
1. Introduction
Permafrost, soil or rock material that has remained at or below 0°C for 2 or more years (Muller, 1945), under-
lies approximately 22% of the exposed land in the Northern Hemisphere (Obu et  al.,  2019). With changing 
climate conditions and rising global temperatures, widespread permafrost thaw and active-layer (the seasonally 
freezing and thawing layer of soil) thickening are occurring across polar regions (Biskaborn et al., 2019; Huang 
et  al.,  2017; Lachenbruch, 1994). Such processes can dramatically impact ecosystems (Hultman et  al., 2015; 
Jorgenson & Osterkamp, 2005), infrastructure (Hjort et al., 2018; Melvin et al., 2017), and the global carbon 
budget (Gasser et al., 2018; Schuur et al., 2015). Recent studies (AMAP, 2021) have observed that the Arctic is 
warming three times faster than the global average. In regions such as Alaska, where approximately 80% of the 
land is underlain by permafrost (Jorgenson et al., 2008), the hazard potential of permafrost degradation to critical 
infrastructure is particularly significant. These factors motivate development of improved geophysical approaches 
to characterize and monitor thaw processes and assess the vulnerability of permafrost to future degradation and 
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waves to repeatedly sample the near-surface. Our results reveal significant reductions in shear-wave velocity, 
indicating a decline in soil rigidity as it warmed, as well as deepening of the top of permafrost. These results 
suggest permafrost thaw monitoring using DAS may be an effective strategy to track changing arctic landscapes 
and predict areas of greatest thaw vulnerability.
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failure (Chiasson-Poirier et al., 2020; Devoie & Craig, 2020; Devoie et al., 2019; Douglas et al., 2021; James 
et al., 2019; Zhao & Wu, 2019).

The seismic response of permafrost soils is sensitive to freezing, thawing (Li, 2009; Wu et al., 2017), and small 
alterations in unfrozen water content which occur below 0°C. The latter set of effects are due to freezing point 
reductions which may occur due to either solutes in pore fluids or the effects of fine-grained sediments (Dou, 
Nakagawa, et al., 2017). The stiffening effect of the ice fraction on the porous soil frame controls seismic response 
to permafrost thermal state. Due to this sensitivity, seismic methods, including both active and passive, can 
be utilized to characterize and monitor subsurface permafrost systems; prior studies have leveraged coda wave 
interferometry techniques to track subtle daily, monthly, and seasonal changes in seismic velocity (δv/v) in such 
environments (James et al., 2017, 2021; Lindner et al., 2021; Steinmann et al., 2021). Horizontal-to-vertical spec-
tral ratio (HVSR) methods, which connect time variations of the dominant (resonance) frequency with seasonal 
subsurface changes above and/or within permafrost, have also been explored (Köhler & Weidle,  2019; Kula 
et al., 2018). Compared with active seismic monitoring (Kasahara et al., 2010; Stemland et al., 2021), however, 
these ambient noise based (passive) seismic methods sometimes suffer from biased signal retrieval from non-uni-
form noise source distribution (Harmon et al., 2010; Lin et al., 2008) and limited spatial resolution in the case of 
sparse networks often used in passive studies (Clarke et al., 2011; Ratdomopurbo & Poupinet, 1995).

In this study, we seek to explore the utility of active seismic techniques for monitoring permafrost alteration 
which might imperil infrastructure. A challenge inherent in this application is the associated length scale of linear 
infrastructure such as roads and rail lines (km to 100s of km). Distributed Acoustic Sensing (DAS), a recently 
developed approach for measuring the seismic wavefield using fiber-optic cables (Ajo-Franklin et  al.,  2019; 
Cheng, Chi, et al., 2021; Daley et al., 2013; Zhan, 2020), provides an excellent sensing platform for such laterally 
distributed targets. DAS utilizes short pulses of laser light to interferometrically measure minute extensional 
strains (or strain rates) over spatially continuous intervals along an optical fiber (Hartog,  2017) with spatial 
resolutions down to the meter scale, linear extents from 10s to 100s of km, and bandwidth from the kHz range to 
quasi-static depending on interrogator unit and measurement parameters (Lindsey et al., 2020; Paitz et al., 2021). 
Standard telecommunications-grade optical fiber has been used successfully as the sensing element for infrastruc-
ture monitoring (Hubbard et al., 2021; Liu et al., 2016) and urban near-surface seismic monitoring (Ajo-Franklin 
et al., 2019; Dou, Lindsey, et al., 2017; Fang et al., 2020), but this technique has yet to be tested in permafrost 
environments where hazards to infrastructure are arguably greater.

We evaluate a novel permafrost monitoring system that exploits seismic energy recorded with DAS to provide 
continuous seismic measurements of soil state. To demonstrate such a seismic monitoring system in a natural 
permafrost system, an operational challenge is the difficulty of locating a zone of permafrost which is evolving 
and close to failure. As part of a larger controlled warming experiment, this measurement allows careful study 
and monitoring of rapid thaw. The warming experiment was described in Wagner et al. (2018) and conducted at 
the Fairbanks Permafrost Experiment Station, AK. While a range of monitoring tools were deployed at the site, 
this article will discuss results from surface wave analysis of the DAS/SOV study, supplemented by HVSR meas-
urements from three broadband seismometers. These measurements demonstrate that the proposed permafrost 
monitoring system can be utilized to seismically detect the thaw process and even potentially track thaw extent as 
a function of time. The primary signatures we explore are reductions in shear-wave velocity which change with 
unfrozen water content, providing a portal into deep thermal processes relevant to permafrost alteration.

2. Experiment, Data, and Methods
2.1. Fairbanks Permafrost Experiment Station

The experiment was conducted at the Fairbanks Permafrost Experiment Station (Farmer's Loop Site), located 
about 4 km northeast of Fairbanks, AK (Figure 1a). The site consists of discontinuous permafrost with gradients 
between ice-rich and ice-poor sections. Permafrost at the study site is considered “warm” where the permafrost 
temperatures are about −0.5°C) (Douglas et al., 2008; Linell, 1973). The soils at this site are primarily composed 
of the Fairbanks Silt (Haynes et al., 1975; Horazdovsky, 2010; Nidowiz, 1981). Prior studies (Cox et al., 2012) 
measured unfrozen (summer) mean shear-wave velocities of the upper 30 m of the subsurface (Vs,30m) of approx-
imately 296  m/s, increasing to 334  m/s when frozen (winter) (see Table S1 in Supporting Information  S1), 
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Figure 1. Site and data overview. (a) Map of the site at the Farmer's Loop Permafrost Experimental Station in Fairbanks. (b) Map of the experiment with various 
hydrogeophysical data acquisition profiles. Note the primary DAS lines (A-D) (cyan lines); the SOV source (yellow star); the geophone array (purple triangles) along 
line C; three broadband seismometers (blue triangles); the thermistor string for borehole temperature log (gray circle BH14). (c)–(e) An example of observed SOV 
source sweep of 180s (c), the obtained seismic wavefield after the source signature removed from the DAS data on line C (d), and the corresponding surface wave 
dispersion measurements (e). Predominant horizontal Rayleigh waves and faster Sv (transverse/shear) waves (the blue line) are visible; the red star denotes the DAS 
channel closest to SOV; two black dash lines limit the heating zone on line C. Continuous energy trend from 7 Hz to around 20 Hz shows the first overtone observed 
on horizontal DAS array, and coincides with the first overtone as predicted using the velocity model from Cox et al. (2012) (the green star line) and the first overtone 
observed on our vertical-component geophone array (the blue square line); the fundamental mode energy is only visible at lower frequencies (<7 Hz). The target zone 
for semi-automatic dispersion picking is highlighted by the red polygon.
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suggesting a deep unfrozen section beneath the active layer. The water table is normally within 2 m or less of the 
surface and moisture content ranges from 26% to 41% by volume for silts (Stevens, 2015).

2.2. Controlled Thaw Experiment and DAS Permafrost Monitoring System

As discussed in detail in Wagner et al. (2018), the controlled thaw system consisted of an array of 121 resistive 
borehole heaters, installed in a grid covering a 10 × 13 m surface footprint (Figure 1b). The heaters were installed 
by pushing them from the surface through the unfrozen active layer and talik zone down to the top of the perma-
frost table at a depth of between 4 and 5 m, and designed to deliver a high thermal flux to the permafrost contact 
zone rather than heating the entire soil overburden. More details about the installation of the controlled thaw 
experiment can be found in Text S1 and Figure S1 in Supporting Information S1.

The DAS permafrost monitoring system consisted of a surface orbital vibrator (SOV) and a 2D receiver array 
of horizontally trenched fiber-optic cables, including five short (60 m) road perpendicular lines and four long 
(180  m) road parallel lines as discussed in Ajo-Franklin et  al.  (2017). The DAS monitoring campaign was 
conducted between 5 August and 30 September 2016, concurrent with the subsurface heating experiment. Seis-
mic surveys were acquired using the SOV source each night between 11 p.m. and 2 a.m. local time to minimize 
the impact of anthropogenic noise. DAS data were recorded continuously using a single interrogator unit (Silixa, 
iDAS v.2), temporally sampled at 1 kHz, and spatially discretized at 1 m with a gauge length of 10 m. In total, 
close to 40 TB of raw data were acquired in the native TDMS format. Note that, due to the longitudinal sensitivity 
of DAS (Willis et al., 2016), we focus on high quality measurements from lines A-D which are parallel to the 
source orientation. Significantly, line A is positioned off of the warming patch while line C directly samples the 
interior of the thawed zone. More details about the installation of the permafrost monitoring system can be found 
in supporting information Text S2 and Figure S2 in Supporting Information S1.

To validate this suite of measurements, a substantial hydrogeophysical data set was collected, including soil 
moisture content, borehole temperature, and groundwater levels. Continuous ground motion measurements were 
also recorded at three locations spanning the heating plot using 3C Trillium Posthole Compact 120 s sensors. 
Finally, several timelapse seismic refraction datasets were acquired with a sledgehammer source and a string of 
48 vertical geophones (10 Hz) along fiber-optic line C.

2.3. Surface Wave Inversion on Time-Lapse DAS Data

With a powerful and repeatable SOV source (see Figure S3 in Supporting Information S1), high quality seismic 
data sets have been obtained after source signature removal and effective stacking procedures (Ajo-Franklin 
et  al.,  2017; Cheng et  al.,  2021; Correa et  al.,  2021). Figure  1d displays an example of the stacked seismic 
wavefield with source signature (Figure 1c) removed from DAS data collected on line C. We observe a domi-
nant Rayleigh wave packet and a weak S-wave refraction off the top of the permafrost table. To characterize 
potential permafrost evolution, we repeatedly applied the multichannel analysis of surface waves (MASW) (Park 
et al., 1998; Xia et al., 1999) approach to surface waves from all four DAS lines (A-D) over 57 timelapse surveys 
(5 August to 30 September 2016), referred to as epochs. More details about surface wave dispersion analysis can 
be found in Text S3 and Figure S4 in Supporting Information S1. Note that, we observe the predominant first 
overtone on the horizontal DAS component (Figure 1e); it is likely caused by the soft Fairbanks Silt where the 
fundamental mode is mostly vertically polarized and the first overtone is more horizontally polarized. It has been 
verified with the vertical geophone data (see Figure S5 in Supporting Information S1) and simulation results 
using a nearby site classification model from Cox et al. (2012) (see Figure S6 in Supporting Information S1).

Dispersion curves for each DAS line and epoch are semi-automatically picked by following the trend of energy 
peak around the first overtones between 5 and 20 Hz, and subsequently inverted for 1D Vs models using the hybrid 
neighborhood algorithm (NA) as implemented by Geopsy (Wathelet et al., 2004). To improve the stability of the 
surface wave inversion process, we built a workflow that includes both data and model constraints. To avoid the 
potential over-fitting of the target first overtone with unacceptable fundamental mode, we include the funda-
mental mode recovered from the vertical-component geophone array as a soft constraint since this mode was 
not captured by the DAS measurements. To force the time-lapse inversion to honor changes in the observed first 
overtones, this pseudo-fundamental mode is kept uniform for all epochs and down-weighted to 50% compared 
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to the full weights (100%) of the first overtones. We then jointly invert the pseudo-fundamental mode and first 
overtone recovered from DAS observations (Figure 2a).

To constrain the model space, we built a Vs model pool with weak bounds based on the Vs,30m model from 
Cox et al.  (2012) with ±50% velocity perturbations boundaries (Figure 2b), and a constrained Vp model pool 
based on the 1D refraction tomography from geophone data with tight ± 20% velocity perturbations boundaries 
(Figure 2c). A fixed density model from Cox et al. (2012) (Figure 2d) was also utilized. The Vp estimates are 
linked to Vs during the inversion with a limited Poisson ratio range from 0.4 to 0.48. A summary of model param-
eters can be found in Table S2 in Supporting Information S1. For each epoch date, we invert the experimental 
dispersion curves with three runs of the inversion process. Each run retains 2,500 models and the best 200 models 
are retained for velocity estimation. To smooth the 1D model as well as avoid potential overfitting, we report a 
misfit-weighted median model by averaging the best 50 models with weights from the corresponding misfits, 
rather than the individual model with the smallest misfit. Acceptable misfits between measured and inverted 
dispersion data along the observation time for all four lines (A–D) can be found in Figure S7 in Supporting 
Information S1. Finally, 1D Vs models for each epoch during the thawing process were obtained and analyzed for 
each line (A–D).

Figure 2. An example of surface wave inversion for line C. Panel (a) shows the measured dispersion curve (a first overtone from DAS, the green dots, and a pseudo-
fundamental mode obtained from geophone measurements, the blue dots) and the best 100 dispersion curves resulting from the inversion sequence (the gray color 
curves). The cyan curve shows the dispersion curve forward calculated from the best-fitting model; the red curve depicts the dispersion curve resulting from the misfit-
weighted median model; the green error bars depict the fixed data error (±15%) applied on the pseudo-fundamental mode. Panels (b) and (c) show the best 100 Vs and 
Vp models. The cyan curves indicate the best fitting model; the red curves indicate the misfit-weighted median model; the gray dash lines indicate the upper and bottom 
velocity boundaries; the green curve in panel (c) shows the reference Vp model from 1D refraction tomography using the geophone data; the gray filled lines depict 
the uncertainty for Vs and Vp inversion. All gray scale colors are coded by misfits as shown on the color map. Panel (d) shows the reference density model from Cox 
et al. (2012).
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3. Results
To track the spatial-temporal permafrost evolution, we built pseudo-2D (time and depth domain) time-lapse Vs 
images for all four DAS lines (A-D) by aligning all optimal 1D Vs profiles along the heating time direction from 
5 August to 30 September (Figure 3). Gaussian smoothing with a scale factor of 1.5% along the time direction 
was applied on the velocity profiles to damp day-to-day noise fluctuations which obscure longer-term trends. 
In a general 1-D sense, the area of the heating experiment is characterized as having a 6 m thick unfrozen zone 
(Vs < 200 m/s), composed of the thawed active layer and a suprapermafrost talik, overlying a relatively slow 
permafrost layer (Vs < 450 m/s) during our observation period. This is consistent with the site classification 
results from Cox et al. (2012). Note that in contrast with typical ice-rich permafrost soil we observe a relatively 
low Vs ∼ 300 m/s but a higher Vp ∼ 2,500 m/s and a correspondingly high Vp/Vs ratio. This implies the existence 
of a large unfrozen water fraction within the upper permafrost layer. Similarly high Vp/Vs values were predicted 
for saline permafrost with low ice fractions by Dou et al. (2016) but freezing point depression in our case is likely 
due to clay content rather than solutes.

No temporal changes in deep Vs were observed on line A (Figure 3a1), since line A was located outside the 
heating zone where no significant soil temperature increases were detected during the heating period. However, 
significant velocity reductions were visible on line C (Figure 3c1) which directly crossed the heating zone; for 
line C, the permafrost contact appears to be depressed by as much as approximately 2 m (as indicated by the 
contour line of 280 m/s) by the end of the measurement period in September. Similar velocity reductions are 
also visible on line D and can be seen as a slope on the time-lapse Vs image (Figure 3d1). Unlike line D, line 

Figure 3. Vs changes over the heating period (5 August to 30 September 2016) for DAS line A (top row, a1-3), DAS line B (second row, b1-3), DAS line C (third 
row, c1-3) and DAS line D (bottom row, d1-3). The left panels (a1, b1, c1, and d1) show Vs models varying with time; the middle panels (a2, b2, c2, and d2) show Vs 
perturbations varying with time referenced to the first day of observation; the right panels (a3, b3, c3, and d3) show the uncertainties of the inverted Vs models as a 
function of time.



Geophysical Research Letters

CHENG ET AL.

10.1029/2021GL097195

7 of 11

B (Figure 3b1), located at the western boundary, does not show the expected thawing response. This is likely 
caused by a gradient in the permafrost properties toward the west which have a different history of vegetation 
cover; the relatively lower velocities in line A and B compared to line C and D also support this hypothesis. The 
major difference between these DAS lines is their location with respect to the heating zone. Borehole temperature 
logging inside the heater zone indicates a gradually increasing soil temperature at 5 m depth from 0°C at the 
beginning of August to 12°C at the end of September. Therefore, the velocity reduction as well as the permafrost 
table deepening can be directly linked to the soil temperature increase due to the controlled thawing process.

To quantitatively analyze the permafrost degradation, we calculate the velocity perturbations for each line inde-
pendently by taking the velocity model of the first measurement day as a reference (Figure 3 middle panels). 
Decreasing velocities at depth as a function of time (as indicated by the contour lines of −5%) are visible on both 
line C and D and gradually amplified to −15% as heating time continues. Over the 2-month heating period, the 
four DAS cables (A–D) spanning the heating zone captured different seismic responses. The permafrost beneath 
line A and B showed small velocity perturbations as expected, with the only measurable variability likely driven 
by shallow infiltration during rainfall events. Due to smaller thawed volume sampled by line D, this profile 
detected lower velocity reductions with longer delay period indicating a slower rate of permafrost degradation. 
The DAS cable crossing the central section of the heating zone, line C, detected significant velocity reductions 
to around 15% at depths of approximately 15 m (Figure 4a), and potential permafrost table depression of about 
approximately 2 m (Figure 3c1).

Figure 4. Seismic response to permafrost alteration. Panels (a) and (c) show Vs perturbations at depth (15 m) and for the shallow subsurface (5 m) for line A, B, C, and 
D, respectively. Panel (b) shows changes in the observed H/V peak frequencies over the first month of the heating period. Panel (d) shows the changes in observed H/V 
values. Panel (e) depicts a schematic representation of permafrost degradation due to induced thawing. The dash gray and solid blue curves in panels (a) and (b) show 
the total output heat energy into the ground, and the observed borehole soil temperature measurements at depth 5 m, respectively; the gray histogram and the green 
curves in panels (c) and (d) show the precipitation observations and groundwater level variations monitored from the water well inside the heating zone.
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Surface wave observations were verified by decreasing H/V peak frequencies from 8 to 7.5 Hz (the magenta line 
in Figure 4b) from the center broadband seismometer, which is sensitive to both the decrease in velocity and 
the deepening permafrost contact. The changing frequency range of H/V peak frequencies also coincides with 
that occurring the predominant velocity decrease in the dispersion measurements (see Figure S8 in Supporting 
Information S1). More details concerning the HVSR analysis can be found in supporting information Text S4 and 
Figure S9 in Supporting Information S1. Vs inversion results from surface wave analysis show a relatively early 
response to permafrost thawing with changes detected by 11th August while H/V peak frequencies variations 
start decreasing on 17th August. Soil temperatures at 5 m depth took an additional week to increase above 0°C, 
which indicates that the early phases of Vs change are driven by subzero variations in unfrozen water content 
within the upper permafrost unit.

Above the permafrost table, cyclic positive velocity perturbations (as indicated by the contour lines of 5% in 
Figure 3 middle panels) are observed on all four lines. Figure 4c shows a high correlation between the precipi-
tation-induced water table variations and the velocity perturbations at 5 m depth. These two processes are inher-
ently linked since the desaturation of the pore spaces or decreasing of pore pressure due to water level falling 
will increase the velocity. These observations suggest that surficial aquifer monitoring using DAS techniques has 
potential utility as a noninvasive alternative to traditional methods (Sobolevskaia et al., 2021). A similar seismic 
signature has also been identified on shallow HVSR feature, for example, changes of H/V at 22 Hz for all seis-
mometers showing the similar trends as water table variations (Figure 4d).

Figure 4e provides a schematic representation of the permafrost state before and after thawing to better illus-
trate potential physical domains during the warming process. A relatively smooth velocity gradient at around 
5 m depth likely represents a thin transition zone between the permafrost and the active layer (Bockheim & 
Hinkel, 2005; Xu et al., 2011); the transition zone contains a small ice fraction which increases gradually with 
depth as temperatures drop further below the freezing curtain. After 2 months of heating, the transition zone has 
increased in thickness with velocity decreasing and unfrozen water content likely increasing.

4. Discussion
Although our DAS surface wave inversion results have been validated by the HVSR measurements from the 
secondary broadband seismometers, there does exist a degree of uncertainty, and alternative hydrogeophysical 
interpretations are possible. Possible sources of error in long-term trends include changes in fiber-optic cable 
coupling, seasonal air temperature variations, and the methodological uncertainties of dispersion picking, mode 
labeling, and inversion. The coupling of cables may vary with the soil conditions within the trenches but we 
anticipate only minor influence on the relative velocity perturbations at low frequencies; additionally such effects 
would likely be visible across all lines (A–D) rather than being specific to the heating plot. To reduce manual 
picking biases, we set up a semi-automatic algorithm to pick the dispersion peaks within the target zone (the red 
polygon in Figure 1e). To quantify the uncertainty in the inversion-derived Vs models, we calculate the variability 
of the best 100 models (Figure 2b) using the lognormal standard deviation of 𝐴𝐴 𝐴𝐴𝑠𝑠

(

𝜎𝜎ln,𝐴𝐴𝑠𝑠

)

 (Vantassel & Cox, 2021). 
In general, Vs uncertainties increase with depth, but the average uncertainty value 𝐴𝐴 𝐴𝐴ln,𝑉𝑉𝑠𝑠

 is less than 0.1, which is 
smaller than the commonly assumed threshold of 0.15 referenced in the literature (Stewart et al., 2014), suggest-
ing that our Vs results are relatively reliable. Note that zones of increased uncertainty around 6 m depth for all four 
lines are associated with the layer boundary/velocity variability, rather than the actual uncertainty in Vs.

During the experiment, the mean air temperature gradually decreased from 23°C at the beginning of August 
to 5°C at the end of September. Although long-term seismic velocity changes have been associated with the 
seasonal temperature variability (James et  al.,  2019; Lindner et  al.,  2021), our DAS surface wave dispersion 
measurements and HVSR measurements (see Figures S8 and S9 in Supporting Information S1) indicate that the 
seasonal air temperature change does not dominate over the short-term velocity perturbations, particularly since 
we do not cross into the winter season where active zone freezing occurs. In more natural settings, permafrost 
thaw detected in our work occurs on the time frame of multiple years likely with background effect from seasonal 
freezing/thawing. Our results demonstrate that these seismic methods are sensitive enough to see changes on both 
of these times scales and magnitudes, and can tease about different processes at variable depths (shallower hydro-
logic influences vs. deeper thaw). However, considering the decreasing surface wave sensitivity below 8 m (see 
Figure S10 in Supporting Information S1) and the potential inversion cross-talk between seasonal groundwater 



Geophysical Research Letters

CHENG ET AL.

10.1029/2021GL097195

9 of 11

signatures, we suspect that the actual thawing region may be slightly shallower than estimated based on the DAS 
surface wave inversion results. Joint inversion of surface wave dispersion data from DAS and HVSR data from 
broadband seismometers might be able to further constrain this depth ambiguity (Picozzi et al., 2005).

5. Conclusions
We have developed and demonstrated a novel permafrost monitoring system that combines a surface DAS array 
and a permanent SOV source to track temporal shifts in near-surface shear-wave velocity. We observed a signif-
icant change in seismic response during a 2-month controlled permafrost thaw experiment in Fairbanks, AK. 
Comparison of surface wave inversion between four DAS lines spanning the heating zone, suggests that 15% 
shear-wave velocity (Vs) reductions as well as approximately 2 m deepening of the permafrost table are caused 
by the controlled thawing effects and permafrost degradation. The observations have also been validated by the 
HVSR measurements from three broadband seismometers and a host of secondary sensors. Our work indicates 
that seismic measurements using DAS might provide an early warning approach to detect permafrost altera-
tion before failure. Compared to borehole soil temperature observations, time-lapse DAS seismic measurements 
detected a significant permafrost degradation signature (around 5% velocity reductions) several days ahead of 
soil temperatures exceeding 0°C, suggesting that subzero changes in unfrozen water content could be an effective 
monitoring target. Future studies utilizing ambient noise rather than an automated source might help to further 
extend the utility of this technique.

Data Availability Statement
The deconvolved DAS seismic datasets (with source signature removed) for all four lines, vertical-component 
geophone data, hydrological data sets (including precipitation, water table, soil moisture, and soil temperature 
measurements), and HVSR measurements from three broadband seismometers are available in the following OSF 
repository: https://osf.io/v8ta5.
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