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Highlights

What are the main findings?

• Progressive reductions in Gutenberg–Richter b-values preceded the 2019 Ridgecrest
(Mw 7.1) and 2010 Baja California (Mw 7.2) earthquakes, indicating long-term stress
localization prior to rupture.

• Negative GNSS-derived TEC anomalies developed under geomagnetically quiet con-
ditions and exhibited consistent spatial correspondence with independently derived
low-b regions.

What are the implications of the main findings?

• A multi-scale centroid-based spatial validation framework demonstrated that the
dominant low-b regions consistently exhibited the closest spatial correspondence
with the TEC depletion, supporting a coherent spatial organization of earthquake
preparation.

• Integrating seismic b-value evolution with GNSS-derived TEC observations provides
an objective multi-parameter framework for investigating Lithosphere–Atmosphere–
Ionososphere Coupling (LAIC) prior to large earthquakes.

Abstract

Identifying reliable earthquake precursors remains a major challenge in geophysics. Among
the most widely investigated candidates are seismicity-based indicators, such as the
Gutenberg–Richter b-value, and ionospheric disturbances expressed through Total Electron
Content (TEC) anomalies. However, these observables are commonly investigated indepen-
dently, and their quantitative spatial relationship remains poorly constrained. This study
investigates the spatio-temporal evolution of b-values and GNSS-derived TEC anomalies
preceding the 2019 Ridgecrest (Mw 7.1) and 2010 Baja California (Mw 7.2) earthquakes.
Temporal analyses reveal progressive reductions in b-values prior to both earthquakes,
while spatial mapping identifies localized low-b regions with thresholds of b ≤ 0.88 for
Ridgecrest and b ≤ 0.83 for Baja California. Independent TEC analyses reveal negative
ionospheric anomalies of approximately 2.34 TECU and 4.27 TECU, occurring 9–10 days
and ~2 days before the respective mainshocks under geomagnetically quiet conditions. A
multi-scale centroid-based spatial validation framework, incorporating both global and
local low-b centroids together with Monte Carlo randomization tests, demonstrates that the
dominant low-b regions consistently exhibit the closest spatial correspondence with the TEC
depletion. The observed centroid separations occupied only a limited fraction of the theoret-
ical earthquake preparation zone, with normalized distances of 0.33 and 0.24 for the global

Remote Sens. 2026, 18, 2574 https://doi.org/10.3390/rs18152574

https://crossmark.crossref.org/dialog?doi=10.3390/rs18152574&domain=pdf&date_stamp=2026-08-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-5015-402X
https://orcid.org/0000-0003-2348-8187
https://doi.org/10.3390/rs18152574


Remote Sens. 2026, 18, 2574 2 of 30

centroids, decreasing to 0.32 and 0.17, respectively, for the dominant local low-b regions.
Overall, the results support a stress-conditioned lithosphere–atmosphere–ionosphere cou-
pling framework and demonstrate that integrating long-term seismic stress evolution with
GNSS-derived ionospheric observations provides an objective multi-parameter framework
for investigating the spatial organization of earthquake preparation processes.

Keywords: b-value; TEC anomaly; GNSS; LAIC; earthquake preparation process; seismic
stress accumulation; spatial coupling

1. Introduction
The occurrence of earthquakes is still a natural phenomenon that leads to significant

damage to societies, economies, and environments all over the world. Despite considerable
progress in geophysical observations, geodetic monitoring, and modeling, the ability to
identify any short-term earthquake precursor is among the most complex problems in
the science of our planet. This problem is not only associated with the complexity of the
processes of earthquake nucleation but also with the difficulty of selecting pre-seismic
anomalies against the background of diverse natural variability in the lithosphere, atmo-
sphere, and ionosphere. In particular, in the context of the ongoing debate on seismic
prediction, the crucial question is not limited to detecting some anomalies but demon-
strating their physical significance, statistical validity, and reproducibility under various
geological conditions. Therefore, current precursor studies have gradually moved beyond a
deterministic search for an ideal earthquake precursor to combining a series of independent
observables that could characterize the stages of earthquake preparation in different ways.

One of the seismological parameters whose role has attracted the attention of many
researchers is the frequency–magnitude relation first described by Gutenberg and Richter
in 1944 [1]. The slope of this frequency–magnitude distribution has become a well-known
parameter called the b-value due to its sensitivity as a characteristic of seismicity properties.
Other researchers such as Aki [2], Utsu [3,4], Wiemer and Wyss [5,6] have developed meth-
ods for the estimation and interpretation of b-values. Many studies have proven that a low
value of b tends to characterize areas under high differential stress, fault segments of strong
coupling, and rupture asperities, while high values of b are related to greater structural
heterogeneity and/or distributed fracturing and lower stress conditions [7–13]. Studies
performed in California, Japan, Italy, and various subduction zones have consistently found
that big earthquakes originate from regions with relatively low b-values [14–19]. Further-
more, mapping of the spatial variation in b-values at high resolutions showed that the
low-b anomalies were usually confined to segments of faults that would go on to rupture
during large earthquakes [19–22].

The physical significance of b-values has been extensively discussed in the context of
earthquake preparation. Laboratory experiments, numerical simulations, and field obser-
vations indicate that progressive stress accumulation can modify the relative occurrence of
small and large earthquakes, producing systematic reductions in b-value as fault ruptures
is approached [23]. Scholz [24] synthesized decades of observations and concluded that
differential stress is one of the principal controls on b-value variability. Similarly, Tor-
mann et al. [9,25] demonstrated that low-b anomalies frequently delineate rupture-prone
asperities along active fault systems. These findings have motivated the use of b-values as
indicators of lithospheric stress localization and fault instability. However, although b-value
analysis provides valuable insight into the mechanical state of a fault system, it remains
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fundamentally a lithospheric observation and does not directly address whether stress
accumulation produces measurable responses in other components of the Earth system.

Concurrently with the research into seismo-tectonics, considerable attention has been
paid to disturbances in the atmosphere and ionosphere that were observed before large
earthquakes. The emergence of satellite observations and the Global Navigation Satellite
System (GNSS) data from the 1990s onward has provided ample opportunities for studying
the changes that occur in the ionosphere before a significant earthquake [26,27]. Among
other parameters in the ionosphere that were suggested as precursors to earthquakes,
special interest has been shown in the total electron content (TEC). TEC is a quantitative
measure of the ionosphere electron density and can be continuously observed using GNSS
technology [28,29]. In particular, Pulinets and Boyarchuk [30], Liu et al. [26,27,31,32],
Akhoondzadeh et al. [33], Marchetti et al. [34,35], Heki [36], Heki and Enomoto [37,38],
Hayakawa [39,40], Nayak et al. [41–43] and numerous researchers conducted studies on
the existence of both positive and negative TEC anomalies before large earthquakes. In
recent years, the occurrence of TEC anomalies before large earthquakes has been widely
discussed, including for Japan, China, Taiwan, Phillipines, Turkey, Myanmar, Mexico, Italy
and other regions [31,36,42–49].

Nevertheless, although the number of reported TEC anomalies increases continuously,
their interpretations remain debatable. Indeed, the ionosphere is known for being influ-
enced by such natural processes as solar radiation, geomagnetic variations, thermal effects
of the thermosphere, and electrodynamic effects [50–52]. Thus, there is a possibility of
occurrence of TEC anomalies due to these processes and not because of the preceding
earthquakes. It becomes necessary to conduct an analysis of conditions related to solar
and geomagnetic activity to screen out all possible earthquake-associated TEC anomalies.
Despite a few studies having provided statistical evidence of such anomalies, the results
obtained still have to be confirmed by other researchers. Thus, it becomes obvious that
TEC anomalies cannot be studied alone for a long-term analysis [49,53].

Lithosphere–atmosphere–ionosphere coupling (LAIC) mechanism therefore repre-
sents one of the most popular approaches explaining the possible interactions between
the lower and upper atmosphere. In the course of the LAIC process, it is believed that the
accumulation of stresses in the crust and subsequent microcracking can trigger a sequence
of events such as the activation of charge carriers, gaseous emissions, ionization of the
atmosphere, conductivity changes, and disturbances of electric fields that affect the iono-
sphere as well [54]. Although different variants of the LAIC model emphasize different
physical pathways, most share the common premise that ionospheric disturbances are ulti-
mately conditioned by the state of stress within the lithosphere. Consequently, if the LAIC
framework is physically meaningful, one would expect ionospheric anomalies to occur
preferentially above or near regions experiencing long-term stress concentration [42,43,45].

A notable limitation of previous studies is that seismic and ionospheric precursor
candidates have often been investigated independently. Numerous investigations have
focused exclusively on b-value variations as indicators of stress evolution, whereas others
have concentrated solely on TEC anomalies without considering the underlying state of
the lithosphere. As a result, relatively few studies have attempted to evaluate whether
seismic stress indicators and ionospheric perturbations exhibit measurable spatial corre-
spondence [55,56]. This gap is particularly important because independent observations
that converge toward the same preparation region would provide a stronger basis for
interpretation than either observation alone. Recent integrated studies combining seismic-
ity diagnostics and ionospheric observations have suggested that such relationships may
exist, but systematic evaluations remain limited [46,56], particularly within transform and
transtensional plate-boundary environments.
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The southern California and northern Mexico constitute a perfect field for such inves-
tigations. This area belongs to the plate boundary system of the Pacific–North American
plates and is rich in active fault systems including San Andreas, Imperial, Cerro Prieto,
and Laguna Salada faults along with the Eastern California Shear Zone and the Gulf of
California transform–rift system [57]. This tectonic zone has been subjected to numerous
moderate and large earthquakes and is equipped with advanced seismic stations and GNSS
networks. Notably, the Ridgecrest, Mw 7.1 earthquake in 2019 and Baja California (El
Mayor–Cucapah), Mw 7.2 earthquake in 2010 are among the most significant earthquakes
occurring in this region, thus providing a unique opportunity to study the correlation
between indicators of the long-term seismic stress field and ionospheric perturbations.

Therefore, to address these longstanding gaps, the present study investigates the
temporal and spatial evolution of Gutenberg–Richter b-values and GNSS-derived TEC
anomalies prior to the Ridgecrest and Baja California earthquakes. Unlike many previous
studies that focus on either seismic or ionospheric observations alone, the present work
adopts a multi-parameter framework in which independently derived lithospheric and
ionospheric indicators are analyzed jointly. Specifically, we (i) examine temporal and
spatial variations in b-values as indicators of stress localization, (ii) identify statistically
significant negative TEC anomalies under geomagnetically quiet conditions, (iii) develop
a multi-scale centroid-based spatial validation framework that incorporates both global
and local low-b centroids to quantitatively evaluate their spatial correspondence with TEC
depletion, and (iv) assess the significance of the observed relationships through Monte Carlo
randomization analyses. Through this integrated approach, the study seeks to determine
whether low-b seismic anomalies and negative TEC depletion represent complementary
manifestations of the earthquake preparation process and to evaluate their consistency
within the broader framework of Lithosphere–Atmosphere–Ionosphere Coupling.

2. Study Area and Data Used
The present study focuses on two major earthquakes that occurred within the Pacific–

North American plate boundary system: the 2019 Ridgecrest earthquake (Mw 7.1) in south-
ern California, and the 2010 Baja California (El Mayor–Cucapah) earthquake (Mw 7.2) in
northern Mexico (Figure 1). These earthquakes were selected because they represent large-
magnitude ruptures within one of the most tectonically active transform–transtensional
regions in the world and occurred in areas characterized by dense seismic and geodetic
monitoring networks. The availability of high-quality seismic catalogs and continuously
operating GNSS stations makes these events particularly suitable for investigating the
relationship between lithospheric stress evolution and ionospheric perturbations prior to
rupture.

The study region is located along the complex boundary between the Pacific and
North American plates and encompasses several major active fault systems, including
the San Andreas Fault, the Eastern California Shear Zone (ECSZ), the Imperial Fault, the
Cerro Prieto Fault, the Laguna Salada Fault system, and the Gulf of California transform–
rift system (Figure 1) [57]. Relative plate motion within this region is accommodated
through a combination of strike-slip faulting, transtensional deformation, and distributed
shear, resulting in elevated seismic activity and the frequent occurrence of moderate-to-
large earthquakes [58,59]. The tectonic complexity of the region provides an ideal natural
laboratory for examining multi-parameter earthquake precursor behavior.
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Figure 1. Regional tectonic setting of southern California and northern Mexico showing major active
faults, GNSS station distribution, earthquake preparation zones (EPZs), and the locations of the
2019 Ridgecrest (Mw 7.1) and 2010 Baja California (Mw 7.2) earthquakes. Insets show the local fault
architecture surrounding each rupture area.

The 2019 Ridgecrest earthquake sequence occurred within the Eastern California
Shear Zone, a broad deformation corridor that accommodates a significant fraction of
Pacific–North American plate motion outside the San Andreas Fault system. The sequence
culminated in a Mw 7.1 mainshock on 6 July 2019 following an intense foreshock sequence
and produced one of the most significant surface-rupturing earthquakes in California in
recent decades (USGS). The 2010 Baja California earthquake occurred along the Laguna
Salada–Cucapah fault system, a transtensional structure linking the Gulf of California rift
system with the southern San Andreas–Imperial fault network. The Mw 7.2 rupture gener-
ated extensive surface deformation and represented the largest instrumentally recorded
earthquake in northern Baja California.

Two independent datasets were used in this study. Seismicity information was ob-
tained from the United States Geological Survey (USGS) earthquake catalog and used
to investigate temporal and spatial variations in Gutenberg–Richter b-values. For each
earthquake, seismic events occurring between 1 January 2000 and the day of the mainshock
were extracted and subsequently analyzed to evaluate the evolution of seismicity charac-
teristics prior to rupture. The resulting b-values were treated as indicators of long-term
lithospheric stress localization within the seismogenic crust. Ionospheric observations were
derived from continuously operating Global Navigation Satellite System (GNSS) stations
distributed throughout southern California and northern Mexico. Vertical Total Electron
Content (vTEC) was computed from dual-frequency GNSS observations and analyzed
during the 30-day interval preceding each earthquake. To minimize contamination from
external forcing, space-weather conditions were evaluated using standard geomagnetic
and solar activity indices, including Kp and Dst. Only anomalies occurring under geo-
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magnetically quiet conditions were retained for subsequent interpretation. The analysis
focused exclusively on negative TEC departures because previous studies have shown that
depletion-type anomalies frequently exhibit greater stability and are less susceptible to
contamination by external ionospheric drivers than positive TEC enhancements [48,56,60].

3. Methodology
3.1. Seismicity Analysis and b-Value Estimation

The temporal and spatial evolution of seismicity prior to the Ridgecrest (Mw 7.1)
and Baja California (Mw 7.2) earthquakes was investigated using the Gutenberg–Richter
frequency–magnitude relationship [1] as given in Equation (1):

log10N(M) = a − bM (1)

where N(M) is the cumulative number of earthquakes with magnitude greater than or
equal to M, a represents seismic productivity, and b is the Gutenberg–Richter parameter
describing the relative proportion of small and large earthquakes. M denotes the earthquake
magnitude reported in the USGS earthquake catalog. The catalog magnitudes used in this
study are expressed as moment magnitude (Mw), ensuring consistency throughout the
analysis.

Earthquake catalogs were obtained from the United States Geological Survey (USGS)
and cover the period from 1 January 2000 until the occurrence of each mainshock. Prior
to b-value estimation, the magnitude of completeness (Mc) was determined using the
Maximum Curvature (MAXC) method [6]. Only earthquakes satisfying M ≥ Mc were used
in subsequent analyses to avoid bias associated with catalog incompleteness. The b-value
was calculated using the maximum-likelihood estimator proposed by Aki [2]:

b =
log10e

M −
(

Mc − ∆ M
2

) (2)

where e is Euler’s number (approximately 2.71828); M is the mean magnitude of earth-
quakes above Mc and ∆M is the catalog magnitude interval.

The uncertainty associated with each b-value estimate was evaluated using the formu-
lation of Shi and Bolt [61]:

σb = 2.30 b2

√√√√∑
(

Mi − M
)2

n(n − 1)
(3)

where Mi is the magnitude of the i-th earthquake and n is the number of complete events
used in the calculation.

Temporal variations in b-value were evaluated using a moving-window approach
in which overlapping event windows were translated through the catalog to generate a
continuous time series. To quantify late-stage pre-seismic evolution, a linear regression
model was applied to the final three years preceding each earthquake:

b(t) = β0 − β1t (4)

where β1 represents the temporal trend of the b-value evolution.

3.2. GNSS-Derived TEC Processing and Anomaly Detection

Ionospheric variability was investigated using dual-frequency GNSS observations
obtained from continuously operating reference stations distributed throughout southern
California and northern Mexico. The GNSS observations were obtained from the UN-
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AVCO (EarthScope Consortium) archive and processed to derive vTEC following standard
dual-frequency GNSS ionospheric processing procedures [28,62]. The original GNSS obser-
vations have a temporal resolution of 30 s, allowing continuous monitoring of ionospheric
variability throughout the 30-day interval preceding each earthquake. To minimize multi-
path effects and low-elevation signal contamination, only satellite observations with an
elevation angle greater than 15◦ were considered during the vTEC estimation. vTEC was
derived from dual-frequency GNSS observations by estimating the slant TEC from the
ionospheric delay between the L1 and L2 carrier frequencies and subsequently converting
it to vTEC using a standard single-layer ionospheric mapping function [28,62]. The nearest
GNSS station was used for the temporal analysis of TEC anomalies, whereas observations
from the regional GNSS network were utilized to reconstruct the spatial distribution of the
ionospheric anomalies.

No additional spatiotemporal detrending was applied to the vTEC observations. In-
stead, background ionospheric variability was characterized statistically by comparing the
observed vTEC values with confidence limits computed from the reference period. Assum-
ing an approximately Gaussian distribution of TEC during the reference period, the upper
and lower confidence bounds were defined as µ ± 1.34σ. This statistical approach has been
widely adopted in previous TEC anomaly studies because it effectively identifies signifi-
cant departures from normal ionospheric variability while reducing sensitivity to routine
day-to-day fluctuations [41,45,47,48]. Although both positive and negative TEC anomalies
have been reported prior to large earthquakes, the present study focuses exclusively on
negative TEC anomalies. This methodological choice was made to maintain consistency
throughout the analysis and because depletion-type anomalies have been reported in
several previous studies to exhibit comparatively greater temporal stability and reduced
susceptibility to contamination from external ionospheric variability under geomagnetically
quiet conditions [48,56,60]. Therefore, negative TEC anomalies were identified whenever
the observed TEC values fell below the lower statistical bound. This focused approach
should not be interpreted as excluding the occurrence or potential significance of positive
TEC anomalies, which remain an important subject for future investigation using larger
earthquake datasets.

The amplitude of the negative TEC anomaly was quantified as the difference between
the lower statistical bound (LB) and the observed vTEC whenever the observed value fell
below the lower bound. Thus, the anomaly magnitude was computed as:

∆TECneg = LB − TECObs (5)

where TECObs is the observed TEC and LB is the lower statistical threshold.
The largest value of ∆TECneg within the 30-day window was defined as the Peak

Negative Anomaly (PNA). To minimize contamination from external forcing, geomagnetic
conditions were evaluated using the Kp and Dst indices. Only anomalies occurring during
geomagnetically quiet periods were retained for interpretation.

3.3. Spatial Mapping of Seismic and Ionospheric Anomalies

The spatial distributions of b-values and TEC anomalies were reconstructed using
interpolation techniques in order to identify coherent regional structures and quantify
their spatial relationship. The discrete b-value field was interpolated using Ordinary
Kriging [63,64]:

(x0) =
n

∑
i=1

λiZ(xi) (6)
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where Z(xi) represents the observed b-value at location xi, λi denotes the kriging weight,
and Z(x0) is the predicted value at location x0.

The TEC anomaly field was reconstructed using Radial Basis Function (RBF) interpo-
lation [65] and subsequently smoothed using a Gaussian filter to emphasize regional-scale
structures while suppressing localized noise. Low-b zones were defined using the 20th
percentile of the spatial b-value distribution. Rather than adopting a fixed absolute b-value
threshold, a percentile-based approach was selected to identify the lowest portion of the
spatial b-value distribution relative to the regional background. This data-adaptive crite-
rion accounts for spatial variability in seismicity characteristics between different tectonic
environments and consistently isolates the regions exhibiting the strongest relative stress
localization. Similar quantile-based thresholding approaches have been widely adopted in
spatial geophysical analyses to identify anomalous regions while avoiding arbitrary fixed
thresholds [63]. Similarly, TEC depletion regions were defined using the lower quartile
(25th percentile), which captures the strongest regional depletion while maintaining spa-
tially coherent anomaly structures suitable for quantitative comparison. Together, these
percentile-based thresholds provide objective, data-driven criteria that facilitate consistent
spatial comparisons between the independently derived seismic and ionospheric fields.

To characterize the geographic position of each anomaly, centroid coordinates were
calculated from all grid cells belonging to the corresponding anomaly region. The centroid
coordinates were determined as:

x =

(
1
n

)
∑ xi (7)

y =

(
1
n

)
∑ yi (8)

where xi and yi represent the longitude and latitude coordinates of the anomaly pixels and
n is the total number of pixels contained within the anomaly region.

The resulting centroid locations provide a compact representation of the spatial posi-
tion of both the low-b anomaly and the TEC depletion zone, enabling quantitative compari-
son between independently derived seismic and ionospheric structures.

3.4. Spatial Coupling Metrics and Monte Carlo Validation

To evaluate the degree of spatial correspondence between lithospheric and ionospheric
anomalies, the separation distance between the low-b centroid and the TEC depletion
centroid was calculated using the haversine formulation [66]:

D = 2Rsin−1

√[
sin2

(
∆φ

2

)
+ cosφ1 cosφ2 sin2

(
∆λ

2

)]
(9)

where D is the centroid separation distance, R is Earth’s radius, φ represents latitude, and
λ represents longitude.

Because earthquakes of different magnitudes are characterized by different preparation-
zone dimensions, centroid separations were normalized using the earthquake preparation
radius (REPZ). The resulting normalized distance was calculated as:

Dn =
D

REPZ
(10)

where Dn represents the normalized centroid separation. This normalization permits direct
comparison of spatial coupling strength between earthquakes of different magnitudes
and preparation-zone sizes. A smaller value of Dn indicates a stronger spatial association
between the seismic and ionospheric anomalies, whereas larger values indicate increasing
spatial separation.

https://doi.org/10.3390/rs18152574

https://doi.org/10.3390/rs18152574


Remote Sens. 2026, 18, 2574 9 of 30

To assess whether the observed spatial relationship could arise through random
coincidence, Monte Carlo simulations were performed. Random TEC centroid locations
were repeatedly generated within the earthquake preparation zone and their distances from
the low-b centroid were calculated. The Monte Carlo probability was then estimated as:

p =
N(Drand ≤ Dobs)

Ntotal
(11)

where Dobs is the observed centroid distance, Drand represents the distance obtained from
each random realization, and Ntotal is the total number of simulations.

This approach quantifies the probability that a random spatial configuration could
produce a centroid separation equal to or smaller than the observed value. Consequently,
lower p-values indicate stronger evidence that the observed spatial correspondence between
low-b anomalies and TEC depletion regions is non-random.

4. Results
4.1. Ridgecrest Earthquake (Mw 7.1)
4.1.1. Temporal and Spatial Evolution of b-Values Prior to the Mainshock

The evolution of the seismicity pattern preceding the 2019 Ridgecrest earthquake was
investigated using a moving-window Gutenberg–Richter b-value analysis. As shown in
Figure 2, the resulting time series reveals substantial temporal variability over the study
period; however, the most notable feature is the progressive decrease in b-value during
the final years preceding the mainshock. For much of the catalogue, b-values fluctuated
around values close to unity, indicating a relatively stable proportion between small and
large earthquakes. A temporary decrease is also evident during approximately 2006–2009,
coinciding with the occurrence of moderate earthquakes (Mw 5.0 and Mw 5.2) in the study
region. This earlier reduction was followed by a recovery toward the long-term background
level, suggesting a transient modification of the regional frequency–magnitude distribution
rather than a sustained pre-seismic evolution. In contrast, beginning approximately three
years before the mainshock, the temporal b-value series departed from this long-term
behavior and entered a persistent declining phase. The reduction became particularly
pronounced during the final year preceding the earthquake, when the b-value reached
its lowest levels within the entire observation period. Linear regression performed on
the final three-year interval indicates a statistically significant negative trend (r = −0.84,
p < 0.001), confirming that the observed decrease was not a short-lived fluctuation but
rather a systematic characteristic of the late pre-seismic stage. The minimum b-values
approached approximately 0.7, substantially lower than the long-term background values
observed throughout most of the catalogue. The temporal behavior is also noteworthy in
relation to the occurrence of moderate-to-large earthquakes (Mw ≥ 5). Although several
such events occurred during the study period, the strongest decrease in b-value developed
immediately before the Mw 7.1 rupture, suggesting a progressive modification of the
seismicity distribution as the system approached failure. This temporal evolution indicates
that the seismic regime prior to the Ridgecrest earthquake became increasingly dominated
by relatively larger events, resulting in a systematic reduction in the Gutenberg–Richter
scaling parameter during the final stage of earthquake preparation.
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Figure 2. Temporal evolution of Gutenberg–Richter b-values prior to the 2019 Ridgecrest Mw 7.1
earthquake. Moving-window b-values, uncertainty bounds, Mw ≥ 5 earthquakes, and the three-year
pre-mainshock trend are shown.

Figure 3 displays the spatial distribution of b-values revealing a heterogeneous seismic-
ity field characterized by localized regions of reduced b-value, embedded within a broader
background where values remain close to 1. The strongest anomaly is concentrated within
the central portion of the study area and is spatially associated with the future rupture re-
gion of the Ridgecrest earthquake. Application of the 20th percentile threshold identified a
distinct low-b zone characterized by values below approximately 0.88. This anomaly forms
a coherent spatial feature rather than isolated low-value patches, indicating a localized
concentration of anomalous seismic behavior. The centroid of the low-b zone is located
in close proximity to the eventual Mw 7.1 epicenter, while the mainshock itself occurred
within the boundaries of the low-b anomaly. Outside the anomaly, b-values generally range
between approximately 0.95 and 1.10, indicating a comparatively uniform background
seismicity pattern. In contrast, the low-b region exhibits a marked reduction relative to
surrounding areas, producing a clear spatial gradient in seismicity characteristics across
the study region. The close correspondence between the low-b anomaly and the future
rupture location demonstrates that the seismicity field immediately before the Ridgecrest
earthquake was not spatially uniform. Instead, the earthquake nucleated within a localized
region characterized by systematically reduced b-values relative to the surrounding crust.

4.1.2. Temporal and Spatial Distribution of Negative TEC Evolution Before the Mainshock

The ionospheric response preceding the 2019 Ridgecrest earthquake was evaluated
using GNSS-derived vertical total electron content from the nearest station (TOWG) during
the 30-day interval before the Mw 7.1 mainshock. The analysis focused only on negative
TEC departures, because depletion-type anomalies are commonly reported as one of the
observable forms of pre-earthquake ionospheric disturbance, although their interpretation
requires careful spatial and statistical validation. Recent Ridgecrest-focused studies have
also examined TEC and satellite electron-density perturbations associated with the 2019
sequence, confirming that this earthquake provides a useful natural case for evaluating
seismo-ionospheric disturbances [67,68]. The vTEC time series shows a clear diurnal pat-
tern throughout the 30-day window, as expected for ionospheric electron content (Figure 4).
Against this background variability, a distinct negative excursion is observed on 26 June
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2019, approximately 9–10 days before the Mw 7.1 mainshock. At this time, the observed
vTEC falls below the lower statistical bound, defining a peak negative anomaly of approxi-
mately 2.34 TECU. This depletion is not interpreted simply as an isolated low value; rather,
it is important because it occurs as a statistically defined departure from the local back-
ground envelope. The anomaly is temporally separated from the mainshock but remains
within the short-term preparation interval commonly investigated in GNSS-TEC precursor
studies. The persistence of regular diurnal structure before and after the anomaly indicates
that the detected depletion is embedded within otherwise coherent ionospheric behaviour,
rather than representing a complete breakdown of the time series. However, by itself, a
single-station TEC anomaly cannot establish a seismogenic origin, because TEC is sensitive
to solar, geomagnetic, local time, and regional ionospheric variability. This is why the
spatial analysis is essential. To evaluate the potential influence of external forcing, geomag-
netic and solar activity conditions were examined using the Kp and Dst indices during the
anomaly interval. Both indices remained within commonly accepted quiet-time thresholds,
indicating the absence of significant geomagnetic disturbances during the period when the
TEC anomaly was detected (Figure S1). Consequently, large-scale space weather forcing
is unlikely to account for the observed depletion, allowing the anomaly to be considered
independently of major geomagnetic perturbations.

Figure 3. Spatial distribution of Gutenberg–Richter b-values before the 2019 Ridgecrest Mw 7.1
earthquake. The black contour denotes the low-b anomaly identified using the 20th percentile
threshold. The cyan symbol indicates the low-b centroid and the red star marks the mainshock
epicenter.

The spatial TEC map provides a more physically meaningful test than the single-
station time series (Figure 5). The interpolated vTEC field at the negative-anomaly epoch
reveals a broad depletion region extending across southern California and western Nevada,
with the lowest vTEC values concentrated around the Ridgecrest region. This spatial
organization is important because earthquake-related ionospheric anomalies, when present,
are expected to be localized or regional rather than randomly distributed across the GNSS
network. Reviews of seismo-ionospheric studies emphasize that spatial coherence and
background screening are essential for distinguishing possible earthquake-related TEC
disturbances from ordinary ionospheric variability [45,46]. The Ridgecrest epicenter lies
within the broader negative TEC depletion field. The strongest depletion contour encloses
the epicentral region and nearby GNSS stations, while the TEC depletion centroid is
positioned close to the mainshock area. Several stations inside the depletion zone show
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lower vTEC values relative to the surrounding network, suggesting that the anomaly is
not controlled by a single receiver but appears as a regional ionospheric structure. This
spatial pattern strengthens the observational significance of the temporal anomaly. A
negative vTEC departure at one station could be produced by local noise, multipath,
satellite geometry, or background ionospheric variability. In contrast, a spatially coherent
depletion field surrounding the earthquake region provides a more robust observational
basis for later comparison with the independently derived low-b seismic anomaly. At this
stage, the result should be interpreted conservatively: the TEC depletion is a statistically
and spatially identifiable ionospheric anomaly before the Ridgecrest earthquake.

Figure 4. Nearest-station (TOWG) GNSS-vTEC variation during the 30 days preceding the 2019
Ridgecrest Mw 7.1 earthquake. The dashed curve indicates the lower statistical bound, the blue
curve indicates observed vTEC, and the red shading highlights intervals where vTEC falls below
the lower bound. The strongest negative anomaly reaches approximately 2.34 TECU on 26 June
2019. (a) Thirty-day GNSS-vTEC time series showing the temporal evolution of the observed vTEC,
the lower statistical bound, and the identified negative TEC anomalies prior to the mainshock.
(b) Enlarged view of the peak-anomaly day (26 June 2019), illustrating the maximum TEC depletion
(∆TEC = 2.34 TECU) and the exact timing of the strongest negative ionospheric anomaly.

4.1.3. Spatial Relationship Between the Low-b Anomaly and TEC Depletion

The spatial relationship between the seismic and ionospheric anomalies prior to the
Ridgecrest earthquake was evaluated by comparing the locations of the low-b zone and
the negative TEC depletion region (Figure 6). The low-b anomaly, defined using the 20th
percentile threshold of the spatial b-value distribution, forms a localized zone surrounding
the future rupture area. Similarly, the negative TEC anomaly exhibits a coherent depletion
region centered near the epicentral area.
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Figure 5. Spatial distribution of negative GNSS-vTEC depletion before the 2019 Ridgecrest Mw 7.1
earthquake. The color field represents vTEC at the negative-anomaly epoch. The black contour
outlines the strongest depletion zone, white circles indicate GNSS stations, outlined circles indicate
strong-depletion stations, the cyan cross marks the TEC depletion centroid, and the red star indicates
the Ridgecrest epicenter.

Figure 6. Spatial overlap between the low-b anomaly and the negative GNSS-vTEC depletion
preceding the 2019 Ridgecrest Mw 7.1 earthquake. The blue contour delineates the low-b zone
(b ≤ 0.88), while the red dashed contour outlines the TEC depletion region (vTEC ≤ 4.6 TECU). The
red star marks the epicenter, the cyan cross indicates the low-b centroid, and the yellow diamond
represents the TEC depletion centroid.
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To quantify the spatial correspondence between the two independent observations,
centroid locations were calculated for both the low-b anomaly and the TEC depletion zone.
The resulting centroid separation distance was 376.2 km. Although the two centroids
are not colocated, the observed distance is considerably smaller than the average sepa-
ration expected under random spatial conditions. A Monte Carlo framework was used
to assess whether the observed separation could arise from random spatial coincidence.
Random TEC centroid locations were generated within the earthquake preparation zone,
and centroid distances were calculated relative to the low-b centroid. The resulting random
distribution yielded an average separation distance of 753 ± 268 km, approximately twice
the observed value. This indicates that the observed spatial relationship is substantially
closer than would be expected from a purely random configuration. The normalized cen-
troid distance, expressed as the ratio between the observed separation and the theoretical
earthquake preparation radius, was D/REPZ = 0.33. This value indicates that the two
anomalies occupy a relatively restricted portion of the earthquake preparation region and
are spatially concentrated compared with the dimensions of the broader seismogenic do-
main. Nevertheless, the Monte Carlo probability associated with the observed separation
was p = 0.112. Although this value does not satisfy the conventional threshold for statistical
significance (p < 0.05), it indicates a tendency toward spatial association between the low-b
anomaly and the TEC depletion region. Therefore, the Ridgecrest results suggest that the
two independent precursor candidates are spatially related, although the evidence is not
sufficient to establish a statistically significant coupling based on this event alone.

From a physical perspective, however, an exact spatial coincidence between the low-b
anomaly and the TEC depletion region is not necessarily expected. Within the LAIC frame-
work, seismogenic electric fields and the resulting ionospheric plasma disturbances may be
influenced by neutral thermospheric winds, electrodynamic plasma transport (e.g., E × B
drifts), diffusion processes, and the background ionospheric circulation. Consequently, the
region of maximum TEC depletion may become spatially displaced from the underlying
earthquake preparation zone. Accordingly, the moderate centroid separation observed in
this study is physically plausible and should not be interpreted as evidence against a po-
tential relationship between the independently derived seismic and ionospheric anomalies.
Instead, the observed regional correspondence is consistent with the dynamic behavior
of the ionosphere and the expected complexity of lithosphere–atmosphere–ionosphere
coupling processes.

4.2. Baja California Earthquake (Mw 7.2)
4.2.1. Temporal and Spatial Evolution of b-Values Prior to the Mainshock

The temporal evolution of the Gutenberg–Richter b-value preceding the 2010 Baja
California (El Mayor–Cucapah) Mw 7.2 earthquake exhibits a progressive long-term decline
in seismicity scaling characteristics (Figure 7). In contrast to the Ridgecrest sequence, where
the strongest decrease was concentrated during the final stages before rupture, the Baja
California sequence displays a more gradual reduction extending over several years prior
to the mainshock.
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Figure 7. Temporal evolution of Gutenberg–Richter b-values prior to the 2010 Baja California Mw 7.2
earthquake.

At the beginning of the catalogue, b-values were generally close to or slightly above
unity, indicating a relatively balanced frequency–magnitude distribution. However, a
systematic decrease becomes apparent during the later part of the observation period,
particularly within the final three-year interval preceding the earthquake. The regression
analysis of this interval reveals a statistically significant negative trend (r = −0.59, p = 0.002),
indicating that the observed reduction is unlikely to be the result of short-term fluctuations
alone. The smoothed b-value series shows a persistent decline from values near 0.9–1.0
toward minimum values approaching 0.8 immediately before the mainshock. This behavior
suggests an increasing dominance of relatively larger earthquakes within the seismic
population as the system evolved toward failure. Unlike transient oscillations observed
elsewhere in the catalogue, the final decline exhibits a coherent long-term character and
culminates shortly before the occurrence of the Mw 7.2 rupture.

The spatial b-value distribution further demonstrates that the pre-seismic seismicity
field was highly heterogeneous (Figure 8). Several localized low-b anomalies are identified
throughout the study region; however, the most prominent anomalies are concentrated
along the active fault system surrounding the future rupture area. Application of the
20th percentile threshold delineates distinct low-b zones characterized by values below
approximately 0.88. The Baja California epicenter is situated adjacent to one of these
low-b anomalies and occurs within a broader region characterized by reduced b-values
relative to the surrounding crust. The spatial configuration indicates that the earthquake
nucleated within a seismically anomalous environment where the frequency–magnitude
distribution differed substantially from the regional background. The low-b centroid
is located northwest of the epicentral region, suggesting that the spatially concentrated
seismic anomaly extended beyond the immediate rupture initiation point and occupied a
broader portion of the active fault system.
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Figure 8. Spatial distribution of Gutenberg–Richter b-values before the 2010 Baja California Mw
7.2 earthquake. The black contours delineate low-b anomalies identified using the 20th percentile
threshold. The cyan symbol indicates the low-b centroid, while the red star marks the mainshock
epicenter.

An important characteristic of the Baja California sequence is the persistence of both
temporal and spatial b-value anomalies. The long-term reduction observed in the temporal
series is consistent with the existence of localized low-b regions in the spatial distribution,
indicating that the seismic system evolved toward an increasingly heterogeneous state
prior to rupture. The coincidence of these independent observations suggests that the Mw
7.2 earthquake occurred within a region that had experienced sustained modifications of
its seismicity characteristics during the years preceding the mainshock.

4.2.2. Temporal and Spatial Evolution of Negative TEC Anomalies Prior to the Mainshock

The ionospheric response preceding the 2010 Baja California Mw 7.2 earthquake was
investigated using GNSS-derived vertical total electron content observations from the
nearest station and from the regional GNSS network. Similar to the Ridgecrest analysis,
only negative TEC departures were considered because depletion-type anomalies had been
repeatedly reported among the most frequently observed ionospheric perturbations prior
to large earthquakes.

The vTEC time series exhibits the expected diurnal variability throughout the 30-day
observation period, characterized by regular day–night oscillations and moderate fluctua-
tions in amplitude. Against this background behavior, a pronounced negative anomaly is
detected on 2 April 2010, approximately two days before the Mw 7.2 mainshock (Figure 9).
During this interval, the observed vTEC falls significantly below the lower statistical
bound, producing a peak negative anomaly of approximately 4.27 TECU, nearly twice
the amplitude observed before the Ridgecrest earthquake. The timing of the anomaly
is noteworthy because it occurs during the final stage of the pre-earthquake period and
represents the strongest negative departure identified within the entire 30-day window.
Although the ionosphere remains characterized by normal diurnal variability before and
after the anomaly, the depletion itself constitutes a statistically significant excursion from
the expected background behaviour. Examination of geomagnetic conditions during the
anomaly interval indicated that both Kp and Dst indices remained within quiet-time thresh-
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olds (Figure S1), suggesting that major geomagnetic disturbances were absent and that
large-scale space weather forcing was unlikely to be the primary driver of the observed
depletion.

 

Figure 9. Temporal evolution of GNSS-derived vTEC during the 30 days preceding the 2010 Baja
California Mw 7.2 earthquake. The dashed curve represents the lower statistical bound, while
shaded regions indicate intervals where vTEC falls below the threshold. The strongest negative
anomaly (4.27 TECU) occurred approximately two days before the mainshock. (a) Thirty-day vTEC
time series showing the observed vTEC, lower statistical bound, identified negative anomalies,
peak depletion, and mainshock timing. (b) Enlarged view of the peak-anomaly day, illustrating
the temporal development of the depletion, its maximum amplitude of 4.27 TECU, and the peak
occurrence at approximately 20:45 UTC.

The spatial distribution of vTEC at the anomaly epoch reveals a well-defined regional
depletion structure extending across southern California and northern Baja California
(Figure 10). The lowest TEC values are concentrated within a coherent anomaly zone
that encompasses the Baja California epicentral region. Unlike localized perturbations
confined to individual GNSS receivers, the anomaly is expressed across multiple stations,
indicating that the depletion represents a regional ionospheric feature rather than an
isolated observational artifact.

The centroid of the TEC depletion zone is located northwest of the epicenter and
lies within the broader anomaly field defined by the lowest TEC values. The Mw 7.2
earthquake occurred along the southern margin of this depletion region, while several
stations surrounding the rupture area recorded substantially reduced TEC values relative
to the regional background. This spatial organization indicates that the anomaly was not
randomly distributed across the network but instead formed a coherent structure occupying
a significant portion of the study area.
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Figure 10. Spatial distribution of negative GNSS-vTEC depletion prior to the 2010 Baja California Mw
7.2 earthquake. The color scale represents vTEC at the anomaly epoch. The black contour delineates
the strongest depletion zone, the cyan symbol marks the TEC depletion centroid, and the red star
indicates the mainshock epicenter.

Compared with the Ridgecrest sequence, the Baja California earthquake is character-
ized by a stronger TEC depletion amplitude and a shorter temporal separation between
the anomaly and the mainshock. The occurrence of a coherent regional depletion pattern
immediately before the earthquake further suggests that the ionospheric disturbance was
organized at scales substantially larger than individual GNSS observations. These character-
istics collectively identify the Baja California TEC anomaly as a prominent pre-earthquake
ionospheric perturbation within the observation period.

4.2.3. Spatial Relationship Between the Low-b Anomaly and TEC Depletion

The spatial relationship between the seismic and ionospheric anomalies preceding the
2010 Baja California earthquake was investigated through a direct comparison of the low-b
seismic anomaly and the negative TEC depletion zone (Figure 11). Similar to the Ridgecrest
case, both anomalies form coherent spatial structures rather than isolated localized features,
allowing their spatial correspondence to be quantitatively evaluated.

The low-b anomaly identified from the spatial b-value distribution is concentrated
along the active fault system northwest of the eventual rupture area and is characterized by
values below the 20th percentile threshold (b ≤ 0.83). The negative TEC anomaly exhibits a
broader regional depletion pattern extending across southern California and northern Baja
California, with the lowest TEC values concentrated within a distinct zone that partially
overlaps the low-b anomaly.
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Figure 11. Spatial overlap between the low-b anomaly and the negative GNSS-vTEC depletion
preceding the 2010 Baja California Mw 7.2 earthquake. The blue contour delineates the low-b zone
(b ≤ 0.83), while the red dashed contour outlines the TEC depletion region (vTEC ≤ 6.0 TECU). The
red star marks the epicenter, the cyan cross indicates the low-b centroid, and the yellow diamond
represents the TEC depletion centroid.

To quantify the degree of spatial correspondence, centroid locations were calculated
independently for the low-b anomaly and the TEC depletion region. The resulting centroid
separation distance was 287.4 km, considerably smaller than that observed for the Ridge-
crest sequence. Furthermore, the normalized distance relative to the theoretical earthquake
preparation radius was D/REPZ = 0.23, indicating that the two anomalies occupied a
relatively restricted portion of the broader seismogenic region.

Monte Carlo simulations were performed to evaluate whether the observed separation
could arise through random spatial coincidence. The random centroid distribution pro-
duced an average separation distance of 846 ± 323 km, nearly three times larger than the
observed value. This substantial difference indicates that the observed spatial configuration
is considerably more compact than would be expected under random conditions. The
resulting Monte Carlo probability was p = 0.052. Although this value remains marginally
above the conventional significance threshold of 0.05, it is substantially lower than that ob-
tained for the Ridgecrest earthquake and indicates a markedly stronger spatial association
between the seismic and ionospheric anomalies. In practical terms, only a small fraction of
the random realizations produced centroid separations comparable to the observed configu-
ration. An additional feature of the Baja California sequence is that the low-b anomaly, TEC
depletion zone, and earthquake epicenter are all located within the same broad tectonic
corridor. Although the centroids are not coincident, both anomalies occupy a common re-
gional framework surrounding the future rupture area. This spatial organization contrasts
with what would be expected from a purely random distribution and suggests that the
seismic and ionospheric anomalies evolved within the same pre-earthquake environment.
Similarly, the observed offset between the low-b centroid and the TEC depletion centroid is
consistent with the expected behavior of ionospheric plasma, which may be transported
by thermospheric winds and large-scale electrodynamic processes after the generation of
seismogenic electric fields. Therefore, the spatial relationship identified in this study should
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be interpreted as a regional correspondence rather than requiring exact point-to-point
coincidence between lithospheric and ionospheric anomalies.

Taken together, the Baja California results indicate a stronger spatial correspondence
between low-b seismic anomalies and negative TEC depletion than observed for the Ridge-
crest earthquake. The reduced centroid separation, lower normalized distance, and near-
significant Monte Carlo probability collectively suggest that the two independently derived
precursor candidates were spatially organized around the future rupture region during the
final stages preceding the Mw 7.2 mainshock.

4.3. Global and Local Spatial Correspondence Between Low-b Regions and Negative TEC Depletion

To further investigate the spatial relationship between the seismological and iono-
spheric anomalies, the centroid analysis was extended beyond the global low-b anomaly by
identifying the two largest spatially disconnected low-b regions within each study area. The
global centroid represents the area-weighted center of the complete low-b anomaly, whereas
the local centroids (L1 and L2) represent the principal disconnected low-b regions. This ad-
ditional analysis was performed to determine whether one individual low-b region exhibits
a stronger spatial correspondence with the TEC depletion than is apparent from the global
anomaly alone. The centroid separation was quantified using the great-circle distance (D)
and its normalized form (D/REPZ), where REPZ denotes the earthquake preparation-zone
radius.

4.3.1. Global–Local Centroid Analysis: Ridgecrest Case

Figure 12 presents the spatial relationship between the global and local low-b regions
and the negative TEC depletion observed prior to the 2019 Mw 7.1 Ridgecrest earthquake.
The global low-b anomaly is characterized by two disconnected regions, denoted L1 and L2,
with the global centroid positioned between them. The TEC depletion centroid is located
northeast of the dominant low-b region, remaining well within the expected preparation-
zone dimension.

Figure 12. Spatial correspondence between the global and local low-b regions and the negative TEC
depletion preceding the 2019 Mw 7.1 Ridgecrest earthquake.
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Among the two local regions, L1 exhibits the strongest spatial correspondence with
the TEC depletion. The centroid separation decreases from 376.2 km for the global centroid
to 364.0 km for L1, corresponding to a reduction in the normalized separation from 0.333 to
0.322 of the preparation-zone radius. Although the improvement is modest, L1 represents
nearly 79% of the total low-b anomaly area, indicating that the global centroid is already
strongly influenced by this dominant anomaly. In contrast, L2 occupies only approximately
21% of the total low-b area and is located considerably farther from the TEC depletion
centroid, resulting in a centroid separation of 458.0 km.

These observations indicate that the Ridgecrest low-b anomaly is largely governed by
a single dominant stress concentration represented by L1, while the secondary anomaly
contributes relatively little to the overall centroid location. Consequently, both the global
and local analyses lead to a consistent interpretation, demonstrating a stable spatial corre-
spondence between the principal low-b region and the ionospheric depletion.

4.3.2. Global–Local Centroid Analysis: Baja California Case

A similar analysis was performed for the 2010 Mw 7.2 Baja California earthquake
(Figure 13). As in the Ridgecrest case, the low-b anomaly consists of two disconnected
regions. However, the spatial distribution differs substantially, resulting in a clearer distinc-
tion between the global and local centroid relationships.

Figure 13. Spatial correspondence between the global and local low-b regions and the negative TEC
depletion preceding the 2010 Mw 7.2 Baja California earthquake.

The global centroid is located southwest of the TEC depletion centroid with a separa-
tion of 295.8 km, corresponding to 0.237 of the preparation-zone radius. When the discon-
nected low-b regions are examined individually, L1 displays the closest spatial relationship
with the TEC depletion, reducing the centroid separation to 212.0 km (D/REPZ = 0.170).
L1 also constitutes approximately 64% of the total low-b anomaly area, indicating that it
represents the principal stress anomaly within the study region. In contrast, L2 occupies
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approximately 36% of the total anomaly area and is located considerably farther from the
TEC depletion centroid, with a separation of 449.5 km.

Unlike the Ridgecrest case, the Baja California results demonstrate that separating
disconnected low-b regions provides a substantially clearer representation of the spatial
relationship with the ionosphere. The local analysis isolates the dominant low-b region that
is most closely associated with the TEC depletion, whereas the global centroid is slightly
displaced by the contribution of the secondary anomaly. The Monte Carlo analysis is
consistent with this interpretation, showing that L1 exhibits the strongest spatial association
among the evaluated regions.

4.3.3. Comparative Assessment of Global and Local Centroid Relationships

The centroid statistics for both earthquakes are summarized in Table 1, providing
a quantitative comparison of the global and local spatial relationships between the low-
b regions and the TEC depletion. In both case studies, the dominant local region (L1)
consistently exhibits the smallest centroid separation from the TEC depletion and represents
the majority of the total low-b anomaly area.

Table 1. Quantitative comparison of the global and local centroid relationships between the low-b
regions and the TEC depletion for the Ridgecrest and Baja California earthquakes.

Earthquake Centroid Area
Fraction

Distance to TEC
Centroid (km) D/REPZ Monte

Carlo p
Role in Spatial

Correspondence

Ridgecrest Global 1.000 376.2 0.333 0.112 Overall low-b–TEC
correspondence

L1 0.787 364.0 0.322 0.103 Dominant stress
concentration

L2 0.213 458.0 0.405 0.167 Peripheral stress
concentration

Baja
California Global 1.000 295.8 0.237 0.055 Overall low-b–TEC

correspondence

L1 0.641 212.0 0.170 0.029
Closest stress

concentration to TEC
depletion

L2 0.359 449.5 0.360 0.132 Secondary stress
concentration

For the Ridgecrest earthquake, the global and local centroid distances are very similar
because the global anomaly is strongly dominated by L1. Consequently, the global centroid
provides a reliable representation of the principal low-b anomaly. Conversely, the Baja
California earthquake demonstrates a more complex spatial configuration, where the
presence of a secondary low-b region shifts the global centroid away from the principal
stress concentration. The local analysis therefore reveals a noticeably stronger spatial
correspondence between L1 and the TEC depletion than is apparent from the global
centroid alone.

5. Discussion
The present study demonstrates that both the Ridgecrest (Mw 7.1) and Baja California

(Mw 7.2) earthquakes were preceded by consistent lithospheric and ionospheric signatures,
despite exhibiting different precursor lead times and TEC depletion amplitudes. Specifi-
cally, both earthquakes showed (i) a progressive reduction in Gutenberg–Richter b-values,
indicating long-term stress localization within the seismogenic crust, (ii) the occurrence of

https://doi.org/10.3390/rs18152574

https://doi.org/10.3390/rs18152574


Remote Sens. 2026, 18, 2574 23 of 30

statistically significant negative GNSS-derived TEC anomalies under geomagnetically quiet
conditions, and (iii) a measurable spatial correspondence between independently derived
low-b regions and TEC depletion zones. While the Ridgecrest earthquake exhibited a lower-
amplitude TEC depletion (2.34 TECU) approximately 9–10 days before the mainshock, the
Baja California earthquake was associated with a larger-amplitude depletion (4.27 TECU)
occurring approximately 2 days before rupture. Variations in both the magnitude and
temporal evolution of these ionospheric anomalies are not inconsistent with the LAIC
framework; rather, they reflect the natural variability expected in the coupling processes
preceding different earthquake sequences.

Current LAIC models do not predict a universal precursor amplitude or a fixed
lead time for ionospheric disturbances. Instead, both the magnitude and timing of the
observed TEC anomalies are expected to depend on several interacting factors, including
the rate of stress accumulation, fault geometry, rupture dynamics, lithological properties,
atmospheric conductivity, background ionospheric conditions, and the efficiency of the
lithosphere–atmosphere–ionosphere coupling process. Consequently, variability in both
anomaly amplitude and precursor lead time should be regarded as an inherent characteristic
of earthquake preparation rather than evidence against a common physical mechanism.
Within this context, the principal finding of the present study is not the exact timing or
magnitude of the ionospheric anomalies, but the fact that independently derived seismic
and ionospheric indicators consistently evolved within the same regional preparation
environment.

The temporal evolution of the Gutenberg–Richter b-value further supports this inter-
pretation. Both earthquake sequences exhibited progressive reductions in b-values during
the years preceding rupture, although the temporal evolution differed between the two
events. The Ridgecrest sequence experienced a more pronounced decline during the final
years before the Mw 7.1 mainshock, whereas the Baja California sequence displayed a
more gradual but persistent decrease over a longer period. Such behavior is consistent
with previous studies demonstrating that large earthquakes frequently nucleate within
regions characterized by relatively low b-values, which are commonly interpreted as in-
dicators of elevated differential stress, progressive fault instability, and localized stress
accumulation [9,19,20,22].

Independent analysis of GNSS-derived TEC revealed statistically significant negative
ionospheric anomalies prior to both earthquakes. In both cases, the anomalies occurred
under geomagnetically quiet conditions, reducing the likelihood that they resulted from
large-scale space-weather forcing. More importantly, the spatial analyses showed that the
strongest TEC depletion regions developed within the same broad tectonic corridors where
localized low-b anomalies were independently identified. Because these two anomaly
fields were derived from entirely different datasets and processing methodologies, their
consistent regional correspondence provides an additional line of evidence supporting
a potential relationship between lithospheric stress localization and ionospheric pertur-
bations during earthquake preparation. The integrated comparison presented in Table 2
highlights the consistency of the multi-parameter observations preceding both earthquake
sequences. Despite differences in precursor lead time and TEC depletion amplitude, both
earthquakes exhibited the same overall evolutionary pattern, including progressive re-
ductions in Gutenberg–Richter b-values, the occurrence of negative TEC anomalies under
geomagnetically quiet conditions, and a clear spatial correspondence between the dominant
low-b regions and the associated TEC depletion. The global centroid analysis demonstrated
that the seismic and ionospheric anomalies were concentrated within relatively small por-
tions of the theoretical earthquake preparation zones, while the local-centroid analysis
further showed that the dominant low-b region (L1) consistently exhibited the closest
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spatial relationship with the TEC depletion centroid. Together, these observations indicate
that the independently derived seismic and ionospheric anomalies evolved within com-
parable spatial domains rather than being randomly distributed throughout the broader
preparation region.

Table 2. Integrated comparison of the seismic, ionospheric, and spatial characteristics preceding the
Ridgecrest and Baja California earthquakes.

Parameter Ridgecrest (Mw 7.1) Baja California (Mw 7.2) Interpretation

Long-term b-value
evolution

Progressive decrease with
pronounced decline during

the final years

Gradual but persistent
decrease over a longer

period

Progressive stress localization
preceding rupture

Low-b threshold 0.88 0.83
Comparable levels of stress

concentration identified in both
regions

Peak negative TEC
depletion 2.34 TECU 4.27 TECU Pre-seismic ionospheric depletion

detected prior to both earthquakes

TEC lead time 9–10 days 2 days Variable precursor timing consistent
with LAIC evolution

Dominant low-b region
(L1) 78.7% of total low-b area 64.1% of total low-b area Principal stress localization within

each preparation zone

Global centroid separation 376.2 km 295.8 km
Global seismic and ionospheric
anomalies remained spatially

consistent

Closest local centroid (L1) 364.0 km 212.0 km
Strongest spatial correspondence

between stress localization and TEC
depletion

Normalized centroid
separation (D/REPZ) Global: 0.333; L1: 0.322 Global: 0.237; L1: 0.170

Spatial correspondence confined to a
limited fraction of the preparation

zone

Monte Carlo assessment
Observed separations

substantially smaller than
random expectation

Strongest local
correspondence identified

for L1

Spatial organization supports a
non-random relationship between
seismic and ionospheric anomalies

Overall synthesis Consistent multi-parameter
precursor evolution

Consistent multi-parameter
precursor evolution with

stronger local
correspondence

Independent seismic and ionospheric
observations evolved coherently
during earthquake preparation

The Monte Carlo simulations provide additional quantitative support for these ob-
servations. For the Ridgecrest earthquake, the average random centroid separation was
approximately 752 ± 267 km, whereas the observed global centroid separation was only
376.2 km. Similarly, the Baja California sequence yielded an average random separation of
856 ± 336 km, substantially larger than the observed global separation of 295.8 km, while
the dominant local low-b region (L1) exhibited an even shorter separation of 212.0 km.
These results consistently demonstrate that the observed centroid relationships are con-
siderably more compact than expected from randomly generated spatial configurations
within the corresponding preparation zones. Rather than relying exclusively on statistical
significance thresholds, the combination of normalized centroid distances, Monte Carlo
simulations, and the independent evolution of the seismic and ionospheric anomalies
collectively supports the interpretation that the observed spatial correspondence reflects a
coherent organization of earthquake preparation processes.

From a physical perspective, the coexistence of low-b anomalies and negative TEC
depletion can be interpreted within the framework of LAIC. The LAIC hypothesis pro-
poses that stress accumulation within the crust may generate a chain of coupled processes
extending upward into the atmosphere and ionosphere. As deformation increases, stress-
induced microfracturing may alter the electrical state of rocks through the activation of
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charge carriers and the generation of localized conductivity anomalies. These processes
can modify the atmospheric electric field and ultimately influence ionospheric plasma
dynamics, producing perturbations in electron density and TEC [54,69,70]. Under this
interpretation, the low-b anomalies identified in the present study represent the long-term
manifestation of stress localization within the lithosphere, whereas the TEC depletion
anomalies represent a shorter-term ionospheric response occurring during the final stages
of earthquake preparation. Importantly, the two anomalies operate on different temporal
scales. The b-value anomalies developed over periods of years, reflecting the progressive
evolution of the seismic system, whereas the TEC anomalies appeared only days before
rupture. This temporal hierarchy suggests that the seismic and ionospheric observations
may not be independent phenomena but instead correspond to different stages of the same
evolving preparation process. The conceptual model presented in Figure 14 summarizes
this interpretation. In both earthquakes, stress accumulation was accompanied by the
development of localized low-b regions, indicating concentrated deformation within the
crust. Subsequently, negative TEC depletion emerged within or near these regions during
the final pre-seismic stage. The spatial validation results suggest that the ionospheric
anomalies were not randomly distributed but instead preferentially occurred within the
same broad regions where seismic stress localization had already been identified. Conse-
quently, the combined observations support the interpretation that low-b seismic anomalies
and negative TEC depletion may represent complementary manifestations of an evolving
earthquake preparation process, observed through different physical parameters and at
different stages prior to rupture.

 
Figure 14. Conceptual model illustrating a stress-conditioned ionospheric response. Long-term stress
accumulation produces localized low-b seismic anomalies, while short-term lithosphere–atmosphere–
ionosphere coupling processes may generate negative TEC depletion prior to rupture.

6. Conclusions
This study investigated the temporal and spatial evolution of Gutenberg–Richter

b-values and GNSS-derived TEC prior to the 2019 Ridgecrest (Mw 7.1) and 2010 Baja
California (Mw 7.2) earthquakes. By combining independent seismic and ionospheric
observations, the following conclusions can be drawn:

https://doi.org/10.3390/rs18152574

https://doi.org/10.3390/rs18152574


Remote Sens. 2026, 18, 2574 26 of 30

1. Both earthquake sequences were characterized by progressive reductions in Gutenberg–
Richter b-values during the years preceding rupture, indicating long-term stress local-
ization within the seismogenic crust. Spatial b-value mapping consistently identified
localized low-b regions in which the eventual mainshocks occurred or immediately ad-
jacent to them, supporting the interpretation that reduced b-values reflect progressive
stress accumulation before large earthquakes.

2. Negative GNSS-derived TEC anomalies were detected under geomagnetically quiet
conditions prior to both earthquakes. The Ridgecrest sequence exhibited a TEC
depletion of approximately 2.34 TECU occurring 9–10 days before the mainshock,
whereas the Baja California earthquake showed a stronger depletion of approxi-
mately 4.27 TECU about 2 days before rupture. These differences in precursor tim-
ing and amplitude are consistent with the natural variability expected within the
LAIC framework.

3. Independent spatial analyses demonstrated a clear regional correspondence between
the low-b anomalies and the negative TEC depletion zones. In both case studies, the
seismic and ionospheric anomalies occupied comparable portions of the theoretical
earthquake preparation zone, indicating that independently derived lithospheric and
ionospheric observations evolved within the same regional preparation environment.

4. The centroid-based validation framework provided an objective quantitative assess-
ment of this spatial correspondence. While the global centroid analysis demonstrated
that the observed low-b and TEC anomalies were substantially more closely associated
than expected from random spatial configurations, the local centroid analysis further
revealed that the dominant low-b region (L1) consistently exhibited the strongest
spatial correspondence with the TEC depletion. This was particularly evident for the
Baja California earthquake, where separating disconnected low-b regions revealed a
stronger relationship than was apparent from the global centroid alone.

5. Monte Carlo simulations confirmed that the observed centroid separations were
consistently much smaller than those expected from randomly generated spatial con-
figurations. Combined with the normalized centroid distances and the independent
evolution of the seismic and ionospheric anomalies, these results provide quantitative
support for a coherent spatial organization of earthquake preparation rather than a
random coincidence between the two datasets.

6. Collectively, the temporal evolution, spatial correspondence, and quantitative centroid
analyses indicate that low-b seismic anomalies and negative TEC depletion represent
complementary manifestations of the earthquake preparation process. Within the
proposed conceptual framework, long-term stress localization in the crust is followed
by short-term ionospheric perturbations during the final stages preceding rupture,
providing a physically consistent interpretation within the LAIC hypothesis.

Overall, this study demonstrates that integrating long-term seismic b-value evolution
with GNSS-derived TEC observations provides a robust multi-parameter framework for in-
vestigating earthquake preparation processes. The introduction of a centroid-based spatial
validation approach further strengthens this framework by providing an objective means
of quantifying the spatial relationship between independently derived seismic and iono-
spheric anomalies. Although the present investigation is based on two well-documented
Mw > 7 earthquake sequences, the consistent temporal and spatial behavior observed in
both cases suggests that this integrated methodology has considerable potential for broader
application. Future studies should extend the proposed framework to a larger population
of earthquakes and incorporate longer-term seismic catalogs covering the complete seismic
cycle, together with additional multi-parameter observations. Such investigations will
enable a more comprehensive assessment of the robustness, reproducibility, and general ap-
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plicability of the observed relationship between seismic b-value evolution and ionospheric
TEC anomalies across diverse tectonic settings.
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