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Effects of delayed drainage on subsidence modeling and 

parameter estimation 
 

Tingting Yan 

 

Abstract 
 

 The use of delayed drainage in land subsidence modeling greatly complicates 

model calibration, particularly when the thickness of the fine-grained interbeds varies 

throughout the modeled region. This thesis documents two separate projects (chapters) 

related to the use of delayed drainage in groundwater flow and subsidence modeling with 

parameter estimation. The overall goal of these projects was to better understand how 

delayed drainage affects accurate parameter estimation and how it is currently affecting 

the subsidence processes occurring in Las Vegas Valley. 

  Chapter 1 describes an investigation on the value of subsidence data for 

groundwater model calibration considering delayed drainage. The calibration results of 

13 hydraulic parameters of a synthetic conceptual model evaluated for 24 test cases 

indicate that (1) the inverse of the square of the observation values is a reasonable 

method to weight the observations, (2) spatially abundant subsidence data typically 

produce superior parameter estimates even with observation error under constant and 

cyclical pumping, (3) when subsidence data are limited and combined with drawdown 

data, outstanding results are obtained for constant pumping conditions. However, for 

cyclical pumping with observation errors, the best parameter estimates are achieved when 

multiple years of seasonal subsidence data are provided. The results provide useful 

suggestions for real-world calibration problems.  

 Chapter 2 outlines the development of an updated flow and subsidence model for 

Las Vegas Valley covering the entire period of development of the basin. The new model 

includes a subsidence package that takes into account delayed drainage of fine-grained 

interbeds. Previous models used subsidence packages that assumed instantaneous 

equilibration of heads across all hydrogeologic units. The new model resulted in an 

agreement with measured water-level and improved the simulation of land subsidence. 

The analysis shows that the typical residual subsidence in Las Vegas Valley can be 

accurately simulated by incorporating delayed drainage in a long-term model. The study 

also indicates the need for more sophisticated modeling practices that use delayed 

drainage with parameter estimation processes to accurately calibrate flow and subsidence 

models.   
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Chapter 1 . The value of subsidence data in groundwater 

model calibration 
 

 

 

Abstract 

 

 The accurate estimation of aquifer parameters such as transmissivity and specific 

storage are often important objectives of any ground-water modeling investigation or 

aquifer resource evaluation. Parameter estimation is often accomplished with changes in 

hydraulic head data as the key and most abundant type of observation. The availability 

and accessibility of global positioning system (GPS) and interferometric synthetic 

aperture radar (InSAR) data in heavily pumped alluvial basins can provide important 

subsidence observations that can greatly aid in parameter estimation processes. The aim 

of this investigation is to evaluate the value of spatial (quantity and location) and 

temporal (annual and seasonal) subsidence data for automatically estimating parameters 

with and without observation error using UCODE-2005 and MODFLOW 2000. A 

synthetic conceptual model containing seven transmissivity zones and three storage zones 

(3 elastic and 3 inelastic specific storage parameters) was used to simulate subsidence 

and drawdown in an aquifer with variably thick interbeds with delayed drainage. Five 

pumping wells of variable rates were used to stress the system for up to four years. 

Calibration results indicate that (1) the inverse of the square of the observation values is a 

reasonable method to weight the observations, (2) spatially abundant subsidence data (eg 

InSAR data) typically produce superior parameter estimates even with observation error 

under constant and cyclical pumping, (3) when subsidence data are limited (eg. GPS data) 

and combined with drawdown data, outstanding results are obtained for constant 

pumping conditions. However, for cyclical pumping with observation errors, the best 

parameter estimates are achieved when multiple years of seasonal subsidence data are 

provided.  
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1. Introduction 

 The magnitude and location of land subsidence resulting from groundwater 

withdrawal is known to be related to a number of hydraulic and geologic factors 

including (1) increased effective stress due to water-level declines, (2) the hydraulic 

diffusivity of the materials experiencing an increase in effective stress, which is 

dependent on the hydraulic conductivity and compressibility of the geologic units in 

question, (3) the total thickness of the compacting units, and (4) the total time required 

for the hydraulic heads of the low-permeable compacting units to come into equilibrium 

with the coarse-grained aquifer (1972; Poland and Davis, 1969; Terzaghi, 1925). 

Consequently, subsidence monitoring coupled with water-level observations can provide 

valuable information about hydrologic parameters such as elastic and inelastic skeletal 

specific storage (Burbey, 2001; Hanson, 1989; Heywood, 1997; Ikehara, 1994; Pope and 

Burbey, 2004), hydraulic anisotropy (Burbey, 2006), the compaction time constant 

(Hoffmann et al., 2003a), and  hydraulic diffusivity and thickness of the compacting units 

(Burbey, 2001). The problem historically has been that accurate measurements of 

subsidence using extensometers are expensive and require the fabrication of an integrated 

system of parts (Riley, 1984), first-order leveling is time consuming and labor intensive 

(Ikehara et al., 1997), and GPS monitoring is usually limited by equipment availability 

and cost (Burbey et al., 2006).  

 The advances of interferometric synthetic aperture radar technology (InSAR) 

(Amelung et al., 1999; Colesanti et al., 2003; Ferretti et al., 2001; Galloway et al., 1998; 

Galloway and Hoffman, 2007; Hoffmann, 2005; Hoffmann et al., 2001) have transformed 

our ability to quantify subsidence at the basin scale and have led to greater understanding 

of the intricacies of deformation patterns that have revealed new evidences of factors 

influencing regional subsidence patterns (Amelung et al., 1999). The availability of 

spatial and temporal high resolution InSAR data can provide new understanding and 

revelation of geologic and hydrologic conditions at the basin scale if properly analyzed in 

conjunction with other types of data such as water-level information, and simulation tools 

such as groundwater flow models and parameter estimation software.  

 The use of automated parameter estimation software such as UCODE_2005 (Poeter et 

al., 2005) is widely becoming a standard practice for ground-water model calibration and 
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evaluation. UCODE compares observations to simulated equivalents to obtain a weighted 

least-squares objective function, which is minimized with respect to the parameter values 

using nonlinear regression. Hill (1998) points out that calibration success is often 

dependent on multiple observation types. For example, it is usually insufficient to 

adequately calibrate a groundwater model using water-level data as the sole type of 

observational input. Usually flow velocity, transport data, or other type of input has been 

shown to lead to more accurate and rapid calibration. With the availability and relatively 

low cost of InSAR yielding high-resolution and high-density data at the basin scale, this 

tool is capable of providing a powerful observation data set that can be used to evaluate 

the aquifer response to seasonal and long-term pumping patterns and rates.  

 Hoffmann et al. (2003a) were perhaps the first to use parameter estimation software 

UCODE with subsidence observations to calibrate inelastic skeletal specific storage 

values along with the compaction time constants in Antelope Valley, California. Also 

using UCODE, Pavelko (2004) estimated hydraulic properties including vertical 

hydraulic conductivity, aquitard inelastic and elastic specific storage, aquifer elastic 

skeletal specific storage and aquitard compaction time constants using historical 

compaction estimates and recent extensometer measurements from the development of a 

one-dimentional model at the Lorenzi site, Las Vegas, Nevada. Later Halford et al. (2005) 

used hydraulic head and subsidence rate data from time-series interferograms as 

observations to calibrate a groundwater flow model dealing with the dissipation of excess 

pore pressures associated with underground nuclear explosions at Yucca Flat, Nevada. 

Burbey (2006) used both vertical and horizontal displacements as observations in 

UCODE to calibrate the hydraulic properties in Mesquite, Nevada associated with a 

large-scale aquifer test. The difference between these earlier studies and this investigation 

is that here we develop hypothetical models loosely conceptualized to the Las Vegas, 

Nevada basin to analyze the quantity (number of observations) and type (e.g. seasonal vs. 

annual) of InSAR data needed to accurately calibrate transmissivity and elastic and 

inelastic skeletal specific storage parameters where the low permeable units drain more 

slowly than the aquifer. 
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1.1 Purpose and scope 

 The main objective of this investigation involves the application of UCODE_2005 

with Modflow-2000 (Harbaugh et al., 2000; Hill et al., 2000) using hydraulic head and 

subsidence observation data to assess: (1) the appropriate weighting method using these 

observations that have both different magnitudes and errors, (2) the ability of the 

parameter estimation software to accurately calculate the transmissivity and elastic and 

inelastic skeletal specific storage values with noise (error in measurement) contained in 

both the subsidence and head data even when long compaction time constants are 

involved, (3) the importance of subsidence data in parameter estimation when drawdown 

data are sparse, and (4) whether seasonal fluctuations in subsidence data due to cyclical 

pumping (including aquifer storage and recovery) are required to accurately calibrate the 

elastic skeletal specific storage when delayed drainage is important. 

 The scale of this investigation is comparable to a structural basin such as Las Vegas 

Valley, Nevada, where thicker sequences of fine-grained deposits tend to be located near 

the center of the basin and a greater preponderance of coarse-grained deposits occupy the 

perimeter of the basin. The outcomes of this type of investigation will lead to expedience 

in application to real-world settings by alleviating unnecessary conceptual and 

computational analyses. 

2. Numerical analysis 

 The conceptual model used for the numerical analysis is loosely based on the scale 

and geologic framework of Las Vegas Valley (Morgan and Dettinger, 1996b), with 

thicker but lower permeable deposits located more toward the center of the basin. Several 

synthetic cases based on the same basic set-up are used to investigate the four problems 

mentioned earlier in the purpose and scope. An areal two-dimensional model is 

developed in which transmissivities are used to denote both hydraulic conductivity and 

relative aquifer thickness.  

 The synthetic study area is a 19 km by 29 km one-layer confined aquifer. The initial 

hydraulic head is 800 m and the preconsolidation head is 795 m for the entire area. Five 

pumping wells extracted groundwater at pumping rates ranging from 1,000 to 6000 m
3
/d 

(Table 1.1). The study area was divided into seven transmissivity zones (Figure 1.1a) and 

three storage coefficient zones (Figure 1.1b). A total of 13 parameters are used with their 
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true values provided in Table 1.2: transmissivities T1 to T7 in transmissivity zone T1 to 

zone T7 (Figure 1.1a), respectively; elastic skeletal specific storage (Sske1 to Sske3) and 

inelastic skeletal specific storage (Sskv1 to Sskv3) in storage zone S1 to zone S3 (Figure 

1.1b), respectively. A no-flow boundary is assigned to the entire perimeter of the grid. A 

constant grid spacing is used (1 km by 1 km) in all simulations. For each test case, the 

simulation period, pumping strategy and sampling method can vary depending on the 

purpose of the analysis. Explanations for the modifications will be provided for each test 

case. 

 Using the synthetic conceptualization in each test case, a forward simulation using 

MODFLOW-2000 was used to simulate drawdown and subsidence over the study area 

based on the current aquifer parameters and boundary conditions. The SUB package 

(Hoffmann et al., 2003b) was used to calculate subsidence at each model cell. The SUB 

package was chosen over the IBS package (Leake and Prudic, 1991) because it allows for 

the simulation of time-dependent drainage of water from low-permeable interbeds. 

Realistically, the pore pressure of low-permeable units does not instantaneously 

equilibrate with changing hydraulic heads of the adjacent aquifer. Rather, a time lag 

occurs that is dependent on the thickness, vertical hydraulic conductivity, and the specific 

storage of the low permeable unit. The time lag represents the difference in time between 

the occurrence of head reduction (drawdown) measured in the surrounding coarse-

grained aquifer and the equivalent drawdown at the center of the low permeable unit 

contained within the aquifer. The aquifer thickness is assumed to be 200 m and one delay 

interbed is simulated having a variable thickness of 9.1 to 121.9 m as shown in Figure 1.2. 

The vertical hydraulic conductivity is assumed to be a constant 6x10
-5

 m/d for the entire 

modeled region. Based on these SUB parameters, the time constant is estimated to vary 

from 34 years where the interbed is thickest, to seven days for the thinnest part of the 

interbed, which occurs around the perimeter of the conceptualized region. Time constant 

is defined as the time required for an interbed to reach approximately 93% of its ultimate 

compaction for a given head decline (Riley, 1969). It can be estimated by the following 

equation: 

v

skv

K

Sb
2

0
0

2








=τ    (1.1) 
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where b0 is the thickness of the interbed, Sskv is the inelastic skeletal specific storage and 

Kv is the vertical hydraulic conductivity. 

 

 

 

 

 

Table 1.1. Pumping rates for the 5 wells used in the synthetic case. 

 

 

PAR name T1 T2 T3 T4 T5 T6 T7 Ssfe1 Ssfe2 Sfse3 Ssfv1 Ssfv2 Ssfv3 

True Value 1300 650 900 700 300 300 100 1e-6 5e-7 1e-7 2e-4 1e-4 2e-5 

Starting Value 1000 800 500 500 500 300 300 1e-5 1e-6 1e-6 1e-3 1e-3 1e-4 

Table 1.2. True values and starting values for 13 parameters for all simulation cases. Transmissivities 

are in units of m
2
/day; specific storage values are in units of 1/m. 

 

 

       
(a)      (b) 

Figure 1.1. A general map of the synthetic modeled region. The thin lines show the MODFLOW grid 

(1km by 1km).  (a) Transmissivity zone T1 to zone T7, delineated by the thick black lines. The small 

white squares indicate the locations of the 5 pumping wells A-E. (b) Storage zones S1 to zone S3, 

delineated by the thick black lines. 

Well name A B C D E 

Pumping rate (m3/d) 3000 5000 5000 6000 1000 
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Figure 1.2. Interbed thickness (in meters) used in all simulations. 

 

 An initial forward simulation using the true values (Tables 1.1 and 1.2) with 

Modflow-2000 is applied to calculate the true hydraulic heads and subsidence values. 

Then UCODE-2005 was used with Modflow-2000 to conduct inverse modeling to 

estimate the 13 parameter values (7 transmissivities and 6 storage coefficients), which 

were considered as unknowns in the parameter estimation process. UCODE-2005 

estimates the optimal parameter values (starting with the initial parameter values as 

shown in Table 1.2) by minimizing the objective function using a modified Gauss-

Newton iterative procedure to solve a nonlinear regression problem. The objective 

function is defined by equation 1.2 (modified from Hill, 1998) as: 

2

1

)]('[)( byybS i

ND

i

ii∑
=

−= ω    (1.2) 

where b is a vector containing values of the NP parameters being estimated; NP is the 

number of estimated parameters; ND is the number of observations; yi is the observation 

being matched by the regression; yi(b) is the simulated value which corresponds to the ith 

observation; iω is the weight for the ith observation. 
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 The observation data (yi in equation 1.2) represent the spatially and temporally 

selected drawdown and subsidence data calculated by the forward model with the true 

parameter values. In some cases noise was added artificially to the observation data using 

a random number generator to represent measurement error. The calculated values (yi(b) 

in equation 1.2) represent the simulated head and subsidence values from Modflow-2000 

using updated parameter values after each UCODE iteration. The objective function is 

updated along with the 13 parameter values after each iteration. When the objective 

function meets the convergence criteria or the iteration number exceeds the prescribed 

allowance, UCODE terminates and the optimal parameter values are obtained.  No upper 

or lower limitation was set for any parameters. A total of 24 different test cases were 

simulated to evaluate the quantity and quality of subsidence and hydraulic head data 

needed to accurately estimate transmissivity and storage properties under the condition of 

delayed drainage. 

2. Numerical analysis 

2.1 Weighting method for different types of observation data in UCODE 

 Using multiple types of observation data generally improves the accuracy of 

parameters during model calibration. However, simultaneously using different types of 

observation data that may have different levels of importance, different units or errors can 

be an arduous task. This obstacle can be overcome by assigning proper weights to 

observations. Hill (1998) discusses the methods and guidelines for effective model 

calibration and states that “the weighting needs to be proportional to the inverse of the 

variance-covariance matrix of the measurement errors.” This approach results in two 

important provisions: (a) relatively accurate measurements are weighted more heavily 

than inaccurate measurements, and (b) weighted quantities have equivalent units even if 

actual observations have different units; therefore weighted values can be used to 

calculate the objective function.  

 The observation data used in this study to estimate hydraulic parameters include 

hydraulic head (or drawdown) and land subsidence (aquifer compaction). The method of 

Hill (1998) was used to assign the weights for drawdown and subsidence observation 

data, namely, the weight for a specific observation was set as the inverse of the square of 
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this observation value. For convenience, in this investigation it is assumed that the 

absolute measurement errors are proportional to the observation values.  

 In the first four test cases we set out to investigate the validity of this weighing 

method. In each of these four cases the length of the simulation was set to be 300 days 

and drawdown and subsidence data were chosen at the end of the simulation period. 

Forward modeling was used to calculate the drawdown and subsidence at all 551 model 

cells. The maximum drawdown after the 300-day simulation period was about 13 m and 

was located in the upper-left hand part of the grid. The maximum simulated subsidence 

was about 14 mm and located more toward the center of the grid where interbed 

thicknesses are greatest. Observation data were taken from the forward model at 150 

model cells (every other cell along alternating rows) and were used in UCODE-2005 to 

estimate the 13 parameters.  

 In test case 1, the weights of all the observation data (150 drawdown and 150 

subsidence data points) were set to one; while in test case 2 the weights were set to the 

inverse of the square of the observation value. Figure 1.3 shows the percent error of the 

estimated parameter values compared to the true values using a logarithmic scale, which 

was used for visual convenience. The results show that the using a weight equivalent to 

the inverse of the square of the observation value produces superior results compared to 

simply using a weight of one for the specific storage values, particularly the elastic values. 

It appears that the weight has little bearing on accurately calibrating the transmissivity 

values. It should be noted that an error of 100% indicates that the simulated value differs 

from the true value by a factor of two. In the same manner, an error of 1000% indicates 

that the simulated value differs from the true value by one order of magnitude. Errors 

under 10% for any test case are considered to represent an excellent fit; errors between 

10% and 100% are considered to be acceptable; and errors over 1000% are considered to 

represent a poor fit, meaning the parameter estimation process could not produce an 

acceptable estimate for that parameter. 

 In the previous two test cases the precise calculated data were used as observation 

data. Unfortunately “true” values are rarely if ever observed in real world settings. 

Therefore, for test cases 3 and 4 a 3% random error was added (as noise) to the 

observation data of cases 1 and 2. Test case 3 failed to converge because of large 
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oscillating errors. On the other hand test case 4 converged and produced excellent results 

using our weighting method (Figure 1.3). Furthermore, the simulated drawdown and 

subsidence values for case 4 were all within 2% of the observed values, which indicates 

that using a weight equal to the inverse of the square of observation values produces 

results that are superior to simply using a weight of 1.0.  

 The improvement in the estimated values for test case 4 demonstrates that (1) 

assigning weights will improve the parameter estimation when more than one type of 

observation data is used, particularly when the observation data contain errors, and (2) 

the weighting method used in this study appears to represent a reasonable method for 

accurately estimating parameters in subsidence investigations. 
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Figure 1.3. Calibrated parameter errors for observation weight equal to (Case 1) one and no noise, 

(Case 2) for observation weight equal to the inverse square of the observation and no noise, and 

(Case 4) the same as Case 2 with 3% observation error. 
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2.2 Parameter estimation with varying degrees of observational error  

 Observation data inevitably contain measurement error. Subsidence data that are 

obtained from radar techniques such as InSAR or GPS contain error associated with 

atmospheric delays, multipath effects, or non-vertical line-of-sight. Drawdown 

observations can be biased from measurement error, recent pumping, or temporal 

differences in data collection practices.  Therefore it is important to evaluate the ability of 

the parameter estimation technique when observation data contain various amounts of 

error. In the previous test cases UCODE-2005 was able to accurately estimate parameters 

by employing a proper weighting method for diverse types of observation data with 3% 

noise. The next step is to evaluate the performance of parameter estimation using 

UCODE-2005 and MODFLOW 2000 under different levels of noise, which is used to 

account for varying levels of measurement error.  

 The basic model conceptualization for test cases 5-8 is the same as in test cases 1-4; 

in addition the same observation data are used (150 drawdown and 150 subsidence data 

evaluated after 300 days of pumping). In the next set of cases the random noise level 

added to the true drawdown and subsidence observations varies by increasing the error by 

one percent for each successive case beginning with 2% for case 5 up to 5% for case 8. In 

this manner case 6 becomes equivalent to case 4 in the preceding section, but different 

case names are used for convenience of comparison. Figure 1.4 shows the values of the 

estimated parameters and their percent errors for cases 5-8.  

 For all the 13 parameters, the errors of estimated results increase with the increase of 

noise; however all the errors were under 33% even when the added noise level was 5%. 

The results suggest that transmissivities are more affected by observation error than are 

storage values. In particular transmissivity zones 1-3, the smallest zones based on area 

consistently are shown to have the greatest error in all simulations. Nonetheless the 

hydraulic parameter estimation using UCODE is able to provide reasonable and stable 

results when observation data contain varying degrees of random noise. 
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Figure 1.4. Calibrated parameter errors for (Case 5) 2%, (Case 6) 3%, (Case 7) 4%, and (Case 8) 5% 

observation error (noise). 
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2.3 The value of subsidence data in parameter estimation when drawdown data are 

sparse. 

 Hydraulic head or drawdown data are the most popular type of observation data used 

for parameter estimation in groundwater flow models (Poeter and Hill, 1997). In arid-

zone regions obtaining sufficient drawdown data can be problematic because of the 

typically large depths to water making it expensive to install a sufficient number of 

observation wells for basin-wide investigations. With the improvement of technology for 

detecting land deformation over large spatial regions with InSAR or PS-InSAR, the 

acquisition of millimeter-scale subsidence data is becoming more readily available and 

inexpensive. InSAR data can be used in conjunction with even sparse drawdown data to 

conduct or improve parameter estimates, especially storage coefficients (Hoffmann et al., 

2003a; Hoffmann et al., 2001; Pavelko, 2004). Most recently, Bell et al. (2007, in press) 

used PS-InSAR to evaluate elastic and inelastic skeletal storage coefficients from long-

term and seasonal responses to pumping and artificial recharge in Las Vegas Valley.  

However, their estimates represent average values at a handful of individual locations. 

Furthermore, due to the complex nature of the geology and hydrology, both elastic and 

inelastic storage components are likely occurring at most sites making it difficult to 

assess the accuracy of the estimated parameters. 

 In the synthetic cases used in this investigation, improvement can be made in 

evaluating important processes the types of data necessary to accurately calculate 

parameter values because the true values are known a priori.  It is anticipated that these 

findings will yield important contributions to data collection activities and analyses for 

real-world problems; in particular we address the issue of using subsidence data to 

improve parameter estimation.  

 Cases 9 and 10 are based on the same hydraulic model conceptualization as in cases 

1-4. In case 9 only limited drawdown data (without noise) are used as observation data in 

the parameter estimation process. Specifically, only 30 calculated drawdown values are 

used at five separate spatial locations. That is, the drawdown observations are obtained at 

the 5 pumping wells at the end of 6 times: 0.5, 30, 60, 120, 180 and 300 days. Case 10 

uses the same limited drawdown observation data along with 30 additional subsidence 

observations at 15 random locations (Figure 1.5) at 2 times: after 120 and 300 days of 
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pumping. The weighting method discussed in section 2.1 is used to assign weights for 

drawdown and subsidence data in case 10.  

 

 
Figure 1.5. Locations of observed drawdown and subsidence data used in Cases 9 and 10. The small 

white squares are pumping wells where drawdown observations are obtained at 5 different times 

(Cases 9 and 10); the black dots represent the locations of land subsidence observations (Case 10 

only). 

 

 Results from automated parameter estimation for case 9 are shown in Figure 1.6. 

Results for case 10 are not shown because all the parameter errors are less than 1%. 

Although the results indicate that using drawdown observation data alone produce 

acceptable results, adding subsidence observation data provides outstanding parameter 

estimation accuracy with most errors under 0.5%. These results clearly show that the 

errors become negligible when subsidence observation data are included in the parameter 

estimation process.  

 Test cases 11 and 12 are analogous to cases 9 and 10 except that 3% noise is added to 

the observation data. Simulation results for case 12 are shown in Figure 1.6. No 

simulation results are provided for case 11 because the model did not converge as a result 

of large oscillating errors.  This result suggests that using limited drawdown observation 
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data alone (observations containing measurement error) is not generally sufficient for 

calibrating the aquifer parameters. However, when subsidence observations are included 

(case 12) the results are excellent with all parameter errors under 11% and most errors 

under 5%. Subsidence observations appear to provide numerical stability and a vast 

improvement in parameter estimation. This result suggests that in real-world settings, 

where observation data inevitably contain errors, the use of subsidence data becomes a 

valuable tool in model calibration, particularly when drawdown data are sparse.  
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Figure 1.6. Calibrated parameter errors for (Case 9) 30 drawdown observations with no noise and 

(Case 12) 30 drawdown and 30 subsidence observations with 3% noise. 
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2.4 Use of seasonal fluctuations in drawdown and subsidence data in parameter 

estimation. 

 Seasonal fluctuations of drawdown and subsidence can be caused by cyclical 

pumping resulting from seasonal changes in groundwater demand, or due to aquifer 

storage and recovery programs aimed at mitigating further reduction in water-level and 

increased levels of land subsidence. These seasonal fluctuations may be useful in 

parameter estimation, particularly for discriminating between elastic and inelastic skeletal 

specific storage as water-level may fluctuate between exceeding their past maximum 

consolidation stress (where inelastic storage dominates) and some level lower than this 

threshold value (where elastic storage dominates). Furthermore, a long-term inelastic 

compression signal resulting from delayed drainage of interbeds may be superimposed on 

the cyclical subsidence pattern greatly complicating parameter estimation. Cyclical 

pumping patterns have been used in several studies involving automated hydraulic 

parameter estimation which includes Las Vegas Valley (Bell et al., 2007, in press; 

Hoffmann et al., 2001; Pavelko, 2004). 

 The next set of 12 cases (cases 13-24) is aimed at evaluating the quality of parameter 

estimates influenced by seasonal cyclical pumping and delayed drainage, and at better 

understanding the best observation strategy of utilizing seasonal fluctuations when there 

may or may not be a sufficient quantity of observational subsidence data (e.g. a few GPS 

stations). The basic set-up in these 12 cases is the same as for cases 1-4. The length of 

simulation time, however, is changed to 4 years, which is divided into 8 equivalent stress 

periods equaling ½ year (182.5 days). The pumping rates at the 5 wells are the same as 

for cases 1-4 (Table 1.1) during stress periods 1, 3, 5 and 7; no pumping occurs in the 

alternating stress periods 2, 4, 6 and 8. The length of the pumping and recovery periods 

was selected to reproduce the summer pumping and winter recovery cycle that is typical 

of the Las Vegas Valley groundwater basin. Figure 1.7 shows the simulated water-level 

and subsidence in response to the cyclical pumping pattern under the influence of delayed 

drainage at a particular cell location (representing a hypothetical extensometer and 

piezometer site) (see Figure 1.8 for modeled location). In Figure 1.7, delayed drainage 

effects are evident that starting from the second year, subsidence continues, albeit at a 

slower rate, even during non-pumping periods when water levels are recovering. 
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 For the purposes of evaluating the quantity and temporal positioning of observation 

data, three separate observation data sets are used to assess the quality of parameter 

estimates. Table 1.3 shows the details of these observation data sets, which involves 

sampling annually (over four year period), short-term seasonally (for a two year period) 

and long-term seasonally (for a four-year period). Table 1.4 shows the sampling strategy 

and implementation of observational noise (error) that is used for each of the next 12 test 

cases. In Cases 13-18 150 subsidence observation data points are used, which would be 

common if subsidence velocity data derived from InSAR interferograms were available. 

Observational drawdowns are assumed to be limited to the 5 pumping well locations and 

temporally at the end of each stress period as indicated in Table 1.3. Cases 19-24 are used 

to evaluate the parameter estimates under limited spatial subsidence observation data 

availability where only six subsidence observations are used as shown in Figure 1.8. 

Cases 19-24 use five drawdown observation data points (at 5 pumping wells) for each 

observation time.   

 

 

Observation  

time set no. 

Observation  

times 

Description 

1 end of SP 2, 4, 6, and 8 Yearly 

2  end of SP 5, 6, 7, and 8 Short-term seasonally 

3 end of all SP’s, 1 to 8 Long-term Seasonally 

Table 1.3. Observational time sets; SP=stress period. 

 

 

 

Case  

No. 

No. of 

subsidence 

obs. locations 

No. of 

drawdown 

obs. locations 

No. of 

obs.  

times 

Obs. 

Time set 

(Table 

1.3) 

 

Noise 

13 150 5 4 1 None 

14 150 5 4 2 None 

15 150 5 8 3 None 

16 150 5 4 1 3%  

17 150 5 4 2 3%  

18 150 5 8 3 3%  

19 6 5 4 1 None 

20 6 5 4 2 None 

21 6 5 8 3 None 

22 6 5 4 1 3%  

23 6 5 4 2 3%  

24 6 5 8 3 3% 

Table 1.4. Detailed sampling settings for cases 13-24. 
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Figure 1.7. Drawdown and subsidence at cell (14, 11) resulting from cyclical pumping for Cases 13-24. 

 

 

 

Figure 1.8. Locations of calculated drawdown and subsidence data used as observations for Cases 19-

24. Small white squares represent the locations of the 5 pumping wells where drawdown data are 

observed; black dots represent the 6 locations where land subsidence data are observed; cross 

represents location used for Figure 7. 
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 Simulation results for cases 16-24 cases are provided in Figures 1.9-1.11. Results for 

cases 13-15 are not shown because in all three cases the parameter estimation errors were 

small indicating that when sufficient subsidence data are available and no observation 

error is considered, the parameters can be accurately estimated regardless of the sampling 

interval (annual or seasonal). The parameter estimation results further show that when 

sufficient spatial subsidence data observations are available, accurate parameter estimates 

are attainable even when the observation data are noisy (Figure 1.9). Thus, even when 

limited temporal water-level and subsidence data are available, which is typical because 

InSAR data for such investigations have been available for less than 20 years and for 

most investigations only several years, accurate parameter estimates can still be made and, 

interestingly, the best estimates are attained when annual data are used (Case 16) as 

opposed to seasonal data (Cases 17-18) that attempts to include the cyclical water-level 

response patterns. 

 When only limited spatial subsidence data are available (as would typically be the 

case when only GPS or extensometer data are available as observations) and the 

observations contain no noise (case 19 to case 21), long-term seasonal observations 

become more important (Figure1.10). Results suggest that using only annual or short-

term seasonal observations is less effective for obtaining accurate elastic specific storage 

values than using long-term seasonal values. Not surprisingly, the longer the 

observational data set the better the parameter estimates.  

 When adding 3% noise to the above three cases (limited spatial subsidence data), the 

simulated results contain a greater amount of error for the annual and short-term seasonal 

sampling cases (Cases 22 and 23). The annual sampling case (Case 22) produces poor 

transmissivity estimates (Figure 1.11) while the short-term seasonal sampling case (Case 

23) produces somewhat better transmissivity estimates but poor elastic specific storage 

estimates, probably because UCODE is not able to resolve the noise from the seasonal 

changes in drawdown and subsidence associated with cyclical pumping. However when 

an additional two years of seasonal observation data are available (Case 24), the results 

improve remarkably (Figure 1.11). Figure 1.12 shows the accuracy of the calibrated 

drawdown and subsidence values for the Case 24.  
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 It can be concluded from these 12 test cases that when InSAR data are available 

(many regularly spaced subsidence observations) both annual (4 years) and short-term 

seasonal observations (2 years) are sufficient for accurately estimating all 13 parameters. 

However, when only limited spatial subsidence data are available and the observation 

data contain errors, many years of seasonal observations are typically required to produce 

accurate parameter estimates.   
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Figure 1.9. Calibrated parameter errors when 150 subsidence observation locations are available and 

3% noise is included: (Case 16) only annual observations used, (Case 17) two years of seasonal 

observations used, (Case 18) four years of seasonal observations are used. 
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Figure 1.10. Calibrated parameter errors when 6 subsidence observation locations are available and 

no noise is included: (Case 19) only annual observations used, (Case 20) two years of seasonal 

observations used, (Case 21) four years of seasonal observations are used. 
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Figure 1.11. Calibrated parameter errors when 6 subsidence observation locations are available and 

3% noise is included: (Case 22) only annual observations used, (Case 23) two years of seasonal 

observations used, (Case 24) four years of seasonal observations are used. 
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Figure 1.12. Observed vs. simulated drawdown and subsidence for Case 24. 
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3. Summary and conclusions 

 In real-world subsidence investigations where the objective is achieving accurate 

estimates of aquifer parameters such as transmissivity, and elastic and inelastic skeletal 

specific storage coefficients, it is often difficult to evaluate the quality of the estimates 

because the available subsidence and drawdown data usually only cover a small portion 

of the pumping period and long-term slow drainage of fine-grained interbeds can result in 

compaction even when water-level is not declining. Cyclical pumping patterns can 

further complicate the hydrogeology and ability to estimate aquifer parameters. In 

addition, investigators are often uncertain as to how much observational data are required 

to adequately estimate the parameters in question. The purpose of this investigation was 

to evaluate how the addition of available subsidence data (along with the spatial and 

temporal quantity and quality of the data) can be used to aid in the accurate calibration of 

parameter estimates.  

 An areal two-dimensional conceptual model was developed that is loosely based on 

Las Vegas Valley area, which is represented as a large structural basin filled with thick 

sequences of compressible unconsolidated to semi-consolidated deposits. Constant and 

seasonal pumping were used to create large drawdowns and stimulate subsidence of a 

slow draining variably thick interbeds contained within a large confined aquifer. A total 

of 24 synthetic test cases were used to answer questions raised from real-world practice 

concerning hydraulic parameter estimation using drawdown and subsidence data. 

Automatic parameter estimation was achieved through the coupling of UCODE-2005 and 

the U.S. Geological Survey’s groundwater flow model MODFLOW 2000. The model 

area was partitioned into seven transmissivity zones (for 7 unknown transmissivity 

parameters) and three storage coefficient zones (for 3 elastic and 3 inelastic skeletal 

storage coefficients) for a total of 13 parameters that were estimated under a number of 

different conditions with UCODE-2005.  

 After analyzing and comparing the results from these cases, a number of important 

conclusions were made that can aid future researchers and help with observation data 

collection practices. The key conclusions that can be drawn from this modeling 

investigation are:  
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 (1) Assuming the absolute measurement error is proportional to the observation value, 

the inverse of the square of the observation value for weighting drawdown and 

subsidence data was shown to be ideal for obtaining accurate estimates of hydraulic 

parameters even when 2% to 5% noise is contained in both subsidence and hydraulic 

head data. The simulated errors in parameter estimation increase with an increase in the 

percentage of noise (observation error); however the all the simulations were stable and 

the computed errors are within acceptable levels. 

 (2) When aquifers comprised of thick unconsolidated deposits are pumped at a 

constant rate, water-level observation data alone are usually not sufficient to adequately 

calibrate the model during the parameter estimation process because heads do not contain 

enough information. In particular, the elastic specific storage values are poorly estimated 

when only drawdown data are used as observations. The availability of InSAR data can 

allow for large spatial and temporal subsidence data sets to be used as observations often 

providing more spatially diverse observation data. With subsidence data, hydraulic 

parameter estimation, especially elastic skeletal storage coefficient, can be achieved 

satisfactorily with only a few drawdown observations. Furthermore, simulation results 

from case 12 indicate that only a small number of subsidence observations (30 at 15 

locations) are required to obtain accurate parameter estimates even when observation 

error is included. The sparse subsidence data requirement suggests that it is possible to 

use GPS data at select locations to achieve accurate parameter estimates and reduce 

processing and computational time. Therefore in arid regions when sufficient quantities 

of drawdown data are difficult to acquire, subsidence observations can provide the 

important information leading to more adequate parameter estimates.  

 (3) When seasonal fluctuations in water-level (and subsequent compaction) occur due 

to cyclical pumping patterns, accurate parameter values can be readily obtained if 

sufficient spatial subsidence observations are available (ie. InSAR data) even when 

temporal observation data are limited to a few seasons or even annually over two years. 

On the other hand, when subsidence data are limited (ie. only a few GPS and 

extensometer sites are available), then the accuracy of the parameter estimates depends 

on whether the observations contain noise and the amount of temporal observation data 

available. When the observation data do not contain noise, annual (4 years) or seasonal (2 
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years) data are sufficient to accurately estimate most parameters, but four years of 

seasonal data are best. However, when 3% random error is included in the observation 

data, long-term seasonal subsidence and drawdown observations are required to 

accurately estimate parameters. The results show that simulated drawdown and 

subsidence values closely approximate observed values (Case 24) when four years of 

seasonal observation data are available. 

 These results should be useful to modeling practitioners who must plan data 

collection activities in response to project objectives aimed at accurate hydraulic 

parameters. One drawback in this study is the generality of using only one layer in the 

simulations, which is likely to produce more favorable parameter estimates than one 

might expect from more complex muli-layered systems. Nonetheless, these findings 

reveal the importance of subsidence data as an aid in model calibration. As these data 

become increasingly available researchers, it will be hard to justify not using this 

important data set in ground-water modeling or parameter estimation activities.    
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Chapter 2 . The simulated effects of delayed drainage in 

groundwater and subsidence modeling, Las Vegas Valley, 

Nevada 
 

 

Abstract 

 Las Vegas Valley is one of the fastest growing metropolitan areas in the Nation. 

To meet the water resources demand of this area, groundwater has been intensively 

pumped since 1905 which has resulted in large water-level declines of more than 90 

meters and land subsidence of nearly two meters. The time-dependent delayed drainage 

of fine-grained clay interbeds, which was not well addressed in previous studies, plays an 

important role in the complicated development of land subsidence. 

 To provide a basic framework for groundwater management and to better predict 

future subsidence rates and locations, based on the previous groundwater flow and 

subsidence models (Jeng, 1998), an integral and updated model is developed for 94 years 

(1912-2005) with delayed drainage imbedded by replacing IBS package with SUB 

package of MODFLOW 2000. The new model achieved a general agreement with the 

shape and magnitude of measured water-level changes and the subsidence simulation.  

 The analysis of the effects of delayed drainage on subsidence simulation at the 

Lorenzi site indicates that incorporating delayed drainage enables the new model to 

simulate the residual subsidence, and a long-term model covering the largest time 

constant of the interbeds or the entire groundwater extraction history is required to be 

able to simulate the residual subsidence. 

 This study contributes to the more accurate simulation of groundwater flow and 

subsidence in Las Vegas Valley with delayed drainage considered. The updated model 

represents the longest simulation period (1912-2005) of any model developed for Las 

Vegas Valley at a basin scale and it is the only available model capable of simulating 

delayed drainage. It could be further improved by obtaining precise data (such as 

pumping and recharging rate), discretization into a smaller grid and calibrating hydraulic 

parameters using observed water-level and subsidence data. 
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1. Introduction 

 Groundwater has been intensively extracted for over a century in Las Vegas 

Valley to support rapid population growth since pumping commenced in 1905. By 1990, 

the continuous withdrawal of groundwater has resulted in more than 90 m of drawdown 

in some portions of the valley (Burbey, 1995) and a subsequent land-subsidence rate of 

several centimeters per year has been observed in the central part of the valley. Land 

subsidence due to groundwater withdrawal has also resulted in surface fissures and 

damage to human infrastructures (Bell, 1981). The century-long development of this 

growing metropolitan area and its subsequent water-related problems has made this 

region one of the more fascinating sites for the investigation of pumping-induced 

groundwater. 

 Las Vegas Valley covers an area of about 1,600 mi
2
 in Clark County, southern 

Nevada (Figure 2.1). It represents a sediment-filled structural basin with an arid to 

semiarid climate and two major lithologic units: bedrock and valley fill. Numerous 

investigations have described and detailed the geology, hydrogeology and propagation of 

land subsidence of the region for nearly a century. Some of the more pertinent 

investigations include those by Bell (Bell, 1981), Dinger (Dinger, 1977), Longwell and 

others (1965), Harrill (1986), Malmberg (1965), Domenico and others (1964), Maxey and 

Jameson (Maxey and Jameson, 1964), Carpenter (1915), Mendenhall (1909), Plume 

(1989), Waichler (1991), Domenico and others (1964), and Pavelko (2004).  

The carbonate bedrock that underlies the basin and comprises the recharge source 

area in the Spring Mountains to the west transmits groundwater largely from winter snow 

melt through fractures and directly into alluvial deposits adjacent to the carbonate 

bedrock. Some additional recharge may be occurring from the north in the Sheep Range, 

but this amount is expected to be quite small. No recharge is believed to occur as the 

result of direct precipitation on the valley floor. The valley-fill aquifer system is 

comprised of multiple layers of interbedded gravels, sands, and clays that make up the 

numerous aquifers and aquitards of the valley (Figure 2.2). The valley-fill aquifers can be 

divided into three zones: the near surface aquifer, the developed-zone aquifer and the 

deep-zone aquifer (Plume, 1989). Most groundwater is extracted from the developed-

zone aquifer.  
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Before the 1970’s, groundwater extraction in Las Vegas Valley was the major 

resource to meet domestic, irrigation and commercial water demand. To reduce the 

dependence on groundwater resources, surface water from Lake Mead was imported 

beginning in 1971 and now represents over 75% of the total water use in the valley. Yet 

due to the rapid population growth of Las Vegas, groundwater pumping has not been 

significantly reduced (Figure 2.3). As a result of the many years of pumping that have 

exceeded natural recharge, large drawdowns have resulted in the subsequent compaction 

of the aquifer systems leading to several large subsidence bowls and destructive earth 

fissures. To help mitigate the ongoing occurrence of land subsidence, an artificial 

recharge program was begun by the Las Vegas Valley Water District in 1989 (Figure 2.3). 

This program has resulted in a maximum of 30 m groundwater uplift from 1990 to 2005 

(Bell et al., 2007, in press). However, land subsidence has not ceased in many parts of the 

valley in spite of the recovery of groundwater-levels because of the time-dependent 

drainage behavior of clay interbeds. 

Of particular importance is the fact that the major zones of subsidence that have 

developed do not coincide with the center of greatest groundwater withdrawal. This has 

been attributed to the complex aquifer system characteristics including the variable 

thickness of fine-grained deposits and the storage properties of the units.  
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Figure 2.1. Location map of Las Vegas Valley (revised from Jeng, 1998). The black square shows the 

location of the Lorenzi site. 
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Figure 2.2. Cross section showing simplified hydrostratigraphy beneath Las Vegas Valley (from 

Pavelko, 2004). 
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Figure 2.3. Groundwater pumpage and artificial recharge from the Las Vegas basin, 1956-2005. Data 

from Coache (2005). 
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1.1 Purpose and scope 

 An updated groundwater flow and subsidence model is needed to help manage 

groundwater resources and to better predict future subsidence rates and locations. Land 

subsidence in Las Vegas Valley tends to be complicated because of the effect of delayed 

drainage which was not well addressed in previous modeling efforts (Morgan and 

Dettinger, 1996; Jeng, 1998). The purpose of this study is to (1) integrate and update the 

flow and subsidence model based on previous works; (2) incorporate the 

hydromechanical process of delayed drainage into the new model; and to (3) analyze the 

effects of the delayed drainage on subsidence modeling. This study will provide greater 

understanding of how historical pumping rates and patterns have led to the current 

drawdown and subsidence patterns observed in the valley and will lead to an updated 

water management tool for water purveyors working in Las Vegas Valley. 

2. Previous models for Las Vegas Valley 

 The first valley-wide numerical groundwater model developed for Las Vegas 

Valley was by Morgan and Dettinger (Morgan and Dettinger, 1996), and covered the 

period from 1912-1981. This model was developed using the Trescott-Larson finite-

difference model (Trescott, 1975; Trescott and Larson, 1976), which was the predecessor 

to the U.S. Geological Survey MODFLOW model. This model was developed using a 

coarse grid (variable grid spacing from 0.9-6.4 km) and an ad hoc subsidence subroutine 

that Jeng (1998) later described as “oversimplified and questionable”. The model was 

divided into 3 time periods: (1) a steady-state model representing predevelopment 

conditions (pre 1912); (2) a transient model for the period 1912-1972 using 8 stress 

periods; and (3) a transient model for the period 1972-1981 using 18 stress periods where 

each year was divided into two stress periods of 3.5 months and 8.5 months to simulate 

the seasonal pumping pattern that occurs in the valley. The simulation results in 

generalized areas of agreement between observed and simulated drawdown and 

subsidence patterns, but the locations of maximum subsidence varied significantly from 

the observed maximum subsidence bowls.  

Jeng (1998) later converted the Morgan and Dettinger model to the MODFLOW 

model (McDonald and Harbaugh, 1988), which used the IBS subsidence package (Leake 

and Prudic, 1991) to simulate land subsidence, which more accurately transitions 



 38 

between elastic and inelastic specific storage at the time-step level; however, the IBS 

package assumes that the pore pressure of low-permeable units instantaneously 

equilibrates with changing hydraulic heads of the adjacent aquifer making it impossible 

to simulate delayed drainage unless tens to hundreds of layers are used to simulate 

interbeds. Jeng also used three separate models to simulate the period from 

predevelopment (pre-1912) to 1981. 

Clearly, an updated and integral model is needed to better understand the 

development of past and current subsidence patterns and to better predict future water-

level changes and subsidence and uplift magnitudes. In this investigation, the separate 

models from Jeng are integrated from 1912 to 1981 and updated to 2005 mostly using the 

original parameter estimates in the flow packages, boundary conditions and grid size. In 

this modeling study the IBS package is replaced by the far superior SUB package  

(Hoffmann et al., 2003b) for the purpose of simulating the behavior of delayed drainage 

from fine-grained interbeds. Thus, the instantaneous drainage of interbeds or aquitards is 

no longer assumed and is considered significant because of the large amount of clay units 

above and within the principal aquifer system in Las Vegas Valley.  

Evaluation of the importance of delayed storage (SUB vs. IBS packages) was 

assessed by comparing the simulation results with those from previous studies (Jeng, 

1998), the measured subsidence and hydraulic head data from the Lorenzi site in 

northwest Las Vegas, where observed subsidence and hydraulic head data are available. 

In addition, the results of the long-term model (1912-2005) are compared for a shorter 

term model covering the most recent 16 years (1990-2005) to show that a long-term 

model covering the entire pumping history is necessary to accurately simulate the 

observed subsidence patterns.  

 The calibrated values from previous models (Jeng. 1998) were used in the new 

model. There is no attempt to calibrate hydraulic parameters in this investigation, which 

would require automated parameter estimation software due to the highly complex 

hydrogeology of Las Vegas Valley. For example, Pavelko (2004) estimated numerous 

hydraulic parameters including vertical hydraulic conductivity, aquitard inelastic and 

elastic specific storage, aquifer elastic skeletal specific storage and aquitard compaction 

time constants. He used historical compaction estimates and recent extensometer 



 39 

measurements from the development of a one-dimentional ground-water and subsidence 

model in conjunction with UCODE (Poeter and Hill, 1998) parameter estimation 

software for the Lorenzi site. Most recently, Bell et al. (2007, in press) used PS-InSAR to 

evaluate elastic and inelastic skeletal storage coefficients from long-term and seasonal 

responses to pumping and artificial recharge in Las Vegas Valley at several individual 

locations. Delayed subsidence was not considered in the estimation. No research has been 

done on calibrate the hydraulic parameters in Las Vegas Valley at a basin scale.  

The use of the SUB package (Hoffmann et al., 2003b) in this investigation has 

required the estimation of several additional parameters (discussed in a forthcoming 

section). These parameters were estimated using trial-and-error methods.  

3. The new updated and revised flow and subsidence model 

3.1 Model integration and update 

 In order to reproduce the time-dependent drainage of interbeds and the subsequent 

subsidence patterns and rates in Las Vegas Valley, a groundwater flow and subsidence 

model must include the entire groundwater depletion history into one consolidated model. 

Therefore a unified ground-water and subsidence model spanning predevelopment to 

2005 is developed. This involves the integration of Jeng’s (1998) two separate models 

covering the periods 1912-1972 and 1972-1981 and a third (new) period from 1981-2005, 

which required the acquisition of new pumping and artificial recharge data. MODFLOW-

2000 (Harbaugh et al., 2000) was used inside Argus ONE (Argus Holdings, Ltd., v. 4.2, 

2006). Argus ONE is a family of general purpose graphical pre- and post-processors for 

the numerical modeler. 

3.2 Spatial and temporal discretization 

 Jeng’s model (1998) was adapted to create a new conceptual model consisting of 

four model layers that are used to represent the three aquifer zones: model layers 1 and 2 

represent the near-surface aquifers; layers 3 and 4 represent the developed-zone and the 

deep-zone aquifers, respectively (Figure 2.4). All the four layers are assumed to be 

confined aquifers with varying total thickness of delay interbeds. Also adapted from 

Jeng’s model is the grid discretization which includes 26 rows and 22 columns of varying 

dimension ranging from 0.9 km to 6.4 km. Figure 2.5 shows the grid and the boundaries 
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for each layer. Units have been converted from English (Jeng, 1998) to metric (this 

model). Some output shown in upcoming figures uses feet for convenience of comparison 

with previous studies. 

 Jeng’s model (1998), which used MODFLOW-88, does not require the 

specification of the depth of each confined layer. MODFLOW-2000, however, does. The 

depths of the four layers from top to bottom in the new model are 6 m, 85 m, 213 m and 

213 m, respectively. These thicknesses are estimated on the basis of the descriptions of 

each aquifer from Morgan and Dettinger (1996).  

 A total of 76 stress periods are used to simulate the flow and subsidence in the 

new model for the period from March 1912 to September 2005. Stress periods 1 to 26 

were adapted from Jeng’s model (1998). These include stress periods 1 to 8 representing 

the period from March 1912 to February 1972, and stress periods 9 to 26 representing the 

period from March 1972 to February 1981. Stress period 27 covers the period from 

March 1981 to May 1981. The following 49 stress periods (stress periods 28 to 76) are 

used to simulate the remaining 24 years and 4 months in the new model, which extends 

from June 1981 to September 2005. Each year consists of two stress periods to reflect the 

seasonal pumping pattern used in the valley. The summer season extends for four 

months--June through September, and the winter season extends for eight months--

October through May. 
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Figure 2.4. Vertical layering of the flow system along East-West profile (top) and the conceptual 

model layering (bottom). (Revised from Jeng, 1998) 
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Figure 2.5. Active model grid for upper three layers (shaded) and the lower layer, from Jeng (1998). 
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3.3 The implementation of delayed-drainage using the SUB package 

  The SUB package (Höffmann, 2003) in MODFLOW 2000 can be used to 

simulate the time lag resulting from the delayed drainage of interbeds and aquitards, 

which is related to the thickness, vertical hydraulic conductivity, and the specific storage 

of these low permeable units. The SUB package supersedes the IBS package (Leake and 

Prudic, 1991), which was used in Jeng’s (1998) model, which assumes the instantaneous 

equilibration of hydraulic heads across low-permeable interbeds. This means that the 

interbed will compact instantaneously in response to a change in hydraulic head within an 

aquifer. In reality clay units can take from months to thousands of years to equilibrate 

with the surrounding aquifer (Poland, 1984) depending on the properties of the low-

permeable unit in question. Thus, the SUB package improves the ability of the model to 

better simulate the complex land subsidence patterns and processes occurring in Las 

Vegas Valley.  

 Subsidence, s(t), is calculated with the IBS package as:  

hSts kv ∆⋅=)(    (2.1) 

where 

oskvkv bSS ⋅=    (2.2)  

where Skv is the skeletal storage coefficient, h∆  is a step change in hydraulic head, b0 is 

the initial thickness of the interbed, Sskv is the skeletal specific storage and t is time after 

the step change. 

 The SUB package calculates subsidence from a single interbed using a more 

sophisticated equation (Hoffmann et al., 2003b):  
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and where Kv is the vertical hydraulic conductivity. 0τ  ( kτ  when k=0) is referred as time 

constant, which means, when 0τ=t the compaction will reach approximately 93% of its 

ultimate value for a given head decline (Riley, 1969). The time constant of a system 

containing N interbeds, as is the case for Las Vegas Valley, can be calculated by 

substituting b0 in equation 2.4 by the equivalent thickness, bequiv, which can be estimated 

by equation 2.5: 

∑
=

=
N

i

iequiv b
N

b
1

21
.   (2.5) 

And the compaction by the entire system can be computed by multiplying the value from 

equation 2.3 by the factor n calculated from equation 2.6. 
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where *

kvS  is the inelastic skeletal storage coefficient of the interbeds. 

 Assumed to contain interbed storage in Jeng’s model (1998), layers 2 and 3 are 

also considered to have delayed interbeds in the new model. The data requirements for 

the IBS package necessary to simulate interbed storage included preconsolidation head, 

and dimensionless elastic and inelastic storage coefficient. The SUB package requires 

different sets of input data, which include vertical hydraulic conductivity, initial head, 

preconsolidation head, elastic and inelastic specific storage, the number of equivalent 

interbeds (nequiv in equation 2.6) and equivalent thickness (bequiv in equation 2.5) of each 

interbed. The initial head for the flow model was used as the starting head of the 

interbeds in the SUB package. Preconsolidation heads were obtained from the second 

time period (1912-1972) of Jeng’s model (1998). Vertical conductivity, elastic and 

inelastic specific storage, and number of equivalent interbeds (shown in Table 2.1) were 

estimated based on information provided from Morgan and Dettinger (1996) and are 

considered to be constant over the study area. Some adjustment of parameters by the 

trial-and-error method was made to more accurately match observed with simulated 

subsidence data. Further calibration using and discretization of these parameters into 

zones is beyond the scope of this investigation. The total thickness of interbeds in model 

layers 2 and 3 were estimated from a digitized maps of clay thickness from Morgan and 
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Dettinger (1996) (Figures 2.6 and 2.7). The time constants calculated from equation 2.4 

and reasonable ranges of parameters summarized by Pavelko (2004) from several 

previous investigations are also listed in Table 2.1. All the parameters related to 

subsidence calculation are inside of the reasonable ranges. 

 

 

Parameters Value used 

for layer 2 

Value used 

for layer 3 

Lower reasonable  

value* 

Upper reasonable 

value* 

Vertical conductivity (m/d) 8e-7 8e-7 6.1e-7 2.1e-3 

Elastic specific storage (/m) 3.5e-6 3.5e-6 3.3e-6 6.6e-5 

Inelastic specific storage (/m) 3.6e-4 3.6e-4 2.3e-5 3.3e-3 

Number of equivalent 

interbeds 

1 15 - - 

Time constant (yr) 0-644 0-26 - - 

Table 2.1. Parameters values used in SUB package, calculated time constant and reasonable ranges 

for Las Vegas Valley (* values from Pavelko, 2004) .  
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Figure 2.6. Clay thickness of the near-surface aquifers, from Morgan and Dettinger (1996). 
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Figure 2.7. Clay thicknesses of the developed-zone aquifers, from Morgan and Dettinger (1996) 



 48 

3.4 Hydraulic properties  

 The remaining hydraulic properties including starting heads, transimissivity, 

vertical conductance, storage coefficients, evapotranspiration, recharge, drains (springs) 

and wells were all adapted directly from Jeng (1998). According to Jeng (1998), 

significant discrepancies existed between the hydraulic head output of the 

predevelopment period and the starting head for the period 1912-1972 (the maximum 

difference was calculated to be 8.3 m). In addition the final heads for the period 1912-

1972 did not match the starting heads for the period 1972-1981. No explanation was 

provided for these differences, which could result in discrepancies in the final heads 

between the new model and Jeng’s model for years following 1972.  

 The extinction depth used for the evapotranspiration package in Jeng’s model 

(1998) varied for different stress periods. However, Argus ONE is not able to account for 

variations in extinction depth. Therefore the extinction depth used for all stress periods in 

the new model is the same as was used in the first stress period of Jeng’s model 1912-

1972. Due to the lack of data, the maximum evapotranspiration flux in stress period 26 

(the last stress period in Jeng’s model’s third time step, 1972-1981) is used for stress 

periods 27 through 76.  

The well package is used to simulate natural recharge (as injection wells), 

primarily along the western and northern boundary of the model, and groundwater 

pumping or injecting wells. Pumping rates prior to 1981, no matter for natural recharge or 

wells, are adapted from Jeng’s model. The average value of the natural recharge rates of 

the stress period 23 through 26 is served as natural recharge rate after stress period 26 at 

each recharging location as originally in Jeng’s model (1998). New yearly pumping data 

for the period 1990 to 1998 was obtained from the Southern Nevada Water Authority 

(SNWA) and modified according to the total pumping rates provided by the Nevada 

Division of Water Resources (Coache, 2005). The pumping data used in the new model 

for the periods 1981 through 1990, and 1998 through 2005 are estimated on the basis of 

pumping location and proportion of total pumping rates provided by the SNWA and the 

Nevada Division of Water Resources (Coache, 2005). Pumping rate in winter in each 

well is set to a quarter of the pumping rate in summer. 
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The recharge package was used to simulate secondary recharge associated 

primarily with lawn and golf course watering. The rates used for the new model were 

obtained directly from Jeng (1998). No new data were obtained for years 1981-2005, 

therefore, the recharge flux in stress period 25 (March to June 1980) is used for all the 

summers after February 1981 and the recharge flux in stress period 26 (June 1980 to 

Februray 1981) is used for all the winters after February 1981.  

 The drains in the model represent spring discharge and flow to Las Vegas Wash. 

The locations, elevations and conductance values in the drain package are the same as 

used in Jeng’s model during the second and the third time periods (1912-1972 and 1972-

1981). The same data are adapted for stress periods after 1981. 

4. Simulation results for groundwater flow  

4.1 Comparison with previous model results and observation data  

 Simulated water-level changes from stress period 1 through 8 (March 1912 - 

February 1972) (Figure 2.8a and 2.9a) are very similar to those from Jeng’s model for 

both the near-surface aquifer (Figure 2.8b) and for the developed-zone aquifer (Figure 

2.9b). Differences that do exist are likely the result of varying amounts of water released 

from the storage of interbeds because of the difference in the subsidence packages as 

discussed earlier. Same as Jeng’s model, the new model also resulted in an acceptable 

agreement with the measured water-level changes for both the near-surface aquifer 

(Figure 2.8c) and for the developed-zone aquifer (Figure 2.9c). 

 When cyclical pumping begins to be implemented for stress periods 9 through 26 

(March 1972 – February 1981), the simulated results begin to reveal significant 

differences from those produced by Jeng’s model and the observed water-level changes 

(Figure 2.10 and 2.11). Compared with the results of Jeng’s model, the spatial pattern of 

water-level decline and uplift from the new model are reasonably similar but the 

magnitude of change is quite different in places, particularly at the center of drawdown 

cones as shown in Figures 2.10 and 2.11. These differences are probably the result of the 

gap in ending heads (stress period 2) and starting heads (stress period 3) used by Jeng 

(and discussed in section 3.3). Because the new model integrates the second and the third 

stress periods this gap disappears in the new model.  
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 The simulated drawdown map for the period extending from predevelopment to 

1990 is compared with observed water-level changes in Figure 2.12. Results show good 

agreement between simulated and observed drawdown; however, the greatest simulated 

water-level decline is 65 m, which is less than the 90 m of observed change. This large 

change is likely the result of not recalibrating storage and hydraulic conductivity values 

in response to delayed drainage effects from interbeds. The lack of accurate data, such as 

pumping and secondary recharge data, could also influence the simulated drawdown. 

The simulated water-level change for the period from 1990 through 2005 (Figure 

2.13 a) is in good agreement in both location and magnitude with observed changes for 

the same period (Figure 2.13 b).  
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(Figure 2.8b) 
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Figure 2.8 Simulated and measured water-level changes in near-surface aquifers, 1912-1972. (a) 

Simulated by the new model, 1912-1972 (b) simulated by Jeng’s model (1998), 1912-1972  and (c) 

measured water-level changes 1955-1973, approximately representative of the distribution and 

magnitude of changes during 1912-1972 (from Morgan and Dettinger, 1996).  Contour interval, in 

feet, is variable. Positive values indicate a net increase of water level. 
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(Figure 2.9b) 
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Figure 2.9. Simulated and measured water-level changes in developed-zone aquifers, 1912-1972 (a) 

Simulated by the new model, (b) simulated by Jeng’s model (1998) and (c) measured water-level 

changes (from Morgan and Dettinger, 1996). Contour interval, in feet, is variable. Positive values 

indicate a net increase of water level. 
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(Figure 2.10a) 
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(Figure 2.10b) 
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Figure 2.10. Simulated and measured water-level changes in the near-surface aquifers, 1972-1981: (a) 

Simulated by the new model (b) simulated by Jeng’s model (1998) and (c) measured water-level 

changes (from Morgan and Dettinger, 1996). Contour interval 10 ft. Positive values indicate a net 

increase of water level. 
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(Figure 2.11a) 
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(Figure 2.11b) 
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Figure 2.11. Simulated and measured water-level changes in developed-zone aquifers, 1972-1981. (a) 

Simulated by the new model (b) simulated by Jeng’s model (1998) and (c) measured water-level 

changes (from Morgan and Dettinger, 1996). Contour interval 10 ft. Positive values indicate a net 

increase of water level. 
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Figure 2.12. Simulated and measured water-level decline from predevelopment (pre 1912) to 1990.  

(a) Simulated by the new model in developed-zone aquifers; (b) Measured water-level decline 

(Burbey, 1995).  Contour interval is variable, values in meters. Positive values indicate a net decline 

in water level. 
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Figure 2.13. (a) Simulated water-level changes for period from 1990 to Sept. 2005 for developed-zone 

aquifers. (b) Observed water-level changes from 1990 to 2005 in Las Vegas Valley. Contour interval, 

in meter, is variable. Positive values indicate a net uplift. 

 

 

 

 

 

 



 67 

4.2 Comparison with observed water-level changes at the Lorenzi site 

 The location of the Lorenzi substation is in the middle of cell (10, 7) and (11, 7) 

in the model. The average head of these two cells is considered to represent the simulated 

head at Lorenzi site, which is used for comparison with observed hydraulic head (and 

later subsidence) data. Figure 2.14a shows the simulated water-level changes at the 

Lorenzi site for the entire simulation period of the model (1912-2005). The latter year 

fluctuations reflect the increased stress-period resolution to include seasonal changes in 

pumping. Observed water-level change data are only available for 1995-2005. Figure 

2.15b shows the simulated vs. observed (1995-2005) seasonal cycles of water-level 

changes at the Lorenzi site. These two curves match closely from 1995-1998 which 

indicates the validity of the hydraulic head simulation of the new model at the Lorenzi 

site. After 1998 the simulated values become gradually less than the observed values. The 

reasons for the offset is believed to be both from a lack of precise pumping rates after 

1998 and from differences associated with delayed drainage.  
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Figure 2.14. (a) Simulated water-level change at the Lorenzi site for the entire simulation period, and 

(b) simulated vs. observed drawdown as measured at the Lorenzi site after 1994. 
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5. Simulation results for land subsidence 

5.1 Comparison with previous model results and observation data 

 Figure 2.15 compares the simulated land subsidence from predevelopment 

through 1972 with simulated results from Jeng’s model (1998) and observed subsidence 

from 1935-1972 (as reported by Morgan and Dettinger, 1996). The new revised model 

and Jeng’s model both reproduced the general shape and magnitude of observed 

subsidence. The differences between the simulated and observed subsidence are not 

expected to be from the 1912-1935 period because little pumping (and subsequent 

subsidence) occurred during this time. The comparison of the subsidence magnitude at 

the center of the northern and southern bowls in the three maps in Figure 2.15 indicates 

that the result from the new model matches better with the observed subsidence then 

those from Jeng’s model.  

 For the period from 1972-81 (Figure 2.16), the results from the new model also 

shows an improvement on the agreement with the observed subsidence data compared to 

the results of Jeng’s model (1998).  

 Figure 2.17 shows the simulated and observed subsidence from 1963 to 2000. The 

general shapes match well; however the magnitudes have significant differences that can 

be attributed to (1) errors in simulated heads, and (2) imprecise pumping and artificial 

recharge data. More precise datasets, both spatially and quantitatively, and calibrated 

parameters would likely improve the simulation results.  

 In all the three time periods discussed above, the centers of the simulated 

subsidence bowls do not exactly match the centers of the observed subsidence in both the 

new model and Jeng’s model. This may also be improved by more accurate datasets and 

parameters. 
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Figure 2.15. Simulated and measured subsidence, 1912-1972. (a) Simulated by the new model from 

1912-1972 (b) simulated by Jeng’s model (1998) and (c) measured land subsidence from 1935-1972 

(from Morgan and Dettinger, 1996). Contour interval, in feet, is variable. Positive values indicate 

subsidence. 
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Figure 2.16. Simulated and measured subsidence, 1972-1981 (a) Simulated by the new model, 1972-

1981 (b) simulated by Jeng’s model (1998), 1972-1981 and (c) measured land subsidence from 1972-

1980 (from Morgan and Dettinger, 1996). Contour interval, in feet, is variable. Positive values 

indicate subsidence. 
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Figure 2.17. (a) Simulated subsidence and (b) measured land subsidence from 1963-2000. Observed 

values based on synthesis of InSAR, GPS, and conventional leveling data (Bell et al., 2002). Contour 

interval, in meters, is variable. Negative values indicate subsidence. 
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5.2 Comparison with observed subsidence at the Lorenzi site  

 The Lorenzi site represents the only location where continuous long-term accurate 

subsidence data have been collected. Therefore, in order to improve simulation results, 

SUB model parameters at the Lorenzi site were adjusted so that simulated subsidence 

better matched observed subsidence at the Lorenzi site. It should be noted that because 

the SUB parameters are considered constant over the entire modeled region, making local 

changes at the Lorenzi site effectively changes the behavior for the entire study area. 

Therefore, great care was taken to make sure adjustments could be justified for all parts 

of the basin and only small adjustments to the parameters at the Lorenzi site were made 

as shown in Table 2.2. The simulated and observed values match satisfactorily (Figure 

2.18). All the adjusted parameters fall into the reasonable range as indicated by Pavelko 

(2004). However these parameters values, especially the elastic and inelastic specific 

storage, contain a significant difference with the values calibrated by Pavelko (2004). In 

addition the time constants estimated by Pavelko for the shallow, middle and deep 

aquitards at the Lorenzi site were about 1310, 110 and 100 years which are obviously 

greater than the time constants shown in Table 2.2. A more accurate calibration with 

improved datasets may improve the parameter values and the time constant estimation at 

the Lorenzi site in the new model. 

 

Parameters at Lorenzi site Layer2 Layer3 Calibrated 

value* 

Lower reasonable  

Value* 

Upper reasonable 

value* 

Vertical conductivity (m/d) 8e-7 8e-7 9.1e-7 6.1e-7 2.1e-3 

Elastic specific storage (/m) 3.5e-6 3.5e-6 1.6e-5 3.3e-6 6.6e-5 

Inelastic specific storage (/m) 3.0e-4 3.6e-4 1.3e-4 2.3e-5 3.3e-3 

Number of equivalent 

interbeds 

2 5 - - - 

Time constant (yr) 48 14 - - - 

 

Table 2.2. Parameters values used in SUB package, calculated time constant, calibrated results at the 

Lorenzi site and reasonable ranges for Las Vegas Valley (* indicates data are obtained  from Pavelko, 

2004) 
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6. Simulated effects of delayed drainage at the Lorenzi site 

6.1 Improved simulation results with delayed drainage    

 The subsidence at the Lorenzi site is calculated using both the SUB and IBS 

packages and shown in Figures 2.18 and 2.19 with observation and estimation. 

Subsidence data at the Lorenzi site has been collected, estimated, interpolated or 

extrapolated since 1901 based on variable methods, including extensometer, benchmark 

surveys, nested piezometer and analysis of trends of head declines etc. (Pavelko, 2000, 

2004). According to Figure 2.18, the simulation results using the IBS package closely 

match the observed subsidence (from 1972-1981), however it quickly diverges from the 

observed values thereafter. The simulation results obtained from SUB package achieve 

better agreement with the shape of the observed data despite obvious differences between 

the SUB package results and the observed subsidence. The differences are due to the 

need for a basin wide re-calibration of parameters with delayed yield affecting the water 

released from storage of interbeds. In addition, the differences may also be influenced by 

inaccurate pumping data. 

 Upon close inspection of the subsidence data after May 1992 (Figure 2.19), which 

corresponds to when water-levels began to rise as a result of the artificial recharge 

program in the valley, the simulation results produced by the SUB package show a 

marked improvement over the results produced by the IBS package because the SUB can 

calculate residual subsidence from equilibrating intereds. Residual (delayed) compaction 

is known to occur typically in Las Vegas Valley as discussed by Bell and others (2007, in 

press). Delayed drainage effects are highly complex and not fully understood because of 

the complexities in the hydrostratigraphy throughout the basin. Residual subsidence can 

not realistically be simulated at the basin scale using the IBS package. Thus, considering 

delayed drainage becomes a critical feature of the new model to better understand the 

nature of subsidence throughout the basin.  

6.2. The effect of simulation time on accurate modeling of subsidence with delayed 

drainage  

 A short-term groundwater flow and subsidence model was constructed covering 

the period from 1990 October to 2005 September, simulating only the last 30 stress 

periods of the long-term model (1990-2005). The data were extracted from the long-term 



 80 

model (1912-2005) by taking the final hydraulic heads at the end of the 46
th

 stress period 

(end of 1990 Sept.), and using these heads as the input for the short term model. The 

critical head during stress period 46 serves as the preconsolidation head for the short term 

model in the subsidence packages (IBS and SUB). All other parameters and conditions 

remain unchanged. The subsidence results for both models are shown in Figure 2.19 for 

the period beginning in May 1992. Clearly, the short-term model is not capable of 

adequately simulating residual subsidence due to the lack of stress and compaction 

history that has occurred in the aquifer system prior to this latter simulation period.  

This result shows that the modeling period must be longer than the time constant 

calculated for the slowest draining interbeds contained in the study. Using shorter 

simulation periods will only result in less simulated subsidence or inaccurate estimation 

of hydraulic parameters. Therefore, a long enough simulation period has to be combined 

with the consideration of delayed drainage when developing subsidence models that 

contain residual subsidence from delayed drainage of interbeds. 
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Figure 2.18. Simulated subsidence using the IBS and SUB packages compared to observed and 

estimated subsidence at the Lorenzi site for the entire simulation period. The observed and estimated 

subsidence data are from Pavelko (2004). 
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Figure 2.19. Simulated and observed or estimated subsidence at the Lorenzi site for 1992-2001. PS-

InSAR observed subsidence data are from John Bell, NV. Bureau of Mines and Geology, 2007. 

(personal communication). 
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7. Summary and conclusions 

 Land subsidence in Las Vegas Valley is due to excessive groundwater withdrawal 

to support the area’s rapid population growth since 1905. Groundwater development has 

resulted in earth fissures and damage to human infrastructures. An improved 

understanding is needed to better predict the locations and rates of subsidence relative to 

pumping rates and patterns. To this end, the purpose of this investigation was to build a 

groundwater flow and subsidence model that extends throughout the development period 

of Las Vegas (1912-2005) considering delayed drainage of fine-grained interbeds. 

Previous models only considered the period prior to 1981 and they were divided into 

separated time periods instead of one integral model. Furthermore, the earlier models use 

subsidence packages that do not take into account delayed drainage of interbeds, a known 

important occurrence in Las Vegas Valley. The model developed for this investigation 

uses MODFLOW 2000 and Argus ONE for pre- and post-processing. The hydraulic 

parameters and processes used are largely from previous models. However, additional 

pumping data have been acquired or estimated for the period from 1981-2005. 

 The IBS package used to simulate the land subsidence in Jeng’s model (1998) has 

been replaced by the SUB package, which requires an additional set of parameters that 

had to be estimated. The SUB package is capable of simulating the effect of delayed 

drainage, whereas the IBS package is not. Results show that the SUB package greatly 

improves the simulation of subsidence. In Las Vegas Valley, water-levels have risen as 

much as 30 m as a result of a rigorous artificial recharge program. Nonetheless, 

subsidence has continued to develop in certain localities as a result of delayed drainage of 

interbeds. Without incorporating delayed drainage it is not possible to simulate the 

residual subsidence as observed at the subsidence monitoring station (Lorenzi substation 

site). 

 To be able to simulate the complicated residual subsidence, a long-term model is 

required, whose total simulation time needs to be longer than the largest time constant of 

the interbeds or it must cover the entire groundwater extraction history. A test short-term 

model was developed and the results were compared with those of the long-term model. 

Comparison of the simulation results indicates that the short-term model is not capable of 
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accurately simulating the residual subsidence because it does not contain the stress and 

pumping history.  

 The updated model developed in this study represents the longest simulation 

period (1912-2005) of any model developed for Las Vegas Valley at a basin scale. 

Furthermore, the new model is the only available model capable of simulating delayed 

drainage. As a result, accurate subsidence estimates can be made on the basis of observed 

pumping rates.  

The model developed for this investigation provides a basic framework to more 

accurately simulate and predict land subsidence due to fluid withdrawal. When the 

aquifer parameters are calibrated on the basis of observed water-level and subsidence 

rates, it can also be used as a tool by policy makers to evaluate pumping scenarios in 

order to limit land subsidence and predict uplift from artificial recharge.  

8. Limitations and suggestions 

 Limited data were available to properly update the model from the period 1981-

2005. In particular accurate pumping data for the period covering 1981-1989 and 1999-

2005 were not available, which likely impacted the simulation results.  Artificial recharge 

rates are likely not precise. Hydraulic data from earlier models were used. Many of these 

parameters are estimated for a coarse grid, which was used in this investigation. However, 

in order to properly reproduce the observed subsidence and water-level changes in the 

valley, a much finer model grid would be required.  

With regard to the subsidence parameter distribution, it was assumed that the 

values were constant over the entire study area. This clearly does not represent actual 

conditions and greatly limits the ability of the model to accurately predict subsidence. 

Furthermore, the subsidence parameters were estimated by trial and error on the basis of 

comparisons with observed data at one location (the Lorenzi site).  

The next step in model development should include the discretization to a smaller 

model grid, followed by a proper zonation of parameters and the use of automated 

parameter estimation software such as UCODE_2005 (Poeter et al., 2005). Seasonal 

subsidence (from InSAR and GPS data sets) and water-level change data should be used 

as observations to calibrate not only the subsidence parameters, but also the hydraulic 

parameters such as hydraulic conductivity, vertical leakance between model layers, and 
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even recharge. The updated model with more accurately calibrated parameters would 

make for a powerful tool to help water purveyors manage the water resources and help to 

mitigate subsidence problems in Las Vegas Valley.  
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