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ABSTRACT 

Traditional analysis of aquifer tests uses the observed hydrograph at one well caused 

by pumping at another well for estimating transmissivity and storage coefficient of an 

aquifer. The analysis relies on Theis' or Jacob's approximate solution, which assumes 

aquifer homogeneity. Aquifers are inherently heterogeneous at different scales. If the 

observation well taps into a low permeability zone while the pumping well is located in a 

high permeable zone, the resulting situation contradicts the homogeneity assumption 

embedded in the traditional analysis. As a result, a practical but important question we 

ask: What do we derive from the traditional analysis? 

Using numerical experiments in synthetic aquifers, we answer this question. 

Results of the experiments indicate that the effective transmissivity, Teff , and storage 

coefficient, Seff , values vary with time, as well as the principal directions of the 

transmissivity, but both values approach their geometric means of the aquifer at large 

times. Analysis of the estimated transmissivity (T) and storage coefficient (S ) using well 

hydrographs from a single observation well shows that at early times, both the estimated 

T and S values vary with time. At late times, both estimates approach local averages 

near the observation well. The T value approaches but does not equal Teff , representing 

an average value over a broad area in the vicinity of the observation well while 
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the S value converges to the value dominated by the storage coefficient near the 

observation wells (i.e., its average area is much smaller than that of the t value). 

Keywords: pumping test, heterogeneity, drawdown- distance curve, effective hydraulic 

properties, REV, and stochastic processes. 
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1. INTRODUCTION 

The transmissivity (T) and storage (S) are two major properties that control 

groundwater flow in aquifers and are of practical importance for water resources 

development and management. Traditionally, these aquifer properties are determined by 

collecting drawdown -time data of the aquifer induced by pumping and then matching the 

data with classical analytical solutions, which assume homogeneity of the aquifer. 

Theis' solution (Theis, 1935) is one of the most commonly used analytical solutions in 

aquifer tests. It is derived from the equation of unsteady radial groundwater flow in a 

confined aquifer with constant T and S. Although the Theis solution is strictly 

applicable to a homogenous aquifer with uniform storage coefficient and transmissivity, it 

has been widely used to estimate aquifer properties given drawdown -time data from an 

observed well during an aquifer test in the field. 

Several studies have examined the problem of radial flow in heterogeneous aquifers. 

For example, Lachassagne et al. [1989] considered the relationship between the 

transmissivity values derived from short- and long -term pumping tests in multiple 

realizations. Butler [1991] used Monte Carlo simulations and stochastic analysis to show 

that the Cooper -Jacob method is viable for interpretation of pumping test data in laterally 

nonuniform media. Serrano [ 1997] employed Theis' solution and the decomposition 
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method in heterogeneous aquifers. Analyzing data collected at various distances from the 

well, Meier et al. [1998] showed that the transmissivity estimated from late drawdown 

data by the Cooper- Jacob method is very close to the effective transmissivity of the 

medium for uniform flows, practically independent of the location of the observation 

point. They also concluded that the long -term pumping tests yield smaller variability in 

estimated parameter values. Sanshez -Villa et al. [1999] derived analytical expressions 

for the effective transmissivity in heterogeneous aquifers, which were found to be in good 

agreement with the transmissivity estimated from Jacob's method. Copty and 

Findikakis [2004] examined the impact of local -scale heterogeneity of transmissivity on 

the transient drawdown due to pumping. Neuman et al. [2004] developed a Type -curve 

method to estimate the geometric mean, integral scale and variance of local log 

transmissivity based on quasi- steady state head data in a randomly heterogeneous 

confined aquifer. These studies, in general, have concluded that the conventional methods 

(Theis' method or the Cooper -Jacob method) are viable for estimating mean parameter 

values in heterogeneous aquifer from late time data, or a long duration of pumping. 

Most of these studies have not examined the storage coefficient estimate, nor do they 

examine the behaviors of both transmissivity and storage coefficient estimates at early 

times. Their results are inconclusive. A practical but important question remains is: If 
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an observation well taps into a low permeability zone, while the pumping well is located 

in a high permeable zone, what kind of estimates of the properties do we get from either 

early or late time drawdown data from an individual observation well? Also, do the 

estimates reflect the local properties near the observation well, some averaged properties 

between pumping well and observation well, or none of the above? 

To answer these questions, this paper develops a theoretically consistent method to 

estimate the effective transmissivity (Teff) and storage coefficient (Seff) values for radial 

flow. A first -order analysis is then carried out to estimate variances of both Teff and Seff. 

Finally, using Monte Carlo simulations, we investigate effects of heterogeneity on the 

analysis of aquifer tests using the Theis analytic solution. We also provide some insight 

about interpretations of pumping tests in heterogeneous aquifer, based on the classical 

Theis type curve approach. 

2. EFFECTIVE PARAMETERS OF HETEROGENEOUS AQUIFER 

The general groundwater flow equation in a confined aquifer under transient 

condition is described by 

o(TOh)=S- ah 

at 
(1) 

where h(x; , t) , i = 1, 2, is the hydraulic head, x, and t are spatial coordinate and time 
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respectively, T is the transmissivity, and S is the storage coefficient of porous media. In 

heterogeneous media, both T and S are spatial variables. If T and S are treated as 

stochastic processes, equation (1) then can be written as 

V[(T+T')V(h+h')1=(S+S')a(hath) (2) 

where the overhead bar and prime represent mean and perturbation of the variable, 

respectively. Taking the expected value of equation (2) leads to 

0[TOh_ +E(V[T'ohp=Sáh +E S,ah 
at at 

(3) 

It is common to assume that the second term on the left -hand side of equation (3) is 

proportional to the mean hydraulic gradient; so the left -hand side can be expressed as 

V [TVh]+V E(T'Vh')=V 
E (TV h')\ 

T + 
Vh 

Vh = V (TeffVh ) (4) 

E(TVh') 
where Teff =T + 

Vh 
is the effective transmissivity of the heterogeneous aquifer. 

Similarly, assuming the second term on the right -hand side is proportional to the change 

in mean hydraulic gradient, the right -hand side can be expressed as 

S 
ah ah' /S + E S' 

ah' (ah ah âh 
(5) at at at at , at at 

ah' ah 
where = S + E S 

at at 
is the effective storage coefficient of the aquifer. 

Using equations (4) and (5), the mean flow equation for the heterogeneous aquifer takes 

the following form: 



ah 
V (T VT) = Seff 

at 
(6) 
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in which Te and Seff are spatially constant hydraulic properties for the heterogeneous 

aquifer. With these effective properties, equation (6) is used to simulate the spatial 

average or ensemble mean head distributions in the aquifer (Bosch and Yeh, 1989; Yeh 

and Mock 1996). While an aquifer is inherently heterogeneous, it can be visualized as 

an equivalent homogeneous medium either in an ensemble mean sense (a fictitious 

medium in the case that a representative elementary volume, REV, does not exist) or in a 

spatial average sense (if a REV exists, i.e., a homogeneous medium at observation scales 

much greater than the dimensions of heterogeneity). Provided that a REV exists, h in 

equation (6) then represents the average of hydraulic heads over many locations at the 

observation scale (i.e., a spatially averaged value). On the contrary, if a REV does not 

exist, then it denotes the hydraulic head in a fictitious medium, representing the hydraulic 

head averaged over many possible aquifers (i.e., an ensemble mean head). Here, the 

REV is defined as a control volume or control volumes whose volume- averaged 

properties are representative of every part of the field medium regardless of the location 

of the control volume in the medium (de Marsily, 1986). Despite the fact that an REV 

may not exist in an aquifer at a given scale or of the spatial average concept behind 

equation (6), it has been widely used for predicting drawdown or to estimate aquifer 
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parameters in a heterogeneous aquifer, e.g., Theis type curve analysis. 

The solution of equation (6) with auxiliary conditions in terms of drawdown due to 

pumping at a well was given (Theis, 1935): 

= W(u) 
47cTeff 

S r2 -X 

where u = eff 

J 
, and W(u) = 

e 
dx . 

4Tfft x 
(7) 

where s (r, t) = h (r, t) - ho(r, t) ; ho is the head before pumping, s (r, t) is the drawdown at 

time t and radial distance r from the pumping well. 

To estimate Seff and Teff parameters, a nonlinear least- square minimization approach 

is often applied to equation (7). That is, it fits the theoretical drawdown -time curve to 

pumping test data from an observation well: adjusting estimated parameter values to 

minimize the following objective function 

E(r,t)-s * (r,ti)12 
i 

(8) 

where s (r, t) and s * (r, t) are the theoretical drawdown in an equivalent homogeneous 

aquifer predicted by the Theis solution and the observed drawdown in a real aquifer, 

respectively, and j is an index of the observation time. This drawdown -time analysis is 

valid as long as the aquifer is homogeneous. Application of this approach to a real 

world heterogeneous aquifer however is often inconsistent with the equivalent 

homogeneous assumption embedded in the Theis solution. More precisely, the 
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traditional aquifer analysis assumes the hydraulic head observed in a well in a 

heterogeneous aquifer is the same as the hydraulic head, Ti , in a fictitious equivalent 

homogeneous aquifer. In other words, this approach takes one, perhaps, anomalous 

response in a heterogeneous aquifer to estimate the average aquifer properties over the 

entire aquifer. The estimated aquifer properties, as a consequence, are questionable. In 

theory, if the aquifer is heterogeneous and an REV exists, it is necessary to fit equation (7) 

to the drawdown data everywhere in the aquifer so that effective properties consistent 

with the theory of Theis can be sought. That is, one minimizes the following objective 

function by adjusting the parameter values, 

E[s (r.,t) -s * (rot)] 
2 

(9) 

where r denotes every radius in the aquifer; i is an index of location. This is a correct 

approach for defining the effective parameters for an equivalent homogeneous formation 

as demonstrated by Bosch and Yeh [1989] and Yeh [1989] for effective properties for 

unsaturated porous media. In other words, correct effective properties used in the flow 

equation that assumes homogeneity should only yield unbiased predictions of overall 

(mean) system responses but not their detailed variability. In fact, this is the approach 

commonly called drawdown- distance analysis. The drawdown- distance analysis is 

rarely used in reality since only a limited number of observation wells are available. 
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This approach is necessary and possible in this study, because of the numerical 

experiments, such that theoretically correct effective transmissvity and storage coefficient 

values can be derived. 

3. VARIANCE OF EFFECTIVE PARAMETERS 

In order to estimate the variances of Teff and Seff , sensitivities of drawdown with 

respect to parameters are carried out. The sensitivity may be obtained by starting with 

the Theis solution (equation 7). Using Leibniz's Theorem and taking partial derivative 

of s with respect to T, the sensitivity of drawdown s subject to T is obtained (McElwee 

and Yukler, 1978; Jiao and Rushton, 1994) 

as Q aW(u) 
+W(u) -Q - Q (e' W(u) 

aT 47cT aT 47cT2 47cT T T 
(10) 

Similarly, the sensitivity of draw down s subject to S can be obtained by taking partial 

derivative of s respect S (McElwee and Yukler, 1978) 

as Q aW (u) - Q e-" 
as 4IrT as 47rT S 

The variance of effective storage coefficient (Sell) can be estimated by the following 

first -order analysis 

rk 
Sg-,Tg 

(12) 



N 

where 62 = 
1 

E (s. - s. )2 and 
as 

s N ,_, as rk ,tk 
Sg,Te 

12 

are calculated by equation (11), s, is 

estimated drawdown at location i within the depression cone, tk is a specified pumping 

time, and rk is the radius of the drawdown depression cone at time tk . Likewise, the 

variance of effective transmissivity (Teff) is estimated by 

2 2 6T = 6S 

( 
as 

,aT 

N 

where 62 = 
1 

Z (s. - s. )2 and 
as 

s N ,_, a 

(13) 

rk rk are calculated by equation (10). The basic 
Sf,Tf 

assumption of equation (6) and (7) is that the contributions of variance of Teff and Seff to 

drawdown are separable. 

4. NUMERICAL EXPERIMENTS AND ANALYSIS 

The procedure for the numerical experiment consists of the following steps: (1) 

generate thirty realizations of two -dimensional heterogeneous T and S fields, (2) simulate 

radial flow to a well using VSAFT2 (Variably Saturated Flow and Transport in 

2- Dimensions, Yeh et. al, 1993), (3) conduct the drawdown- distance curve analysis to 

determine Teff and Seff, (4) determine the variance of Teff and Seff from sensitivity analysis, 

and (5) estimate t and S through Theis type- curves using hydrographs from 
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individual observation wells. Lastly, the true values of T and S within the cone of 

depression during pumping are arithmetically averaged (direct average T and 5) and 

compared with Teff and Sef, and /and S . 

The synthetic heterogeneous aquifer is square in shape, and is discretized into 50x50 

square elements and bounded by constant head boundary conditions. Each element is 40 

cm in length. The pumping well is located at the center of the simulated field. The 

observation wells are assigned in four radial directions, and the drawdown -time data are 

using to estimate T and S at different observation wells. Figure 1 shows the layout of 

the numerical experiment and the locations of well. 

The random transmissivity and storage coefficient fields, which have similar 

properties to the study of Jonse et al. (1992), were generated on the 40cmx40cm grid, 

using a program by Gutjahr (1989). The mean value of transmissivity is given as 0.012 

cm2 / sec . Values of log -transmissivity variance ( cr T ) considered in this analysis are: 

case I 6 T =3.5, case II c)-12,17, =1, and case III 6 ¡T =0.5, respectively. The mean of 

storage coefficient is assumed to be 0.01, and values of log- storage variance ( o s ) are: 

case I 6,2 s =3.5, case II ß,2s = 1, and case III a¡ s =0.5, respectively. The correlation 

scale is 80 cm in both x and y directions. A spatial distribution of transmissivity for case I 

is illustrated in Figure 1. The spatial distribution of storage coefficient has the same 
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variation order and correlation scale as the transmissivity field. The pumping rate is at a 

constant of 1 cm3 /sec. 

4.1 Estimation of Teffand Sejj in heterogeneous Media. 

Figure 2 shows the contour of head distribution after pumping for one day in a 

synthetic heterogeneous aquifer; the drawdown distribution is highly irregular. The 

concentric circles indicated by the dashed lines are the head distribution in an equivalent 

homogeneous aquifer with the effective parameters (to be discussed later in this section). 

This figure illustrates that the effective parameters cannot reproduce the exact drawdown 

distribution in a heterogeneous aquifer but only the overall drawdown behavior in the 

aquifer. This leads to the obvious questions that we posed earlier: If the drawdown at a 

point in an aquifer cannot be predicted by the Thies approach with homogeneous 

properties, why do we then use the Thies approach with the drawdown data to estimate 

hydraulic properties of the aquifer? Are we comparing apples with oranges? If so, what 

do we obtain from the data? 

Drawdown- Distance Curve Analysis. The drawdown- distance analysis is more 

representative of aquifer conditions (Lloyd, 1981). More importantly, it is consistent 

with the equivalent homogeneous concept embedded in Theis' solution. Specifically, the 
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drawdown- distance analysis aims at seeking parameter values of an equivalent 

homogeneous aquifer that minimize the difference between observed and theoretical 

drawdown at any part of the aquifer, where observations are available. Based on this 

premise, we apply equation (9) to the simulated head values at every grid of the synthetic 

aquifer to derive the effective transmissivity and storage coefficient. Figure 3 shows the 

estimated Teff values normalized by geometric mean and the upper and lower bounds, 

Tuff ± o ., as a function of pumping time. The upper and lower bounds, the dash -dot 

lines, are the results from the average of thirty realizations. As illustrated in the figure, 

the value of Teff varies with time, but it approaches and equals the geometric mean of 

the entire aquifer and the variance becomes smaller at large time. The normalized Seff and 

Seff ± as are shown in Figure 4. Values of Seff , likewise, vary with time and approach 

the geometric mean of the field at large time. 

In addition to time variant drawdown- distance curve analysis, we calculate the 

geometric average of T and S values using cell values of T and S within the cone of 

depression. The averaging area of material increases as the cone of depression expands. 

The average T and S values of media within the depression cone are shown using the star 

symbols in Figures 3 and 4, respectively, as a function of time. While both average T 

and S values are different from those of Teffand Seffat early time, they agree with Teffand 
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Seff at large time although the average S value takes a longer time to reach Sejf. Such 

behaviors manifest the existence of an REV (Bear, 1972) and the fact that the REV must 

be much greater than many times the correlation scale of the heterogeneity. 

What Do the Estimated T And S Represent Based on the Hydrograph from a 

Single Observation Well? The traditional aquifer test analysis mainly relies on 

drawdown -time data collected at one observation well due to pumping at the other well. 

In this study, observation wells are assigned at different radii (28.28, 84.85, 141.42, and 

197.99 cm) in four directions: NE, SE, SW, and NW (Figure 1). Well hydrographs from 

these observation wells are collected and analyzed using the traditional drawdown -time 

analysis to obtained estimates of transmissivity and storage coefficient. 

The normalized transmissivity estimate (the estimate divided by the geometric 

mean), î', from four observation wells located at radius r = 84.85 cm are shown in 

Figure 5. Four different symbols (circle, diamond, triangle, and square) represent the 

estimates from the wells in NE, SE, SW, and NW directions, respectively. The solid 

black line in the figure denotes Teff while the dash -dot lines represent the upper and lower 

bound of Teff. According to this figure, the transmissivities (T) estimated from 

individual observation wells do approach, although not exactly equal, the Teff value when 

pumping time is long enough (t > 42000 sec in this case). The normalized 
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transmissivity estimates from the observation wells located at radius r = 197.99 cm in the 

four directions are shown in Figure 6. It is observed that due to the greater distance 

between the pumping well and the observation wells, the estimates have larger variability 

at early times. In spite of the wells being at different radii, transmissivity estimates from 

both the previous and this case show that generally the transmissivities (T) estimated 

from individual observation wells approach the Teffat large time but are not equal. This is 

consistent with the finding of Sanchz -Vila (1999) that values of f estimated from 

different wells tend to be fairly constant. It is also observed that the values of f take 

longer times to converge to the Teff value when the observation wells are farther away 

from the pumping well. For example, the transmissivity estimate using hydrographs 

from observation wells at r = 84.85 cm converge to Teff when t = 42000 seconds, but those 

from observation wells at r = 197.99 cm do not converge closely to the effective 

transmissivity within the same pumping period. In both Figures 5 and 6, the symbols, 

dash -dot -circle, dash -dot -diamond, dash -dot -triangle, and dash -dot -square, denote the 

true transmissivity values averaged over 4, 16, 36, or 64 elements surrounding the four 

observation wells, respectively. The black -cross symbol is the average of all the four 

different average values. As illustrated, the early -time estimates of transmissivity based 

on the hydrograph at a single pumping well reflect the locally averaged transmissivity 
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close to the observed well location but the values change with time. At large times, the 

T values are smaller than those local averaged values and approach the Teff value from 

below and maintain their high /low orders, reflecting the local averaged transmissivity 

value. 

The normalized storage coefficient estimate, S , from data from the observation wells 

located at radius r = 84.85 cm is shown in Figure 7. Overall, the figure shows higher 

variability for the estimates of S . Even after the aquifer has been pumped for a long 

time, estimates of storage coefficient S from individual observation wells do not agree 

with Seff. The estimates from both NE and SW observation wells exceed the upper and 

lower bounds. Figure 8 shows the normalized estimated storage coefficient S from 

observation wells located at radius r = 197.99 cm. Most estimates of stay within the 

upper and lower bounds of Seff except the estimate from the SW observation well. Again, 

in both Figures 7 and 8, the symbols dash -dot -circle, dash -dot -diamond, dash -dot -triangle, 

and dash - dot -square, represent the locally averaged storage coefficient value using the 

four different groups of elements surrounding the observation wells in the four directions. 

Likewise, the black -cross symbols denote the average of the four different groups. The 

estimated S values show a high degree of variability; the estimates of storage 

coefficient S do not converge to Seff as the transmissvity estimates do, instead they 
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approach local values at the observation wells and become steady at large times. 

Estimation Of T And S From Pumping Well. Another common practice in 

aquifer tests is to estimate parameters from the hydrograph obtained from the pumping 

well. Intuitively, the estimates are believed to reflect the local properties near the 

pumping well. In this section, we examine this intuition. Figure 3 shows that when 

pumping time is sufficiently long, the estimates of T using the hydrograph at the 

pumping well approach Teff, but are lower than Teff. On the other hand, the estimates of 

S at the pumping well show greater deviations from Seff than of T (see Figure 4). 

The estimate is below the lower bound of Seff at early time and approaches a local value at 

long time. 

To further elucidate the aforementioned results, we conduct another experiment. 

Figure 9 shows the layout of the new experiment; four distinct blocks (from B1 to B4) of 

different hydraulic properties are embedded in an aquifer with uniform properties. Two 

scenarios are considered. Case 1: the storage coefficient is assumed to be constant (S = 

0.06) for the entire field, including those of the four blocks, while the transmissivity 

values of the four blocks from B1 to B4 are 0.1, 0.01, 10, and 50cm2 /sec, respectively, 

with a background transmissivity (Tb) of 1 cm2 / sec . In Case 2, the transmissivity is 

assumed to be constant for the background and the four blocks (T = 1 cm2 / sec ); storage 



20 

coefficients of the four blocks from B1 to B4 are assigned to be 0.006, 0.0006, 0.36, and 

0.6, respectively, and the storage coefficient of the background (Sb) is assumed to be 0.06. 

Observation wells are located at r = 85, 197 and 311 cm in the four directions. 

Figure 10a shows the behavior of the drawdown -time curve with respect to variation 

of transmissivity for Case 1. The wells in large transmissivity zones yield greater 

drawdown at early time than the others; the behaviors of the drawdown curves are 

reversed at large time, suggesting great changes in head must occur in low transmissivity 

zones and thus great changes in the flow field occur at large time. The behaviors of 

drawdown -time curves with respect to variation of storage coefficient in Case 2 are 

illustrated in Figure 10b. The wells in zones with large storage coefficient produce 

lower drawdown at all time than the other wells. All the drawdown -time data are parallel 

over the entire pumping period, suggesting that the flow pattern remains the same. 

Table 1 summarizes the estimated transmissivity and storage coefficient values in 

Case 1. Values of T , as indicated in the table, are fairly constant and close to the 

background transmissivity value after a long pumping time. But these estimates vary and 

there is no clear correlation between the estimates and the transmissivity values of the 

blocks where the observation well is located. While the values of S are close to the 

value of the entire aquifer, they vary and seemingly are affected by the transmissivity 
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value near the observation well but the relation is unclear. 

Table 2 tabulates the estimated transmissivity ( T) and storage coefficient (S ) from 

individual wells in Case 2. Comparing to the true value of the storage coefficient of 

each block, the estimated values of S are correlated well with the block value although 

smaller when the observation well is at the center of the block (r = 311 cm). As the 

observation well moves toward the edge of the block (r _ 197 cm), the estimated S still 

correlates well with the S value of each block but with lower correlation. This is also true 

for the S estimates using the hydrographs at r = 85 cm (the well is completely outside of 

the block), which is close to the background value (Sb= 0.06). These results indicate that 

the estimate of the storage coefficient is an average of storage coefficient values closely 

around the observation well. Values of i', as shown in Table 2, in general, are very 

close to the true value (T =1 cm2 / sec ); they vary and are weakly influenced by the 

variation in storage coefficient value. 

These results further substantiate our previous findings that at large time, the 

estimate of storage coefficient represents a locally averaged value that is dominated by 

the storage coefficient of the location where the observation well is located. The 

transmissivity estimate, on the other hand, is close to the geometric mean but does not 

equal the geometric mean, reflecting the influence of local values over a greater area than 
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found for the storage coefficient estimate. 

Finally, we examine the traditional analysis of anisotropy of the effective 

transmissivity of an aquifer. Traditional analysis of transmissivity anisotropy requires 

three observation wells and one pumping well (Papadopulos, 1965) or three wells with 

alternate pumping locations (Neuman et al., 1983). Figure 11 shows the evolution of 

the cone of depression in the statistically isotropic media (i.e., correlation scales for the 

transmissivity and storage coefficients are 80 cm in both x and y directions). Based the 

contours, ellipses are drawn for the cone of depression at different times. Without 

mathematical analysis, it is clear that even though the aquifer is statistically isotropic, the 

shapes of the cone of depressions are highly influenced by local heterogeneity, yielding 

behaviors similar to those in homogeneous and anisotropic aquifers. In addition, the 

principal directions of the elliptic cone of depression change with time. At early time the 

principal direction is horizontal, but when the pumping time is longer, the principal 

direction changes to a nearly vertical direction, indicating the principal directions of 

transmissivity vary with time. 

Based on the results of the above analysis, we question the validity of traditional 

aquifer tests using hydrographs from a limited number of observation wells over a short 

period of pumping. Theis' analysis, undeniably, has played a significant role in 
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advancing the subsurface hydrologic sciences but its usefulness is dubious when it is 

applied to a real -world problem, where aquifers are inherently heterogeneous. Recently 

developed hydraulic tomography (Gottlieb and Dietrich, 1995; Yeh and Liu, 2000; 

Bohling et al., 2002) seemingly is the future aquifer test method. While most of the 

hydraulic tomography analyses focus on the vertical heterogeneity, the approach can 

undoubtedly be applied to depth- average aquifer analysis. For example, if several wells 

are available in an area, a pumping test can be conducted at one of the wells and 

hydrographs can be recorded at the others. Afterwards, pumping can be initiated at a 

different well and at the other wells drawdown is recorded, and this process is repeated 

for the other wells. Such a sequential pumping test provides more data sets using 

existing well facilities than the traditional aquifer test can. Subsequently, a proper 

inverse modeling (e.g., Yeh et al., 1996; and Yeh and Liu, 2000) of these data sets can 

yield an estimate of the two -dimensional heterogeneity pattern in the area, which is more 

accurate and useful than hydraulic properties estimated from the traditional aquifer test 

analysis using the same well facilities. 

5. SUMMARY AND CONCLUSIONS 

We develop an estimation approach for Seff and Tell that is consistent with Theis' 
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homogeneous aquifer assumption. We find that Sef and Teff values vary with time, as 

well as the principal directions of the transmissivity, but both values approach geometric 

means of the field at large time. In addition, we find that direct averages of local storage 

coefficient and transmissivity values within the cone of depression at early times differ 

from the effective Seff and Teff values. Both direct averages and effective parameters, 

however, agree at large times, indicative of the existence of a representative elementary 

volume (REV) in our domain if pumping time is sufficiently long. 

Analysis of T and S estimates from well hydrographs at single observation wells, 

induced by a pumping well, yields the following findings. At early times, 

estimated T and S values change with time, deviating significantly from the geometric 

means of the entire fields and nor do they necessarily reflect the local geology. At late 

times, T estimates approach but do not equal the geometric mean; the S estimates, 

however, clearly differ from their geometric mean but stabilize at the value dominated by 

the geology where the observation well is located. Similar results are obtained from the 

analysis of the hydrograph from the pumping well. 

Lastly, we conclude that due to the inherent heterogeneity of aquifers, traditional 

interpretations of aquifer tests that fit the drawdown -time data to the Theis type -curve or 

Jacob's approximate solution may yield questionable estimates of transmissivity and 
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storage coefficient. Only if a sufficiently long time pumping is conducted does the 

estimated transmissivity becomes close to but still not equal the geometric mean of the 

aquifer; the estimated storage coefficient on the other hand is dominated by the local 

average near the observation well. These findings are of great importance for water 

resources development and management, in addition to water quality protection. 

Undoubtedly, a new generation of aquifer test technology (such as hydraulic tomography, 

Yeh and Liu, 2000; Liu et al., 2000) must be developed and applied to field problems. 
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Table 1. Estimated T and S from different observation wells in 

Case 1, S = 0.06 (constant), Tb = 1 cm2 / sec 

S T cm2 /sec T (block) 

r = 311 (NE) 0.0993 0.5888 0.1 

(cm) (SE) 1.4071 0.7703 0.01 

(SW) 0.0536 1.0541 10 

(NW) 0.0524 1.0515 50 
r = 197 (NE) 0.0687 0.7804 0.1 

(SE) 0.1658 0.5637 0.01 
(SW) 0.1016 1.1101 10 

(NW) 0.1215 1.0687 50 

r = 85 (NE) 0.0553 1.0034 0.1 

(SE) 0.0543 0.9917 0.01 

(SW) 0.0616 1.1924 10 

(NW) 0.0646 1.2216 50 
Geo. Mean T 0.99 
Mean T 1.808 
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Table 2. Estimated T and S from different observation wells in 

Case 2, T = 1 cm2 /sec (constant), Sb= 0.06 

T cm2 /sec S S (block) 

r = 311 (NE) 1.5861 0.0463 0.006 
(cm) (SE) 1.5713 0.0441 0.0006 

(SW) 0.8273 0.1337 0.36 
(NW) 0.7564 0.1774 0.6 

r =197 (NE) 1.3738 0.0456 0.006 
(SE) 1.3576 0.0442 0.0006 
(SW) 1.0782 0.1076 0.36 
(NW) 1.0386 0.1366 0.6 

r = 85 (NE) 1.1906 0.0456 0.006 
(SE) 1.1789 0.0455 0.0006 
(SW) 1.2244 0.0512 0.36 
(NW) 1.2442 0.0520 0.6 

Geo. Mean S 0.0576 
Mean S 0.0705 
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Figure 1. A typical spatial distribution of transmissivity in the synthetic aquifer. 
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Figure 2. Contour of true head and the head distribution in an 

equivalent homogeneous aquifer. 
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Figure 5. Normalized effective transmissivity, Teff, estimated t, and the T values 

averaged over areas of four different radius from the observation wells (r = 84.85 cm). 
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Figure 6. Normalized effective transmissivity, Tiff, estimated t, and the T values 

averaged over areas of four different radius from the observation wells (r = 197.99 cm). 
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Figure 7. Normalized effective storage coefficient, Seff, estimated S , and the S values 

averaged over areas of four different radius from the observation wells (r = 84.85 cm). 



39 

4 

3.6 

3 

0.5 

00 

0 o 
o 

a a 
A 

- Seff 

--- Variance USeff 

Variance LSeff 

o Ob. welll(r 197.99 NE) 

0 Ob. well2 (r=197.99 SE) 

A Ob. well3 (r 197.99 SW) 

Ob. well4 (r 19799 NW) 

--o- S1(r-19799 NE) 

0- S2(r19799SE) 
n- S3 (r=19799 SW) 

--- S4 (r 19799 NW) 

A & A A ° ° ° A A e 0 A A A A A A A A A A AA 

1 

o ì:::s á®®®999A00 00 
0 0000000000000000000000000 

_, _._._,_..._....._....._._._._._._._._._._._._._._._._._._._._._._._._._._ _..._.. 

© b 

2 3 4 6 6 

Time (sec.) 
7 8 9 

x 104 

Figure 8. Normalized effective storage coefficient, Seff, estimated S , and the S values 

averaged over areas of four different radius from the observation wells (r = 197.99 cm). 
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Figure 11. Time variant principal directions of hydraulic 

properties. 
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