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Abstract

Methods based on multiple-point statistics (MPS) have been routinely used to characterize complex geo-
logical formations in the last decade. These methods use the available static data (for example, measured
conductivities) for conditioning. Integrating dynamic data (for example, measured transient piezometric
head data) into the same framework is challenging because of the complex non-linear relationship between
the dynamic response and geology. The Ensemble PATtern (EnPAT) search method was recently developed
as a promising technique to handle this problem. In this approach, a pattern is postulated to be composed
of both parameter and state variables, and then, parameter values are sequentially (point-wise) simulated
by directly sampling the matched pattern from an ensemble of training images of both geologic parameters
and state variables. As a consequence, the updated ensemble of realizations of the geological parameters
preserve curvilinear structures (i.e., non-multiGaussanity) as well as the complex relationship between static
and dynamic data. Moreover, the uncertainty of flow and transport predictions can be assessed using the
updated ensemble of geological models. In this work, we further modify the EnPAT method by introducing
the pilot-point concept into the algorithm. More specifically, the parameter values at a set of randomly se-
lected pilot point locations are simulated by the pattern searching procedure, and then a faster MPS method
is used to complete the simulation by conditioning to the previously simulated pilot point values. This pilot
point guided MPS implementation results in lower computational cost and more accurate inference of the
parameter field. In addition, in some situations where there is sparsity of measured geologic static data,
the EnPAT algorithm is extended to work only with the dynamic data. We employed a synthetic example
to demonstrate the effectiveness of pilot points in the implementation of EnPAT, and also the capability of

dynamic data to identify complex geologic structures when measured static data are not available.
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1. Introduction

Mathematical modeling of subsurface flow and transport is essential for managing energy production
and contaminant remediation. Aquifer parameters such as hydraulic conductivity or permeability, exhibit
large spatial variation commonly over several orders of magnitude. Due to the scarcity of measurements,
a geostatistical approach [e.g., 1, 2, 3, 4, 5, 6] is usually employed to represent the spatial heterogeneity of
aquifer attributes. These geostatistical models are conditioned to the measured static data and yield multiple
equiprobable realizations of the attributes. The uncertainty of model response is assessed subsequently by
running a forward model on these multiple parameter realizations [7, 8, 9]. Besides static data (i.e., the hard
data), dynamic data such as transient piezometric head and concentration can also be used to condition
the models. The procedure of constructing aquifer models conditioned to dynamic data is termed inverse
modeling where the objective is to identify the parameter values at unsampled locations by integrating those
dynamic data into the model, and thus to improve the predictions of flow and transport in the future [e.g.,
10, 11, 12, 13, 14, 15].

Inverse methods have been developed and used extensively to generate permeability or hydraulic conduc-
tivity models conditioned to dynamic data [e.g., 16, 17, 18, 19, 20, 21]. De Marsily et al. [16] developed the
pilot-point method, in which the a conductivity map is determined by calibrating a few pilot-point locations
followed by a kriging interpolation. Gémez-Herndndez et al. [19] proposed the self-calibration stochastic
inverse method, which is an extension of the pilot point method, aimed at the generation of multiple conduc-
tivity realizations, all matching the observed state data. The performance of the self-calibration method has
been demonstrated for synthetic and real case studies [e.g., 22, 23, 24]. One key concern of this approach is
how to determine the number of pilot points and their locations. Gémez-Herndndez et al. [19] recommended
two or three pilot points per correlation length. LaVenue and Pickens [25] placed the pilot points in the
highest sensitivity regions. Wen et al. [26] proposed to randomly locate the pilot points such that the spacing
between the pilot points is one correlation length. Wen et al. [27] coupled self-calibration with genetic algo-
rithms to determine the optimal locations of pilot points. A code implementing the self-calibration model is
available to the public [28].

Beside the pilot point-based inverse methods, Hu [20] proposed the gradual deformation method, in which
a single deformation parameter controls the generation of conductivity fields such that the simulated state
values match the observation data. Evensen [21] proposed the ensemble Kalman filter, a further extension
of the extended Kalman filter, in which the covariance between the aquifer attribute at a location and

the corresponding well response is calculated from an ensemble of realizations and is used subsequently to
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update the ensemble so as to reflect the measured well response. Heidari et al. [29] proposed to update the
conductivity fields at the pilot point locations using the EnKF, and then extrapolate the updated values to
all locations in the aquifer by kriging.

All the inverse methods mentioned above are optimal for multi-Gaussian geologic media. In other words,
they perform well for conductivity fields following a multiGaussian random function such as those generated
by two-point variogram-based geostatistical methods such as sequential Gaussian simulation [3]. However,
traditional two-point covariance methods can not be used to describe fluvial depositions, which commonly
display features of curvilinear geometry. The significance of a curvilinear feature on the flow and transport
predictions has been discussed in the literature [30, 31, 32, 33, 34]. An alternative to two-point covariance
methods is to use recently developed methods based on multiple-point statistics (MPS) to address this
problem [4]. In this approach, instead of using the traditional variogram model, a training image that
conceptually describes the salient geological features is used. A spatial template (i.e., a multiple-point
configuration) is used to infer the experimental local conditional distributions [35]. A complete review of the
training image based MPS method for aquifer modeling is presented in Hu and Chugunova [36]. Alternative
approaches are available to generate non-multiGaussian field such as transition probabilities and copula
methods [e.g., 37].

Inverse methods developed to work in conjunction with multiple-point-based simulation methods are
relatively new in the literature [e.g, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48]. Caers [38] applied a probability
perturbation method on the permeability fields generated from MPS. Alcolea and Renard [39] developed a
block moving-window algorithm, an extension of the block Markov Chain Monte Carlo method by Fu and
Goémez-Herndndez [49] to condition MPS simulations to piezometric head data as well as connectivity data.
Mariethoz et al. [40] proposed an iterative spatial resampling method working on the MPS simulation in the
Bayesian framework. More recently, the ensemble Kalman filter (EnKF) is gaining popularity in petroleum
engineering and hydrogeology because of its computational efficiency and real-time data assimilation features
[e.g., 50, 51, 52, 53, 54, 55]. However, the classical EnKF, when implemented on models constrained to
MPS, does not preserve the statistics or complexity of the models, because of the covariance-based updating
used in the EnKF. The complex relationship between the spatial pattern of state variables and the flow
response is approximated by a covariance, and the repeated updating results in a final ensemble that does
not correctly exhibit the complex spatial connectivity of features such as channels, fractures, etc. Some
variations of the EnKF have been proposed to overcome the limitation posed by the two-point covariance-

based updating so that the connectivity of the permeability field is properly preserved. Sun et al. [41]
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proposed to couple the EnKF and a mixture of Gaussian models as well as localization techniques in order
to improve the performance for fluvial models. Sarma and Chen [42] developed a kernel EnKF to preserve the
connectivity of the MPS-based permeability realizations. Zhou et al. [43, 56] proposed to first transform the
parameter and state variables to marginal Gaussian distributions through the normal-score transformation
before implementing the updating step in EnKF. Jafarpour and Khodabakhshi [44] suggested updating the
ensemble mean of several MPS-based permeability realizations using EnKF and subsequently use the updated
ensemble-mean values as soft data to regenerate updated models using the MPS approach. Hu et al. [45]
proposed to update the uniform-score random numbers used to draw outcomes from the MPS conditional
distributions, using the EnKF.

All the above-mentioned EnKF-based updating schemes may yield suboptimal representation of perme-
ability variations in the aquifer because of the linearization of the transfer function model implied by the
representation of the complex relationship between state and dynamic response variables using lower order
moments (e.g., mean and covariance). Zhou et al. [47] proposed a pattern-search-based inverse method where
the relationship between the conductivity field and the dynamic responses, in the form of corresponding pat-
terns, is inferred from training images and used to simulate MPS-based conductivity fields. This process
was subsequently extended in Li et al. [48] where an Ensemble PATten (EnPAT) algorithm was presented
to integrate dynamic data within an ensemble-based multiple-point statistic framework. In this approach,
model parameter and state values are simultaneously and sequentially estimated, which not only improves
the characterization of the parameter field, but also makes it feasible to assimilate dynamic data in real-time,
similar to other ensemble-based filtering approaches.

In this work, we further improve the performance of the EnPAT algorithm [48] by implementing the pilot-
point concept as done in the sequential self-calibration method [16, 19]. More specifically, the conductivities
at pilot point locations are generated through the EnPAT scheme, and then a fast MPS method is used to
generate updates of the initial ensemble conditioned on the pilot-point parameter values. We demonstrate
this algorithm on a synthetic data set. Moreover, in some cases, hard data (i.e., conductivity values used to
condition the conductivity realizations) may be unavailable and only well responses may exist to generate
the ensemble of aquifer models. We extend the EnPAT algorithm to condition only on the dynamic data
in order to recognize curvilinear geologic structures. Lastly, we demonstrate the algorithm for conditioning
to fully transient flow response information. In these demonstrations, we track the evolution of models as
dynamic data is integrated sequentially in time.

The rest of the paper is organized as follows. Section 2 outlines the improved EnPAT methodology
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and details the significance of the use of pilot points in this new algorithm. Next, in Section 3, numerical
experiments are employed to demonstrate the proposed method. Then in Section 4, the influence of the

number of pilot points on the results is analyzed. The paper ends with summary and conclusions.

2. Methodology

2.1. Algorithm

The ensemble pattern-search algorithm, an extension of the direct sampling (DS) method (a training
image based MPS method) [5], was first proposed by Zhou et al. [47]. The algorithm extended the direct
sampling method in two specific aspects: (1) the pattern is composed of not only the geologic parameters
(e.g, conductivity) but also includes state variables (e.g., piezometric head); (2) an ensemble of realizations
both for the geologic parameters as well as for state variables are used as multiple training images. Li et al.
[48] further improved the algorithm by simultaneously estimating both geologic and state variables, resulting
in a better characterization of permeability /conductivity at both large and small scales.

In this work, the ensemble pattern-search algorithm is coupled with the pilot-point concept commonly
used in traditional inverse methods such as sequential self-calibration in order to improve computational
efficiency. Figure 1 shows a flowchart of the EnPAT algorithm. As we can see, if all the gridblocks are pilot
points, the algorithm is completely equivalent to the original implementation proposed by Zhou et al. [47];
on the contrary, if there are no pilot points, the algorithm would become the ensemble direct sampling MPS
method as shown in the paper by Li et al. [48]. In this paper, we employ a finite set of pilot points in order to
render the process of simultaneously searching for both the conducutivity and head pattern computationally
fast. Thus, the basic idea is to use the original pattern search method to simulate the conductivity at the
pilot points conditioned to the pattern of both conductivity and head data in the neighborhood of the pilot
point. Subsequently, the ensemble direct sampling MPS (Zhou et al. [47]) is used to complete the subsurface
models conditioned on the previously simulated pilot point values. To achieve this, once the number and
location of pilot points are defined, the corresponding constraints (both k and h) on the nodes are enforced
to simulate the conductivities. When the conductivities at all the pilot points are estimated, the simulation
continues to simulate conductivity values at all remaining nodes conditioned to the values at the pilot point
locations. The pilot point locations are sampled at random from the entire simulation domain.

The specific implementation of the EnPAT algorithm can be summarized as follows:

1. Initialization step. Generate an ensemble of N, prior geologic models conditioned to measured con-

ductivity data using traditional MPS methods such as SNESIM [4]. It is assumed that the model is
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composed of N,, grid blocks. Here, the initial ensemble can be generated either using a single training
image (a conceptual model of the aquifer [35]), or using several training images representing the prior

uncertainty in the geological model.

. Forecast step. For each conductivity model (realization), the transient groundwater flow model is

solved from time zero to ¢ using a standard numerical simulator, i.e.,

Y = f(Xk-1,Yo0) (1)

Y and Y denote the simulated piezometric head at time ¢ = k and the initial head at time ¢t = 0,
respectively. Xj_1 corresponds to the updated conductivity at time t = k — 1. The groundwater flow
model, boundary conditions, sources and other unknown parameters are represented by the transfer
function f.

The ensemble of conductivity realizations at t = k — 1 (i.e. Xj_1) plus the corresponding ensemble
of simulated piezometric head at ¢t = k (i.e. Y}) can be used as the ensemble of training images to

simulate the ensemble conductivity at ¢ = k (i.e. X}) using the following pattern search method.

. Ensemble pattern search step. Update the ensemble conductivity Xx_; based on the observed head

data at time ¢t = k.

(a) Start the loop to estimate the conductivity realization » =1 at t = k (i.e., Xy).

(b) Generate a random path P;(z),i = 1,2,..., N,, visiting all the nodes of the realization, in which
the first IV, nodes are used as pilot points. These pilot points are located randomly within the
domain.

(c) Start the loop to estimate the conductivity X} and piezometric head Y}

i. If the conductivity and head data both are known at node 7 by measurement (e,g., hard data),
go to step (d).

ii. Build the conditioning pattern, which is composed of geologic parameter (e.g., conductivity)
and state (e.g., head) variables (see Figure 2A). The conductivity and head data in the
pattern can be either the measured data or the previous estimated data (as in traditional
sequential simulation). The size of pattern is determined by the predefined maximum number
of conductivity and head data and the search radius. When the conditioning data are sparse,
the size of pattern is usually large, which is good for the estimation of conductivity at the
large scale such as the channels (see Figure 2A); when the available conditioning data becomes

dense (at later stages of the simulation), the pattern in a smaller area around the simulation
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iii.

node will be searched, which is beneficial for the simulation of smaller scale features (Figure

2B). This scheme with flexible pattern size is thus equivalent to the multiple grid approach in

the sequential Gaussian simulation algorithm proposed by Gémez-Herndndez and Journel [3],

in terms of reducing the artifacts in the simulation. Also, in order to reduce the computational

cost, a spiral search strategy centered on the estimated location 7 is considered [2].

Note that, if the simulation is at the early stages and no hard data are available, the condi-

tioning pattern will be composed of only state variables (Figure 2E).

Generate a random path P;,j =1,2,..., N, visiting all the realizations. Search for a match

to the conditional pattern (see Figure 3). Start the loop with a randomly selected realization

J.

A. Search the candidate pattern on the realization j. The search would be enforced at the
node i because the state (head) is affected by the presence of boundary conditions and
source terms. However, this would require a large ensemble in order to find a matching
pattern and is consequently computationally expensive. In order to alleviate the compu-
tational expense, the 8 nodes (26 nodes in three dimensions) surrounding the center grid
block i are also searched for a matching pattern. Despite using a small area surrounding
the node ¢ to search for the matching pattern in the ensemble, the method has the same
accuracy as the basic DS algorithm that uses a single training image (Figure 2C and
D) to simulate the pattern of conductivity. At the pilot point location, conductivity is
simulated constrained to both conductivity and piezometric head. At other locations, the
simulation is conducted with the pattern of only conductivity; in other words, the ensem-
ble DS is used to extrapolate the conductivity on the basis of the previously simulated
pilot point.

B. Calculate the distances, dJX for conductivity and d}/ for head, between the conditional
pattern and the candidate pattern found during the search. Specific distance functions
will be described in section 2.2.

C. Compare the calculated distance values with the predefined tolerance values. Specifically:

Case 1: X} =Xj_ . Vi=Y/ ifdX <¢&Xanddl <&
Case 2: X} = X]_,, if dX <X . (2)

Case 3: Y} =Y/, if dY <&
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where €X and &Y are the predefined tolerance values for the conductivity and head,
respectively. Case 1 denotes simulation at the pilot point locations (Figure 2A and B), in
which case tolerances are applied to both the conductivity and piezometric head patterns
in order to find the match. Case 2 corresponds to simulation of the non-pilot point
locations (Figure 2C and D), in which case a tolerance is applied only to the conductivity
pattern in order to find the closest match. Case 3 occurs when hard data are not available
and only the head data are used to construct the pattern (Figure 2E and F). In that case
a tolerance is only applied to the pattern of piezometric head in order to find the closest
match.
If the computed distance is less than the specified tolerance, go to step (d).

D. Otherwise, set j = j 4+ 1, and go to step A.

iv. If at the end of previous steps the tolerance criteria are not met, then the pattern with
the smallest distances is retained and the corresponding grid block (n) conductivity value is

assigned as the simulated one, i.e.,

Case 1: Xj =Xp  Yi=Yr ifd), =dX andd),, =dY .

min n min n
Case 2: X} = XI' |, if dX, =dX . (3)
Case 3:Y) =Y, ifdy. =dY .
where d2X. and dY,. are the smallest distances for the conductivity and piezometric head,

respectively. The simulated values will be used as the conditioning data for the subsequent
simulation.
(d) Set i =i+ 1 and go to step (c¢) until all nodes are estimated.
(e) Set r =7+ 1 and go to step (a) until all realizations are simulated.
4. Loop back. The forecast and pattern search loop is applied again on the updated conductivity field for
the next time step of observations (i.e., set k = k+1 and go to step 2 until all the time step observation

data are conditioned).

Even though both conductivity and head are simultaneously simulated using the pattern-search approach
in order to capture the variability of the aquifer attributes at multiple scales [48], only the simulated con-
ductivity is kept for updating at the next time step. This is because the updated piezometric heads might

not be consistent with those simulated by the full-physical simulator because of complexity of well/boundary
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conditions, etc. The training images for piezometric head for pattern search at all subsequent time steps are
obtained by re-running the forward simulator from time step zero. This does add to the computational cost,
but it is similar to the implementation in EnKF-based methods such as static EnKF and re-start EnKF [e.g.,
54, 44, 57, 45].

Unlike in previous implementations [47, 48] where the pattern search constrained to both conductivity
and head is performed at all nodes in the domain, in this new algorithm, pattern search is performed only at
predefined pilot points. At all other non-pilot point locations, the pattern is composed of only conductivity
and the simulation is conducted by pattern search through the criteria presented in Case 2 above. The
implementation of the full pattern search at pilot point locations not only accelerates the simulation, but
also improves the quality of updated conductivity field in terms of preserving the large scale connectivity.
The pilot points are randomly located within the field, and they are changed from one realization to the

next as well as from one time step to the next.

2.2. Distance functions

In the algorithm, distance functions play a key role to quantify the candidate pattern. Follow the same
approach as in Zhou et al. [47]. The Manhattan distance is computed for categorical variables (i.e., rock
facies or homogeneous conductivities within facies) and the weighted Euclidian distance function is computed

for continuous variables (for example, piezometric head or continuous conductivities).

e Manhattan distance for the categorical variables:

dd(ea) o)} = 5 D0 de(0,1]

0, ifd(z;) = p(ay)

a; =

1, otherwise

where n is the numbers of nodes in the pattern, d(z,,) is the conditioning pattern, p(z,,) is the matching

pattern, x; represents the members of the pattern.

e Weighted Euclidean distance for the continuous variables

n 9 1/2
d{d(n), plen)} = (ﬁ ghw> de0.1] 5)

10
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where h; is the Euclidean distance between node ¢ and the node being simulated, therefore giving more

weight to dissimilarities of the closest nodes, d,q, is the maximum absolute difference |d(x;) — p(x;)].

3. Synthetic example

3.1. Reference field

A single-phase transient groundwater flow problem is set up to demonstrate the effectiveness of the
proposed method. The aquifer is discretized into 50 x 50 x 1 grid blocks, with the block dimensions of 1
mx 1 mx 1 m. The training image from Strebelle [4] is used as the conceptual geologic model with high
conductivity sand and low conductivity shale (see Figure 4A). The SNESIM code developed by Strebelle [4]
is employed to generate the reference facies map, in which the proportion of sand is set as 30%. Constant
hydraulic conductivity values with 10 and 10~* m/d are assigned to sand and shale, respectively. The
variance of log-conductivities is about 5.3. The reference model is shown in Figure 4B.

The aquifer is assumed to be confined and modeled with constant head boundaries at z = 0 m and x = 50
m (i.e., h = 0 m at those boundaries) and with no flow boundaries at the remaining model faces (see Figure
4B). The initial head is assumed zero over the entire domain. Specific storage is set as constant and equal
to 0.01 m~!. A pumping well (well #2) located at the center of the domain extracts water at a constant
flow rate of 25 m3/d. There are three observation wells located within the domain. The spatial locations
of the 4 wells are shown in Figure 4B. The simulation time is 30 days and is discretized into 10 time steps
following a geometric sequence of ratio 1.2.

The finite-difference code MODFLOW [58] is used to solve the transient flow equation (1). The piezo-
metric head data for the first five time steps (8.6 days), collected from the 4 wells are used as conditioning
data to update the initial model parameters. No measurement error is considered as well as no measured
conductivity data in this example. The measurement error could be implicitly accounted for by increasing
the distance tolerance value for each variable.

Five hundred unconditional facies realizations are generated using SNESIM and then populated with
constant conductivity values. The parameters used in the EnPAT are listed in Table 1. Note that: (1) the
tolerance values both for the conductivity and head are defined as zero so that the best simulated value
(corresponding to the minimum distance) is achieved at the pilot point locations, even though this increases
the computational cost; (2) The number of pilot point is set at 500. Sensitivity of the results to the number
of pilot point locations will be studied in section 4. The sensitivity to other parameters such as tolerance

and number of conditioning data in the pattern is referred to the work by Meerschman et al. [59].
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3.2. Evaluation criteria

A set of metrics are computed in order to quantify the performance of proposed method.

1. Check the ensemble mean and variance of conductivity maps, that can be used to check the reproduction
of the main patterns observed in the reference and to display the spatial uncertainty depicted by the
updated ensemble of conductivity realizations.

2. Calculate the average absolute error (AAFE) and average ensemble spread (AES), that can be used to

quantify the accuracy and uncertainty of simulated results. They are defined as follows:

N, N,

1 1
AAE(ZE) = N_ Z F Z |-’L'i,r - -Tref,i|
=1 """ r=1
U ©)
_ 2
AES(z) = N Z-:Zl%i

where x; , is conductivity at location 7 for realization r, xyct; is the reference conductivity value at
location i, N,, is the number of nodes, IV, is the number of realizations in the ensemble and Ufci is the
ensemble variance at location i.

3. Calculate the ensemble connectivity of conductivity. Here, the code CONNEC3D developed by Pardo-
Igtizquiza and Dowd [60] is used to compute the connectivity. In this approach, the conductivity values
are first converted to indicators and then the connectivity of indicators can be calculated, dependent on
the user defined spatial template or connectivity direction. The definition and computation of connec-
tivity is referred the study by Pardo-Igtizquiza and Dowd [60]. In our case, horizontal connectivity (i.e.,
east-west direction) is calculated because the reference conductivity field shows dominant connectivity

in that direction.

3.3. Results

3.3.1. Hydraulic conductivity characterization

Using the EnPAT data integration algorithm, an ensemble of 500 conductivity realizations are obtained
for each conditioning time step. Here, all the evaluation is based on the indicator transform of conductivity,
i.e., high-conductivity has an indicator value of 1 and low-conductivity shale of 0. Figure 5 shows the
ensemble mean and variance of conductivity at three time steps. Figure 6 displays two randomly selected
realizations before and after conditioning to the dynamic data. Figure 7 shows the spatial distribution of

pilot points and the simulated values at those locations in two realizations. The evolution of the calculated

12
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AAE and AES with time is shown in Figure 8. Figure 9 displays the connectivity calculated for all members
of the ensemble as well as the ensemble average before and after data conditioning.

Analyzing the evolution of ensemble mean and variance maps with time, it is evident that (a) without any
conditioning data, the mean and variance of the initial ensemble is spatially constant because the channels
are randomly distributed in space; (b) the main pattern of channels gradually converges to the reference,
and also the uncertainty of ensemble conductivity is reduced. From a quantitative point of view, Figure 8
also shows that the AAFE is reduced by about 30% and AE'S by about 60% after conditioning to all available
head data. Both AAF and AFES attain a plateau after time step 4 implying that further conditioning to
head data will not improve the characterization of the conductivity field. Other information such as solute
concentration or a denser network of wells would be needed to further resolve the conductivity field. The
connectivity statistics in Figure 9 also demonstrate an extreme reduction in uncertainty after conditioning
to head data. More specifically, the ensemble mean of connectivity is close to the reference and the spread of
connectivity over the ensemble realizations is reduced after conditioning to the head data. The two individual
realizations in Figure 6 depict the channels before and after data conditioning. We can conclude that the
channels in the initial model deviate considerably from the reference while the updated model exhibits similar
spatial distribution of channels as in the reference. Figure 7 shows the pilot point locations used for two of
the realizations. Judging by the conductivity values at the pilot point locations, we can conclude that the
spatial distribution of channels has already been broadly represented in the pilot point values. This further
supports our implementation of conditioning to head and conductivity patterns at pilot point locations and
subsequent spatial interpolation of only conductivity values away from pilot point locations.

Based on the results above it can be conjectured that the EnPAT algorithm can be efficiently used to
integrate head data into the simulation of conductivity fields. Note that the results further indicate that in
the absence of hard conductivity data here, features such as channels can be simulated based on head data

and based on learning the relationship between conductivity and the dynamic response.

3.3.2. Flow predictions

The ultimate objective of the dynamic data integration process is to make better prediction of future
performance of the aquifer flow process. The ensemble of geologic models were rerun from time zero using
the updated conductivity after conditioning to all the head data.

Figure 10 shows the variation in predicted head values over the ensemble and the corresponding average
over the ensemble for the 4 wells. The head data for the first 8.6 days was used for conditioning and the data

for the remaining period is used to assess the prediction accuracy of the models. We can see that without
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any conditioning, the spread in head values is large and the average deviates significantly from the reference.
After conditioning to the head data, the ensemble average of predicted head is close to the reference and the

variation in predicted values (uncertainty) is also reduced.

4. Sensitivity to the number of pilot points

One key issue with this modified EnPAT algorithm is the optimization of the number and location of the
pilot points. Figure 11 displays the evolution of the ensemble mean of updated conductivity values for the
first time step using different number of pilot points within EnPAT (i.e., Np = 20, 100, 500 and 1500). We
can see that the pattern exhibited by the ensemble mean is best reproduced with 500 or more pilot points.
Clearly, if there are no pilot points then no conditioning to head data is achieved and in the absence of any
hard conductivity data, the ensemble mean map would be constant as shown in Figure 5 (nT = 0). On
the other hand, if there are a larger number of pilot points, the computational expense is high and also the
simulated images show artifacts due to the strong constraints enforced during the pattern search process
(see Figure 4 of paper by Zhou et al. [47] taking all the gridblocks as pilot points). The speed up (S,) has

been calculated to evaluate the computational gain, i.e.,

Sp = (7)

where T is the CPU time consumed under the original EnPAT implementation (i.e., all the nodes are pilot
points and needed to be simulated with constraints of both conductivity and piezometric head), T}, is the
CPU time using p pilot points. Figure 12 shows the speedup with the number of pilot points. As expected,
speed up is reduced as more pilot points are used.

Choosing a reasonable number of pilot points not only reduces the computational cost, but also improves
the quality of the updated conductivity fields. In the current implementation, no further postprocess pro-
cedure is required while in the original EnPAT algorithm proposed by Zhou et al. [47], the postprocess is
needed to remove the artifacts which are not exhibited in the training images. In this example, using about
one fifth of the total number of nodes, the speed up is about 2.5 times, and the main spatial pattern of
the channels is exhibited in the ensemble mean map, similar to the original implementation of EnPAT (see
Figure 11 and 12). A practical guideline for selecting the number of pilot points could be such that the
average distance between pilot points is smaller than the channel width in order to capture the details of

the curvilinear structure.
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5. Discussion

The EnPAT algorithm shares some features with the EnKF [21]: (1) an ensemble of realizations is used,
and thus uncertainty in flow and transport predictions can be assessed; (2) a full-physical simulator is inte-
grated as a black-box in both methods; (3) the correlation between parameter and state is explicitly estimated
through the ensemble realizations. However, a significant difference exists in the way the parameters are up-
dated. In the EnKF, the parameter is updated as the initial value plus the Kalman Gain weighted dynamic
data mismatch. That is, the complex non-linear relationship between the model parameters and the dynamic
response is approximated by the Kalman Gain term that is computed based on the covariance, and thus the
updating procedure is optimal only if the parameter and state variables are jointly multiGaussian. In the
EnPAT algorithm, on the other hand, the model parameters are simulated using the pattern-search method,
in which the correlation between parameter and the state variables (dynamic response) is described in terms
of a spatial pattern (i.e. beyond two-point covariance), and thus the parameter and state do not necessarily
follow a multiGaussian distribution. Furthermore the curvilinear /complex structure of the aquifer parameter
is explicitly preserved through the multipoint statistics.

In this paper, we used a synthetic 2D example to demonstrate the robustness and effectiveness of proposed
method. In real case, the aquifer could be 3D in nature and the simulation of channeled aquifer will be more
CPU demanding and time consuming in 3D than in 2D but, in principle, the method is general in its
formulation and is applicable to 3D domains. It is however possible that the flow response in 3D systems
are not as seriously impacted by complex reservoir heterogeneity which in turn can impact the quality and

variability of the inverted permeability fields [61]. This issue will be investigated in a subsequent paper.

6. Conclusion

Inverse modeling is helpful for modeling and prediction of subsurface flow and transport processes. Most
of the current approaches are based on an optimization framework. Recently, the EnPAT algorithm [47, 48]
was developed to condition non-Gaussian conductivity fields to dynamic data. Unlike current approaches,
the EnPAT is based on pattern search and simulation and does not explicitly involve minimization of an
objective function. In this approach, the joint pattern of both conductivity and piezometric head data is
considered, and the direct sampling multiple-point statistics method [5] is applied to find the matching
pattern from an ensemble of aquifer models. Consequently, the updated conductivity realizations not only
are conditioned to the available piezometric head data, but also preserve complex curvilinear structure as

described by the spatial pattern.
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In this paper, we integrate the pilot point concept [16, 19] into the EnPAT method. Specifically, the
conductivity at the pilot point location is simulated by searching for the pattern composed of both conduc-
tivity and piezometric head. Subsequently, the conductivity at the remaining locations is simulated using
the original Direct Sampling algorithm. The main difference being that the matching pattern is searched
over an ensemble of training images instead of a single training image.

We demonstrate the proposed method using a synthetic 2D transient flow example. Our results indicate
that: (1) the computational cost of EnPAT is reduced by using pilot points while at the same time the
quality of updated conductivity realizations is improved; (2) indirect data such as piezometric head have
information that helps us identify the complex spatial characteristics of the conductivity field even when

measured conductivity data may not be available.
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Table 1: Parameters used in EnPAT.

Search radius for conductivity 25 m
Search radius for head 25 m

Max. number of element in the pattern for conductivity 10

Max. number of element in the pattern for head 10
Distance function for conductivity Manhattan
Distance function for head Weighted Euclidian
Distance tolerance for conductivity 0.0
Distance tolerance for head 0.0
Number of pilot point 500
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