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Abstract This study investigates the potential of localized total electron content (TEC) perturbation
measurements, possibly associated with bottomside upwelling of the F-layer, as precursors for forecasting
ionospheric plasma irregularities, particularly the equatorial plasma bubbles (EPBs). We utilize TEC
measurements from the Coherent Electromagnetic Radio Tomography (CERTO) onboard C/NOFS satellite,
received by a GNU Radio Beacon Receiver (GRBR) at Phuket (8°N, 98.32°E; dip latitude ~0.7°N) to identify
early signatures of the F-layer upwelling in the evening sector, within the field-of-view of the Equatorial
Atmosphere Radar (EAR) at Kototabang (0.2°S, 100.3°E, dip latitude ~ 10°S). Simultaneous occurrences of
EPBs are monitored using the scanning capability of EAR, enabling a direct comparison between the observed
TEC perturbations and the development of EPBs. Additionally, ionosonde measurements from Chumphon
(10.5°N, 99.4°E; dip latitude ~ 3.6°N) are employed to substantiate these findings. The 445-day analysis (2012—
2014) under varying solar and geomagnetic conditions shows that while TEC perturbations often precede EPBs,
not all lead to their development. EPB occurrence has been found to vary with perturbation amplitude, inferring
that only certain perturbation strengths are conducive to EPB formation. Further, a receiver operating
characteristic (ROC) curve analysis indicates that a TEC perturbation threshold of 5.65% yields a prediction
accuracy of ~96%, providing a lead time of ~18-86 min. These findings demonstrate the feasibility of a
satellite-ground network comprising low-inclination satellites with GRBR-like receivers, sequentially
traversing the same longitude sector at ~30-min intervals, for real-time monitoring and forecasting of EPBs
over a broad longitudinal sector.

Plain Language Summary Ionospheric plasma irregularities, such as the equatorial plasma bubbles
(EPBs), disrupt satellite communication and navigation systems. Forecasting their day-to-day occurrence
remains difficult due to complex growth and propagation characteristics. This study examines localized total
electron content (TEC) perturbations, interpreted as potential signatures of bottomside F-layer upwellings, as
precursor to EPB development. TEC measurements from the Communication/Navigation Outage Forecasting
System (C/NOFS) satellite, received at a GNU Radio Beacon Receiver (GRBR) in Phuket, Thailand, are
analyzed to identify potential early signatures of F-layer upwellings within the field-of-view of the Equatorial
Atmosphere Radar (EAR) at Kototabang, Indonesia. Using EAR's scanning capability, these perturbations are
directly compared with simultaneous EPB detections. Analysis of 445 days of observations under varying solar
and geomagnetic conditions shows that the TEC perturbations often precede EPBs, though not all lead to their
growth. A receiver operating characteristic (ROC) curve analysis indicates that a 5.65% TEC perturbation
threshold yields ~96% prediction accuracy with 18—-86 min of lead time. These results highlight the feasibility
of a satellite-ground observational network, using low-inclination satellites with GRBR-like receivers and ~30-
min longitudinal sampling, for real-time EPB monitoring and forecasting of EPBs over a large longitude sector.

1. Introduction

Ionospheric plasma irregularities such as the equatorial plasma bubbles (EPBs) are plasma density irregularities
with scale sizes ranging from a few centimeters to hundreds of kilometers that predominantly occur in the Earth's
equatorial and low-latitude ionosphere during post-sunset hours (e.g., Abdu, 2001; Haerendel, 1973; Kel-
ley, 2009). It was first observed in the form of diffused F-region echoes in an ionogram by Booker and
Wells (1938) and termed as equatorial spread F (ESF). These irregularities can significantly disrupt radio wave
propagation, satellite communications, and navigation systems, including causing Global Positioning System
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(GPS) loss-of-lock (e.g., De Michelis et al., 2022; Kintner et al., 2007; Xiong et al., 2016), where satellite signals
are lost due to signal degradation or disruption. As a result, EPBs can lead to inaccuracies in positioning and
navigation services, particularly in critical applications like aviation and disaster management. The prediction of
these events is essential for both scientific research and practical space weather applications to mitigate potential
impacts on communication and navigation systems.

EPBs are believed to form after sunset at the base of the F layer near the magnetic equator through the Rayleigh-
Taylor instability (RTI) mechanism, which arises under favorable background ionospheric conditions. Once
initiated, these plume-like structures rise and expand latitudinally, producing wedges of plasma density depletions
and irregularities across both hemispheres (e.g., Balsley et al., 1972; Kelley et al., 1976; Scannapieco & Ossa-
kow, 1976; Sultan, 1996; Tsunoda et al., 1982; Weber et al., 1978; Woodman & La Hoz, 1976). A characteristic
feature of EPBs is their eastward drift, driven by vertical electric fields produced by the F-region dynamos (e.g.,
Eccles, 1998; Haerendel et al., 1992). The growth rate of RTI is governed by several factors, such as zonal electric
fields, neutral winds, the vertical gradient of F-region plasma densities, ion-neutral collision frequency, and
magnetic field strength (e.g., Abdu, 2001; Burke et al., 2004; Kelley, 2009; Ott, 1978; Sultan, 1996). Addi-
tionally, previous studies have highlighted the importance of a seed perturbation primarily believed to be orig-
inated from atmospheric gravity waves (AGWs) in accelerating the growth of EPBs, leading to their rapid
evolution and expansion (e.g., Kelley et al., 1981; Rottger, 1973; Tsunoda, 1985; Tsunoda et al., 1979; Woodman
& La Hoz, 1976). These waves modulate the bottomside F-region plasma, creating a spatial wave structure with
regions of enhanced and depleted electron density, which can trigger the RTI and lead to EPB formation from the
depleted regions (e.g., Das et al., 2020, 2021; Huang & Kelley, 1996; Makela et al., 2010; Singh et al., 1997;
Takahashi, 2008). Using ionosonde and radar observations Das et al. (2020) have demonstrated a close linkage
between these pre-sunset wavestructures (zonal wavelength 160-520 km) with inter-bubble spacings of EPBs
(zonal wavelength 200-550 km), inferring potential seeding mechanism for the formation of EPBs.

Numerous studies have investigated the relationship between the occurrence of EPBs and key ionospheric pa-
rameters, particularly the strength of the pre-reversal enhancement (PRE) of the zonal electric field and the height
of the F-layer base. The PRE, which typically intensifies around sunset due to the combined action of the E- and
F-region dynamos, plays a crucial role in initiating the RTI responsible for EPB formation (e.g., Clemesha &
Wright, 1966). Similarly, a higher F-layer base altitude before sunset has been associated with increased EPB
activity, likely due to enhanced instability growth conditions (e.g., Anderson & Redmon, 2017; Redmon
et al., 2010). Specifically, limited success (~80%) has been achieved using threshold base height (h'F) of the
F-layer (e.g., Anderson & Redmon, 2017) or with vertical drift associated to PRE (>40 m/s) obtained from
Communications/Navigation Outage Forecasting System (C/NOFS) (Huang & Hairston, 2015) as an precursor to
ESF. Besides, the field-line integrated growth-rate of the RTI, derived from key governing parameters of
established models such as the Thermosphere-lonosphere Electrodynamics General Circulation Model
(TIEGCM) and the Ground-to-topside Model of Atmosphere and Ionosphere for Aeronomy (GAIA), has been
employed to forecast EPB occurrence (Carter et al., 2014; Shinagawa et al., 2018). These models incorporate
complex thermosphere—ionosphere interactions, including neutral wind dynamics, ionospheric conductivity, and
geomagnetic activity. While this approach has demonstrated a prediction success rate of about 85% (Carter
etal., 2014), its performance is still constrained by the intrinsic variability of the ionosphere and the limited spatial
and temporal resolution of input parameters. Complementary to such model-based efforts, Das et al. (2021), using
ionosonde and radar observations, showed that the local growth-rate of the RTI is strongly linked to the location of
the EPB onset. Specifically, they found that events with growth-rates exceeding 1.0 x 1073 s~! are predomi-
nantly associated with freshly developed EPBs overhead (within +1° longitude of the ionosonde station), whereas
lower growth-rates are typically linked to drifted or non-EPB events. Moreover, in recent years, numerical
prediction approaches, particularly those based on machine learning (ML), have been increasingly applied to
forecast EPB occurrence, achieving success rates of up to 75% (Garcia et al., 2023). Similarly, other ML-based
methods (e.g., Reddy et al., 2023), as well as empirical models such as the Ionospheric Bubble Prediction (IBP)
model (Stolle et al., 2024), have shown reliable performance in statistically predicting ionospheric plasma ir-
regularities. Additionally, Hysell et al. (2019) reported that forecast models incorporating assimilated beacon data
could be used to predict the locations of convective plume formation during ESF events.
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Although the aforementioned methods offer reasonable capabilities in predicting the EPB occurrence, the
inherent complexities in the spatio-temporal evolution, specifically the growth and zonal drift of EPBs, continue
to pose significant challenges in predicting the day-to-day occurrence variability of EPBs (e.g., Das et al., 2021;
Das, Janardana Reddy, et al., 2022). In this context, increasing attention has been directed toward the role of
localized upwellings associated with large-scale wave structures (LSWS), which are superimposed on the PRE-
driven uplift of the F-region bottomside before EPB development (e.g., Tsunoda, 2005; Tsunoda & Eck-
lund, 2007). In fact, direct observational evidence of LSWS was provided by the ARPA Long-Range Tracking
and Instrumentation Radar (ALTAIR) at Kwajalein (e.g., Tsunoda, 1983; Tsunoda & White, 1981; Tsunoda
et al., 1979), which revealed altitude modulations in electron density contours, characterized by zonal wave-
lengths of approximately 400 km, at the F-region bottomside. EPBs were observed to originate near the crests of
these low-density regions, corresponding to localized upwellings. Evidence of LSWS preceding EPB/ESF
development has also been reported in many studies (e.g., Singh et al., 1997; Thampi et al., 2009; Tulasi Ram
et al., 2014). Besides, several studies have reported the satellite traces (STs), an ionogram signature linked to
LSWS to be the precursor to the ESF (e.g., Narayanan et al., 2014; Tsunoda, 2008; Tsunoda et al., 2013). A
working model on the hypothesis of LSWS followed by ESF/EPB development can be obtained at Tsu-
noda (2015). In a recent study, Patra and Das (2023) utilized ionosonde observations to demonstrate that the onset
of EPB is strongly influenced by background ionospheric conditions, specifically characterized by the second

&h'F
d[2 )

upwelling. Their findings revealed that the predictive capability of

temporal derivative of the F-layer base height, that is, which is indicative of localized bottomside F-layer

&' F
dr?
sensitive to the longitudinal proximity of the EPB initiation site relative to the ionosonde station. Reliable pre-

as an EPB onset indicator is highly

diction was achieved when the onset occurred within approximately +1° longitude of the ionosonde location.
Building upon this approach, a subsequent study by Patra and Das (2025) demonstrated an exceptional post-
sunset EPB prediction accuracy exceeding ~99% using ionosonde data from three geographically distributed
stations across India.

Although this technique shows remarkable accuracy in predicting EPB onset near an ionosonde station, extending
the prediction capability across a broader longitude sector can be resource-intensive and challenging. In this
context, radio beacon measurements from the low-inclination low Earth Orbiting Satellites (LEOs) assume
importance. LEOs have been widely utilized to investigate the ionospheric total electron content (TEC) using the
dual-frequency differential phase technique (e.g., Aitchison & Weekes, 1959; Davies, 1980; Garriott, 1960).
Although numerous polar-orbiting satellites carry beacon transmitters, C/NOFS with onboard Coherent Elec-
tromagnetic Radio Tomography (CERTO) beacon transmitter stands out as the first and only satellite placed in a
near-equatorial orbit with a ~ 13° inclination. This unique capability allows C/NOEFS to effectively observe and
characterize zonal variations in TEC across equatorial and low-latitude regions. Interestingly, case studies have
reported the occurrence of LSWS and their subsequent role in triggering EPB development, based on TEC
measurements and scintillation observations from CERTO beacon signals onboard the C/NOFS satellite (e.g.,
Thampi et al., 2009; Tsunoda et al., 2013). In addition, the characteristics of LSWS preceding EPB formation
have been extensively examined and reported in a comprehensive study by Tulasi Ram et al. (2014).

While previous studies have contributed significantly to our understanding of EPB development in association
with LSWS, direct observational evidence, particularly in the spatial domain, linking localized upwellings to the
subsequent formation of EPBs remains scarce. To address this gap, we investigate the linkage between localized
TEC perturbations as a potential signature of localized upwelling derived from TEC measurements from CERTO
beacon onboard the C/NOFS satellite, and the subsequent development of EPBs within the scanning field-of-view
(FoV) of the Equatorial Atmospheric Radar (EAR) located at Kototabang (0.2°S, 100.3°E, dip latitude ~ 10°S).
This investigation further aims to develop a predictive framework for EPB occurrence based on such localized
precursors. The paper first outlines the methodologies used to detect the sites of potential localized upwellings
and to determine EPB onset locations within the EAR's FoV. Subsequently, a series of representative case studies
are presented to demonstrate the spatiotemporal evolution of EPBs following localized upwelling events. The
predictive capability achieved through this analysis is then assessed, and the findings are discussed in the broader
context of advancing future strategies for EPB prediction.
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2. Methodology
2.1. Characterization of Potential Localized Upwellings (LSWS) From TEC Measurements

In this study, we investigate the zonal variation of TEC using measurements from the GNU Radio Beacon
Receiver (GRBR) system (Yamamoto, 2008), installed at Phuket (8°N, 98.32°E; dip latitude ~0.7°N). The
GRBR system receives 150 and 400 MHz beacon transmissions from the C/NOFS satellite, which operates in a
near-equatorial, low-inclination orbit. This configuration enables the examination of localized upwelling features
associated with LSWS across the longitudinal sector of approximately 82°-114°E, encompassing the longitude of
EAR at Kototabang.

For the present analysis, the line-of-sight TEC, derived from the C/NOFS-CERTO radio beacon signals, was
converted to vertical TEC (VTEC) by assuming a mean ionospheric pierce point (IPP) height of 350 km. Due to
the satellite's low-inclination orbit of ~13°, its trajectory primarily spans longitudinal directions near the mag-
netic equator. As a result, the observed TEC variations along the satellite track mainly reflect longitudinal
structures, with minimal influence from latitudinal changes. This configuration is particularly well-suited for
studying longitudinal TEC patterns and equatorial ionospheric features.

To estimate absolute VTEC, the “single-station method” outlined in Tulasi Ram et al. (2012) is employed. This
approach has been validated against the conventional two-station method (Leitinger et al., 1975) and ionosonde-
derived TEC estimates. It accounts for the horizontal TEC gradients along the satellite track, which are primarily
governed by longitudinal variations induced by local time effects. Under the assumption of a quasi-linear TEC
distribution along the satellite path, an initial TEC offset is determined using a bisquare-weighted least squares
fitting technique to improve estimation accuracy. To isolate spatially coherent signatures, large-scale TEC var-
iations with zonal wavelengths exceeding 800 km are removed. The residual zonal perturbations in VTEC (in %)
are interpreted as potential signatures of localized upwellings in the low-latitude ionosphere, consistent with the
correspondence between the characteristics of the zonal TEC variations observed by C/NOFS and the bottomside
upwelling structures detected in the ALTAIR incoherent scatter radar, as discussed in Tsunoda et al. (2011). Such
longitudinal variations in the observed TEC perturbations may be associated with vertical plasma transport driven
by zonally varying PRE linked to bottomside upwellings. This interpretation is consistent with the findings of
Patra et al. (2025), who reported substantial differences in F-layer vertical drift velocities (approximately 29—
49 m/s) within a short longitude zone and attributed this behavior to localized upwelling arising from spatially
varying electrodynamics. It is therefore plausible that the zonal-scale negative TEC perturbations observed by C/
NOFS reflect prevailing upwelling structures at the bottomside of the F layer. These perturbations are quantified
in terms of relative fluctuations, expressed as AVTEC/VTEC (in %), computed as: [VTEC(r) — (VTEC)] x
100/(VTEC), where VTEC(z) represents the instantaneous VTEC and (VTEC) denotes the mean VTEC. More
details on VTEC retrieval and LSWS extraction from C/NOFS beacon observation can be found in Tulasi Ram
et al. (2012).

In this analysis, we characterized potential regions of localized upwellings by identifying the maximum TEC
perturbation amplitudes observed by C/NOFS-CERTO within the EAR's FoV between 17:00 LT and the time of
apex F-region sunset, considering that EPBs typically occur on or before the apex F-region sunset (e.g., Das,
Pavanchaitanya, et al., 2022; Yokoyama et al., 2004). For context, the C/NOFS satellite operated in a low Earth
elliptical orbit with a perigee of ~400 km, an apogee of ~850 km, and an orbital period of ~97 min during the
observed period. An example of a potential localized upwelling detected from GRBR-received TEC measure-
ments can be obtained from Figure 3c.

2.2. Estimation of Onset Location of EPBs

To accurately determine the onset location of EPBs, this study utilizes the high-resolution scanning capability of
the Equatorial Atmosphere Radar (EAR), operating at 47.0 MHz with a peak transmission power of 100 kW. The
EAR is situated in Kototabang (0.2°S, 100.3°E, dip latitude ~10°S), and is capable of detecting field-aligned
irregularities (FAIs) associated with EPBs at spatial scales down to approximately 3 m. The radar employs an
active phased-array antenna system that enables pulse-to-pulse electronic beam steering across a wide FoV,
allowing for flexible and rapid scanning of the ionospheric volume (Fukao et al., 2003).

The EAR system scans a fan-shaped sector from 130° to 230° in azimuth, with beam zenith angles ranging from
24°1t0 37.5°, enabling observations of FAIs nearly perpendicular to the geomagnetic field over altitudes between
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25 Bk e B |} the present analysis, EAR data were acquired at 16 azimuthal beam di-

Geographic Latitude (deg.)

rections, covering a zonal distance of approximately £500 km at an altitude of
~400 km, centered over Kototabang. The multibeam observations were
processed to derive the zonal distribution of radar echo signal-to-noise ratio
(SNR), associated with FAIs. In the present study, EPB onset locations within
- the radar's scanning FoV are identified using the spatial distribution of SNR,
following the approach outlined in Patra et al. (2014).

2.3. Characterization of Localized Upwelling Using Ionosonde
Observation

To characterize localized bottomside upwellings in the ionosphere based on
background ionospheric conditions, we employ ionosonde observations from
Chumphon (10.5°N, 99.4°E; dip latitude ~3.6°N), a station within the
Southeast Asia Low-Latitude Ionospheric Network (SEALION) (Maruyama
et al., 2007). The ionosonde is a Frequency Modulated—Continuous Wave

'%?QQ e (FM-CW) sounder operating in the 2-30 MHz range, providing ionograms

Figure 1. Map showing the geographic locations of the GRBR receiver in
Phuket (PKT), the EAR radar in Kototabang (EAR), and the ionosonde
station in Chumphon (CMP). The blue line marks the magnetic equator,

85

T

90

T T T T
00 105 110 115 120
Geographic Longitude (deg.) For the present analysis, the ionospheric parameter of interest is the virtual

every 5 min.

height of the F-layer base, denoted as 4’ F. To investigate localized vertical
plasma upwelling over the ionosonde station, we strictly follow the meth-
odology outlined in Patra and Das (2025). Specifically, the second temporal

while the shaded area (in yellow) represents the longitudinal observational derivative of h’F, that is, dz;’#, is used as a diagnostic to detect upwelling
coverage of EAR. . e anF
events that precede the onset of an EPB. The first derivative €5~ is calculated

and smoothed using a seven-point running mean (35-min window), from which the second derivative is subse-

R
dr?

seven-point running mean. In accordance with Patra and Das (2025), a threshold of 0.01 m/ s2, observed between

quently computed. To reduce high-frequency fluctuations, the resulting series is further smoothed using a

17 LT till the apex F-region sunset, is used to characterize significant localized upwelling events.

It is noteworthy that the Chumphon ionosonde lies within ~ 1° longitudinal distance of the EAR radar site and can
therefore be used to characterize the background ionospheric conditions over EAR longitude (e.g., Patra &
Das, 2023). For further details on the derivation and implementation of this technique, readers are referred to Patra
and Das (2025).

2.4. Estimation of Growth-Rate of RTI (y)

In order to substantiate the findings from TEC based observations, we have also estimated the local growth-rate of
RTI following the methodology outlined in Das et al. (2021). Specifically, we adopted Equation (25) from
Sultan (1996), which incorporates local parameters at the magnetic equator. Based on this formulation, the linear
growth rate of the RTI is given as:

y=<§_£)i% (1)

B v, ) nyoz

where y is the growth-rate, E is the zonal electric field, B is the strength of the Earth's magnetic field, g is the
acceleration due to gravity, v;, is the ion—neutral collision frequency, andnlo ‘3—2’ is the inverse vertical gradient scale

length of the electron density. To calculate the gravity driven term that is, £, “g” is taken as 9.8 m/s?, and to

n

obtain the ion-neutral collision frequency (v;,) profile, we adopted the following equation from Kelley (2009):

Uy =2.6 X 107 (n, + n;) A2 2)
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Table 1

where, n, and n; are the neutral and ion density, respectively, and A is the

Details of Observational Data for Different Years With Yearly Averaged mean neutral molecular weight. The altitude-dependent parameters of the
Solar Flux Condition, and Geomagnetic Activity in Terms of Kp aforementioned parameters are obtained from the MSISE-90 model

Year Mean Fjg7 (sfu)

Mean Kp Number of observations

(Hedin, 1991).

2012
2013
2014
Total

121.2
128.3
145.1

1.47 144

1.70 130 To evaluate the RTI growth-rate, we considered the time when the vertical
130 171 drift of the F layer (dh’ F/dt) reached its peak value during the evening hours,

corresponding to the PRE period. The ion—neutral collision frequency (v;,)

e was calculated at the equatorial heights conjugate to the 4’ F values observed
by the Chumphon ionosonde at that time. The vertical drift term (E/B) was

derived from the observed rate of change of h’F (dh'F/dt) at Chumphon,
assuming that B is approximately horizontal over the magnetic equator. The inverse vertical gradient scale length,

an) ‘3—’; is obtained from the electron density profile obtained from Chumphon's ionosonde.

Since this formulation does not account for field-line integrated parameters, the estimated y could be higher than
the actual. It should also be noted that the estimated y at Chumphon longitude is considered representative for the

EAR longitude as well, given that the zonal separation between the two locations is less than ~ 1°, consistent with
Das et al. (2021).

It should be noted that the methods described in Sections 2.3 and 2.4 are not used for real-time forecasting of
EPBs. Instead, they are used to substantiate the interpretations derived from the TEC-based measurements and to
link the bottomside F-layer processes with those inferred from the TEC observations.

3. Observational Data Set and Geophysical Conditions

In this study, we analyze 445 days of data from 2012 to 2014, when C/NOFS beacon measurements within the
EAR's longitudinal FoV, recorded by the GRBR receiver at Phuket (between 17 LT till the apex F-region sunset)
and corresponding EAR radar observations were available on the same days. To supplement the primary data set
and further validate the findings, ionosonde observations from Chumphon are also analyzed. The geographic
locations of all stations involved in this study are presented in Figure 1. Table 1 summarizes the observational
coverage of simultaneous EAR and beacon measurements for each year, including solar flux levels and
geomagnetic activity characterized by the F10.7 index (Tapping, 2013) and the Kp index (Matzka et al., 2021),
respectively.

Figure 2 summarizes the data distribution, where Panels 2a—2c present the distributions of day-of-year, solar flux,
and geomagnetic activity, respectively. The data set spans a broad range of solar flux (F10.7 = 88-224 sfu) and
geomagnetic conditions (Kp = 0-5.7), highlighting the inclusion of diverse geophysical conditions. Figure 2d
presents a pie chart categorizing the 445 EAR observational days based on EPB activity: (a) EPB onsets detected
within the EAR's FoV (in green), (b) EPBs that have onsets outside the FoV of EAR and drifted later in the FoV of
EAR, during their eastward propagation (in sky-blue), and (c) cases with no EPB activity detected within the FoV
(in gray). Additionally, the seasonal distribution of the data set is shown in Figure 2e, with classifications based on
typical equinoctial and solstitial periods, namely, March equinox (February—April), June solstice (May—July),
September equinox (August—October), and December solstice (November—January).

4. Results
4.1. EPB Onset Overhead to EAR Longitude

Figure 3 shows a case study on 28 March 2013, highlighting a freshly developed EPB event observed over the
EAR longitude. Figure 3a illustrates the trajectory of the IPPs corresponding to the beacon signals transmitted by
C/NOFS and received by the GRBR receiver at Phuket along its orbit at 12:05 UT. Figure 3b shows the variation
in the estimated VTEC, and Figure 3c represents the TEC perturbations (in %) along the IPP longitude. A pro-
nounced TEC perturbation exceeding 25% (negative AVTEC/VTEC) can be observed between 105 and 110°E,
outside the EAR's FoV. Additionally, a second perturbation, with an amplitude of ~10%, can be observed shortly
after the E-region sunset (green dashed line) at 99—101°E (right above the EAR longitude), within the EAR's FoV
(yellow shaded region). Note that the ~10% TEC perturbation is evident over the EAR longitude (Kototabang)
around 18:40 LT.
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Figure 2. Distribution of the observational data set (445 days) in terms of (a) day-of-year, (b) geomagnetic index (Kp), and
(c) solar-flux level (F10.7cm). Pie-charts showing (d) distribution of observations with EPBs onset within the field-of-view
(FoV) of EAR, drifted EPBs, and no-EPBs and (e) seasonal distribution of the observational data set.

Figures 3d-3f show the ionosonde observation from Chumphon on the same day. The top panel shows the
temporal variation of 4’ F from 14 LT until the start of the ESF in the ionogram (represented as gray vertical lines),
where the /4’ F can be seen to attain a peak height of ~360 km. The middle panel show the temporal variation of the
vertical drift of the F-layer bottom (%), which can be seen to attain a maximum of ~40 m/s prior to the ESF

&n’' F
dr?

onset. Similarly, the second time derivative of the F-layer bottom height ( ) exceeds 0.01 m/s” prior to the

appearance of ESF in the ionogram, indicating prevailing bottomside F-layer upwelling over the EAR longitude
and suggesting the imminent onset of an overhead EPB. This inference aligns with the findings of Patra and

Das (2023, 2025), where a threshold of dZ‘Z;F > 0.01 m/s? was used to predict overhead EPB onset. Furthermore,

the RTI growth rate (y), estimated following the methodology described in Section 2.4, is found to be

12.32 x 107* s™!, reinforcing the evidence of a fresh EPB onset above the ionosonde station (Das et al., 2021)

2,/ . .
4h.F diagnostic.

and consistent with the

Figures 3g and 3h shows the EAR observation on the same evening between 18 and 06 LT (next day). The top
panel shows the Altitude-Time-Intensity (ATI) map of the signal-to-noise ratio (SNR) of FAIs observed by an
antenna beam looking southward and perpendicular to magnetic field lines, whereas the bottom panel shows the
temporal variation of echo intensity from EPB plumes against zonal distance at an altitude of 300 km. The ATI
map confirms the presence of two backscatter plumes of EPBs, both extending more than 500 km in the FoV of
EAR on this evening. The bottom panel reveals that while the first EPB plume has originated right overhead of
EAR longitude at ~19:42 LT and drifted eastward afterward, the second EPB has occurred at western longitude
outside the radar's FoV and drifted over EAR later during the evening (at ~21:25 LT).

This observation confirms the presence of a deep TEC perturbation (~10%) preceding the onset of a fresh EPB
over the EAR longitude by approximately 1 hr, while simultaneous ionosonde measurements from Chumphon
provide evidence of a prevailing upwelling structure at the bottomside of the F-layer.
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Figure 3. (a) Trajectory of the IPPs (in solid black) corresponding to the beacon signals transmitted by C/NOFS and received by the GRBR receiver along its orbit at
12:05 UT, (b) vertical TEC, and (c) TEC perturbation along IPP longitude. The red vertical arrow depicts the location of Kotatabang (EAR). The dashed vertical lines in

green and magenta colors in panels (b) and (c) represent the E- and F-region sunset terminators, respectively. Temporal variations in (d) 2’ F, (e) “

dh

dt2

observed by ionosonde at Chumphon. The green and magenta down arrows represent the E- and F-region sunset times over Chumphon. (g) Altitude—time variations of the
signal-to-noise ratio (SNR) of field-aligned irregularities (FAIs), and (h) Zonal distribution and movement of FAIs at 300 km, observed by EAR on 28 March 2013. The
dashed-dotted blue line in panel (a) represents the magnetic equator. The dashed magenta line in (g) and (h) represents the sunset times at different altitudes and 300 km,
respectively. The black vertical arrows in (g) mark the times of the occurrence of FAIs associated with EPBs.

4.2. EPB Onset Slightly East of EAR Longitude

Figure 4 depicts a case study on 04 April 2012, where the onset of the EPB occurred slightly east of EAR
longitude but within the radar's FoV. Figure 4a shows the trajectory of the IPPs of the beacon rays transmitted by
C/NOFS and received at GRBR receiver along its orbit at 11:59 UT. Figure 4b shows the variation of the esti-
mated VTEC along the IPP trajectory between 81 and 114°E. From Figure 4c, a large TEC perturbation,
exceeding 30% with respect to the background TEC, can be observed within EAR's FoV at 101-103°E around
~18:44 LT, right after the E-region sunset.

Figures 4d—4f present ionosonde observations from Chumphon on the same day, spanning from 14 LT until the
onset of ESF as indicated in the ionograms. The virtual height of the F-layer (A’F) can be seen to reach a
maximum of ~320 km near the local sunset and remains relatively stable around this altitude until 20:30 LT

(Figure 4d). Figure 4e shows that the peak vertical drift velocity of the F-layer (‘”‘ E ) reaches a maximum of

~10 m/s around the local sunset and declines sharply thereafter. Notably, the vertical acceleration <d W F ) peaks at

approximately 0.004 m/s” near 18 LT and decreases afterward, as can be noted in Figure 4f. These observations
strongly indicate the absence of a prevailing bottomside upwelling over Chumphon/EAR longitude and overhead
EPB onset on this evening, consistent with Patra and Das (2023, 2025). It is important to note that the zonal
separation between the ionosonde at Chumphon (99.4°E) and the longitude of the detected TEC perturbation
exceeds ~2°. Given that the ionosonde's sensitivity to characterize the background ionospheric conditions is
generally limited to approximately £1° longitude from the station (e.g., Patra & Das, 2023, 2025), the observed

peak &h dﬂ E of 0.004 m/s> suggests conditions favorable for either no fresh EPB onset or their lateral drift over

Chumphon/EAR longitude later during the evening. Furthermore, the estimated RTI growth-rate

(y = 5.02 x 10~* s!) supports this interpretation, suggested by the dzj‘t;F analysis (Das et al., 2021).
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Figure 4. Same as Figure 3. But on 04 April 2012.

Figures 4g and 4h show the ATI and zonal distribution maps of FAIs as observed by EAR on the same evening.
The top panel (Figure 4g) illustrates the presence of three distinct backscatter EPB plumes at ~19:20, 21:18, and
21:48 LTs. The map depicting zonal distribution of FAIs at 450 km, shown in Figure 4h, reveals that the first EPB
has originated slightly east (~210 km) of Kototabang at 19:24 LT (longitude specific) and subsequently drifted
eastward, while the other two plumes have developed outside FoV of EAR (westward) and drifted at later local
time (not detected here, due to limited height of the EPB plumes).

This observation clearly demonstrates that, while the beacon data from C/NOFS captured early signatures of
localized upwelling slightly east of Kototabang, approximately 40 min before EPB onset, the ionosonde at
Chumphon was unable to characterize this localized upwelling due to its limited capability in characterizing the
background ionospheric conditions at locations distant from the station.

4.3. EPB Onset West of EAR Longitude

Figure 5 shows another case study on 23 February 2014, where an EPB onset took place at a western longitude,
outside the EAR's FoV, and subsequently appeared later in the evening as it propagated eastward. Figure 5a
displays the trajectory of the IPPs corresponding to the beacon signals transmitted by C/NOFS and received at the
GRBR receiver at 12:17 UT. Although the estimated VTEC from the beacon measurements does not show any
large variation with the IPP longitude (Figure 5b), a TEC perturbation of maximum amplitude of ~3% can be
observed post E-region sunset within the FoV of EAR (in Figure 5c).

Figure 5d presents the temporal evolution of the bottomside F-layer height (A’ F), derived from ionosonde ob-
servations at Chumphon, spanning 14 LT till 21 LT (ESF appears in the subsequent ionograms). The altitude

increases steadily and reaches a maximum of ~400 km around 20 LT. The corresponding vertical drift (%
&Ph'F
dr

peaks at ~30 m/s around the local sunset (Figure 5e). The vertical acceleration < ) attains a maximum of

0.008 m/s* around 18:30 LT (Figure 5f), indicative of conditions that favor either the absence of an overhead EPB
onset or their lateral drift over Chumphon/EAR longitude later in the evening (Patra & Das, 2023, 2025). The
estimated RTI growth-rate (y = 8.94 x 10~ s~!) further supports this interpretation of a drifting or no-EPB
scenario over the EAR longitude (Das et al., 2021).
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Figure 5. Same as Figure 3. But on 23 February 2014.

The ATI map from EAR (Figure 5g) reveals the presence of a strong backscatter EPB plume around ~21 LT over
the radar site. The zonal distribution of echo SNR at 450 km altitude in Figure 5h indicates that the EPB has
originated west of the EAR's FoV and subsequently drifted eastward into the radar's FoV, initially appearing near
the westernmost beam.

This case study clearly demonstrates that a small TEC perturbation (~3%) did not lead to an overhead fresh EPB
onset. This is also consistent with the ionosonde measurements from Chumphon, suggesting conditions unfa-
vorable for overhead EPB development or indicative of a drifting EPB event.

4.4. No-EPB Onset Within the Field-of-View of EAR

Figure 6 presents a case study from 30 March 2013, during which no EPB occurrence was observed throughout
the evening within the FoV of EAR. Figure 6a displays the trajectory of the IPPs corresponding to the beacon
signals transmitted by C/NOFS and received by the GRBR receiver along its orbit at 11:57 UT. As illustrated in
Figure 6b, the longitudinal variation of VTEC along the IPP does not exhibit any significant fluctuations within
the EAR's FoV. This is further supported by the VTEC perturbation shown in Figure 6¢, where negligible or very
small perturbation amplitudes are observed within the EAR's FoV.

Ionosonde observations from Chumphon, shown in Figure 6d, indicate that the bottomside F-layer height (A’ F)

. . . . . / .
reached a maximum altitude of ~300 km near local sunset. The corresponding vertical drift (% attained a peak

&h'F
dr?

value of ~10 m/s (Figure 6e). Further, the vertical acceleration ( ) reached a maximum of 0.002 m/s* around

18:10 LT (Figure 6f), suggesting conditions favorable for either the absence of an overhead EPB onset or lateral
drift of EPBs over Chumphon/EAR longitude (e.g., Patra & Das, 2023, 2025). In addition, an estimated RTI

growth rate (y) of 4.43 x 107 s~! further supports the drifting or no-EPB scenario over Chumphon/EAR
longitude (Das et al., 2021).

The ATI map from EAR (Figure 6g) shows no evidence of EPB occurrence during this evening. This agrees with
the observed negligible TEC perturbations over EAR longitude and ionosonde measurements from Chumphon,
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Figure 6. Same as Figure 3. But on 30 March 2013 (without the zonal distribution map of FAIs at a fixed altitude).

which indicate conditions favorable for either absence of an overhead EPB onset or drifting-EPB occurrence, later
during the evening.

4.5. Post-Midnight EPB Onset Overhead to EAR Longitude

Although the present analysis primarily focuses on characterizing localized upwellings from TEC observations
preceding post-sunset EPB onset, here we present a case study from 05 July 2012, the only case in which an EPB
onset was observed near local midnight within EAR's FoV. Notably, this is the only instance of a fresh midnight
EPB onset detected within the radar's FoV during the entire observation period, with concurrent measurements of
TEC data from CNOFS's beacon received at GRBR and EAR observations.

Figure 7a displays the trajectory of the IPPs corresponding to the beacon signals transmitted by C/NOFS and
received by the GRBR receiver along its orbit at 14:35 UT. As can be seen from Figure 7b, the estimated VTEC
exhibits distinct longitudinal variability, with prominent modulation near 100°E. The corresponding TEC
perturbation profile along the IPP (Figure 7c) reveals significant depletion, exceeding ~15% over the EAR
longitude, along with a secondary perturbation of ~10% near 107°E (outside EAR's FoV). The TEC perturbation
over EAR is observed at 21:16 LT, well after the local F-region sunset. Notably, ionosonde observations from
Chumphon cannot be shown for this event, as no data were available on that evening.

The ATI map from EAR, shown in Figure 7d, displays a strong backscatter EPB plume around local midnight (00
LT), along with two smaller plumes observed near ~23 LT and ~03 LT, respectively. The spatial distribution of
FAIs at 300 km altitude, shown in Figure 7e, depicts that the onset of the first EPB plume occurred overhead to
EAR longitude at ~23 LT. In contrast, the other two EPB plumes (observed at ~00 LT and ~03 LT) appear to
have originated outside the EAR's FoV (westward) and subsequently drifted in later during the night.

5. Optimization of TEC Perturbation Threshold Using ROC Analysis

Figure 8a shows the histogram of the maximum TEC perturbation amplitudes (in %), observed by C/NOFS during
its passage over EAR's FoV for the observation period. Events with EPB onset within the EAR's FoV are shown in
green (excluding the post-midnight EPB event on 05 July 2012), while gray bars represent cases with either
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Figure 8. (a) Histogram of TEC perturbation amplitudes (in %) for events with EPB onset within the field-of-view (FoV) of
EAR (green) and for No-EPB/Drifted-EPB cases (gray). (b) The receiver operating characteristic (ROC) plot depicting the
probability of detection as a function of the false alarm rate (FAR) by varying the threshold of TEC perturbation amplitude
above which an EPB onset within the EAR's FoV is forecasted. The optimal TEC threshold is obtained at 7}, = 5.65% where
H&KSS maximizes with a value of 0.883, shown as a dashed line in green color. The gray dashed line represents the random
classifier line of the ROC plot.
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Table 2
2 X 2 Contingency Table Showing the Relationship Between Radar-Confirmed EPB Occurrences and Binary Forecasts
Generated by Thresholding TEC Perturbation Amplitudes

Forecast using TEC perturbation

EAR observation Yes No Total

Event True Positive (TP) False Negative (FN) TP + FN
Non-event False Positive (FP) True Negative (TN) FP + TN
Total TP + FP FN + TN N=TP + FP + FN + TN

Note. Event = Events with EPB onset within EAR's FoV; Non-event = No-EPB/Drifted EPB events.

no-EPB or drifted EPB events. Note that the TEC perturbation amplitudes span a wide range from 0% to ~34%,
and importantly, there exists an overlapping region where both EPB and non-EPB/drifting-EPB events are
present. This overlap introduces uncertainty in selecting a reliable TEC threshold for predicting EPB onset. To
address this, a receiver operating characteristic (ROC) curve analysis is conducted to systematically evaluate the
prediction performance and determine an optimal threshold value. This method is widely used to evaluate the
performance of probabilistic classifiers and has been effectively applied to space weather forecasting models
(e.g., Barnes et al., 2016; Murray et al., 2017; Nishizuka et al., 2020). In this context, each TEC perturbation value
is treated as a probabilistic score, and predictions are assessed against EPB onset within EAR's FoV (ground truth)
over arange of thresholds. For each threshold, the outcomes are classified into true positives (TP), false positives
(FP), true negatives (TN), and false negatives (FN). These categorizations can be easily understood from the
contingency table provided in Table 2.

The ROC curve illustrates the relationship between the true positive rate (TPR) and the false alarm rate (FAR)
across a range of threshold values (e.g., Mason, 1982; Swets, 1973). Based on the contingency table constructed
from TEC perturbation—based forecasts and radar-confirmed EPB occurrences, the TPR and FAR are defined as
follows (e.g., Mason, 1982).

FP
and FAR=———— 3)

TP
TPR = ———
TP + FN FP+TN

To evaluate the performance of EPB occurrence prediction based on TEC perturbation amplitudes, a ROC curve
is constructed by examining how the binary classification of events changes with varying threshold values. Here,
the TEC perturbation amplitude (in %) is treated as a predictive parameter, and binary outcomes are determined by
applying a threshold value Py,. If the perturbation amplitude exceeds Py, the event is classified as an EPB
occurrence (event); otherwise, it is classified as a non-occurrence (non-event). By systematically varying Py,
across its full range, a series of contingency tables can be generated. From each table, the TPR and FAR can be
computed, enabling the construction of the ROC curve for evaluating predictive performance. Plotting TPR
against FAR for all thresholds yields the ROC curve. This curve illustrates the trade-off between correctly
detecting EPB events and the rate of false alarms. A ROC curve that lies above the diagonal reference line (the 45°
line from (0,0) to (1,1)) indicates skill in the prediction system, whereas a curve that follows this diagonal suggests
no discriminative ability (i.e., a no-skill forecast). In the ideal case of perfect prediction, the ROC curve would
pass through the points (0,0), (0,1), and (1,1), indicating a TPR of 1 and a FAR of 0.

The overall effectiveness of the binary classifier can be quantified using skill scores derived from the ROC curve.
One such measure is the ROC Skill Score (ROCSS), also referred to as the Gini coefficient G, (e.g., Jolliffe &
Stephenson, 2011), calculated as G. = 2A-1, where A is the area under the ROC curve (AUC). A G, value of 1
represents a perfect classifier, while a value of 0 corresponds to no skill. To identify the optimal threshold, we
computed the Hanssen and Kuipers Skill Score (H&KSS), also known as the True Skill Statistic (TSS), which
measures the ability of a forecast to distinguish between events and non-events, independent of how often they
occur (e.g., Hanssen & Kuipers, 1965). It is defined as the difference between the TPR and FAR:

H&KSS = TPR — FAR @)
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Table 3

Summary of EPB Occurrence Prediction Using a TEC Perturbation Threshold of 5.65%

Prediction for EPB onset within FoV Prediction for no-EPB onset within FoV  EPB onset observed within FoV No-EPB/Drifted-EPB observed within

Year

of EAR

of EAR of EAR FoV of EAR

2012
2013
2014

24
17
29

106 21 109
154 16 155
115 29 115

The score ranges from —1 to +1, where +1 indicates perfect skill, O represents no-skill (random guessing), and
negative values indicate poor performance. Because it accounts for both correct detections and false alarms,
H&KSS provides a statistically sound and reproducible method for the threshold selection in TEC-based EPB
forecasting.

We analyze 445 days of data collected during 2012-2014, during which simultaneous TEC measurements from
C/NOFS' beacon, recorded at GRBR and EAR observations were available (see Table 1 for details), for the ROC
analysis. A step size of 0.25% in perturbation amplitude is used to construct the contingency table (see Table 2)
based on precursor TEC perturbations observed by the C/NOFS beacon. Figure 8§ represents the resulting ROC
curve, constructed from this threshold sweep. The ROC analysis reveals a high predictive performance, with an
AUC of 0.96 and G, of 0.94, indicating excellent classification skill. The optimal threshold of TEC perturbation
amplitude (7},) is determined to be 5.65%, corresponding to the H&KSS score of 0.883. This threshold represents
the point at which the balance between the TPR and FPR is optimized, providing the most effective criterion for
EPB prediction using precursor TEC perturbations, based on the present analysis.

6. Prediction of EPB Occurrence Using Optimized TEC Perturbation Threshold

To evaluate the predictive capability of EPBs using precursor TEC perturbations as an indicator, a threshold
amplitude of 5.65%, determined from ROC analysis, is applied. The statistics show that out of 445 events, EPB
onsets within EAR's FoV were predicted in 70 cases and non-formation of EPB/drifted EPB events (within the
EAR's FoV) were predicted in 375 cases. Observational statistics reveal that the EPB onsets within the EAR's FoV
were recorded in 66 cases, whereas 379 cases corresponded to either no-EPB occurrence or drifted-EPBs. A year-
wise summary of predicted and observed EPB occurrences is provided in Table 3. With respect to the prediction
performance, out of a total of 445 events, the statistics can be summarized as follows: 60 cases of true positive
(TP), corresponding to instances where EPB onset occurred within the FoV of EAR; 369 cases of true negative
(TN), which include no-EPB and drifted-EPB events (when EPB onset occurred west of the FoV of EAR and
drifted into EAR's FoV later during the night); 6 cases of false negative (FN), where EPB onset occurred within
EAR's FoV but the precursor TEC perturbation amplitude detected were less than 5.65%; and 10 cases of false
positive (FP), where the detected TEC perturbation amplitude were greater than 5.65% but no-EPB/drifted EPB
events were noticed within the FoV of EAR. Figure 9 illustrates the statistics of prediction and occurrence of EPB
onset within the FoV of EAR in the form of a quadrature chart. The positive (negative) X-axis represents pre-
diction for EPB onset (non-formation of EPB) within the FoV of EAR, and the positive (negative) Y-axis rep-
resents observation of EPB onset (no-EPB onset or drifted EPB) within EAR's FoV. This figure clearly
demonstrates that we successfully predicted the occurrence of 60 EPBs out of 70 cases, with 10 missed cases
where EPB onset did not occur despite the TEC perturbation amplitudes were greater than 5.65%. To assess the
effectiveness of the prediction technique, we calculated the prediction accuracy (in %) as

TP+ TN
A = 5
Uy = TP Y TN+ FP+ FN )

which yields 96.40%.

Similarly, we have also evaluated the prediction capability of the EPB occurrence for different seasons, which are
shown in Figures 10a-10d. The observed accuracy of prediction for different seasons can be summarized as:
95.24% for the March equinox, 96% for the June solstice, 97.44% for the September equinox, and 97.50% for the
December solstice.
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Yes 6/445 60/445

Total number of observations: 445
Prediction of EPB within FoV of EAR: 70
Observations of EPB within FoV of EAR: 66
Prediction of drifted EPB/No-EPB: 379

Observations of drifted EPB/No-EPB: 375
Accuracy of prediction: 96.40%

No 369/445 10/445

Observations of EPB onset in FoV of EAR

No Yes

Prediction using threshold TEC perturbation

Figure 9. Quadrature chart showing statistics of prediction and onset of EPBs within the EAR's FoV. Positive (negative)
X-axis represents prediction for the onset of EPB within FoV of EAR (no-EPB/drifted-EPB events within FoV of EAR) and
positive (negative) Y-axis represents the observation of EPB onset (no-EPB/drifted EPB events) within FoV of EAR.

7. Discussion and Way Forward

This study demonstrates a high predictive capability for EPB occurrences, achieving an overall success rate of
~96.4% with seasonal prediction accuracy of ~95%, ~96%, ~97%, and ~97.5% for March equinox, June solstice,
September equinox, and December solstice, respectively, through the identification of potential early signatures
of localized ionospheric upwellings using TEC perturbations derived from C/NOFS beacon transmissions
received at a GRBR ground station (Phuket). The analysis is based on a substantial data set covering 445 days
during 2012-2014, encompassing a broad range of solar flux levels and geomagnetic activity conditions (see
Figure 2). Importantly, the proposed approach also demonstrates predictive capability for less frequent events,
such as post-midnight EPB occurrences, exemplified by the case study on 05 July 2012 (see Figure 7), when an
effective threshold TEC perturbation amplitude of 5.65% is applied. Nonetheless, we acknowledge that a more
comprehensive analysis involving a larger data set encompassing freshly developed post-midnight EPBs within
the EAR's FoV is necessary to enhance the reliability of such predictions. Focusing on a subset of 60 events where
EPB onset were successfully predicted using a threshold TEC perturbation amplitude of 5.65%, we examine the
lead time between the detection of the precursor TEC signature and the actual occurrence of EPBs. Figure 11a
presents a scatter plot comparing the local times of detection of potential signatures of localized upwellings using
a threshold TEC perturbation amplitude of 5.65% (LTrzc) and the local time of EPB onset within the EAR's FoV
(LTg4g) - This analysis considers only post-sunset EPB events and excludes the isolated post-midnight event on
05 July 2012. The threshold TEC perturbations were detected between 18:12 LT and 19:30 LT, whereas EPB
onsets were recorded between 19:12 and 20:12 LT. It is noteworthy that in certain instances, the potential
localized upwelling structures, characterized by the threshold TEC perturbation amplitude, were detected well
before the E-region sunset, consistent with findings reported in earlier studies (e.g., Thampi et al., 2009). The lead
time distribution shown in Figure 11b, defined as the time difference between EPB onset and detection of
threshold TEC perturbation, that is, LTg4g — LT7gc, ranges from approximately 18 min to as high as 86 min, with
a peak around 40 min. This indicates that, typically, EPBs are observed around 40 min after the initial detection of
significant TEC perturbations. However, it is important to recognize that the lead time is influenced by the orbital
characteristics of the satellite; in the case of C/NOFS, the orbital period is approximately 97 min (e.g., de La
Beaujardiere et al., 2004).

We also present the comparative analysis of characterizing localize upwelling signatures using temporal variation
of dzdht;F (Patra & Das, 2025) and growth-rate analyses (Das et al., 2021) from an ionosonde located at Chumphon
and spatial measurements of TEC data from CERTO-beacon onboard C/NOFS. Results clearly reveal that

although an ionosonde is capable of detecting localized upwelling within a very close proximity around the

DAS ET AL.

15 of 20

85U801 SUOLUWIOD SAIISID) 3|dedl|dde ay) Ag peussnob afe ool YO 8sn J0 S3|nJ o Aiqi UliUO AS|IAN UO (SUONIPUOD-pUe-SULRIALIOY" A3 1M AReq 1ol juo//:Sdny) SUONIPUOD pue SWis | au) 88S *[9202/20/7T] Uo Akeiqiauliuo (1M * sdijjiud Auo L Aq 0£2700MSSZ0Z/620T OT/10p/wod Ao im AtelqipuliuosqndnBe//sdny woiy pepeojumod ‘T ‘9202 ‘06ELZYST



AN |
NI
Space Weather 10.1029/2025SW004730
AND SPACE SCIENCES
o (a) March Equinox o (b) June Solstice
<C <C
w w
Y— Y—
o 5}
> >
& &
c Yes 34/147 c Yes
+ +J
(O] ()
19} (%]
C C
o o
m m
o o
i 1N}
Y— Y—
o o
[} (2]
S No 106/147 S No 87/100
= =)
@© ©
2 2
o T}
1] (%]
Ke) QO
(@] No Yes (@] No Yes
Prediction using threshold TEC perturbation Prediction using threshold TEC perturbation
o (c) September Equinox o (d) December Solstice
< <
w L
Y Y—
o o
> >
& &
= Yes c Yes
4 4
[} Q
(%] (%]
= =
o o
m m
o o
w w
Y Y—
o (o)
19} (%]
€ No € No | 112/120
= =)
© ©
2 2
O [
(%] (%]
Ko} Ko}
o No Yes @) No Yes
Prediction using threshold TEC perturbation Prediction using threshold TEC perturbation
Figure 10. Same as Figure 9, but for seasons (a) March equinox, (b) June solstice, (c) September equinox, and (d) December
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Figure 11. (a) Scatter plot between time of detection of threshold TEC perturbation and observation of EPB onset, within the
FoV of EAR, and (b) distribution of lead time of prediction (in minutes).
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ionosonde station, it is not capable of characterizing the bottomside upwellings at a location slightly away from
the ionosonde station (which is clear from the results presented in Section 4.2). Besides, the present analysis from
beacon measurements demonstrates the capability of detecting the potential early signatures of localized up-
welling using TEC analysis over a wide range of longitude. While the present approach shows a slightly lower
success rate of approximately 96.40% compared to 99.86% achieved using observations made using an ionosonde
(Patra & Das, 2025), its ability to detect early signatures of potential localized upwellings across a broad lon-
gitudinal zone, including regions over oceans where ground-based instruments are absent, underscores its value
for comprehensive monitoring and early warning of EPBs on a regional to global scale.

To enable a comparative evaluation of EPB prediction capability based on C/NOFS's beacon measurements, the
performance of the statistical IBP model was assessed using the same data set. The model outputs were obtained at
hourly intervals from 19 to 24 LT (for EAR longitude) and validated against EPB occurrence inferred from the
EAR observations. For example, the IBP prediction at 19 LT was compared with EAR observation during the 19—
20 LT interval, and similarly for other local times, accounting for the 1-hr temporal resolution of the model. We
also compared the relative performance of the IBP model and TEC perturbation-based predictions using the ROC
analysis (not shown here). The IBP model exhibited its best predictive skill at 21 LT, yielding an AUC of 0.76, G,
of ~0.52, and a H&KSS score of 0.43 at a T}, of 0.22. In comparison, the TEC-based method demonstrated
superior performance with an AUC of 0.97, G. of ~0.94 and a H&KSS score of 0.88 at a T}, of 5.65% (see
Figure 8). While the utility of the IBP model in providing robust climatological forecasts of EPB occurrence has
been demonstrated in Stolle et al. (2024), the present results highlight the essential role of localized measurements
in forecasting the day-to-day variability in EPB occurrence.

Now, coming to the events where the present approach failed to predict the occurrence of EPBs. There were 10
instances in which TEC perturbation amplitudes indicated a potential onset of EPBs within the EAR's FoV;
however, no fresh EPB development were observed. Conversely, in 6 events, fresh EPB onsets were detected
within the EAR FoV despite the TEC perturbation amplitude were limited to less than 5.65% (see Figure 9). These
failures underscore certain limitations in characterizing localized upwellings based solely on the TEC pertur-
bation analysis derived from the satellite beacon data. A key consideration is the uncertainty involved in esti-
mating VTEC from the slant TEC measured along oblique paths from the C/NOFS satellite to ground-based
receivers (e.g., GRBR). VTEC retrieval requires converting STEC using a mapping function that assumes a fixed-
altitude thin-shell ionosphere (for the present study at 350 km). This assumption can lead to uncertainty in the
estimation of VTEC, especially when the actual electron density peak deviates from the assumed height or when
the ionosphere is vertically structured or disturbed. Additionally, due to the elliptical orbit of C/NOFS (~400—
850 km altitude), the geometry of the beacon signal path changes continuously, further complicating the accuracy
and consistency of VTEC estimation over time. Furthermore, VTEC represents an integrated quantity along the
line of sight and lacks the capability to resolve altitude-specific plasma variations. Consequently, observed en-
hancements in TEC perturbations may arise not only from vertical plasma upwellings but also from other pro-
cesses such as horizontal plasma transport (e.g., Foster & Coster, 2007) or the propagation of traveling
ionospheric disturbances (TIDs) (e.g., Figueiredo et al., 2023), which may not be directly associated with EPB
initiation. This imposes an inherent limitation on the ability of TEC-based analyses to fully capture localized
upwelling structures near the bottomside F-region, and such limitations should be carefully considered when
interpreting prediction outcomes derived from this method.

In conclusion, this study suggests that the identification of potential localized upwellings using TEC data derived
from satellite beacon measurements may provide a means to predict EPB occurrences across a broad longitudinal
sector. While this technique may not detect localized upwellings with the same precision as ground-based in-
struments such as an ionosonde (Patra & Das, 2025), it exhibits comparable performance to existing prediction
methods (e.g., Anderson & Redmon, 2017; Carter et al., 2014; Garcia et al., 2023; Jia et al., 2023; Zhao
et al., 2021),where prediction of EPBs is typically achieved with accuracies below or equal to 90%. However, for
practical implementation, the proposed approach should be validated across different longitudinal sectors to
determine region-specific thresholds for characterizing localized upwellings. This is essential because the optimal
TEC perturbation threshold may vary depending on the regional EPB occurrence climatology and other influ-
encing factors such as geomagnetic configuration, background ionospheric conditions, and local electrodynamics.
Such an investigation will be undertaken in future studies to enhance the robustness and global applicability of the
method. It is important to note that the advance prediction time for forecasting EPB occurrence using TEC data
strongly depends on the orbital timing of the satellite (e.g., C/NOFS), particularly on the local time at which it
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passes over a given longitude sector around sunset. To address this issue, we propose a satellite mission concept
involving multiple low-inclination satellites, similar to C/NOFS, traversing the same longitude sector in ~30 min
(preferably between 17:30 and 19:30 LT) intervals during the evening period, and paired with a network of
GRBR-like ground receivers. This configuration could enable detailed temporal and spatial characterization of
ionospheric upwellings responsible for EPB initiation, enhancing our ability to forecast space weather impacts in
the equatorial ionosphere.
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