linked to a single fre-
quency) and the ROTIGF, it would be advisable to measure
the effects of fast ionospheric fluctuations over individual (i.e.,
uncombined) GNSS signals.

Despite the simplicity of the ROTI computation, previous
studies [19], [20] have shown the existence of inconsistencies
between the ROTIGF computed during 60-s windows using
1-Hz measurements. In particular, inconsistent ROTIGF is
produced by collocated receivers from different manufacturers
when using the signals L2C or L2W, transmitted by the
global positioning system (GPS) satellites. The inconsistency
is related [21] with the tracking technique to recover the
GPS L2 carrier-phase on the encrypted P-code band. Indeed,
the use of L1-aided tracking of the L2 carrier-phase leads,
in some specific receivers, to the underestimate of the high-
frequency ionospheric fluctuations from the GF combination
of L1 and L2W [22]. It is noted that these inconsistencies
are not observed in customary ROTIGF measured over time
windows of 300 s with measurements collected at 1/30 Hz
due to the low sampling rate.

An alternative technique recently introduced to study the
scintillation effect on GNSS carrier-phase measurements is
the geodetic detrending (GD) [23]. This technique accurately
models individual GNSS carrier-phase measurements, col-
lected by geodetic receivers working at 1 Hz. The GD is able
to identify and correct carrier-phase discontinuities, the so-
called cycle slips (CSs) [24], in uncombined GNSS signals.
Moreover, the GD isolates the ionospheric effect on the carrier-
phase measurements at any frequency obtained by geodetic
receivers by removing the receiver clock fluctuations, allowing
the calculation of the σϕ index fully consistent with the outputs
from specialized ISMRs [24], [27].

The present contribution proposes a consistent approach
to compute ROTIL1 by means of the GD technique from
an individual (uncombined) GNSS signal, as in the case of
the σϕ index. The performance of the novel uncombined
ROTIL1 instead of the customary ROTIGF is analyzed, high-
lighting the limitations of the customary method. In particular,
it is demonstrated that the ROTIL1 provides consistent results
between nearby geodetic receivers from different manufactur-
ers. A threshold of ROTIL1 to detect the minimum scintillation
activity is determined from different locations during an entire
year, in a solar minimum activity period, regardless of the
receiver used.

II. METHODOLOGY

The present section summarizes the application of the GD
method [23] to an individual (i.e., uncombined) GNSS carrier-
phase measurement. The GD model removes all geodetic
terms to produce a residual carrier-phase with a centimeter-
level accuracy or better. Assuming that corrections for antenna
phase centers, windup, solid tides, ocean loading, and hydro-
static troposphere have been applied during preprocessing
using predefined models or equations [8], the expression for
a GNSS carrier-phase measurement of frequency f, L f , for a
given satellite-receiver pair is

L f = ρ + c
(
Trec − T sat)

+ Mw(e)ZWDrec − α f STECsat
rec

+ λ f
(

N f + δ f,rec − δsat
f

)
+ ε f (1)

where ρ is the Euclidean distance between the positions of
antenna phase centers of the satellite at transmission time
and the receiver at reception time, c is the speed of light
in vacuum, Trec and T sat are the receiver and satellite clock
offsets with regard to the reference GNSS time, respectively,
and ZWDrec stands for the tropospheric zenith wet delay
(ZWD) in the vertical direction over the receiver, with Mw(e)
a mapping function depending on the satellite elevation angle,
e, that projects the ZWD to the line of sight direction.
STEC corresponds to the slant TEC, integrated throughout
the signal traveled path from satellite to receiver, with α f =

(40.3 × 1016)/ f 2 a numerical factor converting the STEC
from TEC units (TECUs) to meters, where 1 TECU = 1016

e−/m2, and λ f is the wavelength of the L f signal. The carrier-
phase ambiguity (expressed in cycles) can be split into an
integer part N f , plus two real-valued instrumental delays of
the receiver δ f,rec and satellite δsat

f . Finally, ε f represents
unmodeled errors, including receiver noise and multipath.

In order to remove the frequency-independent terms from
the carrier-phase measurements in (1), we use in the present
study postprocessed products from the IGS. Specifically, from
those precise products, one can obtain the receiver and satellite
positions yielding ρ, the satellite clock offset T sat, and the
value of ZWDrec. Then, the GD builds the ionosphere-free
(IF) combination of measurements that cancels 99.9% of
STECsat

rec, which allows estimating the receiver clock offset,
T̂ rec, and identifying CSs of few cycles N f . The specific
details of the receiver clock estimate and the CS detection
procedure can be found in [23] and [24] and for brevity
reasons will not be reproduced here. However, the detection of
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such small CSs (undetectable by conventional CS detectors) is
extremely important, since undetected CSs produce artificial
jumps (or hide actual ones) in the carrier-phase residuals that
are erroneously interpreted as fast (or slow) fluctuations in
the ionospheric delay attributed to scintillation. This topic is
specifically addressed in Section IV-C.

Once the continuous arcs of consecutive carrier-phase
measurements (i.e., CS-free) are obtained, the GD method
computes a detrended residual, L̃ f , after subtracting the
modeled terms ρ, T sat, ZWDrec, and the estimated clock T̂ rec
from (1) as

L̃ f = L f −
[
ρ + c

(
T̂ rec − T sat)

+ Mw(e)ZWDrec
]

= −α f STEC + λ f
(

N f + δ f,rec − δsat
f

)
+ ε f . (2)

Note that the phase biases δ f,rec − δsat
f in (2) might only

change, in the worst case, a few centimeters over a period
of few hours when significant variations in the ambient tem-
perature occur [25], [26]. Then, over short-time intervals, such
biases can be assumed as constants and therefore cancel out in
two consecutive measurements. The same rationale applies to
the integer ambiguity, N f , in time periods between two CSs.
Recall that it is critical to correctly detect CSs.

Then, it is proposed to compute the rate of TEC (ROT) from
the individual (i.e., uncombined) ionospheric delay α f STEC
affecting (2). In what follows, we particularize the analysis to
the L1 GNSS signal, but the method can be applied to any
other frequency. Thus, ROTL1 is obtained by calculating the
temporal rate of change, 1L̃1, of the detrended carrier-phase
residual L̃1 from the right side of (2) over a continuous arc of
CS-free measurements

ROTL1 =
−1
α1

1L̃1

1t
(3)

where 1t is the sampling interval of the measurements, equal
to 1 s in the present study. The factor 1/α1 yields ROTL1
values in units of TECU per second, independent of the signal
frequency.

Equation (3) is an alternative to the classic calculation
of ROT based on the dual-frequency GF combination for
the raw L1 and L2 carrier-phase measurements (i.e., without
detrending of the individual measurements)

LGF = L1 − L2

= (α2 − α1)STEC + λ1 N1 − λ2 N2 + δsat
GF,rec + εGF (4)

where δsat
GF,rec = λ1(δ1,rec − δsat

1 ) − λ2(δ2,rec − δsat
2 ) is simply a

grouping of phase biases. The only new term is the noise of the
combination εGF, equal to

√
2ε f assuming that L1 and L2 are

uncorrelated measurements with equal noise. Note that, since
two different signals from the same satellite share the same
non-dispersive (independent of signal frequency) terms, the
GF combination cancels out those common terms. Thus, it can
be considered that, with the help of the L2 signal, a similar
detrending of the L1 signal is achieved in (4) by means of the
GF combination as in the case of the GD applied to L1 in (2).
Hence, the ROTGF can be computed from the temporal rate of
change, 1LGF, of LGF as

ROTGF =
1

α2 − α1

1LGF

1t
(5)

where 1t = 1 s is the same sampling interval as in (3). The
factor 1/(α2 − α1) allows making a consistent comparison in
TECU per second between ROTGF and ROTL1, independently
of the frequency choice f1 and f2.

However, in the case that the proportionality between the
ionospheric delays of the two signals is not maintained, the
ionospheric fluctuations measured by means of ROTGF will not
coincide with the magnitude of the ionospheric fluctuations
affecting the L1 signal and measured by the uncombined
ROTL1. As pointed out in Section I, this can occur either by
diffractive scintillation or by a signal-tracking artifact. For the
latter cause, it is noted that the L2 signal is more prone to
experience CSs than L1, specially the weaker L2W signal,
contributing to a different measure of scintillation.

Finally, the ROTI is computed from either ROTL1 or ROTGF
as the standard deviation of the 1-s values over a time interval
of 60 s. Only ROTs with an elevation greater than 30◦ are
considered, in order to reduce the impact of thermal noise
and modeling errors at low elevations. The resulting ROTIL1
and ROTIGF enable the detection of rapid changes in the
ionosphere, with time scales of few seconds, being partic-
ularly useful for capturing short-lived dynamic scintillation
events. In contrast, the customary ROTIGF, computed over
5 min with LGF values every 30 s, is useful for study-
ing only scintillation events with timescales of few tens of
seconds.

The present study compares three types of ROTI computed
over 60 s with 1-Hz data. The uncombined ROTIL1 from
L1C detrended residuals L̃1 and two ROTIGF from the GF
combination of measurements: using L1C and L2W (for
all 31 GPS satellites) and using L1C and L2C (only for the
21 modern GPS satellites transmitting L2C in the analyzed
period). Such comparison of the different ROTIs is justified in
Section IV, where the computed values are shown to depend
on how the receivers track L2 (i.e., L2C or L2W).

A consistent comparison between the uncombined ROTIL1
and the two ROTIGF has been ensured. First, only epochs with
L2W measurements have been considered in the statistics to
take into account the same data for the three ROTIs. Second,
CSs have been detected in the carrier-phase residuals obtained
after (2) in parallel to the two signals used to calculate the GF
combinations (L1C-L2W and L1C-L2C). If any of the two
signals show a CS, which leads to two different arcs of carrier-
phase measurements, then the other signal is also truncated in
two arcs in the very same way even if it does not present a
CS. This procedure guarantees that exactly the same number
of measurements in every 60-s interval is used to calculate the
proposed ROTIL1 and the alternative ROTIGF.

III. DATASET

The time period considered for the present study encom-
passes the whole year 2020, in order to have a sufficiently large
dataset that includes the seasonal variations of ionospheric
activity. This particular year belongs to the beginning of the
25th solar cycle, just after the solar minimum of the 24th solar
cycle, which took place at the end of 2019. The Sun activity
in 2020 was very similar to the solar minimum period in terms
of sunspot number and solar radio flux index F10.7, with only
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TABLE I
IGS STATIONS USED IN THE PRESENT STUDY

a minor increase of these solar activity indicators in the last
two months of 2020.

Hence, in middle latitudes, this year is mostly a period with
a quiet ionosphere. In contrast, in high latitudes, several days
in 2020 recorded large values of ROTI, indicating the exis-
tence of substantial TEC fluctuations related with ionospheric
scintillation. This diversity is interesting in order to determine,
for various receiver manufacturers and for different locations,
a common minimum detectable scintillation threshold based
on the ROTI values.

Table I details the 12 IGS stations used to analyze the
performance of the proposed ROTIL1, in total five different
receiver manufacturers and five different magnetic dip angles
at the receiver location. This selection is quite representative
of the high-rate network of IGS; as of 2020, it was composed
by 121 Septentrio, 67 Trimble, 57 Javad, 18 Leica, seven
TPS, five Ashtech, and two JPS. The first eight rows of
Table I correspond to four pairs of receivers. Each pair is
formed by two devices from different manufacturers closely
located. Those four pairs have been selected in order to per-
form a consistency cross-check of the respective ROTI values
from nearby locations. Three pairs are located in Canada.
In western Canada, PRDS/UCAL, with a baseline of 25.8 km,
and YEL2/YELL, with a baseline of 50 m, are located at a
similar longitude but with different latitudes between each pair.
In eastern Canada, the pair STJO/STJ3, with a baseline of
50 m, is located in the Terranova Island. NTUS and SIN1,
with a baseline of 300 m, are located at Singapore close to
south equatorial ionization anomaly (EIA).

Finally, the last four receivers listed in Table I have been
selected to assess the ROTIs in other regions from the previous
pairs and with a different receiver manufacturer. IQAL and
BAKE host a TPS receiver, being located in different longi-
tudes within Canada, but with a similarly high magnetic dip to
YELL and YEL2. Finally, KIRU is located in northern Sweden
and has the same type of receiver and the same magnetic
dip as FLIN, which is located within the central region of
Canada. As it can be seen in the third column of Table I,

in all stations, more than 90% of the days of year 2020 have
been processed. Hence, we can characterize diverse levels of
scintillation intensity by means of the analysis of the statistical
distribution of ROTI values along the year.

IV. RESULTS

A. Consistency Check of ROTI Values

Fig. 1 depicts the scatter plots of the two customary ROTIGF
(calculated using L2C and L2W, respectively) versus the newly
proposed uncombined ROTIL1. For such purpose, the ROTIs
of the entire year 2020 were analyzed for the high-latitude
receivers YELL, YEL2, IQAL, BAKE, FLIN, and KIRU.
These receivers are located at magnetic dips greater than 75◦.
Hence, despite 2020 being a year of overall low solar activity,
large ROTI values were observed during certain periods, unlike
the lower values found for the rest of receivers in Table I with
a lower dip.

The top row of Fig. 1 depicts the ROTIs for the two
collocated receivers YELL and YEL2. One can observe that
the JAVAD receiver (top left panel) presents a fair consistency
in both ROTIGF, with respect to the ROTIL1, reaching similarly
large values up to 35 TECU/min. In contrast, the results from
the co-located Septentrio receiver (top right panel) show a
clear underestimation of the ROTIGF calculated with L2W
with regard to the ROTIL1 and similar values of ROTIGF
calculated with L2C as compared to the ROTIL1. Those results
are consistent with the previous findings by [21] and [22]
using a high-pass filter (HPF) to detrend the carrier-phase
measurements.

Indeed, the detrended carrier-phase residuals are affected by
the fact that Septentrio receivers use an L1-aided technique
to track the L2W, which produces a significant correlation
between the ionospheric fluctuations in the L2W signal with
respect to the ones into the L1C signal. Consequently, the
corresponding values of the ROTIGF based on the L2W mea-
surements are substantially reduced in the Septentrio receivers.
This lack of high ROTIGF values is observed not only in YEL2,
but also in other Septentrio receivers at different locations,
such as FLIN and KIRU (Fig. 1, bottom row).

Moreover, in the particular case of the Septentrio receivers
presented in Fig. 1, one can observe that the ROTIGF calculated
with L2W (green squares) and the corresponding ROTIL1
scarcely reach values greater than 20 TECU/min (horizontal
axis), this upper limit being even smaller for the ROTIGF
(vertical axis). These smaller values are a consequence of the
CSs, which affect the L2W signal more frequently than the
L1C or L2C signals. Indeed, the detection of a CS in one of
the two signals used to form the GF combination prevents the
calculation of the ROTIGF in the time window, where the CS
occurred. In fact, many of those CSs are produced because
of the high-frequency fluctuations in the ionosphere, mostly
related with scintillation activity. Consequently, the largest
values of ROTI to be expected during those active periods
of the ionosphere cannot be measured and traced using the
ROTIGF calculated with L2W.

Finally, the middle row of Fig. 1 depicts the case of the
two TPS NET-G3A receivers; stations IQAL and BAKE. The
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Fig. 1. Scatter plots between ROTIGF computed from L2W (green squares) or from the L2C (red dots) and ROTIL1 for six high-latitude receivers in Table I.
The diagonal black solid line marks the equality between the ROTI values.

results show that ROTIGF calculated with L2W is mainly
underestimated with regard to ROTIL1 in the overall range of
values of the ROTI recorded during 2020. The TPS receivers
also show a reduction in the frequency of large ROTIGF
values achieved in that year in the case of using L2W to
calculate this index. Those results are again in agreement with
the previous study of the detrended carrier-phase residuals
from TPS receivers in [22], where it was observed that such
receivers seem to use an L1-aided tracking technique to
derive the L2W that produces a moderate deviation from the
theoretically expected proportionality between the ionosphere
delays obtained from L1C and from L2W.

These findings suggest that customary studies using ROTIGF
with the GF combination of L1C and L2W might have been
analyzing lower ROTI values than those produced when using
L1C and L2C. Therefore, the present methodology of ROTIL1
based on L1C could be used to recompute long-term studies

in the past to provide more robust statistics of the ionospheric
activity. On the other hand, in the case of the older GPS
satellites, the L2C observations are not available and cannot
be used to build the GF combination.

B. ROTI Statistical Distribution

This subsection presents a detailed analysis of the statistical
distribution of each different type of ROTI by means of
the complementary cumulative distribution function (CCDF).
Since the dataset spans an entire year, those CCDFs are
of special interest to determine ROTI-based probabilities for
different levels of ionospheric activity. In particular, we focus
on the percentiles 99th and 99.9th, which correspond to 1%
and 0.1% in the CCDFs, respectively.

Fig. 2 presents the CCDFs for the same arrangement of
six high-latitude receivers previously analyzed in Fig. 1.
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Fig. 2. Complementary CDFs of ROTIGF values using L2W (green squares) or L2C (red dots) and for the ROTIL1 values (blue circles). Horizontal lines
indicate the percentile 99th (top line) and percentile 99.9th (bottom line) of the distributions.

The three CCDFs coincide solely for the JAVAD receiver
YELL (top left). For the other receivers (Septentrio and TPS
models), only the CCDF of ROTIGF calculated with L2C
(red dots) agrees with the CCDF of ROTIL1 computed from
L1C signal (blue circles). Hence, one could conclude that
under intense phase scintillation, it is equivalent to measure
ROTI from the detrended L1C or from the GF combination
using L2C. In contrast, the CCDF of ROTIGF calculated with
L2W (green squares) shows a large discrepancy for TPS and
Septentrio receivers, clearly underestimating the occurrence
of high ROTI values as in comparison to those measured
with L2C or L1C. Section IV-C addresses this effect, for
the most extreme case (YEL2), in which the maximum ROTI
values obtained with L2W during 2020 reach 16 TECU/min,

whereas the ROTI values obtained with L2C or L1C reach
35 TECU/min.

The top row of Fig. 2 illustrates a paramount example of
contradiction when using ROTIGF in two distinct co-located
stations (YELL and YEL2). One could reach the unrealistic
conclusion that the distribution of ROTIGF values and the
characteristics of scintillation are different when measured
with ROTIGF based on L2C or L2W. On the contrary, both
YELL and YEL2 measure similar distributions of ROTIL1
values as expected, and actually, the two receivers show an
almost one to one coincidence between individual values in
agreement with our previous study [22].

Fig. 2 allows the reader noticing that the four receivers
YELL, YEL2, IQAL, and BAKE, located at a similar magnetic
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dip and nearby to the Arctic region, share a nearly common
distribution of ROTIL1 values, suggesting similar characteris-
tics of ionospheric scintillation in their respective locations,
regardless of the receiver manufacturer. Consequently, one
could conclude that, according to ROTIL1, a 99th percentile
between 2.5 and 3.5 TECU/min and a 99.9th percentile
between 9 and 11 TECU/min are the characteristic of the
ionospheric variability during the solar minimum period in
2020 in the Arctic region around 80◦ magnetic dip. This
conclusion cannot be extracted when using the customary
ROTIGF based on L2W since the values depend on the receiver
model.

We turn our attention to the Septentrio receivers FLIN
and KIRU located at a lower magnetic dip of 77.5◦ and
depicted in the bottom panel of Fig. 2. The CCDFs of ROTIL1
show a significant difference with respect to the corresponding
distributions from the other four receivers at a higher magnetic
dip. The intensity of scintillation measured by the ROTIL1
is substantially smaller in locations with a magnetic dip
only about 3◦ below the other four high latitude receivers.
Numerically, the 99th and 99.9th percentiles of the ROTIL1
distribution at the locations of KIRU and FLIN are 1.3 and
3.7 TECU/min, more than a factor two smaller than in the
case of the receivers located at magnetic dips greater than
80◦. This characteristic occurs at both high-latitude regions;
the American (FLIN) and European (KIRU).

The findings obtained for high-latitudes strongly suggest
that the frequency of scintillation during a solar minimum
tightly depends on the magnetic dip. However, it is noted that
this assessment can only be performed having coherent mea-
surements from different receivers. The analysis of the tails of
Fig. 2 suggests that large values of ROTIGF computed with L1
and L2C (i.e., percentile 99th and beyond, over 3 TECU/min)
are quite compatible with those of ROTIL1. In contrast, for
ROTI values smaller than 3 TECU/min, some discrepancies
between ROTIL1 and both ROTIGF can be observed. Such inco-
herency of low ROTI values presented by different receiver
models will be later analyzed in Section IV-D.

C. How CS Limit Large Values of ROTIGF From L1C and
L2W

Fig. 3 illustrates in more detail the effects of the CSs in
the calculation of ROTIGF. The example corresponds to data
collected by the receiver YEL2 from the GPS satellite PRN31
during a time window of several minutes of the day 111 of
2020. The top panel of Fig. 3 depicts the residuals of the IF
combination, used for the CS detection after the GD, computed
from L1C and L2W (in red) or L1C and L2C (in green). Such
IF residuals can be expressed as

L̃ IF =
f 2
1 L̃1 − f 2

2 L̃2

f 2
1 − f 2

2
= λ

IF
1 N1 + λ

IF
2 N2 + δsat

IF,rec + εIF (6)

where δsat
IF,rec = λ IF

1 (δ1,rec −δsat
1 )+λ IF

2 (δ2,rec −δsat
2 ) is a regroup-

ing of terms similar to the one performed in (4). Hence, as the
result of the IF combination, a CS of one cycle in L1 (i.e.,
N1 = 1) causes a change in L̃ IF of λ IF

1 = ( f 2
1 /( f 2

1 − f 2
2 ))λ1 =

48.4 cm and a CS of one cycle in L2 (i.e., N2 = 1) causes a

Fig. 3. (Top) Residuals of the IF combination using L1C and L2W (red)
or L1C and L2C (green), where one CS on L2W can be clearly identified
(black). (Middle) Ionospheric delay from the GF combination using L1C and
L2W (red) or L1C and L2C (green) and from the uncombined L1C after the
GD (blue). (Bottom) ROTI computed from the GF combination using L1C
and L2C (green) or L1C and L2W (red) and from the uncombined L1C after
the GD (blue).

variation in L̃ IF of λ IF
2 = −( f 2

2 /( f 2
1 − f 2

2 ))λ2 = −37.7 cm.
Then, it is clear from the top panel of Fig. 3 (red crosses) that
a CS is affecting the IF residuals calculated with L2W after the
time 45 780 s. The CS corresponds to a change in N2 equal to
2 cycles of L2W, as the L̃ IF decrement is −75.4 cm. The CS
is not present NOR in either L1C or L2C as the IF residuals
based on L1C and L2C remain flat.

The middle panel of Fig. 3 illustrates the effect of the
CS on the different ionospheric delays obtained from the
GF combination using L1C and L2W (in red), from the GF
combination using L1C and L2C (in green), and from the
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Fig. 4. CCDF of ROTI values during 2020 for the three pairs of collocated
receivers UCAL (red circles) and PRDS (red dots), STJO (green triangles)
and STJ3 (filled green triangles), NTUS (blue squares), and SIN1 (blue
filled squares). (Top panel) Distributions of the uncombined ROTI from L1C.
(Middle panel) L2W-based ROTIGF distributions. (Bottom panel) L2C-based
ROTIGF distributions.

L1C after the GD (in blue). That is, LGF/(α1 − α2) versus
L1/α1. On the one hand, it can be observed an increase
from 6 to 12 TECUs during 6 s (i.e., ROT of +1 TECU/s)
in STEC obtained by means of the GF combination of L1C
and L2C and the STEC obtained from the detrended L1C.
On the other hand, the STEC obtained by means of the GF
combination of L1C and L2W (red pluses) remains almost
constant during the increase experimented by the other STEC
determinations lasting 6 s. After the sudden increase, the STEC
decreases 6 TECUs in 16 s (i.e., ROT of −0.376 TECU/s) in
a similar manner for the L1C and the two GF combinations.
That is, STEC from the detrended L1C and the STEC from the

GF combination of L1C and L2C decrease from 12 to 6 TECU
and the STEC obtained from the GF combination of L1C
and L2W decreases from 6 to 0.5 TECUs, both of them
in 16 s.

The bottom panel of Fig. 3 depicts the ROTI values
every 60 s corresponding to the ionospheric delays every
1 s presented in the middle panel. Except the time interval
encompassing the occurrence of the CS, the three ROTI values
agree. In contrast, in the ROTI computation lasting 60 s from
45 780 s to 45 840 s, ROTI values using the detrended L1C or
the GF combination with L1C and L2C reach 27 TECU/min,
as it accounts for the ROT of +1 TECU/s during 6 s and
−0.376 TECU/s during 16 s in the corresponding 60-s win-
dow. In contrast, for the same window, the ROTI computed
from the STEC obtained with the GF combination of L1C
and L2W (red pluses in the middle panel of Fig. 3) only
reaches 10 TECU/min, since it lacks the high ROT of +1
TECU/s during 6 s and only experiences the low ROT of
−0.376 TECU/s during 16 s.

The effect reported in this section explains the smaller
values of ROTIGF obtained in previous Figs. 1 and 2 when
using L1C and L2W with respect to the ROTIGF using L1C
and L2C or ROTIL1 using L1C. This result questions the
accuracy of the customary procedure based on the ROTIGF
using L1C and L2W, as it might be overlooking high values
of ROTI masked by CSs of small values of N f , which are often
triggered during the tracking process affected by ionospheric
scintillation. Conversely, undetected CS with large N f could
yield false large values of ROTI, highlighting the need of an
accurate CS detection [24].

D. Determination of ROTI Thresholds for Detecting
Ionospheric Scintillation

The previous two subsections focused on large ROTI values
(up to 35 TECU/min) measured by high-latitude receivers. The
present section aims to establish the minimum scintillation
activity threshold detectable with the newly proposed ROTIL1
method. Thus, it analyzes the smallest ROTI values at the
receivers of Table I located at intermediate and low latitudes.
The level of expected scintillation activity is negligible for
those stations at the period of low solar activity in 2020 [27],
[28]. Thus, the plots in Fig. 4 focus only on ROTI values
up to 5 TECU/min, where the results are primarily attributed
to the thermal noise of the detrended residuals. Although the
analysis restricts to six stations comprised between −14.7◦

and 73◦ of dip, the four receiver manufacturers are quite
representative of the models available in the IGS network.

The top panel of Fig. 4 depicts highly consistent CCDFs of
the uncombined ROTIL1 from different receiver manufacturers.
The CCDFs agree not only when receivers are collocated
(UCAL/PRDS, NTUS/SIN1, and STJO/STJ3) represented by
curves sharing colors, but also between the latitudes of the
three pairs of receivers being analyzed. From Table II, showing
numerical values of the 99th percentiles (i.e., 1% in the
CCDFs) of the ROTIL1, one can verify that the percentiles
range from 1.11 to 1.39 TECU/min in all six stations depicted
in Fig. 4, regardless of the receiver manufacturer. Regarding
the 99.9th percentiles (i.e., 0.1% in the CCDFs), all the dis-
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TABLE II
PERCENTILES OF ROTI VALUES DURING 2020 FOR THE UNCOMBINED ROTI FROM L1C-, L2W-BASED, AND L2C-BASED ROTIGF

tributions can be constrained approximately within an interval
from 1.45 to 1.79 TECU/min.

In contrast, the middle panel of Fig. 4 depicts how CCDFs
calculated with the customary ROTIGF based on L1C and L2W
significantly differ among different receiver manufacturers,
even if they are closely located. The 99.9th percentile (i.e.,
0.1% in the CCDF) is notably different between STJ3 and
STJO (in green), 0.67 and 2.39 TECU/min, respectively,
according to Table II. Regarding the Septentrio results, the
percentiles confirm the underestimate of the ROTI attributable
to the already-known L1-aiding tracking performed to obtain
the L2W (see STJ3).

The alternative of using the ROTIGF calculated with the L2C
civil signal does not improve the situation as it can be observed
from the corresponding CCDFs depicted in the bottom panel
of Fig. 4. The results for Javad receivers at STJO and PRDS
together with the Leica receiver at NTUS are remarkably low.
These values suggest some kind of correlation between L2C
and L1C that lowers the corresponding ROTI values of the GF
combination of measurements. In contrast, such correlation
does not seem to occur in the Septentrio receiver at STJ3.
Hence, in the absence of meaningful scintillation activity,
ROTIGF values are driven by the noise in the carrier-phase
signal, ultimately depending on the tracking and acquisition
technique of the L2 signal (i.e., L2W or L2C) used by different
receiver manufacturers.

Table II summarizes numerically the results obtained so far
and discussed in previous figures. The stations are organized
by magnetic dip and in three groups related to the scintillation
activity: high (BAKE, IQAL, and the pair YELL/YELL2),
medium (the pair FLIN/KIRU under 80◦ of dip), and low
(the pairs PRDS/UCAL, STJO/STJ3, and NTUS/SIN1). The
first two groups of high-latitude receivers experienced intense
scintillation activity in 2020, with a strong dependence of
the magnetic dip angle. Explicitly, in the North American
region around 80◦–83◦ magnetic dip, the 99.9th percentile of
ROTIs for intense scintillation is around 10 TECU/min. For
slightly lower magnetic dip angle, nearly 77◦ in the Northern
Europe and in North America, the 99.9th percentile of ROTIs
is significantly smaller, approximately 3 TECU/min.

The results of the group of receivers with low ionospheric
activity suggest that a common minimum ROTI threshold to
characterize the presence of significant scintillation can only

be established in a confident manner by means of the ROTIL1.
The metric used for such derivation is the CCDF, in particular
its probability less than 0.1% (i.e., the 99.9th percentile). Using
such convention, the scintillation activity in 2020 has been
found negligible at receivers located nearly 73◦ of magnetic
dip angle and also in middle-latitude regions. Hence, the
threshold under which the ROTIL1 cannot distinguish scin-
tillation from noise can be established in 1.8 TECU/min with
remarkable consistency, regardless of the specific locations and
receiver model. This minimum threshold mainly reflects the
noise induced by the GD in (2). On the one hand, estimation
errors in the receiver clock offset, T̂ rec and the thermal noise
of the measurement ε1. On the other hand, mismodeling errors
of satellites clocks, T sat, with fluctuations that can be confused
with scintillation [29]. In any case, the overall error attributable
to the GD is sufficiently low to allow a robust ROTI compu-
tation independently of the receiver model being used.

V. CONCLUSION

The vast majority of studies of ionospheric activity based
on GNSS signals have used the customary ROTI derived from
the dual-frequency GF combination (i.e., ROTIGF) of L1C and
L2W or L1C and L2C. Our results evidence that computing the
ROTI using the GF combination depends on the receiver man-
ufacturer. In particular, receivers that use an L1-aided tracking
of L2 frequency clearly underestimate such ROTIGF, as a
consequence of having introduced a strong correlation between
L2W and L1C ionospheric delays. A second problem resides
on the more frequent occurrence of CSs in L2W than in L1C.
This phenomenon jeopardizes the ROTIGF computations par-
ticularly in the periods of time affected by intense scintillation.
The alternative of using the ROTIGF based on L1C and L2C
severely limits the amount of historical ROTI measurements
(the first GPS satellite started transmitting L2C on December
16, 2005), and even current measurements (only 21 GPS satel-
lites transmitted L2C during the analyzed period). In addition,
the results of ROTIGF based on L1C and L2C do not seem to
be completely unaffected by correlations with L1C observed,
for instance, in the range of low ROTI values of Javad and
Leica receivers, whose analysis is left for a further study.

The present work evidences the benefits of computing the
ROTI from single-frequency L1C carrier-phase measurements.
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Designated as ROTIL1, it outperforms the customary ROTIGF
in terms of robustness and consistency. ROTIL1 shows very
little dependence between receiver manufacturers and tracking
strategy, becoming a promising approach for a worldwide
consistent monitoring of the effects of scintillation in different
GNSS constellations and carrier-phase signals, not only in
the L1C signal. The minimum scintillation activity that can
be measured by the proposed ROTIL1 computed during 60-s
windows using 1-Hz data is 1.8 TECU/min. In contrast, it is
not possible to establish a common threshold for ROTIGF, as it
depends on the receiver model and its strategy to track L2.

Finally, the availability of real-time products from the IGS
real-time service or the future Galileo High Accuracy Service
will make it possible to implement the newly proposed ROTIL1

for the real-time monitoring of scintillation [30]. Moreover,
the methodology described in this study can also be applied
to derive the ROTI from any carrier-phase transmitted by any
GNSS.
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