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For decades, the Rate of Change of Total Electron Content Index (ROTI) has
been employed to monitor and quantify ionospheric irregularities, serving as
a potential substitute for standard scintillation indices. However, to date, ROTI
has not been sufficiently investigated in terms of its relationship with standard
scintillation indices. This study presents a preliminarily statistical analysis of the
relationship between ROTI and standard scintillation indices using GPS receivers
from the Canadian High Arctic Ionospheric Network (CHAIN) over a 5-year
period from 2011 to 2015. Our results show that as ROTI increases, the phase
scintillation index (σφ) exhibits a corresponding linear increase (slope of ∼0.34),
while the amplitude scintillation index (S4) shows little to no enhancement
(slope of ∼0.05). Both relationships exhibit high correlation, with coefficients
of approximately 0.93 and 0.82, respectively. The differentiated responses
suggest that the significant enhancement of standard phase scintillation index is
fundamentally dominated by refractive effects, which is primarily driven by large-
scale ionospheric structures (>Fresnel-scale probably). The feeble inflation of S4
supports the assertion. Accordingly, the linear relationship solely between ROTI
and σφ suggests that the increase in ROTI can be used to empirically assess the
contribution of refractive variations to the enhancement of σφ at high latitudes.
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1 Introduction

The rapid expansion of Global Navigation Satellite Systems (GNSS)-including GPS,
Beidou, GLONASS, Galileo, and regional systems-has ushered in a new era for exploring
Earth’s upper atmosphere. Compared to traditional radio instruments (such as radars
and ionosondes), GNSS measurements offer unparalleled advantages. For instance, the
low cost and continuous recording capabilities have enabled the deployment of a dense
network of ground-based GNSS receivers to monitor the ionosphere globally on a daily
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basis (e.g., Cherniak et al., 2018).When satellite signals pass through
the ionosphere, they are affected by ionospheric irregularities
of various scales, manifesting as Total Electron Content (TEC)
variations and scintillations (e.g., Mitchell et al., 2005; Moen et al.,
2013; McCaffrey and Jayachandran, 2017; 2019; Jayachandran et al.,
2011; 2012; 2017; Wang et al., 2016; 2020; 2021; 2022). TEC
variations are typically caused by refractive effects due to large-
scale structures (>Fresnel-scale), while scintillations are defined
to be driven by Fresnel-scale irregularities, referring to the high
frequency variations (e.g., Wang et al., 2018; Song et al., 2023;
Hamza et al., 2024). Scintillation indices are generally quantified
using two standard parameters: the amplitude scintillation index
(S4) and the phase scintillation index (σφ), both derived from high-
sampling-rate (50 Hz or higher) GNSS observables. It is noted that
a standard scintillation index usually comprises two parts: refractive
and diffractive (scintillation) variations (Wang et al., 2018). Due
to the high sampling rate and post-processing progress required,
scintillation indices can be computed using a limited number of
specialized GNSS receivers automatically.

To fully leverage the dense network of low-sampling-rate (e.g.,
1 Hz or lower) GNSS Geodetic receivers, the Rate of Change of TEC
Index (ROTI) has been proposed to track the global distribution of
ionospheric irregularities (Pi et al., 1997). ROTI is defined as the
standard deviation of the rate of TEC (ROT) over a specified time
interval, such as 1 or 5 min. This development has motivated many
researchers to use ROTI for monitoring ionospheric irregularities
on a global scale (e.g., Pi et al., 1997; Zhao et al., 2021;
Nie et al., 2022a; 2022b). For instance, Cherniak et al. (2014),
Cherniak et al. (2018), Cherniak et al. (2022) have progressively
developed the global ROTI map using data from numerous ground-
based Geodetic GNSS networks, including the International GNSS
Service (IGS), European Permanent Network (EPN), and the Polar
Earth Observing Network (POLENET). These studies have shown
that ROTI values are dependent on the sampling rate and calculation
interval (Jacobsen, 2014) as well as on the receiver architecture (Yang
and Liu, 2017; McCaffrey et al., 2018).

The appealing prospect of worldwide ROTI to use as a proxy
for the scarce scintillation measurements has attracted tremendous
attention. Several studies have shown that the large-scale (a few
kilometers) and small-scale (several hundred meters) irregularities
could be represented by the ROTI and scintillation indices at the
same time (e.g., Alfonsi et al., 2011; Seif et al., 2012). Basu et al.
(1999) pointed out that the ratio of ROTI/S4 varies from 2 to 10 on
different nights in response to the zonal plasma drift at Ascension
Island near the equator region, predicting the possibility of ROTI to
show the presence of irregularities caused scintillations. Moreover,
from a number of case studies, the significant difference suggests
that the relationships between ROTI and S4 relied on the locations
of receivers (e.g., Basu et al., 1999; Xu et al., 2007; Li et al., 2007).
Furthermore, Yang and Liu (2016) mentioned that the ratio of
ROTI/S4 was also dependent on each satellite link due to variations
in the viewing geometry. Li et al. (2022) evaluated that the higher
satellite elevation angle produces a better correlation between ROTI
and S4 quantitatively at low latitude region during the year of 2015.
In addition, Carrano et al. (2019) comprehensively approximated the
relationships between ROTI and S4 based on the scintillation theory
of weak phase screen, which the observations fromAscension Island
have been validated formally.

For the high-latitude region, a high correlation of 0.76 between
the ROTI and the phase scintillation index (σφ) is present
(Pi et al., 2013). Jacobsen (2014) pointed out that to determine
the baseline level of ROTI (could be originated from a number
of combinations of sampling rates and time intervals) accurately
still requires to analyze “a large amount of data” in advance.
Wang et al. (2022) have shown a linear relationship of σφ on
ROT (rate of change of TEC), definitely convincing on the further
step to ROTI. Imam et al. (2024) investigated how to estimate
σφ from time series of TEC and ROT measurements from one
specialized GNSS receiver via Machine Learning. Therefore, in
order to represent the scare scintillation indices using the global-
distributed Geodetic GNSS receivers extensively, establishing
the “baseline” relationships between the ROTI and standard
scintillation indices in statistical is still on the way. It is worthy
to mention that the phase scintillation proxy index had also been
developed, which was computed from the 1 Hz phase observables,
and then comprehensively compared (e.g., Prikryl et al., 2013;
Ghoddousi-Fard et al., 2013; Ghoddousi-Fard, 2017). Zhao et al.
(2022) evaluated the accuracy of two 30 second-sampling-interval
indices (σφ and ROTI) in monitoring scintillations using the
measurements in the year of 2020 at high latitudes. Recently,
Song et al. (2023) reported that phase fluctuations are dominated
by large-scale (larger than the Fresnel scale) irregularities for the
polar region. In contrast, the amplitude scintillations are majorly
associated with Fresnel scale irregularities (Forte and Radicella,
2002). Hence, it is worth investigating ROTI’s potential correlations
on the scintillation parameters to understand the physics
further and then assess the applicability of ROTI as a proxy for
scintillation.

In this study, we present the statistical results to further
demonstrate the reference correlations of ROTI on the standard
scintillation indices and also the plasma flow velocity over
the Canadian Arctic ionosphere, using measurements from
the Specialized GPS receivers of the Canadian High Arctic
Ionospheric Network (CHAIN) (Jayachandran et al., 2009), and
the Super Dual Auroral Radar Network (SuperDARN radars)
of Kapuskasing (KAP), Saskatoon (SAS), Blackstone (BKS),
Fort Hays West (FHW), and Christmas Valley East (CVE)
(Greenwald et al., 1995; Chisham et al., 2007).

2 Measurements and the selected
regions

2.1 Measurements

The Canadian High Arctic Ionospheric Network (CHAIN)
comprises 32 ground-based GPS receivers located in the Canadian
Arctic (Jayachandran et al., 2009).These receivers, includingmodels
Novatel GSV4004B GISTM and Septentrio PolaRxS Pro, provide
Rate of TEC (ROT) data with a sampling rate of 50 Hz. The ROT
index is defined as the rate of slant TEC over 15-s intervals (ROT
= TEC0 - TEC-15). For detailed information on the ROT, please
refer to Wang et al. (2022). The slant TEC is calculated using
dual-frequency signals (L1 and L2), with the L2 signal further
divided into L2P(Y) and L2C (Yang and Liu, 2017; McCaffrey et al.,
2018). Following the method introduced by Pi et al. (1997),
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ROTI is calculated from four ROT values over 1-min intervals.
Therefore, this study focuses on ROTI with a temporal resolution
of 1 minute.

In this study, in order to deriving two kinds of standard
scintillation indices, a standard detrending approach of using the
6th-order Butterworth filter (with a fixed cut-off frequency of
0.1 Hz) is adapted by the receiver automatically worked on the
recorded raw data, which is broadcasted by the GPS L1 signal (e.g.,
Fremouw et al., 1978; Mushini et al., 2012; van der Meeren et al.,
2015). The standard phase scintillation index (σφ) and amplitude
scintillation index (S4) are calculated during 1-min intervals, and
used to quantify the scintillation. We have used an elevation cut-off
of 20° to minimize the multi-path contamination. To compare the
GPS measurements with the plasma flow, the data provided by GPS
receivers have been projected into uniform grids on Ionospheric
Pierce Point (IPP) at the assumed height of 350 km (represented
as the height of the peak of F layer) along line-of-sight (LOS)
directions in a spatial scale of 1° Magnetic Latitude (MLat) × 2°
Magnetic Longitude (MLon) under Altitude-Adjusted Corrected
Geomagnetic Coordinates (AACGM).

The data of ionospheric plasma drift is obtained from the
SuperDARN radars, with a growing number of more than 35
high-frequency (HF) radars overlapping a vast region from mid-
latitudes to high-latitudes in the two hemispheres (Chisham et al.,
2007), in particular over the Arctic. In principle, a beam of
one SuperDARN radar offers the drift information of ionospheric
irregularities (in a scale of decameters) along the corresponding
LOS direction through Doppler shifts in the backscattered signal.
Hence, if a cloud of concerned ionospheric irregularities is detected
by two or more SuperDARN radars simultaneously, the velocity
vector can be appropriately obtained by combining the Doppler
observables from the two or more beams of related SuperDARN
radars (Ruohoniemi and Baker, 1998; Shepherd and Ruohoniemi,
2000).The drift data from SuperDARN radars were prepared on the
spatial resolutions of 1° MLat × 2° MLon under AACGM and in a
cadence of 2 min.

2.2 The selected region

Wang et al. (2018), Wang et al. (2022) have used two regions
for a closer look at the GPS amplitude and phase scintillation
and their linear relationships on the convection speed. These two
regions are at the noon and dawn sectors of the Canadian Arctic,
respectively, with a latitudinal range between 69° and 75° MLat and
spanning 11:00–13:00Magnetic Local Time (MLT) and a latitudinal
range between 60° and 68° MLat and spanning 06:00–07:00 MLT.
The sectors in AACGM are represented by the magenta and black
frames in Figure 1. These are in the Canadian sector where the
CHAIN is located, and the specific UT intervals are 18:00–20:00
UT and 13:00–15:00 UT, respectively. These two selected regions
were well covered by GPS receivers of CHAIN (not shown here) and
SuperDARN radars, situated in Kapuskasing, VA (KAP), Saskatoon,
SA (SAS) to the noon sector, and Blackstone, VA (BKS), Fort
Hays, KS (FHW), and Christmas Valley, Oregon (CVE) for the
dawn sector, simultaneously. For why we selected these two regions
and the criteria for determining them in detail, please refer to
Wang et al. (2018), Wang et al. (2022).

FIGURE 1
The locations of two selected regions (highlighted by the magenta
sectors with solid black frames) and the field-of-view (FOV) of related
SuperDARN radars (dashed black lines) under MLat/MLT coordinate
with noon on the top and dawn on the right. The selected regions are
at the noon and dawn sectors of the Canadian Arctic. In this study, the
select region at the noon sector covers a range of 69°–75° MLat and
11:00–13:00 MLT (18:00–20:00 UT). Another region on the dawn
sector spreads over the square of 60°–68° MLat and 06:00–07:00
MLT (13:00–15:00 UT).

3 Results: the correlation of ROTI on
the phase and amplitude scintillation
indices

The index of ROTI is preferred because it can be estimated
from TEC measurements simply, which is obtained from
widely distributed low-sampling Geodetic GNSS receivers
easily. However, compared to ROTI, scintillation indices are
relatively scarce due to the lack of high-cadence data from
specialized scintillation receivers by default (e.g., Zhao et al.,
2022; Imam et al., 2024). Many researchers have conducted
case studies to explore the exact relationships between ROTI
and scintillation indices (e.g., Basu et al., 1999; Xu et al., 2007;
Li et al., 2007; Yang and Liu, 2016; Carrano et al., 2019).
These studies concluded that the relationships between ROTI
and scintillation indices vary depending on the individual
station and the viewing geometry of the line-of-sight (LOS).
While the exact correlation may vary, a general understanding
of the relationship between ROTI and standard scintillation
indices is still needed for practical applications. Therefore, a
detailed statistical study is necessary to establish a reference
relationship between these parameters and to cross-calibrate the
measurements.

We conducted a statistical analysis over a 5-year period
(2011–2015) using all available measurements from CHAIN GPS
receivers in the Canadian Arctic, focusing on the noon sector
(69°–75° MLat, 18:00–20:00 MLT) and the dawn sector (60°–68°
MLat, 06:00–07:00 MLT). Data pairs of ROTI and scintillation
indices were constructed, consisting of ROTI and the corresponding
standard phase/amplitude scintillation indices within the selected
regions on the same grid. The data pairs were screened to exclude
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FIGURE 2
The statistical correlations of ROTI on the phase and amplitude scintillation indices during a period of 5 years from 2011–2015. The ROTI is binned into
0.001 TECU/min bins with a number threshold 5. Then, the median values of the corresponding scintillation indices in each bin are represented by the
boxes’ red symbols and the blue bars for their standard deviations. The black lines represent the linear fits to the median values (including their
equations and correlation coefficients). (a) phase scintillation indices vs ROTI; (b) amplitude scintillation indices vs ROTI.

scintillation indices below 0.05 (the thermal noise threshold of
GNSS receivers, e.g., Wang et al., 2016) and ROTI values exceeding
3 TECU/min (to filter out spikes likely caused by cycle slips of phase
observable). Additionally, plasma flow velocities below 35 m/s were
excluded to remove ground scatter contamination (Ruohoniemi and
Greenwald, 1997). Note that 1 TECU = 1 × 1016 electrons/m2.
After applying the criterion (|ROTI| ≥ 3 TECU/min), only 513
ROTI values were discarded, representing less than 0.1% of the total
data pairs.

A huge number of data pairs have been set up, 657529 for the
ROTI-σφ pairs (or ROTI-S4 pairs) in total (486182 data pairs in
the dayside, 171347 data pairs in the dawn-side, respectively). Note
that the number discrepancy from the two selected regions is largely
proportional to each spatial scale of selected regions between at the
dayside and at the dawn-side, as well as is secondarily due to the
stronger velocity distribution on the dayside than that at the dawn-
side after accurately filtered by the ground velocity speed. The two
data pairs were then grouped into the ROTI bins of 0.001 TECU/min
and averaged the contained values of scintillation indices, which
fall into each ROTI bin. Note that the number threshold of data
pairs for each ROTI grid is arbitrarily set as 5, as well as the range
of the ROTI bin. Figure 2 presents the statistical correlations of
ROTI (x-axis) on the corresponding scintillation indices (y-axis);
Figure 2a is for σφ, and Figure 2b is for S4. In Figure 2, the red
squares represent the median values of scintillation indices within
the corresponding ROTI bins, and their standard errors ranged by
the blue vertical lines. In Figures 2a,b, the solid black lines represent
the linear least-square fittings based on the median values in each

ROTI bin, with an equation for the best fit and the correlation
coefficient.

Figure 2a shows that ROTI has a linear correlation on σφ (the
best-fit slope is ∼0.34), behaving as the σφ linearly increasing with
ROTI with a high correlation coefficient of 0.925. Nevertheless,
Figure 2b presents that even though ROTI and S4 are well correlated
(correlation coefficient of ∼0.82), the enhancement of S4 on ROTI is
very feeble (slope of the best fit is almost zero,∼0.05), which is quietly
different from σφ. Note that the same y-axis in Figures 2a,b have
been applied to highlight the different slopes clearly. This implies
that S4 has a negligee to no enhancement on the growing ROTI.
The clear but faint correlation in Figure 2b is possibly produced
by that the index of S4 contained a spot of energy unexpectedly
that originated from the slow variations of raw data (intensities or
amplitudes) generated by the large-scale ionospheric irregularities,
however, which should be precisely removed by the 6th-order
Butterworth filter during the processing progress to calculate it
in practice. Combined with Figures 2a,b, there is potentially one
reason not only to explain the much evident correlation of σφ on
ROTI in Figure 2a, but also the linear but quietly weak correlation
of S4 on ROTI (∼0.05) in Figure 2b at the same time. When the
difference in slopes of the best fits is compared, it is evident that
the magnitude of correlations on ROTI for σφ (∼0.34) is remarkably
significant more than that for S4 (∼0.05). It is a solid experimental
evidence to quantify the reference correlation of ROTI on the
standard phase scintillation index (σφ) using a large number of
receivers (>18) located in the vast region of the Canadian Arctic.
As a result, the significant difference in correlations of ROTI on
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the phase/amplitude scintillation indices questions the reliability to
use ROTI as a proxy for highlighting the real scintillations precisely
(diffractive scintillations, predominantly associated with Fresnel-
scale irregularities). Because, at high latitudes, the standard phase
scintillation index is very probably not contributed from diffractive
variations predominately. In the near future, detailed investigations
will be conducted to compare the correlation results from the
individual stations located at the separated zones (for example, in
the auroral oval, polar cap) and also delineate the quiet and disturbed
conditions.

In this study, all available measurements from CHAIN receivers
in 5 years (2011–2015) have been used to establish the general
correlation of ROTI on the standard phase scintillation index. Due
to involving the data from all GPS receivers made by two different
manufactures (Septentrio and Novatel), the subtle difference of
correlations of σφ on ROTI should be discussed in detail. As
mentioned in Section 2, the index of ROTI is derived from the
TEC, which is usually acquired from weighting the combination
of L1 and L2 signals broadcasted by GNSS. Previous researchers
had investigated and compared the inconsistent of ROTI indices
derived from GPS modernized L2C and legacy L2P(Y) signals
from diversity types of GNSS receivers (Yang and Liu, 2017;
McCaffrey et al., 2018). McCaffrey et al. (2018) continued that
the L1-aiding progress to obtain the L2 signal probably decrease
the accuracy of the high frequency variations of L2 carrier phase
observables. For each manufactured receiver, the solution had
already been determined and encapsulated. Hereby, the Septentrio
ROTI is obtained by L1 and L2C (L1-aiding free) signals. However,
the Novatel ROTI is calculated from L1 and L2P(Y) (L1-aiding)
combinations. As a result, if we adopt all ROTI data obtained
from L1-aiding free method, the correlation would be slightly
different from the mixed condition. In practice, we have checked
the statistical correlation using the ROTI data only from one type
of receivers (Septentrio PolaRxS Pro or Novatel GSV4004B GISTM,
respectively), all showing linear but differentiated correlations (not
shown here). The slopes are all ∼0.3. In this study, we expect to
establish the reference correlation between scintillation parameters
and ROTI in general. Then, we decide to not separate the ROTI
origination in detail. If one interested, the ROTI deviation could be
investigated and compared in detail considering diversity methods
to derive ROTI by different receivers comprehensively.

Furthermore, the relatively low correlation between the S4 index
and ROTI within the selected regions will be further explored.
It might be tempting to assume that this weak correlation is
simply due to the S4 index being generally weaker compared to
the more pronounced σφ index. However, a comparative analysis
of the distribution of scintillation indices reveals a more complex
picture. Specifically, when comparing the number distributions of
scintillation indices from the selected regions with those from all
polar regions, the discrepancy between the σφ and S4 indices is
significantly larger in the former than in the latter. Additionally,
experimental evidence has confirmed the “Phase without
Amplitude” phenomenon, which is characterized by frequent
occurrences of high-speed plasma flows in the selected regions
(e.g., Wang et al., 2016; 2018; 2022). Moreover, Jayachandran et al.
(2017) demonstrated that the magnitudes of the S4 and σφ indices
should be comparable through spectral analysis, and should not
deviate significantly from each other.Therefore, it can be reasonably

inferred that the strong correlation between the σφ index and ROTI
is likely driven by the presence of these high-speed plasma flows. In
their absence, the correlations between these indices would likely be
much weaker.

4 Discussion

4.1 Time intervals and sampling rates

In experiments, the ROTI parameter is often calculated from
ROT over various intervals (such as 1, 5, or 30 min), with TEC
extracted from carrier phase raw data sampled at different rates
(e.g., 1 Hz, 30 Hz, 50 Hz, or 100 Hz). Compared to scintillation
indices (typically calculated from raw data sampled at 50 Hz or
100 Hz with a time resolution of 1 min), the impact of different
time resolutions on ROTI values has been examined in detail.
Fundamentally, the cadence of ROTI and the sampling rate of the
raw data determine the frequency range of the variations produced
by ionospheric irregularities at specific scales. For example, Carrano
andGroves (2007) showed that fast ROTI is sensitive to irregularities
at scales as small as 24 m, which is smaller than the Fresnel
scale (typically ∼360 m for L-band signals, closely associated with
diffractive scintillations). This sensitivity contributes to amplitude
scintillations. Jacobsen (2014) further summarized how different
time intervals and sampling rates affect ROTI values, noting that
ROTI values are positively correlated across different cadence
combinations.

In this study, the sampling rate of theGPS receivers fromCHAIN
is 50 Hz, with a ROT cadence of 15 s used to calculate ROTI over
a 1-min interval. Thus, the upper-frequency limit is the Nyquist
frequency, which is 25 Hz (50/2) for a 50 Hz sampling rate (Jacobsen,
2014). The lower frequency limit is approximately 0.0167 Hz (1/60)
for a 1-min interval (60 s). Consequently, the power contributing
to ROTI originates from irregularities that produce variations
within the frequency range of ∼0.0167 Hz–25 Hz. Future work
should examine the correlations of ROTI on ionospheric parameters
carefully across different time resolutions (e.g., 5 s, 10 s, 3 min,
5 min) to solidify the baseline relationships discussed in Section 3.

4.2 Theoretical explanations of
correlations

In this study, a fixed cut-off frequency of 0.1 Hz is used to
detrend the slow variation background (refractive variations) when
calculating scintillation indices. This cut-off frequency is typically
considered as the Fresnel frequency (γF) used to delineate diffractive
variations (scintillations) intentionally. According to phase screen
theory (γF =

Vflow+Vsatellite
√2λZ

), where γF is the Fresnel frequency, V flow
is the plasma flow velocity, Vsatellite is the satellite movement, λ is
the wavelength of the incident signal, and Z is the assumed peak
height of the ionosphere (e.g., Rino, 1979b; Forte and Radicella,
2002; Strangeways et al., 2011). Consequently, the Fresnel frequency
increases proportionally with plasma flow velocity and may exceed
the fixed cut-off frequency (0.1 Hz). Therefore, the increase in
the phase scintillation index observed in Figure 2 likely results
from refractive variations unexpectedly within a wider frequency
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range (from the fixed cut-off frequency to the increasing Fresnel
frequency) due to faster drift velocities.

Moreover, Carrano et al. (2019) have innovated the principal
relationship of ROTI on the amplitude scintillation index in detail
using the phase screen model in the full theory and then validated
the simplified expression from the scintillation observations at
Ascension Island. They had pointed out that ROTI was highly
correlated with S4. They focused on the equator region primarily,
which is traditionally popular of amplitude scintillation. Then, it
is reasonable to establish and validate the relationship of ROTI on
the S4 in theory. Moreover, Carrano et al. (2016) had derived the
relationship of the ratio of σφ to S4 on the effective velocity. Similarly,
at high latitudes, Lu et al. (2022) had also established a linear
relationship from the ratio of phase and amplitude scintillation
indices to the convection speed (with a statistical slope of ∼0.1
obtained from Figure 7 of Lu et al. (2022)). Combined with two
Carrano publications together [i.e., Equation 11 in Carrano et al.
(2019); Equation 18 in Carrano et al. (2016)], the ratio of ROTI
on σφ has been evaluated rudely, which is basically proportional to
δt^0.75. δt is noted as the sampling rate. Hereby, the phase spectral
index p is simply assumed as 2.5 (p = 0.75∗2 + 1) to conduct
the scale-free approximation via Rino (1979a), Rino (1979b)’s
theory. It is interesting to conduct a completely simulation work
on establishing the correlation of ROTI on σφ in theory. Overall,
it can be concluded that whatever S4 or σφ would enhance along
with the growing ROTI from simulations. However, in this study,
Figure 2 presents almost linear enhancement of ROTI only on σφ
(nor S4) at high latitudes. There is a probable reason to explain the
inconsistency. In the simplified process described by Carrano et al.
(2019), to conduct the scale-free approximation in a reasonable
and effective manner, the spectral structure function of amplitude
is typically confined to diffractive variations and does not exceed
the power-law structure strictly. However, at high latitudes, the
fixed cut-off frequency (0.1 Hz) occasionally falls below the Fresnel
frequency, in particular when confronted with high-speed flows,
as mentioned earlier. This situation places the cut-off frequency
(considered as the Fresnel frequency in practice) in the refractive
regime (Wang et al., 2018; 2022). As a result, the scintillation indices
are unintentionally dominated by energy originating from lower
frequency ranges.The shift of the Fresnel frequencywill be discussed
below, along with detailed explanations.

4.3 The correlation between ROTI and
plasma flow speed

Wang et al. (2022) reported a linear relationship of the phase
scintillation index on the absolute values of ROT in a case study.
Given that ROTI is calculated from ROT over a specific interval,
it is reasonable to assume that ROTI will exhibit a similar pattern.
Additionally, Wang et al. (2018), Wang et al. (2022) demonstrated
a linear relationship between the phase scintillation index and
plasma flow speed in statistical. Combining these findings suggests
a potential linear correlation of ROTI on drift speed. The following
section presents a statistical analysis of this relationship.

In this study, we used the grids containing twomeasurements of
the ROTI and flow speed within the selected regions implemented
during 5 years of 2011–2015. The cadence of the plasma flow data

provided by SuperDARN radars is 2 min. Accordingly, the related
ROTI data at the middle epoch of each speed interval are used
for comparison with the plasma drift data. For example, when the
drift measurements during the 13:00–13:02 UT are involved, the
ROTI data at 13:01 UT will be used. To handle a large amount of
data pairs (ROTI-flow speed) in a number of 657529, referring to
Figure 2, the taken data pair has been binned into the drift speed by
0.001 km/s and then calculated themeanROTIwithin each flowbin.
Figure 3 exhibits the statistical correlation from the mean ROTI to
the corresponding drift bin.The red squares show the median ROTI
data in each speed container. The blue vertical lines represent the
standard errors of ROTI in each bin. In Figure 3, the solid black line
highlights the linear best fit based on each bin’smean values, with the
corresponding functional equation and the correlation coefficient.

In Figure 3, the correlation of ROTI on the velocity speed is
presented, which is a linear fitting with a slope of around 0.30.
Meanwhile, compared with the results from Figure 2, the linear
correlation of ROTI on the phase scintillations index (with a slope of
∼0.34) is essentially identical to the relationship fromFigure 3. From
these results, it can be reasonably deduced that the phase scintillation
index is also linearly linked to the plasma flow speed probably,
which is very consistent with the results from Wang et al. (2018),
Wang et al. (2022). This confirms that the TEC variations introduce
phase variations that are dominantly refractive variations but not
diffractive scintillation. Moreover, the previous woks have proposed
a technique to infer the zonal irregularity drift following the idea
that only the phase scintillation index depends on the irregularity
motion rather than the amplitude scintillation index,which supports
our conclusion (Carrano, et al., 2016; Lu, et al., 2022).

In Figure 3, the statistical ROTI index varies linearly with the
plasma flow speed. Similarly, this linear correlation of ROTI on
the plasma drift speed can be explained by the unexpected power
from the lower frequency range (refractive variations) than the
growing Fresnel frequency (diffractive variations). As mentioned,
the ROTI index incorporates the energies from the variations in
the frequency range of ∼0.0167 Hz–25 Hz produced by plasma
irregularities within the specific scales. In our experiments, themore
substantial drift probably moved more large-scale irregularities
(or the background) to intersect the Line-Of-Sight (LOS) signal
between the satellite and the ground-based receiver. Carrano et al.
(2016) had also mentioned that the large swaths of TEC rapidly
swept past the receiver could produce signal fluctuations not
dominated by diffraction effects, which evidences our explanation.
Of course, detailed research is worth of conduct to clearly clarify
the hypothesis.

Regarding the standard phase scintillation index at high
latitudes, it is known that the variation effects below the Fresnel
frequency (empirically and automatically set as 0.1 Hz) are usually
considered refractive variations due to large-scale irregularities.
Along with the faster velocity, the actual Fresnel frequency is
becoming greater, which is far from the fixed frequency (0.1 Hz)
used to remove the refractive variations.Then,much of the refractive
variations (including variations with a frequency higher than
0.1 Hz) would be unintentionally considered as the real scintillation
(diffractive variations). Hence, the expansions of ROTI and phase
scintillation index could probably be linked together, which are
both likely bulked by the refractive variations due to the faster
plasma flow.
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FIGURE 3
Similar to Figure 2 but on the data pair of ROTI-velocity speed. The ROTI is binned into the drift speed container of 0.001 km/s with a number threshold
of 18. The red squares are the mean ROTI in each velocity bin, and the error bars are their standard deviations. The black line, equation function, and
correlation coefficient highlight the linear line that best fits the median values.

Consequently, the enhancements of ROT/ROTI likely stem
from the greater refractive effects induced by the much more
large-scale irregularities transported by the faster flow, which
is fundamentally consistent with the explanation on the “Phase
without Amplitude” scintillations. On the contrary, the different
behavior of little correlation of ROTI on the amplitude scintillation
index is possibly linked to that the amplitude scintillation index
is fundamentally dominated by the energy from diffraction-
scintillation irregularities (around Fresnel-scale) due to the “Fresnel
filter” effect. Because, at the low-frequency range (lower than Fresnel
frequency), the amplitude power spectral is a flat structure in
theory, which is entirely different from the power-law structure
of phase spectral at the same frequency range (e.g., Rino, 1979a;
Strangways et al., 2011; Wang et al., 2018). Nevertheless, we also
admit that there may be some other interpretations in theory
to explain Figure 3 better, which needs much more endeavors in the
near future.

As a result, these differentiated correlations presented in this
study demonstrate the close relationships between ROTI and
standard phase scintillation index, and provide one more piece of
evidence to explain the famous phenomenon of “Phase without
Amplitude” scintillations.

5 Conclusion

We present the linear reference correlation of ROTI on the
standard phase scintillation index rather than on the standard

amplitude scintillation index, using data from up to 18 specialized
GNSS receivers in the Canadian sector of the polar region
over a 5-year period from 2011 to 2015. Moreover, we find
that ROTI increases linearly with the growing plasma flow
observed by multiple SuperDARN radars. When encountering
more substantial drifts, more power from large-scale irregularities
transported by the faster flow likely inflates the refractive
variations in the low-frequency range. This unintentionally
develops both of the ROTI and the standard phase scintillation
index simultaneously. The weak linear correlation of ROTI
on the standard amplitude scintillation index further supports
this finding.

Furthermore, this reference correlation highlights the
need for caution when using ROTI as a proxy for diffractive
scintillation in the polar region. An increase in ROTI may
simply reflect the presence of irregularities larger than the
Fresnel scale, rather than solely indicating scintillation-producing
irregularities.
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