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Abstract Distributed Acoustic Sensing (DAS) is a novel tool in array seismology that measures the
phase of backscattered laser pulses traveling in a fiber-optic cable, and relates this measurement to the
axial strain induced on the cable by a propagating seismic wavefield. Combining DAS with
telecommunications optical fiber networks has begun to address a range of earth science questions where
cost and field logistics have historically hindered observations. Unlike classic inertial seismometers, DAS
instrument response is presently unquantified. This topic includes a variable sensing element—the fiber,
including packaging and installation—which changes between experiments. Ignoring this element, one
DAS record should approximate a fixed-length strain gauge, which exactly measures Earth's motion down
to quasi-static frequencies relevant to geodesy. In this paper, we test this hypothesis using seismological
observations of teleseismic earthquakes and microseism noise spanning the 1 to 120 s period range. We use
a commercial DAS interrogator unit connected to an optical fiber previously used for telecommunication
and a colocated broadband seismometer to estimate the DAS transfer function. We find a 1:1
correspondence with actual ground motion from 10–120 s. At shorter periods (1–10 s), DAS amplitude
response is enhanced by 3–11 dB. Phase response is flat over this range of periods. We interpret the
recovered DAS response function in terms of hypothesized fiber coupling and photonic effects. We propose
this calibration methodology for future DAS experiments where seismic amplitude information is desired.

1. Introduction
The goal of all seismic measurements is to determine the true motion of the ground in response to mechan-
ical vibrations. To be truly useful in studies of Earth's interior, seismic instruments must be able to record
fine vibration amplitudes at the level of 1e−6 m/s ground velocity or smaller. Such precision is inherently
difficult. Only various types of strainmeters, mechanical or optical, and Global Navigation Satellite Sys-
tem sensors can determine this movement directly (Agnew & Wyatt, 2003; Blum et al., 2008; Hohensinn
& Geiger, 2018). In contrast, all inertial seismometers, by far the most common instruments used in seis-
mometry, record the relative motion between the ground and a known internal inertial mass in response to
vibrations (Lay & Wallace, 1995).

In order to relate these measurements to physical units of ground motion, the response characteristics of the
inertial mass system must be known with as much precision as possible. Modern open-loop geophones and
other short-period instruments, as well as electromechanical force-feedback broadband seismometers, are
precisely described by empirical formula or as the numerical coefficients of a transfer function, commonly
known as the instrument response function (Collette et al., 2012). Figure 1 shows the instrument response
functions for four seismic instruments in common use today. Depending on the type of mechanical con-
nection to the seismometer's frame, usually a leaf spring or another elastic device (Wielandt & Streckeisen,
1982), the system response can also show a phase shift with respect to the ground motion. Hence, inertial
seismometer transfer functions commonly are documented in two parts, an amplitude response and a phase
response. Instrument response functions are commonly derived from analytical methods or through cali-
bration testing on shake and tilt tables (Hutt et al., 2009). Today, such response functions are well established
for commercial instruments and typically are included in a parameterized form in the seismic recording
metadata (IRIS-PASSCAL, 2019). Instrument response removal, a process akin to digital filtering, is a com-
mon numerical procedure available in open source libraries such as SAC (Goldstein et al., 2003) and ObsPy
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Figure 1. Instrument response functions for commonly used seismic instruments and DAS, including the CMG-3T
(red) used in this study, CMG-40T (green), and ZLand Nodal geophone (blue). Amplitude functions are offset along the
vertical axis for clarity; seismometers are plotted as dB with respect to V/m/s; the DAS is plotted as dB with respect to
strain. Treating DAS as a strainmeter yields a theoretical DAS amplitude response, which falls to 0 due to the gauge
length effect and is equal to 1 at the low-frequency limit.

(Beyreuther et al., 2010). This description only reflects the ideal case of a perfect coupling of the seismometer
to the ground.

Distributed Acoustic Sensing (DAS) interrogators probe fiber-optic cables buried in the ground to measure
the vibrations of their surroundings. While all manufacturers of inertial seismometers provide instrument
response calibration information with each of their sensors, DAS system manufacturers do not all presently
conform to a single standard. This has resulted in the assumption that DAS measurements are equivalent to
an array of virtual fixed-dimension optical strain gauges popularized in the study of Earth motion at geodetic
frequencies (Blum et al., 2008). The implication of this is that DAS data directly measure true ground motion
at all frequencies subject to notches related to multiples of the gauge length (see Figure 1).

The broadband nature of DAS has largely been overshadowed by the use of DAS in active-source experiments
at high frequencies (𝑓 > 10 Hz; T < 0.1 s). The long-period frequency response of the DAS method has
been demonstrated in recordings of teleseismic earthquakes (Ajo-Franklin et al., 2019; Jousset et al., 2018)
and laboratory and field pump tests (Becker et al., 2017; Becker & Coleman, 2019). To date, the longest
period earthquake signal observed with DAS used a dark fiber DAS array in the Mojave Desert to capture
propagating surface waves down to T = 200 s (Yu et al., 2019). Recently, Becker and Coleman (2019) showed
that DAS can record tidal periods (T = 4.3 × 104 s) in a laboratory setting, albeit with a strain amplitude
7 × 103 times greater than the solid Earth tide.

Generally, DAS studies have focused on seismic wave phase information, which is sufficient to model seismic
wavefield velocities, for example, in vertical seismic profiling (Daley et al., 2016; Mateeva et al., 2014), ambi-
ent noise velocity inversions (Ajo-Franklin et al., 2019; Dou et al., 2017; Zeng et al., 2017), and earthquake
phase identification (Ajo-Franklin et al., 2019; Jousset et al., 2018; Lindsey et al., 2017; Yu et al., 2019). How-
ever, true ground motion amplitudes are necessary for many other seismological processing tasks, including
full-waveform inversion, AVO analysis, moment tensor inversion, and attenuation analysis, which the DAS
community will likely investigate in the near future (Cole et al., 2018; Paitz et al., 2018).

This paper investigates how a telecommunications fiber-optic DAS array and a broadband inertial seis-
mometer respond to the same input ground motion. We utilize a number of large (M > 7) teleseismic
earthquakes and strong ocean microseism noise as the signals for the instrument comparison. Such an
experiment enables estimation of DAS instrument response over the signal period range from T = 1–200 s
with overlap of the two different types of seismic energy around 10 s. In section 2, we detail how pho-
tonic DAS measurements are made and the assumptions involved. In section 3, we describe the empirical
deconvolution method to estimate DAS instrument response. In section 4, we describe the field experiment,
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Figure 2. Conceptual cartoon of the DAS measurement principle: (a)
Distribution of density anomalies in the core of standard-grade single-mode
fiber-optic. (b) Rayleigh scattering of laser light occurs at unknown
impurity locations. (c) As the laser pulse continues down the fiber, the
backscattered light returns to the instrument. Photonic time-of-flight
provides the mapping between measurements of optical phase change and
distributed axial strain acting on incremental fiber sections.

data processing procedure, and earthquake and microseism noise obser-
vations. In section 5, we discuss the deconvolution results.

2. The DAS Measurement Principle
2.1. Background
DAS is the generic name given to a process in which a fiber-optic
interrogator unit is used to measure the dynamics of a strain field act-
ing on a fiber. This process can be accomplished using several distinct
optical approaches; however, all commercial DAS instruments gener-
ate, send, and receive coherent laser light pulses to and from the fiber
that it is attached to. Many DAS instruments utilize the principles of
Rayleigh scattering to measure changes in photon path length. DAS is also
called Distributed Vibration Sensing, Coherent Optical Time-Domain
Reflectometery, Coherent Optical Frequency-Domain Reflectometery, or
phase-sensitive Optical Time-Domain Reflectometery.

There are critical differences between some DAS instruments, which
include whether the input signal is composed of one pulse or two,
whether Rayleigh backscattering phase or amplitude information is ana-
lyzed, whether optical phase information is measured digitally or photon-
ically, and whether such analysis is done in the time or frequency domain.
Here, we restrict our focus to a single commercial instrument, the Sil-
ixa iDAS (Version 2), which is a time domain, single-pulse, phase-based
DAS instrument (Parker et al., 2014). This particular DAS instrument
is among the more widely utilized in the field of earthquake seismol-
ogy (Ajo-Franklin et al., 2019; Jousset et al., 2018; Lindsey et al., 2017;
Wang et al., 2018; Yu et al., 2019). The following discussion of the rela-
tionship between ground motion and DAS data is a synthesis of many
works including Bakku (2015), Bóna et al. (2017), Dean et al. (2017),
Grattan and Meggitt (2000), Hartog (2017), Kreger et al. (2015),
Karrenbach et al. (2018), Masoudi and Newson (2016), Posey et al. (2000),
Parker et al. (2014), and Willis et al. (2017), as well as U.S. patents on the
technology (Farhadiroushan et al., 2009). Please see these resources for
a superior discussion of specific instrument photonics, and the implica-
tions of alternative optoelectronic architectures.

2.2. Sending/Receiving Laser Pulses and Rayleigh Backscattering
Consider a DAS instrument connected to one end of a single-mode fiber. The connection is considered posi-
tion x = 0. Assume the fiber has an average core refractive index of n = 1.45. A 40 ns duration near-infrared
laser pulse with wavelength 𝜆 = 1,550 nm is sent into the fiber (+x direction) at time t = 𝜏0. Inside the
fiber, these photons form a finite pulse approximately 8.28 m in length which moves at a predictable speed,
cn = c∕n = 3 × 108∕1.45 = 2.07 × 108 m/s.

Commercial-grade optical fiber is characterized by its constant refractive index within a precise tolerance;
however, there are density variations in the doped silica glass of the fiber-optic core due to manufacturing
and handling. These give rise to intrinsic and extrinsic Rayleigh scattering of a portion of the light pulse.
The density variations or scattering locations are unknown, but their total distribution is assumed to be
dense, homogenous, and time-invariant. Figure 2 illustrates this concept by shading the variations in refrac-
tive index. Based on the common telecommunications loss standard for Rayleigh scattering at 1,550 nm of
0.15 dB/km, the pulse described here is estimated to lose upward of a few thousand photons every meter,
some of which are backscattered in the opposite direction and return to the instrument.

The outgoing pulse continues moving down the fiber out to a maximum fiber position, x = xmax, which may
be tens of meters to tens of kilometers away from the DAS instrument. No light travels beyond xmax because
all photons have already been scattered or absorbed, or because xmax is the end of the fiber. In the latter case,
optical attenuators are commonly used to mute any remaining light and prevent back-end reflection.
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The backscattered energy returns to the instrument at a predictable time in the range 𝜏0 < t <= 𝜏0 + 2 ∗
xmax∕(cn). Knowledge of xmax and cn is used to delay the next laser pulse by the requisite amount of time in
order to avoid optical interference between pulses.

2.3. Time-For-Distance Transform Locates Scatterers; Gauge Length Effect
The continuous backscattered signal recorded at the instrument is sampled every dt seconds for analysis.
Although the scatterer locations are unknown, the 𝑗th backscattered signal arrival time, t𝑗 = 𝜏0 + 𝑗 · dt,
is assumed to be a two-way traveltime over path length out to the scatter location x = x𝑗 , which can be
computed using cn as in x𝑗 = 𝑗 · dt · cn∕2. This time-for-distance transform ultimately provides the mapping
between the backscattered signal time series and the spatial coordinates of the DAS array data. Every location
is described with a precision due to the uncertainty in the time-for-distance mapping such as x𝑗±LG∕2, where
LG is termed the gauge length. Note that the physical locations of channel position must still be determined,
commonly by hammer “tap-test” surveying with input from as-built installation drawings of the fiber-optic
route. Gauge lengths are conventionally a few meters to tens of meters and act as a low-pass filter on the
strain field (Dean et al., 2017).

Gauge length has several important consequences for the recording of seismic waves, particularly when the
seismic wavelength approaches the gauge length in value (Dean et al., 2017; Hartog, 2017; Martin et al.,
2018). Depending on the optoelectronic design of the DAS instrument, the gauge length may be set by the
hardware (internal reference loop length) or software (time lag between two pulses). If multiple laser wave-
lengths are used simultaneously, or if the raw backscattered signal is recorded and analyzed digitally, then
the gauge length can be selected after acquisition (Hartog, 2017).

2.4. Optical Phase Change Measurement and Its Relationship to Fiber Strain
When a gauge length undergoes axial strain, how is the backscattered signal modified? Coherent light that
has traveled a distance x in a material of refractive index n has a predictable phase measured in radians:

Φ = 4𝜋nx
𝜆

. (1)

The DAS instrument presently discussed employs an optical interferometer to measure the optical phase
change introduced by any path length change, 𝜕Φ∕𝜕t. Recordings of 𝜕Φ∕𝜕t are made at the timescale of the
laser repetition rate (Δt) such that 𝜕Φ∕𝜕t ≈ ΔΦ∕Δt. The incremental phase change, ΔΦ = Φ(𝜏n + t𝑗 , x𝑗) −
Φ(𝜏n−1 + t𝑗 , x𝑗), is assumed to be linearly represented by the expansion:

ΔΦ(t, x𝑗) =
4𝜋nLG

𝜆

[Δx
x

+ Δn
n

+ Δ𝜆
𝜆

]
, (2)

where x𝑗 represents the channel location in linear fiber length and Δx
x

represents the axial strain quantity
of interest (Grattan & Meggitt, 2000). Hence, modifications in backscattering measured as ΔΦ result from
changes in fiber length (Δx

x
) and also from changes in refractive index (Δn

n
) or optical wavelength (Δ𝜆

𝜆
).

To isolate the axial strain effects, we will ignore optical dispersion (Δ𝜆
𝜆

= 0), because Rayleigh backscattering
measurements are made at the incident wavelength (𝜆 = 1,550 nm), and all other light can be filtered out of
the system. Next, temperature changes can cause index of refraction changes (thermo-optical effect) and/or
fiber length changes (thermal strain), but we assume that seismic wave strains the fiber over a timescale
that is much faster than that of soil thermal fluctuations, which are driven by diurnal or seasonal cycles
(10−2 − 102 s ≪ 104 s). Stress can also induce changes in index of refraction (birefringence), but this is
assumed to reduce to a scalar multiplicative factor (𝜁) dependent on known material properties: 𝜁 = 0.79
for pure silica glass with an average Poisson's ratio of 𝜈 = 0.16 at 𝜆 = 1550 nm (Schroeder, 1980). This
value may be significantly lower (𝜁 = 0.735) for light conducted through single-mode fiber glass, which
contains GeO2 dopants and interacts with cladding material (Bertholds & Dandliker, 1988). This analysis
yields an expression for ΔΦ that depends only on the dynamic mechanical strain (dilation or contraction)
of an original fiber gauge length in the axial direction of the fiber, 𝜖xx, as in

𝜖xx(t, x𝑗) =
𝜆

4𝜋nLG𝜁
ΔΦ = 1550 · 10−9 (m)

4𝜋 · 1.445 · 10 (m) · 0.735
ΔΦ = 11.6 · 10−9 · ΔΦ (rad). (3)

In summary, the DAS system we consider injects laser light pulses into a fiber-optic cable and measures
the backscattered signal's optical phase change over time by applying optical interferometry to consecutive
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backscattered signals, which yields array measurements of dynamic strain rate for individual fiber gauge
lengths on the order of 10 m. The DAS recordings of dynamic strain can be contrasted with Brillouin-based
fiber-optic strain techniques that measure the absolute strain acting on the cable but cannot (at present)
record at high frequency or with similar levels of sensitivity (Kechavarzi et al., 2019).

As discussed in the introduction, there are alternative ways to measure ΔΦ. A different DAS instrument
measures ΔΦ between consecutive backscattered signals from the same laser pulse, Φ(𝜏n + t𝑗 , x𝑗) − Φ(𝜏n +
t𝑗−1, x𝑗), instead of between consecutive pulses as described above,Φ(𝜏n+t𝑗 , x𝑗)−Φ(𝜏n−1+t𝑗 , x𝑗). Because the
time between consecutive laser pulses (10−5 s) is much greater than the time between backscattered signal
samples (10−7 s), this alternative instrument records the ΔΦ quantity instantaneously instead of recording
the change in the quantity over the pulse repetition time. Thus, alternative instruments output data with
native units of ΔΦ rate instead of ΔΦ as a convenience, but the measurements are underpinned by the
same process.

2.5. Ground-to-Fiber Strain Transfer
DAS studies typically assume fiber-optic cables are rigidly and uniformly coupled to the Earth, a conve-
nient formalism but not necessarily true (Kuvshinov, 2016; Mateeva et al., 2014). Exploration of DAS strain
transfer issues first appeared in vertical seismic profiling experiments where free-hanging, clamped, and
grouted fibers inside of oil and gas wells showed that data quality can depend systematically on the degree
of rigid coupling (Hartog et al., 2014; Mateeva et al., 2014; Mestayer et al., 2011; Munn et al., 2017). Horizon-
tally trenched direct burial and dark fiber installations face at least as many complications as vertical fiber
installations, including the strain transfer through the fiber and cladding material; cable packing style (e.g.,
aramid synthetic fiber wrapped versus gel-filled with loose-tube); outer cable coating; conduit deployment
versus direct burial; conduit material; degree of contact between the fiber and the conduit; occupancy of the
conduit; number of conduits per trench; age; trench depth; drained versus undrained conditions. More work
is required to understand these potential impacts, which certainly vary between dark fiber DAS experiments
and likely also vary within each DAS array.

Laboratory investigations are beginning to provide a bottom-up understanding of how the isolated
fiber-optic, or fiber cable package act as a sensing element (Becker et al., 2018; Papp et al., 2017). A few mod-
els have been proposed to upscale these results to seismic field data (Kuvshinov, 2016; Reinsch et al., 2017).
Reinsch et al. (2017) proposes a simple multilayer model of one gel-filled/loose-tube fiber-optic embedded
in a telecommunications grade cable buried in sand. The authors suggest that the small strain excited by
earthquakes (1 𝜇m/m) is within an elastic regime of both the ground-to-cable and cable-to-fiber systems.
Based on the cable materials chosen, they calculate that seismic waves propagating at speeds in excess of
100 m/s (minimum soil Vs) are rigidly coupled to their surroundings below T ∼ 2s period.

2.6. Optical Noise
Array seismologists commonly average or stack N seismic records from different sensors to improve
signal-to-noise ratios at a rate of

√
N (Rost & Thomas, 2002). This technique assumes sensors record

a correlated signal and uncorrelated noise. Local uncorrelated ground vibrations destructively interfere
during stacking, but optical noise effects and stationary patterns of fiber coupling may not, or they may
constructively interfere in a problematic fashion.

Several authors have observed local noise in DAS data, which we classify here. One type of noise, referred
to as common-mode noise (Ajo-Franklin et al., 2019; Bakku, 2015; Dou et al., 2017) is characterized by an
infinite-velocity signal (arrives at all channels simultaneously). This is caused by local seismic disturbance
near the interrogator, which vibrates the optoelectronic system and leads to an overprinted signal on all
channel recordings at the same time. Common-mode noise statistics thus depend on the local seismic dis-
turbance and can appear quasi-random. To remove common-mode noise from a seismic data set, Bakku
(2015) proposed utilizing a median filter in time; however, this may be problematic in real-time earthquake
or other event detection algorithms, because normal-incident body waves arrive with near-infinite apparent
velocity and are likely to be removed by such a median filter.

A second type of DAS noise characterized by a random infinite-velocity spike is attributed to laser frequency
drift or laser noise (Zhirnov et al., 2016). This source of optical noise should be ameliorated over time as
laser quality increases and can also be removed with a median filter.
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A third type of optical noise manifests as a reduced amplitude pattern that is quasi-random in space but time
invariant. This common problem in phase-sensitive Optical Time-Domain Reflectometery measurements is
called optical fading (Gabai & Eyal, 2016). Generally speaking, fading results from destructive interference,
which can happen when the random electric fields from scatterers within the fiber sum to a very small total
magnitude (Hecht, 1998). This effect depends on the laser frequency, gauge length, and pulse width but will
be time invariant for a chosen set of recording parameters. One demonstrated fading mitigation strategy
employs multiple laser frequencies (Zhou et al., 2013). Reduced amplitude channel noise can also result
from suboptimal fiber-ground coupling (Ajo-Franklin et al., 2019; Becker et al., 2017; Reinsch et al., 2017;
Willis et al., 2017). Note that photonic fading noise and sensor coupling noise are difficult to distinguish
except at the scale of the array, where sensor coupling is usually identifiable by its systematic pattern or from
field installation information.

2.7. Self-Noise and Dynamic Range
Self-noise and dynamic range are also important response features of any seismic instrument. The minimum
strain rate DAS measurement is ultimately determined by the optical energy or number of photons injected
per pulse and the backscattering profile. The maximum strain rate level is set by the optical phase unwrap-
ping algorithm applied inside of the instrument to recover the strain rate value, or the elasticity of the fiber
itself (Hartog, 2017). Best practice for DAS parameter selection and instrument testing were provided by
the joint industry forum (SEAFOM, 2018); however, specific instrument data sheets are not publically avail-
able at present. We do not consider dynamic range or self-noise in this paper; however, we do observe that
the measured teleseismic ground motions (10−3 m/s) and microseism noise (10−5 m/s) are above the DAS
self-noise.

3. Methodology
Propagating elastic waves are measured at the Earth's surface using a fiber-optic cable connected to a DAS
instrument and a colocated seismometer. The seismometer is oriented in the fiber cable direction (+x direc-
tion) and records the wavefield particle velocity vx convolved with its known instrument response function
g(t). The DAS records the strain rate of the wavefield in the direction of the fiber axis (ėxx), which we assume
is convolved with an unknown DAS instrument response function h(t). After integrating the DAS data
to strain, the two measurements are related through the apparent phase velocity of the wave, cx (Aki &
Richards, 2002):

vx(t) ∗ g(t) = −cx(x, t) ∗ exx(x, t) ∗ h(t). (4)

After removing g(t) from the seismometer data through standard instrument response removal, a Fourier
transform is applied to all quantities. We express the DAS instrument response function in the frequency
domain as

H(𝜔) =
Vx(𝜔)

−cx(kx, 𝜔)Exx(kx, 𝜔)
. (5)

where 𝜔 = 2𝜋∕T, kx = 2𝜋∕𝜆x, X(𝜔) = {x(t)}.

The aim of this paper is to compare DAS and seismometer records to estimate H(𝜔). We focus on two differ-
ent classes of seismic signal: (1) regional and teleseismic earthquakes with surface waves occupying a broad
period range from 10–200 s and (2) weak ambient microseism noise excited by ocean-solid earth interac-
tions and commonly recorded in continental interiors at periods shorter than the teleseism range (2–20 s).
Other seismic wave types could also be utilized. Next, we describe how to estimate H(𝜔) using earthquakes
or ambient noise.

3.1. Deconvolution of DAS Instrument Response
To determine the DAS instrument response, we must first convert the DAS strain and seismometer velocity
values into a consistent format. Daley et al. (2016) showed how the array-nature of DAS can be used to
convert DAS array strain values into particle velocity values in the frequency-wavenumber (FK) domain
utilizing the phase velocity relation c = 𝜔∕k. This FK-rescaling technique reformulates (5) as

H(𝜔) =
Vx(𝜔)

−( 𝜔+𝜂
kx+𝜂

)Exx(kx, 𝜔)
. (6)
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Figure 3. (a) Equal azimuth map projection of Western United Sates showing experiment location in Northern California with black lines indicating teleseism
backazimuths (see Table 1). (b) Fiber-optic cable path or DAS array geometry for the FOSSA experiment showing location of the DAS instrument (Silixa iDAS)
in West Sacramento, the seismometer (red star) about 9 km NW of the DAS instrument and 66 m NE of the fiber-optic cable. (c) Seismometer (Guralp CMG-3T)
recording inside Elkhorn Fire Station. Sensor is sitting on a concrete pad, beside the gray box that contains the digitizer and battery.

Daley et al. (2016) applied the FK-rescaling technique to an active-source vertical DAS data set far from the
free-surface and found a very good comparison with a vertical borehole geophone array. Wang et al. (2018)
applied the technique to surface recordings of earthquakes where the propagating wavefield was observed
to be strongly dispersive. Both studies assumed H(𝜔) = 1 over the period range of interest (T < 1 s). The
FK-rescaling technique may become unstable when the seismic wavefield is dominated by kx values that
approach 0. This may be problematic when teleseismic body waves arrive with near-vertical incidence on
horizontal DAS arrays, or when surface waves arrive from a broadside backazimuth on a linear DAS array.
To avoid the small number division instability, we numerically adjust the frequency and wavenumber values
by the same 𝜂 parameter (see supporting information for details).

4. Data
4.1. Field Experiment
For a period of 3 months beginning in November 2017, a three-component broadband inertial seismome-
ter (Guralp CMG-3T; 750 V/m/s) was installed near a linear section of the Fiber-Optic Sacramento Seismic
Array (FOSSA) experiment (Figure 3) documented in Ajo-Franklin et al. (2019). FOSSA utilized a commer-
cial DAS instrument (Silixa iDAS, v.2, S/N 14033; Parker et al., 2014) with a 10 m gauge length. The DAS
was connected to the southern end of an unlit single-mode long-haul telecommunications fiber-optic cable
running from West Sacramento, CA, northwest to Woodland, CA. Continuous DAS recordings at 500 Hz
sampling rate and 2 m channel spacing were made over the first 24 km of this fiber, resulting in a 12,000
horizontal strain rate component array. For additional details about the FOSSA experiment, please see the
experiment description in Ajo-Franklin et al. (2019).

As described in detail in Ajo-Franklin et al. (2019), the FOSSA optical fiber was installed in 1999–2000
and some information about the fiber-soil coupling profile can be obtained from the as-built installation
notes. The occupied 9/125 μm single-mode used to record DAS is one of 84 gel-filled, loose-tube Corning
LEAF fibers inside one polythelene jacketed and steel-armored cables. This cable was pulled through a 4 cm
diameter high-density polyethelene (HDPE) conduit (wall thickness = 0.5 cm) buried at 1–1.5 m depth in
soil (backfilled and mechanically tamped). This cable and conduit were 1 of 12 in the same bundle. The
section of the fiber presently analyzed was from Channel 4545 (9.09 km linear fiber length from the DAS
instrument) to Channel 5045 (10.09 km).

The seismometer was installed on a concrete foundation inside the Elkhorn Fire Station southeast of Wood-
land, 66 m northeast from the midpoint of this fiber section. A digitizer and data logger (Guralp Minimus)
were used to record the continuous inertial ground motion records at a 200 Hz sampling rate.

Unfortunately, both instruments experienced clock issues during the experiment. A 1 pps NPT time signal
was provided to the DAS, but we could not obtain a GPS signal due to the location of the instrument inside
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Table 1
Teleseismic Event Catalog Used in the DAS Instrument Response Analysis

Region Mw Origin time (UTC) Distance Backazimuth
Alaska 7.9 2018-Jan-23T09:31:43 2,778 km 302◦

Mexico 7.2 2018-Feb-16T23:39:39 3,357 km 139◦

Honduras 7.5 2018-Jan-10T02:51:31 4,355 km 130◦

Peru 7.1 2018-Jan-14T09:08:45 7,088 km 141◦

Papua New Guinea 7.5 2018-Feb-25T17:44:44 1,0804 km 231◦

of a telecommunications point of presence facility. Relative clock differences between the two instruments
were reduced using the maximum signal cross correlation of earthquake or nightly microseism recordings
(see supporting information for details).

4.2. Observations
Global M > 7 earthquakes occurring during the FOSSA experiment (Table 1 and Figure 4a) provided coher-
ent, body and surface wave phase arrivals. DAS records were used to identify major phases; however, in some

Figure 4. Teleseism and microseism ground motions highlight the general similarity between DAS and broadband seismometer signals over a wide period
range. Note that DAS data are strain and seismometer data velocity. (a) Teleseismic event waveforms with dominant period range 20–100 s normalized by event
(black = DAS, strain; gray = seismometer, velocity). (b) Nightly microseism noise power spectral density with peak period around 5–8 s (black = DAS,
velocity; gray = seismometer, velocity; 23:00–07:00 local time). DAS record earthquake phase picks are labeled below the DAS trace, unless the phase was only
visible on the seismometer.
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Figure 5. Effect of FK-rescaling process on DAS recorded strain amplitude
spectra for the 23 January 2018 Alaska M7.9 event. Red line is true
horizontal ground velocity as measured by a broadband seismometer
component in the direction of the fiber-optic cable. Pink line is mean DAS
strain from five gauge lengths (±50 m or 25 channels) of the cable centered
around the DAS channel closest to the seismometer. Gray lines are DAS
channel velocity spectra from these five gauge lengths, plotted with lines
representing the mean (bold black line) and median velocity spectra (bold
blue line). We use the mean five gauge DAS velocity in comparisons with
the seismometer.

cases the P wave phase was only visible on the seismometer record. Event
backazimuths ranged from near the axis of the fiber-optic cable to orthog-
onal to the fiber (Figure 3a). Due to the proximity of the FOSSA dark
fiber DAS experiment to a railway, local train noise disrupted some of the
earthquake event recordings: Alaska M7.9 and Honduras M7.5 were not
disrupted; the recording of Peru M7.1 was limited to 400 s; Papua New
Guinea M7.5 was limited to 575 s; Mexico M7.2 was not usable. The seis-
mic waves from these events were observed to have energy in the period
range T = 1–120 s, with the strongest amplitudes occurring at periods
longer than T = 20 s.

To corroborate the analysis of DAS response around T = 10 s period
and expand the spectral range to shorter periods, we analyzed observa-
tions of ambient microseism noise. At our site, microseism noise has
higher-frequency content than the teleseismic signals, covering the range
from T = 1–10 s. We restrict our analysis to the 10 nights of microseism
noise during the FOSSA experiment time period based on a survey of
probabilistic power spectral density across the Northern California Seis-
mic Network. Data from 00:00–00:25 local time (UTC+7) were chosen
in order to reduce the level of anthropogenic noise. Figure 4b shows
five nightly noise records for both instruments (DAS, 1 channel = black;
seismometer, rotated into fiber azimuth = gray). Nightly spectral charac-
teristics and night-to-night amplitude variations are consistent between
the two sensing approaches. For example, there is a systematic fall-off in
power spectral density away from the secondary microseism peak around
4–8 s. DAS records show stronger spectral response to ambient noise at
higher frequencies relative to the seismometer.

4.3. Seismometer Data Processing
Seismometer data processing involved a linear detrending step, followed
by mean subtraction and application of a symmetric Hanning window

taper. Next, we removed the calibrated instrument response function and digitizer bitweight provided by the
vendor to transfer the seismometer data from raw units of V/m/s into ground velocity units. This included
accounting for the seismometer's sensitivity. This seismometer's transfer function is characterized by a flat
response in amplitude and phase over the period range 0.02–120 s (see curves for CMG-3T in Figure 1).
Then, we rotated the data from the recording frame orientation (NEZ) into the fiber-oriented reference
frame (TRZ; radial = 142◦N) to retrieve the true horizontal ground velocity component aligned with the
fiber. Finally, we applied a zerophase, two-corner, band-pass filter. For teleseismic analysis we filtered the
data from T = 1 − 200 s. For microseism noise analysis we filtered the data from T = 0.5 − 20 s.

4.4. DAS Data Processing
DAS data processing involved converting raw optical phase change to strain rate using the standard con-
version value of 11.6 · 10−9 nanostrains/radian (see equation (3)), followed by linear detrending, mean
subtraction, and tapering, identical to the seismometer workflow described above. Next, we integrated the
DAS data to convert from strain rate to strain units and applied the same bandpass filter described above. We
then applied the FK-rescaling algorithm described in section 3.1 using a DAS section of 100 gauge lengths,
equivalently 500 channels or 1 km, centered on the DAS channel closest to the seismometer.

As described in section 3 and equation (6), the FK-rescaling algorithm has a numerical instability for low
wavenumber seismic phases. The interested reader is referred to the supporting information, where we
describe how we select the scalar water level parameter 𝜂, which is added to numerator and denominator
of the phase velocity term prior to rescaling to avoid this issue.

The effects of these data processing steps on the recorded DAS spectra are illustrated in Figure 5 for an exam-
ple earthquake record. Averaging the rescaled DAS channel data over five gauge lengths, equivalently 25
channels or 50 m, was found to yield a DAS velocity record that could be closely compared with the velocity
spectra recorded by the seismometer. We used the five gauge lengths (±50 m or 25 channels) of the fiber-optic
cable in Sacramento centered on the DAS channel closest to the seismometer. This stacking procedure had
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Figure 6. Observed ground motion velocities for 23 January 2018 Alaska M7.9 event. (a) The 500 DAS velocity records after FK-rescaling (black/white image)
centered on the location of the seismometer record (red star and seismogram; band-pass filter = 10–100 s, p 2, n 4). (b) Maximum DAS amplitude versus
position in a. after gauge-averaging for three separate teleseismic earthquakes (gold = Alaska; cyan = Honduras; magenta = Mexico). Systematic amplitude
variability is interpreted as photonic fading. (c) Horizontal ground velocity record and time-frequency spectrogram from the fiber-oriented seismometer
component; no filter. (d) Same as (c) but for the average of DAS velocity records shown in (a). Both instruments retrieve the strong dispersive Rayleigh wave
with long-period airy phase arriving at 550 s; DAS shows a stronger response for T ≤ 10 s.

the advantage of decreasing decorrelated noise and increasing fidelity of the long wavelength signals that are
the subject of interest in this study. It also provided a local distribution of instrument response results that
we represent using error bars in the results below. Stacking DAS channels beyond five gauge lengths was
not found to substantially modify waveforms. Distant earthquakes and microseism noise excite long-period
ground motions with wavelengths in excess of 𝜆=500 m. Therefore, we can safely stack neighboring DAS
records without sacrificing fidelity. Indeed, Figure 6a demonstrates that the 23 January 2018 Alaska M7.9
teleseismic earthquake wavefield propagates with coherence length scales much greater than 1 km.

For the Alaska event recording shown in Figure 6, time-invariant amplitude reductions of more than 50%
of the peak amplitude were registered at some DAS channels with a quasi-random pattern. Similar fading
patterns were observed for two different teleseismic events that occurred weeks later (Figure 6b). Alterna-
tively, the observed localized amplitude reductions could result from insufficient coupling or local geology,
but we hypothesize that such effects would exhibit a more ordered pattern than was not observed. For exam-
ple, coupling effects should correlate with install condition (e.g., steel versus plastic conduit) or manifest as
a fixed length scale effect related to the twist of the cable inside the conduit. Local geological effects might
correlate with distance from the river. However, there is no variation in coupling or local geology over this
kilometer based on available information. To mitigate the impact of fading in this analysis, we relied on
waveform stacking. Although photonic fading was problematic, common-mode noise issues appeared to be
minimal for our experiment.
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Figure 7. DAS instrument response deconvolution analysis for the 23 January 2018 Alaska M7.9 event records. (top) Waveform comparison of ground velocity
from the seismometer (black) and DAS equivalent velocity (red). (center) Amplitude and phase spectra for two records before deconvolution. (bottom)
Resulting DAS amplitude and phase response spectra after deconvolution. Black line indicates theoretical DAS instrument response shown in Figure 1. The
2-sigma error bars are plotted from the DAS channel distribution used for averaging.
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Figure 8. DAS instrument response deconvolution analysis for microseism noise from the night of 19 February 2018. (left) Waveform comparison of ground
velocity from the seismometer (black) and DAS equivalent velocity (red). (top Left) Amplitude and phase spectra for two records before deconvolution. (bottom
Left) Resulting DAS amplitude and phase response spectra after deconvolution. Black line indicates theoretical DAS instrument response shown in Figure 1.

5. Results
Using the 23 January 2018 Alaska M7.9 earthquake as an example, we found that after the conversion
to comparable velocity units the DAS and seismometer recordings showed many important similarities.
First, time-frequency analysis (Figures 6c and 6d) showed that the shape of the highest-energy fundamen-
tal Rayleigh wave was captured by both instruments. This included the long-period airy phase down to
T = 300 s. In general, the timing and relative energy of body wave phases before the dominant Rayleigh
wave as well as subsequent scattering were well matched. However, the DAS record of the P wave amplitude
was almost a factor of ten lower than the inertial component record, as predicted from azimuthal sensitivity
differences of the two instruments (Kuvshinov, 2016). Late-arriving relatively high frequency surface waves
with dominant energy around 8–12 s were more strongly recovered by the DAS than the seismometer.

Frequency domain deconvolution of the 23 January 2018 Alaska M7.9 DAS record by the seismometer's
record of true ground motion resulted in the empirical estimate of DAS instrument response shown in
Figure 7. DAS phase response was approximately identical to the broadband seismometer, and DAS ampli-
tude response was also approximately identical to the broadband seismometer with increasing response
in the range 1–10 s. These findings are verified with time domain evidence of highly correlated, in-phase
waveforms, equal amplitude response levels at longer periods, and elevated DAS amplitude response lev-
els at shorter periods. Error bars (2-sigma) representing the distribution in DAS channel records from the
five gauge length used for averaging demonstrate that the uncertainty increases when the seismic sig-
nal amplitude decreases. Instrument response estimates outside the range 1–120 s were limited by signal
energy. Similar empirical estimates of the DAS instrument response for this segment of the Sacramento
FOSSA experiment were retrieved using recordings of the 10 January 2019 Honduras M7.5, 14 January
2018 Peru M7.1, and 25 February 2018 Papua New Guinea M7.5 events (see supporting information). The
30–120 s estimates for the Peru event were not considered because the seismometer registered unreasonably
low response.
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Figure 9. (left) Amplitude and (right) phase parts of DAS instrument response function estimated using teleseisms
(light blue) and noise (dark blue). Distribution of teleseism comparisons for the Alaska, Honduras, Peru, and Papua
New Guinea events and 10 nights of microseism noise are represented by box-and-whisker plots illustrating minimum,
first quartile, median, third quartile, and maximum values as a function of signal period. Black line indicates
theoretical DAS instrument response shown in Figure 1.

Additional estimates of DAS instrument response from short period ocean microseism noise around 1–10 s
also result in a flat DAS phase response, and an elevated DAS amplitude response, which is in agree-
ment with the teleseismic analysis (Figure 8). Observing this signal period range in the time domain, as in
the left panel of Figure 8, the DAS is clearly responding with higher sensitivity when compared with the
seismometer.

Figure 9 summarizes the empirical estimates made using four major teleseisms and 10 nights of strong ocean
noise. DAS amplitude response is flat to ground motion from T = 10–120 s but increases from 10 to 1 s. DAS
amplitude response level over 1–10 s is 3–11 ± 2 dB higher than true ground motion. The teleseisms analysis
results in a higher DAS amplitude response (5–11 dB) compared with the microseisms analysis (3–7 dB).
DAS phase response is flat from 1–120 s with slight increase in uncertainty over 1–10 s, possibly related to
reductions in the amplitude of propagating seismic energy at shorter periods.

6. Discussion
To date, DAS studies have largely analyzed high frequency seismic signals (T < 1 s), with only a few stud-
ies presenting evidence of the long-period response of DAS. According to our results, the broadband DAS
response is validated against a high-quality broadband seismometer over the range from 1–120 s. In terms
of frequency range, DAS is found to be as broadband as the broadband seismometer used for calibration.
Usable teleseismic energy falls off at periods longer than 120 s, but the DAS continues to show energy in
time-frequency analysis down to 300 s. This is more than twice as long as the longest period DAS signals
previously documented by Becker et al. (2017) in a hydrogeological pump test and in earthquake studies on
dark fiber DAS arrays (Ajo-Franklin et al., 2019; Yu et al., 2019). One reason for this may be the DAS data
processing approach employed here in which we stack over a window of 50 m, all falling inside of the seis-
mic wave's long coherence length, mitigating uncorrelated channel noise and improving recovery of low
frequency signals.

According to our results, the DAS instrument response function, parameterized as amplitude and phase
response coefficients relative to true ground motion over the period range 1–120 s, can be estimated by
frequency domain deconvolution using a seismometer velocity record as the observation of how the ground
moved. The resulting function is empirical and, as such, has the shortcoming that it cannot, in isolation,
be used to rationalize or separate fiber sensing element effects from optoelectronic effects. Furthermore,
our quantification of the Sacramento array instrument response may or may not be applicable to other DAS
field experiments. The central advantage of this approach is that after conducting this simple test DAS data
can be reduced to true ground motion data, which can be relied upon for accurate wavefield amplitude
measurements, in addition to phase (traveltime) measurements.
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To our knowledge, no previous evidence of DAS instrument response calibration exists. Our results conclude
that DAS amplitude response is flat over the period range 10–120 s, which agrees with theoretical prediction
that the combined optoelectronic/fiber DAS system operates as a linear strainmeter. At periods shorter than
10 s, multiple lines of evidence suggest that DAS amplitude response increases to 3–11 dB above true ground
motion. The effect is less pronounced for teleseisms than for microseism noise, potentially as a result of the
FK-rescaling algorithm's behavior with seismic waves arriving nearly broadside from the coast, or with low
energy microseism noise observations.

Elevated DAS amplitude response at short periods could be caused by the style and degree of rigid coupling
through which strain is transferred from the ground to the fiber. Coupling is a necessary condition for any
seismometer (Lay & Wallace, 1995), yet many DAS studies have concluded that mechanical coupling of the
fiber-optic to the ground had an impact on their results (Becker et al., 2017; Jousset et al., 2018; Lindsey
et al., 2017; Wang et al., 2018; Willis et al., 2017; Yu et al., 2019). Coupling is a static feature of a DAS exper-
iment (fiber array; DAS recording parameters) that should be assumed to not change over the duration of a
typical geophysical campaign (days to months). In vertical wells, grouting the fiber behind the well casing
or using a pressurized permeable sleeve in uncased wells has been shown to improve strain transfer for DAS
measurements (Becker et al., 2017). The topic of coupling horizontally oriented dark fiber experiments that
involve a wide-diameter fiber cable bundle and PVC or HDPE conduit surrounding the fiber has received
less attention. Ajo-Franklin et al. (2019) observed that in the FOSSA experiment three different conduit
styles described by the telecommunications company drawings had a first-order impact on regional dark
fiber DAS earthquake waveform recordings. However, Hooke's Law predict >99% strain transfer for a simple
fiber embedded in sand excited by a long-period ground motion with wavelength 20 m (Reinsch et al., 2017).
We expect that the HDPE conduit material used at FOSSA would modify the amplitude response uniformly
over the period range considered (1–120 s) but may impact the response at shorter wavelengths where the
length scale of the wave approaches that of the conduit. A flat phase response suggests the fiber-conduit
system behaves in a linear elastic regime of strain transfer. We find no evidence for a viscoelastic rise time
required to activate the DAS cable as proposed by Kuvshinov (2016). This may be due to the aramid-wrapped
fiber or drained soil conditions surrounding the conduit in the FOSSA experiment. Gel-filled fibers or sub-
sea or undrained cable conditions may act differently. Calibration of DAS instrument response in a direct
fiber experiment may clarify the conduit's effect. The uptick in DAS amplitude response at T < 10 s could
be related to the mechanical coupling of the conduit-ground system.

Future evaluation of other DAS arrays and other DAS instruments is necessary to understand the wider
applicability of the present conclusions about DAS instrument response. An ultimate aim of future labo-
ratory and field experiments will be to summarize DAS instrument response as a set of poles and zeros
representing the instrumental transfer function. The present study shows that the instrument response
should include both the photonic and fiber characteristics as a single system, with potentially impor-
tant factors including the particular optical interferometry setup, fiber type, cable packaging, and conduit
coupling.

7. Conclusions
DAS instruments enable acquisition of spatially dense recordings of propagating seismic wavefields by sam-
pling the strain field along fiber-optic cables. The DAS method sends and receives laser pulses in the fiber
and measures how the optical phase of coherent Rayleigh backscattering from positions along the fiber
changes through time. DAS instrument response has not been rigorously analyzed, especially at T > 1 s.
In this study, we used a precisely-calibrated broadband inertial seismometer located along a dark fiber DAS
transect to measure the true ground motion exciting the fiber and use these measurements to solve for the
broadband (T = 1–120 s) amplitude and phase response of a widely used commercial DAS interrogator.
We used teleseismic earthquakes and multiple periods of ocean microseism noise as the input signals to
probe the DAS instrument response function. As demonstrated by our results, the DAS frequency range is
as broad as the broadband seismometer used in the analysis. The recovered DAS amplitude response is flat
with respect to true ground velocity in the range 10–120 s but is elevated at shorter periods potentially due
to coupling. DAS phase response is flat over the entire range of investigation.

Additional field and laboratory studies are necessary to clarify DAS parameters, including frequency range,
instrument response, minimum sensitivity, self-noise, and dynamic range, as well as separate photonic and
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cable effects, and characterize other important aspects of this new form of seismometery. The instrument
comparison methodologies proposed in this work could be applied to other DAS experiments with other DAS
instruments as means of interarray calibration, specifically to understand the observed differences between
the recorded DAS amplitude and true ground motion.
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