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This study investigates the diurnal, seasonal, and latitudinal variations of Spread F and 

the Rate of TEC Index (ROTI) over North America during the high solar activity 

period of 2014. Using GNSS-based ROTI measurements and Digisonde ionograms 

from multiple stations, we systematically analyze the relationship between Spread F 

occurrences and ROTI enhancements. The analysis incorporated Diurnal and seasonal 

variations to determine dominant trends and potential driving mechanisms, such as 

medium-scale traveling ionospheric disturbances (MSTIDs) and polarization electric 

fields. Seasonal and latitudinal variations of Spread F occurrences and ROTI 

fluctuations are found to be strongly linked to MSTIDs and geomagnetic activity. A 

clear seasonal dependence was observed at the stations situated under the transitional 

and mid-latitude regions of the ionosphere. The maximum irregularity occurred in 

April for transitional region stations and in November for mid-latitudinal stations. 

Additionally, Spread F and ROTI exhibit similar diurnal and seasonal trends, with 

maximum irregularity occurrences during nighttime (20:00–02:00 LT). A distinct 

seasonal dependence is observed, with transitional region stations peaking in winter 

and mid-latitude stations in summer. Notably, spread F was consistently associated 

with notable ROTI values (>0.15 TECU/min), suggesting gravity waves and 

polarization electric fields as driving mechanisms. Through detailed case studies, we 

demonstrated that MSTIDs, likely driven by gravity wave dynamics, play a crucial 

role in generating plasma irregularities, which in turn enhance ROTI values and 

contribute to Spread F formation. Under quiet geomagnetic conditions, these 

irregularities exhibit a strong daytime preference. Conversely, during disturbed 

geomagnetic conditions (e.g., the geomagnetic storm), the spatial extent of ionospheric 

irregularities increased significantly, affecting both transitional and mid-latitude 

stations for both daytime and nighttime. By demonstrating a persistent relationship 

between Spread F and ROTI, this study advances ionospheric modelling efforts and 

supports the development of improved space weather forecasting techniques, crucial 

for GNSS-based navigation and communication systems. 
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1.  INTRODUCTION 

The ionosphere, a region of the Earth's upper atmosphere 

extending from approximately 60 km to 1000 km, plays a 

crucial role in radio wave propagation and satellite 

communication. However, ionospheric irregularities, caused 

by density gradients and plasma instabilities, can lead to rapid 

fluctuations in the amplitude and phase of trans-ionospheric 

signals. These irregularities are especially prevalent at low 

latitudes and near the magnetic equator, affecting Global 

Navigation Satellite System (GNSS) signals, radar 

applications, and radio communications (Kelley, 2009). 

Equatorial plasma bubbles (EPBs) and Spread F are two 

primary forms of ionospheric irregularities, with EPBs 

spanning several kilometers and Spread F consisting of 

smaller-scale plasma structures.  

The spread F is classified into four types based on the shape 

of diffusion on the ionogram: a) Frequency Spread F (FSF), 

b) Range Spread F (RSF), c) Mixed Spread F (MSF), and d) 

Branch Spread F (BSF) (Davies et al., 1990). However, FSF 

is inherently rarer compared to RSF, particularly in low and 

mid latitudes, because it is often associated with smaller-scale 

plasma irregularities that do not extend over long distances 

along magnetic field lines (Maruyama & Matuura, 1984; 

Abdu, 2001). FSF events tend to occur in the bottomside F-

http://creativecommons.org/licenses/by-nc/4.0/
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layer under conditions of weaker instability growth, making 

them less likely to evolve into large-scale depletions that 

cause significant signal disruptions (Tsunoda, 1985). 

Additionally, FSF's visual classification is more ambiguous 

than RSF's, especially in mid-latitude ionograms, where 

spread characteristics may be subtle and easily confounded 

with noise or other irregularities. This introduces greater 

classification uncertainty, which can compromise the 

robustness of quantitative analysis. 

Basu & Kelley (1979) analyzed the formation and evolution 

of EPBs using radar observations in the American sector, 

concluding that ionospheric disturbances were linked to 

equatorial electrodynamics and plasma instabilities. Aarons et 

al. (1980) studied seasonal and longitudinal variations using 

satellite beacon data, highlighting how solar activity 

influences EPB occurrences. These early studies established 

the foundation for subsequent research into ionospheric 

irregularities worldwide. 

Research on ionospheric irregularities has been conducted 

extensively across various geographic regions. Das Gupta et 

al. (1981) and Chakraborty et al. (1999) investigated 

ionospheric irregularities in the Indian sector using ionosonde 

and scintillation data to understand plasma instability 

mechanisms. Their studies emphasized the role of post-sunset 

ionospheric dynamics in irregularity formation. Chandra et al. 

(2003) expanded on these findings by analyzing ionosonde 

data to show latitudinal variations in Spread F characteristics. 

Huang (1970, 1985, 1987) explored the development of 

Spread F in the western Pacific sector, focusing on the role of 

geomagnetic activity and atmospheric waves using ground-

based and satellite observations. These studies confirmed that 

ionospheric disturbances exhibit regional and seasonal 

dependencies. In the Brazilian and African sectors, Mullen et 

al. (1985) and D’ujanga et al. (2018) analyzed Spread F 

occurrence using GNSS and ionosonde data, demonstrating 

the impact of solar cycle variations on irregularity formation 

and the variability of plasma bubbles in different magnetic 

environments.  

Pi et al. (1997) defined the Rate of TEC Index (ROTI) as the 

standard deviation of the rate of TEC (ROT) over a 5-minute 

interval, providing a method for estimating ionospheric 

irregularities using GPS receivers. One key advantage of 

ROTI over the scintillation index S4, which requires high-rate 

GNSS signals for computation, is that ROTI can be derived 

from standard dual-frequency observations at a 30-second 

sampling rate. Based on the findings of Pi et al. (1997) and 

Basu et al. (1999), ROTI has been widely used as a proxy for 

detecting ionospheric irregularities. Although numerous 

studies have focused on ROTI characteristics, especially in 

equatorial and high-latitude ionospheric regions (Kotulak et 

al., 2020; Cherniak et al., 2014, 2018), fewer studies have 

examined mid-latitude irregularities. The development of 

ROTI maps based on an extensive network of permanent 

GNSS stations has significantly improved the ability to study 

ionospheric irregularities on both regional and global scales 

(Cherniak et al., 2018). Compared to polar and equatorial 

regions, the mid-latitude ionosphere is generally less affected 

by ionospheric disturbances (Kintner et al., 2013).  

Nighttime ionospheric scintillations observed in GNSS trans-

ionospheric links, resulting from irregular plasma structures, 

have been reported, particularly during geomagnetic 

disturbances (Vadakke et al., 2017). The mid-latitude 

nighttime F-region often exhibits diffused plasma structures 

that persist from minutes to hours, commonly referred to as 

mid-latitude spread F (Berkner & Wells, 1934; Bowman, 

1991, 1998). These irregularities arise due to spatial 

variations in electron density and can have significant 

implications for radio wave propagation. Wang et al. (2014) 

demonstrated a strong correlation between intense range 

spread F and scintillation events, highlighting the impact of 

these irregularities on communication and navigation 

systems. 

Previous research has primarily focused on high-latitude 

ionospheric disturbances. Using data collected from more 

than 700 ground-based GPS stations, Cherniak et al. (2014, 

2018) analyzed ROTI variations across high and mid-latitude 

regions of the Northern Hemisphere, revealing a distinct 

seasonal pattern in ionospheric irregularities. Perkins (1973) 

introduced the Perkins instability theory to explain mid-

latitude Spread F formation, but later studies, such as 

Zakharenkova et al. (2016), showed that additional 

mechanisms, including traveling ionospheric disturbances 

(TIDs) and atmospheric gravity waves, contribute to 

irregularity formation. These findings suggest that 

ionospheric irregularities at mid-latitudes result from a 

complex interplay of electrodynamic and neutral atmospheric 

processes. Perkins instability alone does not sufficiently 

account for the development of mid-latitude spread F. 

However, research by Huang et al. (1994) and Miller et al. 

(1997) has shown that the presence of gravity waves and 

related disturbances in the electric field near the lower 

ionospheric region can considerably enhance the instability’s 

growth rate. Previous studies by Bowman and Monro (1988) 

and Otsuka et al. (2009) have determined a correlation 

between MSTIDs and mid-latitude spread F. Furthermore, 

research by Narayanan et al. (2018), Otsuka et al. (2007), and 

Yokoyama et al. (2009) have demonstrated that the coupling 

between the E and F regions plays a crucial role in generating 

and sustaining MSTIDs, further influencing the development 

of mid-latitude ionospheric irregularities. 

Recent studies in Europe have provided new insights into the 

correlation between ROTI and Spread F, particularly in the 

mid-latitude region. Paul et al. (2024) analyzed the diurnal, 

seasonal, and latitudinal variations of ROTI occurrence using 

digisonde and GNSS data across multiple European stations, 

finding a strong correlation between ROTI and Spread F. The 

highest frequency of irregularities was detected near 45°N 

latitude, occurring predominantly between 18:00 and 05:00 

UT, with peak seasonal activity noted in January. In contrast, 

at lower mid-latitude Digisonde locations (latitudes below 

45°N), the irregularities were most commonly recorded from 

19:00 to 04:30 UT during the month of July. Cherniak et al. 

(2014, 2018) presented ROTI maps for the European mid-

latitude ionosphere, demonstrating that ionospheric 

disturbances in this region are influenced by geomagnetic 

activity and lower atmospheric forcing. Pi et al. (1997) 

introduced ROTI as a reliable GNSS-based index for 

identifying ionospheric irregularities, later adopted by the 
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International GNSS Service (IGS) for global monitoring 

(Cherniak et al., 2018). Their research showed that ROTI 

effectively tracks the intensity and distribution of ionospheric 

irregularities and is particularly useful for identifying space 

weather effects on navigation systems.  

A long-term comparative analysis of nighttime spread F 

events at two mid-latitude stations in Europe, separated by 

roughly 20° in latitude, over an entire solar cycle, 

demonstrated notable differences in spread F frequency 

between the sites (Paul et al., 2022). Expanding on this, recent 

statistical investigations have examined spread F 

characteristics at eight mid-latitude European Digisonde 

stations for selected years: 2017, 2020, and 2021 (Paul et al., 

2023). Prior work has also explored the influence of MSTIDs 

and the variety of ionogram features linked to spread F 

evolution (Paul et al., 2019; Paul et al., 2021). The study 

assessed both temporal and longitudinal variations in 

ionospheric irregularities across Europe by focusing on 

elevated ROTI values (greater than 0.15 TECU/min) recorded 

at eight Digisonde sites during 2011. Notably, previous 

studies (Yang and Liu, 2016) have established a strong 

relationship between such ROTI enhancements and 

occurrences of amplitude (S4) and phase scintillation, 

suggesting that F-region irregularity structures emerge when 

ROTI crosses this threshold.  

In Asia, Lee et al. (2009) and Zhang et al. (2015) examined 

ionospheric disturbances with GPS TEC measurements, 

assessing latitudinal differences in irregularity strength and 

their correlation with geomagnetic storms. In a recent study, 

Hong et al. (2024) provided the first reported measurements 

of Spread F and ROTI occurrence rates over Vietnam, 

focusing on regions near the equatorial ionization trough and 

the northern crest of the equatorial ionization anomaly within 

the Asian longitudinal sector. Their findings indicate that 

Spread F events reach their highest monthly frequencies in 

April, with a diurnal peak occurring between approximately 

21:15 and 23:15 LT. 

Despite extensive research in Asia and Europe, a significant 

gap remains in studying ionospheric irregularities over North 

America using combined GNSS and ionosonde data. Direct 

investigations of ROTI and Spread F in this region are rare, 

underscoring the need for geographically targeted, integrated 

analyses. While ROTI has been well-documented during 

storm events, its connection to Spread F remains 

underexplored. Key mechanisms driving these correlations, 

such as MSTIDs, require further investigation, particularly 

for mid-latitude irregularities. To date, no comprehensive 

study has examined the simultaneous occurrence of Spread F 

and ROTI across North America, especially in transitional 

and mid-latitude regions. The present study addresses this gap 

by systematically analyzing ionospheric irregularities over 

North America during 2014, a representative year of peak 

solar activity during solar cycle 24. 

Using Digisonde and GNSS data from multiple American 

stations, it explores the diurnal, seasonal, and latitudinal 

variations of ROTI, revealing a strong correlation with Spread 

F. By integrating both datasets, this research provides new 

insights into the spatiotemporal characteristics of ionospheric 

disturbances, enhancing the understanding and forecasting of 

space weather effects on communication and navigation 

systems. Additionally, case studies from both 

geomagnetically quiet and disturbed periods offer a 

comprehensive perspective on ionospheric dynamics. The 

findings will serve as a foundation for future research, 

improving ionospheric models and space weather prediction 

tools for the North American sector. 

2. DATA AND METHODS 

This investigation makes use of Digisonde ionograms 

sourced from the Digital Ionogram Database (DIDBase), 

hosted by the Global Ionospheric Radio Observatory (GIRO) 

portal, with data resolution details outlined in Table 1. 

Additionally, we incorporate d-TEC and ROTI maps for 

North America. These resources enable a detailed 

examination of ionospheric irregularities in both transitional 

and mid-latitude regions, focusing particularly on MSTIDs 

and Spread F events. The d-TEC and ROTI datasets are 

derived from the DRAWING-TEC (Dense Regional and 

Worldwide International GNSS-TEC Observation) project, 

offering 10-minute temporal resolution. The DRAWING-

TEC initiative delivers fine-scale GNSS-based TEC mapping 

both globally and regionally (Yang et al., 2016). Specifically, 

d-TEC maps highlight perturbations in TEC, while ROTI 

maps indicate the intensity of phase fluctuations due to 

ionospheric irregularities. a representative year of peak solar 

activity during solar cycle 24. To examine the influence of 

geomagnetic activity on ionospheric irregularities, we 

incorporated the hourly Dst index data from the Kyoto 

University website  https://aer-nc-

web.nict.go.jp/GPS/DRAWING-TEC/tec_index.html.  

 

Table 1. Summary of Digisonde Station Information and Ionogram Coverage in 2014 

Station Name 
Station 

Code 

Geographic Latitude 

(°N) 

Geographic Longitude 

(°W) 

Geomagnetic Latitude 

(°N) 

Sampling 

Interval 

Idaho National Lab IF843 43.81 112.68 54.1 15 min 

Boulder  BC840 40.01 105.3 48.7 15 min 

Alpena AL945 45.07 83.56 53.3 15 min 

Millstone Hill  MHJ45 42.6 71.5 51.0 02 min 

Wallops Is WI973 37.9 75.5 46.0 05 min 

Melrose  ME929 29.71 82.0 38.4 15 min 

Eglin  EG931 30.5 86.5 38.3 15 min 

Austin AU930 30.4 96.7 37.0 05 min 

 

https://aer-nc-web.nict.go.jp/GPS/DRAWING-TEC/tec_index.html
https://aer-nc-web.nict.go.jp/GPS/DRAWING-TEC/tec_index.html
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2.1  GPS IGS TEC Map Products 

In this study, ionospheric irregularities over North America 

were investigated by analyzing the temporal and zonal 

distribution of significant ROTI activity (ROTI > 0.15 

TECU/min) observed across eight Digisonde stations during 

2014. The ROTI threshold of 0.15 TECU/min was selected 

based on its consistent usage in the prior literature as a 

baseline for detecting moderate ionospheric irregularities 

(Nguyen et al., 2021; Monte-Moreno et al., 2022). While 

thresholds vary by latitude due to differences in irregularity 

intensity, this intermediate value offers a balanced 

compromise suitable for broad regional analysis. Specifically, 

higher thresholds (e.g., >0.5 TECU/min) are commonly 

applied in low-latitude studies to isolate intense scintillation 

events, whereas lower thresholds (e.g., ~0.1 TECU/min) are 

often used in high-latitude contexts to capture more transient, 

weaker disturbances. In contrast, the 0.15 TECU/min 

threshold provides sufficient sensitivity to detect. 

To explore the simultaneous occurrence of ROTI 

enhancements and Spread F phenomena, we examined ROTI 

maps generated by the DRAWING-TEC project, utilizing 

data with a temporal resolution of 10 minutes. These ROTI 

maps are constructed from slant values derived using carrier 

phase measurements collected from roughly 800 dual-

frequency GPS receivers distributed throughout North 

America, operating at a 30-second sampling rate. To reduce 

cycle slips, data from satellites at elevation angles below 35° 

were excluded. The selected slant TEC values were then 

multiplied by a slant factor to derive vertical TEC estimates. 

The Rate of TEC (ROT) is calculated by Pi et al. (1997): 

𝑅𝑂𝑇 =  
𝑇𝐸𝐶𝑖

𝑘−𝑇𝐸𝐶𝑖
𝑘−1

𝑡𝑘−𝑡𝑘−1
 (1) 

where i represents the satellite, and k denotes the time epoch. 

The Rate of the TEC Index (ROTI) is computed as the 

standard deviation of the detrended rate of TEC change by Pi 

et al. (1997): 

𝑅𝑂𝑇𝐼 =  √< 𝑅𝑂𝑇2 > − < 𝑅𝑂𝑇 >2 (2) 

Detrended TEC (d-TEC) highlights fluctuations in TEC 

relative to the background TEC and is obtained by subtracting 

a 1-hour running average from the TEC time series. These 

fluctuations include both spatial and temporal variations (Paul 

et al., 2018 Shimazaki et al., 1962). The precision of relative 

TEC changes is estimated to be 0.01–0.02 TECU (1 TECU = 

1016 m-2), corresponding to ~1% of GPS signal wavelengths. 

For the DRAWING-TEC project, ROTI and d-TEC values 

are mapped at a 300 km ionospheric shell altitude, using a 

grid resolution of 0.15° × 0.15° in latitude and longitude 

(Otsuka et al 2013). To mitigate data sparsity, values were 

temporally smoothed with a 10-minute running average. The 

datasets used in this study include ROTI and d-TEC maps 

covering North America between 70° to 115° west longitude 

and 30° to 45° north latitude. 

2.2  Digisondes Over North America 

The ROTI threshold of 0.15 TECU/min was selected based 

on its consistent usage in the prior. In 2014, a network of 

Digisonde stations across North America was operational, 

providing ionograms essential for Spread F analysis. Eight of 

these stations were selected based on data availability, and 

their locations, coordinates, and sampling intervals are 

summarized in Table 1. These ionograms, available from 

DIDBase, were used to examine Spread F characteristics and 

their correlation with ROTI fluctuations. Figure 1 illustrates 

the geographic distribution of these Digisonde stations. Since 

ionospheric studies rely primarily on geomagnetic latitude 

rather than geographic latitude, we also include the 

geomagnetic latitude of Digisonde stations in Table 1. 

This study provides a comprehensive assessment of 

transitional and mid-latitude ionospheric irregularities over 

North America by integrating Digisonde ionograms, ROTI 

maps, d-TEC data, and geomagnetic indices (Reinisch et al., 

2011). By analyzing Spread F occurrences and their 

correlation with phase fluctuations in GPS signals, we aim to 

enhance the understanding of ionospheric disturbances in this 

region. 

 
Figure 1: Map showing the geographical coordinates of the 

Digisonde stations (marked as triangles) over North America.  

Auroral, transitional, mid-latitude, and equatorial ionospheric 

regions are demarcated with geomagnetic latitude lines 

(marked as black) 

3. RESULTS AND DISCUSSION 

3.1  Diurnal Variation 

Figure 2 presents a diurnal variation in the ROTI occurrences 

associated with RSF across Digisonde stations over North 

America for the year 2014. The Figure is divided into 

geomagnetically quiet days (blue bars) and disturbed days 

(brown bars). The panels represent data from (a) Idaho (LT = 

UT-8h), (b) Boulder (LT = UT-7h), (c) Alpena (LT = UT-5h), 

(d) Millstone (LT = UT-5h), (e) Wallops (LT = UT-5h), (f) 

Melrose (LT = UT-5h), (g) Eglin (LT = UT-5h), and (h) 

Austin (LT = UT-6h). Overlaid horizontal black and red 

curves indicate UT times of sunrise and sunset, respectively, 

while vertical gray bars denote data gaps.  

The ROTI with RSF activity is most prominent during 

March–April and October–November at Idaho, Boulder, and 

Alpena, particularly under disturbed conditions. Idaho shows 

consistently high activity across both quiet and disturbed 

periods, while stations like Eglin and Austin exhibit low RSF 

occurrences, mostly during spring and fall equinoxes. From 

Figure 2(a)–(h) during the year 2014, RSF occurrences 

associated with ROTI are prominently observed across all 

eight stations, particularly between 20:00 and 02:00 LT. Over 
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Idaho (Figure 2a), significant RSF activity is evident mainly 

between 21:00 and 02:00 LT, with strong cases occurring 

during both equinoxes. A similar pattern is observed over 

Boulder (Figure 2b), where RSF signatures are noted between 

21:30 and 02:30 LT, predominantly under quiet geomagnetic 

conditions. The Alpena station (Figure 4c) shows RSF events 

primarily during 23:00–03:00 LT in the second half of the 

year, although early months are marked by substantial data 

gaps. Over Millstone (Figure 2d), despite large data gaps from 

January to August, detectable irregularities between 01:00 

and 04:00 LT are found from September to November. At 

Wallops (Figure 2e), RSF signatures appear mainly from 

23:30 to 04:00 LT in March and October, with fewer 

detections during the mid-year months. Melrose (Figure 2f) 

exhibits a clear concentration of RSF cases between 00:00 

and 05:00 LT in the post-equinoctial season. For Eglin 

(Figure 2g), limited events are seen during quiet geomagnetic 

periods, typically between 01:00 and 04:00 LT, while Austin 

(Figure 2h) shows weak RSF activity within a narrower 

window of 00:30 to 02:30 LT.  

 
Figure 2: Diurnal Variation of ROTI Events in Association with Spread F across Digisonde stations  

over North America during 2014 

 

It is also important to note the spatial distribution of the 

analyzed stations as displayed in Figure 2. Specifically, 

Figures 2(a)–(d) represent stations located at the transitional 

region (above 40° N), namely Idaho, Boulder, Alpena, and 

Millstone. These stations generally exhibit stronger and more 

persistent RSF occurrences. In contrast, Figures 2(e)–(h) 

illustrate stations located at mid-latitudes (below 40° N), 

namely Wallops, Melrose, Eglin, and Austin, where the RSF 

occurrences tend to be weaker and less frequent. This 

apparent north-south difference further supports the role of 

latitude in shaping the ionospheric response to geomagnetic 

and atmospheric disturbances. The enhanced irregularity 

activity observed in the transitional region may be more 

strongly influenced by auroral effects and the equatorward 

penetration of LSTIDs. Paul et al. (2024) observed 

comparable variations in Spread F occurrences between 

European stations situated above and below 45°N, suggesting 

that differing underlying mechanisms drive these 

irregularities. The authors opined that auroral LSTIDs and 

MSTIDs emerge as the primary factors contributing to mid-

latitude ionospheric irregularity formation. 

In contrast to the European sector studied by Paul et al. 

(2024), which showed that ROTI events over mid-latitude 

stations such as Juliusruh, Chilton, and Fairford were mostly 

confined between 18:00 and 05:30 UT and strongly correlated 

with auroral electrojet activity, the diurnal distribution of 

ROTI events in the North American dataset shows notable 

differences.  

Specifically, the temporal distribution of ionospheric 

irregularities does not always align with the European 

nighttime window, and events are observed to occur both 

earlier and with less consistency across local time. This 

discrepancy can be partially attributed to differences in 

magnetic latitude, longitudinal sector, and the geomagnetic 

configuration of the North American ionosphere. 

3.2  Seasonal Variation 

Figures 3 and 4 illustrate the seasonal variation in monthly 

occurrences of mid-latitude ROTI values exceeding 0.15 

TECU/min, specifically during instances of RSF across two 

distinct latitude bands. In Figure 3, the horizontal axis denotes 

the months of the year, while the vertical axis indicates the 

number of days with ROTI enhancements linked to RSF 

activity. Among the locations analyzed, Idaho shows a 

notably high occurrence rate of ionospheric irregularities, 

with a pronounced peak during April (vernal equinoctial 

period). Additionally, secondary maxima occur in March 

(vernal equinoctial period) and September (autumnal 

equinoctial period) shown by Alpena. Similarly, the 

transitional region stations (Idaho, Boulder, Millstone, and 

Alpena) experience maximum ionospheric irregularity 

occurrence, with a secondary peak in March-April as shown 

in Figure 3(a).  
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Figure 3(b) illustrates the monthly distribution of ionospheric 

irregularities observed at mid-latitude digisonde stations 

within North America. Notably, Austin experienced peak 

ionospheric irregularity occurrence during November, and 

Wallops experienced peak ionospheric irregularity 

occurrence during June-July, particularly in July 2014. 

 

 

Figure 3: Seasonal patterns in ROTI events associated with RSF were observed across North American transitional and 

mid-latitude ionospheric regions in 2014, specifically at (a) transitional region digisonde stations such as Idaho, Boulder, 

Millstone, and Alpena and (b) mid-latitude region digisonde stations including Austin, Wallops, Eglin, and Melrose 

 

Figure 4 presents a comparative analysis of the monthly 

frequency of ionospheric irregularities observed at 

transitional and mid-latitude stations.  The vertical axis 

represents the mean number of days impacted by ROTI 

events linked to recordings from transitional and mid-latitude 

stations. The transitional stations (indicated by sky colour) 

predominantly experience irregularities between March and 

April, while the mid-latitude stations (green colour) are most 

affected in November. 

 
Figure 4: A seasonal comparison of ROTI occurrences 

linked to RSF was conducted using data from transitional 

and mid-latitude digisonde stations across North America 

during 2014 

The seasonal variation highlights the latitudinal sensitivity of 

mid-latitude ionospheric irregularities. The analysis 

concludes that the transitional stations exhibit peak 

irregularity occurrences in April, whereas mid-latitude 

stations peak in November. Findings of the current study are 

consistent with previous observations by Paul et al. (2023, 

2024) that reported similar trends in spread F occurrences 

across Europe, where upper mid-latitude stations exhibited 

peaks in winter (December-January) and lower mid-latitude 

stations in summer (May-August). Liu and Shih-An (2021) 

also noted that TEC and ROTI activity peaked in late March 

and May-June, which aligns with the findings of Paul et al. 

(2023, 2024). Comparing the results of the current study with 

the previous ones suggests that while seasonal variation in 

ionospheric irregularities follows a latitudinal pattern, the 

timing of peaks may differ between North America and 

Europe, indicating regional variations in ionospheric 

behaviour. 

The analysis reveals that all notable ROTI events exceeding 

0.15 TECU/min in 2014 coincided with the presence of RSF 

and distinct MSTID signatures across the Digisonde stations. 

These findings indicate that elevated ROTI activity is likely 

influenced by gravity waves. Furthermore, the diurnal and 

seasonal behaviours of ROTI occurrences exhibit clear 

latitude-dependent trends, with maximum activity recorded 

between 01:30 and 8:30 UT. The peak seasonal occurrence 

for transitional stations is in April, whereas for mid-latitude 

digisonde stations, it occurs in November. 

3.3 Case Study 

3.3.1 Case Study 1: (6 April 2014) 

On 6 April 2014, ionospheric irregularities were observed in 

the transitional region of the North American longitude 

sector. This period was geomagnetically quiet, with a 

minimum Dst value of −23 nT. Notably, significant ROTI 

activity (>0.15 TECU/min) was recorded at all stations during 

the nighttime on 6 April 2014, as illustrated in Figure 5. 

Additionally, mid-latitude spread F was detected over the 

three stations throughout the observation period. At 

transitional stations in Idaho and Boulder, clear ROTI activity 

(>0.15 TECU/min) was observed from 06:00 to 14:00 UT. 

Furthermore, RSF spread F signatures were evident in the 

ionograms from Idaho and Boulder during this interval. 

Figure 5 presents a GPS-based ROTI map capturing RSF 

formation at the corresponding times: Idaho at 08:00 UT, and 

Boulder at 08:15 UT. 
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Mrak et al. (2023) highlighted that the concurrent appearance 

of spread F and ROTI activity indicates the development of 

large-scale ionospheric irregularities, spanning from a few 

meters to several tens of kilometers. Similarly, Sivakandan et 

al. (2020) documented a case of intense ROTI over the mid-

latitude ionospheric transition zone in India on 13 June 2018, 

which aligned with spread F signatures, further confirming 

the presence of such irregularities.  

While multiple investigations have observed the co-

occurrence of elevated ROTI values with spread F structures 

at mid-latitudes, the distinctive feature of this particular case 

is the sole appearance of RSF. Unlike other spread F types, 

such as FSF, only RSF was detected alongside significant 

ROTI enhancements at the Idaho and Boulder stations. 

We analyzed detrended TEC (d-TEC) maps during the time 

interval shown in Figure 6, with Idaho, Boulder, and Alpana 

marked in pink. Notable d-TEC fluctuations between −0.1 to 

0.2 TECU were observed over all two stations from 

approximately 06:30 to 07:30 UT, indicating the presence of 

nighttime medium-scale traveling ionospheric disturbances 

(MSTIDs), as suggested by Haralambous et al. (2023). 

Similarly, d-TEC maps for Idaho and Boulder revealed 

comparable fluctuations, reinforcing the occurrence of 

MSTIDs. 

 

Figure 5: Observation of ROTI occurrences linked to RSF over transitional region digisonde stations Idaho (LT = UT-7h) 

and Boulder (LT = UT-7h) in the North American longitude sector on 6 April 2014, under geomagnetically quiet 

conditions (Dst~ −23 nT) 

 

Figure 6: Detrended TEC maps illustrate the positions of the transitional region digisonde stations, Idaho (LT = UT-7h) 

and Boulder (LT = UT-7h), within the North American longitude sector on April 6, 2014, during a period of relatively 

quiet geomagnetic conditions (Dst approximately −23 nT) 
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Previous studies (Paul et al., 2018; Shimazaki et al., 1962) 

have demonstrated that MSTIDs play a crucial role in the 

generation of mid-latitude spread F. Additionally, Ye et al. 

(2023) investigated spread F across Japan at the high-latitude 

station of Wakkanai (45.4° N, 141.7° E), emphasizing the 

significance of polarization electric fields in MSTID 

propagation and spread F formation. Our findings further 

support the role of gravity wave-induced MSTIDs in the 

development of RSF, which in turn contributes to enhanced 

ROTI activity. 

3.3.1 Case Study 2: (13 July 2014) 

On July 13, 2014, another instance of ionospheric 

irregularities was recorded under geomagnetically quiet 

conditions, with a minimum Dst index of −9 nT. Pronounced 

spread F structures and elevated ROTI values were observed 

simultaneously at all three transitional digisonde stations, 

Idaho, Alpana, and Boulder, signaling substantial ionospheric 

perturbations. Over Idaho, ROTI values exceeding 0.2 to 0.3 

TECU/min were recorded from 03:30 to 11:30 UT, along 

with the presence of RSF. Similarly, between 01:30 and 09:30 

UT, significant ROTI activity was noted over Alpana. In 

Boulder, clear ROTI values in the range of 0.2 to 0.3 

TECU/min were observed between 03:30 and 09:30 UT, with 

RSF also present during this period. Figure 7 provides a visual 

representation of the concurrent ROTI activity and RSF 

observed at these locations on 13 July 2014. 

From Figure 7, it is evident that strong ROTI activity 

associated with RSF occurred over Idaho, Alpena, and 

Boulder around 06:15 UT. Over Alpena, this activity was 

registered at 03:00 UT, while in Boulder, it was noted around 

06:45 UT. Additionally, Figure 8 displays the detrended TEC 

(d-TEC) maps during this period, highlighting the locations 

of the three transitional digisonde stations using red markers. 

MSTID signatures, characterized by d-TEC fluctuations 

(~−0.4 TECU), were observed at all three stations between 

03:00 and 09:00 UT, further confirming the presence of 

ionospheric disturbances. 

 

 
Figure 7: ROTI events associated with RSF were observed on July 13, 2014, at transitional regional digisonde stations, 

Idaho (LT = UT-7h), Boulder (LT = UT-7h), and Alpena (LT = UT-5h), within the North American longitude sector, 

during a geomagnetically quiet interval (Dst approximately −9 nT) 
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Figure 8: Detrended TEC maps display the positions of the transitional digisonde stations, Idaho (LT = UT-7h),  

Boulder (LT = UT-7h), and Alpena (LT = UT-5h), within the North American longitude sector on July 13, 2014,  

during geomagnetically quiet conditions (Dst ~ −9 nT) 

 

The observed ionospheric irregularities, particularly ROTI 

and RSF, are primarily driven by plasma instabilities in the F-

region ionosphere. Spread F, including RSF, occurs due to 

perturbations in electron density caused by plasma 

instabilities such as the Perkins instability and gravity wave 

seeding (Perkins, 1973; Dungey, 1956). These instabilities 

create large-scale plasma structures that evolve into smaller-

scale irregularities, disrupting radio signals and increasing 

ROTI values. MSTIDs, often linked to atmospheric gravity 

waves, play a crucial role in generating spread F at mid and 

high latitudes (Hunsucker, 1982; Paul et al., 2018). Gravity 

waves, originating from sources like weather systems and 

auroral activity, induce electric fields that modify plasma 

dynamics, leading to the development of RSF and associated 

ionospheric irregularities. The MSTID signatures observed in 

d-TEC maps further support this connection, demonstrating 

how wave-driven disturbances contribute to ionospheric 

structuring and affect signal propagation (Haralambous et al., 

2023). 

In this case study, the concurrent occurrence of high ROTI 

and RSF across multiple stations suggests that gravity wave-

induced MSTIDs played a key role in triggering plasma 

irregularities. These findings reinforce the understanding that 

MSTIDs act as a primary driver of mid-latitude ionospheric 

disturbances, influencing both the formation of RSF and the 

enhancement of ROTI activity. 

3.3.3 Case Study 3: (5 November 2014) 

The impact of the geomagnetic storm in this case study is 

demonstrated through intense ROTI associated with RSF. 

This section discusses the spatial and temporal extent of 

ionospheric irregularities during the storm period. The 

geomagnetic storm occurred on 5 November 2014, lasting 

from 00:00 to 19:00 UT, with a minimum Dst value of −43 

nT. On this day, ROTI associated with RSF was observed at 

multiple Digisonde stations across upper and mid-latitudes, as 

shown in Figure 9. 

At transitional region, ROTI (>0.3 TECU/min) was recorded 

over Idaho from 06:30 UT to 14:00 UT, while Alpena and 

Millstone Hill experienced high ROTI values (>0.25 

TECU/min) between 04:00–14:00 UT.  At mid-latitudes 

shown in Figure 10, Wallops recorded ROTI (>0.3 

TECU/min) between 00:00–15:00 UT, while Melrose 

experienced disturbances from 00:00–17:30 UT. Over Eglin 

and Austin, high ROTI values (>0.2 TECU/min) were 

observed from 00:00–19:00 UT. Figures 9 and 10 provide a 

snapshot of the ionospheric irregularities, showing that 

geomagnetic disturbances expand the spatial extent of 

irregularities across both upper and mid-latitudes. A 

comparison with Figures 5 and 7 further highlights this effect. 

Additionally, Figure 11 presents the detrended TEC (d-TEC) 

maps during this period, marking the locations of the affected 

Digisonde stations (Idaho, Alpena, Millstone Hill, Wallops, 

Melrose, Eglin, and Austin) with pink markers. MSTID 

signatures, characterized by d-TEC fluctuations (~−0.4 

TECU), were observed throughout the day at all stations, 

confirming the presence of ionospheric disturbances. 

During geomagnetically quiet periods, as illustrated in 

Figures 5 and 7, ionospheric irregularities are primarily 

influenced by neutral atmospheric processes rather than 

magnetospheric disturbances. MSTIDs, which are often 

attributed to Perkins instability and atmospheric gravity 

waves, dominate mid-latitude ionospheric fluctuations 

(Perkins, 197). These quiet-time irregularities typically 

exhibit weaker ROTI variations and limited Spread F 

occurrences, leading to milder impacts on radio signals and 

GNSS performance (Basu et al., 2002). The absence of strong 

external forcing means that plasma instabilities evolve more 

gradually, shaped mainly by thermospheric winds and 

recombination processes in the F-region. 

In contrast, Figures 9 and 10 highlight ionospheric 

disturbances during geomagnetically active periods, where 

external drivers such as storm-time electric fields, subauroral 

polarization streams (SAPS), and enhanced auroral 

precipitation significantly alter ionospheric dynamics (Huang 

et al., 2006). During storm events, penetration electric fields 

can intensify plasma structuring, leading to stronger ROTI 

values and widespread Spread F occurrences (Abdu, 2012). 

At high latitudes, Joule heating and particle precipitation 

enhance conductivity, triggering global-scale circulation 

changes through the disturbance dynamo effect (Blanc & 

Richmond, 1980). The comparison of Figures 5, 7, 9, and 10 

underscores the fundamental differences in the formation of 

ionospheric irregularities under quiet and disturbed 

conditions, emphasizing the role of magnetospheric inputs in 

amplifying plasma turbulence and affecting GNSS reliability. 
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Figure 9: Examination of ROTI events associated with RSF across three transitional region digisonde station Idaho  

(LT = UT-7h), Alpena (LT = UT-5h), and Millstone Hill (LT = UT-8h), in the North American region, specifically  

on November 5, 2014, during geomagnetic disturbances (Dst ~ −43 nT) 
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Figure 10: Examination of ROTI events associated with RSF across four mid-latitude digisonde stations Wallops (LT = 

UT-5h), Melrose (LT = UT-5h), Eglin (LT = UT-5h), and Austin (LT = UT-6h), in the North American region, specifically 

on November 5, 2014, during geomagnetic disturbances (Dst ~ −43 nT) 
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Figure 11: Detrended TEC maps showing the locations of three transitional digisonde stations Idaho (LT = UT-7h), 

Alpena (LT = UT-5h), and Millstone Hill (LT = UT-5h) and four Mid-latitude Digisonde stations (Wallops (LT = UT-5h), 

Melrose (LT = UT-5h), Eglin (LT = UT-5h), and Austin (LT = UT-6h) in the North American longitude sector on 5 

November 2014, under geomagnetically disturbed conditions (Dst ~ −43 nT) 
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3.3.4 Case Study 4: (19 February 2014) 

An intriguing case of ROTI activity is illustrated in Figure 12, 

depicting the evolution of spread F over Idaho from 07:00 UT 

to 11:00 UT on 19 February 2014 under geomagnetically 

disturbed conditions, with a minimum Dst index of −98 nT. 

In our study, spanning 97 days, we examined approximately 

17,280 spread F events over eight stations, among which only 

two events (0.008%) were identified as possible FSF. In a 

previous study, Paul et al., (2024) observed spread F 

occurrences 53 days in a year but detected one FSF event. 

These observations reinforce the predominance of RSF and 

the negligible occurrence of FSF in our dataset. Therefore, we 

excluded FSF from the correlation analysis, focusing instead 

on the more frequent and geophysically impactful RSF 

events. 

A comparable progression is evident in Figure 12: RSF is 

initially observed at 07:00 UT, followed by increasing range 

ambiguity between 08:00 UT and 09:50 UT, which developed 

into a mixed spread F (MSF) structure and ultimately evolved 

into FSF after 10:00 UT. During this period, high ROTI 

values ranging from approximately 0.2 to 0.25 TECU/min 

were recorded, coinciding with the RSF activity. After 11:00 

UT, ROTI decreased to about 0.1 TECU/min, corresponding 

with the MSF phase, and dropped further to 0.05 TECU/min 

during the FSF development around 04:00 UT. As noted by 

Paul et al. (2018), the RSF to FSF transition involves the 

gradual dissipation of plasma instabilities at increasing F-

layer altitudes, leading to the formation of FSF during post-

midnight hours. This sequence is consistent with the 

interpretation by King (1970), who proposed that FSF 

represents the decay product of RSF.  

 

Figure 12: A case study of ROTI activity during RSF to FSF evolution over Idaho (LT = UT-7h), recorded on 19 February 

2014 during geomagnetically disturbed conditions (Dst~- 98 nT) 
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Figure 13 presents the d-TEC maps of the Idaho stations 

during the evolution from RSF to FSF. The station locations 

in Idaho are indicated by pink markers. Clear MSTID 

signatures were observed in the d-TEC data, with values 

reaching approximately −0.4 TECU, during the period from 

07:00 to 11:00 UT on 19 February 2014. These disturbances 

typically arise during geomagnetic storms, where Joule 

heating and particle precipitation from the magnetosphere are 

the main drivers of this effect (King et al., 1970). Joule 

heating increases the temperature of the upper thermosphere 

at mid-latitudes, intensifying high-speed neutral winds 

through ion drag. As a result, gravity waves and wind surges 

propagate from high latitudes toward the equatorial region via 

the mid-latitude ionosphere. MSTIDs are a visible outcome 

of this dynamic process, as also illustrated in Figure 13.  

 

 

Figure 13: Detrended TEC maps with locations of Idaho (LT = UT-7h), recorded on 19 February 2014 during 

geomagnetically disturbed conditions (Dst~- 98 nT) 

 

Table 2 presents a comparison between the present study and 

two recent studies by Paul et al. (2024) and Hong et al. (2024), 

focusing on ionospheric irregularities across different 

geographical regions, time periods, and solar cycle phases.  

Paul et al. (2024) investigated the correlation between the 

ROTI and Spread-F occurrences during a low-to-moderate 

solar activity year (2011) in Solar Cycle 24. Their analysis 

categorized 271 days as geomagnetically quiet (Dst > -25 nT) 

and 94 days as disturbed (Dst < -25 nT) out of the 365 days. 

Notably, ROTI values exceeded 0.15 TECU/min on 97 days, 

with Spread-F events coinciding on 53 of these days.  

The present study examines the relationship between the 

ROTI and Spread-F phenomena during 2014, a year of 

intensified solar activity within Solar Cycle 24. Analysis 
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revealed that 132 days were classified as geomagnetically 

disturbed during this period. ROTI values exceeded 0.15 

TECU/min on 247 days, with Spread-F events coinciding on 

92 of these days, as shown in Table 2. 

These results underscore the significant impact of elevated 

solar activity on ionospheric irregularities. The increased 

prevalence of geomagnetically disturbed days, coupled with 

the higher frequency of ROTI enhancements and Spread-F 

events, highlights the critical role of solar-driven processes in 

modulating ionospheric dynamics during periods of intense 

solar activity.  

During solar maxima, solar flux intensifies ionospheric 

instability, driving frequent and intense equatorial plasma 

bubbles (EPBs) and electron densities (Abdu, 2012; Carter et 

al., 2014). These conditions foster the development of 

pronounced RSF and enhanced GNSS phase scintillations, 

which in turn elevate ROTI values (Zakharenkova et al., 

2020).  

In contrast, low solar activity periods (e.g., solar minima) 

exhibit reduced solar extreme ultraviolet (EUV) flux, weaker 

ionospheric plasma density gradients, and diminished EPB 

occurrence rates (Aa et al., 2020). The subdued F-region 

vertical drifts and weaker equatorial electrojet currents during 

these periods lead to less frequent RSF and milder 

scintillations, resulting in lower ROTI values. The marked 

differences in both the frequency of ROTI events and Spread-

F detection highlight the significant impact of solar activity 

levels on ionospheric irregularity occurrence and intensity.   

Ionospheric irregularities are strongly influenced by latitude, 

as the ionospheric density and structure vary with 

geomagnetic and geographic latitudes (Kelley, 2009). The 

presence of the equatorial ionization anomaly (EIA) affects 

ionospheric irregularities differently in equatorial, low-

latitude, and mid-latitude regions (Aarons et al., 1980). For 

instance, studies in Europe (Paul et al., 2024) and North 

America (Present Study) typically observe irregularities at 

higher latitudes, where the effects of MSTIDs are more 

pronounced. In contrast, studies in equatorial and low-latitude 

regions, such as those by Hong et al. (2024), focus more on 

the dynamics of ESF and plasma bubbles, which are dominant 

in these regions due to different geomagnetic and atmospheric 

conditions. 

Seasonal variation in ionospheric irregularities is influenced 

by the annual cycle of solar insolation, which affects the 

ionization rates in the ionosphere, as well as the position of 

the geomagnetic equator relative to the Sun (Blanc and 

Richmond, 1980). In regions like Europe, irregularities tend 

to peak in winter (Paul et al., 2024), while in North America, 

as observed in the present study, the peak is during the 

transition months of March, April, and November, likely due 

to the different solar zenith angles and atmospheric conditions 

during these seasons. The variation in solar activity also 

influences the intensity and occurrence of irregularities, as 

higher solar flux results in increased ionization and enhanced 

dynamics in the ionosphere, particularly during the high solar 

activity period (Basu et al., 2001). During different solar cycle 

phases, the intensity and distribution of ionospheric 

irregularities may vary significantly, with enhanced 

irregularities typically observed during solar maximum, as 

seen in the Present Study (2014, solar cycle 24 maximum). 

 

 

Table 2: Comparison of the Present Study with Previous Case Studies on Ionospheric Irregularities 

Criteria Paul et al. (2024) Hong et al. (2024) Present Study (2025) 

Location 
Europe 

(35°N-70°N, -10°E-40°E) 

Asia 

(0°N-25°N, 95°E-115°E) 

North America 

(15°N-50°N, 70°W-125°W) 

Period 2011 2023 2014 

Solar Cycle 
Ascending phase of solar cycle 

24 

Ascending phase of solar 

cycle 25 

High solar cycle 24 

 

Geomagnetically 

Quite days 
271 days 253 days 233 days 

Geomagnetically 

Disturbed days 
94 days 112 days 132 days 

ROTI > 0.15 

TECU/min 
97 days Not Mentioned 247 days 

Spread F Occur 53 days Not mentioned 92 days 

Number of Stations 8 2 8 

Diurnal Variation of 

ROTI 

Maximum irregularities at night 

(18:00–05:00 UT) 

Maximum irregularities at 

night (19:15–23:15 UT) 

Maximum irregularities at night 

(01:30–08:30 UT) 

Seasonal Variation January and July March, April, and October March, April, and November 

ROTI Driving 

Mechanisms 

Equatorial spread F, Gravity 

waves, and MSTID 

Equatorial spread F, plasma 

bubbles, and MSTID 

Equatorial spread F, Gravity 

waves, MSTIDs, and polarization 

electric fields 
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At night, ionospheric instabilities and irregularities typically 

increase due to the cessation of solar ionization, which allows 

the recombination of ions and the formation of instability 

layers (Perkins, 1973). The exact timing of peak irregularities 

can vary across studies depending on the local ionospheric 

conditions and the region's geomagnetic characteristics. For 

example, studies in the mid-latitude regions (Present Study) 

observe maximum irregularities during the early nighttime 

hours (01:30–08:30 UT), whereas studies in other regions 

report peaks at different local times, such as Hong et al. 

(2024), which observed maxima from 19:15 to 23:15 UT. 

These differences can be attributed to variations in the local 

time of sunset, the altitude of the ionospheric F-layer, and the 

local thermospheric conditions. 

Furthermore, polarization electric fields play a significant role 

in the generation of ionospheric irregularities at higher 

latitudes, particularly during high solar activity, when 

increased ionization leads to enhanced electric fields that 

destabilize the ionosphere (Huang et al., 2012). The observed 

dissimilarities in ionospheric irregularities across different 

studies can be attributed to the combined effects of latitude-

dependent ionospheric dynamics, local thermospheric 

conditions, solar activity, and geographic factors. These 

factors interact to produce region-specific irregularity 

characteristics, highlighting the importance of considering the 

spatial and temporal context when studying ionospheric 

irregularities. 

Although the paper discusses a potential correlation between 

ROTI and Spread F (particularly RSF), statistical correlation 

analysis was not conducted due to key limitations in the 

dataset. Specifically, both ROTI and ionogram data were 

classified into binary categories (Present/Absent), limiting the 

statistical resolution. Furthermore, a mismatch in temporal 

resolution exists, ROTI maps are generated at 10-minute 

intervals, while ionogram sampling intervals vary across 

stations (see Table 1). Additionally, RSF events often persist 

across multiple ionograms, complicating the temporal 

alignment between ROTI fluctuations and RSF occurrences. 

These factors collectively rendered conventional statistical 

methods unsuitable for robust correlation analysis. 

4. CONCLUSION  

This study provides a comprehensive investigation of mid-

latitude ionospheric irregularities over North America by 

integrating Digisonde ionograms, high-resolution ROTI and 

d-TEC maps, and geomagnetic indices. Our results reveal that 

the seasonal and latitudinal variations of Spread F 

occurrences and ROTI fluctuations are strongly linked to 

MSTIDs and geomagnetic activity. A clear seasonal 

dependence was observed, with upper and mid-latitude 

stations peaking in April and lower mid-latitude stations 

exhibiting maximum irregularity occurrences in November. 

Through detailed case studies, we demonstrated that 

MSTIDs, likely driven by gravity wave dynamics, play a 

crucial role in generating plasma irregularities, which in turn 

enhance ROTI values and contribute to Spread F formation. 

Under quiet geomagnetic conditions, these irregularities 

exhibit a strong nighttime preference. Conversely, during 

disturbed geomagnetic conditions, as seen in the November 

5, 2014, geomagnetic storm, the spatial extent of ionospheric 

irregularities increased significantly, affecting both upper and 

lower mid-latitude stations for both daytime and nighttime. 

These findings offer new insights into the mechanisms 

governing mid-latitude ionospheric disturbances, reinforcing 

the role of MSTIDs in the formation of Spread F and ROTI 

enhancements. Our study highlights the necessity of 

continuous, high-resolution monitoring of ionospheric 

irregularities to improve space weather forecasting and 

mitigate the impact of ionospheric disturbances on GNSS-

based navigation and communication systems.  

This study focused solely on the detection of Spread F 

presence or absence, not on subtype classification. Therefore, 

the risk of interpretive variation was limited. We 

acknowledge that automated classification techniques, 

including machine learning approaches, hold promise for 

large-scale, objective subtype analysis. However, these 

methods were not within the scope of the present work and 

are suggested as a potential direction for future research.   

To operationalize ROTI–Spread F correlations in real-time 

space weather forecasting, the following strategies are 

proposed: 

a) Dynamic ROTI Threshold Alerts: Implement 

adaptive ROTI thresholds (e.g., >0.15 TECU/min) to 

flag potential RSF events, enabling timely warnings for 

GNSS users about probable ionospheric irregularities. 

b)  Model Assimilation: Integrate real-time ROTI data 

into advanced ionospheric forecast systems such as 

Global Assimilation of Ionospheric Measurements 

(GAIM) and Thermosphere-Ionosphere-

Electrodynamics General Circulation Model (TIE-

GCM) to improve the accuracy and responsiveness of 

space weather forecasts. 

c) Multi-Instrument Fusion: Combine ROTI data with 

complementary ionosonde measurements and optical 

observations (e.g., airglow imaging) to create a 

comprehensive, multi-dimensional situational 

awareness of ionospheric conditions. 

d) Machine Learning Optimization: Employ machine 

learning models trained on ROTI time-series alongside 

geophysical indices (such as Kp, Dst, and solar flux) to 

enhance predictive estimates of Spread F occurrence 

and intensity. 

e) GNSS Resilience Enhancements: Incorporate ROTI-

based quality flags into GNSS receiver algorithms to 

identify and exclude compromised signals during high-

disturbance periods, thereby mitigating positioning 

errors and improving system robustness. 

f) Automated Spread F Subtype Classification: 
Develop and apply automated classification models to 

distinguish between Spread F subtypes. Future research 

could explore methods such as convolutional neural 

networks (CNNs), support vector machines (SVMs), or 

decision tree classifiers trained on labeled ionogram 

datasets to enable large-scale, objective subtype 

analysis 

These measures collectively advance the precision of 

ionospheric disturbance forecasts, bolstering the reliability of 

GNSS navigation and communication systems during space 

weather events. 
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