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Main Text

As seismic data are increasingly used to investigate a diverse range of subsurface phenomena

beyond regular fast-rupturing earthquakes (Peng and Gomberg, 2010; Beroza and Ide, 2011), it

is important to acknowledge that human-generated ground vibrations may be mistaken for

naturally-generated subsurface processes (Larose et al., 2015; Li et al., 2018). Correct

discrimination of natural processes from anthropogenic noise is especially pressing given the

trend in seismic detection research toward automated algorithms and machine learning

methods (Yoon et al., 2015; Kong et al., 2019; Mousavi and Beroza, 2022) and the growth in

seismic data collection in new environments such as urban and industry settings (e.g., Díaz et

al., 2017).

Studies that consider human-generated seismic noises are rare compared to earthquake

studies, creating an observation bias that may lead to erroneous categorization of

human-generated signals as natural earthquakes. For example, vibrations from freight trains

have been mistaken for tectonic tremor, resulting in discussion among researchers in that

community (Hutchison and Ghosh, 2017; Inbal et al., 2018, 2023; Li et al., 2018; Hutchison et

al., 2023). In a more extraordinary case, seismic signals caused by moving trucks (Fernando et

al., 2024) were misinterpreted as the signature of a meteoroid entry in the atmosphere (Siraj

and Loeb, 2023) and were used to locate fragments of a supposedly interstellar object (Loeb et

al., 2023). Such man-made sources of seismic energy at the surface may continue to cause

confusion in other contexts such as the oil, gas, CO2 sequestration, and geothermal industries

(Das and Zoback, 2013a, 2013b; Hu et al., 2017; Chen et al., 2018), or in academic fields such

as volcanology (Eibl et al., 2015).

The misidentification of human-generated noise as earthquakes, and especially long period

events, not only results in misinterpretation of subsurface processes but can also mislead
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hazard assessment. As an instructive example, we examine a recent study of seismic signals

interpreted as related to CO2 injection near Wellington, Kansas (Niyogi et al., 2023) and show

the signals could be simply explained by nearby train movements. The misinterpretation of

these human-generated signals as natural demonstrates the need for ground-truth verification.

In their study, Niyogi et al. (2023) examined seismic signals with long duration (minutes), low

frequency (<20 Hz), and gliding harmonics that were first noted by Kumar et al. (2019). Niyogi et

al. (2023) attribute the signals to periodic shear failure on a fault in response to elevated pore

pressures after CO2 injection into a depleted oil reservoir at an enhanced oil recovery site in

Wellington, Kansas. They support their interpretation with beamforming results that indicate low

slowness values corresponding to seismic velocities at depth, as well as source locations near

the injection site.

It is worth noting that Li et al. (2018) performed a similar analysis using a much larger dense

nodal array at the neighboring state of Oklahoma. With essentially the same beamforming array

analysis indicating low slowness values and amplitude decaying away from the nearby Union

Pacific railway, that study argued that their observations are more consistent with

train-generated noises, rather than naturally-occurring fast-moving masses such as volcanoes

or glaciers (Hotovec et al., 2013; Lipovsky and Dunham, 2016).

Given the similarity between the signals observed at Wellington Field (Niyogi et al., 2023) and

train noise (Fuchs et al., 2018; Li et al., 2018), we examine publicly-available data from

seismometers both within the dense array analyzed by Niyogi et al. (2023) (ZA.WK*) and

located along a nearby railroad (GS.KS21, GS.KAN06, and GS.KAN12) (Figure 1a). For an

exemplary event documented by Niyogi et al. (2023) we observe similar gliding spectral lines as

far as 50 km from the Wellington Field (Figure 1b). Arrival times of the signal on available

3



seismometers are too slow (<0.05 km/s) for seismic wave propagation but are consistent with

westbound travel of a train at approximately 50 miles per hour.

Niyogi et al. (2023) also state that the tremor-like signals occur only during the period of active

injection at the Wellington Field. However, we find that these signals are common before the

start of fluid injection (e.g., Figure 1c). Note that because the frequency characteristics of train

signals are primarily controlled by the train’s speed near the receiver (Lavoue et al., 2021), the

spectrograms may look different at separate locations (Figure 1b,c). On December 19, 2015

alone, we observe at least 30 separate tremor-like events during visual inspection of the

spectrogram for station ZA.WK08, accounting for more than 12 hours of signal on that day

(Figure 2). Similar activity is observed on other days. The existence of signals that share many

of the same features (gliding harmonics over several minutes) as those reported in Niyogi et al.

(2023) prior to the start of fluid injection clearly demonstrates that the tremor-like signals are

unrelated to the fluid injection.

Array beamforming can be a powerful tool for discriminating between surface and subsurface

seismic signals based on slowness values (e.g., Glasgow et al., 2018). However, care must be

taken to ensure that the source-receiver geometry validates the plane wave assumption

inherent to the method (Rost and Thomas, 2002). The distance of the array from the seismic

source must be sufficiently large compared to the array diameter so that the arriving wavefront

is effectively planar; otherwise, non-planar wavefront propagation between receivers will

degrade estimates of slowness and back azimuth. In the case of Wellington Field, the plane

wave approximation is not valid because the array’s diameter is similar to its distance from the

estimated tremor sources and from the nearest railroads (Figure 1a). Further, when locating the

events using beam back projection, Niyogi et al. (2023) assume the tremor occurs at the depth
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of injection (~1.2 km depth). They locate most of the tremor-like signals to the south and east of

the array, in the direction of the closest rail lines (Figure 1a).

While Niyogi et al. (2023) state that the signals’ variable timing and duration are inconsistent

with passenger train schedules, freight trains operate at irregular times that are not reported to

the public. Freight trains also vary considerably in length and weight, resulting in seismic

signatures with different durations and spectral properties (Lavoue et al., 2021). Train noises

have been detected as far as 90 km from railroads (Inbal et al., 2018), and freight lines traverse

much of North America (Pinzon-Rincon et al., 2021), so caution must be taken in interpreting

tremor signals in many different contexts and study areas. Wellington Field lies within 5 km of

railroads to the east and south (Figure 1a), so detectable train signals can be expected at the

ZA array.

Niyogi et al. (2023) use typical criteria to evaluate the seismic signals recorded on a dense array

to assess whether the signals were natural, but those tests were insufficient to rule out

anthropogenic discrete noise sources. For any unusual seismic signals, analyzing available

local and regional stations will aid in the identification of the source of the signals. In particular, it

is important to consider known potential noise sources, such as railroads (e.g., Figure 1b,c),

wind farms (Schippkus et al., 2020), aircraft (Eibl et al., 2015; Meng and Ben-Zion, 2018), roads

(Riahi and Gerstoft, 2015), and even military bases (Cochran and Shearer, 2006; Carmichael et

al., 2021). Surface sources can be identified through slow moveout times between stations. If an

array is available, moveout rates can be further constrained through beamforming slowness

results, as long as plane wave propagation can be assumed, as previously discussed.

Additionally, the event timing may reflect human-made sources; for example, signals that recur

every 12 hours, 24 hours, 7 days, or during special holidays may be anthropogenic (e.g., Díaz

et al., 2017; Zhai et al., 2021; Maher et al., 2024; Chu et al., 2024). However, we cannot
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definitively use the fact that potential signals do not occur at particular time or recur at a fixed

time interval as the argument that they are not anthropogenic. As noted before, certain

anthropogenic sources, such as aircraft or freight trains, do not follow a fixed schedule.

Misidentification of train signals has broad implications for the physical source process of

seismic tremor. Niyogi et al. (2023) claim that repetitive shear-failure earthquakes can explain

tremor observations across a range of environments including hydrocarbon reservoirs,

volcanoes, and glaciers. However, alternative source models have been proposed in each of

these settings; for example, some tremor could represent fluid flow through deformable

channels (e.g., Julian, 1994; Ozaki et al., 2023) or resonance of fluid-filled cavities (e.g.,

Chouet, 1988, Roeoesli et al., 2014; Tary et al., 2014; Gräff et al., 2019; Sicking and Malin,

2019). The shear-failure model remains one of several plausible hypotheses, but accurate

identification of subsurface tremor is required to evaluate it.

The challenges described in this letter and in recent work (Inbal et al., 2018; Hutchison and

Ghosh, 2023; Li et al., 2018; Fernando et al., 2024) illustrate the need for broader awareness of

seismic noise characteristics and better discrimination of surface noise from subsurface signals.

Seismic literature is biased toward examination of shear-failure earthquake signals, but the vast

majority of raw seismic data is dominated by a wide variety of surficial and anthropogenic

signals. Further, as earthquake detection research increasingly relies on automated algorithms,

surface noises may be increasingly miscategorized as subsurface signals. Deep-learning

approaches may particularly suffer from the biases present in human-labeled datasets that

under-represent noise sources. Timestamps of human activity such as from schedules or field

observations are valuable information that can be used to ground truth the seismic data for a

known source. Ultra-dense observations such as fiber-optic sensing along major railways or

highways can also help identify moving trains or cars (Wang et al., 2020; Zhang et al., 2022). In
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general, more routine labeling, monitoring, and publishing of noise data would greatly benefit

the seismology community. Seismologists should therefore collectively determine best practices

for discriminating surface noise from subsurface signals, and increased attention should be paid

to ground-truth identification and labeling of surface noise (e.g., Schippkus et al., 2020, Dean

and Al Hasani, 2020).

7



Figures

 

Figure 1. a) Map of study area including stations of the ZA array at Wellington Field (white

triangles), tremor location results from Niyogi et al (2023) (red dots), nearby permanent seismic

stations (blue triangles) and railroads according to the USGS National Transportation Dataset

(black lines) (U.S. Geological Survey, 2024). Inset shows the map area as an orange rectangle.

b) Spectrograms at four seismic stations during March 26, 2016 02:40 – 03:40 (UTC),
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corresponding to the event shown in Figure 2C of Niyogi et al (2023). Vertical white lines show

the tentative timing for a westbound train traveling at 50 miles per hour relative to

manually-picked start time at ZA.WK05. c) Spectrograms at four seismic stations during January

1, 2016 07:30 – 08:30 (UTC), before fluid injection. Array and station names are in the top right

of each plot. Station ZA.WK05 is station WK05 from the ZA array (Watney, 2014) used by Niyogi

et al. (2023).

Figure 2. Example of spectrograms for one day of data at one ZA station (Watney, 2014) before

the start of fluid injection. Panels a) and b) show the first and second 12 hours of the day on

December 19, 2015 (UTC), respectively. Vertical white lines indicate the times used to show

one-hour zooms in c) and d).
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Data and Resources

Waveform data from the temporary array at Wellington Field are available through the

EarthScope Consortium with network code ZA (Watney, 2014). Waveform data from temporary

stations KS21, KAN06, and KAN12 are available through the EarthScope Consortium with

network code GS (Albuquerque Seismological Laboratory, 1980).

Acknowledgements

We thank Aaron Wech, John Vidale, and Justin Rubinstein for comments that helped to improve

this manuscript. Any use of trade, firm, or product names is for descriptive purposes only and

does not imply endorsement by the U.S. Government. 

References

Albuquerque Seismological Laboratory (ASL)/USGS, 1980, US Geological Survey Networks

[Data set]. International Federation of Digital Seismograph Networks, doi:10.7914/SN/GS

Beroza, G., and Ide, S., 2011, Slow earthquakes and nonvolcanic tremor, Annual Review of

Earth and Planetary Sciences, 39, pp. 271-296, doi:10.1146/annurev-earth-040809-152531

Carmichael, J. D., Thiel, A. D., Blom, P. S., Walter, J. I., Dannemann Dugick, F. K., Arrowsmith, S. J.,

Carr, C. G., 2021, Persistent, “Mysterious” Seismoacoustic Signals Reported in Oklahoma State

during 2019, Bulletin of the Seismological Society of America, 112 (1): 553–574.

doi:10.1785/0120210145

10



Chen, H., Niu, F., Tang, Y. and Tao, K., 2018. Toward the origin of long‐period long‐duration

seismic events during hydraulic fracturing treatment: A case study in the shale play of Sichuan

Basin, Seismo. Res. Lett., 89 (3), 1075-1083, https://doi.org/10.1785/0220170270.

Chouet, B., 1988, Resonance of a fluid-driven crack: Radiation properties and implications for

the source of long-period events and harmonic tremor, Journal of Geophysical Research,

93(B5), 4375-4400, doi:10.1029/JB093iB05p04375

Chu, R., Q. Wang, Z. Peng, M. Sheng, Q. Liu, H. Chen (2024). Fireworks: a potential artificial

source for imaging near-surface structures, Seismol. Res. Lett., 95 (1), 435–447.

https://doi.org/10.1785/0220220281.

Cochran, E. S. and Shearer, P. M. (2006). Infrasound events detected with the Southern

California Seismic Network, Geophysical Research Letters, 33, L19803,

doi:10.1029/2006GL026951

Das, I., and M. D. Zoback (2013a). Long-period, long-duration seismic events during hydraulic

stimulation of shale and tight-gas reservoirs —Part 1: Waveform characteristics, Geophysics 78,

no. 6, doi: 10.1190/geo2013-0164.1.

Das, I., and M. D. Zoback (2013b). Long-period, long-duration seismic events during hydraulic

stimulation of shale and tight-gas reservoirs —Part 2: Locations and mechanisms, Geophysics

78, no. 6, doi: 10.1190/geo2013-0165.1.

Dean, T. and Al Hasani, M., 2020, Seismic noise in an urban environment, The Leading Edge,

39, 639-645, doi:10.1190/tle39090639.1

11



Díaz, J., Ruiz, M., Sánchez-Pastor, P. S., Romero, P., 2017, Urban Seismology: On the origin of

earth vibrations within a city, Scientific Reports, 7(1), pp. 1–12,

doi:10.1038/s41598-017-15499-y

Eibl, E. P. S., Lokmer, I., Bean, C. J., Akerlie, E., Vogfjörd, K. S., 2015, Helicopter vs. volcanic

tremor: Characteristic features of seismic harmonic tremor on volcanoes, Journal of Volcanology

and Geothermal Research, 304, pp. 108–117, doi:10.1016/j.jvolgeores.2015.08.002

Fernando, B., Mialle, P., Ekström, G., Charalambous, C., Desch, S., Jackson, A., & Sansom, E.

K. (2024). Seismic and acoustic signals from the 2014 ‘Interstellar Meteor’. Geophysical Journal

International, ggae202, https://doi.org/10.1093/gji/ggae202

Fuchs, F., Bokelmann, G., AlpArray Working Group, 2018, Equidistant spectral lines in train

vibrations, Seismological Research Letters, 89(1), pp. 56–66, doi:10.1785/0220170092

Glasgow, M.E., Schmandt B., Hansen S.M., 2018, Upper crustal low-frequency seismicity at

Mount St. Helens detected with a dense geophone array, Journal of Volcanology and

Geothermal Research, 358, pp. 329–341, doi:10.1016/j.jvolgeores.2018.06.006

Gräff, D., Walter, F., Lipovsky, B. P., 2019, Crack wave resonances within the basal water layer,

Annals of Glaciology, 60(79), 158–166, doi:10.1017/aog.2019.8

Hu, H., A. Li, and R. Zavala-Torres (2017). Long-period long-duration seismic events during

hydraulic fracturing: Implications for tensile fracture development, Geophys. Res. Lett. 44,

4814–4819, doi: 10.1002/2017GL073582.

12



Hutchison, A., and Ghosh, A., 2017, Ambient tectonic tremor in the San Jacinto fault, near the

Anza gap, detected by multiple mini seismic arrays, Bulletin of the Seismological Society of

America, 107 (5), pp. 1985–1993, doi.org:10.1785/0120160385

Hutchison, A., Zhou, Y., Ghosh, A., 2023, Comment on “Sources of Long-Range Anthropogenic

Noise in Southern California and Implications for Tectonic Tremor Detection” by Asaf Inbal,

Tudor Cristea-Platon, Jean-Paul Ampuero, Gregor Hillers, Duncan Agnew, and Susan E.

Hough, Bulletin of the Seismological Society of America, 113 (5), pp. 2227–2231,

doi:10.1785/0120190171

Inbal, A., Cristea-Platon, T., Ampuero, J. P., Hillers, G., Agnew, D., Hough, S. E., 2018, Sources

of long-range anthropogenic noise in southern California and implications for tectonic tremor

detection, Bulletin of the Seismological Society of America, 108 (6), pp. 3511–3527,

doi:10.1785/0120180130

Inbal, A., Cristea-Platon, T., Ampuero, J. P., Hillers, G., Agnew, D., 2023. Reply to “Comment on

‘Sources of Long‐Range Anthropogenic Noise in Southern California and Implications for

Tectonic Tremor Detection’ by Asaf Inbal, Tudor Cristea‐Platon, Jean‐Paul Ampuero, Gregor

Hillers, Duncan Agnew, and Susan E. Hough” by Allie Hutchison, Yijian Zhou, and Abhijit

Ghosh. Bulletin of the Seismological Society of America 2023, 113(5), 2232-2246,

doi:10.1785/0120200007

Julian, B., 1994, Volcanic tremor: nonlinear excitation by fluid flow, Journal of Geophysical

Research, 99(B6), 11859–11877, doi:10.1029/93jb03129

13



Kumar, A., Bear, A., Hu, H., Hammack, R., Harbert, W., Ampomah, W., Balch, R., Garcia, L.,

Nolte, A., Tsoflias, G., 2019, Seismic monitoring of CO2-EOR operations in the Texas

Panhandle and southern Kansas using surface seismometers, SEG Technical Program

Expanded Abstracts 2019, doi:10.1190/segam2019-3215146.1

Larose, E., Carrière, S., Voisin, C., Bottelin, P., Baillet, L., Guéguen, P., Walter, F., Jongmans,

D., Guillier, B., Garambois, S., Gimbert, F., Massey, C., 2015, Environmental seismology: What

can we learn on earth surface processes with ambient noise? Journal of Applied Geophysics,

116, pp. 62–74, doi:10.1016/j.jappgeo.2015.02.001

Lavoué, F., Coutant, O., Boué, P., Pinzon‐Rincon, L., Brenguier, F., Brossier, R., Dales, P.,

Rezaeifar, M. and Bean, C.J., 2021. Understanding seismic waves generated by train traffic via

modeling: Implications for seismic imaging and monitoring. Seismol. Res. Lett., 92(1), 287-300,

https://doi.org/10.1785/0220200133.

Li, C., Z. Li, Z. Peng, C. Zhang, N. Nakata, and T. Sickbert (2018), Long-duration events

detected by the IRIS Community Wavefield Demonstration Experiment in Oklahoma: Tremor or

Train Signals? Seismol. Res. Lett., 89(5), 1652-1659, doi:10.1785/02201080081.

Lipovsky, B.P. and Dunham, E.M., 2016. Tremor during ice-stream stick slip. The Cryosphere,

10(1), 385-399, https://doi.org/10.5194/tc-10-385-2016.

Loeb, A., Adamson, T., Bergstrom, S., Cloete, R., Cohen, S., Conrad, K., Domine, L., Fu, H.,

Hoskinson, C., Hyung, E., Jacobsen, S., Kelly, M., Kohn, J., Lard, E., Lam, S., Laukien, F., Lem,

J., McCallum, R., Millsap, R., Parendo, C., Pataev, M., Peddeti, C., Pugh, J., Samuha, S.,

Sasselov, D., Schlereth, M., Siler, J., Siraj, A., Smith, P., Tagle, R., Taylor, J., Weed, R., Wright,

14



A., Wynn, J., 2023. Discovery of Spherules of Likely Extrasolar Composition in the Pacific

Ocean Site of the CNEOS 2014-01-08 (IM1) Bolide. arXiv:2308.15623v1

Maher, S. P., Dawson, P. B., Hotovec-ellis, A. J., Thelen, W. A., Matoza, R. S., 2024, Automated

Detection of Volcanic Seismicity Using Network Covariance and Image Processing,

Seismological Research Letters, doi:10.1785/0220240014

Meng, H. and Ben-Zion, Y., 2018, Characteristics of Airplanes and Helicopters Recorded by a

Dense Seismic Array Near Anza California, Journal of Geophysical Research, 123, 4783-4797,

doi:10.1029/2017JB015240

Mousavi, S., and Beroza, G., 2022, Deep-learning seismology, Science, 377,

doi:10.1126/science.abm4470

Niyogi, S., Ghosh, A., Kumar, A., Hammack, R., 2023,Tremor signals during fluid injection are

generated by fault slip, Science, 381, pp. 553–558, doi:10.1126/science.adh1331

Ozaki, T., Yukutake, Y., Ichihara, M., 2023, Linking the flow‑induced tremor model to the

seismological observation : application to the deep harmonic tremor at Hakone volcano, Japan,

Earth, Planets and Space, 75:, 111, doi:10.1186/s40623-023-01865-w

Peng, Z. and J. Gomberg (2010), An integrated perspective of the continuum between

earthquakes and slow-slip phenomena, Nature Geosci., 3, 599–607, doi:10.1038/ngeo940.

15



Pinzon-Rincon, L., Lavoué, F., Mordret, A., Boué, P., Brenguier, F., Dales, P., Ben-Zion, Y.,

Vernon, F., Bean, C. J., Hollis, D., Humming trains in seismology: An opportune source for

probing the shallow crust, Seismological Research Letters, 92(2A), doi:10.1785/0220200248

Powell, T., Neuberg, J., 2003, Time dependent features in tremor spectra, Journal of

Volcanology and Geothermal Research, 128, pp. 177–185,

doi:10.1016/S0377-0273(03)00253-1

Riahi, N. and Gerstoft, P., 2015, The seismic traffic footprint: Tracking trains, aircraft, and cars

seismically, Geophysical Research Letters, 42, 2674-2681, doi: 10.1002/2015GL063558

Roeoesli, C., F. Walter, J.-P. Ampuero, and E. Kissling, 2016, Seismic moulin tremor, Journal of

Geophysical Research Solid Earth, 121, 5838–5858, doi:10.1002/2015JB012786.

Rost, S., Thomas, C., 2002, Array seismology: Methods and applications, Reviews of

Geophysics, 40(3), pp.2-1–2-27, doi:10.1029/2000RG000100

Schippkus, S., Garden, M., Bokelmann, G., 2020, Characteristics of the ambient seismic field on

a large-N seismic array in the Vienna Basin, Seismological Research Letters, 91(5), pp.

2803–2816, doi:10.1785/0220200153

Sicking, C., Malin, P., 2019, Fracture seismic: Mapping subsurface connectivity, Geosciences, 9,

508; doi:10.3390/geosciences9120508

Siraj, A, & Loeb, A. (2023). Localizing the First Interstellar Meteor with Seismometer Data.

Signals. 2023; 4(4):644-650. https://doi.org/10.3390/signals4040035

16

https://doi.org/10.1002/2015GL063558
https://doi.org/10.3390/signals4040035


Tary, J. B., van der Baan, M., Eaton, D. W., 2014, Interpretation of resonance frequencies

recorded during hydraulic fracturing treatments, Journal of Geophysical Research, Solid Earth,

119, 1295–1315, doi:10.1002/2013JB010904

U.S. Geological Survey, National Geospatial Technical Operations Center, 20240215, USGS

National Transportation Dataset (NTD) for Kansas (published 20240215) Shapefile: U.S.

Geological Survey.

Yoon, C.E., O’Reilly, O., Bergen, K.J. and Beroza, G.C., 2015. Earthquake detection through

computationally efficient similarity search. Science advances, 1(11),

doi:10.1126/sciadv.1501057.

Wang, X., Williams, E. F., Karrenbach, M., Herráez, M. G., Martins, H. F., & Zhan, Z. (2020).

Rose Parade seismology: Signatures of floats and bands on optical fiber. Seismological

Research Letters, 91(4), 2395-2398.

Watney, W. L., 2014, Wellington, Kansas CO2 Sequestration Monitoring [Data set], International

Federation of Digital Seismograph Networks, doi:10.7914/SN/ZA_2014

Zhai, Q., Z. Peng, L. Y. Chuang, Y.-M. Wu, Y.-J. Hsu, and S. Wdowinski (2021). Investigating the

impacts of a wet typhoon on microseismicity: a case study of the 2009 typhoon Morakot in

Taiwan based on a template matching catalog, J. Geophys. Res., 126, e2021JB023026, doi:

10.1029/2021JB023026.

17



Zhang, G., Song, Z., Osotuyi, A., Lin, R., Chi, B., 2022, Railway traffic monitoring with trackside

fiber-optic cable by distributed acoustic sensing Technology. Frontiers in Earth Science,

10:990837, doi: 10.3389/feart.2022.990837

18


