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Abstract We propose to employ the framework of information geometry to detect anomalies in Very Low

Frequency (VLF) and Low Frequency (LF) signal propagation, measured globally across amplitude and phase

channels. Using a sliding‐window approach, the probability distributions of signal data are compared over

adjacent intervals, defining a statistical measure of distinguishability, named information velocity. Information

velocity enables the identification of anomalies in VLF/LF signals and connect them to various atmospheric,

geophysical, and space weather phenomena. We have shown the effectiveness of information geometry in

quantifying signal variability, offering a powerful framework for anomaly detection in VLF data and wider in

the geophysical and atmospheric sciences context. The results demonstrate its potential for uncovering insights

into ionospheric behavior, atmospheric disturbances, and their interplay with Earth's electromagnetic

environment.

1. Introduction

The Very Low Frequency (VLF, 3–30 kHz) and Low Frequency (LF, 30–300 kHz) radio signals have been used

to study a variety of ionospheric, geophysical and solar phenomena (Clilverd et al., 2001; Eftaxias et al., 2003;

Hayakawa et al., 1996; Hayakawa, 1996; Inan et al., 2010; A. Kumar & Kumar, 2018; McRae & Thomson, 2004;

Molchanov & Hayakawa, 1998; Molchanov et al., 1998; Rozhnoi et al., 2009; Raulin et al., 2010; Rozhnoi

et al., 2015; Thomson & Clilverd, 2000).

The theoretical foundation for these applications lies in the concept of electromagnetic waveguides. The surface

of the Earth and its ionosphere together form a natural waveguide that confines and directs the propagation of

VLF/LF waves, as illustrated in Figure 1. This waveguide is sensitive to changes in its boundary conditions,

which can be caused by various natural or anthropogenic phenomena. For example, solar radiation increases the

levels of ionization in the ionosphere, thus raising its effective height and altering its reflective properties

(Williams & Sátori, 2007). Similarly, meteorological processes such as storms and cyclones can modify the

refractive index and absorption characteristics of the waveguide, affecting VLF/LF signal propagation (Rozhnoi

et al., 2014). Geophysical phenomena such as earthquakes are also known to produce anomalies in VLF/LF

signals (Sorokin & Pokhotelov, 2014). During pre‐seismic periods, changes in Earth's lithosphere‐ionosphere

coupling are believed to produce measurable disturbances in VLF/LF signal characteristics, such as amplitude

and phase anomalies. These disturbances may provide critical insights into the processes leading up to seismic

events, as discussed in models exploring the interaction of seismic activity with electromagnetic wave propa-

gation (Hayakawa et al., 2010; Molchanov et al., 1998, 2006; Molchanov & Hayakawa, 1998; Rozhnoi

et al., 2009).

The study of VLF signals has traditionally utilized a combination of empirical and computational approaches to

explore their properties and behaviors. Initial investigations often applied Fourier analysis to decompose VLF

signals into their spectral components, revealing patterns in the signal (Chang & Helliwell, 1980; Jones, 1973).

Another prominent technique involves wavelet transforms, which have proven effective in capturing transient

changes in signal amplitude and phase, enabling the identification of brief anomalies linked to phenomena like

solar flares, seismic activity, and atmospheric disturbances (Chernogor, 2010; Güzel et al., 2011; Maurya

et al., 2014; Righetti et al., 2012). Furthermore, statistical tools such as cross‐correlation analysis and Principal

Component Analysis (PCA) have been employed to uncover relationships between VLF signal variations and

external geophysical or atmospheric events (Bezděková et al., 2022; Hayakawa et al., 2004). Together, these
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techniques have paved the way for more sophisticated machine learning approaches in recent years (Gross &

Cohen, 2020; Nardi et al., 2022; Wang et al., 2020)

Information geometry provides a model‐free approach using geometric interpretations of probability distribu-

tions, enabling the detection and correlation of anomalies across multiple channels. These anomaly correlations

are critical for identifying large‐scale geophysical phenomena, such as geomagnetic storms and extreme weather

events. For instance, anomalies associated with the 2015‐03‐18 geomagnetic storm and Hurricane Matthew in

2016 exhibit strong correlations, linked to the geometric configuration of Fresnel sensitivity zones and atmo-

spheric dynamics.

This study builds on the existing body of research using a model‐free, information‐theoretic approach to analyze

the VLF signal data. Specifically, we apply the concept of information velocity (Γ) to detect anomalies in signal

propagation that may correspond to geophysical, atmospheric or space weather events. Using the data obtained

from a global network of VLF/LF transmitters and receivers, we aim to identify patterns and correlations in signal

anomalies, enhancing our understanding of their potential as predictive tools. This approach seeks to uncover

novel relationships in the complex interactions between the Earth's surface, its atmosphere, and the ionosphere,

offering a fresh perspective on the predictive capabilities of VLF signals.

In this study, we used data from a VLF/LF receiver located in Sheffield, UK, with transmitters distributed over the

globe. The SHF radio station is built as the UltraMSK software‐defined radio system, which employs GPS 1‐s

pulses as its phase reference. It can simultaneously record the amplitude and phase of MSK (minimum shift

keying) modulated signals in the 10–50 kHz frequency range from multiple transmitters. MSK signals have fixed

frequencies within a narrow band of 50–100 Hz around the main frequency and exhibit adequate phase stability.

The detailed information on the hardware, antenna and software is available on the UltraMSK webpage

(UltraMSK, 2026). The frequency and location of each of them are given in Table 1. The geographical distri-

bution is shown in Figure 2. The collected data covers a range from 2013 to 10–11 to 2016‐10‐27.

The remainder of the paper is organized as follows. Section 2 outlines the methodology used in this work with

Section 2.1 providing a brief introduction to the framework of information geometry, Section 2.2 describing how

it can be used for detecting anomalies. Section 2.3 proposes how correlation can be used to reduce noise and false

positives among the detected anomalies. Section 3 presents the observations and results derived from this

analysis. Finally, Section 4 summarizes the findings and explores potential avenues for extending this work.

2. Background and Methodology

2.1. Information Geometry

Information geometry is the study of probability and statistics using the techniques of differential geometry. To

achieve this we must first equip the space of all probability distributions with a manifold structure by defining a

distance metric between probability distributions. Several different metrics can be defined on a probability space

(Diosi et al., 1996; Gangbo &McCann, 1996; Gibbs & Su, 2002; Majtey et al., 2005). In this work we use a metric

based on Fisher information (Frieden, 2004) called the Fisher information metric. For a continuous family of

probability density functions (PDFs) p(x; {θ}) parametrized by a set of continuous parameters {θ}, the Fisher

information metric gjk({θ}) can be defined as

gjk(θ) := ∫
X

∂ log p(x; {θ})
∂θj

∂ log p(x; {θ})
∂θk

p(x; {θ})dx, (1)

where X denotes the domain of the PDF. In many physically relevant situations including this work, we come

across time‐dependent PDFs p(x, t) which can be considered as PDFs parameterized by the parameter t. In such

cases the Fisher information metric simplifies to

g(t) = ∫ dx
1

p(x, t) [∂p(x, t)∂t
]2. (2)

Using this metric we can now define information length L as the total distance traveled on the manifold as the

PDF evolves with time:
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L(t) := ∫t

0

dt1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∫ dx

1

p(x, t1)
[∂p(x, t1)

∂t1
]2

√
. (3)

Information length defined in this way is a dimensionless quantity, which

quantifies the number of statistically distinguishable states a system has

passed through during its temporal evolution (Wootters, 1981).

Using the information length, we can now define an information velocity

Γ := limdt→0dL/dt on the manifold:

Γ(t) :=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∫ dx

1

p(x, t) [∂p(x, t)∂t
]2

√
. (4)

Γ measures the rate of change of statistically distinguishable states of a time‐

evolving PDF. Γ has been used to study correlations (Kim, 2021) and abrupt

changes in dynamical systems (Guel‐Cortez & Kim, 2021). In the context of non‐equilibrium thermodynamics, Γ

is related to the entropy production rate for a Gaussian process (Kim, 2021) and can be extended to study causality

(Kim & Guel‐Cortez, 2021).

Note that Equation 4 is numerically unstable when p → 0 due to the presence of p(x, t) in the denominator. To

avoid numerical instability, we can define q(x, t) :=
̅̅̅̅̅̅̅̅̅̅̅̅
p(x, t)

√
and rewrite Γ as follows:

Γ(t) := 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∫ dx[∂q(x, t)

∂t
]2

√
. (5)

2.2. Anomaly Detection

Each VLF/LF signal measured by the receiver is characterized by its amplitude and phase. The signals are

measured continuously with a sampling interval of 20 s. Since the data is obtained from 17 different transmitters,

Table 1

Location and Frequency of Transmitters and Receivers

Name Frequency Latitude Longitude Location

DHO 23.4 kHz 53.0789°N 7.615°E Rhauderfehn, Germany

FTA 20.9 kHz 48.544632°N 2.579429°E Sainte‐Assise, France

GBZ 19.58 kHz 54.911643°N 3.278456°W Anthorn, UK

GQD 22.1 kHz 54.9116667°N 3.2786111°W Anthorn, UK

HWU 21.75 kHz 46.713129°N 1.245248°E Rosnay, France

ICV 20.27 kHz 40.923127°N 9.731011°E Isola di Tavolara, Italy

ITS 45.9 kHz 37.1°N 14.1°E Sicilia, Italy

NAA 24.0 kHz 44.644936°N 67.281639°W Cutler, Maine, USA

NAU 40.8 kHz 18.398762°N 67.177599°W Aguada, Puerto Rico

NLK 24.8 kHz 48.203487°N 121.916827°W Jim Creek, Washington, USA

NML 25.2 kHz 46.36599°N 98.335638°W LaMoure, North Dakota, USA

NPM 21.4 kHz 21.420166°N 158.15114°W Lualualei, Hawaii, USA

NRK 37.5 kHz 63.850365°N 22.466773°W Grindavik, Iceland

NWC 19.8 kHz 21.816328°S 114.165586°E North West Cape, Australia

SHF 53.382149°N 1.478302°W Sheffield, UK

TBB 26.7 kHz 37.412725°N 27.323342°E Bafa, Turkey

Note. Name in bold (SHF) is the receiver.

Figure 1. Propagation of VLF/LF signal inside the waveguide made of the

surface of Earth and its ionosphere.
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and each signal has an amplitude and a phase, a total of 34 channels of data is analyzed. Information velocity (Γ) is
used to quantify changes in the probability distribution of values measured in each of these channels. It is expected

that anomalies in the signal change the signal probability distribution, which results in a higher Γ.

We use a sliding window method to temporally localize Γ. We look at small intervals of the time‐series data and

compare it to data from different but nearby interval. Significant differences in the distribution of values in the

data from these adjacent intervals would indicate the presence of a sudden change or anomaly. Consider an in-

terval (window) [t, t + τw], where τw is known as the window length. We choose a nearby interval by sliding this

window by a value τs, to get [t + τs, t + τw + τs]. Here τs is called the sliding length. We define a function F
whose input is the interval and the output is the sequence of data from that interval:

F([t, t + τw]) = (Mt, Mt+τm, Mt+2τm,… ,Mt+τw). (6)

HereMt is the measurement at time t and τm is the measurement interval. τm = 20 s for the data considered here.

Note that τw ≥ τs ≥ τm, and both τw and τs must be integer multiples of τm.

Comparison of probability distribution of signal values from two different intervals (F([t, t + τw] ) and

F([t + τs, t + τw + τs])) is made by computing the information velocity Γ given by Equation 5. Note that in-

formation velocity is interpreted as the rate of change of statistically distinguishable states.

We define p(x, t; τw) as the PDF of the signal values F([t, t + τw] ) , an example of which is shown in Figure 3.

We can then compute the approximate information velocity between p(x, t; τw) and p(x, t − τs; τw) by approx-

imating the derivative and integral in Equation 7 (see Appendix A for details and the derivation):

Γ(t; τs,τw) = 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∫ dx[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

p(x, t; τw)
√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
p(x, t − τs; τw)

√

τs
]2

√√√√
. (7)

By choosing different τw and τs, we can focus on phenomena with different time scales. For instance, Figure 4

shows that there are periodic changes in VLF signals with a periodicity of 24 hr and less, likely caused by day‐

Figure 2. Geographical locations of transmitters and the receiver. The transmitters are marked in blue and the receiver in green. The first Fresnel zones of the VLF signals

are shown in red.
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night changes. By choosing τw < 24 hours and calculating Γ we can capture these day‐night changes. However,

in this study, we select a time window τw exceeding 24 hr specifically to filter out day‐night variations from being

flagged as anomalies. With τw > 24 hours, p (x, t; τw) contains the distribution of values at least throughout the

24 hr period and therefore Γ cannot capture day‐night changes. Beyond this, our method identifies any event

“significant” enough to alter the Probability Density Function (PDF) of the signal, either by shifting the distri-

bution's shape (long‐duration events) or extending its tails (high‐intensity transients). Considering these factors

and the trade‐off that larger τw reduces noise but also reduces the impact of short‐timescale anomalies, we use a

somewhat arbitrary choice of τw = 5 days and τs = 6 hours in this study. τs dictates the timescale of anomalies

that we are interested in. A smaller τs leads to better temporal resolution of anomalies, but if τs is too small there

will be no appreciable anomalies in the signal. A thorough sensitivity analysis of these parameters would require a

detailed classification of anomalies, which is beyond the scope of this study. However, a preliminary sensitivity

analysis presented in Appendix B indicates the method's relative insensitivity to parameter choice.

2.3. Anomaly Correlation

Let us denote the information velocity of the ith channel as Γi (t; τs, τw). To
calculate the correlation coefficient we first choose a time range τc and

compute the Pearson correlation coefficient (ρ) between Γi and Γj in the time

interval [t − τc, t] :

ρij (t; τs, τw,τc) =
∑

tʹ∈[t−τc ,t]
(Γi (tʹ) −Γi)(Γj (tʹ) −Γj)̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

tʹ∈[t−τc ,t]
(Γi (tʹ) −Γi)2√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

tʹ∈[t−τc ,t]
(Γj (tʹ) −Γj)2√ . (8)

Here the dependence of Γ on τs and τw has been omitted for brevity and Γ is

the average of Γ over the range [t − τc, t] .

Various atmospheric and geophysical phenomena can cause anomalies in

VLF/LF signals. In addition, data corruption and numerical noise can also

produce anomalies in the signal. This can be seen in Figure 5 where missing

data produces the most dominant spikes in Γ(t; τs, τw) . Although data cor-

ruption can be fixed by following better data collection protocols and is

beyond the scope of this work, there are various filtering techniques that can

be used to reduce noise. Figure 6 shows the plots corresponding to Figure 5

after applying a Gaussian smoothing filter with a standard deviation of 24 hr.

While there is a significant reduction in noise, it is still difficult to identify

specific spikes in Γ corresponding to real‐world phenomena. In order to

Figure 3. p(x, t; τw) of the amplitude (left) and phase (right) of the signal emitted by GBZ transmitter for different times t.

τw = 120 hours. The PDFs are similar except for an anomaly in the PDF of amplitude for t = 2013‐10‐21 23:17 (blue curve

on the left).

Figure 4. Absolute value of the discrete Fourier transform of phase of the

DHO signal data. The data covers the time range from 2013 to 10–11

11:17:20 to 2016‐10‐27 16:49:00. Note that the x‐axis is the inverse of the

frequency. The distinguishable spikes in the plot indicate significant

periodicity. The red spike indicates the periodicity with the longest duration of

1 day.

Earth and Space Science 10.1029/2025EA004610

THIRUTHUMMAL ET AL. 5 of 14

 2
3

3
3

5
0

8
4

, 2
0

2
6

, 7
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u

p
u

b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

2
9

/2
0

2
5

E
A

0
0

4
6

1
0

 b
y

 N
IC

E
, N

atio
n

al In
stitu

te fo
r H

ealth
 an

d
 C

are E
x

cellen
ce, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

9
/0

6
/2

0
2

6
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



further refine this technique, we look at the correlations of Γ from different channels. Considering anomaly

correlations in such a manner helps reduce the impact of random noise as well as localize events to regions which

overlap with the fresnel zones of anomaly correlated signals.

Figure 7 shows an example of an anomaly correlation for a range of days that was uneventful. The left side of the

figure shows the map of pairwise anomaly correlations between all channels. The right side of the figure shows

Γi (t; τs, τw) for all the channels for the time interval [t − τc, t]. The “A” in the title denotes the amplitude and “P”

denotes the phase of the signal. τw = 5 days and τs = 6 hours. Note that the self‐correlation given by the di-

agonal of the correlation map is set to zero for clarity.

3. Observations and Results

An extreme case of anomaly correlation is when emitters or receivers malfunction, resulting in corrupt or missing

data. The data set used in this study contains several such artifacts. An example is provided in Figure 5.

Expectedly, when such an issue is present in multiple channels simultaneously, this results in strong anomaly

correlations. An example is shown in Figure 8.

A geomagnetic storm (GMS) is an example of a global atmospheric phenomenon that can produce disturbances in

the ionosphere and in turn affect the VLF/LF signal propagation. In order to identify GMS events we refer to the

Disturbance Storm Time (DST) index published online by the World Data Center for Geomagnetism, Kyoto

(World Data Center for Geomagnetism, Kyoto, 2024). Figure 9 shows the DST index for 3 major solar activity

events that occurred in 2015. These same events can be identified from the anomaly correlation map. Figure 10

Figure 5. Γ(t; τs, τw) of amplitude (denoted by ’A’ in the title) and phase (denoted by ’P’ in the title) of signals from NWC and

NPM. Here τs = 6 hours and τw = 120 hours. The red markings at the bottom of the plot indicate missing values in the

original time series signal.
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shows anomaly correlation produced by a strong GMS event that occurred around 2015‐03‐18. Note that stronger

anomalies are observed in signals, obtained from receiver‐transmitter pairs, whose Fresnel zones are closer to the

Earth's poles. This is to be expected due to the specific configuration of the Earth's magnetic fields, which deflect

the solar wind particles toward the poles. Similarly the anomaly correlations for the GMS event that happened

around 2015‐06‐23 and 2015‐08‐14 are shown in Figure 11.

Storms and cyclones are also known to produce disturbances in VLF signals (NaitAmor et al., 2018; Pal

et al., 2020; Das et al., 2021; S. Kumar et al., 2017). Figure 12 shows the effect of Hurricane Matthew on anomaly

correlation. Hurricane Matthew was a category 5 hurricane that formed around 28‐09‐2016 in the Atlantic and

dissipated around 10‐10‐2016. Hurricane Matthew is expected to be the cause of the anomaly correlation between

NAA‐A and NAU‐A channels which correspond to locations Cutler, Maine, USA and Aguada, Puerto Rico. The

other anomaly correlations are between NWC‐A and GBZ‐A, whose emitters are located in the North West Cape,

Australia and Anthorn, Cumbria, UK respectively and is likely to have been affected by some local weather

phenomenon around UK. Similarly, the correlation between NLK‐A, NML‐A, NPM‐A and TBB‐A is also

thought to be unrelated to Hurricane Matthew.

Figure 13 shows the effect of Cyclone Niklas on anomaly correlations. Niklas originated from a low‐pressure

system that formed in the North Atlantic around 2015‐03‐29. It then intensified and crossed the UK, reaching

Western Europe on 2015‐03‐31. A few days before Niklas, Germany was affected by another low‐pressure

system, Storm Mike, around the 28th and 29th. Both plots in Figure 13 shows anomaly correlations between

NLK‐A, NML‐A and NPM‐A channels, whose fresnel zones pass over the north Atlantic, indicating the effect of

Cyclone Niklas. The correlation seen in signals emitted from Germany, DHO‐A and DHO‐P in Figure 13 (left) is

Figure 6. Γ̃(t; τs,τw) obtained after applying Gaussian smoothing with a standard deviation of 24 hr on Figure 5. Here

τs = 6 hours and τw = 120 hours. The red markings at the bottom of the plot indicate missing values in the original time

series signal.
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due to StormMike. The correlation of DHO‐A and DHO‐P with NRK‐P located in Iceland is also indicative of the

turbulent weather phenomena in this region. Figure 13 (right) shows correlations after about 18 hr, when Cyclone

Niklas storm front has reached the UK and Europe. Here we can see stronger anomaly correlations among various

UK and European channels. In particular we can see correlations among GBZ‐A, GBZ‐P and GQD‐A channels

located in the UK, as well as correlations between GBZ‐A and NRK‐A (Iceland), NWC‐A (Australia) and, TBB‐

A (Turkey). The correlation between the Australian NWC‐A channel is due to the fact that its fresnel zone passes

over Europe. Besides this, anomaly correlations can be found between other channels like GBZ‐A and DHO‐A,

NRK‐P and DHO‐P, TBB‐A and NWC‐A, NRK‐A and NWC‐A, indicating disturbances in Europe. The anomaly

correlation in this case allows us to observe the spatial and temporal distribution of atmospheric events.

Strong anomaly correlations were primarily observed in amplitude channels across Figures 9–12, likely resulting

from the higher noise levels typical of phase channels. A notable exception appears in Figure 12, where significant

correlations emerge in the phase channels of DHO, NRK, GBZ, and GQD. This is corroborated by the raw data in

Figure 7. An example of anomaly correlation between Γ of different channels. The time frame 2014‐07‐11 to 2014‐07‐16 doesn't overlap with any notable events.

Figure 8. (Left)Missing data from all emitters (right) Partial data loss.
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Figure 14, which shows that compared to the amplitude channels, most phase channels are noise‐dominated with

discernible phase signals persisting only for DHO, GQD, GBZ, ICV, ITS, NAA, and NRK. The ICV variation is

unusually clean compared to other signals, and the reason is unknown. In particular, distinct diurnal variations in

phase remain visible only for DHO, GQD, GBZ, and NRK, even though intermittent noise partially obscures

these patterns in GQD and GBZ. Potential sources of this phase instability include reference oscillator drift, rapid

fluctuations in the ionospheric reflection height, or local electromagnetic interference. While the precise origin of

this noise remains indeterminate in our data set, the exact cause is immaterial to our analysis. Crucially, the

model‐free method developed here demonstrates sufficient robustness to automatically account for these noisy

channel characteristics and identify significant anomalies regardless of the background noise source.

4. Discussion and Conclusions

In this study, we explored the application of information geometry to VLF/LF signals for anomaly detection and

successfully associated these anomalies with solar storms and hurricanes. Specifically, we have demonstrated the

utility of a model‐free approach— information velocity (Γ)— in identifying anomalies within the amplitude and

phase data of VLF signals. By analyzing anomaly correlations across multiple channels, this methodology

enabled the identification of global atmospheric disturbances, including geomagnetic storms, hurricanes, and

cyclones.

Our findings reveal that anomalies in VLF signals are closely linked to changes in the Earth‐ionosphere wave-

guide, driven by atmospheric and geophysical factors. For example, geomagnetic storms, such as the event on

2015‐03‐18, induced significant anomalies, particularly within Fresnel zones near the poles. This behavior aligns

with known geomagnetic field dynamics, where solar wind particles are funneled toward Earth's polar regions.

Figure 9. Disturbance Storm Time (DST) index showing the intensity of solar storms for the months 2015‐03, 2015‐06 and

2015‐08. 0 nT is the baseline without any solar activity marked with red dashed line in the plot.

Figure 10. (left) Anomaly correlation plot corresponding to GMS which occurred around 2015‐03‐18 (right) Anomaly correlation visualized on a map showing the

Fresnel zones. The color of each Fresnel zone denotes the value of its highest anomaly correlation with any other Fresnel zone.
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Similarly, weather phenomena like Hurricane Matthew and Cyclone Niklas disrupted signal propagation, as

evidenced by strong anomaly correlations across specific channels.

The sliding window methodology, combined with the calculation of information velocity (Γ), proved to be highly
effective for anomaly detection. Moreover, the multi‐channel anomaly correlation analysis allowed us to

differentiate large‐scale disturbances from artifacts such as missing data or localized noise. This ensures that

detected anomalies are more likely to reflect significant geophysical events rather than spurious variations.

The results also emphasize the spatial and temporal dimensions of anomaly correlations, offering valuable in-

sights into the progression of atmospheric disturbances. For instance, the evolution of Cyclone Niklas from its

formation over the North Atlantic to its landfall in Europe was captured through shifting patterns of anomaly

correlations across affected channels. Such observations highlight the potential of VLF signals as a tool for

monitoring dynamic atmospheric processes on a global scale.

It is of importance to clarify the limitations of the proposed method. First, as a

purely statistical and model‐free measure of the rate of change of the prob-

ability distribution, the information velocity (Γ) does not identify the un-

derlying physical nature of the detected disturbances. Consequently, a

physical decomposition of the signal variations or changes cannot be achieved

by the method itself. While different physical phenomena might in principle

introduce signature changes into the PDF, enabling decomposition into

components representing distinct physical processes, identifying these sig-

natures in practice requires either theoretical modeling of the phenomena or

compiling a large labeled data set to identify these signatures using machine

learning. Second, although the influence of regular diurnal variations (such as

the solar terminator) is reduced by employing a window width (τw) greater

than 24 hr to ensure that all windows capture the terminator transition, strong

and irregular terminator effects can still contribute to the calculated anoma-

lies. Third, the method itself is designed for anomaly detection and pattern

correlation rather than deterministic physical attribution. Pinpointing the

specific physical phenomenon causing a signal change would require

combining this method with independent contextual information, such as a

geomagnetic index. Finally, the thresholds for visualizing anomalies and

suppressing weak correlations are chosen empirically, and establishing them

formally remains an area of ongoing study.

In conclusion, this study illustrates the promise of leveraging VLF signal

analysis and information geometry to investigate and predict atmospheric and

Figure 11. Anomaly correlation plot for GMS events which occurred around (left) 2015‐06‐23 and (right) 2015‐08‐14.

Figure 12. Anomaly correlation plot for Atlantic Hurricane Matthew.
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geophysical phenomena. Expanding the data coverage utilizing the global receiver network is crucial for

enhancing localization, tracking, and predictive capabilities, while also allowing for the exploration of phe-

nomena across varying timescales through adjustable window (τw) and sliding (τs) lengths. While our adaptive,

model‐free approach successfully adapts to local signal baselines and identifies statistical deviations, establishing

a standardized anomaly classification criteria remains a challenge due to site‐specific noise and environmental

variability. To establish these thresholds more formally, future work could analyze the empirical distributions of

Figure 13. Anomaly correlation plot for StormMike and Cyclone Niklas for (left) t= 2015‐03‐30 and (right) t= 2015‐03‐31.

Figure 14. Plots of (left) amplitude (dB) and (right) phase (degrees) of raw data in the time range 2015‐03‐24 to 2015‐04‐05 for different receivers. A moving average

smoothing was applied with 10 time points to make the plots cleaner.
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information velocity during quiet periods when no events of interest are observed. A larger, multi‐site corpus is

also essential for the sensitivity analysis required to define these absolute thresholds, and future work must

characterize natural versus artificial anomalies to filter out anthropogenic interference. Furthermore, the Fresnel

zones covered in this study, did not overlap with any seismological events in the date range considered. For

instance, the magnitude 5.5 earthquake (European‐Mediterranean Seismological Centre, 2016) in Central Italy

which occurred on 2016‐10‐26 at 17:10:37.1 UTC (Location: 42.880°N 13.130°E) was outside the sensitivity

zones of the surrounding transmitters (ICV, ITS and TBB) and was therefore not detected. This presents an

opportunity to extend this research into new domains with more diverse data sets.

Appendix A: Discretization

Time derivative can be approximated by the following finite difference expression:

f ʹ(t) ≈ f (t + Δt) − f (t)
Δt

. (A1)

Other methods of numerical differentiation exist, however are not suitable for the algorithms in this work. The

error in using finite difference to approximate a derivative can be derived using the Taylor expansion:

f (t + Δt) = f (t) + f ʹ(t)Δt + f ʺ(t)Δt2
2

+ O(Δt3) (A2)

⇒ f ʹ(t) = f (t + Δt) − f (t)
Δt

− fʺ(t)Δt
2

+ O(Δt2). (A3)

An integral can be approximated using the trapezoidal rule:

∫b

a

f (t)dt ≈ ∑N
k=1

f (tk−1) + f (tk)
2

Δtk, (A4)

where the interval (a,b) is divided into N sub‐intervals and Δtk := tk− tk−1. If the sub‐intervals have equal width,

the error in the approximation is bounded (Cruz‐Uribe & Neugebauer, 2003):

⃒⃒⃒
⃒⃒∫b

a

f (t)dt −∑N
k=1

f (tk−1) + f (tk)
2

Δtk

⃒⃒⃒
⃒⃒ ≤ max

a≤ t≤ b
| f ʺ(t)| (b − a)3

12N2
. (A5)

Appendix B: Preliminary Sensitivity Analysis Results

Figure B1 presents the sensitivity analysis for τw and τs. From the left panel, we observe that increasing τw leads to

a decrease in the magnitude of information velocity values. This is because a larger τw increases the number of

samples used in the PDF estimation, thereby reducing the statistical noise relative to the fixed τs. Despite this

change in magnitude, the overall patterns in the signal remain largely consistent with minor details being drowned

out when increasing τw. In the right panel, adjusting τs results in minimal differences, with the patterns remaining

stable. Decreasing τs yields slightly larger values, as the same amount of probability distribution change is

observed over a shorter time span, effectively increasing the information velocity. This behavior is specific to the

characteristics of the data set considered. Overall, the major patterns in the plots remain identifiable, indicating a

relative insensitivity to the choice of τw and τs. However, the sensitivity analysis for τc is omitted as its behavior is

trivial: since τc defines the time period for correlation calculation, the resulting correlations are directly and

predictably determined by the temporal persistence of the anomalies, and are subject to the type of events and data

sets considered.
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