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Three-Dimensional Geostatistical Inversion of
Flowmeter and Pumping Test Data

by Wei Li', Andreas Englert?3, Olaf A. Cirpka“, and Harry Vereecken?

Abstract

We jointly invert field data of flowmeter and multiple pumping tests in fully screened wells to estimate
hydraulic conductivity using a geostatistical method. We use the steady-state drawdowns of pumping tests and the
discharge profiles of flowmeter tests as our data in the inference. The discharge profiles need not be converted to
absolute hydraulic conductivities. Consequently, we do not need measurements of depth-averaged hydraulic con-
ductivity at well locations. The flowmeter profiles contain information about relative vertical distributions of
hydraulic conductivity, while drawdown measurements of pumping tests provide information about horizontal
fluctuation of the depth-averaged hydraulic conductivity. We apply the method to data obtained at the Krauthausen
test site of the Forschungszentrum Jiilich, Germany. The resulting estimate of our joint three-dimensional (3D) geo-
statistical inversion shows an improved 3D structure in comparison to the inversion of pumping test data only.

Introduction

Pumping tests are one of the most common techni-
ques to characterize the hydraulic properties of aquifers.
In a pumping test, water is extracted or injected in a well
and head changes are observed in adjacent wells. Con-
ventional pumping tests using single pumping wells pro-
vide average properties of aquifers over a large influence
zone, focusing on the regions between the pumping well
and the monitoring wells. Combining multiple pumping
tests in a tomographic format overcomes the drawback of
single-well pumping by stressing and monitoring the
aquifer at different locations (Neuman 1987; Butler and
Liu 1993; Gottlieb and Dietrich 1995; Yeh and Liu 2000;
Zhu and Yeh 2005, 2006; Bohling et al. 2007; Illman
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et al. 2007; Liu et al. 2007; Li et al. 2007). Since the vari-
ous pumping tests show different patterns of sensitivity
with respect to hydraulic parameters, they can provide a sig-
nificantly improved description of aquifers. For pumping
tests in fully screened wells, however, the system is stressed
over the entire depth of the aquifer and only depth-aver-
aged drawdown measurements are obtained. Thus, one
can determine only depth-averaged properties of aquifers.
However, sedimentary deposits often are heterogeneous
in vertical direction since they typically contain lenses
with large extension in horizontal directions but only lim-
ited thickness. Due to lacking vertical resolution, the esti-
mates of hydraulic conductivity from pumping tests in
fully screened wells are limited in the applicability to pre-
dict solute transport. Moreover, the effects of unresolved
vertical variation of hydraulic conductivity on measured
drawdown may be misinterpreted by assuming a too high
apparent variance of storativity (Li et al. 2007). Such
a high variance is conjectured to be biased because all
the terms making up the storage coefficient hardly vary.
Borehole flowmeter tests (e.g., Molz et al. 1994;
Zlotnik and Zurbuchen 2003) are a widely used approach
to determine vertical profiles of hydraulic conductivities
at well locations. In a flowmeter test, water is extracted
from a fully screened well until it reaches steady state.
Then, a flowmeter is used to continuously measure the
vertical flow rates from the bottom of the well to the top
of the screen. The increase of the flow rate over a certain
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depth increment relates to the hydraulic conductivity,
K (m/s), at that location. From the measurements of
flowmeter tests, one obtains only relative values of
hydraulic conductivity. To obtain absolute values, the
depth-averaged value of K at the well needs to be known
(Javandel and Witherspoon 1969). To achieve these mean
values, one has to rely on other tests, such as slug tests or
small-scale pumping tests. In general, the depth averages
vary with horizontal position so that an extra test for each
well is needed. The conventional analysis of flowmeter
tests becomes difficult for wells, for which unfortunately
extra tests are not available. If a measurement of the
depth-averaged hydraulic conductivity at a particular well
is missing, one may try to estimate it from values ob-
tained nearby, for example, from slug tests in different
wells (e.g., Chen et al. 2001). These estimated average
values are then used to convert the relative hydraulic con-
ductivities to absolute values. Recently, Fienen et al.
(2004) analyzed flowmeter tests using a geostatistical
inverse method. Similar to conventional approaches, they
need depth-averaged values of K at well locations. The
depth-averaged values were considered as a known prior
in the inference, which is an inconsistent requirement,
because the mean value itself should be an outcome of the
inversion. In some applications of geostatistical inversion,
hydraulic conductivity values obtained by flowmeter tests
are considered as direct measurements of local hydraulic
conductivity (e.g., Rehfeldt et al. 1992; Chen et al. 2001).
To the best of our knowledge, these measurements
are considered as independent values in the cited studies.
The K estimates derived from flowmeter tests, however,
are correlated, which needs to be accounted for in
conditioning.

In the present study, we jointly analyze data obtained
by flowmeter and pumping tests in fully screened wells.
We take the steady-state drawdowns of multiple pumping
tests and the discharge profiles of flowmeter tests as our
data. By directly using the discharge profiles, we do not
require converting flowmeter test data to absolute hydrau-
lic conductivities. In the joint analysis, the discharge pro-

files of flowmeter tests contain information about the
vertical distribution of hydraulic conductivity, whereas val-
ues of steady-state drawdown obtained in fully screened
wells during pumping tests contain information about hori-
zontal fluctuations. In our approach, we fully consider
how the measurements of flowmeter tests correlate, both
in the computation of measurement errors and in the evalu-
ation of sensitivities. We apply a full three-dimensional
(3D) setup, also accounting for vertical flow in boreholes.

For the inversion, we follow the quasi-linear geostat-
istical approach of Kitanidis (1995) with extensions given
by Nowak et al. (2003) and Nowak and Cirpka (2004).
We apply the joint analysis to real measurements obtained
at the Krauthausen test site in Germany (Vanderborght
and Vereecken 2001; Vereecken et al. 1999, 2000).

Theory

Flowmeter Tests

To facilitate later descriptions, we briefly illustrate
the setup of a flowmeter test in Figure 1. Here, b (m) re-
fers to the aquifer saturated thickness, z, (m) stands for
the reference level of the borehole bottom, and /# (m) the
height above the bottom. Extraction of water with a rate
Q, (m3/s) is conducted until steady state is reached. Then,
the vertical flow rate Q(h) (m3/s) within the borehole is
measured by the flowmeter as a function of depth. The
cumulative flow Q(h) at height zo + & can be expressed as
follows:

o) =3 A0, (1)

in which AQ; (m?/s) is the induced flow at increment i
within the total range of zy to zg + h. We assume that
flow in the aquifer at the well radius is horizontal. Then,
the relation between the horizontal hydraulic conductivity
K; (m/s) and the induced flow AQ; (m3/s) without ambi-
ent flow in a borehole can be quantified by (Javandel and
Witherspoon 1969):
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Figure 1. A typical setup of a flowmeter test and a graphic illustration of the data. (a) is the normalized cumulative discharge

profile and (b) is the profile of relative hydraulic conductivities.
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with

where K; is the hydraulic conductivity of the ith incre-
ment in the direct vicinity of the borehole, K (m/s) is the
depth-averaged value of hydraulic conductivity over the
depth of the borehole, and Az; (m) is the thickness of
the ith measurement increment. We graphically illustrate the
profiles of normalized discharges Q(h) and the relative hy-
draulic conductivities in Figures la and 1b. In the following,
the ratio #; [-] of the measured discharge in the ith incre-
ment to the total discharge is denoted as discharge ratio.

The discharge ratio #; does not explicitly depend on
the depth-averaged value of hydraulic conductivity at the
well location. Per flowmeter test, one vector n of dis-
charge ratios is observed. Because 1 is a function of the
differences of discharge rates between increments, the el-
ements of 1 are correlated. We have to consider the corre-
lation when defining the measurement error of n.

For a particular flowmeter test, the sensitivity H;; of
the discharge ratio #; with respect to the logarithm of
hydraulic conductivity in cell j is zero everywhere except
for the locations in the direct vicinity of the borehole
where the test is conducted. We derive the corresponding
H;; based on Equations 2 and 3:

- on;
v 0InK;
- aalf}qf — Kighx
FZ
_ oK ~ Kifiomg
= =
5;KiK — Ki JEK;
EZ
= Oy; — 'Ii% np, Lj=1..my 4)

in which J,[-] is the Dirac delta function, which is 1 if
i = j and O otherwise. As shown, the sensitivity of n with
respect to the logarithm of hydraulic conductivity is not
a function of the absolute hydraulic conductivity at the
well location. The discharge ratio at a certain depth, how-
ever, depends on the log-conductivity values along the
entire depth of the well.

Using a Bayesian approach in the inversion, we need
to quantify the uncertainty of the measurements due to
measurement error. Considering that #;, defined by the
ratio of discharges, is not a direct measurement, we com-
pute the measurement error agi [-] of n; through linear
error propagation based on Equation 2:

2 2
2 _ 99 + %0, b’ + ’71‘2 2 (5)
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in which O'ZQ/_ (m®/s2) is the variance of the Q measurement
at the ith increment, GZQP (m®/s?) stands for the variance of
the total discharge measurement. We assume that the
measurement error between Q; and Q;_; is not correlated.
The latter assumption may be put into question, for exam-
ple, when the well is nonuniformly developed. While in
principle, it is possible to include correlations between Q
measurements in various depths, the information needed
for that typically is not available. In any application, it is
important that well construction and development are
done carefully to minimize artifacts in the flowmeter
measurements. It is advisory to analyze whether bypass
flow, which may occur in high-permeability zones, affects
the measurements (Dinwiddie et al. 1999). The quality of
well construction may be tested by geophysical well-
logging techniques. The cross covariance between the
data of n is given by:

2 2 2
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Pumping Tests

We consider 3D flow in an aquifer that behaves like
a confined one, that is, the drawdown is small in compari-
son to the water-saturated thickness. Prior to a particular
pumping test, the system is assumed to be in steady state.
After a sufficient time of pumping, the drawdown s (m)
reaches steady state and can be described by the follow-
ing equation:

=V - (KVs) = Wpd(x — Xy) (7)
with the boundary conditions:

s=0 on FDiri (8)

n-Vs=0 onlne )

in which K (m/s) is the hydraulic conductivity, W, (m3/s)
denotes the pumping rate (positive for extraction), é(x —
Xy) (1/m3) is the Dirac delta function, x (m) is the
vector of spatial coordinates, x,, (m) is the location of
the well, I'p;; and I'ne, denote Dirichlet and Neumann
boundaries, and n [-] is the unit vector normal to the
boundaries.

We calculate the sensitivity of drawdown with
respect to log hydraulic conductivity Y using the continu-
ous adjoint-state method (Sun and Yeh 1990):

s
oy, = Jw V- VsKdx (10)

in which V; (m3) is the volume related to a particular
log-conductivity value Y;, which is identical to a single
element in our numerical implementation, and ¢ (m) is
the adjoint state of drawdown described by:

~ V- (KVp) = (x - x) (11)
subject to the boundary conditions:
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Q :OOHFDiri (12)

n-Ve =0onlne (13)

where 6(x — x;) (1/s) is the Dirac delta function, and x; is
the location of measurements.

Inverse Kernel

Here, we briefly repeat the quasi-linear geostatistical
approach to invert indirect measurements developed by
Kitanidis (1995). We assume that the logarithm of
hydraulic conductivity Y(x) is a random spatial variable
described by its mean and covariance function. We
express Y(x) by the sum of a deterministic trend and ran-
dom fluctuations about the trend:

p

Y(x) = Z:Xi(x)ﬁi +Y'(x) (14)

in which ng is the number of deterministic base functions
Xi(x), f; is a trend coefficient, and Y’(x) is the spatially
correlated random fluctuation about the deterministic
trend. We consider that the joint pdf of Y'(x) is (multi)-
Gaussian, and thus fully described by the expected value
of zero and the covariance function Ry y(x) which is
parameterized by a particular functional form, such as the
exponential model, depending on a vector 0 of structural
parameters, such as the variance and correlation lengths.

In numerical models, we discretize the spatial
domain into n elements. The n X 1 vector Y of discrete
log hydraulic conductivity values are made of:

Y=Xp+Y (15)

in which X is an n X ng matrix of discretized base func-
tions, P is an ng X 1 vector of trend coefficients, and Y’ is
the n X 1 vector of the discrete fluctuations about the
trend.

Our objective is to estimate the distribution of Y
from an n,, X 1 vector of measurements Z, where n,, is
the number of measurements. We achieve this by mini-
mizing the following objective function:

L(Y|Z") = Y'"RyA Y + (B—B") Ry (B — B°)
+ (2"-Z(Y)) R (2" — Z(Y))  (16)

in which Ryy- is the n X n prior covariance matrix relat-
ing all log-conductivity values to each other, Z(Y) is the
model outcome, and Rz denotes the n,,, X n,, covariance
matrix expressing measurement error. Here, we assume
that the difference between Z™ and Z(Y) using the
correct log hydraulic conductivity values follows a multi-
Gaussian distribution. We also consider that the trend
coefficient B follows a multi-Gaussian distribution with
the ng X 1 prior expected value B* and the nz X ng prior
covariance matrix Rpg. p* and Rgp must be estimated
from existing information prior to interpreting the data. If
no prior information exists, RB_BI becomes a zero matrix
and B* has no influence on the estimate. In Equation 16,
the prior distributions of Y’ and p are uncorrelated.
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After some reformulation, it can be shown that the
best estimate Y of Y can be computed in an iterative
manner by:

?kﬂ = Xﬁk + RY'Y'HI{%k (17)

in which fik and %k, are defined by:

H;RyyH] + Rzz HiX g,
X"H; ~ Ry [ B
[z - Z(Y)) + HY, 8
- _ R[;pl * ( )

in which k is the iteration index and Hj is the n,, X n
sensitivity matrix of the measurements with respect to
the logarithms of hydraulic conductivity about the cur-
rent estimate Y. In the present study, we consider 0
known, although methods are available to infer 0 from
the measurements as well (Kitanidis 1995). We stabilize
the inverse procedure with a modified Levenberg-
Marquardt method (Nowak and Cirpka 2004), facilitating
the application of spectral methods for the multiplication
of sensitivities with the covariance matrix (Nowak et al.
2003).
For our joint analysis, Z/ is an aggregated vector:

Z"=[s m] (19)

in which s denotes the measurements of steady-state
drawdown and n stands for the measurements of dis-
charge ratios of flowmeter tests. In the inference, we
compute the simulated drawdowns of our model and their
adjoint-state variables using the finite-element method on
a regular grid. Based on current hydraulic conductivity
field, model outputs of the discharge ratios are simulated
through Equations 2 and 3. The matrix of measurement
error Rzz is made of:

R, 0
in which Rj,, is the matrix of measurement error of draw-
downs and R}, of discharge ratios. We compute R},
using Equations 5 and 6. Here, matrix H is an aggregated
matrix as well:

H= [ﬁ} (1)

where HS is the sensitivity matrix of drawdown with
respect to log hydraulic conductivity according to Equa-
tion 10 and H" is one of the discharge ratios, which is
computed using Equation 4.

Site Description and Experimental Methods

Description of Test Site

The Krauthausen test site, operated by the
Forschungszentrum Jiilich, is located in the southern
part of the Lower Rhine Embayment in Germany
(Vanderborght and Vereecken 2001; Vereecken et al.
1999, 2000). It has an extension of 180 X 70 m. All
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studies at the test site have focused on the uppermost
aquifer with a thickness of approximately 10 m. The aqui-
fer is part of a floodplain, consisting mainly of gravel and
sand sediments. The site is equipped with 73 fully
screened wells with approximately 5 cm diameter and
a single well with approximately 17.5 cm diameter.

Analysis of borehole core materials demonstrates
that the corresponding K values are well described by the
lognormal distribution (Englert 2003). Vereecken et al.
(2000) have shown that an exponential model for the
covariance function can produce best fit with the data of
core materials of the test site and the results of flowmeter
tests discussed subsequently as well. From previous stud-
ies (Li et al. 2007) and preliminary investigation of the
flowmeter data, we obtain the geostatistical structural
parameters (Table 1) of log conductivity at the site. These
parameters indicate that the field of hydraulic conductiv-
ity shows moderate heterogeneity with a strong horizontal
to vertical anisotropy.

Field Campaign of Pumping and Flowmeter Tests

From March to August 2000, a series of small-scale
pumping tests with a discharge rate of 2 m3/h were con-
ducted at 29 different pumping wells at the test site
(Lamertz 2001). For each pumping test, approximately
10 wells adjacent to the production wells were used as
observation wells. The distances of pumping and observa-
tion wells range from 1.63 to 130.91 m. Both the pump-
ing and the observation wells were equipped with
automatic loggers of hydraulic head with a resolution of 1
mm to measure and store the head changes at time inter-
vals of 10 s. The pumping continued for 2 h. In Figure 2,
we have plotted several drawdown curves. At later times,
the measured data fluctuate about steady-state drawdown
values. Well locations are marked by vertical gray solid
lines and crosses in Figure 3.

In August 1994, flowmeter tests were conducted in
22 suitable wells (Schneider 1995). An electromagnetic
borehole flowmeter was used in the tests. The vertical
black solid lines and the circles in Figure 3 indicate the

Table 1
Geometric and Geostatistical Parameters Used
in the Inversion
Variable  Description Value
Field domain and grid information
L, Domain width (m) 70
L, Domain length (m) 200
Ls Domain length (m)
Ax; Grid spacing in x; (m) 1
Ax, Grid spacing in x, (m) 1
Ax; Grid spacing in x3 (m) 0.1
Geostatistical parameters
a2 Prior variance of log;g K (K in m/s) 0.32
I Prior mean of log;o K (K in m/s) -2.8
02* Uncertainty of prior mean f* 0.19
A Correlation length in x; direction (m) 5.3
o Correlation length in x, direction (m) 5.3
A3 Correlation length in x3 direction (m) 0.23

25

ey Mm}liwlull‘ N

10

s [mm]

0

10' 102 10° 10*
ts]

Figure 2. Example of drawdown curves in a single small-

scale pumping test at Krauthausen, Germany. Here, seven
monitoring wells are used.

well locations. In the field, a pumping rate Q,, of 1.5 m%h
was applied. A flowmeter was used to measure and record
the flow rate Q; in the wells as a function of depth. The
vertical resolution of the measurements was 10 cm.

Numerical Implementation

In our numerical implementation, we discretize the
field on an orthogonal structured grid. State variables
such as drawdown and its adjoint state are simulated
using the finite-element method. The field dimensions
and grid spacing used in the model are listed in Table 1.

In principle, one prefers to use grids allowing
regional refinements around wells for pumping tests,
rather than a regular grid. However, for unstructured
grids, the efficient Fourier transformation methods for the
evaluation of the covariance matrix will fail. For our
application with 1.1 millions of unknowns, the evaluation
of the covariance matrix on unstructured grids is com-
putationally prohibitive. Although the application of
Karhunen-Loéve expansion to approximate the covariance
function enables using an unstructured grid for large-
scale problems of geostatistical inversion, previous two-
dimensional studies have shown that the results on a regular
grid are very close to the values on an unstructured one
(Li and Cirpka 2006). Based on these considerations, we
have applied a regular grid for our inverse model.

Since we use drawdown in our inversion, the influ-
ence of ambient flow is eliminated. In small-scale pump-
ing test, we did not observe signals of drawdown on the
horizontal edges of the field because the field dimension
is much larger than the radius of influence of the small-
scale pumping tests. Based on these observations, we
have applied zero-drawdown boundary conditions on the
boundaries forming vertical faces and no-flux boundary
conditions on the top and the bottom of the aquifer.
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Figure 3. Results of joint geostatistical inversion of flowmeter and pumping test data. (a) is the estimate of log,o K with joint
data of flowmeter and pumping tests and (b) displays the standard deviation of estimation of log,o K with joint data. Vertical
black solid lines and the circles are the locations of the wells, where flowmeter tests were conducted; and the vertical gray lines
and the crosses indicate the positions of the wells used in multiple pumping tests. Contour lines display the corresponding

depth-averaged values.

The drawdown during the small-scale pumping tests was
considerably smaller than the water-saturated thickness
of the aquifer. Hence, it is permissible to analyze the
steady-state pumping data assuming confined conditions.

In a flowmeter test, the sensitivity of incremental
flux AQ; with respect to log hydraulic conductivity is
focused and decreases dramatically with increasing dis-
tance from the measurement location. The sensitivity
approximately scales with 1/r2, where r is the distance to
the measurement location. If near-well anomalies are not
in the direct vicinity of the operating well, they hardly in-
fluence the flowmeter measurements. In our model, we
have applied a resolution of 1 m in the horizontal direc-
tions. One single column of elements at the well location
could capture most information of the flowmeter tests.

In our inverse procedure, we accounted for the small-
scale pumping tests and flowmeter tests in a sequential
way. We began with a single small-scale pumping test and
all the flowmeter tests. Once optimal values of hydraulic
conductivity were obtained, we added further pumping test
data to the joint inversion, using the estimate from the pre-
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vious step as initial guess for the following estimate. In
each of these steps, all flowmeter data and an increasing
number of pumping test data are jointly inverted. We
repeatedly added pumping test data until all were used.
In total, 175 measurements of drawdown and 808 observa-
tions of flowmeter data were considered.

The CPU time to estimate the approximated 1.1 mil-
lion log-conductivity values was around 50 h on a 3GHz
dual core PC operating under Linux.

Results

Figure 3 displays the resulting fields of log conduc-
tivity and its posterior uncertainty. Here, we select three
vertical cross-section cutting through wells. Figure 3a
shows log hydraulic conductivity after joint inversion of
pumping test and flowmeter data. The contour lines on
the bottom describe the distribution of depth-averaged
values. Figure 3b shows the standard deviation of estima-
tion. Again, the contour lines display the corresponding
depth-averaged values. In Figure 3, the gray vertical lines

35U9D17 SUOWIWOD dA1IER.D et jdde au Aq pausenoh a1e sajole O 98N J0 3N 10j AReud3UUO A1 UO (SUORIPUOI-PUE-SWLI WO A3 | 1M ARe.d 1 [oU1|UO//SONY) SUOIIPUOD PUe SWB L 3} 835 *[G202/TT/82] Uo Arigiauliuo Ao |Im ‘BISRAIUN-BUINT-ULe N AQ X' 6TY00"L00Z ¥859-GYLT ITTTT'0T/I0p/w0d Ao | Arelq1jputjuoembBuy/sdiy Wwoy papeo|umoq ‘2 ‘8002 ‘78595 LT



and the crosses indicate the locations of wells used for
pumping tests and the black vertical lines and the circles
are the well locations in flowmeter tests.

In Figure 3a, we clearly see that the 3D structure of
hydraulic conductivity can only be revealed in the vici-
nity of wells where flowmeter tests were performed. In
regions where only pumping test data exist, the esti-
mated log-conductivity field becomes vertically uniform.
Figure 3b shows that the remaining uncertainty of the
estimated log hydraulic conductivity field decreases con-
siderably near the wells used for flowmeter tests. That is,
by adding flowmeter data to the inversion of pumping
tests, the remaining uncertainty of hydraulic conductivity
is reduced while vertical resolution is gained. We exam-
ine the variability of the obtained hydraulic conductivity
near the wells used in flowmeter tests. For this purpose,
we compute the variance of log;q K for all elements
that are less than one correlation length away from
such wells. The resulting variance is 0.06, which is con-
siderably higher than 0.03, the variance of the entire esti-
mated field. This confirms that resolution in the inversion
is gained by adding flowmeter data to the pumping test
data.

In Figure 4, we plot the fields of depth-averaged log
conductivities inferred from joint inversion of flowmeter
and pumping test data in comparison to the estimate deri-
ved from drawdown only. The patterns of depth-averaged
log conductivity are almost identical in both cases.
Figure 4c displays the difference of the two fields. The
root mean square of the difference between the two fields
is 0.086, indicating that the drawdown data provide a
good estimate of the depth-averaged properties. For our
test case, flowmeter data affect almost only vertical
fluctuations of log conductivity in the inversion. These
vertical fluctuations in turn hardly affect the simulated
drawdown in the fully penetrated wells, so that, in our
application, the depth-averaged conductivity could be in-
ferred from pumping test data alone.

The validity of the estimate can be statistically tested
by considering the orthonormal residuals (Kitanidis
1991). The sum of the squared orthonormal residuals
should follow the y2 distribution with n,, degrees of free-
dom, where n,, is the number of measurements. For our
test, the sum is 1056 which is within the 95% confidence
interval for n,, = 983. Statistical validation, however,
does not guarantee that the obtained estimate is sufficient

(a) Depth-averages of logoK: joint data
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Figure 4. Fields of depth-averaged log;, K with joint data and with drawdown data only. (a) shows the depth-averaged values
of log,( K with joint data, (b) shows depth-averaged log;y K with drawdown data only; and (c) shows the difference of the two

depth-averaged fields.
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for detailed predictive modeling. As is seen in Figure 3a,
the 3D structure of the subsurface is revealed only in the
direct vicinity of wells used in flowmeter tests. Eliminat-
ing a flowmeter test from our data base would result in
an estimate lacking vertical resolution at the corres-
ponding well. Because the associated estimation variance
would also increase, measured flowmeter data at a well
not included in the estimation would most likely remain
within the predicted uncertainty bounds. That is, statisti-
cal cross validation is possible, but there are no redun-
dant measurements. Any estimate with a reduced data set
will result in deteriorated identification of subsurface
structure. This makes validation beyond statistical tests
difficult. At the field site, tracer tests have been per-
formed. These data could be used for additional veri-
fication. A detailed analysis, whether the number of
flowmeter tests performed at the site is already sufficient
to predict the tracer test, however, is beyond the scope of
the present study.

Discussion and Conclusions

We have obtained a 3D field of hydraulic conductivi-
ties by joint inversion of flowmeter and pumping test data
applying the quasi-linear geostatistical inverse approach.
The defined discharge ratios of flowmeter tests contain
information about the vertical distribution of hydraulic
conductivity at well locations; they need not be converted
to absolute hydraulic conductivity values in the condi-
tioning procedure. By jointly considering flowmeter and
pumping test data, we overcome the disadvantage of pro-
viding only depth-averaged aquifer properties when
pumping tests are performed using fully screened wells.
The resulting estimate shows a significant improvement
in identifying 3D structures. The inversion of pure draw-
down data lacks vertical resolution but provides a good
estimate of the depth-averaged hydraulic conductivity.

Inverting the discharge ratios alone would result in
nonunique estimates. Since these ratios contain only rela-
tive information of hydraulic conductivity, the estimate
based on these ratios is a relative value as well. Because
the depth-averaged hydraulic conductivity may change
with horizontal position, combining flowmeter data from
several wells is difficult without additional data that are
sensitive to the depth-averaged conductivity. Pumping
test data are well suited for this purpose.

In this paper, we focused on the estimation of
hydraulic conductivity. For this purpose, transient data of
drawdown are not required; the conductivity field is in-
ferred from the final steady-state drawdown alone. Tran-
sient head measurements would be required in the
estimate of the storage coefficient. Although the flowme-
ter tests contain information only on hydraulic conductiv-
ities, the measured data have the potential to improve the
estimate of storage coefficients because the transient
drawdown depends on both hydraulic conductivity and
storage coefficient. Any improvement in estimating
hydraulic conductivity will reduce the chance of aliasing
unresolved conductivity to storativity, thus leading to
more reliable estimate of storage coefficient (Zhu and
Yeh 2005; Li et al. 2007).
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Flowmeter data are related to local hydraulic conduc-
tivity values. Thus, in the geostatistical framework,
flowmeter measurements lead to modifications of the
estimated conductivity field up to the distance of about
one correlation length. This implies the necessity to place
one fully screened well per correlation length if the 3D
structure of hydraulic conductivity field is to be continu-
ously resolved. A cost-efficient alternative would be to
log relative hydraulic conductivity by direct-push techni-
ques such as the direct-push permeameter (Butler et al.
2007). Structural information may also be gained by
geophysical surveying although the relationship be-
tween properties inferred by geophysical assessments and
hydraulic conductivity are not unique (e.g., Archie 1942;
Purvance and Andricevic 2000; Salter and Lesmes 2002).
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