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Highlights
What are the main findings?

e  Significant warming of the near-surface air temperature occurred in the Kamchatka
region prior to the earthquake, and the characteristic vertical attenuation pattern may
be consistent with a tectonically related thermal excess.

e Air temperature excesses and enhanced volcanic SOz emissions was observed before
the earthquake. The InSAR result, derived from SAR images acquired before and af-
ter the mainshock, represents cumulative coseismic line-of-sight deformation and
was used only as deformation context for the event. These observations may provide
auxiliary evidence for possible changes in the regional volcanic-tectonic system.

What are the implications of the main findings?

e  These results provide additional observational support for possible tectonically re-
lated thermal excesses preceding large earthquakes.

e By incorporating multi-source data analysis, this study offered a novel approach and
framework for identifying possible thermal excesses preceding major earthquakes in
the future.

Abstract

The Kamchatka Peninsula is one of the most seismically active regions in the world and
experienced the Mw 8.8 earthquake in 2025. To examine whether tectonic processes were
associated with enhanced atmospheric warming while minimizing external interference,
this study analyzed multi-level air temperature fields from the NCEP (National Centers
for Environmental Prediction) reanalysis data. A tidal-force-based background frame-
work was used to characterize the vertical evolution of air temperature excesses before
and after the mainshock. Results showed that a pronounced warming excess emerged
near the epicentral area prior to the earthquake. The warming excess exhibited the strong-
est intensity and amplitude in the near-surface layer and decayed progressively with al-
titude, a pattern that may be consistent with the vertical attenuation expected for tectoni-
cally related thermal excesses. Sentinel-5P SOz observations showed enhanced volcanic
SOz concentrations from mid-July 2025, before the Mw 8.8 mainshock. The SOz enhance-
ment was observed in the volcanic regions of the study area, suggesting that the SOz signal
may reflect enhanced regional degassing activity while also being influenced by volcanic
emissions, plume dispersion, and atmospheric transport. Sentinel-1A InSAR observations
derived from SAR images acquired on 23 July and 4 August 2025 represent cumulative
coseismic line-of-sight (LOS) deformation associated with the Mw 8.8 mainshock, rather
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than preseismic subsidence. Overall, the air temperature excesses and SO: enhancement
may provide auxiliary evidence for possible changes in the regional volcanic-tectonic sys-
tem before the earthquake, whereas the InNSAR result provides coseismic deformation con-
text. These findings highlight the potential value of vertical air temperature structure for
investigating possible earthquake-related thermal signals, but further studies based on
multi-year statistical analyses of various observational datasets and additional earthquake
cases are still required.

Keywords: Kamchatka earthquake; tidal force; air temperature excess; SOz concentration;
InSAR deformation field

1. Introduction

Earthquakes are among the most destructive natural hazards because of their abrupt
onset and limited predictability. They pose major threats to human life, infrastructure,
and socioeconomic systems. Accordingly, considerable effort has been devoted to identi-
fying potential precursory signals that may improve understanding of earthquake prepa-
ration processes and, ultimately, reduce disaster losses. Among the many precursors, ther-
mal anomalies have received sustained attention because they can be observed over large
spatial scales and monitored continuously. Most previous studies have explored the rela-
tionship between seismic activity and anomalous thermal radiation using multi-source
remote-sensing observations, including outgoing longwave radiation, brightness temper-
ature, and land surface temperature [1-9].

Thermal anomalies are commonly interpreted within the Lithosphere-Atmosphere-
Ionosphere Coupling (LAIC) framework [10,11]. In recent years, machine-learning ap-
proaches have also been introduced for anomaly monitoring and precursor identification,
providing additional support for LAIC-related interpretations [12,13]. Within this frame-
work, the lithosphere is generally regarded as the initiating component. Laboratory stud-
ies have suggested that rock temperature and infrared emission can vary systematically
with stress [14,15], implying that tectonic loading may enhance thermal responses in the
near-surface environment. At the same time, lithospheric compression may promote gas
release. For example, radon exhalation can enhance ionization, facilitate the formation of
condensation nuclei, and release latent heat [10], thereby potentially increasing atmos-
pheric temperature and modifying air conductivity.

Thermal-anomaly studies typically involve multiple parameters, including bright-
ness temperature, outgoing longwave radiation (OLR), land surface temperature (LST),
air temperature, and surface latent heat flux (SLHF). Pronounced preseismic brightness
temperature anomalies have been reported in many case studies [16-18]. More recently,
passive microwave brightness temperature has been used to complement infrared ther-
mal observations because microwave signals are less affected by cloud cover and can pro-
vide useful information over snow-covered and high-altitude terrain. Jing et al. [19,20]
reported that microwave brightness temperature (MBT) anomalies may occur before
strong earthquakes and can be detected in different tectonically active settings, including
Sichuan Province, China, and the snow-covered Pamir-Tien Shan region. Separately, Liu
et al. [21] investigated pre-earthquake MBT anomalies in the central and eastern Qinghai-
Tibet Plateau and discussed their spatial and temporal association with regional earth-
quake activity. Laboratory experiments also further indicate that microwave radiation can
be emitted during rock fracturing [22,23], providing a physical basis for microwave-re-
lated thermal signatures. OLR has also been widely used to characterize preseismic en-
ergy release, and elevated OLR has been identified near epicentral areas from days to
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weeks before major earthquakes [24,25]. Significant OLR enhancements have been re-
ported before the Wenchuan, Haiti, and Nepal earthquakes [26,27]. For the 2015 Nepal
earthquake, gravity-wave analyses were further used to relate OLR anomalies to disturb-
ances in the upper atmosphere [28]. As a direct indicator of near-surface thermal condi-
tions, LST can display non-seasonal warming before earthquakes, potentially reflecting
fault-controlled heat-flow perturbations or subsurface gas emissions [29,30]. Similar
anomalies have been reported for events such as the Wenchuan and Kangding earth-
quakes [31,32], suggesting possible short-term predictive value [33]. Observational stud-
ies indicate that pre-earthquake air temperature and humidity may deviate from climato-
logical baselines [34], although the reported occurrence rates and spatial patterns vary
substantially [35], and integrated multi-parameter analyses have therefore been recom-
mended [36]. Beyond air temperature itself, researchers have emphasized dynamic energy
exchange processes. SLHF, which reflects heat and moisture transfer at the land-atmos-
phere interface, can complement thermal-anomaly detection [37-40]. During crustal
cracking, the release of gases and charged particles may intensify latent heat effects and
perturb near-surface electric fields and conductivity, potentially leading to electromag-
netic anomalies and ionospheric disturbances. A range of studies have reported detectable
preseismic electromagnetic anomalies [41-45]. In addition, enhanced CO emissions and
increases in total water vapor column have been reported before some earthquakes [46,47].

Despite these advances, most thermal-precursor studies still focus on surface or bulk
temperature changes and pay limited attention to the vertical structure of atmospheric
thermal responses. However, earthquake preparation may involve stress evolution, gas
release, and ionospheric variability, all of which can produce height-dependent signals.
Restricting analysis to near-surface heat changes may therefore obscure important infor-
mation and increase sensitivity to synoptic meteorological interference. Distinguishing
tectonically induced thermal variations from externally forced disturbances remains a
central challenge in earthquake thermal-radiation research. A robust definition of the
background thermal field is essential for identifying reliable thermal anomalies. For ex-
ample, the Robust Satellite Technique (RST) has been widely used in thermal-anomaly
studies to identify anomalous signals by comparing observations with a historical refer-
ence field and its natural variability for the same area and period [48]. Such approaches
can reduce the influence of seasonal, geographical, and meteorological variability and
provide a more statistically stable anomaly criterion. In this study, the tidal-force-based
background framework was used to select representative background days and to exam-
ine relative changes in the vertical structure of air temperature during the earthquake
preparation period. This approach does not provide a standardized anomaly index based
on multi-year climatological statistics. Therefore, the identified warming signals are inter-
preted as air temperature excesses within the selected tidal-force cycles. In addition, many
studies have reported statistical links between earthquakes and tidal forcing [49,50]. Re-
cent studies have further used tidal-force fluctuation analysis to investigate multi-param-
eter and multi-layer coupling processes involving oceanic, atmospheric, and ionospheric
anomalies associated with coastal earthquakes [51]. When faults approach a critical stress
state, tidal force may act as an external trigger. In this context, this study systematically
analyzed the vertical evolution of air temperature excesses across multiple pressure levels
before and after the 2025 Kamchatka Mw 8.8 earthquake, under tidal-force background
constraints, and integrated sea-level pressure, SOz, and INSAR coseismic line-of-sight de-
formation information as auxiliary constraints for interpreting the regional atmospheric
and geophysical background. Meanwhile, this study focused not only on whether en-
hanced warming occurred before the earthquake, but also on whether this warming ex-
hibited vertical characteristics that may be consistent with tectonically induced thermal
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disturbances. At the same time, this study was based on a single earthquake case, and the
conclusions still need further verification through additional case studies.

2. Data and Methods
2.1. Tectonic and Seismic Background of the Kamchatka Event

The Kamchatka Peninsula, located in the Russian Far East, is one of the most seismi-
cally active regions in the world and sits atop a complex tectonic boundary where the
Pacific Plate subducts beneath the Eurasian Plate. This subduction zone is responsible for
the intense seismic and volcanic activity in the region. The peninsula features a volcanic
arc, including some active volcanoes, which are closely linked to the ongoing tectonic
movements and subduction-related stress release. In August 2024, the Mw 7.0 earthquake
occurred in this region (Figure 1). Ten days before the 2025 Mw 8.8 mainshock, the Mw
7.4 foreshock occurred on 20 July 2025. Previous analyses suggest that the 20 July 2025
Mw 7.4 event generated an unusually large number of aftershocks, resembling the fore-
shock behavior observed two days prior to the 2011 Mw 9.0 Tohoku earthquake of Japan
[52]. The foreshock-aftershock sequence suggests that the source region was progressively
moving toward a rupture unstable state, facilitating the occurrence of the Mw 8.8
mainshock. Notably, the seismic activity in the Kamchatka region follows a quasi-periodic
pattern, as the tectonic forces build up along the subduction zone, resulting in cycles of
high-intensity earthquakes followed by quiescence. This pattern is a critical aspect of the
stress evolution that leads to the mainshock, providing important context for understand-
ing the role of tidal forces in triggering seismic events in this area. The occurrence of large
earthquakes in this region is strongly associated with the ongoing tectonic stress accumu-
lation and release as the Pacific plate continues its subduction beneath the Eurasian plate.

~156°E 158°E 160°E 162°E 164°E

54°N

52°N

Figure 1. Spatial distribution of earthquakes with Mw > 7.0 in the study area of the Kamchatka
Peninsula from January 2024 to August 2025. The red circles represent earthquakes.

2.2. Datasets

Temperature data used in this study were derived from National Centers for Envi-
ronmental Prediction (NCEP) [53]. This dataset assimilates surface observations, radio-
sondes, ship, aircraft, and satellite data, ensuring good spatiotemporal continuity. The
spatial resolution of the dataset is 1.0° x 1.0°, and the temporal resolution is 6 h. The ver-
tical direction of the data includes 26 standard pressure levels from 1000 hPa to 10 hPa, as
well as the surface layer. In this study, the period from 7 July 2025 to 17 August 2025 was
selected, with the region defined as 155°E-165°E, 47°N-57°N. To enhance the systematic
nature of the analysis, this study integrated multi-source data, including atmospheric tem-
perature, near surface meteorological conditions, volcanic gas emissions, and surface de-
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formation, to assess the observed air temperature excesses and their regional background.
The spatiotemporal resolution of these data and their corresponding analytical purposes
are shown in Table 1. Among these, NCEP air temperature data served as the core data
source for this study, used to describe the vertical evolution of temperature excess signals.
The remaining data were mainly used to evaluate possible external disturbances and ex-
amine the correspondence of near-surface energy-release indicators. The meteorological
assessment in this study was based primarily on regionally averaged sea-level pressure
(SLP) and publicly available weather records. However, the meteorological constraint
should be regarded as preliminary rather than a complete exclusion of all possible mete-
orological influences.

Table 1. Data sources, resolutions, applications and main uncertainties.

Time Spatial

Scale Repre-
Data Name Resolu- Resolu- Purpose s:;t: d *P™® Main Uncertainty
tion tion
D ical Regional-scal tial hing;
NCEP air tem- 'etect vertica egiona s?a e Spa 1.a smf)ot ing;
6h 1.0° x 1.0° air temperature atmospheric localized signals
perature ..
variations background  may be weakened
Mesoscale at-
Sentinel-5P 1 da 3.5x55 Monitor SO:2 en- mospheric col- Cloud cover, wind
502 y km hancement umn infor- transport
mation
Represents cumu-
lative deformation
Sentinel-1A A.;cquisi'— Detect surface Local—'scale cu- bet'er'en two ac-
tion-pair 20 m . mulative LOS quisitions; cannot
SAR , deformation . .
interval deformation  be directly com-
pared with daily
atmospheric fields
M
Examine meteor-Re ional-scale 1021 Igg:lsigxzeor
SLP 6h 1.0°x 1.0° ological back- . .©

pressure field mesoscale weather

ground
processes

It should be noted that the datasets used in this study have different spatial and tem-
poral resolutions, and therefore, they are not interpreted through pixel-by-pixel corre-
spondence. The NCEP air temperature and sea-level pressure fields have a spatial resolu-
tion of 1.0° x 1.0° and mainly represent regional-scale atmospheric conditions. In contrast,
the Sentinel-5P SO: product provides finer-scale atmospheric column information,
whereas the Sentinel-1A SAR data describe local-scale cumulative line-of-sight defor-
mation between two satellite acquisitions. Considering these scale differences, the multi-
source comparison in this study was conducted mainly at a regional scale, focusing on the
temporal occurrence, spatial proximity, and overall distribution patterns of the observed
signals.

2.3. Tidal Forces Calculation

Tidal forces arise from the combined gravitational attraction of the Moon and the Sun
and the centrifugal effect associated with the Earth-Moon barycentric system, and they
constitute the fundamental driving force of tides. If a fault zone is already close to failure,
the superposition of this periodic, low-amplitude stress-strain perturbation may contrib-
ute to earthquake triggering. Statistical and mechanistic studies have suggested that, in
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some tectonic settings, tidal force is related to earthquake timing, focal depth, and fault
orientation [54]. Tidal force varies continuously and exhibits clear periodicity, often char-
acterized by alternating strengthening and weakening phases. Early studies reported as-
sociations between changes in the Earth-Moon configuration and moonquake occurrence
[55]. Subsequent work further examined tidal-seismic correlations [56,57], and some stud-
ies have suggested that larger earthquakes may be more sensitive to tidal perturbations
than smaller ones [58,59]. This study introduced tidal force variations not with the intent
of considering tidal effects as a direct determinant of earthquake occurrence, but rather as
an external background reference with clear periodicity and calculability, used to define
the research period and assist in the selection of background days for air temperature ex-
cess extraction. Through this method, the potential influence of non-tectonic background
interference on pre-earthquake temperature changes could be assessed more cautiously.
Using the classical luni-solar tidal-force approach [60], the tidal force variations around
the 29 July 2025 Mw 8.8 Kamchatka earthquake was calculated (Figure 2).

I | | I
ol | A | B | C I
i Mw8.8
g -1
k)
= L
°
= ok
-3 I 1 1 I 1
Jul.10 Jul.30 Aug.19
Date(2025)

Figure 2. Variations in tidal force before and after the Mw 8.8 Kamchatka earthquake from July to
August 2025. A represents Period A; B represents Period B; C represents Period C.

For any point P on the Earth’s interior, the tidal force generated is denoted as W;(P):

W;(P) = k%Z (%)n P, (cos Z,,) 1)

where k is the gravitational constant; M is the mass of the sun/moon; 7, is the distance
from the Earth’s center to the observation point P; P,(cos Z,,) is the Legendre polyno-
mial of cosZ,,; Z,, is the zenith distance between the point and the celestial body.

2.4. Air Temperature Excess Extraction

To extract potential air temperature excesses related to seismic processes, this study
used the background difference method. This method does not simply compare tempera-
ture differences between two days; instead, it aims to highlight relative change signals
that may be associated with the earthquake process, while minimizing the influences of
topography and regional seasonal background effects. The selection of the background
day follows two principles: (1) the maximum or minimum of a tidal force cycle is used as
the background day; (2) to avoid the background field being influenced by the pre-earth-
quake process, the background day must be sufficiently separated from the earthquake
date. Since this earthquake occurred near the wave peak, the minimum value of the cycle
was selected. It should be emphasized that this procedure is not equivalent to an RST-
type statistical anomaly detection method. The purpose of the tidal-force-based back-
ground day selection is to provide a physically constrained reference for comparing short-
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term vertical air temperature changes during different tidal force cycles. Because a multi-
year climatological reference field was not constructed in this study, the extracted tem-
perature changes should be regarded as air temperature excesses rather than statistically
standardized thermal anomalies. In this study, AT was calculated as the difference be-
tween the air-temperature field on each target date and the corresponding selected back-
ground-day temperature field within the same tidal-force cycle. The selected background
days, namely 7 July, 20 July, and 5 August, were used as reference fields for their respec-
tive comparison periods. In addition, possible meteorological influences were examined
at a preliminary level. Specifically, the regional mean sea-level pressure and publicly
available weather descriptions were considered to assess whether the observed warming
episode coincided with an obvious independent synoptic scale weather system. This
method helps reduce background contributions related to topography, land cover differ-
ences, and broad meteorological conditions, thereby emphasizing signals that may be as-
sociated with the earthquake process. However, this procedure cannot fully eliminate pos-
sible meteorological effects. The vertical structure was used as an additional diagnostic
feature because near-surface-dominant warming with progressive weakening at higher
levels may help distinguish possible near-surface thermal disturbances from ordinary
synoptic-scale atmospheric variability. Therefore, the identification of air temperature ex-
cesses in this study was based not only on their magnitude, but also on their vertical dis-
tribution. If the warming excess is strongest in the near-surface layer and gradually weak-
ens with altitude, it may better fit the expected pattern of tectonically induced thermal
perturbations, which are hypothesized to originate from subsurface processes and pro-
gressively decay with height. Conversely, if the warming was more pronounced at higher
levels and weaker at the near-surface, it is more likely to reflect ordinary weather pro-
cesses or other non-tectonic factors.

ATi(x,y) = Ti(x, y) = T (%, y) 2)

In Equation (2), AT;(x,y) represents the increase in air temperature; T;(x,y) is the
air temperature at different grid points; Ty, (x,y) represents the air temperature back-

ground values at different stages; x is the latitude; y is the longitude; ! represents dif-
ferent grid points.

2.5. Auxiliary Analyses

To reduce the ambiguity associated with interpreting air temperature excesses from
a single parameter, several auxiliary observations were incorporated for cross-validation.
SLP, together with publicly available weather records including humidity, wind speed,
wind direction, and barometric pressure, was used as a preliminary meteorological con-
straint to examine whether the study area was affected by an independent strong weather
system during the main warming period. The daily weather records were summarized in
Table S1. Sentinel-5P SO:2 data were used to examine possible variations in volcanic gas
emissions during the study period. Because the Kamchatka region is characterized by ac-
tive volcanism, SOz variations were interpreted as auxiliary information on regional vol-
canic-tectonic activity rather than as direct evidence of earthquake preparation. Sentinel-
1A InSAR data were used to characterize the deformation background associated with the
strong earthquake. These auxiliary datasets were not used to define the air temperature
excesses directly, but they provide important constraints for interpreting their possible
origin. Because the SAR pair brackets the Mw 8.8 mainshock, the INSAR result was inter-
preted as cumulative coseismic LOS deformation associated with the mainshock, rather
than as preseismic deformation.
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3. Results

3.1. Vertical Evolution of Air Temperature Excesses

Astronomical tidal forcing relevant to earthquake triggering primarily reflects the
gravitational contributions of the Sun and Moon. Following earlier work, the local mini-
mum in each cycle was as the starting point, because the initial phase of a cycle often
corresponds to a transition from the previous one. From 7 July 2025, tidal force experi-
enced three consecutive cycles characterized by “trough-peak-trough” behavior, denoted
as A, B, and C: cycle A spans 8-19 July, cycle B spans 21 July—4 August, and cycle C spans
6-17 August. Notably, the Mw 8.8 earthquake (arrow in Figure 2) did not occur during
cycle A; instead, it occurred near the peak of cycle B. This suggests that the additional
stress imposed by tidal force may promote fault slip progressively, while abrupt tidal-
stress increases do not necessarily trigger rupture immediately. Rather, rupture occurs
when the accumulated tectonic stress reaches a critical threshold [61]. Overall, tidal force
may serve as a relevant external factor and provides a useful background reference for
temperature analysis. Accordingly, the background days for cycles A, B, and C were se-
lected as 7 July, 20 July, and 5 August, respectively.

Figure 3 shows air temperature evolution from 950 hPa (near-surface) to 870 hPa
(higher level) across the three cycles. During cycle A, warming excesses appeared near the
epicentral area on 12-13 July, but the enhancement was stronger aloft than near the sur-
face. This vertical pattern is less consistent with a tectonically driven thermal signal and
may instead reflect a non-tectonic or meteorological signal. Beginning on 15 July, a warm-
ing excess emerged with larger magnitude and intensity near the surface and progres-
sively weaker warming at higher levels, a pattern that was consistent with the expected
signature of tectonically induced thermal perturbations. The warming excess strength-
ened and peaked on 16 July, weakened on 17-18 July, and showed a weaker warming on
19 July. On 20 July, the Mw 7.4 earthquake occurred near the region of enhanced warming
and is considered to be a foreshock to the Mw 8.8 mainshock. Evidence from GPS obser-
vations [62], load-unload response ratio studies [63], and rock mechanics experiments [64]
indicate that the deformation to rupture process exhibited distinct nonlinear characteris-
tics, making the fluctuation of thermal release during this process physically reasonable.
Further analysis showed that, within period B, no marked air temperature excesses oc-
curred prior to the Mw 8.8 mainshock, except for a weak signal on 27 July. This phenom-
enon suggests that the intensity of air temperature excesses does not have a simple rela-
tionship with earthquake magnitude. In this study area, the Mw 7.4 foreshock may have
released part of the stress in advance, thereby altering the energy accumulation and re-
lease pattern before the mainshock and influencing the temperature excess characteristics.
Therefore, this study suggests that air temperature excesses should not be viewed as linear
indicators directly corresponding to magnitude, but rather as responses that reflect the
characteristics of fault systems at different stages, a mechanism that still requires further
verification with additional seismic events.

3.2. 502 Variations During the Study Period

Since the Kamchatka Peninsula is one of the most volcanically active regions in the
world, with numerous active volcanoes, this study further utilized the Sentinel-5P vol-
canic SOz data, which is provided through the S5P-PAL platform and is based on Sentinel-
5P TROPOMI Level 2 SO2 observations. The spatial resolution of the base product is ap-
proximately 3.5 x 5.5 km, and the retrieval is based on TROPOMI spectral observations.
The data were filtered using sulfurdioxide_detection_flag >0 and solar zenith angle (SZA)
< 70° to retain more reliable SO: pixels (https://maps.s5p-pal.com). The SO: dataset was
introduced here as an auxiliary indicator of possible near-surface volatile release. In addi-

https://doi.org/10.3390/rs18142306


https://doi.org/10.3390/rs18142306
https://maps.s5p-pal.com/?utm_source=chatgpt.com

Remote Sens. 2026, 18, 2306 9 of 19

tion, SO2 concentrations over this region may be influenced by volcanic activity, atmos-
pheric transport, and observation conditions; therefore, SO: enhancement alone should

not be directly attributed to earthquake preparation.
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Figure 3. Air temperature variations in the study area during periods A, B, and C. (a) Period A; (b)
Period B; (c) Period C. Periods A, B, and C represent different tidal force cycles used for background
day selection and target date comparison. The color scale indicates air temperature excesses, AT,
relative to the selected background days, with units of K. Here, AT represents the air temperature
field of each target date minus the corresponding selected background day temperature field within

the same tidal force cycle.

S0z is a major magmatic gas, and its atmospheric enhancement is commonly associ-
ated with volcanic activity. In tectonically active volcanic regions, SOz variations may also
be related to changes in the regional volcanic-tectonic system. Therefore, examining its
temporal and spatial evolution may provide auxiliary information for evaluating possible
changes in near-surface degassing activity. Observations of SO: concentrations during the
study period revealed a clear enhancement beginning in mid-July 2025, before the 29 July
Mw 8.8 Kamchatka mainshock. On 17 July, enhanced SO: concentrations were observed
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near the Mutnovsky-Gorely volcanic area in the southeastern part of the Kamchatka Pen-
insula (Figure 4). During the following days, especially around 28-29 July, the SO: en-
hancement became more spatially developed within the study domain. In addition, en-
hanced SO: signals were also observed in the northern part of the study area, close to the
Klyuchevskoy-Bezymianny-Sheveluch volcanic region. The locations of these representa-
tive volcanoes were obtained from the Smithsonian Institution Global Volcanism Program
database (https://volcano.si.edu/, accessed on 1 July 2026).

The temporal development of SO2 enhancement before the Mw 8.8 mainshock sug-
gested that the regional volcanic-tectonic system may have experienced enhanced degas-
sing activity during the pre-earthquake period. In the Kamchatka subduction zone, where
strong seismicity and active volcanism coexist, variations in volcanic SO: emissions may
provide useful auxiliary information for evaluating changes in the regional volcanic-tec-
tonic background. The occurrence of SO: enhancement in both the southeastern and
northern volcanic regions also indicates that the SO2 signal was not limited to a single
volcanic center, but reflected a broader regional volcanic-atmospheric process. Therefore,
the SOz observations were interpreted here as auxiliary evidence for possible changes in
regional volcanic-tectonic activity before the Mw 8.8 earthquake. Its relationship with the
Mw 8.8 mainshock should be evaluated together with the regional tectonic setting, and
other geophysical observations.

. 15-July-2025 . 17-July-2025 20-July-2025
ST°N Klyuchevskoy 4.Sheyeluch 55°N Klyuchevsk(x/ 4 Sheyeluch 55°N Klyuchevskoy 4, Sheyeluch
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- &
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= 4 <
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Figure 4. Spatial distribution of daily Sentinel-5P/TROPOMI volcanic SO2 vertical column density
over southeastern Kamchatka from 15 July to 1 August 2025. The color scale indicates SOz vertical
column density under the 7 km SOz plume-height assumption, with values ranging from 0 to 2 DU.
The data were obtained from the S5P-PAL Copernicus Sentinel-5P Mapping Portal Volcanic SO2 (7
km) daily product, which is based on Sentinel-5P/TROPOMI Level-2 SO2 observations with a nadir

https://doi.org/10.3390/rs18142306


https://doi.org/10.3390/rs18142306

Remote Sens. 2026, 18, 2306

13 of 19

ground-pixel resolution of approximately 3.5 x 5.5 km. Black triangles denote the locations of the

representative volcanoes.

3.3. Coseismic Deformation from InSAR

The Mw 8.8 earthquake triggered significant coseismic surface deformation. To charac-
terize the coseismic deformation field, Sentinel-1A ascending-track SAR images acquired on
23 July 2025 and 4 August 2025 were selected as the primary and secondary images, respec-
tively (Figure 5). The temporal baseline of the interferometric pair was 12 days, and the per-
pendicular baseline was approximately ~173 m. Here, the temporal baseline refers to the time
interval between the two SAR acquisitions, whereas the perpendicular baseline represents the
spatial separation between the two satellite orbits in the direction perpendicular to the radar
line of sight. Because the interferometric pair brackets the 29 July 2025 Mw 8.8 mainshock, the
resulting deformation field mainly represents cumulative coseismic LOS deformation associ-
ated with the mainshock. The 20 July 2025 Mw 7.4 foreshock occurred before the first SAR
acquisition; therefore, its immediate coseismic deformation cannot be independently resolved
from this interferometric pair. The maximum negative LOS displacement reached approxi-
mately 150 cm under the adopted InSAR sign convention. It should be noted that the LOS
displacement magnitude was not decomposed into vertical and horizontal components. The
D-InSAR method was used to calculate the coseismic deformation. Precise orbit correction
was performed using precise orbit ephemeris data, and orbit errors were removed. The SRTM
DEM data with 30 m resolution were used to remove the topographic phase, and a distance-
to-azimuth view ratio of 20:4 was applied. The Goldstein filtering method was employed to
reduce phase noise and enhance coherence. The minimum-cost flow method was used for
phase unwrapping, with a coherence threshold of 0.3, and regions below this threshold were
excluded from unwrapping to reduce the impact of decorrelation errors. The GACOS model
was applied to mitigate atmospheric delay errors. Finally, geographic encoding was per-
formed to obtain the line-of-sight (LOS) deformation.

54°N

05

51°N

156°E 157°E 158°E 159°E

-100 0 100

Figure 5. Cumulative coseismic line-of-sight (LOS) deformation associated with the 2025 Mw 8.8
Kamchatka earthquake, derived from Sentinel-1A ascending-track SAR images acquired on 23 July
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and 4 August 2025. Negative LOS values indicate motion away from the satellite under the adopted
sign convention, whereas positive values indicate motion toward the satellite. The arrow indicates

the approximate LOS viewing direction.

4. Discussion

The differences in spatial and temporal resolutions among the datasets introduce un-
certainties into the interpretation of multi-source signals. The NCEP grid may smooth lo-
calized thermal perturbations, whereas the SO: and InSAR observations may reveal more
localized patterns whose centers do not necessarily coincide with the NCEP grid cells. In
addition, the InSAR result represents cumulative line-of-sight deformation between two
SAR acquisitions, while the air temperature and sea-level pressure fields describe atmos-
pheric conditions at much shorter temporal intervals. Therefore, the observed spatial
proximity among air temperature variations, SOz enhancement, and surface deformation
should be interpreted as regional scale consistency rather than direct evidence of point-
by-point correspondence. This limitation means that the multi-source evidence supports
the presence of possible regional signals, but it cannot by itself prove a unique tectonic
origin for the observed air temperature variations. Future work should further evaluate
these effects using higher-resolution meteorological data and more complete InNSAR data.
In particular, the InNSAR-derived LOS deformation should be decomposed into vertical
and horizontal components, and additional INSAR acquisitions obtained only before the
mainshock should be incorporated to examine whether any preseismic crustal defor-
mation existed.

To further assess the meteorological background of the air temperature excesses, this
study combined the vertical structure characteristics of near-surface air temperature ex-
cesses with concurrent sea-level pressure changes and publicly available weather records.
The results showed that from 7 July to 20 July 2025, the regional averaged sea-level pres-
sure over the study area exhibited continuous fluctuations (Figure 6), without showing
any abrupt pressure changes corresponding to the period of marked air temperature ex-
cesses from 13 to 16 July. This suggests that the study period was less likely to have been
directly controlled by an independent strong weather system. Therefore, changes in the
near-surface meteorological background alone may not fully explain the nature of the air
temperature excesses during this period. Considering the coastal setting of the study area,
sea-land thermal interactions may also affect near-surface air temperature; however, the
available SLP and public weather records did not provide clear evidence that the observed
warming excess was primarily caused by such interactions. Ordinary weather processes
alone appear insufficient to fully explain the near-surface-dominant warming excess that
appeared after 14 July. Moreover, during the study period, the air temperature in the
study area and surrounding regions exhibited typical summer maritime climate charac-
teristics. Publicly available weather records summarized in Table S1 indicate mostly
sunny or cloudy conditions, moderate winds, and no reported extreme weather events
during the main warming period (https://www.timeanddate.com). However, this struc-
tural feature alone is not sufficient to fully exclude all meteorological influences, and fur-
ther validation using quantitative humidity, precipitation, cloud-cover, and wind-field
analyses is still required. More importantly, the warming signal identified in this study
was not judged solely by its magnitude, but also by its vertical distribution. The warming
episode after 14 July was characterized by a near-surface maximum and a progressive
weakening with altitude, which differs from the pattern expected for ordinary synoptic
atmospheric forcing. In this sense, the vertical attenuation feature may provide an addi-
tional constraint for distinguishing tectonically related warming from meteorological var-
iability.
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The pre-earthquake air temperature excesses and enhanced volcanic SOz emissions
may indicate possible changes in the regional volcanic-tectonic system before the Mw 8.8
mainshock. The correspondence between the AT and SO: distributions was mainly re-
flected in their broad temporal overlap during mid-to-late July and their occurrence
within the volcanically and tectonically active Kamchatka region. In this sense, the SO
enhancement may provide auxiliary information on possible changes in regional degas-
sing activity during the pre-earthquake period. However, the AT and SO: distributions
did not show strict point-by-point spatial correspondence. The air temperature excesses
were derived from NCEP data with a relatively coarse spatial resolution and mainly rep-
resent regional scale atmospheric thermal variations, whereas the Sentinel-5P SO: obser-
vations describe finer-scale atmospheric column concentrations that can be strongly af-
fected by volcanic emission sources, plume dispersion, and observation conditions. There-
fore, the relationship between AT and SO: should be interpreted as regional-scale con-
sistency in a volcanically and tectonically active setting.

1018 A i Jul 7 i Jul 16

1016 A

1014 4

1012 A

1010 A

1008 4

Sea level pressure (hPa)

1006 A

1004 4

Figure 6. Temporal variation of the regionally averaged sea-level pressure (SLP) over the study area
from 7 to 20 July 2025. The SLP was averaged over the domain (155°E-165°E, 47°N-57°N). The
dashed lines denote the background day (7 July) and the peak warming day (16 July) of the air
temperature excess, respectively. These two dates were used to compare near-surface meteorologi-

cal characteristics between the background and warming periods.

The InSAR result should be interpreted separately because it represents cumulative
coseismic LOS deformation derived from SAR images acquired before and after the
mainshock. Therefore, the INSAR deformation field was not used here as evidence of
preseismic surface deformation or as a direct measurement of tectonic stress accumulation.
Overall, the spatial proximity among the air temperature excesses, SO2 enhancement, and
coseismic LOS deformation provided only regional-scale geophysical context for the event,
and further multi-source observations are needed to clarify their physical relationships.

5. Conclusions

This study found the presence of marked air temperature excesses preceding the Mw
8.8 earthquake in Kamchatka, Russia. The additional stress exerted by tidal force on criti-
cally stressed fault zones may act as a periodic external stress perturbation that can mod-
ulate rupture timing when a fault is already close to failure. By analyzing the stratified
evolution of air temperature in relation to tidal variations across different periods, a
marked enhancement in air temperature was detected near the earthquake epicenter prior
to the event. The observed pattern may be consistent with the characteristics commonly
associated with tectonically related air temperature excesses: the amplitude and intensity
of warming are greatest near the surface and gradually decrease with altitude. This verti-
cal distribution may be related to the fact that thermal radiation associated with tectonic
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activity primarily originates from within fault zones, resulting in a progressive weakening
of the warming signal with height until it dissipates. Compared with approaches based
only on surface or bulk thermal changes, the analysis of multi-level atmospheric temper-
ature fields provides additional information on the vertical organization of the warming
signal, which is useful for distinguishing possible tectonic signals from non-tectonic dis-
turbances. Based on this characteristic profile, the likelihood that the warming signal was
caused solely by ordinary meteorological influences may be reduced to some extent, es-
pecially when warming is more pronounced near the surface than at higher altitudes. This
distinction may improve the reliability of identifying earthquake-related thermal ex-
cesses. The joint consideration of tidal background, atmospheric vertical structure, and
auxiliary geophysical observations therefore provides a more integrated framework for
evaluating possible pre-earthquake thermal excesses.

In summary, the observed air temperature excesses and enhanced volcanic SO2 emis-
sions before the Mw 8.8 Kamchatka earthquake may provide auxiliary evidence for pos-
sible changes in the regional volcanic-tectonic system. However, the SOz enhancement
should be interpreted with caution because it may include contributions from regional
volcanic activity, atmospheric transport, and observation conditions, in addition to possi-
ble tectonic stress evolution. At the same time, the present study was based on a single
earthquake case, and the proposed interpretation still requires further validation using
additional earthquakes, volcanic monitoring data, and higher resolution atmospheric da-
tasets, and more complete pre-mainshock geodetic observations. Overall, this study high-
lighted the potential value of vertical air temperature structure, especially the near-sur-
face-dominant and upward-decaying pattern, as an observational feature that may help
improve the identification of tectonically related thermal excesses in future earthquake-
related studies.
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