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Abstract Uncertainty about geologic makeup and properties of the subsurface renders inadequate a
unique quantitative prediction of flow and transport. Instead, multiple alternative scenarios have to be
explored within the probabilistic framework, typically by means of Monte Carlo simulations (MCS). These
can be computationally expensive, and often prohibitively so, especially when the goal is to compute the
tails of a distribution, that is, probabilities of rare events, which are necessary for risk assessment and
decision making under uncertainty. We deploy the method of distributions to derive a deterministic
equation for the cumulative distribution function (CDF) of hydraulic head in an aquifer with uncertain
(random) hydraulic conductivity. The CDF equation relies on a self-consistent closure approximation,
which ensures that the resulting CDF of hydraulic head has the same mean and variance as those
computed with statistical moment equations. We conduct a series of numerical experiments dealing with
steady-state two-dimensional flow driven by either a natural hydraulic head gradient or a pumping well.
These experiments reveal that the CDF method remains accurate and robust for highly heterogeneous
formations with the variance of log conductivity as large as five. For the same accuracy, it is also up to four
orders of magnitude faster than MCS in computing hydraulic head with a required degree of confidence
(probability).

1. Introduction
Quantitative predictions of fluid flow in subsurface environments are compromised by multiscale het-
erogeneity and insufficient site characterization. These factors introduce uncertainty in input parameters
(e.g., hydraulic conductivity and storage coefficient) and forcings (e.g., initial and boundary conditions and
recharge rate), rendering model outputs uncertain as well. Quantification of predictive uncertainty is typi-
cally done within the probabilistic framework, which equates uncertainty with randomness. Thus, uncertain
inputs and outputs of a given model, for example, the groundwater flow equation, are treated as spatiotem-
poral random fields characterized by corresponding probability density functions (PDFs) or cumulative
distribution functions (CDFs). In other words, such a model has infinitely many solutions some of which
are more likely than others; to assign probability to a particular solution, for example, hydraulic head h(x)
at any point x of a simulation domain, one has to compute hydraulic head's CDF Fh(H; x) ≡ P[h ≤ H; x],
the probability that an uncertain prediction of head h at point x does not exceed a value H.

Such information is required for risk assessment and decision making under uncertainty (e.g., Tartakovsky,
2007, 2013), yet it is absent in most stochastic analyses of subsurface flow and transport, which focus on
the first two statistical moments of a system state, for example, on mean head h̄(x) as its “best” prediction
and head variance 𝜎2

h(x) as a measure of predictive uncertainty (e.g., among many others, Dagan & Neu-
man, 1997; Li et al., 2003; Neuman et al., 1996). Monte Carlo simulations (MCS) can be used to compute the
CDF Fh(H; x). However, this approach requires a large number of Monte Carlo (MC) realizations to estimate
the tails of Fh(H; x), considerably more than that required to estimate h̄(x) and 𝜎2

h(x) with the same accu-
racy. When a single model run is computationally expensive, the use of MCS to calculate Fh might become
unfeasible.

Numerical strategies aiming to outperform MCS in terms of computational efficiency include quasi-MC
(Caflisch, 1998), multilevel MC (Giles et al., 2015), and various stochastic finite element methods (Xiu, 2010).
While widely used in practice, including for subsurface-related applications (e.g., Ciriello et al., 2017; Dod-
well et al., 2015; Liodakis et al., 2018; and the references therein), under certain conditions such methods
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can be slower than MCS. For example, multilevel MC might become slower than regular MC when esti-
mating a system state's distribution to the same accuracy (Giles et al., 2015), and polynomial chaos-based
techniques have been shown to underperform MC if random parameter fields in (nonlinear) models exhibit
short correlation lengths and/or high variances (Barajas-Solano & Tartakovsky, 2016).

The method of distributions (Tartakovsky & Gremaud, 2016) provides another alternative to MCS by deriv-
ing a single deterministic equation for either PDF or CDF of a system state. It often treats nonlinearities
in a governing equation exactly and remains robust and efficient for coefficients with short correlation
length, including white noise. The method has been used extensively to quantify parametric uncertainty
in hyperbolic problems, such as nonlinear advection-reaction transport (Boso et al., 2014; Lichtner & Tar-
takovsky, 2003; Shvidler & Karasaki, 2003; Tartakovsky & Broyda, 2011) and multiphase flow described by
the Buckley-Leverett equation (Ibrahima et al., 2015, 2018; Wang et al., 2013). To the best of our knowledge,
development of the method of distributions for elliptic problems with random coefficients (e.g., steady-state
groundwater equation with uncertain hydraulic conductivity) remains an open challenge.

That is because the Laplace operator in parabolic and elliptic equations requires a closure approximation
for the PDF or CDF equations. In turbulence and combustion literature, such a closure is obtained with the
interaction by exchange with the mean (IEM) approximation (Villermaux & Falk, 1994) or its subsequent
modifications (Raman et al., 2005). By construction, these closures preserve the mean of a state variable but
have been shown to give incorrect estimates of its variance. The self-consistent closure of Boso & Tartakovsky
(2016) ameliorates this deficiency by preserving both the mean and variance. It has been used to quantify
uncertainty in advection-dispersion (Boso & Tartakovsky, 2016) and advection-dispersion-reaction (Boso
et al., 2018) problems.

We develop the method of distributions for single-phase flow in subsurface environments with uncertain
hydraulic conductivity and external forcings. Section 2 contains a formulation of groundwater flow prob-
lem with uncertain inputs and a derivation of the PDF and CDF equations for hydraulic head. In section
3, we compare numerical solutions of the CDF equation with MCS results in terms of their accuracy and
computational efficiency. In this section we also demonstrate the robustness of the proposed method by
analyzing its performance for different degrees of input uncertainty (variance of log hydraulc conductivity).
Main findings and conclusions drawn from our study are summarized in section 4.

2. Problem Formulation and Method of Distributions
In this section we provide a probabilistic description of single-phase flow in a heterogeneous porous
medium with uncertain hydraulic conductivity K(x), and derive a deterministic equation for CDF Fh(H; x)
of hydraulic head h(x).

2.1. Single-Phase Flow in Porous Media
Steady-state flow in a d-dimensional saturated heterogeneous porous medium Ω ⊂ R

d is described by the
groundwater flow equation

∇ · [K(x)∇h(x)] = g(x), x ∈ Ω, (1)

subject to boundary conditions

h(x) = Φ(x), x ∈ ΓD; q(x) · n(x) = 𝜓(x), x ∈ ΓN ; q(x) · n(x) + ah(x) = 𝜑(x), x ∈ ΓR. (2)

Here g(x) represents point and/or distributed sources and sinks; Φ(x), 𝜓(x) and 𝜑(x) are the hydraulic
head, the normal component of the Darcy flux q(x) = −K(x)∇h(x), and their linear combination pre-
scribed, respectively, on the Dirichlet (ΓD), Neumann (ΓN ), and Robin (ΓR) segments of the boundary
𝜕Ω = ΓD ∪ ΓN ∪ ΓR of the flow domain Ω; and n(x) is the outward unit normal vector to ΓN .

The hydraulic conductivity K(x) and boundary functions Φ(x), 𝜓(x) and 𝜑(x) are uncertain and treated as
random fields. Specifically, K(x) is modeled as a second-order stationary multivariate lognormal field with
constant mean K̄, variance 𝜎2

K , correlation length 𝓁K , and correlation function 𝜌K(r∕𝓁K) where r = |x − y|
is the distance between any two points x, y ∈ Ω. The stationarity assumption precludes the presence of
distinct geological units or hydrofacies; it can be relaxed by deploying the random domain decomposition
(Winter et al., 2003) that treats individual facies as stationary. The boundary functions Φ(x), 𝜓(x) and 𝜑(x)
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are characterized by single-point CDFs FΦ(Φ; x), F𝜓 (Ψ; x) and F𝜑(𝛶 ; x), respectively, and by arbitrary spa-
tial correlation structures. These statistical properties of the inputs can be either estimated from spatially
distributed data or assigned by experts.

A solution of (1) and (2) with random K(x), Φ(x), 𝜓(x), and 𝜑(x) is the one-point CDF of hydraulic head,
Fh(H; x) = P[h(x) ≤ H]. Our goal is to derive a deterministic equation satisfied by Fh(H; x).

2.2. CDF Equation for Hydraulic Head
The main result of our study is the derivation of a (d + 1)-dimensional deterministic equation for the CDF
Fh(H; x) of the hydraulic head h(x). Let us consider a functional Π(H, h(x)) = (H − h(x)), where (·) is
the Heaviside function and H is the coordinate in the event space for the random hydraulic head h(x). The
ensemble mean of Π over all possible values of the random variable h at any point x is the single-point CDF
of h,

Fh(H; x) = ⟨Π(H, h(x))⟩. (3)

Multiplying (1) with −𝜕Π∕𝜕H and accounting for the equality ∇Π = −(𝜕Π∕𝜕H)∇h yields a stochastic
(d + 1)-dimensional advection-diffusion equation for Π,

∇ · [K(x)∇Π] − K(x) 𝜕
2Π
𝜕H2 ∇h(x) · ∇h(x) = −g(x) 𝜕Π

𝜕H
. (4)

We use the Reynolds decomposition to represent the random functions in (4) as the sum of their ensemble
means and zero mean fluctuations around these means, K = ⟨K⟩ + K′ and Π = ⟨Π⟩ + Π′ . The ensemble
average of the resulting equation yields an unclosed equation for the CDF Fh(H; x, t),

K̄∇2Fh + M = −g(x)
𝜕Fh

𝜕H
, M ≡ ∇ · ⟨K′(x)∇Π′⟩ − ⟨K(x) 𝜕

2Π
𝜕H2 ∇h(x) · ∇h(x)⟩. (5)

This equation is unsolvable, since the mixed moments in the definition of M are unknown. Several approx-
imations (closures) can be used to express these moments, which account for diffusion and dissipation of
uncertainty, in terms of the known quantities. We generalize the classic IEM approach (Villermaux & Falk,
1994) by postulating a closure

M ≈ [𝛼(x)(H − h̄(x)) + 𝛽(x)]
𝜕Fh

𝜕H
, (6)

where h̄ is the mean hydraulic head and 𝛼 and 𝛽 are the closure variables. The IEM closure has been for-
mulated in the context of diffusive processes, wherein it takes advantage of the fact that diffusion drives
probable states to the mean. Our use of this approximation is guided by the functional similarity between (5)
and the (steady-state) advection-diffusion equation. Substitution of (6) into (5) gives a closed CDF equation

K̄∇2Fh + [𝛼(x)(H − h̄(x)) + 𝛽(x) + g(x)]
𝜕Fh

𝜕H
= 0, (x,H) ∈ Ω × (Hmin,Hmax). (7)

Empirical or phenomenological selection of the closure variables (Haworth, 2010; Pope, 2001; Raman et al.,
2005) does not automatically guarantee an accurate reproduction of the first and second statistical moment
of the distribution, that is, mean h̄(x) and variance 𝜎2

h(x).

Following Boso and Tartakovsky (2016) and Boso et al. (2018), we construct the closure variables 𝛼 and 𝛽
in a way that ensures that the CDF equation (7) gives rise to the moment equations satisfied by h̄ and 𝜎2

h.
We start by recalling that if a random variable h is defined on an interval [Hmin,Hmax], then the mean and
variance of the CDF Fh(H) are

h̄(x) = Hmax − ∫
Hmax

Hmin

Fh(H; x)dH, 𝜎2
h(x) = H2

max − 2∫
Hmax

Hmin

HFh(H; x)dH − h̄(x)2. (8)

Hence, since Fh(Hmin; x) = 0 and Fh(Hmax; x) = 1, integrating (7) over H yields

K̄∇2h̄ − 𝛽(x) − g(x) = 0. (9)
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By the same token, multiplying both sides of (7) by H and integrating the resulting equation over H yields

K̄∇2𝜎2
h + 2K̄∇h̄ · ∇h̄ − 2𝛼(x)𝜎2

h + 2h̄[K̄∇2h̄ − 𝛽(x) − g(x)] = 0

or, accounting for (9),

K̄∇2𝜎2
h + 2K̄∇h̄ · ∇h̄ − 2𝛼(x)𝜎2

h = 0. (10)

On the other hand, approximations of h̄(x) and 𝜎2
h, denoted, respectively, by h̃(x) and �̃�2

h, satisfy moment
equations (Appendix A)

K̄∇2h̃ + 𝜌(x) − g(x) = 0, 𝜌 ≡ K̄ lim𝛘→x
[∇x · ∇𝛘CYh(x,𝛘)] (11)

and

K̄∇2�̃�2
h + 2V(x) = 0 (12a)

with

V ≡ 1
2

K̄ lim𝛘→x
[∇xh(0) · ∇xCYh(x,𝛘) − ∇𝛘 · ∇xCh(x,𝛘)] +

(
1 +

𝜎2
Y

2

)
g(x)CYh(x, x). (12b)

The moment equations are derived via perturbation expansions in the variance 𝜎2
Y of log conductivity

Y (x) = ln K(x), and are accurate up to the first order in 𝜎2
Y . In these equations, h0(x) is the zeroth-order

approximation of h̄(x); the mean head h̄ is approximated with h̃ = h(0) + h(1) + (𝜎4
Y ), and the variance 𝜎2

h
with �̃�2

h = [𝜎2
h]

(1) +(𝜎4
Y ); CYh(x, 𝜒) is the first-order approximation of the cross covariance ⟨Y′ (x)h

′
(𝜒)⟩; and

Ch(x, 𝜒) is the first-order approximation of the hydraulic head's autocovariance ⟨h′
(x)h

′
(𝜒)⟩.

Imposition of the equivalency between the mean (h̄) and variance (𝜎2
h) computed with the CDF method,

(9) and (10), and the moment equations, (11) and (13), yields expressions for the closure variables 𝛼(x)
and 𝛽(x). Specifically, the equations for the mean, (9) and (11), are equivalent (up to the first order in 𝜎2

Y )
if 𝛽 ≡ −𝜌; and the equations for the variance, (10) and (13), are the same (up to the first order in 𝜎2

Y ) if
𝛼 ≡ (K̄∇h̄ · ∇h̄ − V)∕𝜎2

h. These conditions yield

𝛼(x) = K̄∇h̄ · ∇h̄ − V
𝜎2

h

, 𝛽(x) = K̄∇2h̄ + g(x), V(x) = −1
2

K̄∇2𝜎2
h. (13)

These terms can be computed with various methods, including MCS. In that case, the computational advan-
tage of using this CDF equation to compute Fh stems from the fact that it takes many fewer MC realizations
to estimate h̄(x) and 𝜎2

h(x) than Fh(H; x). In our implementation, we accelerate the computation further by
deploying deterministic moment equations (Appendix A) to compute h̄(x) and 𝜎2

h(x).

The CDF equation (7) is subject to boundary conditions that reflect both possible uncertainty about the
boundary functions Φ(x) and 𝜓(x) in (2) and general properties of CDFs. To be specific, we consider
Γ = ΓD ∪ ΓN , the random boundary function Φ(x) to be characterized by a single-point CDF FΦ(Φ; x), and
set 𝜓 ≡ 0. Then (7) is subject to boundary conditions

Fh(H; x) = FΦ(H; x), x ∈ ΓD; ∇Fh(H; x) · n(x) = 0, x ∈ ΓN . (14a)

(As discussed in Appendix B, derivation of boundary conditions for inhomogeneous Neumann and/or Robin
boundary segments is more evolved and omitted here for the sake of brevity.) If the boundary head Φ is
known with certainty, that is, is deterministic, then its CDF is the Heaviside function, FΦ(H; x) = [H −
Φ(x)]. The general property of a CDF provides the remaining boundary conditions in the H space,

F(H = Hmin; x) = 0, F(H = Hmax; x) = 1. (14b)

This straightforward formulation for boundary conditions in the phase space is a key advantage of CDF
equations over PDF equations, for which the corresponding boundary conditions may not be uniquely
defined and have to be supplemented with the conservation of probability condition.
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A plethora of efficient numerical schemes have been developed to solve linear advection-diffusion equations
like (7). Since the coefficients of the CDF equation (7) are ensemble averages (e.g., K̄), they are significantly
smoother than their randomly fluctuating counterparts (e.g., K). Consequently, this equation, and the cor-
responding moment equations, can be solved on coarser grids than the underlying stochastic flow equation
to achieve the same accuracy. We use this fact to further speed up the computations.

Our numerical solution of the boundary value problem (7)–(14) comprises two modules. The first module
provides finite-volume solutions of the statistical moment equations (SME) (A4)–(A12) and yields numerical
approximations of the statistical moments of head, h̄(x) and 𝜎2

h(x). It utilizes the research code developed
by Likanapaisal et al. (2012). The second module computes the coefficients 𝛼(x) and 𝛽(x) in (7), and solves
the latter in nonconservative form by employing a finite-difference scheme.

If needed, PDF of the hydraulic head, fh(H; x), can be obtained either by differentiating Fh(H; x) or by
deriving a (d + 1)-dimensional PDF equation (Tartakovsky & Gremaud, 2016).

3. Numerical Experiments
We use two sets of numerical experiments to demonstrate the accuracy, robustness, and versatility of the
proposed approach. These experiments involve mean uniform flow driven by externally imposed hydraulic
head gradient and convergent flow toward a pumping well.

In both cases, the two-dimensional flow domainΩ is a square of dimensionless (normalized with the domain
size L) length 1. The log hydraulic conductivity (transmissivity) Y (x) = ln K(x) is modeled as a second-order
stationary multivariate Gaussian field with zero mean (Ȳ = 0), variance 𝜎2

Y , an isotropic exponential covari-
ance function CY (r) = 𝜎2

Y exp(−r∕𝓁Y ), and dimensionless (normalized with the domain size L) correlation
length 𝓁Y . The position vector x = (x1, x2)⊤ and the distance r = |x − y| between any two points x and y in
the flow domain Ω are normalized with the domain size L. The flow domain boundaries x2 = 0 and x2 = 1,
are impermeable; the deterministic (known with certainty) hydraulic heads hin and hout are imposed along
the boundaries x1 = 0 and x1 = 1, respectively.

The mean uniform flow is driven by a hydraulic head gradient J ≡ (hout − hin)∕L = 0.1, with the dimen-
sionless hydraulic heads hin = 1.1 and hout = 0.1 (normalized with the reference hydraulic head href). The
spatial domain Ω is discretized with a staggered 99 × 99 grid, and the number of grid points along the H
coordinate is set to 55. The radial flow is induced by a pumping well located at the center of the domain,
(x1 = 1∕2, x2 = 1∕2), and operated at a fixed dimensionless hydraulic head of hwell = 0.1; the dimensionless
hydraulic heads at the boundaries x1 = 0 and x1 = 1 are hin = hout = 1. In our implementation, a pump-
ing well is represented by the source term g(x) = Twell(h(x) − hwell) in (1), where Twell is the prescribed well
transmissibility. In this case, Ω is discretized with a 105 × 105 grid, and 60 grid points are used to discretize
the H coordinate.

For both flow scenarios, we compare our estimates of the hydraulic head CDF Fh(H; x) with those computed
via MCS. Equiprobable MC realizations were generated by the sequential Gaussian simulator (Deutsch &
Journel, 1998). Our convergence study of the exceedance probability for a given hydraulic head value H,
P[h(x) > H] = 1 − Fh(H; x), in the mean uniform flow case with 𝜎2

Y = 1 and 𝓁Y = 0.3, revealed that an MC
estimate of P[h(x) > H] stabilizes after about NMCS = 7, 000 MC realizations. To use the MCS estimates of
Fh(H; x) as a yardstick for ascertaining the accuracy of our CDF method for all experiments, we therefore
rely on a conservative number of realizations NMCS = 10, 000.

3.1. Accuracy of the CDF Method
Since the coefficients in the CDF equation (7) are given in terms of the mean and variance of the hydraulic
head h(x), we start by analyzing the ability of the SME (A4)–(A12) to accurately approximate h̄(x) and 𝜎2

h(x).
Figure 1 exhibits these statistical moments along the cross section x2 = 0.5 for 𝜎2

Y = 1 and 𝓁Y = 0.3 in the
case of mean uniform flow, and for 𝜎2

Y = 2.0 and 𝓁Y = 0.2 in the case of convergent flow. These profiles
h̄(x1, ·) and 𝜎2

h(x1, ·) are alternatively computed with MCS, the SME, and the CDF method.

By construction, the CDF Fh(H; x) in (7) must have the same moments h̄(x) and 𝜎2
h(x) as their counter-

parts computed with the SME. Figure 1 reveals a slight discrepancy between these two sets of moments, as
quantified by the average errors

𝜖mean = 1||Ω||∫Ω
|h̄SME − h̄CDF|dx, 𝜖var =

1||Ω||∫Ω
|𝜎2

h,SME − 𝜎2
h,CDF|dx, (15)
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Figure 1. Mean (left column) and variance (right column) of hydraulic head, h̄(x1, x2 = 1∕2) and 𝜎2
h(x1, x2 = 1∕2), for

mean uniform flow (top row) and flow to a well located at the middle of the domain (bottom row). These moments are
alternatively computed with Monte Carlo simulations (MCS), the statistical moment equations (SME), and the CDF
method. The statistical properties of log conductivity are Ȳ = 0; and 𝜎2

Y = 1 and 𝓁Y = 0.3 in the case of mean uniform
flow, and 𝜎2

Y = 2.0 and 𝓁Y = 0.2 in the case of convergent flow.

where ||Ω|| is the volume of the flow domain Ω. The errors 𝜖mean and 𝜖var decrease as the grid size along the
H coordinate, 𝛥H, decreases (Figure 2). This result confirms that the discrepancy is solely due to numerical
solution of the CDF equation and the subsequent evaluation of the quadratures required to compute the
first two moments of a CDF.

Figure 2. Average discrepancies 𝜖mean (left) and 𝜖var (right) between the mean and variance of hydraulic head h(x),
alternatively computed as quadratures of the CDF F(H; x) in (7) or by solving the SME. The discrepancies decay as the
grid size along the H coordinate, 𝛥H, becomes smaller. The statistical properties of log conductivity are Ȳ = 0; and
𝜎2

Y = 1 and 𝓁Y = 0.3 in the case of mean uniform flow, and 𝜎2
Y = 2.0 and 𝓁Y = 0.2 in the case of convergent flow.
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Figure 3. Spatial maps of exceedance probability P[h(x) > H = 0.8] = 1 − Fh(H = 0.8; x) obtained with MCS (left
column) and CDF method (right column) for mean uniform flow (top row) and convergent flow (bottom row). The
statistical properties of log conductivity are Ȳ = 0; and 𝜎2

Y = 1 and 𝓁Y = 0.3 in the case of mean uniform flow, and
𝜎2

Y = 2.0 and 𝓁Y = 0.2 in the case of convergent flow.

Consistent with the previous SME-focused studies (e.g., Li et al., 2003; Neuman et al., 1996; Likanapaisal
et al., 2012; Severino & De Bartolo, 2015; Tartakovsky & Neuman, 1998a, 1998b; among many others), the
mean and variance of hydraulic head computed with the SME are in agreement with those inferred from
MCS, regardless of the flow regime. The discrepancy between the two approaches is larger for the vari-
ance than for the mean. It also increases with the variance of log conductivity (𝜎2

Y ), which is used as a
small perturbation parameter to derive the SME: 𝜎2

Y = 1 for the mean uniform flow, and 𝜎2
Y = 2 for the

convergent flow.

Spatial maps of exceedance/nonexceedance probabilities (P[h(x) > H] = 1 − Fh(H; x) and P[h(x) ≤ H] =
Fh(H; x), respectively) for a selected hydraulic head threshold H are required to identify regions in the spatial
domain where the corresponding risk is higher than desired. Figure 3 exhibits such maps of the probability
of h(x) exceeding H = 0.8 for mean uniform and convergent flows. With some degree of abstraction, these
can be used to delineate the coastal regions in risk of seawater intrusion due to rising sea levels (the mean
uniform flow scenario) or identify well capture zones with a prescribed level of confidence (the convergent
flow scenario). These probabilities are alternatively computed with the reference MCS and as a solution of
the CDF equation (7). Visual inspection of the two sets of map, as well as the CDFs Fh(H; x) presented in
Figure 4 for several points x ∈ Ω, demonstrates a close agreement between the two methods.

A more quantitative assessment of the agreement between the CDFs computed with the CDF method (Fh)
and the reference MCS comprising NMCS = 10000 realizations (FMCS

h ) is provided by the first Wasserstein
distance between two distributions (also known as Earth Mover's metric)

(x) ≡ ∫
Hmax

Hmin

|Fh(H′, x) − FMCS
h (H′, x)|dH′. (16)
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Figure 4. Hydraulic head CDFs Fh computed with MCS and the CDF method at selected locations x = (x1, x2)⊤ in the
flow domain for mean uniform flow (top row) and convergent flow (bottom row).

The numerical integration is carried out with the Gauss-Legendre quadrature rule. The resulting contour
plots of (x) are shown in Figure 5. The error metric (x) is smallest close to locations where the hydraulic
head h is known with certainty (the prescribed head boundaries in the case of mean uniform flow, and the
prescribed head boundaries and the well in the case of convergent flow), and increase with distance from
those locations. The behavior of (x) mirrors that of the hydraulic head variance 𝜎2

h and reflects the error in
the perturbation-based estimation of the latter. In both flow scenarios, (x) remains small, not exceeding
0.011 for mean uniform flow and 0.023 for convergent flow. This performance is remarkable, given relatively
large values of the perturbation parameter 𝜎2

Y used in these simulations (𝜎2
Y = 1 and 2 for mean uniform

flow and convergent flow, respectively).

Figure 5. Spatial maps of the Wasserstein distance (x) between the hydraulic head CDFs computed with the CDF
method and Monte Carlo simulations for mean uniform flow (left) and convergent flow (right).
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Table 1
Computational Time of the CDF Method and MCS in the Case of Mean Uniform Flow

Method Grid size Error ave CPU time
CDF method 33 × 33 1.02 × 10−2 4.25 × 10−1 min

99 × 99 8.14 × 10−3 1.77 × 101 min
MCS with 1,240 realizations 99 × 99 8.14 × 10−3 1.33 × 102 min
MCS with 10,000 realizations 99 × 99 0 1.07 × 103 min

3.2. Computational Efficiency of the CDF Method
As mentioned in section 1, a raison d'être for the development of the method of distributions and other
uncertainty quantification techniques is the need to outperform MCS in terms of computational efficiency.
While the CDF method calls for solving a (d + 1)-dimensional linear partial differential equation, like (7),
MCS consist of repeated solves of a large number of d-dimensional (possibly nonlinear) PDEs like the flow
equation (1). In addition, coefficients in the CDF and moment equations are smooth functions (ensemble
averages), whereas coefficients in the original equations fluctuate randomly in space. For example, the aver-
age conductivity K̄ in (7) is constant, even though K(x) can vary by orders of magnitude from one cell of a
numerical grid to the next. The spatial homogeneity of K̄ not only increases the efficiency of the linear solver
used to solve the SME (A4)–(A12) but also allows us to solve these equations on coarser grids without any
averaging of cell properties.

The resulting computational gains provided by our CDF method are reported in Tables 1 and 2 for mean
uniform flow and convergent flow, respectively. The computation times are reported for an Intel Xeon
e5-2660 machine running at 2.2 GHz. The CPU comparison is carried out for the same discrepancy level,
defined by the average Wasserstein distance between the CDFs computed with our method and MCS,
ave = ||Ω||−1∫Ω(x)dx. Specifically, the discrepancy level ave ≈ 0.01 of the CDF method is achieved by
MCS with NMCS = 1, 240 realizations in the mean uniform flow regime and with NMCS = 1, 470 realizations
in the convergent flow regime. For the same discrepancy level of ave ≈ 0.01, the CDF method is about an
order of magnitude faster than MCS when the same numerical grid is used. Coarsening the mesh used to
solve the SME by a factor of 3 results in the similar discrepancy level while speeding up the computation by
another order of magnitude.

3.3. Robustness of the CDF Method
The accuracy of the CDF method is expected to depend on the degree of uncertainty/regularity in the
hydraulic conductivity, as characterized by 𝜎2

Y and 𝓁Y . We perform a series of numerical experiments to
analyze the robustness of the CDF method to the magnitude of these statistical parameters.

Impact of conductivity's variance. The closure approximations for the SME (A4)–(A12) are obtained via the
perturbation expansion in the variance of log hydraulic conductivity 𝜎2

Y . Consequently, one would expect
the accuracy of the CDF method to deteriorate as 𝜎2

Y increases. Yet the average Wasserstein distance between
our CDF solution and its MCS estimate does not appreciably change (ave increases by about a factor of 2)
as 𝜎2

Y increases from 1 to 5 (for fixed 𝓁Y = 0.1); that is, the spatial variability of conductivity K(x) increases
by about 5 orders of magnitude (Figure 6a).
Impact of conductivity's correlation length. The correlation length 𝓁Y controls the degree of regularity of

the (log) conductivity field. The dependence of ave on 𝓁Y (for fixed 𝜎2
Y = 1.0) is shown in Figure 6b. In

both flow configurations, ave increases with 𝓁Y as long as 𝓁Y ≤ 0.7 and decreases when 𝓁Y ≥ 0.7. The
maximum values of ave are 0.014 and 0.0086 for mean uniform flow and convergent flow, respectively.
The heterogeneous structures of the hydraulic conductivity field do not appear when the correlation length

Table 2
Computational Time of the CDF Method and MCS in the Case of Convergent Flow

Methods Grid size Error ave CPU time
CDF method 35 × 35 1.09 × 10−2 5.15 × 10−1 min

105 × 105 9.20 × 10−3 2.12 × 101 min
MCS with 1,470 realizations 105 × 105 9.20 × 10−3 2.23 × 102 min
MCS with 10,000 realizations 105 × 105 0 1.52 × 103 min
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Figure 6. Dependence of the average Wasserstein distance between our CDF solution and its MCS estimate,
ave = ave(𝜎2

Y ,𝓁Y ), on the variance (𝜎2
Y for fixed 𝓁Y = 0.1, left) and correlation length (𝓁Y for fixed 𝜎2

Y = 1.0, right) of
log hydraulic conductivity Y = ln K for mean uniform flow and convergent flow.

is extremely small. The hydraulic conductivity field becomes homogeneous when the correlation length
approaches the size of a computational domain. Therefore, the heterogeneity and the approximation error of
the SME and closures are maximum when the correlation length is intermediate (Li et al., 2003). Regardless,
the average discrepancy ave remains small regardless of 𝓁Y , which demonstrates that the CDF method is
robust to the magnitude of 𝓁Y .

3.4. Impact of Moments' Approximation
Two types of approximations underpin the derivation of the CDF equation: the moment-preserving closure
leading to (7) and the perturbation approximation used to close the moment equations. The latter affects the
coefficients 𝛼 and 𝛽 in the CDF equation (7), which depend on the hydraulic head moments h̄(x) and 𝜎2

h(x).
To eliminate the second source of error or, equivalently, to isolate its impact, we compare the CDFs Fh(H; x)
obtained by solving the CDF equation (7), whose coefficients are alternatively computed with the SME and
the reference MCS. Since the moments computed with the reference MCS are treated as exact, their use in
the CDF equation (7) isolates the impact of the moment-preserving closure.

For both flow configurations, we set 𝜎2
Y = 3.0 and 𝓁Y = 0.4. Table 3 shows the relative minor impact of the

perturbation closures of the SME (A4)–(A12) on the average Wasserstein distance ave between the CDFs
resulted from the two strategies for computing the coefficients 𝛼 and 𝛽. However, this integral metric of
accuracy tells only part of the story. Figure 7 reveals that the CDF Fh(H; ·) computed with the reference
MCS moments is closer to the reference solution than the CDF Fh(H; ·) computed with SME moments. This
demonstrates that the performance of the CDF method relies on the accuracy of moments. It also increases
confidence in the moment-preserving closure leading to the CDF equation (7).

4. Summary and Conclusions
We developed the method of distributions to probabilistically predict single-phase flow in porous media with
uncertain hydraulic conductivity and/or uncertain boundary functions. The method results in a determin-
istic partial-differential equation for the CDF of hydraulic head. The derivation of this equation relies on a
novel moment-preserving closure approximation, which expresses the coefficients of the CDF equation in
terms of the mean and variance of hydraulic head. These hydraulic head statistics can be computed either

Table 3
Average Wasserstein Discrepancy ave Between the CDF Method With MCS Moments
and the CDF Method With SME Moments for Two Flow Configurations

Methods Error ave

Mean uniform flow Convergent flow
CDF method with MCS moments 2.26 × 10−2 1.72 × 10−2

CDF method with SME moments 2.78 × 10−2 2.02 × 10−2
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Figure 7. Hydraulic head CDFs Fh(H; x) computed with MCS, the CDF method with MCS moments, and the CDF
method SME moments at x = (0.5, 0.5)⊤ for mean uniform flow (left) and at x = (0.5, 0.25)⊤ for convergent flow (right).

with MCS or by solving the corresponding SMEs. The latter require an addition closure approximation, such
as perturbation expansions in variance of log hydraulic conductivity. We performed a series of numerical
experiments to evaluate the accuracy, robustness, and computational efficiency of the CDF method. Our
study leads to the following conclusions.

• The CDF method yields spatial maps of the exceedance probability for hydraulic head. This information is
required for probabilistic risk assessment, for example, for probabilistic delineation of well capture zones.

• The CDFs obtained with the CDF method are in good agreement with the reference MCS for a wide range
of statistical properties of hydraulic conductivity (its variance and correlation length). The CDF equations
remain robust for the conductivity variance as large as 5.

• The accuracy of the CDF method depends on the approximation of moments. Employing the exact MCS
moments instead of their SME-based counterparts as an input for the CDF equation increases the accuracy
of the solution.

• The CDF method is two orders of magnitude more efficient than MCS. This computational speed up stems
from the smoothness of the coefficients in the SME and CDF equation, for example, from replacing ran-
domly fluctuating hydraulic conductivity with its ensemble mean counterpart. This not only speeds up the
linear solver but also facilitates the use of low-cost coarse-scale solutions.

Our CDF equation is derived by using perturbation expansions in the variance 𝜎2
Y of log conductivity Y(x).

The CDF method can readily accommodate other stationary, unimodal distributions of conductivity K(x) by
using a Taylor expansion around their respective means K̄. It can also handle nonstationary and multimodal
distributions of K, which are indicative of subsurface environments composed of multiple hydrofacies. A
follow-up study will deal with this setting by deploying the random domain decomposition (Winter & Tar-
takovsky, 2002; Winter et al., 2003), as discussed in section 2. We also plan to deploy the CDF method to
characterize parametric uncertainty in realistic three-dimensional problems with complex boundary condi-
tions and source/sink terms (e.g., injection or production wells and spatially extended sources representing
recharge).

Appendix A: Derivation of Moment Equations
Derivation and analysis of the moment equations (MDEs) for the hydraulic head h have been a subject of
intensive research in stochastic hydrogeology for several decades (e.g., Li et al., 2003; Neuman et al., 1996;
Tartakovsky & Neuman, 1998a, 1998b; Severino & De Bartolo, 2015; among many others). A brief derivation
of the MDEs implemented numerically by Likanapaisal et al. (2012) is presented below for completeness.

The steady-state groundwater flow equation (1) is rewritten in terms of log hydraulic conductivity Y (x) =
ln K(x) as

∇2h + ∇Y · ∇h = g(x)e−Y . (A1)
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Using the Reynolds decomposition Y (x) = Ȳ + Y ′(x), recalling that Y(x) is second-order stationary multi-
variate Gaussian, that is, that its mean Ȳ and variance 𝜎2

Y = ⟨Y ′2⟩ are constant, defining by KG = exp(Ȳ ) the
geometric mean of the hydraulic conductivity K, expanding exp(Y ′) into a Taylor series around Y′ = 0, and
taking the ensemble mean of the resulting equation leads to

∇2h̄ + ∇ · ⟨Y ′∇h⟩ = g
KG

∞∑
n=0

1
(2n)!

𝜎2n
Y . (A2)

Here the notation ̄ and ⟨⟩ is used interchangeably to denote the ensemble mean of any random quantity
. The right-hand side is derived by taking advantage of the fact that all odd moments of a Gaussian Y′ are
0. The unknown ensemble moments h̄ and ⟨Y′∇h⟩ = ⟨Y′∇h

′⟩ are expanded into asymptotic series in the
powers of 𝜎2

Y ,

h̄ = h̄(0) + h̄(1) + … , ⟨Y ′∇h′⟩ = ⟨Y ′∇h′⟩(1) + ⟨Y ′∇h′⟩(2) + … , (A3)

where the superscript (n) indicates that the corresponding quantity is of order 𝜎2n
Y . The use of these expan-

sions formally limits the applicability of the resulting solutions to 𝜎2
Y∕2 < 1, but has been shown to remain

robust for 𝜎2
Y as large as 4.

Collecting the terms of equal powers of 𝜎2n
Y in (A2) yields a recursive set of partial-differential equations

∇2h̄(0) =
g

KG
, ∇2h̄(n) + ∇ · ⟨Y ′∇h⟩(n) = g

2KG
𝜎2n

Y , n ≥ 1. (A4)

The boundary conditions for these equations are obtained from (2) by following a similar procedure:

h̄(0) = Φ̄(x), h̄(n) = 0, n ≥ 1, x ∈ ΓD; (A5a)

−KG∇h̄(n) · n(x) = 1
(2n)!

�̄�(x)𝜎2n
Y , n ≥ 0, x ∈ ΓN ; (A5b)

−KG∇h̄(n) · n(x) + 1
(2n)!

ah(n)𝜎2n
Y = 1

(2n)!
�̄�(x)𝜎2n

Y , n ≥ 0, x ∈ ΓR. (A5c)

The latter results rely on a reasonable assumption that the hydraulic conductivity K is not correlated with
both 𝜓 and 𝜑.

Apart from n = 0, the equations in (A4) are unclosed since each of them contains two unknowns, h̄(n)

and ⟨Y′∇h⟩(n). To remediate this problem, we derive an equation for the first-order approximation of
cross-correlation CYh(𝜒, x) = ⟨Y′ (𝜒)h(x)⟩(1) by multiplying (A1) with Y′ (𝜒), taking the ensemble mean, and
retaining the terms of order 𝜎2

Y ,

∇2
xCYh(𝛘, x) + ∇xCY (x,𝛘) · ∇xh̄(0) = −

g
KG

CY (x,𝛘), (A6)

where CY (x, 𝜒) = ⟨Y′ (x)Y′ (𝜒)⟩ is the autocorrelation of Y(x). Accounting for the lack of correlation between
Y and the boundary functions Φ and 𝜓 , it follows from (2) that the moment equation (A6) is subject to
boundary conditions

CYh(𝛘, x) = 0, x ∈ ΓD; ∇xCYh(𝛘, x) · n(x) = �̄�

KG
CY (x,𝛘), x ∈ ΓN . (A7)

Once this boundary value problem is solved and CYh(𝜒, x) is evaluated, we compute ∇xCYh(𝜒, x) and then
evaluate ⟨Y ′∇h⟩(1) = lim𝛘→x[∇xCYh(𝛘, x)]. We use the first-order (in 𝜎2

Y ) approximations of the statistical
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moments, that is, approximate the mean head h̄ with h̃ = h̄(0) + h̄(1). Multiplying (A4) with K̄ and summing
the equations for h̄(0) and h̄(1) yields subject to boundary conditions

h̃ = Φ̄(x), x ∈ ΓD; −KG∇h̃ · n(x) = �̄�(x)

(
1 +

𝜎2
Y

2

)
, x ∈ ΓN ;

KG∇h̃ · n(x) + ah̃(x)

(
1 +

𝜎2
Y

2

)
= �̄�(x)

(
1 +

𝜎2
Y

2

)
, x ∈ ΓR.

(A8)

An equation for the first-order approximation of the head variance, �̃�2
h, is derived by subtracting (11) from

(A4), multiplying the resulting equation with h
′
(x), and taking the ensemble mean:

∇2
x𝜎

2
h(x) − 2⟨∇h · ∇h′⟩(1) + 2∇xh̄(0) · ⟨∇Y ′h⟩(1) = −

2g(x)
KG

CYh(x, x). (A9)

Similar to the equation for h̃, we compute ∇xCYh(x, 𝜒) to evaluate ⟨∇Y ′h⟩(1) = lim𝛘→x[∇xCYh(x,𝛘)]. To
obtain the workable expression for the unknown term ⟨∇h · ∇h

′⟩(1), we solve the equation for the first-order
approximation of the hydraulic head's autocovariance function, Ch(x, 𝜒) = ⟨h(x)h′

(𝜒)⟩(1). The equation for
Ch(x, 𝜒) is derived by multiplying (A1) with h

′
(𝜒), taking the ensemble mean, and retaining the terms of

order 𝜎2
Y ,

∇2
xCh(x,𝛘) + ∇xCYh(x,𝛘) · ∇xh̄(0) = −

g(x)
KG

CYh(x,𝛘). (A10)

The boundary conditions for this equation are obtained by multiplying (2) with h
′
(𝜒), taking the ensemble

average, and retaining the terms of order 𝜎2
Y ,

Ch(x,𝛘) = CΦh(x,𝛘), x ∈ ΓD; KG∇xCh(x,𝛘) · n(x) = C𝜓h(x,𝛘) − �̄�(x)CYh(x,𝛘), x ∈ ΓN ;
KG∇xCh(x,𝛘) · n(x) − aCh(x,𝛘) = C𝜑h(x,𝛘) −

[
�̄�(x) − ah̃(x)

]
CYh(x,𝛘), x ∈ ΓR.

(A11)

The boundary cross covariances CΦh(x, 𝜒), C𝜓h(x, 𝜒) and C𝜑h(x, 𝜒) are computed by multiplying (2) with
h

′
(𝜒) and taking the ensemble average. If the boundary functions Φ and 𝜓 are deterministic, as is the case

in our numerical experiments, then CΦh(x, 𝜒) = 0 and C𝜓h(x, 𝜒) = 0.

Once this boundary value problem is solved, that is, Ch(x, 𝜒) is computed, we evaluate ⟨∇h · ∇h′⟩(1) =
lim𝛘→x[∇x · ∇𝛘Ch(𝛘, x)]. Multiplying (A9) with K̄ and evaluating ⟨∇h · ∇h

′⟩(1) and ⟨∇h · ∇h
′⟩(1) leads to the

closed equations (12) for the first-order approximation of the head variance subject to boundary conditions

�̃�2
h(x) = CΦh(x, x), x ∈ ΓD; K G∇x�̃�

2
h(x) · n(x) = 2C𝜓h(x, x) − 2�̄�(x)CYh(x, x), x ∈ ΓN ;

KG∇x�̃�
2
h(x) · n(x) − a�̃�2

h(x) = 2C𝜑h(x,𝛘) − 2
[
�̄�(x) − ah̃(x)

]
CYh(x,𝛘), x ∈ ΓR.

(A12)

Alternatively, �̃�2
h can be obtained by taking the limit of the head's autocovariance function Ch(𝜒, x), that is,

�̃�2
h = lim𝛘→xCh(𝛘, x). The limit can be computed from the numerical solution of (A10), Ch, between the grid

point x and all grid points in the domain.

Appendix B: Boundary Conditions for the CDF Equation
Boundary conditions for the CDF equation along the physical boundaries ΓN and ΓR are obtained from (2)
in three steps. We show here the derivation for mixed type boundary conditions along ΓR; conditions along
ΓN are identical by imposing a = 0 and substituting 𝜑 with 𝜓 . First, we multiply (2) along ΓR by 𝜕Π∕𝜕H to
obtain

−K(x)∇Π · n(x) − aH 𝜕Π
𝜕H

= −𝜑 𝜕Π
𝜕H

. (B1)

Ensemble averaging of (B1) yields

−K̄(x)∇F · n(x) = aH 𝜕F
𝜕H

− �̄� 𝜕F
𝜕H

+ ⟨K′ 𝜕Π′

𝜕H
⟩ − ⟨𝜑′ 𝜕Π′

𝜕H
⟩ (B2)
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which requires closure. Consistently with the IEM closure developed for (1), we impose

−K̄(x)∇F · n(x) = aH 𝜕F
𝜕H

− �̄� 𝜕F
𝜕H

+
(
Γ(x)(H − h̄(x)) + 𝜂(x)

) 𝜕F
𝜕H

, x ∈ ΓR, (B3)

where Γ(x) and 𝜂(x) are required to guarantee consistency with the boundary conditions for the moment
equation (Appendix A). Upon integration, this yields

Γ(x) =
(K̄∕2)∇𝜎2

h · n(x) − a𝜎2
h(x) + 2ah̄2(x)

𝜎2
h(x) − 2h̄2(x)

, 𝜂(x) = K̄∇h̄ · n(x) − ah̄(x) + �̄�(x). (B4)

References

Barajas-Solano, D. A., & Tartakovsky, D. M. (2016). Stochastic collocation methods for nonlinear parabolic equations with random
coefficients. SIAM / ASA Journal on Uncertainty Quantification, 4(1), 475–494.

Boso, F., Broyda, S. V., & Tartakovsky, D. M. (2014). Cumulative distribution function solutions of advection-reaction equations with
uncertain parameters. Proceedings of the Royal Society A, 470(2166), 20140189. https://doi.org/10.1098/rspa.2014.0189

Boso, F., Marzadri, A., & Tartakovsky, D. M. (2018). Probabilistic forecasting of nitrogen dynamics in hyporheic zone. Water Resources
Research, 54(7), 4417–4431.

Boso, F., & Tartakovsky, D. M. (2016). The method of distributions for dispersive transport in porous media with uncertain hydraulic
properties. Water Resources Research, 52, 4700–4712. https://doi.org/10.1002/2016WR018745

Caflisch, R. E. (1998). Monte Carlo and quasi-Monte Carlo methods. Acta Numerica, 7, 1–49.
Ciriello, V., Lauriola, I., Bonvicini, S., Cozzani, V., Federico, V. D., & Tartakovsky, D. M. (2017). Impact of hydrogeological uncertainty on

estimation of environmental risks posed by hydrocarbon transportation networks. Water Resources Research, 53, 8686–8697.
Dagan, G., & Neuman, S. P. (Eds.) (1997). Subsurface flow and transport: A stochastic approach Edited by Dagan, G., & Neuman, S. P.New

York: Cambridge.
Deutsch, C., & Journel, A. (1998). GSLIB: Geostatistics Software Library and User's Guide. New York: Oxford University Press.
Dodwell, T. J., Ketelsen, C., Scheichl, R., & Teckentrup, A. L. (2015). A hierarchical multilevel Markov chain Monte Carlo algorithm with

applications to uncertainty quantification in subsurface flow. SIAM-ASA Journal on Uncertainty Quantification, 3, 1075–1108.
Giles, M. B., Nagapetyan, T., & Ritter, K. (2015). Multilevel Monte Carlo approximation of distribution functions and densities. SIAM /

ASA Journal on Uncertainty Quantification, 3, 267–295.
Haworth, D. C. (2010). Progress in probability density function methods for turbulent reacting flows. Progress in Energy and Combustion

Science, 36(2), 168–259.
Ibrahima, F., Meyer, D. W., & Tchelepi, H. A. (2015). Distribution functions of saturation for stochastic nonlinear two-phase flow. Transport

in Porous Media, 109(1), 81–107.
Ibrahima, F., Tchelepi, H. A., & Meyer, D. W. (2018). An efficient distribution method for nonlinear two-phase flow in highly heterogeneous

multidimensional stochastic porous media. Computers & Geosciences, 22, 389–412.
Li, L., Tchelepi, H. A., & Zhang, D. (2003). Perturbation-based moment equation approach for flow in heterogeneous porous media:

Applicability range and analysis of high-order terms. Journal of Computational Physics, 108, 296–317.
Lichtner, P. C., & Tartakovsky, D. (2003). Stochastic analysis of effective rate constant for heterogeneous reactions. Stochastic Environmental

Research and Risk Assessment, 17(6), 419–429.
Likanapaisal, P., Li, L., & Tchelepi, H. A. (2012). Dynamic data integration and quantification of prediction uncertainty using

statistical-moment equations. SPE Journal, 17(1), 98–111.
Liodakis, S., Kyriakidis, P., & Gaganis, P. (2018). Conditional Latin hypercube simulation of (log)Gaussian random fields. Mathematical

Geosciences, 50, 127–146.
Neuman, S. P., Tartakovsky, D., Wallstrom, T. C., & Winter, C. (1996). Prediction of steady state flow in nonuniform geologic media by

conditional moments: Exact nonlocal formalism, effective conductivities, and weak approximation. Water Resources Research, 32(5),
1479–1480.

Pope, S. B. (2001). Turbulent flows.
Raman, V., Pitsch, H., & Fox, R. O. (2005). Hybrid large-eddy simulation/Lagrangian filtered-density-function approach for simulating

turbulent combustion. Combustion and Flame, 143, 56–78.
Severino, G., & De Bartolo, S. (2015). Stochastic analysis of steady seepage underneath a water-retaining wall through highly anisotropic

porous media. Journal of Fluid Mechanics, 778, 253–272.
Shvidler, M., & Karasaki, K. (2003). Probability density functions for solute transport in random field. Transport in porous media, 50(3),

243–266.
Tartakovsky, D. M. (2007). Probabilistic risk analysis in subsurface hydrology. Geophysical Research Letters, 34, L05404. https://doi.org/10.

1029/2007GL029245
Tartakovsky, D. M. (2013). Assessment and management of risk in subsurface hydrology: A review and perspective. Advances in Water

Resources, 51, 247–260. https://doi.org/10.1016/j.advwatres.2012.04.007
Tartakovsky, D. M., & Broyda, S. (2011). Pdf equations for advective–reactive transport in heterogeneous porous media with uncertain

properties. Journal of contaminant hydrology, 120, 129–140.
Tartakovsky, D. M., & Gremaud, P. A. (2016). Method of distributions for uncertainty quantification, Handbook of uncertainty quantification

pp. 1–22): Springer, Cham.
Tartakovsky, D. M., & Neuman, S. P. (1998a). Transient flow in bounded randomly heterogeneous domains 1. Exact conditional moment

equations and recursive approximations. Water Resources Research, 34(1), 1–12.
Tartakovsky, D. M., & Neuman, S. P. (1998b). Transient flow in bounded randomly heterogeneous domains 2. Localization of conditional

mean equations and temporal nonlocality effects. Water Resources Research, 34(1), 13–20.
Villermaux, J., & Falk, L. (1994). A generalized mixing model for initial contacting of reactive fluids. Chemical Engineering Science, 49(24),

5127–5140.

Acknowledgments
This work was supported in part by Air
Force Office of Scientific Research
under Award FA9550-17-1-0417, by
U.S. Department of Energy under
Award DE-SC0019130, and by a gift
from TOTAL. There are no data
sharing issues since all of the
numerical information is provided in
the figures produced by solving the
equations in the paper.

YANG ET AL. 8644

https://doi.org/10.1098/rspa.2014.0189
https://doi.org/10.1002/2016WR018745
https://doi.org/10.1029/2007GL029245
https://doi.org/10.1029/2007GL029245
https://doi.org/10.1016/j.advwatres.2012.04.007


Water Resources Research 10.1029/2019WR026090

Wang, P., Tartakovsky, D. M., Jarman, J. K. D., & Tartakovsky, A. M. (2013). CDF solutions of Buckley-Leverett equation with uncertain
parameters. Multiscale Modeling and Simulation, 11(1), 118–133. https://doi.org/10.1137/120865574

Winter, C. L., & Tartakovsky, D. M. (2002). Groundwater flow in heterogeneous composite aquifers. Water Resources Research, 38(8), 1148.
https://doi.org/10.1029/2001WR000450

Winter, C. L., Tartakovsky, D. M., & Guadagnini, A. (2003). Moment equations for flow in highly heterogeneous porous media. Surveys in
Geophysics, 24(1), 81–106.

Xiu, D. (2010). Numerical methods for stochastic computations: A spectral method approach. New York: Princeton University Press.

YANG ET AL. 8645

https://doi.org/10.1137/120865574
https://doi.org/10.1029/2001WR000450

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


