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Abstract

Extensometers housed in vaults are capable of resolving strain changes of less than a
nanostrain; however, they are differently distorted by variations in barometric pressure
at different frequencies, which may result in complicated strain noise. Therefore, how to
quantify the barometric effects in different frequency bands is a perennial challenge in
extensometric observation and research. Since the first strain observations at the Geody-
namical Observatory Jingyuan (NW China) in 2007, the barometric effect has proven sig-
nificant. Nevertheless, the frequency dependence and underlying mechanism of this effect
remain unknown. With targeted research lacking at present, this study attempts to adopt
the transfer function method to provide a systematic diagnosis. The results indicate that
(1) the North-South (NS) component responds significantly to low-frequency pressure
waves, with a slight phase shift leading the phenomenon; (2) the East-West (EW) compo-
nent responds well to pressure waves in high-, medium-, and low-frequency bands, and
the frequency dependence of the barometric coefficient spectrum and phase shift spec-
trum is strong; (3) the frequency-dependent response effect of the EW component may be
related to factors such as horizontal pressure gradient force, topography, and fracture me-
dium. These findings not only contribute to sub-frequency band correction of the baro-
metric effect at the Geodynamical Observatory Jingyuan but also deepen our understand-
ing of the ground-atmosphere coupling mechanism in the fault zone.

Keywords: extensometer; atmospheric pressure; frequency-dependent response; transfer
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1. Introduction

Academic Editor(s): Carmine Serio

, Continuous measurements of strain by vault-housed extensometers have the ad-
Received: 6 June 2026

Revised: 7 July 2026 vantage of having a high resolution (less than 10-%), wide frequency band (DC to tens of
Accepted: 9 July 2026 Hz), and good continuity. They can be used for the study of the Earth’s internal structure
Published: 11 July 2026 (e.g., normal modes, free core resonance) [1,2], Earth tides [3,4], tectonic movements [5],
Copyright: ©2026 by the authors. earthquake source physics [6], slow slip events [7], volcanic activities [8], and tsunami
Submitted for possible open access loading [9].

publication under the terms and Although extensometers are always installed in relatively long tunnels (tens to thou-

conditions of the Creative Commons  sands of meters) covered by rocky mountains, many factors such as sunshine [10], air
Attribution (CC BY) license.

Sensors 2026, 26, 4413 https://doi.org/10.3390/s26144413



Sensors 2026, 26, 4413

2 of 12

temperature [11], barometric pressure [12-22], rainfall [23], and hydrology [24] can inter-
fere with the measurement values. Among them, barometric pressure fluctuations (here-
inafter referred to as pressure waves) are a ubiquitous and persistent source of non-tec-
tonic noise. Moreover, under the combined impact of factors such as cave structure, geo-
logical structure, fracture/fault systems, topography, and crustal heterogeneity, the re-
sponse of strain to pressure waves of different periods also exhibits frequency dependence
[12,13,22,25]. Therefore, how to quantitatively clarify the barometric effects of strain meas-
ured by vault-housed extensometers in different frequency bands remains a major chal-
lenge in the field of continuous observation of crustal deformation.

In recent years, some geophysicists have adopted targeted methods to address this
demanding but intriguing problem, including least squares method, linear regression
analysis, wavelet transform, transfer function, and finite element modeling. For example,
Mentes and Eperné-Papai used linear regression to calculate the frequency dependence of
the barometric response of a vault-housed extensometer at the Geodynamical Observa-
tory Sopron in Hungary [25]. Their results showed that within a frequency band of 0.15-
0.42 cycles per day (cpd), the barometric pressure coefficient increased exponentially with
increasing frequency. Similarly, Di et al. used the wavelet transform to solve the baromet-
ric effect on the strain observed at the Geodynamical Observatory Changshu in East China
at different frequencies [26]. As a result, they found that the barometric coefficients fluc-
tuated significantly within the frequency band of 5.6-180 cpd. In contrast, the transfer
function has higher frequency resolution than the linear regression and wavelet transform
methods; thus, Otsuka used the transfer function method to analyze the low-frequency
barometric effect on the strain measured at the Geodynamical Observatory Rokko-Tsu-
rukabuto in Japan [12]. He found that the barometric coefficient spectra were relatively
stable within the frequency band of 0.14-0.33 cpd. However, due to the influence of
groundwater and fracture zone of the fault, the strain response significantly lags behind
the pressure wave changes. Unfortunately, the above methods are unable to reveal the
physical transfer mechanism between the barometric pressure and strain changes from
the perspective of geodynamics. Thus, a few scholars have further resorted to numerical
models, including boundary or finite elements, to quantitatively model the dynamic cou-
pling characteristics between the strain and the pressure wave. For example, Yanagisawa
used a 2D boundary element model to quantitatively characterize the influence of topog-
raphy and cave shape on barometric effects at the Nokogiriyama Observatory in Japan
[27]. Among others, Kroner et al. [14] and Gebauer et al. [19,20] systematically resolved
the dynamics of the influence of topographic and lithologic features on barometric effects
via refined 3D finite element models.

The Geodynamical Observatory Jingyuan (GOYJ) is located in the NE margin of the
Tibetan Plateau (NETP). Due to the Indian—Eurasian collision since ~50 Myr, the NETP is
one of the most tectonically active regions in the world [28]. Tectonically, this area is char-
acterized by numerous active faults; therefore, the strain data observed at GOJ are very
helpful for the study of earthquake precursors, regional tectonic movements, and crustal
dynamics in NETP. However, the barometric effects are more significant in actual obser-
vations. Taking the extensometric records with one-minute sampling from 1 to 30 October
2023 as a showcase, the strain curves of the North-South (NS) and East-West (EW) com-
ponents markedly and coherently fluctuated with low-frequency fluctuations in baromet-
ric pressure (Figure 1). It is not difficult to understand that the GO]J can effectively sense
the pressure-induced crustal deformation. This gives rise to several questions, including;:
what are the characteristics of strain response at this observatory to pressure waves at
different frequencies? What about its frequency dependence and response mechanism?
Although these questions are undoubtedly worthy of deeper investigation in geodynam-
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ics, in-depth studies on GOJ are still scarce. In view of this, this study attempted to quan-
titatively analyze the frequency-dependent barometric response of GOJ using the transfer
function. The relevant results not only contribute to the sub-frequency band correction of
the barometric effect at the GOJ, but also advance the understanding of frequency-de-
pendent responses of vault-housed extensometers to barometric pressure in fault zone.
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Figure 1. Variations in strain (extension negative) (a) and pressure wave (b) at the Geodynamical
Observatory Jingyuan from 1 to 30 October 2023. The red and blue lines indicate the NS and EW

components, respectively. Note: nstrain = 10~.

2. Overview of the GOJ and Instruments

The GOJ (35.49° N, 106.34° E) is located in the air-raid shelter of Wolong Mountain
in the southeast corner of Jingyuan County, Ningxia, with an elevation of about 1890 m.
The lithology of the rock foundation is Quaternary pluvial sandy conglomerate. The rock
mass is complete and dense, and the rock formation attitude is nearly horizontal. The
overlay of the tunnel is about 15 m thick, and the trees on the hillside are relatively dense.
The main structure of the tunnel is in the shape of an “L”, with a length of about 80 m. In
the tectonic background, the GOJ is bounded by the Xiaoguanshan fault to the east and
the Liupanshan fold-thrust belt to the west. The main lithologies of the strata in the area
are sandstone, limestone, and mudstone [29]. The topography of GOJ and its surrounding
areas is relatively complex. The western part is the Liupanshan Mountains, the eastern
part is the loess hilly and gully area, and the central part is the valley and river channel
area (Figure 2). Moreover, Jingyuan County belongs to a temperate semi-humid zone, and
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the monsoon climate and mountain vertical climate overlap in this area, with an average
annual precipitation of about 642 mm and an average annual evaporation of about 1409

35°N

Ordos Block

B b bl Entrance of GOJ

34°N

Figure 2. (a) Location of the GOJ (black triangle) and tectonic setting, (b) the surrounding mountains
and fault, (c) a photo of the mountain coverage.

This S5-Y-type extensometer (manufactured by Wuhan Institute of Seismic Scientific
Instruments Co., Ltd., Wuhan, China) was installed in March 2007. The length of invar-
rod extensometers of the NS and EW components was approximately 22 m, with azimuths
of 0° and 90°, respectively. Its resolution is less than 5 x 10-1° with a daily drift of <1 x 10-8.
The type of the outdoor barometer was WYY-1 (manufactured by the National Institute
of Natural Hazards, Ministry of Emergency Management of China, Beijing, China). The
sampling interval for both instruments was one minute.

3. Data Selection and Pre-Processing

To minimize the interference of rainfall, we mainly selected strain and outdoor bar-
ometric pressure measurements from 1 October 2023 to 1 March 2024, for a total of 153
days in autumn and winter. Linear interpolation was performed on the missing values in
the observed data mainly due to the power outages. In addition, corrections were made
for the step changes caused by calibration and observation system failures. Finally, we
removed linear trends, annual variations, and seasonal variations from the time series
curve. The final results after pre-processing are shown in Figure 3.
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Figure 3. Time-varying curves of strains (a) and barometric pressures (b) from 1 October 2023 to 1
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March 2024. The red and blue lines indicate the NS and EW components of strain, respectively.

It can be clearly seen that the NS and EW components of strain exhibit similarities
with the pressure wave; that is, strain varies approximately linearly with fluctuations in
barometric pressure in the time domain. Their normalized correlation coefficients were as
high as 0.7666 and 0.7665, respectively. This raises the following question: in the frequency
domain, what are the characteristics and mechanisms of the response of strain measured
at the GOJ to pressure waves at different periods? This will be the focus of the following
investigation.

4. Methods
4.1. Coherence Function Method

It is worth noting that to ensure the physical significance of the transfer function, the
correlation between barometric pressure and strain in the frequency domain first needs to
be quantitatively assessed. If their correlation is low, the transfer function derived from
this analysis loses its true physical significance. This value can be quantified using the

coherence function ij [12,30]:
2
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In Equation (1), G(w) and Gyy(w) denote the auto-power spectra of the input signal

x and the output signal y, respectively, while Gx/(w) denotes the cross-power spectrum.
2

Physically, a coherence value Yo o1 indicates that the output signal y completely origi-
nates from the input signal x. In this case, the transfer system can be regarded as a linear

-

system: if <1, part of the output spectrum Gyy(w) at the frequency point comes from

7/2

are completely incoherent. From a statistical perspective, coherence values between 0.1

sources other than the input spectrum Gxy(w); finally, if =0, it is implied that x and y
and 0.3, 0.3 and 0.5, and 0.5 and 1 indicate a weak, moderate, and strong correlation, re-
spectively. Therefore, the transfer function has a given physical significance only when
the coherence value is greater than 0.5. In practical calculations, the Hamming window
was used as the window function in this study. The window length and step size were
taken as 30 d and 15 d, respectively. Moreover, in the definition of the frequency band
attributes, this study mainly refers to the classification criterion proposed by Lai et al. [31].
Specifically, f> 8 cpd, 0.5 cpd < f< 8 cpd, and f < 0.5 cpd denote high-, intermediate-, and
low-frequency bands, respectively.

4.2. Transfer Function Method

Within the diurnal and semi-diurnal frequency bands, solid Earth tides (i.e., M2, N2,
S2K2, K1, and On) are significant input signals. To mitigate their interference on the transfer
function, this study first implemented band-stop filtering without phase shift using sec-
ond-order Butterworth filters on pressure waves and strain. This signal processing proce-
dure can effectively remove solid Earth tide signals within frequency bands at 0.85-1.05
cpd and 1.85-2.05 cpd. After this filtering process, the transfer function HB of the response
of strain measurement y(f) to the pressure wave x(t) at different frequencies can be ex-

pressed as
_ BS(w)
HB(w) = BB(®) (@) 2)
BS(w) = 2}ir2{% E[X (o, T)Y(,T)]} 3)
BB(@) = 2lim{__ H|X@.1)[ 1 @

where BS(w) denotes the cross-power spectrum of the pressure wave and strain, and BB(w)
denotes the auto-power spectrum of the pressure wave. In addition, T denotes the finite

time length, E denotes the mathematical expectation (i.e., the mean value), and w denotes

the angular frequency. X(w) and Y(w) are the Fourier transforms of the pressure wave and

strain respectively, while X*(w) is the conjugate of X(w). The modulus | HB(w)!| and argu-

ment Arg[HB(w)] of the transfer function are then the amplitude—frequency response (bar-

ometric coefficient spectrum) and phase-frequency response (phase shift spectrum) of

strain to the pressure wave.

In practical digital signal processing and transfer function calculations, the whole ob-
servation data can be divided into multiple sub-datasets with a signal length of 2V, which
has the advantage of improving the computational efficiency and obtaining more transfer
functions. Then, the median value of each transfer function at the same frequency point is
calculated one by one. With the above calculation process, the result error can be effec-
tively reduced [31]. For the low-frequency band, we first used a second-order Butterworth
filter to perform band-pass filtering without phase shift on the pressure wave and strain,
respectively. This step filters out signals with a period of 1 h to 12 d. Then, sub-datasets
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with a duration of 2'¢ min (~45.5 d) were sequentially extracted and their power spectra
and cross-power spectra were calculated. The window length and step size of the Ham-
ming window were set to 2* min (~11.4 d) and 2'3min (~5.7 d), respectively. For the inter-
mediate-frequency band, we took 215 min (~22.8 d) as a sub-dataset. The filtering range
was 3 min~3 d, and the window length and step size of the Hamming window were set
as 212 min (~2.8 d) and 2" min (~1.4 d), respectively. For the high-frequency band, the 214
min data segment was used as a sub-dataset, and the filtering range was consistent with
that of the mid-frequency band. The window length and step size of the Hamming win-
dow were set at 2° min (~8.5 h) and 28 min (~4.3 h), respectively.

5. Results and Mechanism Analysis
5.1. Coherence Function Results

The coherence spectra of the NS and EW components of strain observed at the GOJ
and the pressure wave are shown in Figure 4. To ensure the reliability of the transfer func-
tion, we set the threshold for the coherence value to 0.8. The following characteristics can
be seen in Figure 4:

(1) Low-frequency band: The coherence spectra of the NS and EW components and pres-
sure waves in the 0.01~0.5 cpd band showed overall frequency-dependent variation.
In the 0.01~0.03 cpd band, the coherence increased slowly from roughly 0.20 to 0.30.
By contrast, in the 0.03~0.1 cpd band, the coherence spectra all showed an accelerated
increase, in which the peak coherence of the EW component reached 0.90. In the
0.1~0.5 cpd band, the coherence was greater than 0.80 as a whole, in which the NS
and the EW components reached peak values of 0.98 and 0.99, respectively, at the
0.24 cpd and 0.39 cpd frequency points (Figure 4). This raises the question as to why
the coherence spectrum of strain and pressure waves dropped rapidly in the fre-
quency band less than 0.1 cpd? This may be due to the following two reasons: (a) The
large fault systems, such as the West Qinling and Liupanshan faults, reduce the in-
tegrity of the Earth’s crust, which results in decoupling changes in the pressure wave
loading field. (b) The data length of 153 days is relatively short (i.e., the seasonal sig-
nals have been removed after detrending). So why was the coherence spectrum in
the 0.1~0.5 cpd band high? This was mainly due to the fact that the pressure wave
loading in this frequency band is the main physical source of strain.

(2) Intermediate-frequency band: Within the diurnal and semi-diurnal frequency bands,
the coherence of strain and the pressure wave showed a valley. The coherence of the
EW component at the O1 frequency point was only 0.05 (Figure 4). An interesting
question then is why the coherence within diurnal and semi-diurnal frequency bands
suddenly drops. This is because in these bands, the tidal waves, such as Mz, Nz, S,
52Kz, S1, K1 and O, have been removed from the strain and barometric pressure time
series. This phenomenon also indirectly confirms the validity and reliability of the
results of the coherence function in this work. A further comparison of the NS and
EW components revealed that both exhibit significant fluctuation characteristics. The
former had coherence values that were only 36% higher than 0.8, while the latter were
89% higher. These findings indicate that the NS component was weakly responsive
to intermediate-frequency pressure waves, while the EW component was stronger.

(3) High-frequency band: The energy of pressure waves in this band was relatively
small. In addition, factors such as instrument noise in strain and the barometric pres-
sure observation system may also have had an impact. Therefore, the coherence val-
ues within this frequency band were usually low. As shown in Figure 4, most of the
coherence values were significantly lower than 0.8. It is worth noting that in the 8~20
cpd band, the NS component only had coherence values higher than 0.8 at individual
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Coherence

Coherence

frequency points, while the EW component had 58% of coherence values greater than
0.8. The overall responses of strain at the GOJ to high-frequency pressure waves was

weak, with the NS component being the weakest.

. intermediate .
fre. high freq.
00 T 5 L r?cq‘ | 1 T R R SR
1072 107! 10° 10! 102
Frequency (cpd)

Figure 4. Coherence spectrum of NS (a) and EW (b) components for strain and pressure waves of
different periods. The horizontal red dashed line means that the coherence value is equal to 0.8. The
left and right vertical blue dashed lines indicate the O: and M: tidal constituents, respectively. The
left and right vertical green dashed lines indicate 0.5 cpd and 8 cpd, respectively. Note that the

threshold of coherence value is set as 0.8 here in order to obtain a more robust transfer function.

In general, the NS component of strain at the GOJ showed a better responsiveness to
pressure waves in the 0.1~0.5 cpd band, while the EW component had a better responsive-
ness to the pressure waves in the 0.1~20 cpd band.

5.2. Transfer Function Results

In view of the poor responsiveness of the NS component of strain at the GOJ to inter-
mediate- and high-frequency pressure waves, only its transfer function in the low-fre-
quency band was calculated in this study. Ultimately, we obtained a total of 11, 6, and 3
transfer functions in the high-, intermediate-, and low-frequency bands, respectively. The
median values correspond to the barometric coefficient and phase shift, as shown in Fig-
ure 5. Next, this study will conduct a systematic diagnosis of its specific variation charac-
teristics, while also elucidating its potential physical transfer mechanisms.

(1) NS component: In the low-frequency band, its barometric coefficient and phase shift
were smoother overall, with variations ranging from 4.02 to 5.03 nstrain/hPa and
-9.85° to —4.10°, respectively (Figure 5a). It is worth noting that both the barometric
coefficient spectrum and the phase shift spectrum rose slowly with increasing fre-
quency. The former may be due to the fact that the equivalent elastic strength of the
crustal medium was increasing with the expansion of the neighboring area of GOJ,
while the latter may be due to the variability of the horizontal pressure gradient force
at different spatial scales [14,25].

(2) EW component: In the low-frequency band, the barometric coefficient spectrum and
the phase shift spectrum roughly showed a linear increase with increasing frequency.
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Their variation ranges were between 4.44 and 6.72 nstrain/hPa and -27.03° and
-14.05°, respectively (Figure 5b). This raises the question as to why the EW compo-
nent exhibited a substantial leading response in the low-frequency band. This may
be related to the complex topography and terrain gradient in the EW direction of GOJ
(Figure 2) [19,20]. In the intermediate-frequency band, the barometric coefficient
spectrum showed a roughly parabolic variation pattern with increasing frequency.
Its variation range was between 6.63 and 9.67 nstrain/hPa, in which the peak of the
barometric coefficient occurred at the frequency point of 5.05 cpd. The barometric
coefficients at the frequency points of f=4 cpd and 5 cpd both showed a sudden rise.
This is most likely due to the Ss and Ss tidal waves in the atmosphere. For the phase
shift spectrum, its spectral curve showed a roughly exponential gradual increase
with increasing frequency. Variation ranged from -16.96° to 62.16°, in which the
phase shift value turned from negative to positive at a frequency point around 1.45
cpd. With regard to why the EW component of strain lagged significantly behind the
pressure wave in the intermediate-frequency band, this may be due to the complex
mechanical characteristics of the fracture/fault zone around the GOJ [12]. In the high-
frequency band, the barometric coefficient spectrum changed linearly downward
with increasing frequency, while the phase shift spectrum changed exponentially up-
ward. The variation intervals of the two were 5.09~8.11 nstrain/hPa and
54.81°~141.16°, respectively. So, why did the barometric coefficient spectrum fall rap-
idly while the phase shift spectrum rose rapidly? Figure 2 shows that the GOJ and its
neighboring areas were mainly located in the fracture/fault zone. This indicates that
the in situ domain and its surrounding media were more fragmented than the pe-
riphery. Therefore, at a small scale, the mechanical properties of its response to pres-
sure waves were also more complex [12]. Overall, the EW component exhibited sig-
nificant frequency dependence for its response to pressure waves at different periods.
In the intermediate- and high-frequency bands, the barometric effect was more prom-
inent.
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Figure 5. Transfer function (black dot) and its median value (red circle) for the response of strain to
pressure waves at different frequencies. Note: a positive phase shift indicates that the strain lags
behind the pressure wave, and vice versa. The left and right vertical black dashed lines indicate 0.5
cpd and 8 cpd, respectively. The horizontal black dashed line indicates zero-phase-shift. The blue
vertical lines mark the 95% confidence intervals.
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In general, the NS component of strain at GOJ responded more significantly to pres-
sure waves in the low-frequency band, while the EW component responded well to pres-
sure waves in all the high-, intermediate-, and low-frequency bands. The frequency-de-
pendent response effect was particularly prominent for the EW component.

6. Conclusions and Perspectives

To systematically elucidate the potential mechanism of the response of strain at the
GQOJ to pressure waves at different periods, this study conducted an in-depth analysis by
adopting the coherence function and transfer function methods. The main results were as
follows:

(1) Compared with the intermediate- and high-frequency bands, the NS component
showed a better responsiveness to low-frequency pressure waves. Its barometric co-
efficients and phase shifts in the low-frequency bands changed in the ranges of
4.02~5.03 nstrain/hPa and -9.85°~-4.10°, respectively. The phase shift may have
shown a minor leading response due to the horizontal pressure gradient force.

(2) Inthe frequency band of 0.1~20 cpd, the EW component showed a better responsive-
ness to the pressure wave. Its barometric coefficient spectrum and phase shift spec-
trum roughly showed “A” and exponential variations with an increasing frequency,
respectively. Their variation ranges were 4.44~9.67 nstrain/hPa and -27.03°~141.16°,
respectively. This typical frequency-dependent variation indicates that the EW com-
ponent’s response to the pressure waves exhibited strong frequency dependence,
with a response mechanism that was also more complex.

(3) Inthelow-frequency band, the EW component exhibited a more pronounced leading
response to pressure waves. In the intermediate- and high-frequency bands, the EW
component lagged significantly behind the pressure wave. The former may be due
to the complex topography in the EW direction of GOJ, while the latter may be caused
by the relatively fragmented media in the observatory area and surrounding areas.

Although this study systematically reveals the frequency-dependent response fea-
tures of strain at the GOJ on pressure waves, the mechanisms underlying this dynamic
mechanism remain unclear at empirical and qualitative levels. As such, the stratigraphic
structure and barometric pressure field at the GOJ and its surrounding areas warrant fur-
ther investigation in subsequent dynamics studies. In addition, the dynamics of the re-
gional barometric pressure field causing strains at the GOJ should be quantitatively sim-
ulated with the help of a 3D finite element model containing the real topography and the
fracture/fault zones.

Moreover, plenty of external factors, such as rainfall, snow, temperature, and humid-
ity, can change the mechanical property of the near-surface; accordingly, the atmospheric
responses may vary with the change in season. Therefore, the relationship between strain
and atmospheric loading in the frequency domain may considerably vary in other seasons
(i.e., rainy season). More importantly, we should note that the present transfer functions,
derived from an autumn-winter period, should not be directly assumed or used to repre-
sent other seasons without further validation. In a future study, we need to comprehen-
sively examine the nature of atmospheric responses at the GOJ in different seasons.

Finally, it is also worth noting that the number of strain observatories in mainland
China currently stands at 111 [32]. In this respect, several questions remain to be answered:
What is the frequency dependence of the response of these observatories to pressure
waves? What are the similarities and differences in the physical mechanisms underlying
them? Undoubtedly, these are scientific questions worth exploring systematically, whose
answers will help to improve the scientific robustness of site selection, instrument deploy-
ment, and barometric effect correction in the extensometer network of China.
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