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Abstract. The temporal scaling structure of the ionospheric vertical total electron content (vTEC) carries fundamental informa-

tion about the intrinsic dynamics of the equatorial and low-latitude plasma system. This study applies Multifractal Detrended

Fluctuation Analysis (MFDFA) to investigate the intrinsic dynamics of the variability of the ionosphere over African equatorial

stations using the daily maximum and minimum vTEC time series recorded at three GNSS stations (Dakar (DAKR), Libreville

(NKLG), and Djibouti (DJIG) spanning the equatorial ionisation anomaly (EIA) crest and its flanks. Seasonal trend compo-5

nents are isolated using Seasonal and Trend decomposition with Loess (STL) to separate the contribution of the seasonal cycle

from intrinsic ionospheric dynamics. The raw maximum vTEC series exhibit clear semi-annual modulation and multifractal-

ity at all stations, with generalised Hurst exponents 0.104≤ h(q = 2)≤ 0.193 and statistically significant singularity spectral

widths. A crossover in scaling behaviour near n≈ 150 days reveals scale-dependent persistence that is stronger at sub-annual

scales. The raw minimum vTEC series confirm multifractality but with consistently narrower singularity spectra and weaker10

q-dependence, reflecting the reduced dynamic range of the nighttime ionosphere in the absence of photo-ionisation. These

results reveal a clear daytime-nighttime asymmetry in ionospheric scaling dynamics and establish the EIA crest as a region of

persistent, non-seasonal nonlinear variability that manifests across both the daytime and nighttime ionosphere. The findings

demonstrate that MFDFA applied to the diurnal extremes of vTEC provides a sensitive and physically interpretable diagnostic

of equatorial ionospheric complexity that is not accessible through conventional spectral or trend-based analyses.15

1 Introduction

Ionospheric electron density is continuously modified by solar radiative forcing, solar-wind–magnetosphere coupling, neutral-

atmospheric dynamics, electrodynamic transport, and plasma-chemical processes (Hargreaves, 1992; Rishbeth, 1998; Kelley,

2009; Schunk and Nagy, 2009). Upward coupling from atmospheric sources (Lieberman et al., 2026; Nanda et al., 2026) and,20
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under specific geophysical conditions, lithosphere–atmosphere–ionosphere coupling (Pulinets and Dimitar, 2011; Kuo et al.,

2014; Adebayo et al., 2025; Obasanjo et al., 2026) may further modulate ionospheric variability.

Vertical total electron content (TEC), derived from dual-frequency Global Navigation Satellite System (GNSS) observations,

provides an integrated measure of ionospheric electron density and is widely used to monitor ionospheric variability and its

effects on trans-ionospheric signals (Mannucci et al., 1998; Schaer, 1999; Hernández-Pajares et al., 2009; Jakowski et al.,25

2011). At equatorial and low-latitudes (include spatial extent), TEC variability is strongly shaped by solar photoionisation,

recombination, neutral winds, electric fields, and the equatorial fountain process, which produces the equatorial ionization

anomaly (EIA) (Appleton, 1946; Moffett and Hanson, 1965; Hanson and Moffett, 1966; Anderson, 1973; Balan et al., 2018).

Consequently, GNSS stations located within the equatorial and low-latitude can exhibit substantially different TEC amplitudes,

gradients, and temporal variability.30

The African equatorial and low-latitude ionosphere is an important region for analysing vTEC variability because it spans a

broad and persistent footprint of the EIA while remaining less densely monitored than many other longitude sectors. Previous

studies have documented strong diurnal, seasonal, latitudinal, longitudinal, and solar-cycle dependence of TEC variability over

Africa (Akala et al., 2013; Opio et al., 2015; Olwendo et al., 2016; Andima et al., 2019; Okoh et al., 2019; Ogwala et al., 2022).

Event-based studies have further shown that transient external forcing, including geomagnetic storms and solar eclipses, can35

produce substantial TEC and scintillation responses over Africa (e.g., Okoh et al., 2020; Olabode and Ariyibi, 2020; Uga

et al., 2024; Muniafu et al., 2026). The amplitude, timing, and recovery of these responses depend on latitude, longitude,

local time, season, storm intensity and phase, and, for eclipses, the magnitude and duration of solar obscuration. These studies

have established the broad climatological and disturbed-time behaviour of the African ionosphere, but most have relied on

mean behaviour, anomalies, occurrence statistics, or spectral descriptions. Such approaches do not fully quantify how TEC40

fluctuations of different amplitudes are organised across temporal scales.

This distinction is important because similar seasonal or semiannual behaviour in vTEC does not necessarily imply similar

fluctuation dynamics. A station may exhibit a largely smooth seasonal signal, whereas another may show comparable back-

ground modulation interrupted by storm-time enhancements, depletions, or transient electrodynamic disturbances (Mendillo,

2006). MFDFA addresses this problem by estimating the dependence of fluctuation scaling on moment order, allowing weak45

and intense fluctuations to be characterised separately in nonstationary geophysical time series (Halsey et al., 1986; Peng et al.,

1994; Kantelhardt et al., 2002; Kantelhardt, 2009). Recent geospace applications have shown that multifractal and nonlinear

measures can reveal dynamical structure in geomagnetic activity and storm recurrence that is not captured by conventional

linear descriptors alone (Ogunjo et al., 2024a, b, 2021).

Previous applications of multifractal methods to ionospheric TEC have shown that TEC fluctuations do not scale uniformly50

across time, and that their scaling behaviour varies with latitude, solar activity, geomagnetic conditions, season, and local time

(Bolzan et al., 2013; Tanna and Pathak, 2014b, a; Chandrasekhar et al., 2016; Sivavaraprasad et al., 2018; Bhardwaj et al.,

2020; Momeni and Migoya-Orué, 2026). However, the multifractal properties of daily maximum and daily minimum TEC

have not been comparitvely investigated as a representation of daytime and nighttime ionospheric conditions, respecitviely,

particularly over the African EIA sector. This comparison is physically meaningful because the daily maximum vTEC is usually55
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associated with the daytime ionosphere, when photoionisation, F-region plasma production, thermospheric composition, and

fountain-driven redistribution dominate. The daily minimum vTEC is more closely associated with the nighttime or pre-dawn

ionosphere, when direct solar production is absent and electron density is controlled more strongly by recombination, transport,

neutral winds, plasmaspheric exchange, and residual electrodynamics (Rishbeth, 1998; Kelley, 2009; Schunk and Nagy, 2009;

Balan et al., 2018).60

A further challenge is that vTEC contains strong annual and semi-annual components that can themselves impose apparent

scaling structure. If these components are not treated explicitly, multifractal parameters estimated from raw vTEC series may

conflate regular seasonal modulation with residual nonlinear variability. Seasonal and Trend decomposition using Loess (STL)

provides a means of separating seasonal, trend, and residual components (Cleveland et al., 1990). Applying MFDFA to both

raw and STL-detrended vTEC therefore allows the seasonal contribution to the scaling structure to be assessed separately65

from the scaling behaviour retained by the residual signal. Surrogate testing further helps determine whether the observed

multifractality exceeds that expected from linear correlations and amplitude distribution only (Theiler et al., 1992; Schreiber

and Schmitz, 1996).

This study applies MFDFA to daily maximum and daily minimum vTEC time series from three African equatorial GNSS

stations with a view to characterising the multifractal scaling properties of the daytime and night-time ionosphere across the70

equatorial ionisation anomaly (EIA) crest and its flanks, and to establishing the extent to which this scaling structure is intrinsic

to the underlying plasma dynamics rather than inherited from the dominant seasonal and diurnal cycle. To this end, both raw

and STL-detrended series spanning 2017–2019 are analysed, allowing the generalised Hurst exponent, singularity spectrum

width, and spectral asymmetry to be compared across stations, between daily maximum and minimum, and before and after

trend removal. The remainder of this paper is organised as follows: Section 2 presents the data and methodology employed in75

this study, while Section 3 discusses the results obtained from the various analyses undertaken, including the daily maximum-

minimum asymmetry in scaling behaviour.

2 Methodology

2.1 Study area and data

Daily maximum and minimum vertical total electron content (vTEC) values were obtained at three stations: Dakar (DAKR),80

Nkalagu (NKLG), and Djibouti (DJIG), spanning the period 2017–2019 (Figure 1). The type of data transformation during

detrending has effect on the outcome of dynamical analysis (Ogunjo, 2015), hence the need for caution in detrending. Detrend-

ing of the raw data was carried out using seasonal-trend decomposition with LOESS (STL) interpolation (Cleveland et al.,

1990) prior to analysis. This approach preserves the structure and nature of the underylying data. Each time series was de-

composed with a periodic window of 24, yielding a seasonal component, a smooth trend, and a residual (detrended) series85

(Cleveland et al., 1990). Both the raw and detrended vTEC series were retained for independent multifractal analysis, allowing

the contribution of seasonal structure to the scaling properties to be assessed.
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Table 1. Geographic and geomagnetic coordinates of the GNSS stations used in the study. Geomagnetic coordinates are approximate

centered-dipole coordinates.

Station Location
Geographic coordinates Geomagnetic coordinates

Latitude (◦) Longitude (◦) Latitude (◦) Longitude (◦)

DAKR Dakar, Senegal 14.721 -17.439 2.35 57.91

NKLG Libreville, Gabon 0.354 9.672 -8.04 81.05

DJIG Djibouti City, Djibouti 11.526 42.847 3.33 114.57

Figure 1. Geographic distribution of the three African GNSS stations used in this stud, spanning longitudes from West Africa to East Africa

and sampling different portions of the equatorial and low-latitude ionosphere. The dashed grey line represents the geographic equator. The

red curve denotes the magnetic equator, while the blue curves indicate the approximate northern and southern magnetic latitudes bounding

the equatorial ionisation anomaly (EIA) region.
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2.2 Multifractal Detrended Fluctuation Analysis

Multifractal detrended fluctuation analysis (MFDFA) (Kantelhardt et al., 2002) was applied to both raw and detrended vTEC

series using the fathon Python library (Bianchi, 2020). For each series x(i) of length N , the mean-subtracted profile is90

formed as

Y (i) =

i∑

k=1

[
x(k)−⟨x⟩

]
, i= 1, . . . ,N. (1)

The profile is divided into Ns = ⌊N/s⌋ non-overlapping segments of length s, and the procedure is repeated from the end of

the series to ensure full coverage (reversed segmentation). Within each segment ν, a polynomial trend of order m= 1 is fitted

and subtracted, and the local variance is computed. The qth-order fluctuation function is then95

Fq(s) =

{
1

2Ns

2Ns∑

ν=1

[
F 2(ν,s)

]q/2
}1/q

, (2)

where the special case q = 0 is evaluated via the logarithmic average (Kantelhardt et al., 2002). Window sizes were varied over

the range s ∈ [50,1000] in uniform steps, and moment orders were set to q ∈ [−3,4] at intervals of 0.1, giving 71 values of q.

If the series possesses multifractal scaling, Fq(s) follows a power law

Fq(s)∼ sh(q), (3)100

where h(q) is the generalised Hurst exponent. For each value of q, h(q) was estimated by ordinary least-squares regression

of lnFq(s) on lns over the full scale range. To investigate potential crossover behaviour, the log-log range was additionally

divided at the midpoint (smid), and separate slopes h1(q) and h2(q) were estimated for the small-scale and large-scale regimes,

respectively.

The mass exponents τ(q) were obtained from the generalised Hurst exponents as105

τ(q) = qh(q)− 1. (4)

The singularity spectrum f(α) was derived via the Legendre transform

α=
dτ

dq
, (5)

f(α) = qα− τ(q), (6)

yielding the Hölder exponent α and the fractal dimension of the subset carrying that exponent (Feder, 2013; Halsey et al.,110

1986). Three scalar descriptors were extracted from the spectrum: (i) the dominant singularity exponent α0 = α
∣∣
maxf(α)

,

which corresponds to the most frequently occurring scaling behaviour; (ii) the spectral width ∆α= αmax −αmin, a measure

of the overall degree of multifractality; and (iii) the asymmetry index

r =
αmax −α0

α0 −αmin
, (7)
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Figure 2. Time series of daily maximum vertical total electron content (vTEC) at three GNSS stations (DAKR, NKLG, DJIG) over the period

January 2017 to December 2019. Left panels show the raw vTEC signal; right panels show the corresponding STL-detrended residuals after

removal of the seasonal trend component.

where r > 0 indicates dominance of large fluctuations (right-skewed spectrum) and r < 0 indicates dominance of small fluctu-115

ations (Shimizu et al., 2002).

To distinguish multifractality arising from long-range temporal correlations from that arising from a broad (fat-tailed) prob-

ability distribution, Amplitude-Adjusted Fourier Transform (AAFT) surrogates were employed (Theiler et al., 1992; Schreiber

and Schmitz, 1996). For each observed series, n= 10 AAFT surrogate realisations were generated. Each surrogate preserves

the power spectrum (and hence the linear autocorrelation structure) and the amplitude distribution of the original series, but120

destroys nonlinear temporal dependencies (Theiler et al., 1992). MFDFA was applied to all surrogates, and the mean ∆̄α and

standard deviation σ∆α of the spectral width were computed. The standardised deviation

S =
∆α− ∆̄α

σ∆α
(8)

quantifies how many standard deviations the observed multifractality exceeds that of the linear surrogates; a large positive

S > 2 indicates that nonlinear temporal correlations, rather than the marginal distribution alone, are the primary source of125

multifractality (Kantelhardt et al., 2002; Theiler et al., 1992).
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Figure 3. Time series of daily minimum vertical total electron content (vTEC) at three GNSS stations (DAKR, NKLG, DJIG) over the period

January 2017 to December 2019. Left panels show the raw vTEC signal; right panels show the corresponding STL-detrended residuals after

removal of the seasonal trend component.

3 Results and discussion

Figure 2 and Figure 3 present the daily maximum and minimum vTEC time series, respectively, for the three GNSS sta-

tions over 2017–2019, with the respective STL-detrended time series. These plots reveal a striking contrast in ionospheric

dynamics between the daytime and nighttime ionosphere across the study region. The raw maximum vTEC series show clear130

semi-annual modulation at all three stations. Amplitude peaks occur during the March and September equinoctial periods,

consistent with the well-documented influence of solar zenith angle and thermospheric composition on the equatorial and low-

latitude ionosphere (Rishbeth, 1998; Liu et al., 2006). The raw minimum vTEC time series reflect the nighttime ionosphere,

where photo-ionisation is absent and plasma density is governed by recombination and transport processes (Kelley, 2009).

Accordingly, the minimum series show markedly lower absolute values, typically between 2 and 4 TECU, and a much weaker135

seasonal signal at all three stations. Within the maximum series, Dakar (DAKR) records the largest absolute values, exceeding

40 TECU during equinoctial maxima. This is attributable to its proximity to the equatorial ionisation anomaly (EIA) trough.

Nkalagu (NKLG) and Djibouti (DJIG) are also near-equatorial stations and display similarly elevated but slightly subdued

levels. Detrending sharpens these inter-station contrasts considerably. In the maximum series, detrended vTEC at DAKR re-

tains high-amplitude transients with negative excursions exceeding −20 TECU. These are largely absent or much weaker at140
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NKLG, and DJIG, whose residuals remain confined within ±15 TECU. This pattern is indicative of localised ionospheric

depletion events and plasma bubble activity that are disproportionately prevalent in the West African sector (Abdu, 2012). It

also suggests that the dominant source of high-frequency variability at DAKR is not purely seasonal but reflects the strongly

nonlinear dynamics of equatorial plasma irregularities. In the minimum series, the detrended amplitudes at NKLG, and DJIG

collapse to within ±1 TECU. This is a reduction of more than an order of magnitude relative to the maximum residuals and145

underscores the reduced dynamic range of the nighttime ionosphere. The detrended minimum residuals at DAKR was found

to descend below −2 TECU, with sharp negative spikes falling below 1 TECU during 2018. These are likely associated with

severe nighttime depletion events or sporadic-E layer interference. The temporal clustering of these excursions during 2017

and 2018 points to a geomagnetic or solar-cycle modulation of nighttime plasma depletion during the descending phase of

Solar Cycle 24 (Adebesin et al., 2015). The maximum and minimum vTEC records establish DAKR as the most dynamically150

active station in the network, with non-seasonal variability that is larger in magnitude and qualitatively distinct from the other

three stations across both the daytime and nighttime ionosphere.

Figures 4 and 5 present the MFDFA log-log fluctuation functions lnFq(n) versus ln(n) for the raw and detrended daily

maximum and minimum vTEC series, respectively, at q ∈ {−3,2,4}. In the raw maximum series, a clear separation of the

scaling lines by q-order is visible at all three stations. The q =−3 line exhibits the steepest slope and the q = 4 line the155

shallowest, confirming genuine multifractal scaling in which the generalised Hurst exponent h(q) decreases with increasing

q (Kantelhardt et al., 2002). The raw minimum series also show q-separation, but it is notably weaker at NKLG, and DJIG,

indicating reduced multifractality in the nighttime ionosphere. This is consistent with the tabulated values (Table 2), where

hfull(q = 2) ranges from 0.104 to 0.193 for the raw maximum series but only from 0.020 to 0.046 for the raw minimum

series. DAKR is the exception, retaining the greatest q-separation in both series, with h−3 = 0.27 and h4 =−0.06 for the raw160

minimum. A crossover in scaling behaviour is apparent in the log-log plots of the maximum series, particularly at DAKR

and DJIG, near ln(n)≈ 5 (i.e. n≈ 150 days), suggesting a transition between dynamical regimes at sub-annual scales. This

feature is reflected in the first and second half slopes reported in Table 2. At DAKR, for example, h1 = 0.306 and h2 = 0.044,

indicating that persistence is stronger at smaller scales. The crossover is less pronounced in the minimum series, and scaling

is generally more uniform across the full scale range, suggesting that nighttime vTEC lacks the scale-dependent memory165

structure present in the daytime maximum. The crossover remains discernible in the minimum series at DAKR near ln(n)≈ 5,

though it is less sharp than in the maximum case. The hfull(q = 2) values for the raw maximum series at DAKR, NKLG, and

DJIG are 0.127, 0.104, 0.182, and 0.193, respectively. All lie below 0.5, indicating anti-persistent short-range correlations in

the raw maximum vTEC fluctuations. The corresponding values for the raw minimum series are smaller and closer to zero,

further confirming weaker temporal memory in the nighttime ionosphere. Following STL detrending, the scaling functions in170

the maximum series collapse to near-horizontal lines at NKLG, and DJIG, with hfull approaching zero or becoming slightly

negative. This indicates that once the seasonal trend is removed, the residuals carry no significant long-range memory at these

stations. DAKR alone retains a positive hfull = 0.041 after detrending, reflecting the persistence of high-amplitude transient

depletions that seasonal decomposition cannot capture. In the minimum series, detrending reduces the fluctuation functions to

near-horizontal lines at all three stations, with detrended h(q = 2) values lying between −0.002 and 0.031. This confirms that175
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Figure 4. Log-log fluctuation functions lnFq(n) versus ln(n) obtained from multifractal detrended fluctuation analysis (MFDFA) of the

daily maximum vTEC series at DAKR, NKLG, and DJIG. Left panels correspond to the raw signal; right panels to the STL-detrended series.

virtually all long-range scaling in the minimum series is carried by the seasonal trend component rather than by the underlying
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Figure 5. Log-log fluctuation functions lnFq(n) versus ln(n) obtained from multifractal detrended fluctuation analysis (MFDFA) of the

daily minimum vTEC series at DAKR, NKLG, and DJIG. Left panels correspond to the raw signal; right panels to the STL-detrended series.

residual dynamics, a stark contrast to DAKR in the maximum series and consistent with the reduced dynamic range of the

nighttime ionosphere established in Figure 5.
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Figure 6. Multifractal scaling characteristics of daily maximum vTEC derived from MFDFA at the three GNSS stations. Upper panels:

generalised Hurst exponent h(q) as a function of moment order q ∈ [−3,4] for the raw (left) and STL-detrended (right) series. Lower panels:

corresponding multifractal singularity spectra f(α) versus Hölder exponent α for the raw (left) and detrended (right) series.

Figures 6 and 7 display the q-dependence of the generalised Hurst exponent h(q) and the corresponding multifractal sin-

gularity spectra f(α) for the raw and detrended daily maximum and minimum vTEC series, respectively. In both series, h(q)180

decreases monotonically with q at all stations, confirming multifractality. For both the raw and detrended series, and in both

the daily maximum and minimum VTEC data, the generalized Hurst exponent at q = 2 was found to satisfy h(2)< 0.5. An

h(2) value below 0.5 indicates that the vTEC series is anti-persistent rather than persistent which implies that large values tend

to be followed by small ones and vice versa, so the fluctuations show a self-correcting, mean-reverting behaviour rather than

sustained trends. Since this holds consistently across raw and detrended data, and for both maximum and minimum series,185

it suggests that anti-persistence is a robust, underlying feature of the ionospheric VTEC dynamics at these stations, not an

artefact of the deterministic trend. The multifractal parameters obtained from the three GNSS stations point to a few consistent

patterns. Across all stations, the singularity strength α0 was small (Table 2), indicating that daily VTEC fluctuations are inher-
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Figure 7. Multifractal scaling characteristics of daily minimum vTEC derived from MFDFA at the three GNSS stations. Upper panels:

generalised Hurst exponent h(q) as a function of moment order q ∈ [−3,4] for the raw (left) and STL-detrended (right) series. Lower panels:

corresponding multifractal singularity spectra f(α) versus Hölder exponent α for the raw (left) and detrended (right) series.

ently rough and noise-like rather than smooth, and this became even more pronounced once the deterministic trend (diurnal,

seasonal, and solar-cycle components) was removed. Specifically, at NKLG, and DJIG, the values of α0 dropped close to zero190

after detrending, showing that most of their apparent structure came from the trend itself. DAKR behaved differently, keeping a

comparatively high α0 and, unusually, an even wider multifractal spectrum (∆α) after detrending, suggesting that its complex-

ity was not inherited from the seasonal cycle but reflects true intrinsic ionospheric variability, plausibly linked to its strategic

position within the equatorial ionization anomaly region. The other two stations showed the opposite tendency, with maximum

and minimum vTEC series converging toward similar ∆α values once the trend was removed, implying that quiet and active195

periods share a comparable degree of underlying complexity when the predictable component is stripped away. The statistical

significance parameter S confirms that the observed multifractality is robust at all stations in both series. For the maximum

series, S ranges from 3.25 to 3.61 (raw) and 2.98 to 3.40 (detrended), while for the minimum series S ranges from 2.85 to
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3.56, ruling out artefacts of sample size or finite-window effects. The singularity spectra for the minimum series are consis-

tently narrower than their maximum counterparts. A notable asymmetry is observed at NKLG in the minimum series, where200

r = 0.95, indicating a near-symmetric spectrum with a slightly stronger contribution from large fluctuations to the multifractal

structure than small fluctuations (Shimizu et al., 2002), whereas DAKR (r = 0.80) and DJIG (r = 0.80) remain left-skewed

in both series. Following STL detrending, the h(q) curves for NKLG, and DJIG become nearly flat in both the maximum and

minimum series, and their singularity spectra narrow substantially, with all ∆α < 0.20 and h(q = 2)≈ 0. This confirms that

most of the multifractal complexity in those series originates from the seasonal trend rather than from intrinsic ionospheric dy-205

namics. DAKR stands apart in both series. Notwithstanding their closeness to the magnetic equator, the ionosphere over DAKR

(at 2.35 magnetic latitude in West Africa) and DJIG (at 3.33 magnetic latitude in East Africa) exhibit marked differences in

their multifractal scaling characteristics, a disparity we attribute to the significant longitudinal differences in the thermospheric

neutral (zonal and meridional) wind observed at the west and east African equatorial sectors, which have been reported to

be responsible for the longitudinal differences in equatorial electric fields between the west and east Africa stations (Rabiu210

et al., 2011, 2017, 2021; Jones et al., 2013; Maute et al., 2015; Okoh et al., 2022; Yizengaw et al., 2014). These results reveal

a clear daytime-nighttime asymmetry in ionospheric scaling dynamics. The daytime ionosphere supports richer multifractal

structure, stronger memory, and wider singularity spectra, while the nighttime ionosphere exhibits narrower and weaker mul-

tifractality consistent with a less dynamically active plasma in the absence of photo-ionisation. DAKR is the sole exception,

sustaining nonlinear variability throughout the diurnal cycle owing to recurrent plasma depletions that persist independently of215

the seasonal trend at the EIA crest.

4 Conclusions

This study examined the multifractal scaling of daily maximum and minimum vTEC at three African GNSS stations spanning

the equatorial ionisation anomaly (EIA) crest and its flanks over 2017–2019, using MFDFA on both raw and STL-detrended

series to separate seasonal trend from intrinsic ionospheric dynamics. The raw maximum vTEC series showed genuine multi-220

fractality at all three stations, with h(2) ranging from 0.104 to 0.193 and statistically significant spectral widths, along with a

scale-dependent crossover near n≈ 150 days indicating stronger sub-annual persistence, particularly at DAKR and DJIG. The

raw minimum series were also multifractal but consistently narrower and weaker in scaling, reflecting the reduced dynamical

activity of the nighttime ionosphere relative to the solar-driven daytime regime. After STL detrending, multifractal complex-

ity collapsed at NKLG, and DJIG in both series (∆α < 0.20), showing that their scaling structure is largely seasonal rather225

than intrinsic. DAKR was the exception, retaining robust multifractality after detrending in both the maximum (∆α= 0.65)

and minimum (∆α= 0.64) series, with extreme nighttime depletion events in 2017–2018 consistent with recurrent equatorial

plasma bubbles characteristic of the West African sector. These results highlight the importance of detrending in ionospheric

scaling analyses, identify the EIA crest as a physically distinct region where non-seasonal irregularities leave a measurable

imprint on vTEC scaling, with implications for GNSS positioning error modelling and scintillation forecasting.230
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