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Abstract

Very low frequency (VLF) radio waves propagating within the Earth-ionosphere waveg-
uide are highly sensitive to changes in lower ionospheric conditions, which are reflected in
the amplitude of received transmitter signals. During the solar terminator passage, rapid
changes in ionospheric conductivity modify propagation conditions and produce charac-
teristic VLF amplitude minima associated with modal interference and mode conversion
processes. In this study, we investigate the spectral characteristics of VLF amplitude variabil-
ity during the sunrise transition, which spans extended time intervals along long west—east
propagation paths, using signals from the NPM-PIU and NPM-PLO paths recorded in
Peru under solar minimum conditions (2008-2010). One-hour intervals centered on am-
plitude minima are analyzed using Complete Ensemble Empirical Mode Decomposition
with Adaptive Noise (CEEMDAN) combined with the continuous wavelet transform. The
analysis reveals recurrent wave-like fluctuations (WFs) with dominant periods between
2 and 6 min, whose amplitudes increase systematically within +15 min around the ampli-
tude minima. These fluctuations are better distinguished during the later-stage minima and
exhibit enhanced occurrence during solstice months. The results indicate that the evolving
modal structure of the waveguide during the sunrise transition may enhance the sensitivity
of the VLF signals to small perturbations, enabling the detection of weak short-period
ionospheric disturbances.

Keywords: VLF propagation; lower ionosphere; sunrise transition; modal interference;
wave-like fluctuations

1. Introduction

Monitoring the sub-ionospheric propagation of very low frequency (VLF, 3-30 kHz)
radio waves has become one of the most reliable and cost-effective techniques for investi-
gating variability in the lower ionosphere. This region corresponds to the daytime D-region
(~60-75 km) and transitions toward the lower E-region (~75-95 km) after sunset as the
D-region plasma rapidly decays through recombination processes. VLF signals propagate
within the Earth-ionosphere waveguide (EIWG), bounded by the Earth’s surface and the
lower ionosphere. Due to their low attenuation (~3 dB/Mm) and their ability to propagate
over very long distances of several megameters, VLF signals can be continuously recorded
with high stability, providing a sensitive diagnostic of electron density variations and
effective reflection height changes in the lower ionosphere [1-3].
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During daytime, the VLF propagation is particularly stable, resulting in well-defined
amplitude and phase as received by ground stations. This characteristic has been widely
used to study the lower ionospheric response to solar transients (e.g., [4,5]). In con-
trast, nighttime propagation conditions are typically more variable, partly associated with
changes in the effective reflection height, caused by the rapid decrease in electron density
at higher altitudes [6,7]. As a result, the nighttime VLF signals can become more sensi-
tive to transient atmospheric and geophysical disturbances, including lightning-induced
electron precipitation, transient luminous events, soft gamma-ray repeaters, and acoustic
waves (e.g., [8-12]).

Particularly pronounced variability occurs during the sunrise and sunset transitions,
when the solar terminator (ST) moves across the propagation path. During these pe-
riods, the VLF amplitude curves typically exhibit a sequence of pronounced periodic
minima [13-15], which are commonly interpreted as a manifestation of interference be-
tween modal components arising from mode conversion at the solar terminator boundary,
where ionospheric conditions change rapidly [13,14,16]. The number and timing of these
minima depend on the length and orientation of the propagation path, with a larger number
typically observed for west—east or east-west oriented paths.

The rapid changes in ionospheric conductivity and temperature driven by the solar
terminator can generate atmospheric disturbances, including acoustic and gravity waves
(AGWs) [17], which modify the electron density of the lower ionosphere and can produce
measurable fluctuations in VLF amplitude and phase. Compared with other natural or an-
thropogenic sources, the solar terminator is a predictable, recurrent, and well-characterized
source of atmospheric disturbances [17-19], making it an important natural setting for
studying AGWs in the lower ionosphere. During sunrise, strong photoionization and
rapid atmospheric heating occur, whereas sunset is characterized by relaxation processes
associated with decreasing solar radiation flux. Consequently, the characteristic width of
the sunrise transition region is typically smaller than that of the sunset region, making
sunrise a more efficient generator of AGWs [17]. These disturbances have been observed
in the upper ionosphere using techniques such as GPS-derived total electron content
(TEC) [19], Doppler sounding [20], and incoherent scatter radar [21], and at lower iono-
spheric altitudes (below 90 km) through VLF amplitude fluctuations [22,23].

Although ST-induced AGWs have been previously reported in VLF observations,
most studies have focused on time intervals surrounding the terminator passage, typically
extending several tens of minutes before and after, rather than on the detailed spectral
characterization of the sunrise transition itself. For long west-east propagation paths,
the passage of the solar terminator occurs over an extended time interval, providing
favorable conditions for resolving oscillations associated with the terminator passage. In
addition, these paths exhibit a well-defined modal interference pattern characterized by
pronounced amplitude minima, which can be used as well-defined temporal markers for
spectral decomposition.

Therefore, in this work, we investigate the spectral characteristics of VLF amplitude
variability during the sunrise transition under solar minimum conditions (2008-2010) along
long west—east propagation paths, taking the amplitude minima as reference points for the
analysis. The Complete Ensemble Empirical Mode Decomposition with Adaptive Noise
(CEEMDAN) combined with wavelet analysis is applied to examine the temporal and
spectral structure of the VLF signal and to identify short-period oscillatory components
embedded within the large-scale terminator-related variations.
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2. Data and Methodology
2.1. Narrowband VLF Amplitude Dataset

The narrowband VLF data used in this study were recorded and provided by the South
America VLF Network (SAVNET) [24,25]. The analyzed dataset spans the solar minimum
from 2008 to 2010, during which stable and nearly continuous amplitude recordings were
available for the propagation paths considered in this study. SAVNET provides digital
amplitude measurements with a temporal resolution of 1 s, which allows resolving short-
period variability on time scales of a few minutes.

We analyze the paths between the NPM transmitter (Lualualei, HI, USA, 21.4 kHz)
and the receivers located at Punta Lobos (PLO, Peru) and Piura (PIU, Peru), hereafter
referred to as NPM-PLO and NPM-PIU, with lengths of approximately 9.64 Mm and
8.94 Mm, respectively. Figure 1 shows the locations of the VLF transmitters (triangle
symbols) and receiver stations (diamond symbols), together with the corresponding propa-
gation paths. Both paths lie at low latitudes and partially overlap, enabling nearly simul-
taneous observations under comparable geophysical and geomagnetic conditions, which
supports a consistent comparative analysis.
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Figure 1. VLF propagation paths from transmitters NPM (triangle symbol) to PLO and PIU receiver
stations (diamond symbols). The Py; points represent the mean geographical locations where minima
amplitude occurs (see text).

To assess geomagnetic conditions, quiet conditions were defined as having
Kp < 3 (for the current and previous three intervals), Dst > —30 nT, and F10.7 cm < 150 SFU.
According to these criteria, the dataset includes both geomagnetically quiet and disturbed
days. A sensitivity analysis was therefore performed by comparing results obtained with
and without filtering disturbed days. No significant differences were found; consequently,
all available days were included in the analysis in order to maximize statistical robustness.

Figure 2 shows VLF amplitude recorded between 10:00 UT and 18:00 UT on 9 Novem-
ber 2009 and 27 January 2010 for the NPM-PIU (black curve) and NPM-PLO (red curve)
paths. This time interval corresponds to the sunrise transition, defined here as the time
required for the solar terminator to cross and fully illuminate the entire propagation path.
The daily VLF amplitude curves exhibit the typical and well-defined modal interference
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pattern, characterized by a sequence of pronounced amplitude minima occurring as the
solar terminator crosses specific locations along the propagation path, approximately
corresponding to the local sunrise time at those locations. The mean geographical lo-
cations at which these sunrise amplitude minima are expected to occur were estimated
following [15] and are labeled as P in Figure 1.

100
@, o —— NPM-PIU
—— NPM-PLO
g0l | 27/01/2010
(+50 dB)
9
60
o
5,
§ . T5 i
£ 401 | ©
g , T4
< i 09/11/2009
: |t
201 §T1 | it
01 gi > T3 g
33 T4 LI
10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time [UT]
701
b C
70<( ) 09/11/2009 (© 27/01/2010 3
3 60 1
604 (+45d8B) (+40dB) (+4T53d|3)
50 1
o o T4 T4
g S 401 (430d8) (+250B)
() ()
el el
2 2
5 5 30
£ £
< <
T5
201
it T5
1 4
. 10 1
01 — NPM-PIU —— NPM - PIU
—— NPM- PLO 01 — NPM-PLO
-30 -20 -10 0 10 20 30 -30 -20 -10 O 10 20 30
Time [min] Time [min]

Figure 2. (a) VLF amplitude recorded during the sunrise transition along the NPM-PIU (black curve)
and NPM-PLO (red curve) propagation paths, showing typical amplitude minima whose occurrence
times are labeled as T1-T5. The sunrise times (SR) at the receivers and transmitter are indicated by
vertical black (PIU), red (PLO) and blue dashed lines, respectively. One-hour segments of amplitude
recordings around the occurrence times T3-T5 for 9 November 2009 (b) and 27 January 2010 (c).
Although the T4 minimum appears particularly pronounced in the examples shown, the relative
depth of the T4 and T5 minima may vary from day to day.

The generation mechanism of these periodic amplitude minima is commonly inter-
preted as a consequence of modal interference and significant mode conversion processes
occurring in the EIWG as the solar terminator crosses the propagation path [13,14]. For
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west—east propagation paths, the sunrise effect involves a non-negligible contribution from
the nighttime second-order mode, which can reach the terminator region and be converted
into a daytime first-order mode that subsequently propagates toward the receiver. For the
NPM-PLO path, five amplitude minima are mostly identified (T1-T5), whereas four are
observed along NPM-PIU. To enable direct comparison between both paths, the minima
along NPM-PIU are labeled as T2-T5, corresponding to the later-stage minima identified
along NPM-PLO, as indicated in Figure 2.

Previous studies have reported that the earliest sunrise minima are often weaker and
less clearly defined than the subsequent ones. For instance, Ries [26] showed that the first
two steps of the sunrise fading pattern are relatively weak and are frequently split into
substeps for a long west—east propagation path, whereas the later steps are typically well
defined. Similarly, Samanes et al. [15] found that the occurrence times of earliest minima
exhibit larger temporal dispersion compared to the later ones. Consistent with these earlier
findings, a comparison between the observed early and later minima indicates that the first
minima (T1-T2) are generally less pronounced and less consistently identifiable than the
later ones (T3-T5) for both NPM-PLO and NPM-PIU propagation paths. These observations
suggest that the modal interference structure within the EIWG becomes progressively better
defined as the solar terminator advances along the propagation path. Therefore, the analysis
focuses on the signal variability around the later-stage minima (T3-T5), which are more
clearly defined and reproducible, whereas the earlier minima (T1-T2) are more irregular
and therefore less suitable for systematic spectral analysis.

Figure 2b,c presents enlarged one-hour views of the VLF amplitude variations around
the minima T3, T4, and T5, using time windows centered on each minimum. For clarity, the
amplitude curves corresponding to different minima are vertically offset. These minima are
well-defined and consistently reproducible in the amplitude time series and, because the
propagation paths are quasi-parallel over a portion of their trajectories, they are observed
nearly simultaneously along both paths. An important feature of these intervals is the pres-
ence of short-period fluctuations in the vicinity of the amplitude minima, most clearly at T4
and T5, superimposed on the broader terminator-related minimum structure. This combi-
nation makes these intervals particularly suitable for investigating short-period oscillations.
Therefore, the spectral analysis is performed over one-hour time intervals centered on each
minimum, as shown in Figure 2b,c, enabling the identification of short-period oscillatory
components embedded within the large-scale terminator-related variations. The analysis is
focused on the sunrise transition, where conditions are expected to be more favorable for
the generation of periodic atmospheric oscillations compared to sunset conditions [17,19].

2.2. Methodology

During the sunrise transition, the VLF amplitude time series is characterized by the
superposition of large-amplitude, low-frequency variations associated with the solar termi-
nator passage and smaller-amplitude, short-period fluctuations occurring on time scales
of a few minutes, here referred to as wave-like fluctuations (WFs). These WFs represent
quasi-periodic variations embedded within large-scale signals and exhibit nonstationary
behavior that complicates the direct application of conventional spectral techniques such as
Fourier analysis, which assume quasi-stationary signals. In particular, the dominant large-
scale terminator-induced variation can mask weaker oscillatory components and introduce
spectral leakage. Therefore, to isolate the short-period variability, the VLF amplitude signal
is decomposed into its intrinsic temporal scales using the Complete Ensemble Empirical
Mode Decomposition with Adaptive Noise (CEEMDAN) technique and it is combined
with time-frequency analysis to examine the resulting oscillatory components.
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CEEMDAN is a fully data-adaptive signal decomposition technique developed as
an improvement of the original Empirical Mode Decomposition (EMD) proposed by [27].
Unlike Fourier-based or other decomposition methods that rely on predefined basis func-
tions, CEEMDAN does not require any a priori assumptions about the signal structure,
making it particularly suitable for the analysis of nonlinear and nonstationary geophysical
time series. CEEMDAN decomposes a signal into a finite set of intrinsic mode func-
tions (IMFs) together with a residual term, thereby separating the intrinsic temporal
scales present in the data. One of the main limitations of classical EMD is the occur-
rence of mode mixing, whereby oscillations of different characteristic scales coexist within
a single IMF or similar oscillatory components appear in multiple IMFs, leading to am-
biguous physical interpretation. While the Ensemble Empirical Mode Decomposition
(EEMD) [28] alleviates this problem through the addition of white noise, it may introduce
reconstruction errors and lacks strict decomposition completeness. CEEMDAN overcomes
these limitations by incorporating adaptive noise at each decomposition stage and ensuring
ensemble consistency, resulting in improved spectral separation, reduced reconstruction
error, and complete signal representation [29]. Therefore, CEEMDAN has been applied
to a variety of geophysical and space-weather-related signals, particularly in situations
where weak oscillatory components may be embedded within large-amplitude background
variability (e.g., [30-33]).

The CEEMDAN decompositions for the VLF amplitude around T5 (shown
in Figure 2) for 9 November 2009 and 27 January 2010 are shown in Figures 3 and 4, respec-
tively. The decomposition yields a finite set of intrinsic mode functions (IMFs), ordered
from high- to low-frequency components, each representing a distinct temporal scale of
variability present in the signal. The lower-order IMFs (IMF1-IMF5) are dominated by
high-frequency fluctuations, whereas the highest-order IMF7 reproduces the large-scale
amplitude modulation associated with the minimum amplitude profile. Intermediate order
IMF6 captures oscillatory features superimposed on the broader minimum structure.

For the dataset analyzed between 2008 and 2010, CEEMDAN typically decomposes the
signal into seven IMFs, with an eighth IMF occasionally identified. A systematic inspection
across all analyzed events shows that IMF1-IMF5 are dominated by periods shorter than
~2 min, and they appear on most days. These components are therefore interpreted as
primarily reflecting high-frequency variability, likely associated with instrumental effects
or propagation-related noise. In contrast, IMF6 exhibits quasi-periodic oscillations with
characteristic periods between approximately 2 and 6 min, consistent with short-period
wave-like atmospheric disturbances previously reported in the lower ionosphere during
sunrise (e.g., [22]). Therefore, our analysis focuses on the IMF6 (or IMF7 when present) that
captures this temporal scale. The consistent identification of similar oscillatory components
across independent propagation paths and over multiple days supports the physical signif-
icance of the extracted IMF component, reducing the likelihood that these features arise
from decomposition artifacts.

The spectral characteristic of the selected IMF6 is determined using the Continuous
Wavelet Transform (CWT), which provides a time-frequency representation suitable for
capturing the temporal evolution of oscillatory features in nonstationary time series. The
CWT method and the computational implementation used in this study follow the approach
described in [34]. The statistical significance of the wavelet power spectrum is assessed at
the 95% confidence level against a red-noise background spectrum. Edge effects associated
with the finite length of the time series are identified using the cone of influence (COI), and
regions outside the COI are not considered when computing the time-averaged wavelet
power spectrum (Global Wavelet Power Spectrum, GWPS), which is used to identify the
dominant periods present in the time series. To ensure a consistent comparison of spectral
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power across different periods, we apply the correction for the scale-dependent bias in the
Wavelet Power Spectrum (WPS) proposed by [35].
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Figure 3. Intrinsic Mode Functions (IMFs) obtained by applying CEEMDAN on one-hour segment of
VLF amplitude recorded around minimum T5 for 9 November 2009, and for NPM-PIU (left panels)
and NPM-PLO (right panels).

https://doi.org/10.3390/atmos17060581


https://doi.org/10.3390/atmos17060581

Atmosphere 2026, 17, 581

8 of 16

IMF4 [dB] IMF3 [dB] IMF1 [dB] Amplitude [dB]
©
Ul

IMF5 [dB]

IMF7 [dB]

NPM - PIU NPM - PLO

T5

04 27/01/2010

20+

154

104 T5
27/01/2010

Amplitude [dB]

IMF1 [dB]

IMF2 [dB]

)
S
m 0.0
[T
=
-1.0 A
024 _. 051
S
s
_02 4 __05 T
0.5
0.1+
o
S
0.0 A n 0.0
L
=
_Ol -
0.5 A
0.2 —_
S
0.0 o 0.0 1
L
=
-0.2 1 -0.5 A
15 A
— 201
10 @
5 g 15 A
0 10 A
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Time Time

Figure 4. Same as Figure 3 for 27 January 2010.

3. Results and Discussion

Figure 5 shows the spectral characteristics of IMF6 associated with the T5 minimum
recorded on 9 November 2009 and 27 January 2010, for both propagation paths NPM-
PIU and NPM-PLO. The upper panels display the IMF6 time series as previously shown
in Figures 3 and 4, while the lower panels present the corresponding wavelet power spectra.
The Global Wavelet Power Spectrum (GWPS) is shown to the right of each panel.
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Figure 5. Spectral characteristics of IMF6 associated with the T5 sunrise minimum for 9 Novem-
ber 2009 (top panels) and 27 January 2010 (bottom panels) along the NPM-PIU and NPM-PLO
propagation paths. The upper panels show the IMF6 time series. The lower panels display the
corresponding continuous wavelet power spectra (CWT), with the Global Wavelet Power Spectrum
(GWPS) shown to the right of each plot. Vertical dashed lines indicate the =15 min interval around
the minimum. The thick black contour in the CWT and the blue dashed line in the GWPS indicate
the 95% confidence level.

Figure 5 shows that IMF6 exhibits pronounced wave-like fluctuations (WFs) in the
vicinity of the amplitude minimum. Although these fluctuations are present throughout
the entire one-hour window, their amplitudes increase systematically within approximately
£15 min around the minimum (delimited by the vertical dashed red lines), showing a clear
contrast with the surrounding intervals where the oscillations are less organized and exhibit
lower amplitudes. The dominant periods range between ~2 and 4 min, with peak values
of about 2.4-2.6 min on 09 November 2009 and about 3.1-3.4 min on 27 January 2010. For
most of the analyzed days between 2008 and 2010, the dominant period of the selected IMF
falls within the short-period range between approximately 2 and 6 min. These oscillations
are consistently identified within the same IMF component (IMF6 or higher-order IMFs
when present) across different days and propagation paths, indicating that they represent a
stable feature of the signal rather than an artifact introduced by the decomposition method.
These oscillatory features are most clearly resolved in the vicinity of the sunrise amplitude
minima, suggesting that the VLF propagation conditions become particularly sensitive to
small-scale perturbations during this stage. This enhanced sensitivity can be interpreted as
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a consequence of the evolving modal interference pattern, where slight variations in the
effective reflection height may produce a stronger modulation of the received signal.

Previous studies have reported WFs in VLF signals associated with the passage of
the solar terminator, suggesting that it may act as a source or triggering mechanism
for atmospheric wave disturbances detectable in sub-ionospheric VLF propagation. For
instance, Nina and Cadez [22] investigated VLF amplitude variations during sunrise
and reported signatures consistent with AGWs in time intervals surrounding the ampli-
tude minimum, typically spanning several tens of minutes before and after the termina-
tor passage. They identified WFs with characteristic periods of approximately 60-100 s
and 300-400 s, attributed to acoustic wave activity, while longer periods in the range of
700-900 s were associated with gravity waves. More recently, Cheremnykh et al. [23] inves-
tigated VLF amplitude fluctuations associated with the evening terminator and reported
dominant oscillations with periods of about 15-20 min developing several hours after
the terminator passage. Consistent with these previous findings, our results also reveal
short-period WFs. However, in contrast to earlier studies that analyzed broader time
intervals around the terminator passage, the oscillatory features identified here are most
clearly resolved in the vicinity of the interference minima, where the modal structure within
the EIWG is strongly developed, allowing short-period variability to be examined under
well-defined propagation conditions.

The monthly occurrence of WFs identified for the NPM-PIU and NPM-PLO propa-
gation paths is shown in Figures 6 and 7, respectively. For each month, blue bars indicate
the number of days with available observations, while orange bars represent the num-
ber of days on which WFs with a dominant period between 2 and 6 min are detected.
The green bars denote the subset of these days for which WF activity is centered within
£15 min around the corresponding amplitude minimum.

For both propagation paths and for minima T3, T4 and T5, WFs with dominant periods
between 2 and 6 min are detected on multiple days across most months. These periods
are consistent with those previously reported in VLF amplitude measurements associated
with the passage of the solar terminator [22]. In particular, periods shorter than ~5 min
are typically associated with acoustic waves below the acoustic cutoff frequency, whereas
longer periods approach the Brunt-Viisila limit for gravity waves, indicating that the
observed WFs may include contributions from both acoustic and short-period gravity wave
modes. Therefore, the detected oscillations likely reflect a mixed short-period atmospheric
wave field whose signatures become observable in the VLF amplitude under favorable
waveguide conditions during sunrise.

As shown in Figures 6 and 7, WFs are predominantly centered around the minima,
as indicated by the close correspondence between orange and green bars. As previously
mentioned, this behavior suggests that the modal interference minima can be interpreted
as localized regions of enhanced sensitivity, where the response of the VLF signal to
small perturbations in the effective reflection height is amplified. Under these conditions,
even weak ionospheric disturbances can produce detectable signatures in the received
VLF amplitude. This interpretation is consistent with the idea that, near the minima, the
waveguide response becomes more sensitive to small changes in the lower ionosphere
because of the rapidly evolving modal structure during the sunrise transition.
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Figure 6. Monthly occurrence of WFs for NPM-PIU propagation path and for minima T3, T4,
and T5 over the period 2008-2010. Blue bars indicate the total number of available observation
days per month, orange bars the number of days with detected WFs (dominant periods between
2 and 6 min), and green bars the subset of days for which the WF activity is centered within +15 min
of the corresponding amplitude minimum. Black vertical dashed lines separate the different years.

On the other hand, seasonal variability is evident for both propagation paths, with
enhanced activity during solstice months. This modulation is more pronounced for T4
and T5, whereas T3 exhibits a broader and more uniform distribution throughout the year.
Similar seasonal behavior has been reported in VLF observations. For instance, Correia
etal. [36] analyzed VLF amplitude measurements recorded at the Brazilian Antarctic Station
and identified AGW signatures, showing that the distribution of detected wave periods
varies with season and local time. Their statistical analysis revealed that short-period
fluctuations below about 5 min occur preferentially during daytime conditions throughout
the year, with increased occurrence between November and April. Consistently, Fedorenko
et al. [37] reported that VLF amplitude fluctuations are observed across different seasons,
with a tendency for increased amplitudes during summer months. In addition, studies
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of solar terminator waves have shown that their amplitudes and occurrence rates can
be enhanced during solstice conditions, reflecting the seasonal variability of background
atmospheric dynamics and migrating atmospheric tides that modulate the ionospheric
response to terminator forcing [38,39]. These results are consistent with the enhanced
WEF activity observed here during solstice months and suggest seasonal changes in atmo-
spheric wave generation, propagation conditions, and ionospheric sensitivity during the
sunrise transition.
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Figure 7. Same as Figure 6, but for NPM-PLO propagation path.

To further characterize the distribution of dominant periods associated with the de-
tected WFs, Figure 8 presents the occurrence distribution for T3, T4, and T5, expressed
as percentage values for both propagation paths. The distributions reveal that most WFs
are concentrated within the 2—4 min range, with the highest occurrence at shorter peri-
ods (2-3 min). As the period increases, the occurrence decreases, although fluctuations
with periods up to 5-6 min are still observed in a non-negligible number of cases. The
similarity of this behavior across both propagation paths supports the robustness of the

https://doi.org/10.3390/atmos17060581


https://doi.org/10.3390/atmos17060581

Atmosphere 2026, 17, 581

13 of 16

Ocurrence of WFs (%)

100

80

60

40

20

observed characteristics and reflects intrinsic properties of ionospheric variability during
the sunrise transition. The consistent detection of similar oscillatory patterns along both
independent propagation paths and across multiple days indicates that these fluctuations
represent genuine variability in the VLF amplitude. In addition, the detected oscillations
are preferentially concentrated within a relatively narrow period range of approximately
2-6 min and are systematically observed near the sunrise amplitude minima. Such coherent
temporal and spectral behavior is not consistent with random noise-induced fluctuations
or decomposition artifacts. These results are consistent with a sensitivity analysis with
respect to geomagnetic activity, indicating that the occurrence and distribution of the
detected WFs remain essentially unchanged when geomagnetically perturbed days are
excluded. This suggests that their occurrence is not significantly controlled by geomagnetic
conditions, further supporting the interpretation that they are primarily associated with
terminator-related propagation and atmospheric processes.

15 T4 3
—— NPM-PIU —— NPM-PIU —— NPM-PIU
-=-- NPM-PLO ---- NPM-PLO ---- NPM-PLO
4 5 6 2 3 4 5 6 2 3 4 5 6
Period (min) Period (min) Period (min)

Figure 8. Occurrence distribution (%) of periods associated with WFs identified for T3, T4, and T5,
for the NPM-PIU (solid line) and NPM-PLO (dashed line) propagation paths.

The observation of WFs during the later-stage minima (T3-T5) suggests that their
detectability is linked to specific physical conditions of the EIWG during sunrise. Sunrise
amplitude minima are widely interpreted as manifestations of modal interference and
conversion processes driven by rapid changes in ionospheric conductivity and effective
reflection height. During the transition from nighttime to daytime conditions, the increasing
contribution of higher-order modes produces enhanced nonstationarity and stronger phase
and amplitude variability [26]. Under such conditions, the evolving modal structure within
the waveguide may enhance the sensitivity of the received VLF signal to small perturbations
in the effective reflection height of the lower ionosphere. Consequently, even relatively
weak ionospheric disturbances may produce detectable signatures in the received signal
during the sunrise transition. In this sense, the later-stage minima appear to provide the
most favorable conditions for resolving short-period variability, likely because the modal
interference pattern is more fully developed and reproducible at those stages.

Overall, the results indicate that short-period WFs are a recurrent feature of the
sunrise transition rather than isolated events, with their preferential localization near later
amplitude minima, reflecting enhanced waveguide sensitivity under strongly evolving
modal interference conditions during the solar terminator passage. These findings suggest
that the modal interference pattern associated with sunrise provides favorable observational
conditions under which weak short-period ionospheric disturbances become more readily
detectable in sub-ionospheric VLF observations. In this context, focusing on time intervals
centered on amplitude minima provides an effective approach for isolating short-period
atmospheric perturbations, particularly under conditions where such signals are otherwise
difficult to resolve.
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4. Conclusions

This study investigates the spectral characteristics of VLF amplitude during the sun-
rise transition along long west—east propagation paths under solar minimum conditions.
Narrowband VLF observations from the SAVNET for the NPM-PIU and NPM-PLO paths
over the period 20082010 were analyzed. The analysis focuses on time intervals centered
on sunrise amplitude minima, corresponding to characteristic stages of the solar terminator
passage along the propagation path, which provide a consistent temporal framework for
the characterization of short-period variability. By applying CEEMDAN decomposition
combined with wavelet analysis, short-period oscillatory components embedded within
the large-scale amplitude variations associated with the solar terminator transition were
isolated and characterized.

The analysis reveals the recurrent presence of WFs with dominant periods between
2 and 6 min near the amplitude minima, particularly during the later-stage minima T3-T5,
where the modal interference structure of the EIWG is more clearly developed and better
defined. Under these conditions, the evolving modal structure of the waveguide may
increase the sensitivity of the received VLF signal to small perturbations in the effective
reflection height. The observed periodicities are consistent with previously reported short-
period atmospheric wave disturbances, including both acoustic and gravity wave modes,
affecting the lower ionosphere during the solar terminator transition. However, their
physical origin cannot be attributed to a single source mechanism; therefore, future work
should focus on combining VLF observations with complementary ground-based and
satellite measurements to further constrain and validate these findings.

The results indicate that short-period WFs are a recurrent feature of the sunrise tran-
sition rather than isolated events. Their preferential localization at later-stage minima
highlights the role of the evolving modal interference structure in enhancing the sensitivity
of the VLF signal to small perturbations. Under these conditions, the modal interference
minima can act as natural observational windows in which weak short-period disturbances
in the lower ionosphere become detectable in VLF amplitude measurements.

Finally, a statistical analysis of the monthly occurrence of WFs shows that these fluctu-
ations are detected on multiple days throughout the year and exhibit seasonal modulation,
with increased occurrence during solstice months. This behavior suggests that seasonal
variations in the background atmospheric and ionospheric conditions may influence both
the generation of atmospheric wave disturbances and their detectability in sub-ionospheric
VLF measurements.
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