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Non-technical summary Eikonal tomography is an imaging method that uses slight vari-
ations between seismic waves trapped at the surface of the Earth to infer information about the
properties beneath the surface. To be able to perform the best possible eikonal tomography, we
need to be able to predict in between measurements of these variations at different seismic record-
ing stations as best we can. Furthermore, end-users of seismic tomography require information
about the uncertainty of the images. In this paper, | perform this prediction using Gaussian pro-
cesses (GPs), a method with particularly nice mathematical properties. The GP prediction results
in robust uncertainty measurements for our imaging problem without many of the computational
difficulties associated with other uncertainty quantification methods.

1 Introduction

Surface wave tomography is a cornerstone imaging technique for the investigation of the crust and upper mantle.
However, due to the significant non-planarity of scattered surface waves, interpretation of surface wave data is not
straightforward (e.g., Wielandt, 1993). Despite this issue, the increasing proliferation of dense seismic arrays, com-
bined with the advent of ambient-noise correlation methods, has motivated intense study into surface wave tomo-
graphic techniques. To ameliorate the great cost of nonlinear ray tracing for large inverse problems, a large part of
this study has focused on methods that derive surface wave properties from only local information contained in the
wavefield. Beginning with a wavefield perturbation approach (e.g., Friederich et al., 1994; Friederich and Wielandt,
1995; Pollitz, 2008), theoretical efforts in local surface wave inversion have since concentrated on direct measure-
ment of wavefield derivatives (e.g Lin et al., 2009; Lin and Ritzwoller, 2011; de Ridder and Biondji, 2015; de Ridder and
Maddison, 2018). Likely owing to its simplicity, the most popular extant method is eikonal tomography (Lin et al.,
2009), which relies on the determination of the wavefield phase gradient across an entire local or regional array. For
a single surface wave mode propagating with phase velocity C,, frequency w, phase delay 7' and amplitude A, the
Helmholtz equation implies that (Tromp and Dahlen, 1993)

1 VA
o = VTP = 25 .
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Simplifying this relationship under the assumption that the frequency of the wave is large compared to perturbations
in the wave amplitude gives us the eikonal equation:

1

CP - ‘VT‘ . (2)
Eikonal tomography uses Equation 2 to directly infer local phase velocity from local phase gradient. A distinction
compared to local gradiometry is that calculation of the phase gradient is performed simultaneously for all desired
locations by fitting a delay curve across an array, rather than by local analysis of sub-arrays (Langston, 2007a, e.g.,).
The assumption that the wavefront is smooth relative to frequency is strong, but the difficulty associated with mea-
suring wavefront curvature accurately has ensured that eikonal tomography remains a central technique in array
analysis. Application of eikonal tomography in practice has typically resulted in images comparable to other tomo-
graphic methods and Helmholtz tomography (which uses Equation 1 directly), especially when results are averaged
azimuthally (Bodin and Maupin, 2008; Lin et al., 2009; Lehujeur and Chevrot, 2020). While the typical use case of
eikonal tomography is surface-wave phase-velocity inversion (a 2D problem), other potential use cases of eikonal to-
mography could include 1D linear inversions along DAS arrays (e.g. Yang et al., 2022) or 3D inversions of first arrivals
within mine arrays (e.g. Mandic et al., 2018), so interpolation schemes that work well in arbitrary dimensions are
useful for eikonal tomography workflows.

In this work, I employ Gaussian process theory (Rasmussen and Williams, 2006) to derive semi-analytic closed-
form approximations for the posterior distribution of eikonal-equation-based phase-velocity measurements using
the saddlepoint method (Butler, 2007). In this case, semi-analytic means that the posterior approximations have a
single parameter that must be solved using constrained minimization techniques — no Monte Carlo methods need
be used. As a result, the approximate posterior can be calculated very quickly. As an intermediate result, I derive
fully analytic posteriors for the gradient of phase delay. The delay gradient posteriors can be sampled using standard
multivariate normal random number generators, which provides an efficient way to compute arbitrary statistics of
the GP posterior when the semi-analytic approximations are difficult to obtain.

2 Eikonal tomography from derivatives of Gaussian processes

The least well-defined problem in eikonal tomography is how to go from point measurements of phase delay to the
phase delay gradient map (Lin et al., 2009). It is in this process that the practitioner has the greatest control over
the resulting phase velocity map; intuitively, we can immediately see that over-smoothing the map will result in a
measurement of C), that is too large; conversely, maps that are too rough will result in too small C,,. Past studies have
typically employed splines (either in tension (e.g., Lin et al., 2009; Lin and Ritzwoller, 2011) or smoothing (Chevrot
and Lehujeur, 2022)) to perform prediction. The spline framework is a robust general interpolation or smoothing
method, however in its basic formulation it gives a single maximum-likelihood estimate of the prediction, with no
associated uncertainty information. As I later show in the paper, phase velocities derived by eikonal tomography are
biased due to the presence of uncertainty, so it is important to understand the scale of uncertainties when creating
eikonal tomography maps.

This study aims to place the problem of estimating an optimal phase gradient map on a robust Bayesian footing,
where all assumptions are explicit, adjustable, and optimizable in the face of the data. In this study, the problem of
predicting phase delay measurements is posed as a Gaussian process (GP) regression (often referred to as Kriging in
geostatistical literature) — we will see that this framework meets the desiderata for estimating phase gradients. GPs
are a particular framework for defining distributions over function spaces (Rasmussen and Williams, 2006). GPs have
the property that any finite collection of points sampled from them will have a multivariate Gaussian distribution.
A GP is defined by a mean function m(x) and covariance function k(x, z’), which generate the mean and covariance
matrix of a finite collection of points drawn from the GP. Concretely, for any collection of points (x4, x2, ...z, ) and
associated function values (d, da, ...d,, ), the GP model assumes that

dy m(xy) k(z1,z1) k(z1,22) ... k(z1,2,)
ds m(xs) k(za,z1) k(za,22) ... k(x9,2,)

~N : ; (3)
dy, m(x,) k(zn,z1) k(zn,z2) ... k(xn, x,)

where N (u,Y) is a multivariate Gaussian with mean vector i and covariance matrix 3. In the context of regression,
this leads to a powerful result — if we assume a GP prior for an unknown function, and we then observe data with a
Gaussian likelihood, the posterior distribution for the unknown function will also be a GP. Thus, GPs fully general-
ize finite linear regression and Gaussian inverse problems to the function space setting (Valentine and Sambridge,
2020a,b). As differentiation is a linear operation, derivatives of GPs are again also GPs. We will use these properties to
derive closed-form posterior distributions for the derivatives of observed data under a GP prior. While the motivating
example is eikonal tomography, these techniques are applicable to regression problems generally. Derivatives of GPs
have long been used in the dynamical control community (e.g. Solak et al., 2002; Rasmussen, 2003). Closer in spirit
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to seismology, GP derivatives have also been applied to the identification of geodetic transients (Hines and Hetland,
2018). The presentation described here is generalized from McHutchon (2014).

In this manuscript, bold font refers to collections of observed data and capitals to matrices. Boldfont capitals are
therefore collections of n data in m coordinates and will have dimensions n x m. Coordinates (i.e., ) may be vector
quantities but will not be boldfont. To begin, assume that there are measurements (X, d) of the observed phase
delay d at points X. Assume that the data d are noisy; for the purposes of exposition this is taken to be identically
distributed Gaussian noise 7 with the distribution N (0, o), but arbitrary multivariate Gaussian noise distributions
with data covariance Cp are also easily handled by GP theory. This implies that there is an unknown true phase

delay field T'(z) with
d=T(X)+n. (4)

The objective of eikonal tomography is to know the field T'(z) so that we can differentiate it and get C},. I assume that
T(z) = To(x) +r(x) (5)

where r is a zero-mean GP and T;(z) is a reference phase delay field, for example for a laterally homogeneous
medium. Therefore, T'(z) is a GP with mean Ty(x).

T(z) ~ GP(To(x), k(z,z")), (6)

where k(z, z') is the assumed covariance function. It should be noted that r is a distribution over functions; it incor-
porates uncertainty due to errors in the observed data and the effect of heterogeneities on the travel time function.
r in effect models the residuals between the reference model Ty and the observed data. For the examples in this
work, I will use a squared-exponential kernel with independent length scales in each dimension for the covariance

function:
N2 - (2 — )’
k(z,2')=a"exp | — E g | (7)

i=1

This covariance function promotes very smooth fields with characteristic amplitude a (it is infinitely differentiable),
and provides a degree of flexibility that improves regression performance in the face of inhomogeneous data obser-
vation and complex travel time fields due to the independent length scales /;. This covariance function allows the
observed data points to “talk” to one another and build a smooth underlying interpolation field that captures varia-
tions in travel time due to structural heterogeneity. The hyperparameters a, [y, ... etc. are optimized by minimizing
the negative log marginal likelihood of the GP model given the observed data — this is further discussed in Section
2.2.

I also assume that Tp(z) = so|z| for a fixed reference slowness sg. Let K x x/ be the matrix of evaluating k with
rows given by X and columns by X’. The fundamental idea of GP regression is that, given this problem setup, then
the observed data d and the predicted data 7'(X’) has the joint multivariate Gaussian distribution

[T(C)lf’)} ~ N ([TTS((J)CC’))] ! {KXI?;XUQI gfﬂ ) ®)

By conditioning T (X’) on the observed data d (i.e. finding the distribution of 7'(X"’) given fixed d) we have (Ras-
mussen and Williams, 2006)

T(X/)|d ~ N(TU(X/) +lex(KXX +O-2.[>_1(d—T0(X))7KX/X/ — KX’X(KXX —|—0’2I)_1KXX/) (9)

Note that data error models with Gaussian covariance just require replacing 021 with Cp.

Figure 1 shows an example application of GP regression for obtaining 7'(x)|d, with comparison to the approach
based on regression using splines (e.g., Lin et al., 2009; Lin and Ritzwoller, 2011) — in this case, using smoothing
splines (e.g., Chevrot and Lehujeur, 2022). This example emulates a typical local surface wave application, using
100 data points uniformly distributed within the inversion region with 0.2 s added Gaussian noise. The squared
slowness is obtained using the method of manufactured solutions from the eikonal equation to avoid any errors
in the simulated data, and the synthetic phase delay field is strongly perturbed away from the reference model to
highlight differences between the GP and spline based methods. The GP mean and standard deviation are given
analytically, and show substantial differences with the smoothing spline fit — here, the spline smoothing parameter
is automatically set by the FitPack routine (Dierckx, 1993). In comparison to the GP, the spline performs less well,
especially in areas of data gaps. Figure 2 compares the GP reconstruction with the true values of the phase delay
map. The GP mean closely fits the true values, although the level of uncertainty becomes quite substantial near the
edges of the domain.

I can now calculate expectation values (the mean of the probability distribution) for the derivatives; note that from
now on I implicitly condition on d but will not write it out for ease of notation, unless it seems particularly germane
to do so. Since differentiation is a linear operation, and linear operations acting on normal distributions result in
normal distributions, the components of VI' must also be normally distributed, and are completely specified by
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Figure1l Comparison of the GP posterior (showing mean and point-wise standard deviation) of the estimated phase delay
with a smoothing-spline based solution for an example phase delay data set with 100 randomly distributed points and 0.2
s Gaussian noise. The data is generated using the method of manufactured solutions, assuming a seismic source at (0, 0).
There are notable differences in the estimated phase delay, especially where there are gaps in the data coverage. The differ-
ence plots show the difference between the true phase delay field and the spline solution or the GP mean respectively. The
colouring of the difference plots is arranged according to the usual seismic convention of blue being a fast and red being slow;
in this case blue means that the predicted arrival is fast compared to the truth and vice versa.
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Figure2 Cross-sections through the GP reconstruction of Figure 1, showing the true phase delay (black), GP mean (orange)
and standard deviation (grey). The GP reconstruction is overlaid with the noisy observed delay values. The GP posterior
closely follows the true phase delay curve, with substantially higher uncertainty near the edges of the domain, even before
extrapolation. The test points used later in Figure 3 are shown by white crosses.
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their mean and covariance. The collection of means for component ¢ are immediately given by recognizing that as
the expectation operator is also linear, it commutes with the derivative operator:

E {8T(X’)] _ OE [T(X")]

o, o, (10)

OTo(X') | 0Kxx -
= "o T o (Kxx +0?1)7 ! (d - Tp(X)).

Note that the mean value of the derivatives are calculated independently for each dimension; however as we will see
they do have covariance between output points and between dimensions. For the covariance, consider n x n blocks
of the covariance matrix of size nd x nd where d is the dimension and n is the number of output points. Note that I
choose to order the hierarchy of the covariance matrix first by derivative coordinate, and second by data point index,
as it makes the notation more convenient. As the covariance is bilinear,

Cov (8T(X ) 8T(X")> _ 9PCov(T(X), T(X")) (1)

oz, oz Ox;0x]
where I introduce the dummy variable " to represent the second argument in the covariance (X’ = X", but we
want to formally differentiate in respect to the second slot only when using z”’). Continuing on,
P?Cov(T(X'),T(X")) 0* (Kxx»— Kx/x(Kxx +0%I) ' Kxxn)
O 0] B Ox;0x]
o 82KX/X// aKX/X
 Oxjox] o]

(12)
1 8KXX~

ox!!

J

(Kxx + 021)’

So that I can compress the notation somewhat, let us define Kxx = Kxx +c?Tand Ad = d — To(X). For the
2D case (noting that other dimensions immediately generalize), the conditional posterior is a multivariate Gaussian
with mean given by Equation 10 and covariance given by Equation 12:

aT(X")
VT(X")|d = [BT%(/)] |d

oy’
(13)
ATo(X') | dKxix £r—1 PKyrxn  OKxrx fr—1 0Kxxn PKxrxn  0Kxix fr—1 0Kxxu
~ N az! + oz’ KXXAd oz’ Oz’ oz’ KXX oz’ oz’ 0y’ oz’ KXX oy”’
ATy (X ) + OExix =1 Ad|’ PKyrxn _ OKxix Rl OB xxn PKyrxrn OKxix fr—1 OKxxn )
oy’ oy’ XX Oy’ Oz’ Oy’ XX 9z oy’ Oy’ Dy’ XX oy

which is an exact distribution for the derivatives evaluated at X’. Figure 3 shows the mean and covariance struc-
ture for the derivatives at two test points calculated using the above theory, compared to the true derivative of the
phase delay, and finite-difference estimates computed using random draws of the GP estimate of the phase delay
(i.e., Monte-Carlo finite-difference derivatives). Both the analytic and Monte-Carlo results closely agree with each
other and with the true values for the derivatives. In Figure 4, I use the multivariate normal posterior for the deriva-
tives to generate samples of the posterior for the squared slowness and compare it against the predictions from the
smoothing spline. The GP posterior is in this case more accurate than the spline result, and also delivers uncertainty
information.

Unfortunately, it turns out that this is as far as it is possible to go with exact distributions, as the velocity is a
nonlinear function of the gradients in eikonal tomography. Thankfully, however, there is well-developed theory
for approximating quadratic forms of normal random variables, and as c%z = (VT)?, which is a quadratic form

of a normal random variable, it may be possible to try for a good approximation to the velocity. Before deriving
one, however, there are two important issues to investigate — setting hyperparameters, and closed forms for the
expectation value of velocity.

2.1 Arealistic example — Rayleigh wave phase velocities near Ridgecrest, CA

Having investigated some of the features of the GP interpolation method for eikonal tomography using a synthetic
with large amplitude perturbations, I now perform the same investigation for a realistic problem setup. I simulated
phase velocity data, beginning with the Vp and Vs model of White et al. (2021) for the region immediately surrounding
the fault traces of the Ridgecrest, CA July 2019 earthquake sequence. I converted White’s model to UTM zone 11
coordinates within the area between 324-587 km easting, 3820-4094 km northing, and used the Nafe-Drake empirical
relationship to obtain p from Vp (Brocher, 2005), and then the fundamental-mode Rayleigh-wave phase velocity at 30
s period was calculated for each point using surfdisp96 (Herrmann, 2013). The travel time field was calculated from
the southwest corner of the domain (324 km easting, 3820 km northing; UTM zone 11) using the factored-eikonal fast-
marching method (Treister and Haber, 2016). I interpolated the travel time field to the 154 station locations used in
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Figure 3 Corner plot showing the covariance of derivatives at two test points, and their individual histograms. The test
points are 77 at (7.5,3.75) (a near-edge point), and T at (3.0, 1.0) (a more centered point). Black crosses and lines show
the true value of the derivatives. Orange lines show the analytical GP based solutions derived in this paper, with ellipses
drawn at the 95% credible level and crosses showing the mean. Grey circles and histograms show finite-difference (FD) based
derivatives using Monte-Carlo samples of the GP posterior for phase delay, and red crosses and ellipses show the mean and
estimated covariance at 95% confidence from the FD draws. For the 1D histograms, the y-axis represents the value of the PDF.

the generation of the White et al. (2021) model within the simulation domain box. Finally, I added Gaussian random
noise with 0.1 s standard deviation to the simulated travel times to create the dataset.

The salient points of difference between this experiment and the previous ones are: firstly, the strength of the
velocity perturbations is much smaller, resulting in smaller travel time effects; secondly, the distribution of stations is
highly non-uniform resulting in variable spatial resolution; and thirdly, the travel time is calculated using a numerical
method, and so may contain minor errors (although these will be mitigated by using the high-accuracy algorithm of
Treister and Haber (2016)). Figures 5, 6 and 7 are the equivalents of Figures 1, 2 and 4, respectively. Even in this
substantially different setting, the GP based interpolation performs better than the spline. In particular, the spline
based method appears to have trouble with the edges of the domain when the density of stations is highly non-
uniform, resulting in artifacts near the southwest corner in the derived phase velocity field, whereas the GP based
method does not suffer from these issues.

2.2 Finding good values for GP hyperparameters

The hyperparameters of the GP may be optimized by maximizing the log marginal likelihood of observations, where
the marginalization is performed over the unknown function values 7'(X) (Rasmussen and Williams (2006)). This
gives the type-II maximum likelihood estimate; the hyperparameters have a point-estimate, whereas the function
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Figure 5 Comparison of the GP posterior (showing mean and point-wise standard deviation) of the phase delay with a
smoothing-spline based solution for the example phase delay dataset derived from the model of White et al. (2021), with
154 station locations and 0.1 s added Gaussian noise. There are notable differences in the estimated phase delay, especially
where there are gaps in the data coverage. The colouring of the difference plots is arranged according to the usual seismic
convention of blue being a fast and red being slow; in this case blue means that the predicted arrival is fast compared to the
truth and vice versa.
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Figure 6 Cross-sections through the GP reconstruction of Figure 5, showing the residual between the true travel time field
and the GP mean (orange) and standard deviation (grey). The GP reconstruction is overlaid with the noisy observed delay
values.
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Figure 7 Comparison of the true phase velocity against results calculated using a squared-exponential Gaussian process
with tuned hyperparameters for the Ridgecrest, CA velocity model of White et al. (2021). The GP mean and standard deviation
are calculated by drawing 100,000 predicted travel time gradients. The spline phase velocity has been calculated using 5
order centred finite differences. The GP result has a mean closer to the truth, and additionally adds uncertainty information,
when compared to the smoothing spline.
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values have a full posterior distribution given that point-estimate. The log marginal likelihood for GP regression is
given by . )
log p(dlf, X) = —5 Ad" K (0)Ad — 5| Kxx(6) |~ log(2m), (14)

where the covariance matrix K x x (6) is treated as a function of the hyperparameters 6, and n is the number of data.
Intuitively, the log marginal likelihood parsimoniously balances data misfit (the first term) with the level of uncer-
tainty (the second term). For a 2D squared-exponential kernel with independent length scales, independent Gaussian
data noise, and a laterally homogeneous medium as a reference model, the hyperparameters are 6 = (a, 11,12, 0, So)-

2.3 A special exact case for eikonal tomography: The expectation value of squared slowness
given normally distributed derivatives

2
Consider without loss of generality a 2D case. The squared slowness is given by 1/C? = (’9—T)2 + (‘3—2) =T +T,.
Assume the phase gradient is given by a multivariate Gaussian random variable

T
v -7
-~ (] %)) h
/J,y me O'y
=N(p, )

that describes the joint distribution of the two derivatives T, T,, and let S? be the random variable describing the
distribution of slowness squared. This is, for example, the distribution that arises for the derivatives of a single
point conditioned on observations under GP regression as described above. Then E[S?] = E[VTTVT]. Note that
Cov[VT,VT] = E[VTVTT] — E[VTIE[VT]T. As the slowness squared is a scalar, I can take the trace to proceed as
follows, following Kendrick (2002):

E[S?] = E[VTTVT]

E[tr(VTTVT)]

= tr(E[VTTVT])

tr(B[VT|E[VT] + Cov[VT,VT]) (16)
= tr(pp’ + %)

=2+ 12+ 02+ o

> p3 4 py = (E[T3))? + (E[T,))?

It is instructive to note that the expectation value of squared slowness is strictly greater than the sum-of-squares
of the mean derivatives, so that velocities are “biased” lower after accounting for errors. Note that this is true for
any calculation that assumes the derivatives have a Gaussian distribution, not just the Gaussian process framework
analysed here. This assumption is implicit in any interpolation scheme that is linear in the observed data, if the data
has Gaussian uncertainty.

r

r

3 Approximation of the posterior using the saddlepoint method

The analytic results obtained for the derivative VT have already given us a great deal. Any expectation value that
depends on these derivatives (in particular, moments of the phase velocity) can be calculated using the Monte-Carlo
method — i.e., by drawing many random samples of VT and then calculating the desired statistics on this random
sample. Because it is possible to draw directly from the posterior of VT given Equation 13, every sample can be used
and is independent (unlike in Markov-Chain Monte-Carlo). As such, these expectation values will usually converge
quickly. However, there are cases where it is still useful to have approximations of the posterior that can be even more
quickly calculated; for instance if the eikonal tomography derived phase velocities are being used in a joint inverse
problem, or if accurate statistics for extreme values need to be calculated. A frequently used simple approximation
would be to use Laplace’s method directly on the posterior distribution for ||VT'||? or C,,. The approximate posterior
using this technique is the best fitting Gaussian distribution. However, looking at Figure 8, it is clear that neither
distribution is close to Gaussian, and may not in fact have a clear mode to fit.

Instead of approximating the posterior directly, I instead use the saddlepoint approximation. The saddlepoint
approximation for the distribution of random variables was originally proposed by Daniels (1954), with Butler (2007)
giving a thorough account of the basic method. Very roughly, the idea is to examine the cumulant generating function
(CGF) for a scalar random variable U

K(s) =logElexp(sU)]

= log/u e f(u)du
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Figure 8 Comparison of the empirical CDF and PDF (grey) for the squared slowness and phase velocity for the near-edge
point 1 (7.5,3.75) and more centered point 2 (3.0, 1.0) with the saddlepoint (SP) approximation (orange). For the PDF, the
true value is also shown in black and the median, 25" and 75! percentiles of the empirical PDF are shown in purple. The
empirical distributions are truncated between 0.01 and 10 for plotting purposes, other than for the velocity of Point 2 which

is truncated between 0.01 and 1 due to minimal probability mass above 1.
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where f(u) is the probability distribution of U and U is its domain of support. v could be, for example, the slowness
squared or the phase velocity at a particular point, while s is a scalar auxiliary variable with units that are the inverse
of those of u. Note that K (s) is different from the various K covariance matrices (we have maintained use of K in
both cases as they are by far the most common symbols used in the literature for both cases). The existence of the
CGF requires that there is some interval @ < 0 < b such that the above integral converges. Daniels (1954) showed that
the CGF could be used to derive a highly accurate approximation of the PDF (see Butler, 2007, for more information),

1

flu) = WK (3) exp(K(8) — su), (18)

where § is the solution of K'(s) = u. § is a saddlepoint of the integrand in Equation 17, hence the name “saddlepoint
approximation”. If the application requires it, f(u) then typically has to be normalized to integrate to unity so that it
is a true probability distribution, giving us

(19)

If the application only requires the PDF up to proportionality (as is often the case), then the above normalization
is not required, and the saddlepoint approximation requires no integration whatsoever. Butler (2007) shows that
this optimization problem is well posed and gives a unique real solution for f, if s is constrained to be inside the
interval that contains 0 for which K (s) converges. Serendipitously, this low order method often provides extremely
good approximations to the PDF, as the CGF K contains the full information about the distribution of X. For sums
of random variables (such as || VT|?), it is almost always easier to construct the CGF K analytically rather than the
PDF f, as Kyiv(s) = Ky(s) + Ky (s), whereas fuiv(z) = fu(z) * fv(x) where U and V are arbitrary random
variables and x is the convolution operator. Therefore, when using the saddlepoint approximation to obtain the PDF,
multiple potentially slowly converging convolution integrals are converted into a simple root-finding problem with a
unique solution. Let us now apply this concept to deriving the PDFs of || VT'||? and C,, from our closed form posteriors
for phase delay derivatives VT. To do this, my goal is to write the distribution of || V7||? in a form for which I can
determine the CGF K| y7|2, and then use the saddlepoint approximation to obtain the posterior PDF fI\VTH? , from

which I can also obtain the posterior PDF fcp using a change-of-variables formula.

For simplicity, I approximate the posterior for a single point 2’ given data (X, d). I have shown that VT'(2')|d ~
N(p,X) for a d dimensional mean vector p and a d x d covariance matrix ¥.. Therefore we can write V7T'(2')|d in
non-centered form using a coordinate transform,

T(z')|d = QAY?h + p, (20)

where QAQT = Y isan eigenvalue decomposition of ¥ and h is a d-dimensional standard normal variable h ~ N (0, I).
@ contains the normalized eigenvectors as its columns and A is a diagonal matrix of corresponding eigenvalues.
Assuming that the phase delay measurements are taken in different locations, all of the terms in A are positive as
then X, as a non-degenerate covariance matrix, is positive definite. I can then write

IVT(@')|]> = (QAZh + )T (QAZ h + )
= (Qh+ )" AMQh + ) (21)
= (h+ Q") "QTAQ(h + Q" i)
where ji = A~2 . The eigenvalues collected in A are labelled )\;, with corresponding components of j labelled ji;.
The quadratic form in Equation 21 can be written as a sum over non-central chi-squared distributions (Imhof, 1961,

Butler and Paolella, 2008). The degree of freedom of each non-central chi-squared corresponds to the multiplicity of
the eigenvalues of 3, which will for our purposes always be distinct, giving

m

IVT ()| |* = ZAX (1, /27). (22)
Because of the summation property of the CGF, the CGF of ||VT'(z')||? is then (Butler and Paolella, 2008)

K 71 — 25\ SN 23
T (s Z —plos(l =2sh) + 55| (23)

and the derivatives are given by

m s =2
j i1, j —j J 1
K\(|jV)T(z’)H2(5) =2 1(.7 - 1! Z )‘g(l —2s)\i) ™! (1 + 128&) . (24)

i=1
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The domain of convergence in which the root of K'(s) = w is sought is the largest open interval containing zero for
which K| yr(,)2(s) is defined, which from looking at Equation 23 is s € (—oo, ﬁ), where \,,q, is the largest
eigenvalue of . Applying the saddlepoint approximation given the above K gives us the saddlepoint distribution
fHVT(a:’)llz (u) for the squared slowness, which can be normalized to give

. fior@n e (w)
f ! 2(u) = > 2 . (25)
el Jo fiwreenz(u)

The transformation between squared slowness || VT||? and phase velocity C,, is given by C,, = ¢(||VT||?) with g(u) =
ﬁ, which is a monotone decreasing function. The appropriate Jacobian transformation rule to obtain the approxi-

mate PDF of phase velocity is then (Kadane, 2011)

_ a d -
fe, (W) = = frore) (g (u) flu ()

_ 2fvrenie (32)
u3 )

(26)

The approximate distributions ﬁ|VT(m/)H2 (u) and fcp(gc/) (u) are plotted against a histogram of 1,000,000 draws of the
squared slowness and phase velocity using the analytic derivatives in Figure 8, showing that the saddlepoint ap-
proximations are a close fit. Higher order saddlepoint approximation terms and approximations for the cumulative
distribution function (CDF) are collected in Butler (2007).

The saddlepoint method can be further applied to the joint distribution function for phase velocity or squared
slowness at two different points to derive the approximate spatial covariance (Al-Naffouri et al., 2016). Because the
underlying posterior distributions for the derivatives is given by a GP, the covariance completely describes the spatial
behaviour of the velocity distribution, and so the ability to calculate the distribution for any two arbitrary points is
sufficient to fully characterize the posterior. However, the resulting root-finding problem will be in two variables
rather than one and is substantially more complicated than the forms derived here, so they are left for future work.

4 Discussion

4.1 Implications for sample statistics

Most eikonal tomography applications report per-station per-frequency error statistics by computing the standard
error in the mean phase velocity over multiple sources; this averaging process is the second essential step in robust
eikonal tomographic results (Lin et al., 2009). Studies typically appeal to the central limit theorem to justify the use
of the sample standard error formula and sample mean for quantifying the data distribution. The reported standard
errors are then used to weight data in further inversions — a typical use case is to perform 1D Bayesian inversion
beneath each station using the mean values and the reported error. Previous methods do not optimally smooth the
phase delay regression that underlies eikonal tomography, potentially producing biased results, and do not produce
uncertainty estimates for each source. However, uncertainties reported in studies using these methods are often
extremely low, amounting to a few percent of the estimated phase velocity.

In our GP framework, Monte Carlo sampling can be used to directly estimate the distribution for sample statistics
such as the mean over multiple sources, and hence compute the full PDFs for these averaged quantities. As a motiva-
tion, observe that both the empirical distribution for phase velocity and its saddlepoint approximation is heavy tailed
for point 1 in Figure 8. This is a point relatively close to the edge, which can result in a distribution that is far from
Gaussian. Taking point 1, I draw 4™ samples of velocity from the GP posterior for n = 0.. .6, calculate the sample
mean and median for the batch of 47, and then repeat 100,000 times to find the distribution in the sample statistics.
Figure 9 shows the results. The sample mean converges only slowly to a normal distribution, and is still broad even
with 16 samples. In comparison, the sample median is well-behaved and converges quickly as the sample size in-
creases. For both sample statistics, the distribution for small numbers of samples is unsurprisingly quite similar to
the underlying velocity distribution, and is consequently heavy tailed — this should be taking under consideration
for applications such as fitting azimuthal anisotropy profiles to eikonal tomography results, where many azimuth
bins near the edges of arrays will often have few contributing sources. Assuming that the standard error formula
describes the uncertainty in the measurements is likely an underestimate in that case.

4.2 Future work

In this study, I present the simplest possible implementation of a GP framework for eikonal tomography with analytic
derivatives of phase delay. The flexibility of GP modelling offers several opportunities for future improvements that
should result in more robust inversions. The first of these is that multi-frequency eikonal inversion is naturally
handled by GP modelling by assuming a space-frequency covariance function. The most simple model would use
a separable function k((z, f), (2, f')) = ku(x,2")ks(f, f’). A smooth frequency covariance ky(f, f') would reduce
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Figure 9 Comparison of the distribution of sample means and sample medians for the phase velocity at (7.5,3.75). The
mean or median is calculated by drawing 4™ samples for n = 0...6. This process is repeated 100,000 times to obtain the
distributions of sample means and medians. Compared to the sample median, the sample mean converges to a normal
distribution slowly.

the impact of missing data in particular frequency bins, which can be an issue due to spectral holes in surface wave
trains.

Secondly, the squared-exponential kernel used in this study could be further improved to better represent the
behaviour of true seismic wavefields; for instance, the problem could be recast in radial coordinates with a radial-
azimuthal kernel as studied in Padonou and Roustant (2015). Due to the natural cylindrical symmetry of wave prop-
agation, this may allow us to reduce the uncertainty in the eikonal tomography results. In particular, this kernel
choice would be appropriate in use cases such as ambient-noise tomography where the seismic source is inside the
array, resulting in highly non-planar wavefronts.

A third option would be to use the GP framework for smoothing the underlying full wavefield records before
processing them for phase delay measurements or for other gradient based techniques such as wavefield gradiometry
(e.g., Langston, 2007a,b; de Ridder and Biondi, 2015; de Ridder and Maddison, 2018) or full Helmholtz tomography
(Lin and Ritzwoller, 2011). These applications would potentially require extending the GP derivative theory to higher
order, but again noting that derivatives are linear, the resulting distributions for higher order spatial terms will also
be GPs. The GP framework is especially well suited towards the inclusion of strain measurements in joint wavefield
reconstruction (e.g., Muir and Zhan, 2021) as the appropriate covariance kernels can be calculated using the results in
Equation 13 — an enticing prospect considering the proliferation of distributed acoustic sensing (DAS) strain sensors
(Zhan, 2020). GP based techniques have also been used in geodesy to investigate transient strain rates (e.g., Hines and
Hetland, 2018), and the saddlepoint approximation techniques investigated here could offer a way to more accurate
quantification of strain invariants arising from geodetic analysis.

Finally, as the number of phase delay measurements increases across stations and frequency bins, the size of the
data covariance matrix K increases. For n measurements, the cost of inverting this matrix scales like O(n?), so very
large collections of measurements pose a challenge for GP based inversion. Due to the popularity of GPs in machine
learning research, there are a wide range of sparse GP approximations that produce almost identical results and
still result in analytic derivatives once the sparsity structure is determined (e.g., Titsias, 2009; Lindgren et al., 2011;
Wilson and Nickisch, 2015). Employing these methods would allow efficient upscaling of the methodology presented
here to multi-frequency inversion of USArray-scale datasets.

4.3 Conclusions

This study derives an analytic posterior distribution for phase delay derivatives, and then derives approximate pos-
teriors for phase velocity using the saddlepoint approximation applied to the eikonal equation. The result is a fully
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Bayesian eikonal tomography that requires no MCMC sampling to characterize the posterior. As such, computations
are easily implemented and highly efficient. Using the GP framework as a basis, I investigated two important effects
that impact the interpretation of eikonal tomography results, namely the effect of the inclusion of data uncertainty
on the expectation value of velocity and the behaviour of sample statistics, both of which suggest that the uncertainty
in eikonal tomography results is greater than previously assessed. The GP framework presents a fully interpretable
way forward to improve eikonal tomography in the future, with many opportunities for future work due to the flexible
and robust nature of GP modelling.

Data and code availability

The Pluto notebook and data (White et al., 2021) used to generate the results may be found on Zenodo (Muir, 2023).
To run the Pluto notebook, users must first install Julia (Bezanson et al., 2017), then use the inbuilt package manager
to install Pluto (enter the REPL, hit ] to enter package management mode, then install Pluto, and backspace
to re-enter REPL mode). Typing using Pluto; Pluto.run() will bring up the Pluto notebook environment from
where the notebook can be opened by navigating to it through the filesystem. This will automatically run the note-
book, including installing all version-controlled modules required.
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