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Abstract

Permafrost extent and active layer thickness (ALT) have implications for polar-region in-
frastructure and communities. Much of the world’s permafrost is rich in ground ice and can
become highly unstable during seasonal freeze–thaw cycling. Monitoring these dynamics
is critical for quantifying infrastructure risk, informing new construction, and prioritizing
essential repairs of existing infrastructure. Fiber optic distributed acoustic sensing (DAS)
offers an alternative, providing high-resolution monitoring over large distances. This
proof-of-concept study evaluates a surface-deployed DAS cable as a rapid, nondestructive
tool for observing seasonal thaw in discontinuous permafrost in Fox, Alaska. During three
field campaigns (May 2024, September 2024, and June 2025), a surface laid cable recorded
active source sledgehammer strikes. Dispersion curves extracted from the surface wave
data were aligned with theoretical curves using a simplified two-layer forward model,
representing a seasonally thawed layer overlying hard frozen ground. Based on best fit
estimates derived from this model, the active layer thickness was calculated at approxi-
mately 0.8 m in May 2024, thickening to 1.9 m in September 2024, and 0.65 m in June 2025.
These results demonstrate that surface-deployed DAS can effectively observe changes in
permafrost seasonal thaw. This technique could be used prior-to and/or in-addition-to
performing more invasive, time-consuming subsurface investigation.

Keywords: distributed fiber optic sensing; distributed acoustic sensing; distributed fiber
optic sensing; DAS; permafrost; active layer thickness; nondestructive; engineering;
cold regions

1. Introduction
1.1. Permafrost

Permafrost is any earth material frozen for two years or more [1,2] and is found
throughout the polar regions and high-altitude zones of the planet. In Alaska, the percent-
age of frozen ground increases from Anchorage to Prudhoe Bay, from sporadic pockets
of frozen ground in the south, to larger concentrations of discontinuous permafrost near
Fairbanks, to continuous, deep permafrost on Alaska’s North Slope [3,4].
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When analyzing near-surface structure and stability in permafrost regions, the ground
is typically considered as a two-layer system: a dynamic active layer at the surface, which
thaws and refreezes seasonally, overlying the permanently frozen permafrost below. The
dynamic active layer typically reaches its greatest thaw depth in late summer, before
refreezing in the winter. Changes in the permafrost, and the active layer itself, affect infras-
tructure, communities, and the geomorphology and hydrology of permafrost landscapes.
Deepening of the active layer without sufficient winter refreeze can lead to the formation
of taliks [5], which are pockets of unfrozen ground within the permafrost [6]. More dra-
matically, the thawing of ice-rich permafrost can trigger ground subsidence in a process
known as thermokarst, which represents a major and abrupt risk to infrastructure [7]. Both
gradual near-surface permafrost degradation [8] and abrupt freeze–thaw dynamics have
significant impacts on cold-region infrastructure [9,10].

1.2. Distributed Fiber Optic Sensing (DFOS) in Cold Regions

Distributed fiber optic sensing (DFOS) is increasingly being applied for its monitor-
ing applications in cold regions [11]. DFOS can turn a standard fiber optic cable into a
temporally and spatially continuous sensor, capable of monitoring 10’s of kilometers at a
resolution of one or more meters. To turn into a sensing system, DFOS pairs a fiber optic
cable with a laser interrogator. The interrogator pulses light down the fiber optic cable.
The interrogator captures backscattered light along the length of the fiber. A distributed
acoustic sensing (DAS) interrogator unit (IU) senses Rayleigh scattering, proportional to
vibrational strain acting on the cable along its length [12]. Modern DAS IU use phase-
sensitive optical time domain reflectometers (Φ-OTDR) to interferometrically measure the
phase of backscattered light to better characterize the strain rate in time and space along
the fiber [13,14], providing the data structure required for traditional and novel seismic
imaging techniques, including multi-channel analysis of surface waves (MASW).

DAS has emerged as monitoring and characterization tool for cold regions with
applications including use on glaciers and ice sheets [15–20]. Seismic experiments utilizing
DAS and surface wave analysis techniques have been used to characterize near-surface
structure and integrity in discontinuous and continuous Alaskan permafrost [1,21,22].

1.3. Multi-Channel Analysis of Surface Waves

Multi-channel analysis of surface waves (MASW) is a non-invasive, seismic technique
used for characterizing soil stratigraphy. MASW images the near-surface by generating
phase velocity dispersion curves for surface waves based on the methodologies provided
by [23]. In active MASW surveys, some type of seismic source is used to stimulate surface
waves “in-line” or “end-fire” with a sensing array. Conventionally, the source is a sledge-
hammer striking a metal plate which is coupled to the ground surface. The surface waves
propagate along the array, and their frequency components disperse with time (i.e., differ-
ent wavelengths of the source impact will travel with different velocities). In general, low
frequency/long wavelengths travel faster as they are sensitive to deeper, stiffer sediments,
and higher frequency/shorter wavelengths travel slower as they are sensitive to the softer
upper layers of the sediment. The time series data undergoes a dispersion transformation,
providing a characteristic phase dispersion curve which depends on stiffness of stratified
soil for the site at which the survey is taking place. When coupled with background data
about the site’s geology and stratigraphy (i.e., density, compressional velocity, Poisson’s
ratio of the soil layers), this dispersion curve can be inverted for a full 1D subsurface shear
wave velocity profile, which can indicate stratigraphy.

Conventional MASW surveys use an array of geophones as the receivers [24]. How-
ever, DAS has proven to be a useful sensing tool in lieu of geophones for MASW surveys.
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While some work has explored the use of surface laid fiber optic arrays for subsurface
imaging [25], most of the related research largely explores the use of DAS cables which are
buried beneath the ground surface [1,26].

The research presented in this paper illustrates the viability of using DAS data collected
from a nondestructively deployed fiber optic cable to rapidly observe changes in the
dynamic active layer of permafrost. Active source MASW testing was performed and
recorded on three separate DAS arrays deployed in May 2024, September 2024, and June
2025. Characteristic Rayleigh fundamental mode dispersion curves were obtained for the
same test location in all three data collection efforts.

2. Materials and Methods
This multiyear field campaign occurred at the U.S. Army Corps of Engineers’ Engi-

neering Research and Development Center’s Permafrost Tunnel Research Facility in Fox,
Alaska (Figure 1). The area above the tunnel was selected for testing. Permafrost at the site
comprises pore-ice cemented silt of high organic matter content. Large (10’s of meters tall)
massive ice wedges are present. Permafrost in the region has been mapped to thicknesses of
~50 m with boreholes [27] and geophysical measurements [28]. Vegetation cover is typical
of the northern boreal forest with conifer and birch stands, shrub ground cover, and a thick
organic mat on the ground surface. This vegetation provides “ecosystem protection” for
the permafrost in the area [29]; however, following ground disturbance, permafrost can
degrade rapidly. A fiber optic cable was surface laid, nondestructively placed on existing
footpaths (areas with minimum vegetation) for firm coupling to the ground surface. The
footpaths typically have a light cover of grasses, as well as small birch and willow shrubs.
Data collection on these nondestructively deployed DAS arrays occurred on 15 May 2024,
11 September 2024, and 20 June 2025.

 

Figure 1. GPS layout of the nondestructive fiber optic cable arrays in Fox, Alaska, as well as locations
of adjacent temperature and frost probe measurements [30]. The area selected for active source
seismic testing for all field campaigns is circled in red. Background imagery obtained from [31].
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During the May and September 2024 field efforts, several hundred meters of cable
were deployed. Weights were placed atop a section of the cable to better couple the cable to
the ground surface in a well traversed footpath where surface vegetation was minimal. In
this area, the cable could be directly coupled to ground surface above the active permafrost.
The June 2025 data collection focused on an isolated data collection along the same area
of footpath and expanded the number and locations of active strikes performed. For each
effort, a handheld GPS unit was used to map the array. The DAS fiber optic cable array
deployment layouts are shown in Figure 1.

DAS Sintela (Bristol, UK) and Silixa (Elstree, UK) interrogators were used for these
data collection efforts. DAS user settings such as gauge length and channel spacing were
updated for each deployment based on lessons learned from reviewing the previous
datasets. The same fiber optic cable was deployed in all three experiments, although
different strands of fiber within that cable were utilized for data collection. The cable itself
was 500 m of Silixa tactical fiber optic cable, which featured both standard single mode
and Constellation fiber optic cable strands. The standard single mode strand is analogous
to other commercially available single mode fiber optic strands, while the Constellation
strand is Silixa’s engineered cable with enhanced sensing capabilities. A summary of the
interrogators used, and their respective configuration settings, are shown in Table 1.

Table 1. Interrogator setup and settings explored in each field effort.

May 2024 September 2024 June 2025

Interrogator Sintela Onyx Silixa Carina iDAS Silixa Carina iDAS

Fiber Optic Strand Standard single mode Constellation fiber Standard single Mode

Channel Spacing (m) 1.6 2 0.25

Gauge Length (m) 3.2 10 2

For the May and September 2024 data collections, strikes were performed in-line
with the weighted portion of fiber optic cable at an offset distance of 0 m. For the June
2025 data collection, strikes were performed “in-line” with the first DAS channel in the
weighted section of cable at offsets of 0, 5, 10, and 20 m. All active strikes used the same
sledgehammer/metal plate pairing to generate surface waves. An illustration of the cable
and offset strike locations is provided in Figure 2. A photo of the sledgehammer source,
the metal strike plate, as well as a weighted portion of fiber optic cable from the May 2025
data collection is shown in Figure 3.

Figure 2. Graphic illustration of active source sledgehammer strikes relative to the weighted portion
of fiber optic cable for DAS interrogation (profile view). Active source strikes occurred on a metal
plate placed on the ground at distances of 0, 5, 10, and 20 m offset from the end of the fiber.
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Figure 3. (a) Photograph of sledgehammer and metal plate utilized for active source impacts.
(b) Photograph of the May 2025 weighted portion of fiber optic cable (circled in red) [32].

The analysis began by processing the measured time series data from each surface-
deployed DAS array, which recorded the ground’s response to sledgehammer impacts.
This processing, handled in MATLAB version R2024b, involved filtering the data from
each impact and applying a detrending function to correct for long-term linear trends.
Once the time series for individual strikes were isolated, they were converted into the
frequency–wavenumber domain using the frequency domain beamforming (FDBF) trans-
formation [33]. This FDBF method is particularly robust for near-surface imaging because it
assumes that the waves from an active source spread out cylindrically. Following the FDBF
transformation, the fundamental mode Rayleigh wave dispersion curve was manually
picked by calculating the mean phase velocity across all shots in the selected frequency
range. The standard deviation was simultaneously computed for each phase velocity
measurement to quantify data variance, yielding a single, composite fundamental mode
dispersion curve for each data collection campaign. For the purposes of this manuscript,
measurement uncertainty was considered to be two times the calculated standard deviation.

To ground the model in real-world conditions, the study incorporated on-site frost
probe and temperature measurements from the area surrounding the DAS surveys at
the locations previously highlighted in Figure 1. These direct measurements of seasonal
thaw depth and in situ temperatures are part of a larger, decadal-scale survey tracking
the evolution of active layer properties in interior Alaska [30]. Specifically, HOBO U23
thermistors, placed at regular depth intervals recorded the temperature profile (Figure 4),
while a traditional steel frost probe was used to map the depth to frozen ground along a
linear transect atop the permafrost (Figure 5). In this figure, attention is called to the point of
the transect that most nearly intersects the area where the DAS arrays were deployed. There
is a clear deepening of the active layer here, which is consistent with the known behavior
of the traversed footpaths that were used for DAS deployment and testing. Together, these
measurements provided reliable estimates for seasonal thaw depth, forming the foundation
for the theoretical modeling. At undisturbed sites, the temperature data suggest that this
depth should be <40 cm in May 2024 and June 2025, and approximately 60 cm thick in
September 2024. However, the transects shown in Figure 5 show that disturbed ground can
increase this thaw depth by as much as a factor of 5. The results are interpreted to indicate
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that the September 2024 dispersion data can be compared against the thickness recovered
from the transect, but that the May 2024 and June 2025 data are not well constrained by the
temperature data collected on undisturbed ground.

Figure 4. Seasonal temperature measurements observed by the HOBO U23 thermistors [30]. A
horizontal dotted line indicates 0 ◦C, and the solid color shaded bars indicate the DAS data collection
times. See Figure 1 for the thermistor locations relative to the DAS arrays.

The final step was to fit the experimental dispersion curves with theoretical data
generated by a Rayleigh wave forward model [34,35]. The primary objective of employing
this simplified two-layer model was to rapidly characterize seasonal changes in active
layer thickness for engineering applications, rather than to perform a high-resolution
geophysical survey and reconstruction of the true subsurface stratigraphy. With reasonable
seasonal thaw depth already established from the field measurements, the model’s primary
unknown variables were the shear wave velocity (Vs), compressional wave velocity (Vp),
and density (ρ) in the surface (active) and subsurface layers. Values for these parameters
were estimated from the work of existing research [1], which characterized the permafrost
in areas near to this test site. The layer thicknesses derived through this process are best
fit estimates, determined by calculating the normalized chi-squared misfit between the
theoretical and experimental dispersion curves (as shown in Equation (1)).

X2 =
1
ν

N

∑
i=1

(Oi − Ei)
2

σi
2 (1)

In this equation, Oi and Ei are the experimental and theoretical phase velocities,
respectively, σi is the measurement uncertainty, and ν is the total number of phase velocity
measurements considered in a calculation. This work remains intrinsically dependent
on the assumptions of the simplified two-layer model, rather than being direct physical
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observations. The resulting minimum misfit values calculated for the forward models
were 2.1 in May 2024, 172.8 in September 2024, and 2.2 in June 2025. Note that the misfit
associated with the September analysis is two orders of magnitude higher, indicating that a
2-layer model may be too simplistic to describe a deeper seasonal thaw. In all cases, the
frozen permafrost half-space was held constant, while the parameters of the uppermost
thawed layer were modified with the temporal changes in DAS response as evidenced by
the data. Table 2 provides a complete summary of the parameters used to find the best fit
for the forward model in all three DAS deployments.

Figure 5. Frost probe measurements indicating depth of the active layer along the permafrost
transect [30]. Special attention is called to the point of the transect that intersected the disturbed
footpath where the DAS arrays were deployed in all three efforts. The location of transect and
deployed DAS arrays is shown in Figure 1.

Table 2. Assumed forward model parameters for a simple, 2-layer permafrost profile.

Seasonal Thaw Depth May 2024 September 2024 June 2025

Thickness (m) 0.8 1.9 0.65

Vs (m/s) 110 80 50

Vp (m/s) 220 160 100

Density, ρ (kg/m3) 1800 1800 1800

Frozen, Half-Space

Vs (m/s) 1500 1500 1500

Vp (m/s) 2200 2200 2200

Density, ρ (kg/m3) 1800 1800 1800
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3. Results
Results for all three DAS deployments are provided in this section. Figure 6 shows

the DAS responses to an inline sledgehammer strike at 0 m offset for each of the three data
collections, respectively.

Figure 6. DAS response to a sledgehammer strike in (a) May 2024, (b) September 2024, and (c) June
2025. In each plot, signal amplitude is plotted against time. Data from each channel trace have been
self-normalized to a maximum amplitude of 1 and are displaced offset by channel position. The
density of lines in each plot reflects the channel spacing associated with each collection.
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The Rayleigh phase velocity fundamental mode dispersion curves obtained from the
strikes are shown in Figure 7. The May 2024 data exhibit a fundamental mode between
36 and 43 Hz with phase velocities calculated between 325 and 1000 m/s, respectively.
The September 2024 data exhibit a fundamental mode between 11 and 14 Hz with phase
velocities calculated between 200 and 1050 m/s. The June 2025 data exhibit a fundamental
mode between 19 and 26 Hz, with phase velocities calculated between 130 and 340 m/s.
The shift from higher frequency/velocity data to lower frequency/velocity data indicates
that the seasonal thaw layer is deepest in September. The higher frequency components
of the curves are fitting shallow structure (i.e., vegetation) while the lower frequency
components of the curves are fitting deeper structure (i.e., permafrost). Standard deviation
of the fundamental mode dispersion curves was calculated by considering phase velocity
differences for individual shot records in each deployment. The calculated standard
deviations of the phase velocities are shown to vary, which could reflect the magnitude of
spatial changes in the heterogeneous disturbed footpath. The error bars shown for each
dispersion curve in Figure 7 represent measurement uncertainty.

Figure 7. Dispersion curves generated via the FDBF transform for sledgehammer strikes: (a) May
2024, (b) September 2024, and (c) June 2025. Vertical error bars represent the measurement uncertainty
across multiple sledgehammer strike records for each collection period.

The results of the modeling suggest that there is variation in both the Vs and the
depth of a seasonal thaw layer from month to month. In May 2024, the best fit seasonal
thaw depth is 0.8 m with a Vs = 110 m/s. In September 2024, the best fit seasonal thaw
depth is 1.9 m with a Vs of 80 m/s. Lastly, in June 2025, the best fit seasonal thaw depth
is 0.65 m with a Vs of 50 m/s. Figure 8 shows each of these best fit fundamental mode
dispersion curves (solid, colored lines) for each month, alongside the experimental data for
that particular month. Bounds on the theoretical curves (indicated by the lightly shaded
regions bound in black curves for each month) show ±10% variation in the seasonal thaw
layer shear wave velocity for each month, respectively.
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Figure 8. Rayleigh dispersion curves fitting a 2-layer permafrost model for May 2024, September
2024, and June 2025 data. Along with experimental data, ranges of theoretical forward modeling
are shown for ±10% variation in the active layer shear wave velocity. T = Seasonal thaw layer
thickness (meters).

4. Discussion
Analysis of the monthly DAS deployments suggests a clear trend in the dispersion

data, with a progression from higher to lower frequencies observed from the May through
September surveys, which is consistent with the seasonal thawing in the uppermost part of
the active layer and sensitivity of this layer to progressively longer wavelengths. While the
forward models for June and September produced results consistent with the expected thaw
depths based on local frost probe measurements of both disturbed and undisturbed ground,
the May deployment showed some discrepancy. The May data did fit a stiffer seasonal thaw
layer (i.e., faster Vs) consistent with notably stiffer, colder ground surface temperatures.
However, the model suggested a seasonal thaw that extended deeper than expected. This
inconsistency points to several key factors related to both model assumptions and field
conditions. The two-layer assumption, for instance, may not adequately capture the
true complexity of the region’s highly variable permafrost, which likely includes features
such as taliks. While this simplified model is highly applicable for rapid, large-scale
spatial assessments, it may be insufficient in environments exhibiting complex subsurface
structure that significantly alters surface wave propagation. The higher calculated misfit
for the September 2024 deployment (172.8, compared to ~2.2 for early-season data) further
highlights the limitations of these assumptions when applied to a more deeply thawed,
heterogeneous late season active layer. This two-layer forward modeling reveals a high
sensitivity to shear wave velocity, where ±10% variation in shear wave velocity resulted in
relatively large deviation in theoretical phase velocities. This suggests that the results are
strongly influenced by local inconsistencies in the active layer structure along the sensing
fiber. It is also important to acknowledge the inherent non-uniqueness of this geophysical
modeling. The strong coupling between Vs and seasonal thaw layer thickness means that
multiple parameter combinations could theoretically produce similar dispersion curves.
Therefore, the results presented here represent best fit values for the assumed parameters
rather than a strictly unique solution. A follow up study might pursue a formal minimum
structure inversion [36] to investigate the appropriate number of model layers supported
by the data.
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The DAS arrays were deployed along a disturbed footpath, a choice made to maximize
surface-to-cable coupling, i.e., limited vegetation between the cable and the solid ground
surface. As demonstrated in frost depth transects by [30], such disturbed areas can have a
significantly deeper thaw layer than the surrounding undisturbed, densely vegetated area.
This spatial distinction is critical for understanding how the auxiliary data constrain the
model across different seasons. For the September 2024 deployment, frost probe transects
directly intersected the disturbed footpath, providing a site-specific physical measurement
that strongly constrained the modeled thaw depth. In contrast, the primary auxiliary
data available for the May 2024 and June 2025 early-season thaw periods were collected
from thermistors located in undisturbed permafrost. Because the uninsulated footpath
thaws more rapidly than the adjacent vegetated tundra, these undisturbed temperature
measurements may not directly reflect the conditions beneath the DAS cable. It is therefore
plausible that a fundamental mismatch exists between the geophysical properties of the
footpath where the data were collected and the idealized assumptions of the forward
model. Despite these challenges, each deployment served as an iteration to improve
the data collection methodology. This process of improvement culminated in the June
2025 deployment, which was executed as a focused test with a significant reduction in
the required time, effort, and personnel, demonstrating the efficacy of this expeditiously
deployable DAS technique for rapid permafrost assessment. For this proof-of-concept to be
used more widely by the engineering community, future studies will prioritize systematic
validation against established geotechnical datasets.

5. Conclusions
This proof-of-concept nondestructive study indicates that a ground surface-deployed

fiber optic cable could be used to estimate temporal changes in the dynamic active layer
of permafrost. This research suggests that nondestructive DAS testing could be used to
monitor large-scale geospatial changes in permafrost structure. A quick, simplified 2-layer
model could be used to efficiently estimate the depth of seasonal thaw across kilometers
of surface-deployed fiber optic cable, providing spatial resolution typically unattainable
with point sensors. As these values are intrinsically dependent on the assumptions and
parameters of the chosen forward model, they must be interpreted as estimated thicknesses
rather than direct measurements. Nonetheless, nondestructive DAS holds promise for
both short-term data collection and long-term continuous monitoring of permafrost across
vast areas. Future research will build upon this proof-of-concept by conducting systematic
comparisons and validations against traditional invasive and geophysical methods.
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