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Abstract

A geomagnetic storm is a typical solar eruption activity. When high-speed solar wind or coronal mass
ejections generated by solar eruptions impact the Earth, it can cause severe disturbances in the Earth's
magnetic field within a short period of time, leading to changes in the ionosphere. For low-frequency
time-code signals that rely on the ionosphere as a reflecting medium for long-distance propagation,
the signal field strength and time deviation will also undergo corresponding changes, which will
affect the normal propagation and reception of signal in space. This paper selects the geomagnetic
storm phenomenon that occurred from November 10 to 15, 2025, and utilizes a low-frequency time-
code signal monitoring system to conduct experimental research on the impact of geomagnetic
storms on low-frequency time-code signals. The test group measured and analyzed the signal field
strength data and time deviation data during this period, while combining parameters such as solar
activity data and geomagnetic data, in an attempt to explore the causes and patterns of signal
changes. The results indicate that a geomagnetic fluctuation occurred on November 12, resulting in
a decrease in signal field strength over 2.3dBuV/m, time deviation data showed significant
fluctuations, increasing by over 2.4ms, exhibiting a highly discrete state. The reason is that when a
local geomagnetic storm occurs, the ionization level in the ionosphere increases. When low-frequency
time code signals pass through the D layer, the equivalent emission height of the low ionosphere
gradually decreases, resulting in signal attenuation and phase delay, which in turn leads to an
increase in time deviation.

Keywords: low-frequency time-code signal; geomagnetic storm; field strength; time deviation

1. Introduction

Due to the close relationship between Earth and the Sun, observations of the Earth's magnetic
field have long been crucial not only for studying astrophysics and the Sun itself, but also provide
excellent opportunities for researching radio propagation that relies on the ionosphere as both an
incoming and reflecting medium. When a geomagnetic storm occurs, high-energy charged particles
in the magnetosphere are accelerated and precipitate into the high-latitude ionosphere, resulting in
the phenomenon of "particle precipitation". Simultaneously, collisions between high-energy particles
and molecules in the upper atmosphere release a large amount of energy, causing a sharp increase in
the temperature of neutral gases and a decrease in their density, which in turn leads to a reduction in
the concentration of electrons produced by ionization. These changes significantly affect the field
strength, phase, and other parameters of radio signals (especially low-frequency time-code signal)
that rely on the low ionosphere for long-distance propagation. Therefore, based on the significant
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impact of geomagnetic storms on the propagation of low-frequency time-code signal, researchers
explore the relationship between these changes and the ionosphere by observing and analyzing the
variations in low-frequency time-code signal parameters at receiving points, attempting to deduce
the mechanism of interaction between geomagnetic storms and the ionosphere.

Scholars both domestically and internationally have long been studying the impacts of
geomagnetic storms. Zehra Can-Hasan, et.al. investigated the effects of the velocity (v) and density
(Np) of solar plasma reaching Earth on geomagnetic storms, starting from solar storms (the primary
cause of geomagnetic storms) [1]. CIFT CI, E, et.al. assessed the level of planetary activity using
traditional Kp and Dst indices from sub-auroral observatories [2]. Yuxuan, Zhu employed the SECS-
MT and SECS-ITF methods to model the geoelectric field during multiple geomagnetic storms in the
UK [3]. Meng Sun utilized SABER data covering a latitude range from 80°S to 50°N to systematically
analyze the spatiotemporal variation characteristics and related physicochemical processes of the
mesospheric temperature during two geomagnetic storms on September 8 and 15, 2003 [4]. Li Site
calculated the Ground Induced Current (GIC) levels at the neutral point of transformers in the
Ximeng power grid using GMD data from geomagnetic storms in May and October 2024, November
2004, and March 1989 [5]. Chen Yi, et.al. analyzed the pseudo-range single-point positioning
performance of GPS positioning before and after the geomagnetic storm event on March 24, 2023,
based on observation data from five stations of the International GNSS Service (IGS) [6]. Wang Liu,
et.al. analyzed the positioning error, total electron content changes, and cycle slip characteristics
during geomagnetic storms based on GNSS observation data from Canada [7]. G. Venkata Ramana,
et.al. obtained real-time oscillation amplitude indices from 26 dual-frequency Global Positioning
System (GPS) receivers specifically deployed for ionospheric oscillation and Total Electron Content
(TEC) monitoring (GISTM) in the GPS-aided Augmented Navigation (GAGAN) project in India [8].
Lawrence E, et.al. used geomagnetic observation data and a geoelectric field model based on
magnetoelectric sounding data combined with high-voltage power grid network information to
estimate the geomagnetic induced current (GIC) at substations during storms [9]. Yu, H, et.al. studied
the comprehensive impact of solar radiation intensity and geomagnetic storm intensity on the orbital
decay of Low Earth Orbit (LEO) satellites by analyzing 130 representative intense geomagnetic
storms from 1965 to 2025 [10]. Denny M. Oliveira, et.al. conducted a qualitative analysis of the
possible impact of a solar magnetic storm on the accelerated re-entry of a Starlink satellite from Very
Low Earth Orbit (VLEO) on October 10, 2024 [11]. Li S Y, et.al. investigated the thermospheric
response characteristics and their variations with local time during the geomagnetic storm on
December 1-2, 2023 [12]. These studies fully demonstrate that geomagnetic storms have become a hot
topic among scholars worldwide.

Various forms of geomagnetic storms occur frequently, affecting the ionosphere above the Earth
at any time and place. These storms may bring complex chemical and dynamical processes to the
ionosphere, causing changes in its morphology, structure, and dynamical behavior. Scholars both
domestically and internationally have conducted extensive research and observational experiments
on the changes in the ionosphere during solar activity. Zhao Hongyu et al. analyzed the ionospheric
disturbances during two orange-level geomagnetic storms that occurred in March-April 2023 using
the sliding quartile method [13]. Chali Idosa Uga et al. investigated the impact of solar activity on the
total electron content (TEC) of the ionosphere in low, mid, and high latitude regions on October 28,
2021, as well as the impact of the magnetic storm on these regions on November 4, 2021 [14]. Nayak,
C. et al. utilized on-site data from the "Swarm" satellite constellation to explore the impact of the
super geomagnetic storm on the ionosphere over the equator and low latitudes on May 10-11, 2024
[15]. Based on the observation data from IGS global observation stations and IGS ionospheric grid
data, Wang Shang et al. analyzed the anomalous changes in total electron content (TEC) and the
quality of observational data in the northern hemisphere region caused by the geomagnetic storm
event on August 26, 2018 [16].

As the only time service method strongly recommended by the ITU, low-frequency time-code
time service technology possesses natural development advantages due to its low power
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consumption for terminal equipment reception and convenient and rapid use [17]. The National Time
Service Center , Chinese Academy of Sciences began researching low-frequency time-code time
service technology in the 1990s. In April 2000, a low-frequency time-code test system was established
in Pucheng, Shaanxi Province, with the call sign "BPC", a transmission frequency of 68.5 kHz, and a
transmission power of 50 kW. Due to the relatively low transmission power and limited geographical
coverage, it was difficult to achieve widespread application. In order to further promote research on
low-frequency time-code time service technology, the National Time Service Center, based on key
technological breakthroughs and extensive field testing, established a high-power low-frequency
time-code time service station in Shangqiu, Henan Province, in 2007. The station transmits
continuously for 21 hours (with downtime from 05:00 to 08:00 daily) and has a transmission power
of 100kW. The Shanggqiu station has been operating continuously for 18 years, providing standard
time and frequency services to nearly 100 million users in North China, East China, and Southeast
China [18].

However, during geomagnetic storms, the research on the propagation mechanism of low-
frequency time-code signal and the variation patterns of signal parameters remains a gap in the
current studies on low-frequency time-code systems. Therefore, this paper takes low-frequency time-
code signal as an example to conduct experimental research on the impact of geomagnetic storms on
these signals. Utilizing a signal monitoring system, we analyze the monitoring data during the
geomagnetic storm period from November 10th to 15th, 2025, and combine this analysis with
geomagnetic data to explore the variation patterns of signal parameters. By assessing the impact of
geomagnetic storms on low-frequency time-code signal and analyzing the mechanism of this impact,
this paper aims to enhance the stability and continuity of the operation of low-frequency time-code
systems, thereby meeting the application needs of time and frequency signals in space science,
aerospace, and other related technological industries.

2. Methodology

2.1. Formation of Geomagnetic Storms

The formation mechanism of geomagnetic storms is a complex physical process involving the
interaction between solar activity and the Earth's magnetic field [12]. When the sun is in an active
state, the coronal layer ejects a massive cloud of charged particles into space, accompanied by energy
bursts in local solar atmosphere, releasing intense electromagnetic radiation and high-energy particle
streams that carry the energy of the solar magnetic field and impact the Earth [4]. At this time, the
high-speed plasma cloud collides with the Earth's magnetosphere, causing the dayside of the
magnetosphere to be compressed and the nightside magnetotail to stretch and deform. When the
direction of the solar magnetic field carried by the coronal mass ejection turns southward, that is,
opposite to the direction of the geomagnetic field, the solar wind and the Earth's magnetic field
undergo magnetic reconnection at the magnetopause or magnetotail, where magnetic field lines
break and reconnect, instantly releasing magnetic energy. During this process, charged particles in
the plasma sheet accelerate and are injected into the Earth's ring current region, causing a large
number of high-energy particles (protons, electrons, etc.) to gather and drift around the Earth,
forming currents with intensities up to millions of amperes, leading to a significant decrease in the
horizontal component of the global geomagnetic field [7]. Over time, particles gradually lose their
energy through charge exchange or wave scattering, the ring current weakens, and the geomagnetic
field recovers to normal levels within hours to days.

Based on the above analysis, geomagnetic storms can be divided into three phases: the initial
phase, the main phase, and the recovery phase. During the initial phase, the magnetosphere is
compressed, and the horizontal component of the geomagnetic field experiences a transient
enhancement or slow variation. In the main phase, the electrojet is at its strongest, and the horizontal
component of the geomagnetic field drops sharply to a minimum value, which is the core
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characteristic of a geomagnetic storm. During the recovery phase, the electrojet decays, and the
geomagnetic field gradually returns to its normal state [14].

2.2. Propagation Principle of Low-Frequency Time-Code Signals

The transmission channels for low-frequency time-code signal are the Earth's surface and the
lower ionosphere. Among them, the ground wave signal diffracted along the Earth's surface and the
sky wave signal reflected along concentric spherical shells between the ionosphere and the Earth's
surface exhibit different characteristics during propagation depending on the propagation distance
[19]. Generally, when the propagation distance is within 300km, the low-frequency time-code signal
are dominated by ground wave. When the propagation distance exceeds 2000km, they are dominated
by sky wave. In the distance between these two ranges, both ground wave and sky wave coexist,
forming an interference zone, where the signals received on the receiving point exhibit a
superposition state of ground wave and sky wave [20]. It should be noted that in actual propagation
processes, due to complex changes in the ionosphere caused by factors such as time and location, as
well as the possibility of signal interference along the spatial propagation path, approximate methods
must be adopted when studying the propagation mechanism of low-frequency time-code signal.
Specifically, the propagation modes of ground wave and sky wave of low-frequency time-code signal
should be explored separately.

2.2.1. Propagation Characteristics of Ground Wave Signal

Ground wave refers to radio waves that propagate along the surface of the earth, following the
undulations of the terrain and changes in the medium. When low-frequency time-code signal are
radiated outward from the transmitting antenna, they will inevitably be affected by the medium of
the earth's surface (including mountains, basins, forests, etc.) along the propagation path [21].
Therefore, studying the propagation mechanism of ground wave signal is of guiding significance for
exploring the variation patterns of low-frequency time-code signal field strength in the near-field
region [22].

In practical engineering applications, when both the vertical electric dipole and the receiving
point are located on an ideal conductive plane, the electromagnetic field generated can be considered
as a superposition of the source dipole and its mirror image dipole [23]. At this time, the signal field
strength E can be expressed as:

E:3><105\/E
d

eijkOde(xaylay29q)(IUV/m) (1)

In the formula, d is the large circular distance between the transmitting station and the receiving
point, with the unit being meters. The unit of the transmitting power P: of the transmitting station is
2r
ky=—

0
kilowatts. A is called the wavenumber, and A is the wavelength.

W (6000204 i e

function of the ground wave attenuation factor.

2.2.2. Propagation Characteristics of Sky Wave Signal

Due to the excellent reflection characteristics of the earth's surface and ionosphere for low-
frequency electromagnetic waves, when the distance between the transmitting station and the
receiving point exceeds 300km, the low-frequency time-code signal not only propagates along the
earth's surface, but also relies on reflection to propagate over long distances in the concentric
spherical space formed by the earth's surface and ionosphere (the D layer during the day and the
bottom of the E layer at night), which is called sky wave. Therefore, when irregular abnormal changes
occur due to certain physical events on the sun or the earth, they will cause corresponding changes
in the ionosphere above the earth [26]. At this time, the field strength and phase of the low-frequency
time-code signal skywave will change.
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The sky wave propagation model for low-frequency time-code signal can be explained using the
"hopping method". The hopping method is applicable to low-frequency time-code signal with long
propagation distances [27]. It represents the electromagnetic energy path between the transmitter and
the receiver in a geometric form, and considers the low-frequency time-code signal as propagating
along a specific path defined by one or multiple ionospheric reflections.

Figure 1. Propagation characteristics of sky wave signal.

Assuming h represents the ionospheric height and r=a is used to define a smooth Earth's surface,
the ionosphere r=a+h is located at a concentric spherical surface [28]. Assuming the transmitting
antenna is a short vertical dipole, the signal strength of the electromagnetic wave after reflection by
the ionosphere before reaching the ground is:

V
E, =—=cosy || R|| DF, @

In the formula, L represents the skywave path length, IR denotes the ionospheric reflection
system, D stands for the ionospheric focusing coefficient, F: represents the transmitting antenna

coefficient, Y denotes the transmitting and receiving angle, and Vu represents the electric field
strength of the transmitting antenna.

3. Measurement Principle and Experimental Design

3.1. Principle of Field Strength Measurement for Low-Frequency Time-Code Signal

Based on the characteristics of low-frequency time-code signal, the signal within the first 400ms
after being triggered by a 1PPS signal may all be amplitude drop points. Considering the impact of
path delay in radio wave propagation, the data within the first 500ms may all be amplitude drop
points (a path delay of 100ms corresponds to a propagation distance of 30,000km, which is much
larger than the coverage range of a low-frequency time code timing station). Therefore, when
calculating field strength, the first 500ms of sampled data per second are discarded, and only the
signals within the last 500ms per second are retained. At this time, the signal is a sine signal with a
single frequency.

To minimize the impact of interference on measurement results, the data involved in the
calculation is first transformed into the frequency domain through FFT. Assuming the sampling
frequency is Fs and the number of sampling points is N, after FFT transformation, the frequency
represented by a certain point n (n starts from 1) is:

F,=(n-1)*F,/N 3)

By dividing the amplitude spectrum modulus at this point by the front-end amplification factor,
i.e,, N/2, we can obtain the amplitude of the signal at this frequency, which is:

4., =2|A(jo,)|/N 4)
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| A(jo,)]

In the formula, Ars represents the signal amplitude, and denotes the Fn amplitude
spectrum modulus.

Based on the above analysis, the field strength measurement process for low-frequency time-
code signal is shown in Figure 2. The induced electrical signal on the antenna is amplified, filtered,
and subjected to FFT transformation. After that, synchronous sampling is performed under the
trigger of a standard 1PPS second signal, with a sampling frequency of Fs. The amplitude spectrum
modulus of is calculated to obtain the amplitude of the sampled signal. By dividing this value by the
amplification factor N/2 of the front-end signal, the amplitude value of the signal can be obtained.
Considering the system errors such as transmission cable loss between the receiving antenna and the
measuring instrument, the field strength value can be calculated after deducting these errors. The
formula for calculating the field strength is as follows:

E=4,+K+L ®)

Where, E is the signal field strength value, Ass is the signal amplitude value, K is the receiving
antenna factor, and L is the attenuation value of the transmission cable and other accessories.

radio frequency front-end

Baseband processing

| |
Receiving antenna Analog/Digital —rl FFT transform Deduct system I O bt i
8 conversion error I ain
| I .
I & ' signal
! f ,
I I I Obtain the Caleul h I fleld
\ Signal —>| Low-pass filterin I] modulus of the —> amalftlijzzec)tf;e I stren th
| amplification P gl || signal amplitude P . | g
sampled signal
| | I spectrum I
| ly |
I —

Figure 2. Field strength measurement process.

3.2. Principle of Time Deviation Measurement for Low-Frequency Time-Code Signal

Based on the characteristics of low-frequency time-code timing streams, the various time delays
of low-frequency time-code can be divided into four parts, as shown in the Figure 3. UTC(NTSC) is
the standard time generated by the National Time Service Center, and the time delay between it and
the UTC is to; the time delay between the low-frequency time-code transmitting station and
UTC(NTSC) is t1, which is the traceability time delay, and the low-frequency time-code transmitting
station itself has a transmitting control time delay t2; the signal propagation time delay is t3; the low-
frequency time-code receiver channel time delay is t4; and the total time delay of the entire low-
frequency time-code signal propagation is .

1PPS
UTC(NTSC) . transmitted 1PPS received
1PPS IPPSin 1y station by user

A A transmitter A 1PPS in receiver A

UTC/
To Ty T2 T3 T4
IPPS | eyl e TR >
oo e »
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Figure 3. Various time delays of low-frequency time-code.

According to Figure 3, assuming the deviation from BIPM is not considered, if the time of the
low-frequency time-code transmitting station is BPCs, then:

BPC, =UTC(NTSC)+1, +1, (6)

Then, the time of the low-frequency time-code receiver can be calculated using the following
formula:

USER =BPC, +1,+7, @)

Combining Equations (6) and (7), the low-frequency time-code timing model can be expressed
as:

USER =UTC(NTSC)+7,+ 7, +7,+7, 8)

3.2. Data Source

The signal monitoring data used in this study sourced from the time service signal monitoring
station in Xi'an, Shaanxi Province, China. The geographical location of Xi'an Station is approximately
670 km away from the time signal transmission station, belonging to the interference zone of sky
waves and ground waves. Therefore, the Xi'an station can ensure that the sky wave signal can be
stably received, and the fluctuation in signal amplitude can effectively reflect changes in sky wave
conditions.

At the same time, the timing deviation data involved in the experimental data acquisition
requires a standard time-frequency signal as a reference during acquisition. The UTC (NTSC) 1PPS
provided by the National Time Service Center, Chinese Academy of Sciences to Xi'an Station
provides necessary conditions for collecting timing deviation data. It should be noted that the time
service signal uses negative pulse amplitude modulation to transmit time information. In the area
where both sky wave and ground wave can be received at the same time, the signal obtained at the
receiving end is the superposition of the two. Due to the limitation of the modulation method, in the
area where the sky wave and the ground wave act together, the two cannot be separated effectively,
so the phase of the received signal is actually the synthesized phase after the fusion of the sky wave
and the ground wave, instead of the pure phase of the sky wave.

UTC(NTSC)
TIME FREQUENCY | 10MHz,1PPS
SOURCE
l 10MHz,1PPS
4
4—’ receiving antenna measuring equipment »| high precision time
4’ g g g equip 1PPS interval counter
FIELD TIME
STRENGT DEVIATION|

transmitter

data collecting
computer

A

Figure 4. Signal measurement principle and instrument.

As can be seen from Figure 4, the measurement equipment, on one hand, completes the reception
of low-frequency time-code signals through the receiving antenna and performs field strength
measurements. On the other hand, it demodulates 1PPS signals and measures time deviations using
a high-precision time interval counter, providing authentic and reliable data for the entire
experiment.
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4. Data Processing Strategies and Analysis

4.1. Field Strength Data Analysis

Figure 5 shows the field strength measurement data of low-frequency time-code signal for a total
of six days from November 10 to November 15, 2025. To ensure the accuracy of measurement data,
test data is collected from 10:00 to 15:00 every day. During this period, the ionosphere is in a stable
state, which can minimize the interference of other factors on the signal. The measuring equipment
fully captured the data on the changes in the field strength of the low-frequency time-code signal.
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Figure 5. Field strength measurement data from November 10 to November 15, 2025.

As can be seen from Figure 5, through analyzing the field strength data of low-frequency time-
code signal, it is observed that the field strength fluctuates with time and the receiving environment.
The field strength data on November 12th (represented by the red curve in the figure) has a lower
mean value compared to other dates. Table 1 displays the statistical results of signal field strength
from November 10th to November 15th, 2025. Upon analysis, it was found that the signal field

strength on November 12th decreased over 2.3dBuV/m compared to the previous and following two
days.

Table 1. Statistical results of signal field strength from November 10 to November 15, 2025.

Mean Std Max )
. . . Min
(unit: (unit: (unit: (unit: dBuV/m)
dBuV/m)  dBuV/m)  dBuV/m) T
20251110 62.6824 0.7194 64.1304 61.3747
20251111 62.2317 0.7599 64.0425 60.2554
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20251112 59.9634 0.314 60.8444 58.8577
20251113 62.9778 1.0351 64.0539 60.1796
20251114 64.1549 0.3141 64.8526 62.9625
20251115 62.6825 0.8575 64.1850 60.1727

4.2. Time Deviation Data Analysis

Figure 6 shows the time deviation measurement data of low-frequency time-code signal for six
days from November 10 to November 15, 2025. Similar to signal field strength testing, to ensure the
accuracy of measurement data, test data is collected from 10:00 to 15:00 every day.
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Figure 6. Time deviation measurement data from November 10 to November 15, 2025.

As can be seen from Figure 6, through analyzing the time difference data of low-frequency time-
code signal, the mean and standard deviation of the time deviation data on November 12
(represented by the red curve in the figure) are relatively large, exhibiting a more dispersed
characteristic. Table 2 presents the statistical results of time differences from November 10 to
November 15, 2025. Upon analysis, it was found that compared to the previous and following two
days, the time difference on November 12 increased over 2.4ms.
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Table 2. Statistical results of time deviation from November 10 to November 15, 2025.

Mean Std Max Min
(unit: ms)  (unit: ms)  (unit: ms) (unit: ms)

20251110 2.4094 0.0596 2.6391 2.1802
20251111 2.4128 0.0686 2.7458 2.1618
20251112 4.8114 30.7244 533.7450 2.1807
20251113 2.3937 0.0613 2.8318 2.1677
20251114 2.4083 0.0546 2.6347 2.1797
20251115 2.3645 0.0523 2.8272 2.1588

5. Discussion

Based on the experimental data above, it can be observed that the signal field strength and time
difference data on November 12, 2025, exhibit phenomena different from those on other dates. The
signal field strength decreased, while the time difference data increased and multiple discrete points
appeared. To verify whether the changes in the above data are caused by geomagnetic storms
triggered by solar activity, it is necessary to analyze and comprehensively determine them in
conjunction with solar activity data, Dst data, and so on.

5.1. Solar Activity Data

Table 3 presents the solar activity data from November 10 to November 15, 2025. Upon analyzing
the data in the table, it is observed that the number of solar rotation cycles during this week is 2622.
Both the number of sunspots and the 10.7cm radio flux exhibit similar trends, with both values being
high simultaneously, indicating frequent solar activity.

Table 3. Solar activity data from November 10 to November 15, 2025.

Date Solar Day into International  10.7cm Flux Flux
Rotation Solar Cycle Sunspot Qualifier
number Number

20251110 2622 2 154 176.8 0

20251111 2622 3 155 164.7 0

20251112 2622 4 143 160.0 0

20251113 2622 5 134 152.7 0

20251114 2622 6 105 142.2 0

20251115 2622 7 105 1294 0
5.2. Dst Data

The geomagnetic index used at stations at mid- and low-latitudes is called the Dst index. This
index is measured hourly and primarily indicates the intensity variation of the horizontal component
of the geomagnetic field. Figure 7 shows the Dst data for November 2025 (data sourced from the
Kyoto Geomagnetic Center). Table 4 presents the Dst data from November 10 to November 15, 2025.
Analysis of the data in Table 4 reveals that on November 12, 2025, the Dst data showed a significant
increase and remained at a high level, with a maximum value of -209 (nT). It can be inferred that a
magnetic storm occurred at this time.
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Figure 7. Dst data in November 2025 (data sourced from Kyoto Geomagnetic Center https://wdc kugi.kyoto-
u.ac.jp/wdc/Sec3.html ).

Table 4. Dst data from November 10 to November 15, 2025.

Dst(unit=nT), NOVEMBER,2025
20251110 20251111 20251112 20251113 20251114 20251115

1:00 2 -13 51 -74 -45 -19
2:00 5 -15 -65 -118 -44 -18
3:00 10 -16 -155 -133 -41 -12
4:00 10 -16 -159 -118 -40 -13
5:00 9 -13 -217 -132 -39 -15
6:00 11 -10 -175 -127 -36 -15
7:00 7 -10 -189 -136 -36 -13
8:00 10 -10 -209 -143 -36 -16
9:00 9 -10 -175 -130 -34 -17
10:00 11 -7 -209 -108 -33 -22
11:00 12 -4 -189 -100 -31 -22
12:00 10 -5 -208 -99 -29 -19
13:00 8 -3 -187 -93 -26 -15
14:00 4 -1 -169 -87 -27 -13
15:00 4 2 -169 -43 -26 -11
16:00 8 5 -155 -45 -25 -8
17:00 14 9 -133 -50 -26 -4
18:00 20 10 -121 -53 -25 -6
19:00 11 9 -112 -54 -24 -7
20:00 -3 11 -82 -58 -21 -15
21:00 -8 13 -59 -55 -20 -17
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22:00 -12 15 -63 -50 -21 -20
23:00 -11 17 -72 -49 -22 -26
24:00 -9 34 -72 -46 -19 -28

Figures 8 and 9 respectively show the changes in signal field strength and time deviation data
from November 10 to November 15, 2025, as a function of Dst data fluctuations. It should be noted
that due to the fact that the Shangqiu low-frequency time-code station does not broadcast signals
from 05:00 to 08:00 every day, the invalid data in this segment has been removed during data
processing, and the data in other time periods are all original measurement data.

From Figure 8, it can be seen that the Dst data from November 10th to November 11th remained
relatively stable, with violent fluctuations starting from November 12th and reaching a maximum of
-209nT on November 12th. The average signal field strength on that day was 59.9634dBuV/m, a
decrease of more than 2.3 dBuV/m compared to the previous two days. when the Dst value increased
significantly on November 12th, the geomagnetic field underwent drastic changes, and the signal
field strength and time deviation also changed accordingly
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Figure 8. Signal measurement principle and instrument.

From Figure 9, it can be seen that when the Dst data began to fluctuate violently on November
12th, there were a large number of outliers in the time deviation measurement values, and they
showed a highly discrete state. According to statistics, on November 12th alone, there were 152
invalid data points, accounting for 2.1% of the total day's data. This has had a certain impact on the
timing performance of low-frequency time-code signal.
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Figure 9. Signal measurement principle and instrument.

5.3. Kp Index and AE Index

Generally speaking, the geomagnetic index is a grading indicator that describes the intensity of
geomagnetic disturbances within each time period, or a physical quantity that indicates the intensity
of a certain type of magnetic disturbance (see Earth's variable magnetic field). The time intervals are
divided according to Universal Time. In this article, we choose the first type of index to describe the
overall level of geomagnetic activity, regardless of the specific type of magnetic disturbance,
including the C and Ci indices, k and kp indices, Ak and Ap indices, etc. We have queried the
geomagnetic data from November 10 to November 15, 2025, as shown in Table 5.

Table 5. Dst data from November 10 to November 15, 2025.

Su Al c|c
Date Kp: Planetary 3Hr Range Index m ap: Planetary Equiv. Amplitude p p 9
Kp

2025 | 27 [ 20 | 10 | 20 | 30 | 40 | 30 | 33 | 210 | 12 | 7 4 7 15 (27 | 15|18 | 13 | 0.8 4

1110

2025 | 17 | 23 | 13 |20 | 3 73|27 113 |6 |9 5 7 2 3 2 12| 6 0.3 1

1111

2025 | 87 | 83 | 73 |77 | 57 | 43 |57 |40 | 517 |30 | 2 | 15| 179 | 67 | 32 | 67 | 27 | 13 | 19 8

1112 013 4 3

2025 | 67 | 73 | 63 | 37 | 47 |33 |27 |10 | 357 |11 | 1 | 94 22 (39|18 |12 | 4 |57 | 17 7

1113 1 5

2025 | 10 | 3 7 | 1310|110 3 0 57 4 | 2 3 5 4 4 2 0 3 0.1 0

1114

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.2387.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 January 2026 d0i:10.20944/preprints202601.2387.v1

14 of 17

2025 | 17 | 10 | 20 | 20 | 17 | 13 [ 30 | 30 | 157 | 6 | 4 7 7 6 5|15 |15| 8 0.4 2

1115

The Kp index is an index used by a single geomagnetic observatory to describe the intensity of
geomagnetic disturbances within each 3-hour period each day, known as the three-hour index or
magnetic condition index. By analyzing the data in Table 5, it is found that the total sum of the Kp
index for the entire day on November 12 was 357, and it remained at a high value throughout the
day, proving the occurrence of geomagnetic disturbances in the area where the test point is located.
Similar to the trend shown in Figures 8 and 9, when the Kp value increased significantly on
November 12th, the signal field strength and time deviation also changed accordingly.

The AE index represents the sum of the absolute values of the maximum positive change (AU
index) and the maximum negative change (AL index) within each hour.
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Figure 10. AE data from November 10 to November 15, 2025 (data sourced from Kyoto Geomagnetic Center
https://wdc kugi.kyoto-u.ac.jp/wdc/Sec3.html).

By analyzing the data in Figure 10, it is observed that during the period from November 12th to
November 13th, the AL index exhibited a rapid growth trend, meanwhile, the minimum value on
November 12th has exceeded -2000(nT), indicating a significant increase in the solar wind containing
charged particle streams at that time.

5.4. Analysis of Low-Frequency Time-Code Signal Changes During Geomagnetic Storms

After analyzing solar activity data, Dst data, and Kp data separately, we can preliminarily
determine that the low-frequency time-code signal was affected by a geomagnetic storm on
November 12, 2025, resulting in a decrease in field strength and an increase in time deviation. The
reasons for this are as follows:

(1) Regarding signal field strength, due to the influence of solar activity, the ionization degree of
ions and electrons in the lower ionosphere is enhanced, and the healing speed of the ionosphere
gradually slows down. This results in small daily data fluctuations during geomagnetic storms, but
the overall trend remains relatively stable, without any extreme maximum or minimum values, and
the numerical changes are also within a reasonable range.

(2) Regarding time deviation, as the local magnetic data increases, there will be greater
fluctuations in the low-frequency time-code timing deviation data and an increase in time deviation.
This is because the equivalent emission height of the low ionosphere gradually decreases on the
propagation path of the low-frequency time-code signal. When the signal passes through the D layer,
the attenuation of the signal increases and phase delay occurs, resulting in an increase in time
deviation. After the local magnetic data gradually returned to normal, the equivalent reflection height
of the low ionosphere gradually increased, and the time deviation slowly returned to the reference
day situation.
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6. Conclusions

This paper regards the geomagnetic storm phenomenon that occurred from November 10 to
November 15, 2025, and the testing team established a signal monitoring system in Xi'an, Shaanxi
Province, using low-frequency time-code signal as an example. They conducted detailed tests on the
field strength and time deviation of signal. Through detailed analysis of the measured data, the
testing team can draw the following conclusions:

(1) When the high-speed solar wind or coronal mass ejection generated by solar eruptions
impacts the Earth, it can cause drastic changes in the Earth's magnetic field within a short period of
time. For low-frequency time code timing signals that rely on ionospheric reflection for long-distance
transmission, this phenomenon can lead to a decrease in signal field strength and an increase in time
deviation. The reason behind this is that as the signals pass through the D layer, the degree of
ionization in the ionosphere increases [29], and the equivalent emission height of the lower
ionosphere gradually decreases [30], resulting in increased signal attenuation and phase delay, which
leads to a larger time difference.

(2) Thanks to the propagation characteristics of low-frequency signals, low-frequency time-code
timing signals exhibit a certain degree of anti-interference capability during geomagnetic storms. This
capability is primarily manifested in the power level of the signals within the coverage area. The
higher the power, the stronger the anti-interference capability. During geomagnetic storms, the
overall signal field strength remains relatively high (with a minimum of 58.8577dBuV/m on
November 12th), it can basically ensure normal reception for users within the coverage area. This is
also related to the fact that during geomagnetic storms, solar mass ejections shift towards the poles
along magnetic field lines, without continuously affecting the ionosphere directly above the receiving
point.

(3) Lastly, it should be noted that in this observation experiment, when the transmitting power
of the transmitter remains constant, the low-frequency time code timing signal, which relies on
skywave reflection for long-distance propagation, will also undergo corresponding changes when
the ionosphere changes. Both the signal field strength and time deviation will be affected by changes
in the geomagnetic field. For the low-frequency time code timing system, how to consider targeted
countermeasures when the ionosphere undergoes drastic changes to ensure that the timing signal is
not affected becomes a question that we need to consider next.
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Abbreviations

The following abbreviations are used in this manuscript:

IGS International GNSS Service

GPS Global Positioning System

TEC Total Electron Content

GAGAN GPS-aided Augmented Navigation

GIC Ground Induced Current

LEO Low Earth Orbit

VLEO Very Low Earth Orbit

PPS Pulse Per Second

FFT Fast Fourier Transform
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