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Abstract Accurate precipitation data is one of the key inputs for hydrological models, yet traditional
ground-based rain gauges and remote sensing data often lack the necessary spatial coverage and/or resolu-
tion for local environmental applications. This study demonstrates the potential of distributed acoustic sens-
ing (DAS) as a tool for rainfall detection and quantification with high spatiotemporal resolution. We evaluate
data from two distinct fiber-optic deployments in Houston, Texas: a surface cable in a controlled environment
at Rice University campus and a 12-km urban dark fiber array. Rain induces high-energy broadband noise in
DAS data with a strong correlation between the precipitation rate and mean DAS energy, consistent with past
studies using traditional seismic sensors. However, DAS sensitivity to rain is heavily influenced by several ex-
ternal factors, including burial conditions, deployment depth, cable coupling, and seasonal ground coverage.
In complex urban environments, where the signal is coupled directly from surface impacts on utility infras-
tructure, fiber sensitivity appears to be limited to spatial domains where the cable resurfaces from the deep
conduits. Ultimately, our study shows that DAS can serve as a scalable alternative to traditional seismic sen-
sors for distributed rain sensing across urban networks after identifying network portions with environmental
sensitivity.

Non-technical summary Accurate rainfall measurements are essential for predicting floods and
managing water resources, yet traditional rain gauges and satellite data often do not provide enough detail at
the local scale. This study explores whether fiber-optic cables, which are commonly used for telecommuni-
cations, can help measure rainfall. Using a technology called distributed acoustic sensing (DAS), we analyzed
ground vibrations recorded along fiber-optic cables at two locations in Houston, Texas: one in a controlled
campus setting and another along a 12-km urban cable network. We found that rainfall produces clear acous-
tic signals in the cables, and the strength of these signals increases with rainfall intensity. However, how ac-
curately the system detects rain depends on how and where the cable is installed. Factors such as cable burial
depth, its connection to the ground, and surface conditions affect its sensitivity. In cities, the cable is primarily
sensitive to rainfall when it is close enough to the surface. Overall, the results show that fiber-optic networks
could serve as large-scale, high-resolution rain sensors, especially in urban areas where traditional monitoring
is limited.

Epigraph Like Rain it sounded till it Curved
And then | knew ‘twas Wind—
It walked as wet as any Wave
But swept as dry as Sand—
When it had pushed itself away
To some remotest Plain
A coming as of Hosts was heard
That was indeed the Rain—
It filled the Wells, it pleased the Pools
It warbled in the Road—
It pulled the spigot from the Hills
And let the Floods abroad—
It loosened acres, lifted seas
The sites of Centres stirred
Then like Elijah rode away
Upon a Wheel of Cloud.

- Emily Dickinson
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1 Introduction

Over the last 50 years, disasters related to water have ex-
acted significant economic and human tolls across the
world (World Meteorological Association, 2021). Floods
and storms account for 44% and 22% of all natural catas-
trophes worldwide, respectively, making them the two
most common types of disasters (van Loenhout et al.,
2020). Between 2000 and 2019, the number of reported
floods more than doubled, while the number of storms
rose by a third compared to the previous 20 years, and
cumulatively they caused over two trillion USD in eco-
nomic damage, affecting 2.4 million people (van Loen-
hout et al., 2020). Climate change and socio-economic
development in flood-prone areas inevitably increase
the frequency and severity of these events (Winsemius
etal., 2016; Wing et al., 2018). As a result of these trends
and impacts, understanding flood risk is critical for de-
veloping effective strategies for disaster preparedness,
response, and mitigation (Parliament and Council of
European Union, 2017).

One of the fundamental tools in flood risk assessment
are physically-based distributed hydrological models
(Wood et al., 1988; Su et al., 2008). These computational
models require distributed hydrological data, including
precipitation, that can be challenging to acquire, espe-
cially at a large scale (Alfieri et al., 2015; Vorogushyn
etal., 2018; Pavesi et al., 2024). Rainfall estimation prod-
ucts come from three main sources: ground-based mea-
surements, remote sensing, model-based reanalysis, or
a combination of them (Omar et al., 2024). Rain gauges
are the most accurate source of precipitation data (Kidd
etal., 2017). However, databases based solely on surface
rain gauge data (e.g., Menne et al. (2012)) have inade-
quate spatial coverage and resolution for environmen-
tal risk assessment (Saltikoff et al., 2019; Crum and Al-
berty, 1993). Datasets derived from satellite data, such
as passive microwave, infrared, and radar sensors data,
can provide near-global coverage including remote and
ungauged areas (Funk et al., 2015; Ashouri et al., 2015;
Joyce et al., 2004). Yet, their spatial resolution may be
too coarse for local hydrological applications (Behrangi
etal., 2011; Ashourietal., 2015). Lastly, precipitation es-
timates can be obtained through atmospheric reanaly-
sis, which integrates weather observations with numer-
ical models to produce spatially complete precipitation
fields (Hersbach et al., 2020; Gelaro et al., 2017). How-
ever, similar to remote sensing methods, these datasets
are more appropriate for global rather than local flood
risk predictions (Hirabayashi et al., 2013).

In addition to being a source of water, rain is also a
source of seismic energy, as each raindrop hitting the
surface induces a tiny ground motion. The total amount
of energy coming from raindrops is an important re-
search topic as it affects soil erosion and other land-
scape changes (Brandt, 1988; Fornis et al., 2005; Guo
etal., 2013). Rain signature observed in seismic data has
traditionally been treated as noise as it can decrease the
detectability of coherent seismic phase observations
and reduce data quality (Nermark, 2011; Brittan et al.,
2008; Burtin et al., 2011). Recently, a number of studies
have demonstrated how rain-induced seismic signals,
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as measured by inertial sensors, can be used to moni-
tor natural phenomena. For example, fluvial processes
following intense rain, such as bedload, fluid transport,
and others, have been monitored using locally installed
seismometers (Burtin et al., 2011; Schmandt et al., 2013;
Gimbert et al., 2014; Roth et al., 2016). On a larger scale,
permanent seismic stations have demonstrated the abil-
ity to capture storms through flood waves (Chmiel et al.,
2022) and rivers discharge (Diaz et al., 2014). For direct
rain observation, several studies have utilized surface
geophones and established that recorded seismic en-
ergy shows a power-law relationship with precipitation
rate and raindrops’ kinetic energy (Dean, 2017; Bakker
et al., 2022). Due to noise decay with depth (Dean, 2017)
and changing attenuation of seismic energy depending
on soil type, the observed seismic signature varies from
site to site (Rindraharisaonaetal., 2022). Other research
suggests that the bandwidth of the rain seismic signal
also depends on the tool and the deployment conditions
(Dean, 2017; Diaz et al., 2023); however, the exact wave
modes that are excited by rain are not well studied.

Considering demonstrated seismic sensitivity to local
rain events, it should be possible to monitor local and
regional storms using large-N seismic sensor arrays.
However, very few studies have successfully demon-
strated that, particularly on a significant scale or in an
urban environment. Hua et al. (2023) and Diaz et al.
(2023) utilized dense seismic nodal arrays to obtain pre-
cipitation maps with high spatiotemporal resolution,
and the results appeared promising. However, their uti-
lization of a large-scale nodal network suggested limita-
tions since such deployments are not a trivial undertak-
ing due to demanding logistics and costs for deployment
and retrieval, making it challenging to scale up for mon-
itoring purposes. Nodes also have limited battery life
and data storage space, lack options to monitor instru-
ment health or response in real time, and it may not be
feasible to properly install nodes in areas with restricted
space availability or strict permitting requirements.

Given these limitations, distributed acoustic sens-
ing (DAS) might be a better alternative to traditional
seismic sensors for storm monitoring for a number
of reasons. DAS utilizes fiber-optic cables, which are
one of the least expensive, robust, yet highly sensi-
tive seismic sensors (Lindsey et al., 2020; Lindsey and
Martin, 2021). Using DAS, it is also possible to re-
purpose existing decommissioned telecommunication
cables (called dark fiber), which makes this tool espe-
cially attractive in an urban environment with limited
tool deployment options (Ajo-Franklin et al., 2019; Ro-
driguez Tribaldos and Ajo-Franklin, 2021). More recent
advances have also demonstrated DAS recording on lit
telecom cables, which are even more abundant than
dark fiber footprints (Shi et al., 2025; Jia et al., 2021).
DAS also benefits from high spatiotemporal resolution
and has successfully been used for a range of environ-
mental applications (Sobolevskaia et al., 2024; Cheng
etal., 2022; Rodriguez Tribaldos and Ajo-Franklin, 2021;
Shadoan et al., 2023). However, there are few stud-
ies using DAS for rain monitoring. Taweesintananon
et al. (2023) reported identifying distant storms us-
ing an ocean-bottom telecommunication cable by trac-
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ing ocean swells. To monitor a local storm, Shen
and Zhu (2023) utilized an urban underground cable
and recorded wind- and rain-induced noise following
moderate and heavy rain events. However, they at-
tributed the observed signal to water flow in stormwater
drainage systems and observed no direct rainfall signa-
ture.

In this study, we utilize fiber-optic cables in different
settings to monitor rain activity using noise signals in
passive DAS data. At the first site, the cable is deployed
in soil in a strictly controlled environment, while the
second cable is an urban dark fiber array. We analyze
the data collected over several months and demonstrate
that DAS can record direct rain signatures under favor-
able conditions. Using data from the first site, we eval-
uate the effect of the type of deployment, burial condi-
tions, burial depth, and ground cover on the recorded
rain signature. Then, a similar analysis of the dark
fiber data highlights the differences in rain signature
observed in urban telecom network data compared to
the experimental setting. Our analysis demonstrates
the potential of using DAS in combination with dark
fiber for distributed rain gauging across large distances
while preserving high spatiotemporal resolution.

2 Experiment set up, tools, and meth-
ods

The data analyzed in this paper were collected at two
distinct sites. The first dataset comes from a research
test facility on the Rice University campus. There, we
used a short cable installed in a carefully controlled
environment in two dimensions—in a shallow surface
trench and behind the casing of a wellbore. The site is
instrumented with a meteorological station for continu-
ous measurement of local precipitation and other envi-
ronmental variables. The second dataset was recorded
on a dark fiber array that begins on campus and extends
over several kilometers across the city of Houston. The
cable deployment conditions vary depending on the lo-
cation, but predominantly it rests in an underground
conduit with horizontally drilled sections beneath ma-
jor infrastructure. These networks represent different
monitoring conditions, and each has its strengths for
evaluation. We will show how differences in the cable
configuration produce significant variations in the ob-
served seismic rain response.

2.1 Rice Subsurface Test Facility

Rice Subsurface Test Facility (RSTF) is a research well
test site located on the Rice University campus in Hous-
ton, TX. It was originally developed to conduct hydro-
geophysical experiments targeting shallow aquifer re-
sponse and to test new geophysical instruments. For
a full description of the site readers are referred to
Sobolevskaia and Ajo-Franklin (2025). We collected data
using a single-mode fiber-optic cable installed behind
the casing of two wells (Figure la-b). In this paper, we
focus on the surface portion of the cable as well as the
shallowest portion of the cable in the wells. During in-
stallation the well cable was taped to the PVC casing and
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then cemented to the walls. The surface portion of this
cable was placed in a flexible plastic tubing and buried
in soil between the wells and under the gravel as the
cable approached the instrument trailer. In addition
to preexisting equipment, we installed a separate cable
on the surface extending over 140 m (tight-buffered ca-
ble with 4 single-mode fibers, aramid yarn, and HDPE
jacket, Figure 1c). The cable formed aloop starting from
the trailer, going to the meteorological station, then
reaching the northwest edge of the site, turning around
and following a straight line towards the southeast edge
of the Rice campus, and then returning back to the site
following the same path towards the weather station
and back to the trailer. A short section of the cable be-
tween the trailer and the weather station was installed
in a plastic tubing (for cable protection) buried under
the gravel. The rest of the cable was placed in a shallow
trench (5-10 cm deep) back-filled with original soil (Fig-
ure 1d). The soil type varied from soft dirt at the RSTF
to a combination of hard-packed rocky soil, sand piles,
and soft dirt between the RSTF and Main St. To facil-
itate simultaneous data recording across the wells and
the surface portion of the cable, all cables were spliced
in the instrumentation trailer. In addition to DAS, an
array of 3C geophone nodes (IGU-16HR 3C Smart Seis-
mic Sensors, natural frequency of 5 Hz, SmartSolo Inc.)
was installed in a straight line along the surface fiber-
optic cable with 2-m spacing. When possible, the nodes
were placed in 20-cm-deep holes flush with the ground;
however, in places with hard-packed and rocky soil they
were deployed shallower.

The first dataset was collected between January 10
and February 16, 2025. To record ambient noise DAS
data, we utilized a modern DAS interrogator unit (Tre-
ble, Terral5 LLC) with 1.6 m pulse width, 0.82 m spa-
tial sampling, and 1 kHz time sampling rate. The nodes
recorded data with the same time sampling. For the
first four weeks, only the nodes and the well portion of
the DAS cable were recording data; after that the sur-
face cable was added to the acquisition geometry. Dur-
ing the experiment, the meteorological station at the
site recorded multiple rain events on 15 different days.
However, only two days received a substantial amount
of rain (42 and 59 mm cumulatively on January 26 and
February 11, respectively) while for the rest of the days
the average total daily accumulation was under 4 mm.
According to Federal Meteorological Handbook (2005),
the latter are classified as light rain events with precip-
itation rates under 2.5 mm/hr. The rain event on Jan-
uary 26 is classified as moderate (2.5-7.5 mm/hr). The
only heavy rain event (over 7.5 mm/hr) recorded dur-
ing this experiment occurred on February 11. An addi-
tional set of DAS data on the surface portion of the cable
was collected between April 30 and May 12, 2025 with
the same acquisition settings. At this point, there was
a substantial change in the ground and tree coverage at
the site due to seasonal vegetation growth. There were
8 detected rainfall events during this period, 6 of which
were light rains with the total accumulation under 4 mm
per day.
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Figurel Experimental geometry at the Rice Subsurface Test Facility (RSTF). (a) Map and (b) schematic cross-section of the
RSTF. (c) Aerial photograph with a schematic of the surface cable geometry and a map insert. (d) Photographs of the surface
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2.2 Houston Ambient Noise Array

Dark fiber refers to telecommunication cables that are
not lit for data transfer; we repurposed such a dark fiber
section to collect urban DAS data in this experiment
similar to past studies (Ajo-Franklin et al., 2019). In
this project we utilize the Houston Ambient Noise Array
(HANA), the fiber component of which includes a dark
fiber path that extends from the Rice University campus
to the downtown section of Houston (Figure 2a). The
southern end of the cable terminates in a building on
Rice campus where the interrogator unit (IU) is housed.
The cable crosses campus in a network of utility tunnels
and surficial conduit before exiting campus and cross-
ing the city, passing through Houston’s Museum Dis-
trict, Midtown, and crossing Downtown before ending
near Buffalo Bayou. The cable is buried in a conduit
at a substantial depth below the surface and occasion-
ally resurfaces in pull boxes (utility manholes) and sur-
face utility boxes (Figures 2b-c). Surface utility boxes
are above-ground enclosures that provide protected ac-
cess to telecommunication and other utility infrastruc-
ture, housing cable terminations, splices, and associ-
ated equipment for maintenance and network distri-
bution. The surface boxes usually have a metal frame
and a cement base and are placed on sidewalks (Figure
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2b). Pull boxes are underground access enclosures in-
stalled along fiber networks that provide access to fiber-
optic cables for cable pulling, splicing, maintenance,
and slack storage. The pull boxes are positioned on
roads and sidewalks below the surface but at shallower
depth than the actual cable (Figures 2b-c). At these pull-
box locations, the fiber is housed without an external
conduit. The total length of the cable we recorded on
is 12 km, and the physical distance covered by the ca-
ble is about 7 km. The difference between the surface
and optical cable lengths is due to slack cable (excess
cable length intentionally retained to facilitate network
maintenance) at the splicing locations and pull boxes
that range between 30 and 300 m at each of numerous
splicing points.

Two sets of data were collected using this fiber-optic
cable. First, two weeks of ambient noise data were
recorded in June and July 2025 using an IU similar to
the one used for the RSTF experiment (Treble+, Terral5
Inc.) with a pulse width of 9.8 m, a spatial sampling
of 4.9 m, and a sampling frequency of 1.6 kHz. In Au-
gust 2025 we deployed a second type of IU (QuantX, Op-
tasense Inc.) with a gauge length (GL) of 10 m, a spatial
sampling of 1 m, and a frequency sampling of 5 kHz.
In September the spatial sampling was increased to 5 m
and the temporal sampling was reduced to 500 Hz. This
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interrogator was set to continuously record data over
the course of several months. To facilitate data interpre-
tation for the entire cable, weather data were obtained
from multiple stations in close vicinity to the cable us-
ing a publicly available database Weather Underground
(Figure 2a). Over a dozen rain events ranging, from light
to heavy rain and storms, were recorded and analyzed
in each dataset.

2.3 Data Processing

To streamline comparison of the datasets recorded by
different acquisition systems, first, all data are con-
verted from their raw format to strain rate. For the data
collected using Treble+ in its native integrated velocity
format, this involved using a spatial differencing oper-
ator over the gauge length across all time samples. Af-
ter initial testing and rain sensitivity analysis, data col-
lected with QuantX IU was also downsampled to 250 Hz
to improve computational efficiency while preserving
the observed signal. To characterize the rain signature
recorded by DAS, we calculate the power spectral den-
sity (PSD) of the strain rate for all datasets following
the method of Welch (2003). This method estimates the
power of recorded signals as a function of frequency,
averaged over a specific time window. To maintain
high temporal resolution, we used a 60-second compu-
tational window split into 5 segments with a 25% over-
lap. To compress PSD profiles, an additional smooth-
ing in the frequency domain is applied. As a last step,
a lateral smoothing over 5 min was applied to reduce
noise and highlight temporal variations. The final pe-
riodogram volume for each dataset contains PSD as a
function of frequency, spatial location along the cable,
and calendar time.

To identify sections of the dark fiber cable with strong
sensitivity to rain, we calculated the normalized aver-
age DAS energy for the entire cable for each recording
system. First, a median of 1-minute periodograms over
a 5-minute interval was calculated for a period before
and during an intense rain event. We then computed
mean periodogram energy for 80-250 Hz and 40-100 Hz
windows for the Treble+ and QuantX data, respectively.
While the precipitation noise appears to be broadband,
the selected frequency band was driven by the domi-
nant rain energy observed in the respective datasets,
likely influenced by interrogator characteristics. Fi-
nally, the estimated mean energy during rain was nor-
malized by its pre-rain equivalent to remove the vari-
ability in the background energy level. The spikes in the
resulting normalized mean DAS energy correspond to
the zone of increased sensitivity to precipitation events
(Figures 2d).

3 Results

3.1 Rainsignature on the shallow fiber-optic
cable

To demonstrate the rain signature recorded by a shal-
low DAS cable, we first compare DAS recordings imme-
diately before and during a significant rain event in the
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time and frequency domains (Figure 3). Given the prox-
imity of the deployed DAS cable to a busy street, the ex-
ample gather before rain (Figure 3a) clearly shows sur-
face waves generated by passing vehicles. These waves
predominantly contain low-frequency energy (below 30
Hz) and dominate the recording frequency spectrum
(Figure 3b). While the traffic pattern remains similar
as the rain starts, DAS data shows an overall increase
in noise levels across all channels and all recorded fre-
quencies during the rain event (Figures 3c and 3d).
Comparison of low-pass and high-pass filtered versions
of the corresponding recording (split at 30 Hz, Figures
3e and 3f, respectively), demonstrates that rain gener-
ates high-energy broadband noise across all channels
with dominant frequencies between 80 and 250 Hz (Fig-
ure 3d). However, its amplitude and the width of the
spectrum vary along the cable. This suggests that fiber
sensitivity to rain might be affected by external factors
such as burial conditions, soil type, and ground cover,
which we explore in this section.

Earlier studies have demonstrated that for tradi-
tional sensors the average magnitude of a seismic noise
recorded during rainfall is proportional to the precipita-
tion intensity (Dean, 2017). Our study demonstrates that
this remains true for DAS data as well. Figure 4 shows
the time-lapse of mean DAS spectrogram energy above
30 Hz recorded at several locations at RSTF and mea-
sured precipitation for the corresponding time periods.
There were 22 different rain events recorded during
the January-February and May experiments. However,
most of them were light rains with cumulative precipi-
tation not exceeding 4 mm per event and precipitation
rate below 2.5 mm/hr. Regardless of the deployment
conditions, these events did not boost the recorded DAS
energy above the background noise level and are con-
sidered to be below the sensitivity threshold for this
site. The only seeming exception is the rainfall event
on February 15, 2025 that was detected by DAS regard-
less of its small magnitude. However, this rainfall mea-
surement is biased low due to a clog in the rainfall gauge
that was removed shortly after the event.

With increasing precipitation rate, mean DAS energy
rises linearly at all locations, but the rate of this increase
varies across the channels. Figure 5 shows mean DAS
spectrogram energy above 30 Hz as a function of the
precipitation rate for the same locations as in Figure 4.
It should be noted that the vertical scale varies between
the subplots to demonstrate the trend while preserving
the actual amplitudes recorded by DAS. There are mul-
tiple factors contributing to the observed variability in
DAS response. First, the surface fiber at RSTF was de-
ployed in two ways, i.e., in a plastic tubing (the surface
portion of the original cable in the boreholes, Figures
5a-c) and directly in contact with soil (the new surface
cable, Figures 5e-g). In open spaces (i.e., when there
is no obstruction from trees or other objects) a cable
in direct contact with soil (Figures 5e-g) is more sensi-
tive to rain than the same cable deployed in a conduit
(Figures 5a-c) with the overall stronger amplitude and
higher correlation (solid lines in 5) for the latter. Sec-
ond, the soil at the site varies from soft dirt and gravel
at the site to hard-packed rocky soil and sand piles out-
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Figure 2 Houston Ambient Noise Array (HANA) description. (a) Map of approximate dark fiber cable path, test locations,

and reference weather stations. (b) Photograph of an example surface utilities controller box and an adjustment pull box. (c)
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side of the RSTF perimeter. In terms of absolute magni-
tudes, for a cable in direct contact with soil, softer sedi-
ments (Figures 5e, ) facilitate stronger seismic signals
than hard-packed soils (Figure 5g). This can be a con-
sequence of varying coupling and intrinsic soil attenua-
tion. Lastly, we should note that the cable in close vicin-
ity to the instrument trailer shows some false positive
seismic anomalies (e.g., on January 14, 2025, 4a-c) that
weaken further away from the trailer. We believe that
these anomalies are caused by mechanical and electri-
cal noises generated by the instrument trailer. For that
reason the entire portion of the cable under the gravel
pad was excluded from the analysis.

Ground coverage also affects the amount of seismic
energy generated by raindrops. Figure 6 shows DAS en-
ergy recorded at two distinct locations. The first loca-
tion has a regular turf surface with no additional vege-
tation (Figures 6a and 6b), and the second location has a
dense tree line with no leaves in winter (Figure 6¢) and
full foliage in Spring (Figure 6d). In the absence of trees
or any other obstructions to rain, the recorded seismic
energy increases proportionally to rain rate. Hence,
a stronger rain event in May with the maximum pre-
cipitation rate of 17 mm/hr (Figure 6b) generates more
seismic energy than a weaker event in February (maxi-
mum 9 mm/hr, Figure 6a) as recorded in an open space
location. However, when the cable is deployed under
the tree line, the correlation between seismic and rain
energy changes with seasons. In the absence of fo-
liage, the seismic energy detected by the cable under a

6

tree line (Figure 6¢) is similar to the turf location. In
spring, while the DAS amplitudes still rise in response
to rain, the absolute increase in energy drops signifi-
cantly (Figure 6d). Even though the precipitation rate
during the spring event is almost twice as high as dur-
ing the winter event, the recorded seismic amplitudes
are similar during both events. The same trend is ob-
served for other events at this location (Figure 5f) with
the overall drop in rain-generated seismic energy due
to tree coverage, while other open-space locations show
no seasonal change (Figures 5e) and a less dense tree
line leads to a lower rate of seasonal energy drop (Fig-
ures 5g). The presence of vegetation also leads to a small
dip in correlation between the precipitation rate and
DAS amplitudes. For the locations F and G with dense
tree lines and substantial seasonal drop in amplitudes,
the correlation reduces from 0.78 in wintertime to 0.7
and 0.6 in spring, respectively. This suggests that the
spring foliage partially attenuates the energy produced
by raindrop impacts, hence decreasing the correlation
between precipitation and seismic amplitudes.

The last factor affecting DAS sensitivity to rain is the
depth of the cable. We have demonstrated that rain-
drops generate broadband noise with the dominant fre-
quencies between 80 and 250 Hz. However, such high
frequencies typically quickly attenuate with depth. To
confirm this, we provide a comparison of DAS data
recorded over time by the wellbore cable at different
depths (Figure 7). Atjust 0.5 m below the surface (Figure
7b) DAS amplitudes decrease 2.5 times when compared
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to the amplitudes recorded at the surface (Figure 7a)
and at 1.5 m (Figure 7c) the rain-generated seismic en-
ergy is no longer detected by DAS. While these numbers
will vary depending on the sediment (or cement) type
and the type of encasing, the maximum viable fiber de-
ployment depth for rain monitoring will likely remain
within the first few meters.

3.2 Rainsignature on a dark fiber array

Dark telecom fiber data analysis is intrinsically more
complicated in comparison to the data collected in a
controlled fit-for-purpose deployment due to complex-
ities associated with changing and not always known
geometry, fiber type, and installation environment. In
contrast to the RSTF dataset, where precipitation in-
duced significant broadband noise across the entire ca-
ble, the HANA data exhibited no spatially consistent
variations in either time or frequency domains. To iden-
tify local zones sensitive to rain, we analyzed normal-
ized mean DAS energy over the entire cable for the two
recording systems. Figure 2d shows an example sensi-
tivity curve for one of the rain events recorded by the
Treble+ system. Multiple locations along the cable show
increased energy levels during rain events. Close in-
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spection of individual periodograms at these locations
reveals that while these cable segments are sensitive
to precipitation, their signal-to-noise ratios vary signif-
icantly. Here we focus on several locations in different
parts of the cable that have substantial rain sensitivity
on both recording systems (Figure 2). Locations B and
D are within the slack zones at splicing locations with
the cable slack resting in surficial pull boxes. Locations
A and E are outside of the slack zone but next to man-
holes covering fiber-optic junction boxes. Location C is
a control point that corresponds to a non-sensitive zone
with an average ambient noise levels.

Figure 8 shows temporal periodograms at the test lo-
cations covering one heavy rainfall recorded by each
system. The recorded precipitation rate at the closest
weather station(s) is also displayed in white and ma-
genta lines. There is a rapid increase in recorded DAS
energy across all frequencies at the onset of each rain-
fall event. The bandwidth of the rain-induced signal is
constrained by the Nyquist frequency of the recording
system (125 Hz for QuantX and 825 Hz Treble+), sug-
gesting that the physical rain noise is inherently broad-
band. However, lower precipitation rates usually tend
to generate more energy at lower frequencies. There-
fore in additional analysis we set the working frequency
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Figure 5 Cross-plots of precipitation rate versus normalized mean DAS spectrogram energy for selected test locations at
RSTF. Data from the February experiment are denoted by solid blue circles with a solid black trend line, while the May dataset

is represented by triangles with a dashed trend line.

range to 80-250 Hz for Treble+ and 40-100 Hz for QuantX,
as noise at these frequencies dominate the spectrum
during rainfall events. This also helps to eliminate
the effect of low-frequency traffic and infrastructure
noise that contaminates the rain signature. It should
also be noted that this low-frequency background noise
makes defining an average sensitivity threshold for the

HANA array challenging. Because the spectral content
and intensity of this noise can vary considerably even
over short distances, different sensitive zones along the
same cable may exhibit substantially different detection
thresholds.

Shen and Zhu (2023) previously reported delayed,
low-frequency rain signals on a dark fiber array, which

SEISMICA | volume 5.2 | 2026



SEISMICA | RESEARCH ARTICLE | The acoustics of rainfall using DAS

g ’g\(a) Turf (February) (b) Turf (May) (c) Bare tree (February) (d) Funl foliage tree (May) .

o0 =
e 15 19 15 15 15 15 15 &
g 0)
g gl 10 10 10 10 10 10 102 =
BC) S E
<7 5 5 5 5 5 5 5 5 BB
- ? ’ ’ ’ AMM\MANLMA~\¥ ) é
§£0 0 0 &

%’ @ 14:00 18:00 02:00 06:00 14:00 18:00 02:00 06:00

Feb 11, 2025 May 09, 2025 Feb 11, 2025 May 09, 2025
(© ¢ ( (8) .

Figure 6

Impact of ground cover and seasonal vegetation on DAS rain sensitivity at RSTF. The top row shows mean DAS

spectrogram energy (black lines) and precipitation rates (light-blue histograms). (a) February and (b) May data from a turf-
covered location show consistent sensitivity, while data from a location situated under a tree line demonstrate a significant
reduction in recorded seismic energy in May (d) compared to February (c). The bottom row (e-h) shows photographs docu-
menting the surface conditions and canopy density for each corresponding dataset.
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Figure 7 The effect of burial depth on rain-induced DAS response: mean DAS aptitudes at (a) 0.3 m above the surface and
(b) 0.5 m and (c) 1.5 m below the surface compared to (d) precipitation rates recorded at the local weather station.

they interpreted as the acoustic signature of stormwater
drainage flow. Higher frequency (up to 125 Hz) noise
was attributed to rapid filling of the drainage system
during heavy rain. In contrast, the lack of temporal
lag and the presence of broadband energy distinguish
our observations from the aforementioned drainage-
related mechanisms. This spectral signature aligns with
characteristics of the rain signal previously demon-
strated at the RSTF. Consequently, we attribute the ob-

served noise to the direct impact of raindrops on man-
hole covers or other utility infrastructure housing the
fiber-optic cables. This interpretation is further cor-
roborated by comparing cable segments near stormwa-
ter drains with those further away. Although the slack
zones are situated adjacent to stormwater drains, a com-
parison between these sensitive segments and nearby
non-slack segments, which lack proximal drainage in-
frastructure, reveals no clear difference in the onset
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Figure 8 Example periodograms demonstrating HANA rain sensitivity at test locations. The top row shows data recorded
during heavy rain in June by the Treble+ interrogator, and the bottom row shows a September event of a similar magnitude
recorded by the QuantX interrogator. White and magenta lines show the recorded precipitation rate at the nearest weather
station(s).

timing of DAS amplitude increases (Figure 10). These harisaona et al., 2022). Our observations from the
combined spatial and temporal observations suggest RSTF experiment, where a shallow cable is directly cou-
that the rain-induced DAS energy is coupled directly pled to the soil, show the same fundamental behav-
from surface impacts to the infrastructure-housed ca- ior: rain induces high-energy broadband noise, and
ble, rather than being secondary to internal stormwater its mean energy increases linearly with rain inten-
flow. sity. This agreement suggests that, in this setting, DAS

The linear relationship between the intensity of rain records the same physical process as traditional sen-
and DAS amplitude also holds for the dark fiber data. sors - ground movement generated by raindrop im-
Figure 9 presents cross-plots of precipitation rates ver- pacts. However, the geometry of these two measure-
sus normalized DAS amplitudes at the test locations ment types is markedly different. While traditional seis-
across several rain events. At sensitive locations, corre- mic sensor networks are typically sparse due to logisti-
lation coefficients range from 0.31 to 0.78; while their cal and financial constraints, DAS offers dense spatial
values are comparable to the RSTF data, they remain sampling over kilometer-scale apertures at compara-
slightly lower at the majority of the sites. This discrep- tively low cost and small environmental footprint. Diaz
ancy is likely attributable to reduced accuracy in the et al. (2023); Hua et al. (2023) demonstrated that dense
precipitation data across both the time and amplitude nodal arrays can recover accurate spatial precipitation
domains. Specifically, the distance between the test lo- patterns with high spatiotemporal resolution. However,
cations and the reference weather stations ranges be- such deployments are not feasible in many settings and
tween 300 and 1,700 m, which introduces additional un- are difficult to maintain long-term. Our results sug-
certainty regarding rain event onset and the localized gest that DAS can provide comparable data with sub-
volume of precipitation received. Furthermore, except stantially lower deployment and maintenance costs by
for the Herman Park station, all reference weather sta- leveraging existing fiber infrastructure.

tions are installed in a dense urban environment, where
the proximity of buildings and other interfering factors
can degrade measurement accuracy. Consequently, a
lower correlation between DAS energy and rain inten-
sity is expected in these urban settings compared to a
more controlled environment.

In an urban setting, dark fiber cables are also capa-
ble of detecting rain events. However, rain sensitivity in
this environment is spatially localized with detectable
signals primarily near infrastructure where the cable
approaches the surface. This spatial phenomenon is
consistent with the strong depth attenuation observed
at the RSTF, where rain-induced high-frequency signals

3.3 Discussion and Applications
PP were no longer detectable at a depth of 1.5 m. Hence,

The results presented in this study demonstrated the for the purpose of rain monitoring a dark fiber cable
ability of DAS to record a direct rainfall signature, plac- can be treated as an array of surficial sensors embed-
ing it within a broader body of hydrogeophysical stud- ded within a largely insensitive buried cable. Our find-
ies that utilized inertial seismic sensors for similar pur- ings in an urban setting also contrast with those of Shen
poses. Previous studies established that geophones and Zhu (2023), who observed lower frequency signals
and broadband seismometers can detect rain-generated with temporal delays caused by water flow in drainage
high-frequency noise whose amplitudes scale with pre- systems and higher frequency noise related to rapid
cipitation rate (Dean, 2017; Bakker et al., 2022; Rindra- filling of catch basins with storm water. On the con-
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Figure9 Cross-plots of precipitation rate versus normalized mean DAS spectrogram energy for selected test locations on
HANA across multiple rain events. The top row shows data recorded by the Treble+ interrogator, and the bottom row repre-
sents the data recorded by the QuantX interrogator. The best-fit linear trend is represented by solid lines.

trary, we demonstrated broadband near-instantaneous
response at rain-sensitive locations, which is consis-
tent with direct raindrop impact. These differences are
likely caused by variations in installation geometry and
coupling, suggesting that DAS in an urban setting may
record multiple rain-related processes, such as direct
impacts, runoff, and drainage flow, depending on the
cable environment.

Given the demonstrated ability of DAS to record direct
rainfall signatures, there are several potentially trans-
formative applications of DAS in hydrological monitor-
ing and urban planning. While traditional rain gauges
remain the most accurate source of precipitation data,
the existing network of weather stations often has inad-
equate spatial coverage for local environmental risk as-
sessment, and their installation in urban environments
is often impractical due to limited space and accessi-
bility issues. DAS in combination with dark fiber net-
works has the potential to fill critical gaps in precipi-
tation data in these settings. Our study demonstrated
that a fiber-optic cable can accurately detect the onset
of rain and monitor its movement and strength varia-
tion across kilometers of a cable providing data with
high spatiotemporal resolution. The automation of data
processing can allow for real-time active storm develop-
ment monitoring across a city or a rural area, which can
contribute valuable information for inclement weather
warning and management systems. With cables span-
ning tens to hundreds of kilometers, this information
can provide a valuable insight into weather systems at
an unprecedented scale and resolution.

Having said this, we also demonstrate a variety of
challenges when utilizing these networks. Not all lo-
cations and installation environments are equally sen-
sitive (or sensitive at all); this suggests that a key early
effort when occupying networks for similar environ-
mental sensing tasks is to map sensitivity to external
measurands of interest, e.g., rainfall, wind, tempera-
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ture, flood state. This is particularly crucial in cases
like ours where detailed engineering information on the
fiber path, conduit type, and burial depth is not avail-
able. A second challenge is the sensitivity of rainfall
seismic response to vegetation conditions. While the
fit-for-purpose installation at RSTF provided reasonable
response linearity, the seasonality driven by ground
cover and vegetation might make quantitative rainfall
estimates more challenging. However, we should note
that any non-maintained point measurement of rain-
fall (gauge, inertial sensor, etc.) will suffer from similar
challenges. One potential solution for large networks
would be to utilize satellite imagery, now available at
a meter scale and daily cadence, for vegetation correc-
tion. In other words, like any other indirect measure-
ment, DAS signal will require proper calibration for ac-
curate quantitative interpretation.

We should also mention the expanding opportuni-
ties for similar sensing applications on lit fiber used
for telecommunications. While our study had access
to dedicated fiber, the recent availability of L-band
DAS interrogators, e.g. Brenne et al. (2024); Shi et al.
(2025), coupled to appropriate optical filters, has clearly
demonstrated that high-quality DAS datasets can be ac-
quired without interfering with telecommunications.
Considering that fiber-optic networks are very common
in urban environments and continue to grow with the
development of technologies requiring this infrastruc-
ture (e.g., 5G and Al data centers), preexisting cables
can successfully be used for monitoring in many cases.
This substantially reduces costs and demanding logis-
tics associated with the deployment and maintenance
of a large number of traditional sensors, making it an
attractive tool in various settings. Lastly, with proper
calibration, DAS and dark fiber can be used to refine
satellite-derived measurements in rural and ungauged
regions where remote sensing is often the sole source
of data. Looking forward, the implications of this re-
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search suggest that even non-surface fiber, such as ca-
bles mounted on utility poles, could be repurposed for
distributed rain sensing, further expanding the capac-
ity for comprehensive rain mapping across vast urban
and regional networks.

4 Conclusions

In this study we demonstrated that DAS can be utilized
for direct observation of precipitation in different set-
tings. In a controlled environment, the seismic signa-
ture of rain on DAS remains similar to the rain signal
detected by traditional inertial seismic sensors. Precip-
itation noise has a broad frequency spectrum, and its
amplitude increases linearly with intensifying rainfall
rates. Given the strong attenuation of high frequencies
with depth, the rain signature is not detectable when the
fiber is buried more than a few meters underground.
Furthermore, the signal intensity and quality are heav-
ily dictated by installation conditions and the local en-
vironment. While cables in direct contact with soil are
highly sensitive, those buried in conduits or shielded
by dense seasonal foliage show a significant reduction
in recorded energy. In an urban setting, we observe a
similar rain-induced DAS response on dark fiber, albeit
with a more limited spatial sensitivity and an overall
noisier signature. Given the strong correlation between
the onset of precipitation and the surge in DAS energy,
we attribute the observed seismic response to the direct
coupling of raindrop impact energy to the fiber, rather
than to secondary water flow in storm drainage. This
interpretation is further supported by the fact that the
rain-sensitive locations along the dark fiber are situated
within pull boxes, where the cable is not shielded by a
conduit.

In comparison to conventional tools, DAS has a num-
ber of advantages that can make it an attractive tool
for rainfall monitoring. First, using preexisting tele-
com cables substantially reduces installation and oper-
ation costs while increasing areal coverage with a low
environmental footprint. With proper signal calibra-
tion, dark fiber cables can potentially be converted into
a network of distributed rain gauges that will only be
growing with time as the cost of internet-based sens-
ing technologies decreases. Given its high spatiotempo-
ral resolution, DAS data can provide an unprecedented
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insight into storm development in real time. These
data can be further used for flood risk and other hydro-
logical modeling and inclement weather warning sys-
tems. However, the practical application of this tech-
nology in urban settings largely depends on the specific
cable coupling. While we demonstrate a distinct sig-
nature of rainfall at locations where the cable almost
reaches the surface, such as in manholes or pull boxes,
the signal is typically lost in segments where the fiber
is buried deeper in a conduit for protection. The overall
fidelity of the data also remains limited by the interroga-
tor unit’s inherent noise floor, especially concerning its
ability to resolve high-frequency signals. Despite these
constraints, we conclude that under the right geometry
and coupling conditions, DAS in combination with dark
fiber networks has the potential to become a powerful
tool for expanding rain mapping across urban settings
and ungauged environments.
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