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Abstract The application of ambient seismic noise cross correlation to distributed acous-21

tic sensing (DAS) data recorded by subsurface fiber-optic cables has revolutionized our abil-22

ity to obtain high resolution seismic images of the shallow subsurface. However, passive23

surface-wave imaging using DAS arrays is often restricted to Rayleigh-wave imaging and24

2D imaging along straight segments of DAS arrays due to the intrinsic sensitivity of DAS be-25

ing limited to axial strain along the cable for the most common type of fiber. We develop the26

concept of estimating empirical surface waves from mixed-sensor cross-correlation of veloc-27

ity noise recorded by three-component seismometers and strain-rate noise recorded by DAS28

arrays. Using conceptual arguments and synthetic tests, we demonstrate that these cross-29

correlations converge to empirical surface-wave axial strain response at the DAS arrays for30

virtual single step forces applied at the seismometers. Rotating the three orthogonal compo-31

nents of the seismometer to a tangential-radial-vertical reference frame with respect to each32

DAS channel permits separate analysis of Rayleigh waves and Love waves for a medium33

that is sufficiently close to 1D and isotropic. We also develop and validate expressions that34

facilitate the measurement of surface-wave phase velocity on these noise cross-correlations35

at far-field distances using frequency-time analysis. These expressions can also be used for36

DAS surface-wave records of active sources at local distances. We demonstrate the recov-37

ery of both Rayleigh waves and Love waves in noise cross-correlations derived from a dark38

fiber DAS array in the Sacramento basin, Northern California and nearby permanent seis-39

mic stations at frequencies ∼0.1-0.2 Hz, up to distances of ∼80 km. The phase velocity40

dispersion measured on these noise cross-correlations are consistent with those measured on41

traditional noise cross-correlations for seismometer pairs. Our results extend the application42

of DAS to 3D ambient noise Rayleigh-wave and Love-wave tomography using seismometers43

surrounding a DAS array.44
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Introduction45

The retrieval of empirical Green’s functions from cross-correlation of diffused seismic wave-46

fields recorded at pairs of seismometers, primarily ambient seismic noise, led to a major advance-47

ment in surface-wave tomography at local and regional scales, especially in the absence of active48

sources and earthquakes (Shapiro and Campillo, 2004; Shapiro et al., 2005; Yao et al., 2006; Lin49

et al., 2008; Lin et al., 2013; Lin et al., 2014; Nayak et al., 2020). The resolution is primarily50

controlled by the frequency content of background seismic noise (natural or anthropogenic) and51

station spacing, which can be a few tens of km for permanent regional seismic networks (Nishida52

et al., 2008) and as low as ∼10 m for short-term (∼1 month) dense nodal deployments over small53

areas (Roux et al., 2016). Application of noise cross-correlation to distributed acoustic sensing54

(DAS) data has revolutionized our ability to obtain high resolution seismic images of the shallow55

subsurface, particularly for subsurface monitoring and geotechnical surveys in urban areas (Dou56

et al., 2017; Martin et al., 2017; Zeng et al., 2017; Zeng et al., 2017; Martin and Biondi, 2018;57

Ajo-Franklin et al., 2019). DAS is a technology that transforms low-cost fiber-optic cables used58

in telecommunication, usually buried a few meters under the ground, into a linear array of sensors59

measuring strain or strain rate by applying coherent optical time domain reflectometry to detect60

changes in Rayleigh scattering induced by extensional strain (Hartog, 2017). DAS can provide61

dense, wide bandwidth, and continuous long-duration seismic recordings with spatial resolutions62

of a few meters over distances of a few tens of kilometers (Daley et al., 2013; Daley et al., 2016),63

which can be used for noise cross-correlation and high-resolution surface-wave imaging. Exten-64

sive pre-existing networks of unused subsurface fiber-optic cables known as dark fiber can also be65

used for this purpose (Jousset et al., 2018; Martin and Biondi, 2018; Ajo-Franklin et al., 2019;66

Wang et al., 2020; Karrenbach et al., 2020; Zhu et al., 2021).67

The cross-correlation of seismic noise recorded at two three-component inertial seismometers68

yields a nine-component empirical Green’s tensor. In this study, we denote the components of69

empirical Green’s tensor in the Tangential (T)-Radial (R)-Vertical (Z) reference frame as TR, ZT,70
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etc., in which the first and the second letters are the single force direction and the corresponding71

direction of motion at the source and the receiver sensors, respectively. A pair of three-component72

seismometers can provide both Rayleigh wave and Love wave information - Rayleigh waves on73

the four components in the radial-vertical plane (components RR, RZ, ZR, ZZ; hereinafter referred74

to as the [R/Z] components), and Love waves on the TT component (Nishida et al., 2008; Lin75

et al., 2008; Lin et al., 2014; Nayak et al., 2018; Nayak et al., 2020). In contrast, the most76

common geometry of fiber used in DAS is only sensitive to axial strain in the direction of the77

fiber-optic cable and there is only one component (Kuvshinov, 2016). While helical and more78

complicated fiber geometries (Mateeva et al., 2014; Kuvshinov, 2016; Ning and Sava, 2018) have79

been proposed with distinct sensitivities, use of the existing telecommunication installation limits80

us to measurement of a single strain component. For horizontal DAS arrays, cross-correlation of81

radial strain noise recorded by channels in a straight fiber segment returns Rayleigh waves (Dou82

et al., 2017; Martin et al., 2017; Zeng et al., 2017; Zeng et al., 2017; Martin and Biondi, 2018; Ajo-83

Franklin et al., 2019). Cross-correlation of strain recorded by channels that are not in a straight line84

or by DAS array segments of different orientation typically yields a mixture of Rayleigh and Love85

waves (Martin et al., 2017; Luo et al., 2020; Song et al., 2021) that may be difficult to interpret.86

Retrieval of pure Love waves in noise cross-correlations involving DAS data only is difficult due to87

the transverse polarization of Love waves and the intrinsic radial sensitivity of DAS (Martin et al.,88

2018). Therefore, noise cross-correlation and surface-wave imaging using DAS arrays are often89

restricted to Rayleigh-wave imaging and 2D imaging along straight segments of DAS arrays.90

In many regions, dark fiber networks are surrounded by regional seismic stations (Lindsey91

et al., 2017; Yu et al., 2019). Dense temporary networks of seismometers may also be deployed92

along with DAS arrays for active-source surveys (Parker et al., 2018). When both resources are93

present, the integration of DAS with existing seismological networks might have distinct advan-94

tages in terms of spatial resolution and coverage. In this study, we analyze the surface waves re-95

trieved from mixed-sensor noise cross-correlations involving inertial seismometers and horizontal96

DAS arrays. First, we derive expressions for the phase of surface-wave axial strain in an arbitrary97
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direction with respect to the wave propagation direction in the cylindrical coordinate system. This98

permits measurement of surface-wave phase velocity on a single channel of a DAS array at local99

distances for active, passive or virtual sources placed at any backazimuth with respect to the DAS100

array. The expressions are verified by measuring phase velocity on synthetic waveforms using101

automatic frequency-time analysis (AFTAN) (Bensen et al., 2007; Lin et al., 2008). Then we per-102

form synthetic tests to analyze the cross-correlations involving synthetic velocity noise recorded by103

three-component inertial seismometers as virtual sources and synthetic strain-rate noise recorded104

by the channels of a DAS array as virtual receivers, for a homogeneous ambient noise source dis-105

tribution. These noise cross-correlations converge to the empirical strain response of the medium106

at the DAS array for single step forces applied at the seismometer. The three components of a seis-107

mometer, i.e. the single force directions at the virtual source, can be rotated to the T-R-Z reference108

frame with respect to each DAS channel. For an isotropic and 1D medium, we demonstrate that109

the empirical strain response of DAS retrieved from these noise cross-correlations corresponds to110

pure Rayleigh wave for a radial and vertical source, and pure Love wave for a tangential source.111

Using the expressions derived for the phase of surface-wave axial strain in an arbitrary direction,112

we successfully measure Rayleigh-wave and Love-wave phase velocity dispersion on the synthetic113

mixed-sensor noise cross-correlations. Then we demonstrate recovery of surface waves in noise114

cross-correlations derived from real data recorded by a dark fiber DAS array in the Sacramento115

basin, Northern California (Ajo-Franklin et al., 2019) and nearby permanent seismic stations in116

the secondary microseism passband (∼0.1-0.2 Hz) up to distances of ∼80 km. Using the same117

seismometer as a virtual source, we find the Rayleigh-wave and Love-wave phase velocity dis-118

persion measured on mixed sensor noise cross-correlations for a particular DAS channel to be119

consistent with those measured on traditional seismometer-seismometer noise cross-correlations120

for a seismometer collocated with the DAS channel. Our results extend the application of DAS121

to 3D surface-wave tomography and to both Rayleigh-wave and Love-wave tomography. Active122

sources can be used at local distances and ambient noise cross-correlations can be used at both123

local and regional distances.124
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Phase of surface-wave axial strain in an arbitrary direction125

We restrict this study to axial strain in the horizontal plane and horizontal DAS arrays, most126

relevant to surface fiber installation. Measurement of two-point (from a source to a receiver) phase127

velocity on surface-wave records involves measurement of the complex phase using frequency-128

time analysis (Bensen et al., 2007; Lin et al., 2008). We first derive the expressions for the complex129

phase of surface-wave axial strain at an arbitrary direction with respect to the wave propagation130

direction. This permits measurement of phase or phase velocity on a single axial strain record for131

a source placed at any backazimuth. For sources located in line with a DAS array, multi-channel132

methods such as Multi-Channel Analysis of Surface Wave (MASW) or Frequency-Wavenumber133

(FK) analysis can be conveniently used to measure the phase velocity dispersion (Dou et al., 2017;134

Zeng et al., 2017; Ajo-Franklin et al., 2019). A plane-wave approximation is also commonly as-135

sumed for interpreting body-wave and surface-wave records of distant earthquakes on DAS arrays136

(Lindsey et al., 2017; Wang et al., 2018; Yu et al., 2019). Instead, we adopt a cylindrical coor-137

dinate system for horizontally propagating surface waves in an isotropic 1D medium at local and138

regional distances (Aki and Richards, 2002). The far-field surface-wave time series u(r, t) can be139

expressed as the inverse Fourier transform of a kernel U(ω, r).140

u(r, t) =
1

2π

∫ ∞
−∞

U(ω, r)e−iωt dω

U(ω, r) = A(ω, r)eikr+iφ0 (1)

where r, t, ω and k are distance, time, angular frequency, and wavenumber, respectively; φ0141

is an initial phase term, and A is an amplitude factor. k and the phase velocity c are related by142

kc = ω. φ0 is an integral multiple of ±π
4

for surface-wave empirical Green’s functions retrieved143

from multi-component noise cross-correlations (Aki and Richards, 2002). The sign convention of144

the Fourier transform in equation (1) is the same as in Bensen et al. (2007) and Lin et al. (2008),145

and is different from Herrmann (2014). Hereinafter, intrinsic dependencies of U and A on ω and146

r are omitted for the sake of notational simplicity. Figure 1a shows the geometry. Assuming the147
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direction of propagation is at an angle ψ with respect to the +x direction, Rayleigh-wave particle148

displacement
−−→
ULR is in the radial direction (cosψ, sinψ) in the horizontal plane (x, y).149

−−→
ULR = A(cosψ, sinψ)eikr+iφ0 (2)

We can transform equation (2) into Cartesian coordinates using cosψ = x√
x2+y2

, sinψ =150

y√
x2+y2

, and r =
√
x2 + y2. Following Martin et al. (2018), for a displacement wavefield −→u =151

(ux, uy), the axial strain ε in an arbitrary direction at an angle ϕ with respect to the +x direction is152

obtained through tensor rotation (Bower, A. F., 2010, Applied Mechanics of Solids, Appendix D,153

http://solidmechanics.org/, last accessed April 2021).154

ε = (cos2 ϕ)
∂ux
∂x

+ (cosϕ)(sinϕ)(
∂ux
∂y

+
∂uy
∂x

) + (sin2 ϕ)
∂uy
∂y

(3)

We denote the angle between the direction of propagation ψ̂ and the direction in which we155

wish to calculate axial strain ϕ̂ by θ. Applying equation (3) to equation (2) and replacing (ψ − ϕ)156

by θ, it can be shown that Rayleigh-wave axial strain at an angle θ with respect to the direction of157

propagation is given by158

εθ,LR = A

(
∇A.ϕ̂
A

cos θ +
sin2 θ

r
+ ik cos2 θ

)
eikr+iφ0 (4)

The detailed derivation is provided in the electronic supplement. ∇A.ϕ̂ in the first term is the159

directional derivative of surface-wave amplitude along the direction ϕ̂. We assume the generic160

form of geometrical spreading for surface waves A = A0√
r
, in which A0 is a constant and neglect161

anelastic attenuation.162

∇A.ϕ̂
A

= −cos θ

2r
(5)

Simplifying,163
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εθ,LR =
A cos2 θ

r
(−0.5 + tan2 θ + ikr)eikr+iφ0 (6)

Both Rayleigh-wave displacement and strain are zero at an angle normal to the direction of164

propagation (θ = 90◦). Collecting terms that modulate the complex phase of the strain wavefield,165

εθ,LR = A′ei(kr+φ
′)+iφ0

φ′ = atan2(kr, (−0.5 + tan2 θ)) = atan2(2π(r/λ), (−0.5 + tan2 θ))

A′ =
A cos2 θ

r

√
(−0.5 + tan2 θ)2 + k2r2 (7)

A′ is a modified amplitude term. φ′ is an additional phase correction term that must be used166

for correct measurement of Rayleigh-wave phase velocity on a single axial strain record using167

frequency-time analysis. In case of plane-wave approximation (e.g. (Blum et al., 2010)), A can be168

assumed to be a constant and r � λ. Equation (4) reduces to169

εθ,LR,pw = Aik(cos2 θ)eikr+iφ0 = Ak(cos2 θ)ei(kr+
π
2
)+iφ0

φ′pw =
π

2
(8)

The subscript pw in equation (8) denotes plane-wave approximation. In equation (7), the imag-170

inary term kr is essentially 2π times the number of wavelengths traveled (r/λ). At large distances171

that are equivalent to large number of wavelengths, φ′ is nearly equal to π
2

which is the phase shift172

obtained for plane-wave approximation. Additionally, at a fixed distance, the phase correction term173

is more important for longer periods than for shorter periods. φ′ is the same for the angles θ,−θ174

and (180◦ − θ) due to the periodicity and squared value of the tangent function.175

Similarly, Love-wave particle displacement
−−→
ULQ is in the tangential direction (sinψ,− cosψ).176

−−→
ULQ = A(sinψ,− cosψ)eikr+iφ0 (9)
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Note that A is here is different from that for Rayleigh waves, the subscripts are omitted for177

the sake of notational simplicity as we are primarily interested in the phase. Solving in a similar178

fashion (detailed derivation in the electronic supplement), Love-wave axial strain at an angle θ179

with respect to the direction of propagation is given by180

εθ,LQ =

(
(∇A.ϕ̂) sin θ + A

2
(sin 2θ)

(
−1
r

+ ik

))
eikr+iφ0 (10)

Again approximating the amplitude decay by surface-wave geometrical spreading only,181

εθ,LQ =
A

2r
(sin 2θ)(−1.5 + ikr)eikr+iφ0 (11)

Love wave strains are identically zero in both the radial direction with respect to the direction of182

propagation (θ = 0◦; the Love wave displacement is also zero) and also normal to the direction of183

propagation (θ = 90◦; while the Love-wave displacement is maximum, the strain is zero). Equation184

(11) also predicts polarity reversal of waveforms at θ = 90◦. Collecting terms that modulate the185

complex phase of the strain wavefield,186

εθ,LQ = A′ei(kr+φ
′)+iφ0

φ′ = atan2(kr sin 2θ,−1.5 sin 2θ) = atan2(2π(r/λ) sin 2θ,−1.5 sin 2θ)

A′ =
A

2r
(sin 2θ)

√
2.25 + k2r2 (12)

The phase correction term φ′ must be used for correct measurement of Love-wave phase veloc-187

ity on a single axial strain record using frequency-time analysis. The sin 2θ term is present in both188

the real and imaginary component, and controls the sign or the phase quadrant of φ′. Whereas φ′189

for Rayleigh waves is a continuously varying function of θ, φ′ for Love waves depends only on the190

sign of sin 2θ and can take only two possible values for a given period and distance, atan2(kr,−1.5)191

or atan2(−kr,1.5). In case of plane-wave approximation, equation (10) reduces to192
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εθ,LQ,pw = 0.5Aik(sin 2θ)eikr+iφ0

φ′pw =
π

2
sgn(sin 2θ) (13)

Equations (7) and (12) can be used to measure surface-wave phase velocity on a single record of193

axial strain in an arbitrary direction for single force sources at distances in which far-field surface-194

wave approximation is valid (generally, r & λ; (Lin et al., 2013)). Both virtual sources such as195

velocity noise records of inertial seismometers when cross-correlated with strain-rate records of196

noise (see the following section) and active sources such as vibroseis acting in radial, transverse197

or vertical vibration modes (Parker et al., 2018) can be used. The strain records could be from a198

strainmeter (Gomberg and Agnew, 1996) or from DAS. While DAS measures a weighted average199

of strain (or strain rate) over a gauge length, measurement from DAS is expected to be close to200

a point axial strain measurement for wavelengths much longer than a gauge length (Martin et al.,201

2018). For earthquakes, the initial phase φ0 is a function of source depth, source-receiver azimuth,202

focal mechanism, source-time function and elastic properties at the source (Ekström et al., 1997)203

and must be accounted for phase velocity measurement on a single record.204

We also examine the error in the measured phase velocity caused by plane-wave approximation205

(equations 8 and 13). Assuming the correct phase velocity and phase correction factor are c and206

φ′, respectively, and the corresponding quantities for plane-wave approximation are cpw and φ′pw,207

respectively, the measured phase can be expressed as,208

ωr

c
+ φ′ =

ωr

cpw
+ φ′pw

cpw − c
c

=
φ′pw − φ′

2π(r/λ)− φ′pw + φ′
(14)

The relative error can be calculated by plugging in the expressions for φ′ and φ′pw from equa-209

tions 7 and 8, respectively, for Rayleigh waves and equations 12 and 13, respectively, for Love210

waves. The relative error is a function of θ and the distance travelled in terms of the number of211
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wavelengths (r/λ) for Rayleigh waves and only a function of r/λ for Love waves, and is plotted212

in Figure S1. Phase velocity measurements from noise cross-correlations are usually restricted to213

interstation distances r & 2λ − 3λ to avoid bias at shorter distances caused by inhomogeneous214

noise source distributions (Lin et al., 2008; Lin et al., 2014). The error in Rayleigh-wave phase ve-215

locity is . 0.4% for distances & 2λ and θ . 45◦ (Figure S1a). The errors are zero for θ ∼ 35.26◦216

(tan2 θ = 0.5), are positive (measured phase velocity > true phase velocity) for θ > 35.26◦, and217

are negative for θ < 35.26◦. For Love waves, the measured phase velocity is always less than the218

true phase velocity and the error is . 0.4% for distances & 3λ (Figure S1b). For high precision219

tomography or for dispersion measurements at smaller distances (for example, with active source220

data), the errors are larger and the general phase correction factors should be used (equations 7 and221

12).222

To validate these expressions, we measure phase velocity on fundamental mode surface-wave223

synthetic strain waveforms calculated using the California Central Coast Ranges 1-D velocity224

model, GIL7 (Stidham et al., 1999) and the modal summation method, as provided in Herrmann225

(2013). We arrange five receivers at 2 m spacing (h in equation 15) along the x axis centered at the226

origin (Figure 1b,c); the four outermost receivers are used to calculate strain at the central receiver.227

The sources are distributed in concentric circles of radii 30:10:90 km and at angular spacing 10◦.228

We calculate the displacement response along the +x direction for single forces acting in the radial,229

tangential and vertical directions with respect to each receiver. The waveforms, originally sampled230

at 20 Hz, are bandpass filtered between 0.05-1.0 Hz by applying quarter-cycle-cosine tapers in the231

frequency domain at the two corner periods. The axial strain in the +x direction at the central232

receiver is calculated by a 4th order accurate central-difference operator on the displacements at233

the four neighboring receivers, followed by decimation to 10 Hz.234

εxx(x = 0, y = 0) =
−ux(2h, 0) + 8ux(h, 0)− 8ux(−h, 0) + ux(−2h, 0)

12h
(15)

We modified the original AFTAN method (Bensen et al., 2007; Lin et al., 2008) to incorporate235

11



the phase correction factors φ′.236

φ(tmax) = kr − ωtmax + φ0 + 2πN + φ′(kr, θ) (16)

φ(tmax) is the phase measured at the group arrival time tmax. Since equation (16) is non-linear,237

we solve for c = ω
k

using grid search in the range of -30% to +30% around the reference value at238

each period. The reference dispersion curve, which is used to estimate the value ofN , is assumed to239

be the synthetic dispersion curve for the actual velocity model. Similar to noise cross-correlations,240

we impose a minimum distance criterion on phase velocity measurements (r ≥ 2.1λ).241

We measure Rayleigh-wave and Love-wave dispersion on strain records for vertical and tan-242

gential forces, respectively. Figure 2 shows the results. Incorporating the general phase correc-243

tion factor φ′ (equations 7 and 12) leads to correct dispersion measurements (Figure 2a,c). We244

also examine the errors in the dispersion measurements upon applying plane-wave approximation245

(equations 8 and 13). As expected, the errors in Rayleigh-wave phase velocity dispersion measure-246

ments are greater at longer periods and vary smoothly with θ (Figure 2b). The errors are . 1.0%247

for θ . 50◦ at these distances and periods typically used in noise cross-correlation tomography248

(r ≥ 2.1λ in this study). In the infrastructure frequency range, for example at ∼5 Hz, typical249

phase velocities from other DAS studies are ∼300-500 m/s (Dou et al., 2017; Zeng et al., 2017;250

Ajo-Franklin et al., 2019), which necessitates distances & 120-200 m and θ . 55◦ for errors251

. 1.0%. While the general phase correction factor leads to correct measurements at θ & 60◦, prac-252

tical recovery of reliable measurements could be difficult due to decreasing amplitudes of Rayleigh253

waves and the effect of 3D velocity structure, as we show in the following discussions. For Love254

waves, the errors are . 1.0% at these distances and periods for all θ (Figure 2d).255
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Ambient Noise Cross-Correlations between Inertial Seismometers and DAS256

In this study, we assume that ambient noise sources are uniformly distributed over Earth’s257

surface. We refer readers to (Paitz et al., 2019) for a more detailed discussion of noise cross-258

correlations involving DAS data for an inhomogeneous noise source distribution. The cross-259

correlation of components i, j of velocity v recorded at sensors A, B at locations xA, xB, re-260

spectively, in the frequency domain (Prieto et al., 2011; Nayak et al., 2018) can be written as261

〈v∗i (xA, ω)vj(xB, ω)〉 ∝ −Gij(xA,xB, ω) (17)

Gij(xA,xB, ω) is the jth component of displacement at virtual receiver B in response to an in-262

put single step force in direction i at virtual source A. 〈〉 implies stacking results for data recorded263

over multiple time windows known as ensemble averaging. The velocity records are usually spec-264

trally whitened prior to calculating the cross-spectrum to reduce the effect of non-flat nature of265

the ambient seismic field (Bensen et al., 2007). Various spectral normalization techniques don’t266

appear to affect the phase of the noise cross-correlations (Prieto et al., 2011). Many studies have267

shown that the three components of the sensors, usually in the east (E)–north (N)–vertical (Z) ref-268

erence frame can be rotated to T-R-Z reference frame after cross-correlation if the same temporal269

and spectral normalization factors are used for all components (Lin et al., 2014; Nayak et al.,270

2018). We will consider a three-component sensor at the source location with the components ori-271

entated in the T-R-Z reference frame and a single-component sensor at the receiver location with272

the component at an arbitrary direction X in the horizontal plane.273

〈v∗i (xA, ω)vX(xB, ω)〉 ∝ −GiX(xA,xB, ω) with i = T,R, Z (18)

Taking a spatial derivative in the X direction direction at the virtual receiver B,274

〈v∗i (xA, ω)
∂vX(xB, ω)

∂xX
〉 ∝ −GiX(xA,xB, ω)

∂xX
(19)
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The ensemble-averaged cross-correlation of noise in velocity at one sensor (virtual source) and275

noise in axial strain rate at the other sensor (virtual receiver) should converge to empirical axial276

strain in the same direction at the virtual receiver in response to single step forces at the virtual277

source. In this study, we focus on axial strain-rate noise records from DAS arrays. A single278

component measurement and arbitrary orientation of fiber-optic cables in DAS arrays, especially279

in pre-existing dark fiber, precludes any separation of the recorded surface-wave wavefield into280

Rayleigh waves or Love waves for simplified analysis. However, a three-component sensor as a281

virtual source in noise cross-correlations allows us to rotate the source components to a T-R-Z282

reference frame and analyze Rayleigh waves and Love waves recorded on DAS arrays separately.283

Consider single forces applied at a source location in radial or tangential direction with respect284

to a particular channel of a DAS array oriented at angles 0◦ ≤ θ ≤ 90◦ with respect to the wave285

propagation direction (Figure 3). The medium is 1D and isotropic. A radial force and tangential286

force will result in Rayleigh waves and Love waves with the maximum displacement in radial and287

tangential direction, respectively, and zero displacements in the orthogonal direction (Figure 3a-b,288

e-f). The displacement along the fiber at angles 0◦ < θ < 90◦ is a vector sum of displacements in289

radial and tangential direction and still corresponds to pure Rayleigh waves and pure Love waves290

for the radial and tangential force, respectively, because displacement along one of the orthogonal291

directions is identically zero (Figure 3c, g). Therefore, for an ideal 1D and isotropic medium,292

displacements and strains at angles 0◦ < θ < 90◦ correspond to pure Rayleigh waves and pure293

Love waves, for radial/vertical and tangential forces, respectively.294

If a medium is weakly anisotropic or 3D, a radial force will generate small displacements in295

the tangential direction (RT) in addition to Rayleigh waves in the radial direction (RR) (Figure 3d).296

The net displacement along the X direction is given by uRX = uRR cos θ+uRT sin θ; the direction297

cosine corresponding to the RR component is greater for θ ≤ 45◦. Rayleigh-wave strain amplitude298

varies as cos2 θ. Therefore, for small values of θ (. 30◦), the net displacement and strain along the299

fiber are expected to be dominated by Rayleigh waves. Similarly, a tangential force will generate300
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small displacements in the radial direction (TR) in addition to Love waves in the tangential direc-301

tion (TT) (Figure 3h). The direction cosine corresponding to the TT component displacement in302

the expression for net displacement along the X direction (uTX) is greater for θ ≥ 45◦ . Love-wave303

strain amplitude varies as sin 2θ with the maximum at θ = 45◦. Therefore, for 45◦ . θ . 75◦,304

the net displacement and strain along the fiber are expected to be dominated by Love waves. We305

speculate that for a weakly 3D medium, a tangential force at the source is expected to generate306

Love-wave strains, and radial and vertical forces are expected to generate Rayleigh-wave strains307

for a range of favorable orientations. In the absence of a 3D velocity model, straight raypaths can308

be initially assumed for rotating the horizontal components of the seismometer acting as the virtual309

source to separate the Rayleigh and Love wavefields in the noise cross-correlations. Thereafter,310

the measured surface-wave phase traveltimes can be inverted for 3D velocity anomalies. For a311

smoothly varying initial or background 3D velocity model, it is possible to trace the minimum-312

time surface-wave raypaths for period-specific 2D phase velocity maps. The improved estimates313

of take-off azimuths at the source and arrival angles at the DAS array can be used to rotate the314

horizontal components of the seismometer and to calculate the phase correction factors (equations315

7 and 12), respectively (Snieder, 1986; Yoshizawa and Kennett, 2004). The improved phase trav-316

eltime measurements can be used for iteratively updating the velocity model. In case of significant317

3D structure or anisotropy, the displacement amplitudes on the RT and TR components can be318

comparable to those on the RR and TT components (Nayak et al., 2018). In such conditions, the319

assumption that the strain response to radial/vertical and tangential forces corresponds to Rayleigh320

waves and Love waves, respectively, is likely to break down.321

Hereinafter, we term the components of noise cross-correlations involving an inertial seis-322

mometer as a virtual source and channels of a DAS array as virtual receivers as TX, RX and ZX323

in which the first letter is the direction of the seismometer component or the single force applied324

at the source location and X is the arbitrary direction along which axial strain-rate noise or the325

empirical axial strain response is measured at the receiver location, which is the direction of the326

cable at a channel. T, R, and X directions are specific to each channel of the DAS array. In order327
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to demonstrate the recovery of Love waves on the TX component and recovery of Rayleigh waves328

on the RX and ZX components of noise cross-correlations in a 1D isotropic medium, we per-329

form synthetic tests on cross-correlation of synthetic ”noise” similar to Nayak et al. (2018) mod-330

ified after (Herrmann, R.B., Update to do mft for the determination of phase velocities from em-331

pirical Green’s functions from noise cross-correlation, www.eas.slu.edu/eqc/eqc_cps/332

TUTORIAL/EMPIRICAL_GREEN/index.html, last accessed November 2020). In a 100 km333

× 100 km domain centered at the origin, three-component seismometers are placed in concen-334

tric circles of radii 12 km and 28 km, and at angular spacing 15◦ (Figure 4a). A hypothetical335

DAS array with channel spacing 0.2 km is laid along the x axis from -7 to +7 km (Figure 4a,b).336

For constructing synthetic noise records at the seismometers, we sum filtered (0.1–1.0 Hz) three-337

component velocity waveforms that are generated by randomly oriented force vectors (amplitude338

range –1 to +1) at random locations (but at least 50 m away from all receivers) on the surface339

with 20 sources acting simultaneously every three seconds (Figure 4a). The synthetics are funda-340

mental mode surface-wave responses for the GIL7 model calculated using the modal summation341

method. We also calculate the net velocity response for the noise sources along the +x direction342

at five receivers placed at 2 m spacing along the x axis centered at each channel of the DAS array343

(Figure 4c). For each channel (central receiver), the synthetic axial strain-rate noise along the +x344

axis is calculated by numerical differentiation applied on velocity at the four neighboring receivers345

(equation 15). The exact methodology for noise cross-correlation applied to real data as described346

in the Appendix A1 is applied to 13 days of synthetic noise. For each source and channel, we347

rotate the final “noise” cross-correlations to TX, RX and ZX components. The cross-correlations348

of synthetic noise for a few “source” seismometers with the DAS array are compared with the349

theoretical axial strain response waveforms in response to input single step forces, GiX(xA,xB ,ω)
∂xX

350

(equation 19) in Figure 5 and Figure S2.351

As expected from conceptual arguments (Figure 3a-c,e-g), TX and (RX, ZX) component noise352

cross-correlation waveforms correspond to Love waves and Rayleigh waves, respectively, in ideal-353

ized conditions (1D isotropic media and homogeneous distribution of background noise sources).354
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The cross-correlation waveforms show good comparison with theoretical responses. As expected,355

Love wave amplitudes are identically zero at θ = 0◦, 90◦, 180◦ and change polarity at θ = 90◦.356

Rayleigh wave amplitudes decrease towards zero at θ = 90◦. We recover meaningful Love waves357

for a wider range of angles (θ ∼ 10◦ − 80◦) in the cross-correlations compared to Rayleigh waves358

(θ ∼ 0◦ − 60◦) likely because Rayleigh wave amplitudes decay faster than Love wave amplitudes359

as a function of θ (cos2 θ vs sin 2θ variation).360

We also measured surface-wave phase velocity dispersion on waveforms retrieved from cross-361

correlation of synthetic noise for seismometer sources in the outer circle (Figure 4a) using AFTAN362

analysis, incorporating the general phase correction factors derived in the previous section. In363

order to examine the errors as a function of θ, we do not apply any signal-to-noise ratio (SNR)364

threshold to select better measurements (Lin et al., 2014) beyond the default quality control in the365

AFTAN method (Bensen et al., 2007); this is justified because we did not add any random noise366

to the waveforms. In the following, the angle θ is defined to be the acute angle between surface-367

wave path and the direction of the axial strain (x axis) for simplicity. As shown in Figure 6 and368

Figure S3, the measured phase velocity dispersion is consistent with the predicted dispersion for369

the GIL7 model for a range of orientations for Rayleigh waves (θ ∼ 0◦ − 45◦) and Love waves370

(θ ∼ 15◦ − 75◦). The results for other angles show greater errors, which is primarily an effect371

of reduced amplitudes of Rayleigh waves and Love waves closer to θ ∼ 90◦ and θ ∼ 0◦, 90◦,372

respectively. These results could doubtlessly be improved by expanding the domain over which373

the background noise sources are distributed (Figure 4a) and stacking noise cross-correlations for374

a longer period of time. The derived phase correction factors are valid for the entire range of375

θ. The temporal and spectral normalization methods applied on the strain-rate waveforms do not376

seem to cause any additional errors. For real data, we expect the analysis to be only limited by377

non-uniformity of background noise source distribution similar to the limitation for standard noise378

cross-correlation tomography applied to seismometer data only, and the presence of severe 3D379

structure or anisotropy that precludes the assumption that TX and (RX, ZX) component waveforms380

correspond to Love waves and Rayleigh waves, respectively.381
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Validation on Real Data382

DAS array data were acquired on a dark fiber as part of the Lawrence Berkeley National Labo-383

ratory Fiber-Optic Sacramento Seismic Array experiment in the Sacramento basin, Northern Cal-384

ifornia in 2017-2018 (Figure 7). The array consists of 23 km of dark fiber oriented primarily in385

two directions. Starting from the interrogator unit in West Sacramento, the recording profile first386

extends from an urban area into farmland near the Sacramento river in a northwest direction. It387

crosses Interstate 5 highway and then turns west towards the city of Woodland. The DAS data388

were acquired at 500 Hz, channel spacing of 2 m and gauge length of 10 m. The experiment also389

included a single broadband seismometer at the temporary station BB00 (Guralp CMG-3T, ∼120390

s corner period) installed inside the Elkhorn Fire Station, 66 m northeast of channel 4800 and391

operated mostly in 2018. Further details about the DAS array, the broadband station, and the data392

acquisition are provided in Ajo-Franklin et al. (2019) and Lindsey et al. (2020).393

We first calculate noise cross-correlations using data recorded by the DAS array for every394

20th channel (∼4 gauge lengths ∼40 m) and nearby permanent seismic stations, which include395

broadband sensors, vertical and three-component short-period sensors and accelerometers. The396

methodology for pre-processing the data and cross-correlation is described in Appendix A1. For397

each station and channel, we rotate the final noise cross-correlations to TX, RX and ZX compo-398

nents. Figure 8 shows the noise cross-correlations involving seismic stations and the DAS array.399

Similar to the DAS array, we calculated noise cross-correlations between the temporary broad-400

band sensor and the regional permanent stations. These cross-correlations were rotated from the401

E-N-Z reference frame to the T-R-Z reference frame in the standard way (Lin et al., 2014). For402

the same seismometer as the virtual source, we compare TX, RX and ZX components of cross-403

correlations involving the DAS array with the TT, RR, and ZR components of cross-correlations404

involving the temporary broadband station, respectively in Figure 8 (same force direction at the405

source, horizontal component at the receiver). The waveforms are filtered in the passband∼0.1-0.4406

Hz. Coherent seismic wave propagation with a well-defined moveout can be observed in the noise407
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cross-correlations up to distances of ∼80 km in the secondary microseism passband. Among the408

DAS array channels we utilize, channel 4791 is closest to the temporary broadband seismometer.409

The waveforms of the seismometer-DAS noise cross-correlations compare well with waveforms of410

seismometer-seismometer noise cross-correlations in terms of timing of the dominant phases and411

the relative amplitudes of the causal and anti-causal sides. We interpret the coherent waves in the412

TT and TX component waveforms as Love waves (Figure 8a,e), and waves in the RR, RX, ZR and413

ZX components as Rayleigh waves (Figure 8b,c,d,f). Other examples are shown in Figure S4. For414

stations present close to one end of the DAS array (SAC, Figure S4a), the Love waves moveout415

can be traced back to time t∼0 s. For some virtual sources, the obvious change in the structure416

of waveforms at channels ∼6700-7000 (e.g. Figure S4a) is due to the change in orientation of the417

DAS array from the southeast-northwest to the east-west direction. For paths to the DAS array that418

are approximately in the north-south direction, subparallel to the coast, the effect of inhomoge-419

neous noise source distribution is evident in phases with moveout inconsistent with time t=0 at the420

source position (station OST, Figure S4f) (Stehly et al., 2006; Stehly et al., 2008; Ma et al., 2013).421

In fact, the intrinsic array nature of DAS makes it suitable for locating anomalous background422

noise sources (Ma et al., 2013). As expected from theory, almost no coherent waves are recovered423

at channels in the east-west segment (∼7000-11000) for normal (θ ∼ 90◦) surface-wave paths in424

either ZX or TX component (Figure S4d-f).425

Dispersion is a characteristic of surface waves in multilayered media (Dziewonski et al., 1969;426

Herrmann, 1973). In order to further verify the nature of waves observed in noise cross-correlations427

between the permanent seismometers and the DAS array, we compare the phase velocity dispersion428

measured on the cross-correlation waveforms for the channel closest to the temporary broadband429

station (channel 4791) with the phase velocity dispersion measured on cross-correlations with430

the temporary broadband station for the same virtual source seismometers. For the seismometer-431

DAS cross-correlations, we use AFTAN analysis with the general phase-correction factors (equa-432

tions 7 and 12). Measurement of phase velocity dispersion for seismometer-seismometer cross-433

correlations was performed using standard AFTAN analysis. We used dispersion curves for a434

19



1D model from a different section of the Great Valley (model CV0) (Nayak and Thurber, 2020)435

as reference. The methodology for calculating SNR for selecting good quality measurements is436

described in Appendix A2 in Nayak and Thurber (2020).437

Figure 9 shows comparisons of group velocity and phase velocity dispersion measurements.438

We recovered coherent and well-isolated waves with good SNR on TX component waveforms for439

many source seismometers. There is an excellent match between Love-wave dispersion measured440

on the TX and TT components for many stations over a wide range of θ (Figure 9a). Unsur-441

prisingly, cross-correlations with the temporary broadband seismometer yield more long period442

measurements. The measurement of Rayleigh-wave dispersion required more careful analysis.443

The study area is a deep sedimentary basin with the basin depth generally increasing towards west444

(Wentworth et al., 1995; Fletcher and Erdem, 2017). Sedimentary basins are known to generate445

strong-amplitude higher mode Rayleigh waves, especially in the radial component at the receiver446

(Ma et al., 2016). RX and ZX component waveforms showed complex long-duration arrivals that447

we inferred were possibly a combination of multiple Rayleigh waves modes. One of the benefits448

of multi-component noise cross-correlation involving two three-component seismometers is that449

fundamental and 1st higher mode Rayleigh waves can be clearly distinguished by their particle450

motion (retrograde vs prograde) on the [R/Z] components (Ma et al., 2016; Nayak and Thurber,451

2020). However, the array nature of DAS can also be used to delineate velocities of different modes452

(Dou et al., 2017). In this study, we follow a simple approach for the comparisons. First, we iden-453

tified virtual source stations that generated strong and clear 1st higher mode Rayleigh waves at the454

temporary broadband seismometer, identified using particle motion in the noise cross-correlations.455

Following the procedure in Nayak and Thurber (2020), we estimate an average time-series assum-456

ing prograde elliptical particle motion for measuring the dispersion curve. We selected the 1st457

higher mode (or 1st overtone) for comparison because it is expected to have greater amplitudes on458

noise cross-correlations for the DAS array, which correspond to the horizontal axial strain response459

of the medium. Many of these virtual source stations also generated waves with good SNR in simi-460

lar time windows in the RX and ZX components of the seismometer-DAS noise cross-correlations.461
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For virtual source stations with a three-component sensor, we corrected the RX and ZX compo-462

nents for the phase difference in the two force directions at the source similar to Nayak and Thurber463

(2020) and averaged the two components to measure the dispersion curve. We also reduced the val-464

ues of model CV0 reference dispersion curve by ∼5% for cross-correlations with station BDM to465

get realistic phase velocities in the measurements. We obtain a reasonably good match in the group466

and phase velocities for the 1st higher mode Rayleigh wave (Figure 9b). Paths to some stations467

such as BDM and 68034 traverse significant 3D structures, with seismic velocities increasing along468

these paths from the low-velocity sedimentary basin to the faster rocks of the Coast Ranges to the469

west (Fletcher and Erdem, 2017). Even for these paths, we observe fair agreement between phase470

velocities measured on seismometer-DAS and seismometer-seismometer noise cross-correlations471

(Figure 9), demonstrating reasonably good separation of Rayleigh and Love wavefields on the472

multi-component seismometer-DAS cross-correlations.473

Conclusions474

In this study, we derive expressions for phase of surface wave axial strain in an arbitrary direc-475

tion, valid at far-field distances (r & λ). This allows measurement of surface-wave phase velocity476

at single channels of DAS arrays and strainmeters in response to virtual sources or active sources477

such as vibroseis at local distances (i.e., at smaller distances than is possible assuming a plane478

wave) at any backazimuth. We develop the concept of retrieving empirical surface waves from479

mixed-sensor cross-correlation of velocity noise recorded by three-component seismometers and480

strain-rate noise recorded by DAS arrays. Using tests on cross-correlation of synthetic noise, we481

demonstrate that these cross-correlations converge to empirical axial strain response at the virtual482

receiver to single step forces applied at the virtual source and surface-wave phase velocity can483

be successfully measured using the expressions derived in this study. The combination of inertial484

seismometers and DAS arrays for passive imaging using ambient seismic noise offers significant485

advantages over the possibilities from noise cross-correlations using DAS arrays only,486
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(1) Using temporary (Parker et al., 2018) or permanent seismometers distributed around DAS487

arrays, it is possible to extend surface-wave imaging using DAS arrays to 3D volumes, which has488

been mostly limited to 2D planes along straight segments of DAS arrays (Dou et al., 2017; Zeng489

et al., 2017; Ajo-Franklin et al., 2019).490

(2) It is possible to rotate the force directions of the three-component seismometer acting as491

a virtual source to the T-R-Z reference frame. We demonstrate the recovery of Love-wave strains492

on noise cross-correlations for tangential source direction both for synthetic noise and real data.493

This opens up the possibility of Love-wave tomography using a combination of three-component494

seismometers and DAS arrays. Recovery of Love waves using noise cross-correlation on DAS495

arrays only is difficult (Martin et al., 2018) and passive surface-wave imaging using DAS arrays496

has been mostly limited to Rayleigh waves (Dou et al., 2017; Zeng et al., 2017; Ajo-Franklin et al.,497

2019).498

(3) In general, inertial seismometers have lower self-noise compared to individual channels499

of DAS arrays (Lellouch et al., 2020). Therefore, noise cross-correlations combining the two500

types of sensors should allow us to recover useful surface waves at greater distances and longer501

periods than is possible using DAS-DAS noise cross-correlations. In this study, we demonstrate502

recovery of surface waves with good SNR at distances up to ∼80 km in the secondary microseism503

passband (∼0.1-0.2 Hz) opening the possibility of high-resolution local and regional surface-wave504

tomography for crustal structure using data from DAS arrays.505

In our study region, most seismic stations are at considerable distance from the DAS array506

(&35 km) leading to the recovery of primarily longer period surface waves from noise cross-507

correlations, with maximum wavelengths longer than half of the total length of the DAS array.508

However, the theory and concepts developed in this study are expected to be valid at shorter dis-509

tances and higher frequencies as well. Dark fiber resources for DAS are available in many regions510

with dense permanent seismic networks (Martin et al., 2017; Martin and Biondi, 2018; Wang et al.,511

2020). Dense temporary seismic networks may also be deployed along with DAS arrays (Zeng512
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et al., 2017; Parker et al., 2018). The methods developed in this study can be applied to denser513

seismic networks surrounding a DAS array for traditional surface-wave tomography at shorter dis-514

tances, higher frequencies and high spatial resolution. For longer period surface waves recovered515

using seismic stations at greater distances from the DAS array as in this study, we can use the dif-516

ference of phase traveltimes at nearby channels instead of using the absolute phase traveltimes (Jin517

and Gaherty, 2015). The differential traveltimes can be precisely measured using cross-correlation518

methods and provide enhanced sensitivity to the velocity structure close to the DAS array.519

Finally, we recommend that in noise cross-correlation studies involving seismometers and DAS520

arrays, it is beneficial to have a few three-component sensors close to the DAS arrays. Non-521

zero amplitudes on the TR, TZ, ZR, ZT components of the nine-component cross-correlation522

tensors involving seismometers only indicates the presence of severe 3D structure or anisotropy523

that will preclude the assumption that RX/ZX and TX components of seismometer-DAS noise524

cross-correlations correspond to Rayleigh waves and Love waves, respectively. Particle motion525

on multi-component noise cross-correlations are also helpful in identifying higher mode Rayleigh526

waves, if present.527

Data and Resources528

The permanent seismometer data used in this study primarily came from the following net-529

works: Berkeley Digital Seismic Network (BK, doi:10.7932/BDSN) operated by the UC Berkeley530

Seismological Laboratory, the Northern California Seismic Network (NC, doi:10.7914/SN/NC)531

operated by the United States Geological Survey (USGS), California Division of Water Resources532

seismic network (WR), United States National Strong-Motion Network (NP) and California Strong533

Motion Instrumentation Program seismic network (CE). The data were downloaded through North-534

ern California Earthquake Data Center (10.7932/NCEDC; http://www.ncedc.org, last ac-535

cessed April 2018). Due to the very large size of the raw DAS dataset (∼930 GB/day), only536

decimated data for limited intervals are available upon request. Codes for computing synthetic537
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Green’s functions for 1-D velocity models by the modal summation method are available in the538

software Computer Programs in Seismology available at http://www.eas.slu.edu/eqc/539

eqccps.html, last accessed June 2020. ObsPy (Beyreuther et al., 2010) and Seismic Analysis540

Code (Goldstein et al., 2003) were used for downloading the data and basic analysis of seismo-541

grams. The maps were prepared using Generic Mapping Tools (Wessel et al., 2013) and Google542

Earth.543

The supplemental material includes detailed derivation of expressions for the phase of surface-544

wave axial strain in an arbitrary direction, and figures showing percentage error in the measured545

surface-wave phase velocity as a function of distance (r/λ) and θ for plane-wave approximation,546

more waveform comparisons between theoretical axial strain response to input single step forces547

and cross-correlations of synthetic velocity and strain-rate noise, more examples of phase velocity548

dispersion curves measured on cross-correlations of synthetic noise, and more examples of noise549

cross-correlations involving the Sacramento DAS array and nearby permanent seismic stations.550
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Figure Captions767

Figure 1. (a) Geometry for the derivation of expressions for surface-wave axial strain. The black768

line with an arrow points to the direction of surface wave propagation, at an angle ψ with respect769

to +x axis. Rayleigh wave (blue) and Love wave (green) particle displacements are indicated.770

The red line with an arrow points to the direction in which axial strain is to be measured, at an771

angle of ϕ with respect to +x axis. θ = ψ − ϕ. (b) Source-receiver geometry for calculating772

synthetic waveforms to validate the expressions for surface-wave axial strain. Black triangles are773

three-component sources. Red ‘+’ marks are five receivers lying along the x axis at 2 m spacing,774

centered at the origin. (c) A view zooming in on the receivers.775

Figure 2. (a) Rayleigh-wave phase velocity dispersion curves measured on synthetic axial strain776

waveforms incorporating the phase correction factor φ′ in the AFTAN analysis. The dispersion777

curves are color-coded by the angle between wave propagation and direction of strain measurement778

(θ). Different columns are for three different distances, 30 km, 60 km and 90 km. The black curve779

is the predicted Rayleigh-wave dispersion curve for the GIL7 model. (b) Same as (a) but for780

plane-wave approximation. (c) Same as (a) but for Love-wave dispersion. (d) Same as (b) but781

for Love-wave dispersion. Rayleigh-wave dispersion at θ = 90◦ and and Love-wave dispersion at782

θ = 0◦, 90◦, 180◦ are not shown because the waveforms are identically zero.783

Figure 3. The black arrow represents surface-wave raypath from the source, a three-component784

sensor (black triangle) to the receiver (black circle), a channel of a DAS array (red line) which785

is oriented at an angle θ with respect to the surface-wave path and measures axial strain in that786

direction. First and second column plots are for θ = 0◦ and θ = 90◦, respectively, and the 3rd and787

4th column plots are for intermediate angles. Colored arrows at the source indicate single forces788

applied in the radial (blue, top row plots) or tangential (green, bottom row plots) direction. For 1D789

isotropic media (plots in the first three columns), colored arrows at the receivers indicate particle790

displacement - (Rayleigh wave, radial, blue) or (Love wave, tangential, green). The displacement791
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in the other orthogonal directions is zero. The plots in the 4th column are for a weakly 3D media in792

which a single force generates non-zero displacement in both orthogonal directions. In plots in the793

last two columns, the arrow in the direction of the DAS array represents the net displacement in that794

direction. It is pure Rayleigh wave and Love wave in (c) and (g), respectively, and is dominated795

by Rayleigh waves and Love waves in (d) and (h), respectively. The colored waveforms (c-d, g-h)796

represent a breakdown of the contribution of the waves in the radial (blue) and tangential (green)797

directions. In (f), while the Love-wave displacement is non-zero, the strain is zero.798

Figure 4. (a) Source-receiver geometry for synthetic tests on cross-correlations of synthetic noise799

recorded by three-component inertial seismometers (black triangles) and a DAS array (red + signs).800

Gray stars are random noise sources generated on the surface in 1 min. Sources in the inner and801

outer circles are numbered 1, 2,. . . . and 1F, 2F,. . . ., respectively, in anti-clockwise direction from802

−x axis. Noise cross-correlation waveforms for sources marked 1, 3 and 7 spanning the DAS array803

are shown in Figure 5. The corresponding waveforms for sources marked 2, 4 and 5 are shown in804

Figure S2. (b) View zooming in on the DAS array. (c) Similar to Figure 1c, view focusing on a805

single channel element with two receivers placed on each side at 2 m spacing for calculating axial806

strain-rate along the x axis using numerical differentiation.807

Figure 5. Figures showing comparisons of theoretical axial strain response to input single step808

forces (red waveforms) and waveforms retrieved from noise cross-correlation (black) of synthetic809

velocity noise recorded at a three-component seismometer acting as a virtual source and synthetic810

axial strain-rate noise recorded by channels of a DAS array acting as virtual receivers (Figure 4).811

(a), (b), and (c) are for sources marked 1, 3, and 7, respectively. The waveforms are arranged by812

distance in (a) with θ = 0◦, and by θ in (b) and (c). The waveforms are filtered at 0.4-1.0 Hz using813

a zero-phase Butterworth filter. The three columns correspond to TX, RX and ZX components814

(indicated at the top left corner). Similar plots for sources 2, 4 and 5 are shown in Figure S2.815

Figure 6. Phase velocity dispersion curves measured on the cross-correlations of synthetic noise816
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(e.g. black waveforms shown in Figure 5). Plots in (a) and (b) show Rayleigh-wave and Love-817

wave dispersion measured on the ZX and TX components, respectively. Different plots are for818

different virtual sources (seismometers in the outer circle, Figure 4a); the source and the average819

θ are indicated on the top left corner. In each plot, the dispersion curves are for cross-correlations820

for the same seismometer with all channels of the DAS array, color-coded by θ (. ±10◦ from the821

average value). The black curves are the predicted dispersion curves for the GIL7 model.822

Figure 7. Map of the study area. (a) The solid black curve is the Lawrence Berkeley National823

Laboratory distributed acoustic sensing (DAS) array at Sacramento. Other symbols are permanent824

seismic stations (names indicated) – black triangle (broadband sensor), magenta diamond (three-825

component short-period sensor), blue triangle (vertical component short-period sensor), and red826

square (accelerometer). Some short-period sensors and accelerometers are installed in boreholes.827

The area marked by dashed white rectangle is expanded in panel (b). (b) In this Google Earth828

image, thick solid cyan line is the DAS array. Numbers in white indicate locations of specific829

channels for reference. Each 1000-channel cable segment is ∼2 km long. The location of the830

single broadband seismometer (BB00, red star), I-5 highway (dashed yellow line) and nearby831

cities are also marked.832

Figure 8. Each plot shows noise cross-correlation waveforms involving a specific regional perma-833

nent seismic station acting as the virtual source. The network and station name are indicated near834

the top of the plots in blue (format network.station). The gray waveforms are cross-correlations835

with channels of the DAS array arranged by distance. The red waveforms are cross-correlations836

with the temporary broadband station. The color-coded components corresponding to the two837

types of cross-correlations are indicated in the top right corner of each plot. Channel numbers for838

some channels of the DAS array (in red) are indicated next to the waveforms for reference. The839

type of sensors at the permanent stations are – broadband (BDM), vertical-component short-period840

(NBP and NDH), and accelerometer (68034). See Figure 7a for station locations.841
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Figure 9. Comparison of surface-wave dispersion curves measured on seismometer-seismometer842

(“BB00”, red) and seismometer-DAS (“DAS 4791”, black) noise cross-correlations for the DAS843

channel (4791) closest to the temporary broadband seismometer. (a) Fundamental mode Love844

wave (b) 1st higher mode Rayleigh wave. Each plot is for a specific permanent seismic station845

acting as the virtual source – network and station name (format network.station), distance and the846

angle θ are indicated at the top of each plot. C: Phase velocity (+), U: Group Velocity (o). Dashed847

blue line is the reference dispersion curve. See Figure 7a for station locations.848
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Appendix A1 Noise cross-correlation methodology849

The methodology used for pre-processing inertial seismometer data and calculating noise cross-850

correlations is similar to that of Nayak and Thurber (2020) (see Appendix A3 in Nayak and Thurber851

(2020)). Most importantly, we use the same temporal and spectral normalization factors for all852

three components of a seismometer in order to preserve the relative amplitudes between the com-853

ponents (Lin et al., 2014). We decimate the seismometer data downloaded in 1-day-long time854

series to 10 Hz after correcting for the instrument response to velocity. For the DAS strain-rate855

data, data segments of 1 min duration are appended to 1.5-hour durations, detrended and tapered,856

decimated to 10 Hz and then appended to 1-day long time-series. Following Lindsey et al. (2020),857

we assume a flat phase response for the DAS data in the frequency range of interest. The DAS data858

is treated as a single-component seismometer data for temporal and spectral normalization. The859

frequency passbands for calculating amplitude envelopes for temporal normalization are 0.05-0.15860

Hz, 0.15-1.0 Hz and 0.05-1.0 Hz. During the spectral normalization step, the data is kept ban-861

dlimited in the passband 0.05-1.0 Hz. The DAS noise cross-correlations are between seismometer862

components in E, N and Z directions and DAS channels oriented in arbitrary directions (X). The863

noise cross-correlations involving seismometers only were done in the E-N-Z reference frame. The864

cross-correlations for all 30-minute windows (with 75% overlap) in one day are stacked to form865

a daily average and the averages are stacked for all available days to form a final reference stack.866

We average the causal and anticausal sides of the final stacked cross-correlations, extracting the867

symmetric component. During the data acquisition, both the DAS interrogator and the temporary868

broadband seismometer suffered from clock failure. The clock errors for the two instruments were869

corrected independently by estimating time shifts required to make the causal and anti-causal side870

of cross-correlations with permanent stations as symmetric as possible (Gouedard et al., 2014).871

For the cross-correlation of synthetic noise, the surface-wave velocity synthetics are originally cal-872

culated at 20 Hz and the final 1-day-long synthetic noise time-series is decimated to 10 Hz prior to873

noise cross-correlation.874
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Figure 1. (a) Geometry for the derivation of expressions for surface-wave axial strain. The black line
with an arrow points to the direction of surface wave propagation, at an angle ψ with respect to +x axis.
Rayleigh wave (blue) and Love wave (green) particle displacements are indicated. The red line with an
arrow points to the direction in which axial strain is to be measured, at an angle of ϕ with respect to
+x axis. θ = ψ − ϕ. (b) Source-receiver geometry for calculating synthetic waveforms to validate the
expressions for surface-wave axial strain. Black triangles are three-component sources. Red ‘+’ marks are
five receivers lying along the x axis at 2 m spacing, centered at the origin. (c) A view zooming in on the
receivers.
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Figure 2. (a) Rayleigh-wave phase velocity dispersion curves measured on synthetic axial strain wave-
forms incorporating the phase correction factor φ′ in the AFTAN analysis. The dispersion curves are
color-coded by the angle between wave propagation and direction of strain measurement (θ). Different
columns are for three different distances, 30 km, 60 km and 90 km. The black curve is the predicted
Rayleigh-wave dispersion curve for the GIL7 model. (b) Same as (a) but for plane-wave approximation.
(c) Same as (a) but for Love-wave dispersion. (d) Same as (b) but for Love-wave dispersion. Rayleigh-
wave dispersion at θ = 90◦ and and Love-wave dispersion at θ = 0◦, 90◦, 180◦ are not shown because the
waveforms are identically zero.
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Figure 3. The black arrow represents surface-wave raypath from the source, a three-component sensor
(black triangle) to the receiver (black circle), a channel of a DAS array (red line) which is oriented at
an angle θ with respect to the surface-wave path and measures axial strain in that direction. First and
second column plots are for θ = 0◦ and θ = 90◦, respectively, and the 3rd and 4th column plots are for
intermediate angles. Colored arrows at the source indicate single forces applied in the radial (blue, top
row plots) or tangential (green, bottom row plots) direction. For 1D isotropic media (plots in the first three
columns), colored arrows at the receivers indicate particle displacement - (Rayleigh wave, radial, blue)
or (Love wave, tangential, green). The displacement in the other orthogonal directions is zero. The plots
in the 4th column are for a weakly 3D media in which a single force generates non-zero displacement
in both orthogonal directions. In plots in the last two columns, the arrow in the direction of the DAS
array represents the net displacement in that direction. It is pure Rayleigh wave and Love wave in (c) and
(g), respectively, and is dominated by Rayleigh waves and Love waves in (d) and (h), respectively. The
colored waveforms (c-d, g-h) represent a breakdown of the contribution of the waves in the radial (blue)
and tangential (green) directions. In (f), while the Love-wave displacement is non-zero, the strain is zero.
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Figure 4. (a) Source-receiver geometry for synthetic tests on cross-correlations of synthetic noise
recorded by three-component inertial seismometers (black triangles) and a DAS array (red + signs). Gray
stars are random noise sources generated on the surface in 1 min. Sources in the inner and outer circles
are numbered 1, 2,. . . . and 1F, 2F,. . . ., respectively, in anti-clockwise direction from −x axis. Noise
cross-correlation waveforms for sources marked 1, 3 and 7 spanning the DAS array are shown in Figure 5.
The corresponding waveforms for sources marked 2, 4 and 5 are shown in Figure S2. (b) View zooming
in on the DAS array. (c) Similar to Figure 1c, view focusing on a single channel element with two re-
ceivers placed on each side at 2 m spacing for calculating axial strain-rate along the x axis using numerical
differentiation.

42



0 5 10 15 20 25

25

30

35

40

TX

0 5 10 15 20 25

RX

0 5 10 15 20 25

ZX

 θ
 (

°)

0 5 10 15 20 25

12

14

16

18

20

22

24

26

D
is

ta
n
c
e
 (

k
m

)

TX

0 5 10 15 20 25

RX

0 5 10 15 20 25

ZX(a)

(b)

(c)

0 5 10 15 20 25
Time (s)

70

75

80

85

90

95

100

105

110

TX

0 5 10 15 20 25
Time (s)

RX

0 5 10 15 20 25
Time (s)

ZX

 θ
 (

°)

Figure 5. Figures showing comparisons of theoretical axial strain response to input single step forces
(red waveforms) and waveforms retrieved from noise cross-correlation (black) of synthetic velocity noise
recorded at a three-component seismometer acting as a virtual source and synthetic axial strain-rate noise
recorded by channels of a DAS array acting as virtual receivers (Figure 4). (a), (b), and (c) are for sources
marked 1, 3, and 7, respectively. The waveforms are arranged by distance in (a) with θ = 0◦, and by θ
in (b) and (c). The waveforms are filtered at 0.4-1.0 Hz using a zero-phase Butterworth filter. The three
columns correspond to TX, RX and ZX components (indicated at the top left corner). Similar plots for
sources 2, 4 and 5 are shown in Figure S2.
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Figure 6. Phase velocity dispersion curves measured on the cross-correlations of synthetic noise (e.g.
black waveforms shown in Figure 5). Plots in (a) and (b) show Rayleigh-wave and Love-wave dispersion
measured on the ZX and TX components, respectively. Different plots are for different virtual sources
(seismometers in the outer circle, Figure 4a); the source and the average θ are indicated on the top left
corner. In each plot, the dispersion curves are for cross-correlations for the same seismometer with all
channels of the DAS array, color-coded by θ (. ±10◦ from the average value). The black curves are the
predicted dispersion curves for the GIL7 model.
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Figure 7. Map of the study area. (a) The solid black curve is the Lawrence Berkeley National Laboratory
distributed acoustic sensing (DAS) array at Sacramento. Other symbols are permanent seismic stations
(names indicated) – black triangle (broadband sensor), magenta diamond (three-component short-period
sensor), blue triangle (vertical component short-period sensor), and red square (accelerometer). Some
short-period sensors and accelerometers are installed in boreholes. The area marked by dashed white
rectangle is expanded in panel (b). (b) In this Google Earth image, thick solid cyan line is the DAS array.
Numbers in white indicate locations of specific channels for reference. Each 1000-channel cable segment
is ∼2 km long. The location of the single broadband seismometer (BB00, red star), I-5 highway (dashed
yellow line) and nearby cities are also marked.
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Figure 8. Each plot shows noise cross-correlation waveforms involving a specific regional permanent
seismic station acting as the virtual source. The network and station name are indicated near the top
of the plots in blue (format network.station). The gray waveforms are cross-correlations with channels
of the DAS array arranged by distance. The red waveforms are cross-correlations with the temporary
broadband station. The color-coded components corresponding to the two types of cross-correlations are
indicated in the top right corner of each plot. Channel numbers for some channels of the DAS array (in
red) are indicated next to the waveforms for reference. The type of sensors at the permanent stations are
– broadband (BDM), vertical-component short-period (NBP and NDH), and accelerometer (68034). See
Figure 7a for station locations.
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Figure 9. Comparison of surface-wave dispersion curves measured on seismometer-seismometer
(“BB00”, red) and seismometer-DAS (“DAS 4791”, black) noise cross-correlations for the DAS chan-
nel (4791) closest to the temporary broadband seismometer. (a) Fundamental mode Love wave (b) 1st
higher mode Rayleigh wave. Each plot is for a specific permanent seismic station acting as the virtual
source – network and station name (format network.station), distance and the angle θ are indicated at the
top of each plot. C: Phase velocity (+), U: Group Velocity (o). Dashed blue line is the reference dispersion
curve. See Figure 7a for station locations.
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