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ABSTRACT

In ionospheric research, accurately representing the topside electron density profile is essential for predicting radio wave
propagation and mitigating ionospheric effects on communication and navigation systeins. Despite advances in global models
and satellite observations, region-specific and continuous modelling of the topside ionosphere remains challenging due to
limited in-situ measurements. Reliable reconstruction of the topside ionosphere using empirical formulations requires precise
knowledge of the scale height at the F, peak (Hy) and its linear altitudinal variation (o), especially over the electrodynamically
complex equatorial and low-latitude regions. In this study, 13 years (2013-2024) of incoherent scatter radar measurements from
the Jicamarca Radio Observatory, Peru, a prominent dip-equatorial station, are utilized to extract realistic topside parameters.
A Hybrid reconstruction strategy is employed to adaptively seiect best suitable formulation between the a-Chapman and
semi-Epstein formulations at each time step using fitting error metrics derived from least-square optimization. This approach
enables simultaneous and physically consistent estimation of Hy and «.The results revealed pronounced diurnal, seasonal,
and solar-geomagnetic variability in the topside parameters. Overall, this analysis demonstrate the effectiveness of Hybrid
approach in improving the topside electron density reconstruction, and the insights gained may be integrated with existing
models to enhance their regional accuracy

Introduction

The ionosphere, a crucial region of Earth’s upper atmosphere extending from ~ 50 to 1000 km in altitude, plays a key role in
various space weather phenomena. Due to significant variation in its plasma composition and electron density under varied
space weather conditions, the propagation of radio waves, particularly in the high-frequency (HF) and very-high-frequency
(VHF) bands are impacted, thereby affecting communication, navigation and surveillance systems. Consequently, understanding
the vertical structure and temporal variability of ionospheric electron density is essential, especially over the equatorial and
low-latitude regions where complex electrodynamics make ionospheric processes more variable and often unpredictable. Based
on altitude-dependent ionization and recombination processes, the ionosphere is conventionally categorized into the D, E and F
layers'. The F-layer is further divided into F; and F> layers, with the latter receiving greater attention in ionospheric research,
as it hosts peak electron density (N, F>) at corresponding peak height (4,,F>)?. Further, the F> layer exhibits pronounced spatial
and temporal variability driven by solar extreme ultraviolet (EUV) radiation, geomagnetic activity, thermospheric winds, and
electrodynamic E x B drifts, making it highly sensitive to both regular and disturbed space weather conditions'>2.

To investigate ionospheric structure and dynamics, researchers employ a variety of ground and space-based observational
techniques. Ionosondes, are among the oldest and most widely used ground-based instruments, providing vertical sounding of
the ionosphere by transmitting radio pulses and analysing their reflected echoes®. Although ionosondes effectively characterize
the bottomside ionosphere (below F> peak), they are inherently limited in probing the topside ionosphere (above F, peak),
where a major fraction of the ionosphere’s total electron content (TEC) resides*>. The electrodynamics of topside also differs
markedly from bottomside, as there is negligible local ion production at higher altitudes. Moreover, in the topside ionosphere,
a smooth transition occurs from heavier O ions to lighter H" and He™ ions, leading to a gradual and monotonic decrease
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in electron density'. Space-based platforms such as satellites and sounding rockets equipped with Langmuir probes (LP)®®
provide valuable in-situ measurements of the topside ionosphere, but their spatial and temporal coverage is often constrained
by limited revisit times over specific ground locations. In addition, satellite-based radio occultation (RO) techniques provide
complementary electron density profiles (EDPs) with global coverage, though with relatively lower vertical resolution and
sparse temporal sampling over any particular region” '°. In this context, incoherent scatter radars (ISRs) serve as one of the
most powerful ground-based tools for comprehensive vertical ionospheric profiling!!-!2. ISRs, transmit high-power radio
waves that are weakly scattered by thermal fluctuations of the free electrons in the ionosphere. By analysing the backscattered
spectrum, ISRs can simultaneously determine a range of plasma parameters, including electron density (V,), ion and electron
temperatures (7; and 7,), ion composition, and drift velocity. They provide altitude resolved measurements from the E region to
well into the topside F region and beyond, with high temporal resolution and accuracy'*!'#. Despite their superior capabilities,
ISR observations face challenges, particularly under conditions of low signal-to-noise ratio (SNR) in the topside ionosphere,
where the N, is low and backscatter power is very weak!>. Furthermore, due to the requirement of large infrastructure and
operational costs, only a few ISR facilities operating worldwide (e.g., Jicamarca, Millstone Hill, and EISCAT), restricting their
global applicability in wide range of ionospheric research.

To overcome these challenges, numerous empirical functions and models have been employed to reconstruct topside EDPs.
Empirical models such as the International Reference Ionosphere (IRI)> ', NeQuick!”, and physics-based models such as
SAMI2!'®, which simulates the ionospheric dynamics along magnetic field lines, are widely used to represent the vertical
electron density structure under varying geophysical conditions'®23. These models often employ analytical formulations
based on physical parameters to describe the electron density. Among these, the -Chapman function is most commonly used
for representing the ionosphere, particularly the F region, as it is based on theoretical considerations of photoionization and
recombination under an isothermal atmosphere*?+?’. In recent years, the semi-Epstein formulation has gained increasing
attention due to its flexibility in reproducing realistic ionospheric conditions through adjustable parameters'®28-31. Additionally,
previous studies have shown that during disturbed ionospheric conditions, such as geomagnetic storms, the Epstein formulation
better describes the ionospheric density distribution than the Chapman method?”.

In all mathematical formulations used in ionospheric modelling, the scale height (H) is a fundamental parameter that
governs the shape of the topside EDP and characterizes the rate at which the electron density decay with altitude. In the context
of ionospheric studies, three main definitions of scal¢ height are commonly used'!:?3: (a) Vertical Scale Height, defined as

VSH = (—Nie agi") l, which represents the local density gradient scale height at a given altitude and in general practice, it is
often evaluated near the F> peak; (b) Plasma Scale Height, given by H, = k’ﬁ—TP where kﬁ is the Boltzmann constant, 7}, is the
plasma temperature, m; is the ion mass, and g is the gravitational acceleration; and (c) Effective Scale Height (H,,), obtained by
fitting analytical formulations to obseived electron density profiles (EDPs). Since direct estimation of H), variation with altitude
at a given location is not feasible, effective scale heights are generally used for the reconstruction of EDPs. Under conditions
of diffusive equilibrium, the VSH can be theoretically equalised with H p1’33 , but in actual scenario the ratio between the two
varies significantly'?. The scale height varies both temporally and spatially in response to solar and geomagnetic forcing. For
simplicity, a fixed scale height approach has been widely used in past studies to model the topside EDP*2%-26-34.35 However,
subsequent investigations revealed that this assumption cannot adequately represent the actual ionospheric behaviour, as the
scale height tends to vary linearly within a few hundred kilometres above the F> peak?’-31:33:36-38 "and exhibits a higher order
variation at much greater altitudes’, as reported in recent studies. Therefore, accurate estimation of the scale height and its
altitudinal variation is essential for understanding the thermal structure and plasma dynamics of the topside ionosphere, and for
improving the reliability of empirical models and radio propagation predictions. Earlier studies on scale height estimation using
the Chapman formulation have shown that the corresponding scale height representation may exhibit limitations near the F,
peak transition region and can become mathematically discontinuous*. In most previous investigations, such limitations were
generally addressed by excluding the transition region close to the F> peak during topside scale height estimation. However, the
capability of the two widely used analytical formulations, namely the ot-Chapman and semi-Epstein functions, to reproduce the
complete vertical EDP and the corresponding scale height variation under varying solar-geomagnetic conditions has not been
explored in detail. This constitutes one of the key motivations behind the present study.

The primary objective of this study is to reconstruct vertical EDPs over the magnetic equator using ISR electron density
observations from the Jicamarca Radio Observatory (JRO), covering the period 2013 to 2024 and encompassing a wide range
of solar activity conditions. The JRO (Geog: 11.95°S, 76.87° W; Geom: 0.6° N) is a dip-equatorial station located near
Lima, Peru, and hosts one of the world’s most powerful and sophisticated ISR systems***!, providing a unique platform for
investigating equatorial and low-latitude ionospheric dynamics. In this work, instead of relying on a single analytical formulation
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as conventionally done in earlier studies'!> >3 an adaptive Hybrid reconstruction approach is employed. In this framework the

best suitable reconstruction method among the -Chapman and semi-Epstein formulations is dynamically selected at each time
step under varied solar-geomagnetic conditions, based on realistic fitting performance of observed EDPs. This strategy enables
more accurate estimation of key topside parameters such as the scale height at the F, peak (Hp) and its linear altitudinal gradient
(a). The time-dependent Hybrid reconstruction strategy employed in this study is explained in detail in subsequent sections.
Furthermore, this study investigates the seasonal, solar activity, and geomagnetic activity—dependent variations of these derived
topside parameters to better understand their physical behaviour under varied solar and geomagnetic conditions. Due to limited
in-situ measurements and inherent uncertainties in global empirical models, ISR-based observations remain invaluable for
directly examining the topside ionospheric structure and validating model-derived parameters. Insights gained from this study
can ultimately be integrated with bottomside ionosonde data from other locations to reconstruct near-accurate topside profiles
in regions lacking ISR coverage, thereby enhancing the reliability of global ionospheric models for space weather applications.

Results and Discussion

This section highlights the key results obtained from the study, which are organized into two main parts. The first part focuses
on the motivation behind establishing the time-dependent Hybrid reconstruction approach by combining two widely used
traditional methods namely, (a) o-Chapman and (b) Semi-Epstein formulations rather than using them individually, and
evaluates its performance in reproducing the observed ISR derived EDPs under varied solar and geomagnetic conditions. The
second part presents a detailed analysis of the extracted topside scale height and its linear altitudinal gradient, highlighting their
diurnal, solar, and geomagnetic dependencies, along with seasonal variability.

Need for a Hybrid Reconstruction Approach and Its Importance

The profile-fitting procedure employed in this study is demonstrated with three represcutative examples of ISR-JRO derived
EDPs and their corresponding Chapman and Epstein fits, as shown in Panel A of Figure 1 [1]. Figure 1A (a-c) corresponds
to three different local time (LT) instances at 00:35, 08:45, and 17:15 LT on a typical day, 21 March 2024, illustrating the
differences between both modelling approaches in representing the actual ionospheric density during distinct time periods.
During the fitting procedure, the peak parameters were not strictly constrained, allowing both formulations to flexibly adjust
the complete profile shape and to obtain the optimum least-square reconstruction of the observed EDP. In each subpanel, the
solid black dots represent the actual ISR electron densities, while the blue and pink dashed curves represent the respective
least-square fitted Chapman and Epstein profiles with constant Hp, as indicated in the legends. The solid pink and blue curves
correspond to the topside fits using linearly varying scale height, with their associated o values also shown in the legends. The
complete procedure of profile fitting and extraction of topside ionospheric parameters is explained in details in the Methods
Section.

From subpanel (a) of panel 1A, it can be observed that the a-Chapman function effectively reproduces the observed
electron density curvature during the nighttime. However, as shown in subpanels (b) and (c) of panel 1A, the Chapman
function fails to accurately represent the measured daytime and evening density profiles, particularly underestimating the
peak electron density. In contrast, the semi-Epstein formulation performs better during the daytime and evening sectors,
successfully reproducing the observed EDPs. This demonstrates a clear discrepancy in the performance of the two models
under different LT sectors. A recent study over the Indian sector also highlights the superior performance of semi-Epstein
approach in reconstructing topside EDPs using a linearly varying topside scale height®'. Although this study did not exclusively
examine the diurnal, seasonal and geomagnetic variability of topside scale-height gradient, it emphasized the critical role of
accurately estimating the topside scale height gradient for reliable reconstruction of vertical EDPs.

Furthermore, the & values retrieved by both methods differ by nearly an order of magnitude among the three cases presented.
Subpanel (b) of panel 1A shows that during the daytime both models yield negative ¢ values, with the Epstein-derived gradient
being smaller in magnitude than the Chapman-derived one. In contrast, subpanels (a) and (c) of panel 1A show small positive
and negative gradients, respectively, corresponding to the nighttime and evening periods. These observations are consistent with
earlier studies on topside scale height gradients, though the magnitude of the negative gradient observed here differs slightly

from previous reports that relied solely on the Chapman function’®.

To provide a clearer picture of the model discrepancies, Panel B of Figure 1 presents the Range-Time-Density (RTD) maps
of the observed and modelled electron densities for the same day, 21 March 2024. All profiles were binned into 15-minute
intervals and 5 km height resolution, with the corresponding electron density or residuals shown in the respective colour scales.
The observed and fitted 4, F> values are overlaid on the respective RTD maps as black curves in subpanels (a-d) of panel 1B.
Subpanel 1B(a) shows the actual ISR-measured densities, while subpanels 1B(b-d) represent the fitted densities obtained from
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the a-Chapman, semi-Epstein, and Hybrid reconstruction approaches, respectively. The corresponding differences between
observed and modelled densities are depicted as residual maps in subpanels 1B(e-g). From the residual maps it is evident that
the Chapman formulation exhibits significant daytime errors, particularly between 07:00-17:00 LT, where it underestimates the
actual density (highlighted by red circle in subpanel 1B(e)). The semi-Epstein model reduces these discrepancies, especially
in the daytime sector, though small overestimation errors persist in the early morning and evening hours in the bottomside
region (as indicated by the two small red circles on subpanel (f)). In contrast, as seen in subpanel (g) of panel 1B that the
time-dependent Hybrid reconstruction approach substantially minimizes residuals across all LT sectors, providing much better
agreement with the measured ISR densities. Overall, this adaptive Hybrid reconstruction strategy enables a more realistic
reconstruction of the EDPs by dynamically selecting the most suitable formulation under varying ionospheric conditions while
minimizing the limitations of individual analytical approaches. Using different datasets previous studies on topside ionosphere
have also highlighted the varying performance of analytical formulations in reproducing the actual ionospheric conditions
and emphasized the need for more flexible approaches by use of multiple formulations with variable topside scale height for
improved modelling under diverse geophysical conditions®>4>43. The present study aligns with these concepts by implementing
a time-dependent model selection framework to improve the ionospheric modelling under varied solar geomagnetic conditions.

Motivated by the model discrepancies discussed earlier, all available ISR-JRO derived EDPs between 2013-2024 (after
applying the quality-control and filtering criteria described in Methods Section) were considered for the Hybrid analysis. The
statistical distribution of the considered profiles (a total of 19,201) is presented in Figure 2 (a-c) [2] with respect to LT, solar
activity (F10.7, with a threshold of 120 sfu to distinguish between moderate and high conditions), and geomagnetic activity
(K, with a threshold of 2 to distinguish between low and high conditions). Each classification in the bar plots is represented
by distinct colours and the corresponding number of profiles in each category is also indicated in the legends, demonstrating
the dataset considered is well distributed across these conditions. The relatively iow threshold K, > 2 was adopted to ensure
uniform statistical representation across geomagnetic conditions, as higher thresholds resulted in limited data coverage. A
similar classification has been employed in previous ISR-JRO based studies>®.

Further, for all the considered profiles, error analysis was pertormed by computing the Root Mean Square Error (RMSE)
and Normalized Root Mean Square Error (nRMSE) for each fitted profile using Chapman, semi-Epstein and Hybrid recon-
struction approach (refer Methods Section). In this context, the RMSE represents the height-integrated deviation between
the reconstructed and observed EDPs, while the nRMSE is the normalized form of RMSE with respect to the observed N, F,.
Thus, these two parameters serve as key indicators of the robustness and fitting accuracy of the respective reconstruction
models across varying ionospheric conditions®>**. Figure 3(a-d) [3] presents the comparison of RMSE and nRMSE for
the three methods under varying solar (panels 3a and 3b) and geomagnetic (panels 3¢ and 3d) activity conditions. To
determine these error factors, all profiles were binned into 15-minute temporal and 5 km height resolutions. The blue, green,
and orange curves correspond to the Chapman, semi-Epstein, and Hybrid reconstruction methods, respectively, with solid
and dashed lines representing high and low geomagnetic activity levels (for K,) and high and moderate solar activity levels
(for F10.7). For better visualization of nRMSE variation during daytime, it is highlighted with a violet patch in panels 3¢ and 3d.

It is evident from the figure that the Hybrid reconstruction method employed in this study consistently exhibits the lowest
RMSE and nRMSE values across all conditions, confirming its superiority over traditional single analytical formulation-based
profile reconstruction and modelling approaches in representing the actual ionospheric conditions, particularly the F-region
over the equator. The Chapman model performs relatively better during early morning and nighttime hours, where the topside
density varies more gradually; however, it produces high errors in day time (especially, during 09:00 — 16:00 LT), due to its
limited capability in capturing steep density and scale height gradients. In contrast, the semi-Epstein formulation perform
better during the daytime, effectively capturing the topside variability but still showing relatively larger errors during nighttime.
From the highlighted nRMSE regions of panel 3¢ and 3d, it can be clearly seen that during daytime the Hybrid reconstruction
approach reduces the error to below 5%, whereas the Chapman model alone shows errors up to 9%. Similarly, during nighttime,
the Hybrid reconstruction method maintains the errors below 8%, while the Epstein model alone exhibit errors exceeding
12%. Notably, even during the highly dynamic Pre-Reversal Enhancement (PRE) and post-midnight periods where rapid
variations in vertical plasma drift make reconstruction of EDPs a highly challenging task when traditional methods are applied
individually, the Hybrid reconstruction approach continues to perform robustly, maintaining lower residual errors. These
findings underscore that the Hybrid reconstruction approach provides more accurate and reliable representations of topside
electron density, particularly in terms of scale height and gradient parameters, under dynamic geophysical conditions.
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Analysis of Topside Scale Height and Its Gradient

This section presents a comprehensive analysis of the topside scale height (Hp) and its linear gradient (&), estimated using
the Hybrid EDP reconstruction method. The results provide new insights into the diurnal, seasonal, solar, and geomagnetic
variability of these parameters over the electrodynamically intricate equatorial region.

Diurnal Variation of H, and o. under different solar and geomagnetic conditions

The Hybrid reconstruction method (Methods Section) was applied to estimate the primary topside ionospheric parameters
NnF, hyF>, Hy and o from all the considered ISR-JRO profiles. The analysis was carried out by averaging these parameters
into 15-minute time bins to capture their diurnal evolution more precisely. The colour scheme representing different solar
and geomagnetic conditions remains consistent across all figures (Figures 4, 5, SI1 and S2): pink and green correspond to
high and moderate F10.7 levels, respectively, while yellow and blue denote high and low K, conditions. Standard deviation
bars indicate the variability within each 15-minute interval. For a deeper analysis, all the considered EDPs were categorized
into three seasons based on observation months to examine the seasonal trends in topside parameters under varying solar and
geomagnetic activity levels:

(a) December Solstice (southern summer): November, December, January, and February
(a) June Solstice (southern winter): May, June, July, and August

(a) Equinox: March, April, September, and October

Before focusing on the scale height variation, the diurnal behavior of N,,F> and h,,F> is summarized in Figure SI1 (Supple-
mentary Material). Both parameters exhibit expected diurnal trends with higher peak during elevated solar flux and geomagnetic
activity, consistent with earlier studies'2%, The N,,F» (panels S1(a-b)) displays a distinct daytime enhancement and night time
reduction under all activity conditions, with an exception observed during moderate solar flux conditions, where the night time
density became comparable to daytime level. However, such post-midnight increments in the ionospheric density have been well
reported in previous studies and are generally attributed to factors such as equatorward neutral winds, penetration electric fields,
and downward plasma diffusion from the plasmasphere®>~*’. The h,, /3, on the other hand shows a clear predawn minimum,
followed by a steady daytime increase, and a pronounced maximum around PRE-period, before a sharp decline in nighttime.
Interestingly, under moderate solar flux conditions, a distinct early morning peak in A,,F3 is also noticeable around 4:00 - 6:00
LT, which could be linked to upward drift associated with enhanced electric fields near the dawn sector*®*?. Seasonal analysis
revealed that these two distinct features, namely the post-midnight density enhancement and early morning A, F> peak are more
prominent during the Equinox season (not shown here). As discussed, the N,,F> and h,, F> values obtained through the Hybrid
reconstruction approach follow the expected diuinal and seasonal characteristics, indicating that the time-based adaptive model
selection approach employed in this study preserves the physical consistency of the ionospheric parameters.

In a similar manner, the diurnal variation of Hy and o derived using Hybrid reconstruction approach under varied solar
and geomagnetic conditions are presented in Figure 4(a-d) [4]. Panels 4a and 4b illustrates the variation of Hy with respect
to F10.7 solar flux and K, index, respectively, while panels 4c and 4d depict the corresponding behavior of a. As in the
previous analyses, the data were averaged into 15-minute bins, and the vertical bars indicate the standard deviation within
each bin. A clear diurnal pattern is evident in the scale height, showing an early-morning peak around 04:00 - 06:00 LT,
followed by a descent to a minimum near 07:00 - 08:00 LT, then a pronounced maximum near noon time, and a gradual decline
during nighttime. The early morning peak in Hy closely resembles enhancement in /4, F, noted in Figure S1. The scale height
values are consistently larger during high solar activity compared to moderate conditions as shown in panel 4a. This can be
attributed to enhanced solar EUV radiation during periods of high solar flux, which increases the thermospheric and electron
temperatures. As a result, the ionosphere-plasmasphere region expands, leading to an enhanced O density®’. Since, the
plasma scale height (H),) is directly proportional to temperature, higher EUV flux leads to larger H),, eventually increasing the
effective Hy. In contrast, the geomagnetic activity (K,) appears to have a smaller influence on the mean diurnal variation of Hy
(as shown in panel 4b). Particularly, during the morning hours up to 10:00 LT, there is no pronounced difference between
low and high geomagnetic conditions, with only a slight divergence around noon. Several previous studies have also reported
a strong positive correlation between %,,F> and Hy>">>. Our analysis confirms this relationship across different solar and
geomagnetic conditions, showing a high degree of correlation (not shown here). Notably, the observed diurnal variation of Hy
is in good agreement with independent estimates derived from radio occultation profiles reported in previous studies>, further
supporting the reliability of the proposed Hybrid EDP reconstruction strategy. A similar consistency is also observed in the
diurnal variation of ¢, which is analogous to the gradient parameter (g) used in NeQuick model, testifying that the observed
features are robust across different datasets and methodologies.
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Now, turning to the mean diurnal variation of ¢, distinct features emerges under varied solar and geomagnetic conditions.
As highlighted by the grey dotted box in panel 4¢, during moderate solar flux conditions, & exhibits a prominent early-morning
peak (04:00 - 06:00 LT), indicating a sharp increase in the topside scale height during this period. This enhancement can be
attribute to the well-known morning overshoot of electron temperature (7,), which is particularly strong near dip-equator!3:3+33
The increase in T, elevates the H,, thereby increasing ¢ temporarily. After sunrise, as ionization intensifies, the enhanced
cooling rate due to collision with neutrals causes the temperature and consequently « to decline. During daytime hours (09:00 -
14:00 LT), the mean « assumes slightly negative values, suggesting a gradual decrease in the topside scale height with altitude.
However, this negative gradient is considerably smaller than that reported in earlier studies using the Chapman function alone,
where a much stronger negative & was observed during daytime based on O density alone®. In contrast, the present study
utilizes the electron density, which includes contributions from lighter ion species such as H™, He™t and other minor species at
higher altitudes, resulting in a gradual variation of the topside scale height during daytime, thereby representing a realistic
topside ionospheric condition.

Under high solar activity, the early-morning peak in & becomes less pronounced, and the mean gradient remains near-neutral
or slightly positive, implying a relatively steady increase in topside scale height with altitude. This behavior of & is consistent
with the known inverse relationship between the morning 7, overshoot and solar activity, wherein the overshoot weakens
under high solar activity conditions®*, thereby manifesting strong physical relation between topside scale height variations
and underlying ionospheric dynamics. A particular noteworthy feature revealed in this study is the nighttime enhancement
in ¢ around 20:00 LT, marked by pink dotted box in panel 4¢, indicating a sharp nighttime enhancement in the topside
scale height. This feature has not been widely reported in earlier studies. It can be associated with anomalous nighttime
increase in 7, observed in recent Jicamarca ISR studies>®. The potential drivers behind this higher-altitude heating may include
plasma transport processes, reduced cooling rates, and enhanced upward drifts neai the dusk sector. Previous studies have
also demonstrated possible links between vertical E x B drifts and the topside parameters Hy and o using model simulations
such as SAMI2%>38, In the present work no model-based analysis was performed, as the primary objective was to assess the
performance and necessity of the Hybrid EDP reconstruction approach using actual ISR observations. Moreover, direct drift
measurements were not available for these intervals, since ISR-JRO opcrates either in drift or density mode at a time, preventing
their simultaneous observations.

Previous investigations have also noted a negative correlation between N,,,F> and o132 However, our analysis indicates
only a weak negative correlation between these two parameters (not shown here), implying that density variation near to F;, peak
plays a relatively minor role in controlling topside scale height variability. Instead the topside is more sensitive to temperature
and electrodynamic vertical transport processes, which primarily modify the plasma distribution above the peak rather than the
peak density itself. Recent studies using Swarm satellite observations also indicate a similar climatology between & and T,
further validating the temperature dependence of ¢. The variation of ¢ with respect to K,, shown in panel 4d, exhibits broadly
similar characteristics. Notably, the early-morning and evening enhancements in & are more prominent under low geomag-
netic activity, suggesting that quiet-time conditions favour stronger topside heating and expansion compared to disturbed periods.

Further, Figure 5 [5] illustrates the seasonal variation in the diurnal behaviour of the Hy (panels 5(a-c)) and o (panels
5(d-f)) under high and moderate solar activity conditions. The early-morning peak in Hy is evident during December Solstice
and Equinox, but notably absent in June Solstice. Interestingly, under moderate solar activity during December Solstice, the
morning peak in Hy surpasses the noon peak (highlighted by the black dotted box), suggesting the influence of dynamic early
morning processes and the prominent role of electrodynamic E x B drift*. Overall, the scale height remains lower during
June Solstice compared to December Solstice and Equinox, reflecting seasonal differences in thermospheric temperature and
compositions. The gradient o also exhibits a clear seasonal dependence as well. Under moderate solar activity, a larger negative
gradient is seen during the daytime in December Solstice, indicating a steeper decrease of topside scale height with altitude.
Evening enhancements in ¢ are a consistent feature across all seasons under high solar activity, with the peak occurring
earlier in June Solstice and more prominently in December Solstice. Additionally, a pronounced daytime enhancement in ¢ is
particularly evident during Equinox months. Figure S2 (supplementary material) shows that the seasonal patterns in Hy and o
for varying K, conditions remain largely consistent with those observed under different solar activity levels, with only minor
differences. The influence of geomagnetic activity is relatively weak during Equinox but becomes slightly more pronounced
during December and June Solstice, especially around noon and post-sunset hours. Interestingly, under low geomagnetic
activity, the early-morning peak in Hy is present during June Solstice, suggesting quiet-time conditions may favour localized
topside expansion even in relatively colder seasons.
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Features of Altitudinal Variation in Topside Scale Height under Varied Solar Activity

In this section, an attempt has been made to examine the topside scale height variation above A, F> under different solar
activity conditions using the mean Hy and o as discussed in the previous section. A comparative assessment is also presented
between the topside scale height variations derived using newly employed Hybrid reconstruction approach and the conventional
Chapman approaches, as the latter remain the standard analytical formulation in most of the topside modelling studies. For
this analysis, the data were binned into 30-minute LT intervals and 5-km height resolution to highlight the broad diurnal and
altitudinal trends. Figure 6 [6] illustrates the diurnal variation of topside scale height as a function of relative height (h — h,,F>),
derived using the Hybrid reconstruction approach (panels 6(a—b)) and the Chapman method (panels 6(c—d)) for moderate
and high solar activity conditions. In the Hybrid approach, the scale height variation at each time step was estimated from the
single best-fit formulation selected based on the fitting error metrics, and the corresponding Hy and & values were subsequently
averaged within each LT bin to obtain the mean diurnal distribution. Therefore, this approach preserves the dominant diurnal
and altitudinal characteristics of the topside ionosphere by statistically representing the formulation that most realistically
reproduces the observed electron density structure under each geophysical condition. Here, the topside scale height is expressed
as:

Hr(6)=Hy+ad (1)
where,

JH
6:h—hmF2, a:% (2)
It is evident that both the methods capture the early-morning enhancement in scale height, which is more pronounced during
moderate solar activity, as well as the nighttime increase under high solar activity. However, the Hybrid reconstruction approach
demonstrates the nighttime enhancement more prominently (highlighted by the black dashed box in panel 6b), reflecting its
better ability to reproduce higher-altitude heating effects.

During the daytime hours, particularly under moderate solar activity, the Chapman method exhibit a notable reduction in
scale height at higher altitudes (highlighted by white dashed box in panel 6c¢), indicating an underestimation of the actual
topside temperature or scale height. This limitation arises from its assumption of a consistently negative gradient*®, which
restricts its ability to reflect the gradual or near-nieutral variation of scale height observed in the topside under actual conditions.
On the other hand, the Hybrid reconstruction approach maintains a more realistic and continuous scale height distribution
across altitude and local time, thereby avoiding such unrealistic underestimations.

To further validate these results, a tull-profile ISR dataset collected at Jicamarca on 14 July 2015 was used to calculate
plasma scale height for O" (assuming O dominance in the topside) as:

KgT,
Hye = -2 3)
mog
where,
T.+T,
T,= == 4)

Here, Ho+ is the plasma scale height of O ions, kg (~ 1.38 x 107% JK™!) is the Boltzmann constant, T, is the mean
plasma temperature, T, and T; are the electron and ion temperatures respectively, no (=~ 16 amu; 1 amu = 1.67 x 10727 kg) is
the mass of the oxygen ion, and g (=~ 9.5 ms~? at ionospheric altitudes) is the acceleration due to gravity.

The altitudinal variation of O" scale height is shown in Figure S3 (Supplementary Material). It clearly exhibits the
characteristic enhancement in the early-morning (06:00-08:00 LT) and evening-to-nighttime (16:00 - 20:00 LT) sectors. The
considered day corresponds to an equinoctial period under high solar activity (average F10.7 ~ 155 sfu). A qualitative
comparison with Figure 6 indicates that the evening enhancement is consistently captured by both the Hybrid reconstruction
approach and Chapman methods, with relatively more pronounced and continuous representation in the Hybrid case, as
discussed earlier. However, the correspondence in the morning sector is comparatively less clear, reflecting inherent differences
between OT-based scale height and the effective scale height derived from electron density, as the latter represents the
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contributions from multiple ion species. Further, a secondary peak can be identified in the diurnal variations of Hy and ¢ around
06:00 LT under high solar activity (Figures 4 and 5), partially complementing the observed feature. Additionally, the gradual
daytime increase in plasma scale height is more consistently represented by the Hybrid reconstruction approach compared to
the Chapman method. Despite these minor differences, the result show overall qualitative agreement supporting the physical
reliability of the Hybrid reconstruction approach to capture key features of the diurnal and altitudinal evolution of the topside
ionosphere more accurately under varying solar activity conditions. A detailed theoretical investigation of these differences is
beyond the scope of the present study.

Summary and Conclusion

This study presents a comprehensive overview of performances of a newly employed Hybrid EDP reconstruction approach
for reconstructing realistic vertical EDPs under diverse solar and geomagnetic conditions, using long term (2013-2024) ISR
observations from JRO. This method combines the strength of the o-Chapman and semi-Epstein formulations through a
time-specific, multi-metric optimization process, by reducing their individual limitations. The resulting topside parameters
NuF>, hyF>, Hy and o were analysed to access their seasonal, solar, and geomagnetic variability over electrodynamically
complex equatorial region. This unique investigation highlights the advantage of a time-specific Hybrid estimation framework
over conventional approaches for improving regional reconstruction accuracy of vertical EDPs. The major findings of this study
are summarized below:

I. The a-Chapman function is not able to accurately reproduce the curvature of the ionospheric F-layer, particularly
during daytime over the equator, with larger discrepancies near local noon. In contrast, the semi-Epstein formulation
better captures the daytime characteristics but shows relatively high errors (with nRMSE > 12%) during nighttime and
early-morning hours.

II. The Hybrid reconstruction approach successfully reproduces actual ionospheric conditions with high reliability. In
particular, the nRMSE remains below 5% during daytime and below 8% overall, confirming its robustness under varying
solar and geomagnetic conditions.

III. The diurnal and seasonal variations in N,,F3, h,,F>, Hy, and o exhibit distinct temporal features. A strong correlation
between h,,F; and Hy is observed, whereas a weak negative correlation between N,,F> and o suggests that topside
variability is more influenced by temperature and electrodynamical processes than by fluctuations in density.

IV. Solar activity plays a prominent role in fopside ionospheric variability, while geomagnetic activity shows a comparatively
negligible effect.

V. The magnitude of daytime negative & is smaller compared with earlier studies and is most evident during December
Solstice, implying a gradual increase in topside scale height over the equator. These variations agree with plasma
scale-height behaviour derived from full-profile ISR measurements, reinforcing the physical consistency of the Hybrid
reconstruction approach.

VI. A significant nighttime enhancement in ¢ is a unique feature observed in this study and warrants further examination at
other locations. The evening peak appears earlier in June Solstice compared to December Solstice and Equinox. The
sharp early-morning rise in o is more pronounced during equinox under moderate solar activity.

Future work will focus on integrating these topside observations with Ionosonde-derived bottomside profiles to develop a
continuous and more precise ionospheric EDPs. Furthermore, a detailed physical investigation will be undertaken to understand
the underlying mechanism driving the time-dependent Hybrid profile reconstruction approach’s superior performance, particu-
larly its ability to adaptively capture dynamic ionospheric transitions that static models like Chapman and Epstein couldn’t fully
resolve when used independently.

Methods

Primary Data Source: Jicamarca ISR EDPs

The primary dataset used in this study comprises electron density profiles (EDPs) obtained from ISR measurements at the Jica-
marca Radio Observatory (JRO). The JRO-ISR serves as the centrepiece of a suite of advanced radio and optical remote-sensing
instruments designed for equatorial ionospheric research. This system operates at 50 MHz, featuring megawatt-class transmitters
and a 300 m x 300 m modular antenna array, possessing the largest power—aperture product in the VHF band worldwide*’.
The radar employs the traditional double-pulse Faraday rotation technique to retrieve altitude-resolved plasma parameters by



386
387
388
389
390
391
392
393
394
395
396

397
398
399
400
401
402

403
404
405
406
407
408
409
410
411
412

413
414

415
416

417
418

419

420
421
422

423
424

measuring incoherent backscattered signals from free electrons®’. The derived parameters typically cover an altitude range from
~ 90 km to ~ 600-800 km, depending on the prevailing ionospheric conditions. Furthermore, for full-profile composition
analysis extending up to ~ 1400-1500 km, a special long-pulse mode is incorporated along with the standard configuration
to enhance sensitivity to topside measurements'?. The EDPs used in this study were accessed from the publicly available,
quality-controlled CEDAR Madrigal database (https://cedar.openmadrigal.org/). All available electron density
data from both normal and full-profile mode measurements during 2013-2024 were utilized in the analysis; however, no density
data were available for the year 2016.

In addition, to study the influence of solar and geomagnetic activity on the topside parameters, daily average values of
the F10.7 solar flux and the K, index were also incorporated into the analysis. These indices were obtained from the NASA
OMNIWeb database (https://omniweb.gsfc.nasa.gov/).

Hybrid Reconstruction Approach for Extracting the Topside Scale Height and Its Linear Gradient

The Hybrid reconstruction approach employed in this study is designed to extract key topside ionospheric parameters, including
the scale height at F, peak (Hp) and its linear altitudinal gradient (), from ISR derived EDPs in a more physically consistent
manner. This approach combines analytical modelling, iterative least square fitting, and selection of best-fit topside parameters
based on quantitative error metrics. For easy understanding of the readers, the complete workflow is summarized in the flow
chart shown in Figure 7 [7] and described as follows.

(a) Inmitial Processing of EDP Data

All available ISR-measured EDPs were manually inspected to remove incomplete or highly unstable profiles. Only data
above 200 km were retained, as the analysis primarily focuses on the F-region, and measurements at lower altitudes often
contain unrealistic values due to larger measurement uncertainties or E-region disturbances. Profiles exhibiting unrealistic
electron densities (negative values or densities exceeding 10" m~3), or those lacking a well-defined A, F> peak, were
excluded. Each accepted profile was then interpolated to a uniformi 5 km vertical grid to enhance the identification of
peak parameters and to facilitate consistent model fitting, as the original ISR altitude resolution is typically ~ 10-15 km.
For each valid profile, the observed values of N,,F> and h,,F; were initially extracted from the interpolated ISR profiles
as a reference for further analysis. However, these directly identified peak parameters are subjected to uncertainties
associated with the sparse altitude resolution and interpolation of ISR measurements.

(b) Analytical Model Formulation
The F-region EDP was represented using two standard analytical formulations:

I. a-Chapman Function: This is a widely used analytical representation to describe the electron density distribution
of the ionosphere’”, especially around the F-region.

N, (h) = Ny,Frexp % (1—z—exp(—2)) (5)

II. Semi-Epstein Function: This empirical model provides a smoother transition between the bottomside and topside
regions, allowing greater flexibility in fitting observed profiles®.

exXplz
Ne(h) = 4N F % ©6)
(1+exp(z))
For both formulations the variable z is defined as:
h— hmFZ (7)

Z =
Hy+a (h — hsz)

where, for the bottomside ionosphere, @ = 0. Here, N,(h) denotes the electron density at height h; N, F> and h,,F>
represent F, peak density and height respectively; Hy is the scale height at the peak; and « is the linear gradient of the
topside scale height.

(¢) Hybrid Fitting and Parameter Extraction
The steps involved in the Hybrid profile fitting procedure are as follows:
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I. For each considered EDP, both a-Chapman and Semi-Epstein formulations were independently fitted to the
observed N, (h) using nonlinear least-squares optimization, by treating the N,,F», h,,F», hg, and @ as free parameters
during the fitting process. Although, the observed ISR-derived N,,,F> and h,,,F> were used as initial reference values,
they were not strictly constrained during the optimization, since it is found that, fixing these parameters degraded
the overall profile reconstruction by preferentially biasing the fitting towards the peak region. Consequently,
the fitted peak parameters may slightly differ from the directly observed ISR profiles and between formulations,
reflecting their inherent differences in representing the observed profile shape.

II. The Hy was then iteratively varied between 10 and 150 km to obtain the best-fit F-layer EDP for both formulations.
III. For the obtained best-fit Hy, the gradient a was varied between —1 and 1 km~! to achieve the optimum topside fit.
IV. The error metrics for each fitted profile were computed as follows:

1. Root Mean Square Error (RMSE):

1 n
RMSE = \/n Z (Ne.obs (hi) *Ne7ﬁt(hi))2 ()
i=1
2. Normalized RMSE (nRMSE):
RMSE
nRMSE = ———— x 100% 9

m!72, (observed)
3. Difference in F, Peak Height:

| hm onbserved - hm Fzﬁtted ’
b d
hm on serve

AhyF> = x 100% (10)

V. A composite error index (CEI) was then computed {o quantitatively evaluate the overall fitting accuracy of each
model:
w1 (RMSE) + w2 (nRMSE) + w5 (AhyF>)
3

CEl = an
where wi, wy, and w3 are weights assigned to each error metric. In principle, the optimal values of these weights
can be determined by testing different combinations, depending on the relative importance given to each metric
in evaluating the reconstruction performance. Tests with combination of different weights showed no significant
change in the relative model performance. Eventually, an equal weight of 1 was assigned to each of them. The
conceptualization of this multi-metric fitting error index was inspired by various validation strategies adopted
in previous ionospheric model evaluation studies’>3%4* emphasizing the importance of combining multiple
statistical indicators for determining reconstruction accuracy.

VI. Finally, for each observation the model yielding the lowest CEI was dynamically selected as the best-fit Hybrid
formulation for reconstruction of EDPs. The corresponding values of N,,,F>, h,,F2, Hy and o from the selected
best-fit formulation were retained as effective Hybrid topside parameters for subsequent statistical analysis.

It is important to note that, no altitude range was excluded from the fitting procedure, including the region immediately
above h,,,F>, where the Chapman function is known to exhibit mathematical limitations® in the scale height representation.
In several earlier studies dedicated specifically to topside scale height estimation, the region above 4,,F; to approximately
hpyF> + 50 km is generally excluded during calculation of scale height and its gradient. A similar approach was adopted
in earlier studies based on COSMIC RO profiles®'->3. Such approaches generally assume that the topside profile already
follows a specific analytical formulation, from which the corresponding scale height variation is subsequently estimated.
However, the objective of the present study is fundamentally different. Here, the scale height and its gradient are
not directly calculated from the observed topside profile. Instead, they are iteratively varied within both analytical
formulations to determine which combination best reproduces the complete observed vertical electron density distribution.
The final selection of the optimum formulation is then performed using quantitative fitting error metrics. Hence, retaining
the full profile, including the transition region near to F, peak, is essential for a comprehensive assessment of each
formulation in reproducing the overall F-region curvature, which is essential for realistic ionospheric modelling.
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(d) Final Quality Control and Filtering

All invalid, noisy, and anomalous profiles were removed through a set of strict quality-control filters to ensure the
reliability of the retrieved parameters. The final dataset includes only profiles satisfying the following selection criteria:

L 10°m3 <N,/ <108 m3
IL 200 km < h,,F; < 500 km
L. 10 km < Hy < 150 km
IV. -l<a<l1

V. nRMSE < 15%

A total of 243 days of electron density observations from 2013-2024 were considered in this study, corresponding to over

20,000 individual profiles. After applying the above filtering criteria, 19,201 high-quality profiles were retained for further
analysis.
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Electron Density Profile Fit Using Chapman and Epstein Functions : 21/03/2024
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Figure 1. ISR electron density profile fitting Using Chapman and Epstein Functions for a typical day (21 March 2024). Panel
(A: a-c) shows the least-square fitting of actual electron density profiles with empirical formulations for three selected time
intervals. Panel (B: a-c) presents the Range-Time-Density (or Residual) plots for the same day, comparing the relative
performance of Hybrid reconstruction approach.
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Figure 2. Distribution statistics of considered ISR electron density profiles with respect to (a) Local Time, (b) F10.7 Solar
Flux, and (¢) K, Index. The corresponding number of profiles for each condition is indicated in the legends.
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Figure 3. Error analysis demonstrating the improved performance of the Hybrid reconstruction approach. Panels (a) and (b)
show variation of RMSE in density with respect to /0.7 solar flux and K, index, respectively. Similarly, Panels (c) and (d)
present the corresponding nRMSE in density variation with respect to /0.7 solar flux and K}, index.



Ho vs Solar Flux H(| Vs Kp Index

120 H—+STD e @4 120+ STD (b)
——Moderate F10.7| [ ——Low Kp
100+ ——STD e, ::!"-., . 100 +
E 80 }
=
=° 60
40
20
0 4 8 12 16 20 24 0 4 8 12 16 20 24
avs K Index
0.1 [ 0.1 P .
(d)
0.05F 11 0.05F ]
5 ”.'\p\ ' m _
il il P
0 Ay 0 L k-‘".{ U"\J i
_0.05 LT R TR ) _0-05 i L L L i
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (LT) Time (LT)

Figure 4. Diurnal variation of Hy and o under varied solar and geomagnetic conditions. Panels (a) and (b) show the variation
of Hy with respect to F10.7 solar flux and K, index, respectively. Similarly, Panels (¢) and (d) present the corresponding o
variation with respect to F/0.7 solar flux and K}, index.
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Figure 5. Seasonal diurnal variation of Hy and o under varied solar and geomagnetic conditions. Panels (a-c) show the
variation of Hy, and Panels (d-f) present the corresponding variation of o for December Solstice (southern summer), June
Solstice (southern winter) and Equinox seasons, respectively.
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reconstruction approach, while Panels (c¢) and (d) represent the same derived using Chapman function.



Hybrid Method of Extracting H, & a from ISR Electron Density Profiles
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Figure 7. Flow chart illustrating the sequential steps involved in the Hybrid reconstruction approach for extracting the topside
parameters Hy and «.
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