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ABSTRACT 

The Prescott Active Management Area (AMA) represents two subbasins that 

contribute groundwater toward the headwater springs of the Verde River; the Little Chino 

and the Upper Agua Fria. The Verde River, located in Northern Arizona, represents one 

of the only remaining perennial rivers in the state. The Arizona Department of Water 

Resources constructed a numerical groundwater flow model of the Prescott AMA, 

(Corkhill and Mason, 1995) and updates to the model (Nelson, 2002). This study 

includes grid refinement and hydrologic parameter updates on the Prescott AMA model. 

Then, a sensitivity analysis and inverse simulations were conducted on the newly refined 

model. Results indicate the importance of the newly added data, and show that while the 

refined and updated area has high sensitivity to the matching of observed values, the most 

important area to focus for future data collection is near the center of the model domain. 
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I. INTRODUCTION 

The Verde Watershed is located in north-central Arizona in the Central Highlands ( also 

known as the "transition zone") physiographic province, between the Upland Plateau and 

the Basin and Range Lowlands provinces (Figure 1.1 ). The Verde Watershed ( commonly 

divided into the Upper, Middle, and Lower sections) resides mostly within the political 

boundary of Yavapai County. Arizona is currently the second fastest growing state in the 

United States, with Yavapai County ranking as the second fastest growing county in 

Arizona, second only to its neighbor, Mohave County (U.S. Census, 2005). 

The Verde ("green" in Spanish) River is a truly remarkable piece of Arizona's landscape 

that contributes more than just the water it carries. One of Arizona's last remaining 

perennial rivers, the Verde River originates in the Upper Verde Watershed near the town 

of Paulden, Arizona (Figure 1.1 ). Protection of the Verde River and its headwaters 

region is of great concern to many interested parties, including water users and managers 

in surrounding communities. Some of the reasons for protecting and preserving the 

watershed and its river are: the natural habitat of the river and the riparian corridor, 

including endangered species; existing water rights; historical and cultural values; and 

recreation and tourism. 
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Figure 1.1 GIS-based location map of the Verde Watershed in north-central Arizona, showing 
the Verde River Watershed, the Verde River and it's Wild and Scenic designation, physiographic 
provinces, county boundaries, subbasin boundaries, and towns. 
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In 1984, the United States Congress acknowledged and designated a section of the Verde 

River as a Wild and Scenic River Area (Figure 1.1 ). This is the only river that has such a 

designation in the state of Arizona and was granted because of the Verde River's 

"outstandingly remarkable values", as stated in the 1981 Wild and Scenic Rivers Act 

(P.L. 90-542). Since the designation of the Verde River as Wild and Scenic, a Wild & 

Scenic Rivers Coordinating Council Charter has been established, overseeing the rivers 

of the U.S. that are so designated. 

Preservation of the water that supplies the river is key to the protection of the Verde 

River. Previous studies have concluded that the source water for the headwater springs 

of the Verde River, near Paul den, comes mostly from two groundwater basins; the Big 

Chino Valley and the Little Chino Valley (Wirt & Hjalmarson, 1999). Both of the Chino 

Valleys are located entirely within Yavapai County. 

The Arizona Groundwater Management Act was established in 1980. Along with the 

establishment of the Groundwater Management Act, Active Management Areas (AMA) 

were also delineated within the state. AMAs are geographic locations within Arizona 

that are subject to regulation under the Groundwater Management Act. Currently, there 

are five AMA regions; Phoenix, Tucson, Pinal, Santa Cruz, and Prescott. Each AMA has 

management goals that it must meet by 2025. In order to meet the Prescott AMA's 

management goals, the Arizona Department of Water Resources (ADWR) developed a 



numerical groundwater flow model of the Prescott AMA to easily facilitate future 

planning scenarios and their related water demands. 

Prescott AMA Model Development 
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Arizona Department of Water Resources developed a numerical groundwater flow model 

of the Prescott AMA in 1995 that represents 220 square miles of groundwater basin area 

(Corkhill and Mason, 1995). The Prescott AMA encompasses 485 square miles and is 

comprised of two groundwater subbasins; the Little Chino and its adjacent basin to the 

southeast, the Upper Agua Fria (Figure 1.1). The 1995 model was updated by ADWR in 

2002 (Nelson, 2002). The updated model serves as a base model of the Prescott AMA 

and is publicly available for further updating and refinement. 

Numerical hydro logic models are most useful for water management and planning if they 

can be updated and refined as new data become available. Many assumptions are made 

when preparing a numerical model. Aquifer layer properties and thickness are estimated 

and generalized to form a simplified representation of the aquifer for analysis. System 

properties and boundary conditions are assumed for the entire domain when there may 

only be a few known values or observation points in the entire model area. It is highly 

unlikely that an initial model of a natural system will be complete and accurate when first 

constructed; therefore models should include flexibility for future revision. 

The Prescott AMA model had been through one revision before this work was conducted. 

The Prescott AMA has management goals that it must meet under state mandate. As a 
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tool to help meet the management goals, ADWR developed this model so that future 

scenario predictions can be quantitatively assessed on water use changes within the 

AMA. The more accurate the model calibration is to the known target observations, the 

closer the model comes to represent the actual groundwater system. With this work, 

hydraulic properties have been evaluated for their importance toward achieving a better 

calibrated model. 

The hydraulic properties chosen to evaluate are hydraulic conductivity and drain 

conductance at Del Rio Springs. These properties were chosen based on the newly 

available hydraulic conductivity data, and the importance of the drain conductance at Del 

Rio Springs, mainly due to Del Rio Springs spatial location in respect to the new 

hydraulic conductivity data. Also, in the most recent model update (Nelson, 2002); the 

match to the discharge at Del Rio Springs was not as well fit as the match to the 

discharge at the Agua Fria River. Therefore, the conductance value at Del Rio Springs 

was a good candidate for further investigation. 

Model Assumptions for the Steady-State Model 

At the time of the original model construction, boundary conditions, initial conditions, 

and model properties were estimated. Boundary conditions in this model include: 

specified flow (Neumann condition), and head-dependent flow boundaries (Cauchy or 

mixed conditions). The specified flow conditions are represented as no-flow boundaries. 

No-flow boundary conditions were determined based on the mountainous regions that 
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bound the model domain to the east and west, and act as impermeable boundaries. There 

are two different mixed boundary conditions: drain conditions and general head 

conditions. The two areas that are represented as drains are Del Rio Springs, and the 

Agua Fria River. At these locations, groundwater discharges from the aquifer and flows 

on the land surface. The general head boundary condition was assigned to the 

northernmost model cells, allowing groundwater to flow north, out of the model as 

underflow. Initial conditions of water levels were assigned to each model cell. Data 

supporting the water-levels for the steady-state initial condition come from ADWR 

Groundwater Site Inventory (GWSI), which include some point measurements mostly 

within the upper part of Little Chino, all other model cell water-level values were 

estimated based on a kriged surface from the measurement points. 

Model properties include recharge, groundwater pumping, hydraulic conductivity, and 

aquifer thickness. Recharge was estimated by using stream gaging data and watershed 

area measurements. Groundwater pumping values were estimated based on historical 

agricultural use for the model domain, and distributed between the two model layers. 

Hydraulic conductivity values were based on analysis of driller logs, flow net analysis, 

from specific capacity measurements, and from aquifer test data. Aquifer thicknesses 

were determined from driller logs, and from gravity data. 
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Updating and Refinement of Existing Model 

In this study, the updated Prescott AMA model (Nelson, 2002) has been modified in four 

ways. First, the model has been duplicated using MODFLOW-2000. Second, the model 

has been transferred to a GIS-based model. Third, the grid spacing has been refined in 

some locations. Fourth, newly available hydraulic conductivity data have been added. 

Duplicating the Prescott AMA model into GIS-Based software will allow the model to be 

updated more easily in the future as further information regarding distributed hydrologic 

properties become available. GIS-based modeling also easily facilitates transfer of data 

files among collaborators and users for improved information management, analysis, and 

visualization through other GIS-based software, such as Environmental Systems 

Research Institute (ESRI) products (i.e. Arclnfo or ArcGIS). The GIS-Based model also 

improves the accuracy of locations of measurements used in the modeling effort. One 

advantage of representing hydrologic data using geographic locations is that multiple 

measurements can be included within a single model cell. That is, if cell sizes are large, 

multiple measurements can be averaged to represent a single cell. Then, if the grid is 

refined at a later date, the individual data points can be recovered automatically. 

The research presented in this thesis examines the impacts of updating and refining of the 

2002 ADWR Prescott AMA steady-state model on interpretations of the sources of 

contributing groundwater to the headwater springs of the Verde River. The purpose of 

this thesis study is to examine the accuracy of the model calibration and importance of 

the updating and refining of the model. In doing so, the model can be used with greater 
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confidence. Therefore, improving prediction scenarios from the model and answering 

important hydrologic questions and regarding the model. Finally, sensitivity analysis and 

inverse modeling exercises are completed to examine the value of updated spatially 

distributed model parameters on predicting groundwater sources to the Verde River. 
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II. BACKGROUND 

The Prescott AMA includes two subbasins, one from the Verde Watershed; Little Chino 

Valley, and one from the Agua Fria Watershed; the Upper Agua Fria (Figure 1.1). There 

is a groundwater divide located between the two valleys, near the Agua Fria River. 

Groundwater diverges at this divide and flows north into the Little Chino or south into 

the Upper Agua Fria. In the Upper Agua Fria subbasin, groundwater flow direction is 

southward, toward a thinning part of the basin where the groundwater surfaces as 

baseflow in the channel of the Agua Fria River (Wilson, 1988). The groundwater flow 

direction in Little Chino Valley is northward, toward Big Chino Valley and toward an 

area that has been described as the "narrows" (Schwalen, 1967). The narrows area is 

characterized by impermeable subsurface structures that constrict groundwater flow and 

form a narrow path through the basin where Del Rio Springs and the Verde River 

headwater springs are located. The Little Chino subbasin contributes subsurface 

groundwater flow that discharges primarily to the north, near the town of Paulden, where 

the Verde River headwater springs are located (Krieger, 1965). 

Hydrogeology 

The hydro geology of the two sub basins is characterized by mountains that bound most of 

the area, springs and subsurface underflow exiting the basin to the north, a river at the 

southern end, and few pumping wells located throughout the two sub basins (Figure 2.1 ). 

Recharge to the regional aquifer occurs as mountain-front recharge, ephemeral stream 

recharge, and recharge through the basin floor in areas where native grass-lands are 
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supported. The aquifer system is commonly considered to include two-layers; the Upper 

Alluvial Unit (UAU) and the Lower Volcanic Unit (L VU). Both aquifers are Quaternary 

and Tertiary in age; the UAU is an unconfined alluvial basin-fill aquifer that exists 

throughout most of the model domain, and the L VU is a predominately basaltic volcanic 

aquifer that extends only partially into the Upper Agua Fria subbasin. The L VU is under 

artesian pressure in the northern part of Little Chino Valley, near Del Rio Springs 

(Schwalen, 1967). Where artesian conditions exist in the LVU, the initial head is higher 

than the initial head in the UAU. Where artesian conditions do not exist, the initial head 

in the L VU is lower than in the UAU. 
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Figure 2.1 GIS-based map showing active model cells for the updated and refined model with 
layer 1 and layer 2 over-laid. Map shows drain and general head boundary conditions, recharge, 
and head target locations used for calibration evaluation. 
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Model Progression 

Based on the conceptual model described above, a three-dimensional numerical ground 

water flow model was constructed to represent the study area. The numerical ground

water flow model was developed by ADWR. The initial numerical model of the Prescott 

AMA was built as a steady-state, pre-development model. The steady-state model 

represents the area before significant development affected the equilibrium of the aquifer 

system; for this system, predevelopment is taken to be the time period before 1940, with 

the model time representing April 1939 through October 1939. The model was then 

extended to represent the transient response of the system from November 1939 through 

March 1993 (Corkhill and Mason 1995). This model was run using MODFLOW 88, and 

without using GIS-based pre- or post-processors. The rectangular model grid was 

comprised of 44 rows and 48 columns, with a half-mile grid size. The steady-state and 

transient models were then updated to use MODFLOW-96 as the processor as well as 

hydrologic properties, and predictive simulations were conducted (Nelson, 2002). 

Boundary Conditions and Properties 

Boundary conditions include no-flow boundaries that represent multiple mountainous 

regions that surround the basins on all sides, except for the northern-most and southern

most ends of the domain. There are two general head boundary condition cells at the 

northernmost cells of the model in both layers of the model, totaling 4 general head 

boundary condition cells (Figure 2.1). In the context ofMODFLOW, a general head 

boundary condition is a head-dependent condition, where the flux across the boundary is 
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dependent on the head value in the cell. This is a mixed boundary condition; a 

combination of specified head and specified flux boundary type. The flux across this 

boundary is calculated based on the difference in head values in the cell containing the 

boundary condition and in the cell adjacent to it, then multiplied by the conductance term 

assigned to the boundary condition. The conductance is a user defined value assigned to 

a general head or drain location that represents a combination of hydraulic conductivity 

and the dimensions of the model cell into one constant value that controls the rate of 

water that can pass through that cell and exit the system. There are also two surface 

water discharge areas represented as drain cells in the model. A drain is also a head

dependent condition, where the cell allows flow out of the model, at a rate that depends 

on the head in that particular cell. The flow rate of water out of the model through a 

drain is calculated based on the conductance value of the drain. When the head in the 

drain cell reaches a specified elevation (typically the top elevation of the layer), then 

groundwater is allowed to flow out of the model, draining the water from the aquifer, 

through the drain cell. Del Rio Springs is represented as two drain cells in the northern 

portion of the domain, and two drain cells represent the Agua Fria River toward the 

southern-most end of the domain. Also, there are 163 groundwater pumping wells in 

steady-state Prescott AMA model. The groundwater wells support mostly sparse plots of 

agriculture and some stock as well as domestic uses. Groundwater pumping rates were 

adopted from previous investigations (Corkhill and Mason, 1995). 
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Hydraulic properties included in the model are layer thickness, recharge, and hydraulic 

conductivity. The Upper Alluvial Unit (layer 1) thickness was determined from driller 

logs throughout the domain (Corkhill and Mason, 1995). The Lower Volcanic Unit 

(layer 2) was assigned a uniform thickness of 200 feet throughout the entire domain of 

layer 2. Beneath layer 2 represents bedrock basement, and is considered to be the 

impermeable bottom of the model. Recharge is applied primarily at and near the 

mountain fronts (Figure 2.1 ). At each location receiving recharge, the flux is applied to 

the cell in layer 1, unless that cell goes dry, in which case it is applied to the layer 2 cell 

directly beneath the dry layer 1 cell. Recharge is also applied in stream beds and as 

spatially distributed infiltration from agricultural return. Groundwater evapotranspiration 

(ET) is negligible in the model area and may only exist in the areas where the drain cells 

are located (Nelson, 2002). For steady-state conditions, the drain area representing Del 

Rio Springs has an estimated ET value of 400 acre-feet per year, and the drain area 

representing the Agua Fria River has an estimated ET value of 200 acre-feet per year. ET 

values are incorporated into the drain component of the conceptual model and are 

subtracted from the flux values reported in the water budget from the two drain locations. 

Hydraulic conductivity values in both model layers are grouped together in zones to 

represent the subsurface units (Figure 2.2). 
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Figure 2.2 GIS-based map showing hydraulic conductivity zones for layer 1 (top) and layer 2 
(bottom) after the addition of new hydraulic conductivity data, in the refined model. 
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Model Calibration 

The steady-state model was calibrated by ADWR to match historical groundwater levels 

and spring and river discharge values. Information and data corresponding to pre

development conditions in the area of the model are sparse. Data that support calibration 

observation points (targets) for the model are historical groundwater levels for the water

table surface available through the ADWR GWSI database, and discharge measurements 

and estimates for Del Rio Springs (Nelson, 2002) and the Agua Fria River near 

Humboldt. 

There are 39 groundwater levels in the model domain that were reported before 1940. 

All measurements before the year 1940 were taken as steady-state values and 

incorporated into the model as target water levels for the steady state model (Figure 2.1 ). 

The discharge points to the northern part of the model represent Del Rio Springs, for 

which volumetric discharge rates were taken from previous investigations (Schwalen, 

1967). The southern discharge points represent the Agua Fria River, where 

predevelopment surface flow has been estimated previously (Corkhill and Mason, 1995). 

A USGS stream gage has been located at this site since 2000 and is available online 

(http://nwis.waterdata.usgs.gov/az/nwis/discharge/?site no=09512450, Last accessed 

October, 2005). 

The transient model was built to represent the hydrologic system from 1939 to 1999, with 

two stress periods per year to simulate the irrigation season and water use fluctuations. 
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The irrigation season for the model area runs from April through October (210 days), 

with the off-season as November through March (155 days). Like the steady state model, 

the transient model was also calibrated using historic water levels and volumetric rates 

for the surface discharge points throughout the model. A predictive model was then built 

after the transient model, using transient values for pumping and recharge to project 

hydrologic responses for future scenarios (Nelson, 2002). Neither the transient nor the 

predictive ADWR models were used for the purposes of this study and will not be 

discussed in detail. 

Groundwater models are typically limited by a scarcity of data describing the subsurface 

hydraulic parameters. As a result, hydraulic properties are often estimated with little to 

no real data. ADWR calibrated the steady-state and transient models using forward 

modeling and a trial and error approach for estimating model parameters. This approach 

has been used commonly for groundwater flow modeling, especially before stand-alone 

inverse models became available. When calibrating a forward model ( such as the 

Prescott AMA model), parameters and boundary conditions are altered in a step-by step 

process to best match the observed data. The trial and error method for model calibration 

is useful and can be applied successfully by an experienced user. But, this approach does 

not offer an automated way to obtain information about the sensitivity of the model 

calibration to specific parameters and it does not indicate the confidence of parameter and 

boundary condition values. Manual calibration can be very time consuming and gives 

very little insight into the uncertainty of the calibrated model parameters. Finally, the 



26 

manual calibration approach does not provide information regarding the worth of data for 

optimization or the likely correlation of model parameters. 

Inverse methods offer a more efficient and objective approach to estimating parameter 

values and boundary conditions. In addition, these methods can identify the most 

sensitive parameters, thereby focusing further data collection efforts and assisting in the 

identification of conceptual model errors. Finally, inverse methods can quantify 

confidence limits on parameter estimations, allowing for an estimation of the uncertainty 

of model predictions. 

Sensitivity and Regression 

When the original Prescott AMA model was constructed, sensitivity analysis on the 

steady-state model showed that natural recharge was most sensitive, hydraulic 

conductivity was moderately sensitive, and changes in boundary conditions were 

relatively insensitive (Corkhill and Mason, 1995). The first revision of the model also 

has a sensitivity analysis component where mountain front recharge and hydraulic 

conductivity were analyzed (Nelson, 2002). This analysis showed that only by changing 

both the mountain front recharge and the hydraulic conductivity simultaneously could the 

model produce better matches to calibration targets. In both of these cases, parameters 

were changed uniformly throughout the domain. That is, no zoning of parameters was 

used to identify spatial regions of higher or lower sensitivity. 
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This study focuses on the value of new data that have been made available within the 

study region. Specifically, the northernmost three miles of the model contain new 

estimates of hydraulic conductivity. A sensitivity analysis was conducted to determine 

which of these data are most effective in improving matches with head and flux 

observation targets. Unlike previous investigations, the sensitivity analysis considers 

zones of hydraulic conductivity within the upper three miles of the model domain and 

also throughout the rest of the domain. The sensitivity analysis also considers the 

conductance values of two drain cells located within the northern part of the model, in the 

region where the new hydraulic conductivity data are located. 

One of the greatest unknowns in the model is recharge. Previous sensitivity analyses 

found that model results were very sensitive to recharge compared to other model 

parameters. Unfortunately, there has not been any new work towards a better 

quantification of recharge estimates for the model domain. In addition, the model is 

steady-state and historical records of water use are sparse and have already been 

reviewed in the original construction work for this model (Corkhill and Mason, 1995). 

Also, the model grid spacing is coarse and the existing model recharge has been averaged 

for estimated volumes, mostly as mountain front recharge. Therefore, recharge was not 

included in this analysis. 
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III. METHODS 

Updating the Existing Model 

In this study, the steady-state ADWR model was used and altered to incorporate newly 

available hydro geologic data. First, the input files of the model were converted to be 

used by the newest available version ofMODFLOW, MODFLOW-2000. The model was 

brought into a GIS-based pre- and post-processor, refining the model grid and adding 

new data within refined areas. The effects of these changes to the steady-state model 

with respect to the accuracy of the calibration of the model and the predicted underflow 

north through the general head boundary were analyzed. 



Adopt Existing ADWR 
Model Input Files 

(Nelson, 2002) 

Bring Model into GIS
Based Software 

Update Model Processor to 
MODFLOW-2000 

Refine Grid in N orthem 3 miles 

Add New Hydraulic 
Conductivity Data 

Determine which 
Parameters are Most 

Sensitive 

Run Inverse 
Model 

Analysis of Dimensionless 
Scaled Sensitivity 

Overall 
Model Fit 

(head) 

Discharge at 
Drain 

Locations 
(flux) 

Analysis of Composite 
Scaled Sensitivity 

Analysis of 
Correlation Matrix 

Optimize Model 
Parameters Analyze Results 

Figure 3.1 Flow chart of steps taken to refine, update and perform sensitivity analysis and 
regression on model. 
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The specific steps of the analysis presented in this study are described below and outlined 

in the flowchart in Figure 3.1. Initially, the steady-state input files from ADWR were 

adopted and duplicated using the MODFLOW-96 MS-DOS prompt processor. This was 

done to make sure the most current and complete version of the existing model and 

model input was being used. The volumetric water budget and final head distribution at 

the last time step matched the existing ADWR model exactly. The exact match is based 

on recharge, pumping, and percent discrepancy values in the output file from the model. 

After duplicating the ADWR model with MODFLOW-96, it was then brought into a 

GIS-based pre- and post-processor; Groundwater Vistas (Rumbaugh and Rumbaugh, 

2004). Once in the GIS-based software, the model was run with MODFLOW-96 to 

confirm that the model results remained unchanged. Then, the model was updated to 

MODFLOW-2000. Updating the model to MODFLOW-2000 was completed with an 

exact match to the results of the existing model that used MODFLOW-96 (Nelson, 2002). 

Specifically, recharge and pumping groundwater well rates were duplicated exactly to 

match the budget of the existing steady state model (Table 4.1). 

Refining the Existing Model and Addition of New Data 

After updating the model with MODFLOW-2000 and bringing it into GIS-Based 

software, the model grid was refined to incorporate newly available hydraulic 

conductivity data. Each model cell in the northernmost 3 miles of the domain was 

divided into 16 cells. The refined model grid has 66 rows and 66 columns. The 
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conductance values at the general head cells were divided by 4 to account for the reduced 

cross sectional area available for lateral underflow through the smaller cells. 

Initially, there were problems associated with refining the grid. In ADWR's Prescott 

AMA model, mountain front recharge accounts for over half of the total recharge in the 

subbasin. When the grid was refined, the original cell size was divided into smaller 

areas, with the result that some of the outer cell area was removed. Active mountain 

front recharge cells are located on those edge-placed cells that were reduced, therefore 

reducing the cumulative volume of recharge. The difference in recharge totals was then 

redistributed into the edge-placed recharge cells in the new model grid. This was done so 

that the total inflow to the model remained equivalent to the existing ADWR model 

(7,140 acre-feet per year). 

After correcting the recharge to the newly refined model, new hydraulic conductivity data 

were incorporated into the refined model area; all other parameters were unchanged. The 

new hydraulic conductivity data were the result of multiple aquifer tests conducted in the 

northern portion of the model domain. Allen Stephenson and Associates (ASA, Phoenix, 

AZ), a private environmental and hydrological consulting firm, conducted three aquifer 

tests with observations in 10 ground-water wells in the area near and around Del Rio 

Springs (ASA, 2001). Hydraulic conductivity was estimated using several analytical 

methods for analysis. The analytical methods include: Cooper-Jacob-Distance

Drawdown, Cooper-Jacob-Time-Distance-Drawdown, Cooper-Jacob-Time-Drawdown, 

Theis, Hantush-Jacob, and Theis Recovery. They then took an average of the results to 
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estimate hydraulic conductivity and applied it to the Ys x Ys mile cell. The new hydraulic 

conductivity values for the L VU layer are generally higher than those used in the ADWR 

models (Figure 3.2). 
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Figure 3.2 GIS-based map showing the northern portion of the model domain, where the grid 
was refined and new hydraulic conductivity data was added. Map shows areas of changed 

hydraulic conductivity values, and if the value increased or decreased, for layer 1 and layer 2. 
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Analysis of Updating and Refinement 

After adding the new hydraulic conductivity data, the model was run using the original 

model input data (with the exception of the new conductivity data) to assess changes in 

the model predicted fluxes across the general head boundary and drains (Table 3.2). In 

addition, head residuals were assessed (Table 3.1). Finally, a graphical analysis of the 

potentiometric contours in both model layers were performed to identify spatial patterns 

of altered head predictions (Figure 2.1 ). 

Kriging is a geo-statistical interpolation method that uses analysis of a semivariogram to 

fit the spatial distribution of the data and then estimates unknown values between known 

points. Graphical analyses in this study were based on kriged values of measured and 

simulated head values to form equipotential maps for direct comparison. 

The head residual was evaluated as the square root of the average of the squared 

difference between predicted and observed heads throughout the model domain 

(Anderson and Woessner, 1992): 

where, 
RMSE = root mean square error; 
n = number of data points; 
hm = measured head value; and 

hs = simulated head value. 
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Sensitivity and Inverse Setup 

Inverse solutions use nonlinear regression functions to estimation the optimal value for 

selected parameters with respect to observed data. In this work, UCODE was used to 

perform the inverse solutions. UCODE is a computer code that allows inverse modeling 

as a parameter estimation problem, while using existing modeling applications (Poeter 

and Hill, 1998). UCODE also offers statistical calculations on starting parameter values 

that are useful to identify sensitivity and correlation of parameters before performing 

regression for automatic model calibration. In this study, sensitivity analyses and 

automatic parameter estimation were conducted on zoned hydraulic conductivity and 

drain conductance using the inverse modeling code, UCODE. 

Measured Data 

The model parameters investigated for further sensitivity analysis were selected based on 

the results of previous investigations and on the locations of new hydraulic data. The 

objective function was based on hydraulic head measurements and the discharge at Del 

Rio Springs. Specifically, there are 39 water level altitude (head) observation points and 

2 spring discharge (flux) observation points (Figure 3.3). The screened interval of many 

of the monitoring wells is unknown. Therefore, head observations were evaluated both 

as target points in layer 1 and as target points in layer 2. 
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Figure 3.3 GIS-based map showing head observations locations, and drain cell locations that 
collectively represent the flux observation for the Prescott AMA model domain. 

Weighting Schemes and Head Observations 
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Before performing the sensitivity analysis and regression, each observation data point is 

assigned a weighting factor. The weight usually represents the variance of the 

uncertainty of the parameter value for the given observation. However, in this study, the 

variance of hydraulic head at each location was not calculated due to the uncertainty of 
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field methods. Therefore, each head observation is given the same weight (1.0) in the 

objective function. Head values for the model domain include water-level measurements 

for the time period 1935 to 1939. The flux observation value for Del Rio Springs is 

based on a semi-quantitative range of discharge estimates from a previous study 

(Schwalen, 1967). Because the flux observation is represented as a range of values and 

not several measurements, the variance of the uncertainty was not obtainable for the flux 

observation. However, the weight for the flux observation had to be addressed due to the 

several orders of magnitude larger residual than the head residual (Tables 3.1 and 3.2). 

The flux observation would overpower the sensitivity results if the Del Rio Springs flux 

observation was not weighted less than 1.0. 

In the 2002 updated ADWR modeling study, a sensitivity analysis was performed and the 

observed heads were given weights of 1.0 and the flux observation was given a weight of 

0.5 to reflect the greater uncertainty of the flux values (Nelson, 2002). In this study, three 

different weights were assigned to the flux observation in the objective function: 0.5; 

0.00942; and 0.0003. The weighting of 0.5 was applied for direct comparison with the 

updated ADWR model study. Two other weights were calculated for the flux 

observation based on average absolute head residual values and summed absolute values 

of head residuals ( difference between measured and simulated values) for the 

observations (Appendix 1 ). The total absolute value of the head residuals of the refined 

model is approximately 1,225 feet (Table 3.1). 
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Average Sum of Percent 
Model Residual (ft) Residuals (ft) Improvement 

Existing 46.91 1829.43 ---
Head Targets in Layer 1 

Refined 31.41 1225.05 33 

Head Targets in Layer 2 
Existing 24.33 948.91 ---
Refined 17.62 687.36 28 

Table 3.1 Comparison of head values simulated in Layer 1 and in Layer 2 for the updated and 
refined model compared to the existing ADWR model before sensitivity analysis was performed. 
Percent improvement is calculated by taking the difference of the refined value and the existing 
value, divided by the existing value times 100. 

Flux 
Observed 

Residual 
Weighted Percent 

Model 
Weight 

flux value (ft3/d) 
Residual Match to 

(ft3/d) (ft3/d) Observed 
Existing --- 387,863 136,234 --- 65 
Refined --- 387,863 90,381 90,381 77 

Flux 
Refined 0.5 387,863 90,381 45,191 88 Target 
Refined 0.00942 387,863 90,381 852 99.8 
Refined 0.0003 387,863 90,381 30 99.992 

Table 3.2 Comparison of flux values simulated for Del Rio Springs using different weighting 
schemes for the updated and refined model compared to the existing ADWR model before 
sensitivity analysis was performed. Percent match to observed is calculated by taking the 
difference of the observed and simulated Del Rio flux values. 
*Note: observed flux value taken from Schwalen, 1967. 

The first weighting scheme places equal cumulative weight (a value of 1.0) on the head 

and flux observations. The residual flux value from the refined model is 90,381 cubic 

feet per day. To reduce the flux residual to the same order of magnitude as the 

cumulative head residual (687 to 1225 ft), a weight of 0.00942 was applied to the flux 

observation, as: 



where, 
w d = the weight of drain; 

ww = the weight of head; 

Rw = residual of the head observations; 

Rd = residual of the flux observations; and 

ND = number of observations of that type. 
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The second weighting scheme attempts to give equal weight, on average, to head and flux 

observations; while accounting for the differences in ranges of the variables. The average 

head residual of the refined model is 31 or 18 feet ( depending on which layer the heads 

are being simulated in). The flux residual for the refined model is 90,381 cubic feet per 

day. To reduce the flux residual to the same order of magnitude as an average head 

residual, a weight of 0.0003 was applied to the flux observation. 

where, 
wd = the weight of the drain (flux); 

ww = the weight of a water level (head), 1.0; 

Rd = average residual of the flux observation; and 

Rw = average residual of a head observation. 
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Sensitivity and Correlation Coefficient Calculations 

Sensitivities are calculated as the derivative of a simulated value (y') that is associated to 

an observed value (y), for a given change in one parameter (b ), (Poeter and Hill, 1998). 

There are two different methods used to calculate sensitivity values, forward- and central-

differencing. The forward-differencing method is usually sufficient for sensitivity value 

estimations. However, central-differencing is needed to achieve the proper accuracy for 

variance-covariance matrices (Hill, 1998). Sensitivity values were calculated using the 

central-difference approach in this study. UCODE calculates the central-difference 

estimation of sensitivity values as (Poeter and Hill, 1998, equation 2): 

~y' y'(b + ~b)- y'(b- ~b) 
= 

~b ( b + ~b) - ( b - ~b) 

where, 
~y'= the change in the simulated value; 

~b = a vector in which all values are zero except for one which corresponds to the 
parameter under investigation; 

b = a vector of the values of the estimated parameters; and 
y' (b + ~b) and y' (b - ~b) indicate that the values of the simulated value with a positive 

and negative perturbation, respectively. 

Values of ~b are generated as multipliers of the starting parameter value, with a 

perturbation factor of 0.01. 

Before regression is run, other sensitivities can be calculated using phase 22 in UCODE. 

The function of phase 22 is for calculation of sensitivities and parameter variances, 

covariances and correlations at starting parameter values. Statistics of the sensitivity 
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analysis for this study include dimensionless scaled sensitivity, composite scaled 

sensitivity, and correlation. These statistics are used to help define which parameters are 

important for use during regression. The first type of sensitivity that is calculated is the 

dimensionless scaled sensitivity (DSS). DSS is calculated for each estimated parameter 

value in relation to each observation used in the regression. The DSS becomes 

dimensionless when the weighting factor is calculated as suggested by Hill (1992) as one 

over the variance for the parameter of interest, carrying the same units as the parameter 

being estimated. Because this sensitivity value is dimensionless, it can be used as a 

comparison tool against other sensitivities calculated using the same weighting scheme in 

the inverse model simulation. The higher the value of DSS, the more important that 

parameter is to the outcome of the model predictions for regression. Dimensionless 

scaled sensitivity tells how important each parameter is to an observation point, or how 

important that observation point is to the changes in a given parameter. The DSS values 

are calculated in UCODE using equation 8 in Hill (1998): 

-[By';] Yi ss .. - -- b.OJ. 
lj ab · J II 

J 

where, 
ssiJ = dimensionless scaled sensitivities 

y'; = the ith simulated value; 

b 1 = the /h estimated parameter; 

[By';]= the sensitivity of the simulated value with respect to the j1h parameter, and is 
8bj 

evaluated at b ; and 
Wu = the weight of the i1h observation. 
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After the DSS is calculated, a composite scaled sensitivity (CSS) is calculated for each 

selected parameter by determining the root mean square DS S for each parameter across 

all observations. This sensitivity calculation indicates the total amount of information 

from the observations for the estimation of one parameter. Unlike the DSS, the CSS is 

independent of the observed values, and therefore also of the model fit. This is 

determined using equation 10 in Hill (1998): 

where, 
css 1 = composite scaled sensitivity for the jth parameter; 

ssiJ = dimensionless scaled sensitivities; and 

ND = the number of observations of all types. 

UCODE then uses the central-differencing method to estimate statistics such as the 

variance-covariance matrix, standard deviation, linear confidence interval, coefficients of 

variation, and correlation coefficient. These statistics reflect the precision of the 

parameter estimations and take into account all of the parameters being estimated 

simultaneously. The variance-covariance matrix is represented by values of error 

variance and addresses the overall magnitude of the weighted residuals and overall model 

fit; with smaller values indicating a better fit. The calculated error variance is found 

through equation 14 in Hill (1998): 



2 [ S(b) J 
s = ND+NPR-NP 

where, 

s 2 = the error variance; 
S('2_) = the weighted least-squares objective function value; 

ND = the number of observations; 
NP R = the number of prior information values; and 
NP = the number of estimated parameters. 
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From the variance and covariance, correlation coefficients are calculated by UCODE for 

each pair of parameter sets, using Hill (1998), equation 30: 

where, 
cor = correlation coefficient; 
cov = covariance; and 

( . ') -[ cov(i,j) ] . cor 1,1 - 1 1 
var(i) Yi var(j) Yi 

var= the number of observations. 

Correlation coefficients provide information about the uniqueness of the data being 

evaluated. Values of correlation coefficients range from -1.0 to + 1.0, with values closest 

to ±1.0 indicating highly correlated parameters that are dependent on their ratio, not their 

individual parameter value and therefore are non-unique. Typically, correlation 

coefficients with an absolute value of 0.95 or less indicate that parameter correlation is 

low enough and are not considered to be dependent on each other (Hill, 1998). One way 

to reduce correlation between parameters is to have more than one type of observation, 

such as hydraulic heads and groundwater flux. Other ways to decrease parameter 
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correlation is to adjust the starting parameter value on highly correlated parameter pairs, 

or collect data to better constrain the parameter value. Highly correlated parameter pairs 

should not be used in the regression equation. Correlation coefficients can also be 

calculated inaccurately for parameters that have a scaled sensitivity value of less than 

about four or five significant digits (Hill, 1998). 

Regression 

Once the sensitivity and correlation were determined, a regression on selected parameters 

was conducted to optimize parameter values using the inverse simulation UCODE 

(Poeter and Hill, 1998). Parameter estimation was evaluated with phase 3 in UCODE. 

The function of phase 3 is to perform regression. UCO DE is a computer program that 

uses nonlinear regression to estimate parameters through inverse modeling. The solution 

process minimizes a weighted least squared objective function using a modified Gauss

Newton method with respect to the parameter value. A perturbation factor of 0.01 was 

applied for parameter changes. The flux weight of 0.00942 was evaluated using the 

following parameters: the drain conductance value at Del Rio Springs and hydraulic 

conductivity zones 25, 30, 31, 15, and 17. This last step was taken to validate the 

parameter values of the new data that was added to the model. Validation of the 

parameter values was done through optimizing the selected parameter values. 

The central-differencing method is used when parameter estimations are being calculated 

during regression. This method calculates parameter values that minimize a weighted 
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least-squares objective function with an option to also use prior information in the 

regression. The expanded equation that uses prior information is not shown here because 

prior information was not used in this study. The objective function is a measure of fit 

between simulated and observed values (Hill, 1998, equation 1 ): 

ND 2 

S(!2) = L O)i [yi - y'i (!2)] 
i=l 

where, 
S(!2) = the objective function 

!2 = a vector containing values of each of the NP parameters being estimated; 
ND = the number of observations; 
Yi = the ith observation being matched by the regression; 

y\ (!2) = the simulated value which corresponds to the ith observation (a function of (!2) ); 

and 
mi = the weight for the ith observation. 
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IV.RESULTS 

Through each model update, the global budgets of each step were compared to the 

existing model global budget (Table 4.1 ). After the grid was refined and new hydraulic 

conductivity data were added, the overall budgets and each budget component (head and 

flux targets) were compared and water level contours were analyzed graphically. 

Updating and Refinement 

When a groundwater flow model is run using MODFLOW, the water budget output is 

represented in a text file; usually referred to as the global listing file. The global listing 

file shows positive values to the system as recharge, and negative values to the system as 

pumping wells, drains, and other fluxes from the domain (e.g. the two head-dependent 

boundary conditions along the northern portion of the model). Once the model was 

converted to MODFLOW-2000 and successfully imported to the GIS-Based software, all 

parameters in the global listing file matched exactly (Table 4.1). 



46 

Positive Values Negative Values 
Drains Head-dependent 

Recharge Wells Del Rio/ Agua Boundary Model (fl:3/day) (ft3/day) Fria (ft3/day) 
(acre- (acre- (ft3/day) 

(acre-
feet/simulation) feet/simulation) (acre-

feet/simulation) 
feet/simulation) 

Existing 
1,481,045 312,083 807,843 359,399 

(Nelson, 
7,140 1,510 2,530/1,370 1,730 

2002) 
Refined (Re-
created in 

1,481,045 312,083 807,843 359,399 
MODFLOW-
2000 and in 

7,140 1,510 2,530/1,370 1,730 

GIS) 
Refined 1,481,045 312,083 794,719 367,364 
(grid only) 7,140 1,510 2,460/1,3 70 1,770 
Refined 

1,481,045 312,083 762,369 375,424 
(New Data 
Added) 

7,140 1,510 2,300/1,370 1,810 

Table 4.1 Comparison of global outputs of existing model to the re-created model, to the re-fined 
grid model and to the refined grid and new K data added model. 
*Note: the unit of acre-feet/simulation indicates a volume of acre-foot per model simulation, 
which is 210 days. All acre-feet/simulation values are rounded to the nearest 10. 

When the model grid was refined, the values reported in the global output files differed 

(Table 4.1 ). The effects of refining the grid (before the new data was added) resulted in a 

small increase in underflow across the northern boundary (about 2.3 percent) and less 

water discharging at Del Rio Springs (about 2.7 percent); (Table 4.1). The underflow 

that is represented by the head-dependent boundary condition in the northern area of the 

model domain increased by 7,965 ft3/day (67 acre-feet/yr) and the value of the drain 

discharge at Del Rio decreased by 13,155 ft3/day (110 acre-feet/yr). The decrease in the 

drain value is a closer match to the conceptual value for the drains at Del Rio (Table 4.2). 

The observed drain values include 1,500 to 2,200 acre-feet per model simulation (model 

simulation is 210 days) at Del Rio Springs and 900-1,400 acre-feet per model simulation 
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at the Agua Fria River, totaling an estimated value of 2,400-3,600 acre-feet (Nelson, 

2002). The cumulative recharge value decreased with refining the grid. Recharge 

reduced from 1,481,045 ft/day to 1,429,204 ft/day (3.5 percent). Note that the values for 

recharge and well discharge should remain constant through any changes made to the 

model; recharge and well discharge are not parameters that are altered when model 

properties are altered. To keep recharge constant through model changes, the difference 

in recharge totals was redistributed into the new model grid. This was done so that the 

total model recharge value remained to be 1,481,045 ft3/day (7,140 acre-feet) for the 

entire model domain (Nelson, 2002). The groundwater well volumetric pumping rate 

also stayed constant with the grid change. 

Conceptual Simulated Simulated 
(Nelson, 2002) 

Existing Model 
Refined Model 

(Nelson, 2002) 

Recharge 7,140 7,140 7,140 

Total Inflow 7,140 7,140 7,140 

Wells 1,510 1,510 1,510 
Drains 1,500-2,200/ 

2,53011,370 2,300/1,370 
Del Rio/ Agua Fria 900-1,400 

Head-Dependent 
1,300-2,600 1,730 1,810 Boundary 

Total Outflow 5,210-7,710 7,140 6,990 

Table 4.2 Conceptual and simulated steady-state water budget values for the Prescott AMA 
model domain, in acre-feet per simulation (210 days). 
*Note: values do not contain the estimated ET value of 345 acre-feet/simulation for Del Rio 
Springs and Agua Fria drain cells 
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The global output file indicates a percent discrepancy value for the water budget. The 

existing AD WR model percent discrepancy is O .12 percent, and the refined model percent 

discrepancy is O .19 percent. The difference in percent discrepancy is reflected in the total 

outflow differences from the models (Table 4.2). Even though the percent discrepancy is 

larger for the refined model compared to the existing model, it is still considered to be 

low and an acceptable error. 

The result of the model with the refined grid was analyzed quantitatively based on the 

percent change of the drain and general-head fluxes. The refined model results in less 

water exiting the system at Del Rio Springs, which is a better match to the historical 

estimated value of discharge from Del Rio Springs than in the existing model results 

(Table 4.2). 

After refining the grid, new hydraulic conductivity data were added. This resulted in a 

further reduction of the flux out of the domain to Del Rio Springs and increased 

underflow to the north. The results show differences in the model output in the general

head boundary condition and in the drain outflows from the system (Table 4.1 ). The 

outflow at the general-head boundary cells increased by 16,025 ft3/day (134 acre-feet/yr), 

which is about twice the increase caused by refining the grid spacing. The discharge at 

the drain cells that represent Del Rio Springs decreased by 16,841 ft3/day (143 acre

feet/yr), corresponding to approximately 6 percent of the decrease in the regridding step. 

The two discharge drains near the southeastern end of the model domain that represent 
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the Agua Fria River also decreased 216 ft3/day, or almost 2 acre-feet/yr. This pattern of 

the two northern drains being mostly affected by the refined grid and new data added was 

expected because of the proximity of the changes to the northern drains compared to the 

greater distance from the southern drains. 

The refined model with new hydraulic conductivity data resulted in better matches to 

historical head discharge values. Head residuals are shown in Table 3 .1 and in 

Figure 4.1. When the model grid was refined, the error that the model simulated for 

water level target points decreased, and the volumetric rate of discharge out of the drain 

representing Del Rio Springs also resulted in a closer match to historical values. After 

adding the new hydraulic conductivity data, the match to the flux at Del Rio Springs 

improved. The updated model also resulted in a better match to the measured head 

values than the existing model. 
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Figure 4.1 GIS-based map showing the magnitude and direction of head residuals for the updated 
and refined model. 

The surface water discharge analysis includes a relative error for each model that was 

calculated for the drains at Del Rio Springs and the Agua Fria River. The numerical 

value of the flux decreased at the Del Rio Springs drain cells, showing a better match to 

the target value from the conceptual model value (Table 4.2). To calculate the relative 

error, first an error was calculated for each model by taking the difference of the target 



value for Del Rio Springs and the simulated value divided by the measured value. The 

percent change of the errors was then calculated, showing a percent improvement for 

the refined model over the existing ADWR model of about 8 percent or approximately 

200 acre-feet/simulation. Matching to the target flux value at the Agua Fria River, the 

value decreased by almost 2 acre-feet/yr. Even though this is not an improvement, the 

difference is so small that it is considered insignificant. 
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The root mean square error (RSME) for the existing ADWR model is 4.9 in layer 1 and 

6.8 in layer 2. The refined model gives RMSE values of 4.2 and 5.6, respectively. The 

percent improvement of the head matching or calibration of the model with respect to the 

root mean squared error for head measurements is 14 percent in layer 1 and 18 percent in 

layer 2. 

The head observations were evaluated as target points in layer 1 and in layer 2. This 

analysis was done before the sensitivity analysis was conducted to show the results of the 

addition of the new hydraulic conductivity data to the overall model fit to the head 

observations. Regardless of which layer the head observations were located in, the model 

shows an improved fit compared with the existing ADWR model (Table 3.1). 

Using UCODE to simulate the flux observation using different weighting schemes show 

that the weighted flux residual decreases with decreasing weight on the drain observation, 

as expected (Table 3 .2). 
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Dimensionless Scaled Sensitivity from Sensitivity Analysis 

Figures 4.2 through 4.5 show dimensionless scaled sensitivities (DSS) for all hydraulic 

conductivity zones and the drain conductance value at Del Rio Springs. Showing on each 

figure, observations 1 through 39 are head observations, and observation 40 is the flux 

observation at Del Rio Springs. All the hydraulic head observations have a weight of 1.0, 

while the weight on the flux observation changes. The first scenario (Figure 4.2) 

represents all head observations, without the flux observation for Del Rio Springs. The 

second through fourth scenario represent all head observations, and the flux observation 

having weights of 0.5, 0.00942, and 0.0003. Observation points 15 and 39 show very 

low DSS sensitivity values for most parameters and could probably be omitted from the 

observation point list all together. In contrast, observation 40 shows very high sensitivity 

values for all parameters, indicating more data of that type or in that region would 

improve the model calibration. 



Figure 4.2 (without using flux observation) 
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Figure 4.3 (using flux observation weight of 0.5) 

100,000 ,000 

10,000 ,000 

IB 1,000 .0 00 
F 
5 
~ 10 0 ,000 

ffi 10 ,0 00 
@ 
:a! 
u 
(/) 
(/) 

IB 
2 
0 ; 
c:i 

1 ,000 

100 

10 

0 .1 

0 .01 

; I I I I 
e--e--e Hydrau lic Cond uctr, ity I • • e De l R io Spr ings D rain Conductance 

1 

/ '--.. --,k-'~ Ii?'-- "" -.;;: - .._ ~ - . ..., 
.__J ._ .__, / 

~~ ---- ......, "-, :,df, ,.. ; \ 
J,,1,, 

_......, ._,,__ 
I, ,;, ....... ......, 

~. ~ ~l V ""' ki'4. ·~ --- ~ \ ~v / \\ -~ V I / ~ ':\/ ,1 !\ I ~Ir ....... ,_ v' 'I 
1\ 

I \ J v~ fl \ ~ 
h v' /\ 

/ \ / , / 
/ \\l/~ /\ V \ 

1 2 3 4 5 6 7 8 9 10 1 1 1 2 3 14 5 16 7 181 92 0 12223 24 
O B SERVATI ON# 

4~ 

~ 

' 

" /i", / ,,,-
1 

! .\./ ~> ~ / ~x. /\ .::::: .\ 
/ ....., ~ 

""' .. ,~ 
I I t'::! ,\ 

~ / 
y \ I \ I '~ ~~ \ I 

\/ \ I \I /f v.-.V :---,~ l/ \ \ ' I 

526272 8 93031 32 334 353 6 7 3839 4 0 

53 



Figure 4.4 (using flux observation weight of 0.00942) 
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Figure 4.5 (using flux observation weight of 0.0003) 
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Figure 4.2 - 4.5 Log of the squared value of DSS for simulations with 4.2) without flux 
observation, 4.3) flux observation using weight 0.5, 4.4) flux observation using weight 0.00942, 
4.5) flux observation using weight 0.0003, with the explanation show to the left. 
*Note: observations 1-39 represent head observations, and observation 40 represents the flux 
observation. 
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Composite Scaled Sensitivity from Sensitivity Analysis 

When calculating the DSS, the weight of the observation is multiplied by sensitivity of 

the given parameter with respect to the starting parameter value. Therefore, the 

sensitivity of the parameters is dependent on the weighting of the parameters being 

estimated. This is reflected in the values of the composite scaled sensitivity (CSS) 

because the CSS is calculated using the DSS value for the given parameter. From these 

CSS values, groups of most, moderately, and slightly sensitive parameters were 

determined based on a visual analysis of their relative sensitivities, as seen in Figures 4.6 

through 4.9. 



Figure 4.6 (without using flux observation) 
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Figure 4.7 (using flux observation weight of 0.5) 
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Figure 4.8 (using flux observation weight of 0.00942) 
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Figure 4.9 (using flux observation weight of 0.0003) 
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Figure 4.6 - 4.9 Results of composite scaled sensitivities for head observations in layer 1 and in 
layer 2, for 4.6) without flux observation, 4.7) using flux observation weight of 0.5, 4.8) using 
flux observation weight of0.00942, and 4.9) using flux observation weight of 0.0003. Red bars 
are results from the head observations in layer 1, and the black dots are results from head 
observation in layer 2. Explanations of parameters used shown to the right. 
*Note: "Kx29" represents hydraulic conductivity for zone 29, and "Drl" represents the drain 
conductance for Del Rio Springs. 



Parameter 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Description 

Hydraulic Conductivity zone 25 
Hydraulic Conductivity zone 27 
Hydraulic Conductivity zone 30 
Hydraulic Conductivity zone 31 
Hydraulic Conductivity zone 34 
Del Rio Springs Drain Conductance 
Hydraulic Conductivity zone 2 
Hydraulic Conductivity zone 3 
Hydraulic Conductivity zone 4 
Hydraulic Conductivity zone 5 
Hydraulic Conductivity zone 6 
Hydraulic Conductivity zone 7 
Hydraulic Conductivity zone 8 
Hydraulic Conductivity zone 9 
Hydraulic Conductivity zone 10 
Hydraulic Conductivity zone 11 
Hydraulic Conductivity zone 12 
Hydraulic Conductivity zone 13 
Hydraulic Conductivity zone 14 
Hydraulic Conductivity zone 15 
Hydraulic Conductivity zone 16 
Hydraulic Conductivity zone 17 
Hydraulic Conductivity zone 18 
Hydraulic Conductivity zone 19 
Hydraulic Conductivity zone 20 
Hydraulic Conductivity zone 21 
Hydraulic Conductivity zone 22 
Hydraulic Conductivity zone 23 
Hydraulic Conductivity zone 24 
Hydraulic Conductivity zone 26 
Hydraulic Conductivity zone 28 
Hydraulic Conductivity zone 29 
Hydraulic Conductivity zone 32 
Hydraulic Conductivity zone 33 
Hydraulic Conductivity zone 35 
Hydraulic Conductivity zone 36 
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Table 4.3 Table showing an explanation for the parameter numbers used in Figures 4.6 through 
4.9. 

Using a weight of 1.0 for all head observations and not including the flux observation, the 

most sensitive parameters are the hydraulic conductivities in zones 25, 30, 31 and the Del 

Rio Springs drain conductance (Figure 4.6). A flux target weight of 0.5 results in a 
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decrease in the number of sensitive model parameters. The most sensitive parameters are 

hydraulic conductivity zone 25 and the Del Rio Springs drain conductance (Table 4.4). 

The moderately sensitive parameters are hydraulic conductivity zones 30 and 31, and the 

least sensitive hydraulic conductivity zones are 15 and 17. A drain conductance weight 

of 0.00942 gives similar results as a drain weight of 0.5, suggesting that the weight of 0.5 

is equivalent to assigning equal weight to the cumulative flux and head observations. 

Similarly, the drain conductance weight of 0.0003 shows analogous results as not 

incorporating the drain observation at all, suggesting that if there is no drain observation 

the sensitivity results would be equivalent to assigning equal weight to the average flux 

and head observations. 

Parameter No Flux Flux Target Flux Target Flux Target 
Target weight= 0.5 w = 0.00942 w = 0.0003 

': . 

K Zone 25 ;; 18 .:; S146& ,• 598 . 

.. . .. ' 

K Zone 30 
;f 

31 .> 13820 i" 262 ·:"32 -., 
.- ~ 

K Zone 31 -~- fl 
.,. 

11100 214 ·'-43 
Drain Conductance 

·_,., 
.. 30-

. 
22680 428 3t ·' . 

K Zone 34 37 36 :)~·i 
K Zone 15 32 6644 129 32 

" 
K Zone 20 27 " 27 ~ '1....l 

K Zone 27 4 4 
KZone 7 6 6 

K Zone 17 12 3474 66.5 12 
K Zone 22 16 16 

" 

K Zone 35 16 15 

Table 4.4 Results of composite scaled sensitivity values for parameters for different weighting 
schemes for the flux observation while simulating the head observation in Layer 2. 
*Note: Highlighted pink values are most sensitive 

Highlighted yellow values are moderately sensitive 
Highlighted green values are least sensitive 
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Composite scaled sensitivity values give a measure of the overall importance of each 

parameter for matching observations. Six parameters are significantly more sensitive 

than the rest of the parameters tested (Table 4.4). There are also several parameters that 

have sensitivities less than two orders of magnitude lower than that of the highest 

composite scaled sensitivity value. Examples of these extremely low sensitive 

parameters are: estimated parameter numbers 7 through 11, 14 through 19, 21, 23, 26, 28 

through 33, and 36 (Figures 4.6 through 4.9). These parameters could be eliminated if 

there are problems with model convergence. 

Correlation Coefficients 

Strong correlation between parameters is very common in groundwater modeling (Poeter 

and Hill, 1997). Typically there is a lack of different types of observations in 

groundwater models which can cause high correlations between parameters. Correlation 

between parameters is usually higher if only head data are used for calibration. Inclusion 

of more types of observations in a model (i.e. head and flux) results in better constraint of 

parameter estimation. For this study, there are two types of observations: head and flux. 

Also, the zones of hydraulic conductivity in the refined area of the model were estimated 

using aquifer test data from several locations (ASA, 2002). Therefore, the estimation of 

the hydraulic conductivity values in the northern part of the model, where the grid was 

refined, is expected to be fairly accurate. Although both head and flux values are used 

for calibration in this study, there are very few flux measurements and thereby 

introducing a component of uncertainty in the analysis. Correlation coefficients for the 
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two highest correlated pairs of parameters are shown on Table 4.5. The correlation 

between these two pairs increases as the weight on the flux observation decreases. The 

highest correlation coefficient for any given pair of parameters, considering all scenarios, 

is 0.94. All other absolute values of correlation coefficients are less than or equal to the 

highest value (0.94); not all correlation coefficients are shown due to their low values. 

Correlation Correlation Correlation Correlation 
Correlated Coefficient Coefficient Coefficient Coefficient 
Parameters No Flux Flux Target Flux Target Flux Target 

Target weight= 0.5 w = 0.00942 w = 0.0003 
K zones 

0.94 0.17 0.91 0.94 
3 & 16 

K zones 
-0.66 -0.77 -0.92 -0.67 

34 & 32 

Table 4.5 Results showing correlation coefficients for the two highest correlated pairs of 
parameters for each weighting scheme while simulating the head observation in Layer 2. 

Regression 

Parameters that show a high value of CSS and a low correlation coefficient were selected 

for automatic optimization. Finally, due to the low correlation coefficients for all 

parameter pairs, only the parameters with a high CSS value were chosen for automatic 

optimization. Usually, high correlation is considered to be values of an absolute value of 

0.95 or higher (Hill, 1998). The parameters selected were the hydraulic conductivity 

zones 25, 30, 31, 15 and 17, and the drain conductance at Del Rio Springs. The flux 

weight of 0.00942 was used in the regression equation. This weighting scheme was 

selected due to its relationship to the sum of the head residuals and because the most 

sensitive zones were not very sensitive to what weight the flux observation was assigned. 
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A perturbation factor of 0.01 was applied for parameter changes. The optimized results 

(Table 4.6) are very close to their starting values. One of the most sensitive parameters, 

hydraulic conductivity zone 25, changed by only 0.002 percent. While the other most 

sensitive parameter, the drain conductance at Del Rio Springs, changed by 0.03 percent. 

The slightly sensitive parameters (K zone 15 and 1 7) changed by the highest percentages, 

0.14 percent and 0.02 percent, respectively. 

Parameter Actual Parameter Starting Optimized Difference 
Relative 

Number Value Value Difference 
.... ·:1 ,, ,.,.,. 

_lt-..,:26 ·25 24.9995 · -0.0005 o.~ ·. 

·: 
.. ' 

" 

3 K zone 30 
J 

15 
:;: 

15.0028 -0.0028 0.02% I 

4 - K zone 31 ..3 20 
iJ 

19.9947 0.0053 0.03% 
,' , 6 ._·,. .. · ...... .•. -· ~-- ,, -- ~ 60f)"t6.IO . 16.90 

.• 

.I .aft "' ., . 

20 K zone 15 15 14.9794 0.0206 0.14% 

22 K zone 17 20 19.9954 0.0046 0.02% 

Table 4.6 Results of optimized parameter values after regression for the most sensitive 
parameters, using a flux weight of 0.00942. Tables shows which parameters were selected, their 
starting value, the optimized value, and the difference between the starting value and optimized 
value. 
*Note: Highlighted pink values are most sensitive (taken from CSS results) 

Highlighted yellow values are moderately sensitive (taken from CSS results) 
Highlighted green values are slightly sensitive (taken from CSS results) 
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V. DISCUSSION 

Most Sensitive Areas 

Results of the updating and refinement of the model show a better match to observed 

values of head and flux out of the system as drains. The sensitivity analysis indicates that 

the newly added hydraulic conductivity data is located in the most sensitive area of the 

domain, and that by using two types of targets, the correlation of the estimated 

parameters is low. The regression results show the new hydraulic conductivity data has 

already been estimated to near optimal values and that the model is unique and stable. 

The moderately sensitive parameters are hydraulic conductivity zones 34, 15 and 20. The 

slightly sensitive parameters are the hydraulic conductivities of zones 7, 17, 22, 27, and 

35. The more sensitive parameters are located mainly within the refined area of the 

model in layer 1 and throughout most oflayer 2 (Figures 5.1 & 5.2). 



Figure 5.1 (without using flux observation, and using a weight of 0.0003 for layer 1) 
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Figure 5.2 (without using flux observation, and using a weight of 0.0003 for layer 2) 

• Head Observation 

Layer2 

~ Most Sensitive 

Moderately Sensitive 

CJ SlighUy Sensitive 

0051 2 J . 
Miles 

N 

A 

64 



Figure 5.3 (using flux observation weight of 0.00942 and 0.5 for layer 1) 
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Figure 5.4 (using flux observation weight of 0.00942 and 0.5 for layer 2) 
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Figure 5.1 - 5.4 GIS-based maps showing spatial distribution of sensitive hydraulic conductivity 
zones for no flux observation and a weight of 0.0003 in layer 1 and in layer 2 (5.1 and 5.2), and 
weight of 0.00942 and 0.05 in layer 1, and in layer 2 (5.3 and 5.4). 
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The spatial distribution of the zones determined most, moderate, and slightly sensitive 

from the CSS results are the same for the 0.0003 flux weight and not using the flux 

observation; although their composite scaled sensitivity values are different (Figures 5.1 

through 5.4). In comparing the high weighting results to the low and no flux results, 

there was little change in the areas of the model that were found to be most sensitive. 

This suggests that the flux observation is not very sensitive to the overall model 

calibration. One possible explanation for this is because there is a general head boundary 

at the northern end of the domain. The Del Rio Springs drain cells are located in the 

northern part of the domain, near the general head boundary, where the model narrows 

and the groundwater gradient increases (Figure 1.2). Due to the conditions in the area 

where these drain cells are located, groundwater can exit as underflow to the north, via 

the general head boundary or as groundwater flux through the drain cells. Therefore, the 

sensitivity analysis indicates that sufficient data may already exist through the head 

observations in the northern part of the model domain, and using the drain flux does not 

change the overall model calibration accuracy enough to be significant. Another possible 

explanation may be that the available observation data is not sufficient enough to 

estimate the parameters of interest. 

The hydraulic conductivity zones that show high sensitivity in the northern portion of the 

domain also have continuing zones in other parts of the model. For example, a large 

portion of zone 7 is located in and adjacent to the refined area. Due to the grouping of 



the zones, all areas of zone 7 were named highly sensitive because of the value of that 

zone, probably not because of its spatial location (Figure 5.1 ). 
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The DSS shows similar results for each of the four scenarios (Figures 4.2 through 4.5). 

Observation numbers 4, 8, 11, 12, 14, 15, 29, 30, 37, 38, and 39 show consistently low 

DSS values for all estimated parameters and could be removed as observation points for 

estimating hydraulic conductivity and the Del Rio drain conductance. Conversely, 

observations 16 through 19, 21, 31, and 33 show very high DSS values for each of the 

estimated parameters and should be areas of focus for continued water level 

measurements and/or other types ofhydrologic data collection. 
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Figure 5.5 & 5.6 GIS-based maps showing zones of highest hydraulic conductivity sensitivity 
from using no flux observation and a flux observation weight of 0.0003 and results from DSS 
analysis of highest DSS and lowest DSS overall values for all simulations for layer 1 (5.5) and 
layer 2 (5.6). 
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The high values of DSS are mostly located near the center of the domain and correlate 

with some of the moderately sensitive hydraulic conductivity zones, mostly in layer 2. 

The observation points with low DSS are located near the northern part of the domain, 

where the majority of the high sensitive hydraulic conductivity zones are located; this is 

true for both layer 1 and layer 2. The low DSS values may be located in the area of high 

sensitivity because there are many observation points in this area and therefore a large 

number of observation points may not be needed. Conversely true for the area with high 

DSS observation values; the area where they are located does not have a large number of 

observation points and therefore more observation points may be needed in order to 

better estimate the given zones of hydraulic conductivity. 

While DSS helps to identify the importance of observations to the estimation of a 

parameter, the composite scaled sensitivity (CSS) helps to narrow the number of 

parameters that should be used in regression. CSS uses the DSS value as a cumulative 

measure of how sensitive a parameter is to all of the observations. This analysis gives a 

composite sensitivity value for each estimated parameter so that each parameter that is 

being analyzed can be treated against each other. The parameters that have the highest 

CSS value should be considered for the automated regression. 

Another measure of sensitivity was evaluated manually; the sensitivity of which layer 

the head observations are simulated in. When the head observations were simulated in 

layer 1, the error of head residuals was improved by 33 percent. Also, the head residual 
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error was improved by 28 percent when the head observations were simulated in layer 2. 

Because of the small difference in residual error improvement between the layers in 

which head observations were simulated, this indicates that the layers of the model are in 

good communication with each other. Therefore, for steady-state conditions of this 

model, it is not necessary to know which aquifer layer the head observation is 

representing. 

Narrowing the number of parameters that are used for regression should be a goal of the 

modeler for many reasons. One practical reason is computing time. Inverse simulations 

require that many forward simulations be run and can require long computing time, 

increasing the cost of analyses. Another reason to narrow the number of parameters used 

for regression is that the addition of more parameters decreases the certainty with which 

the values are estimated, by spreading out the data available for estimation of parameter 

values (Hill, 1998). Therefore, adding too many parameters can produce unreliable 

parameter estimates. 

Regression 

In this study, there were 36 model parameters in consideration for sensitivity analysis 

with 39 head observations and 1 flux observation. After assessing the results of the CSS 

and correlation coefficients, the 36 parameters were narrowed to the 6 most sensitive 

parameters (Table 4.5). These 6 parameters were used in the automated regression for 

optimization of their values. The flux weighting scheme chosen for the automated 
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regression was the weight that analyzed the flux observation equal to the sum of the head 

residuals; 0.00942. This weighting scheme was chosen due to the small change in the 

groups of hydraulic conductivity zones that were most, moderately, and slightly sensitive 

between all four sensitivity scenarios in the CSS analysis (Table 4.3). 
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Figure 5. 7 & 5.8 GIS-based maps showing spatial distribution of hydraulic conductivity zones 
used in regression while using a flux observation weight of 0.00942 in layer 1 (5.7), and layer 2 
(5.8). 
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The inverse model converged using phase 3 ofUCODE (the regression phase). This 

shows a level of stability for the construction of the model. Coupled with the areas of 

high and low sensitivities and low correlation, the model is considered to have "Achieved 

convergence through improved model accuracy" as stated in Hill (1998). 

The sensitivity analysis and parameter estimation show that the area that new data was 

estimated is in fact sensitive to matching observations in the model, and therefore an 

important area of the model domain. The regression indicates that with the process taken, 

starting values for the sensitive parameters are fairly accurately estimated and the model 

is considered to be unique and stable. 
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VI. CONCLUSIONS 

The Prescott AMA model input files were taken from ADWR and the model was 

recreated in GIS-based software and then updated into the newest version of 

MODFLOW, MODFLOW-2000. Then, the model grid was defined to fit new available 

hydraulic conductivity data for the northern 3 miles of the domain. Matching of the 

model to observed water level data and discharge at Del Rio Springs and at the Agua Fria 

River was analyzed quantitatively and the newly refined model resulted in a better match 

to observed head and flux data. Inverse simulations were then prepared so that model 

calibration and data confidence could be determined. Through four different scenarios 

with adjustments on the weight of observed flux values, dimensionless scaled sensitivity, 

composite scaled sensitivity, and correlation coefficients were calculated through the 

inverse code, UCODE (Poeter and Hill, 1998). From the sensitivity analysis on estimated 

parameters and observations, selected parameters were evaluated for their optimized 

values. 

The results show that updating the model with the refined grid and new hydraulic 

conductivity data improves the calibration of the model by better matching the observed 

head and flux targets. The sensitivity analysis indicates that the most sensitive area of the 

model is the northern part of the domain, where the updating was conducted, confirming 

the importance of the addition of the newly added data. The sensitivity analysis also 

indicates that near the center of the domain is an area that should be focused on for future 
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data collection. Further, the parameter estimation, through regression, validates that the 

new values hydraulic conductivity are of optimal value for the current model setup. 

Inverse modeling was performed on this multiple times updated model in order to 

analyze importance of new data to the matching of observation points and to improve 

calibration so that northern underflow out of the model area could be more accurately 

estimated. The water that flows in the subsurface out of the model domain contributes 

water that supplies the headwater springs of the Verde River. Conservation of the Verde 

River headwater springs is an important topic for different people and groups for many 

reasons. Refining the existing Prescott AMA model and analyzing it toward parameter 

value certainty will produce a groundwater flow model that will be a tool reliability of 

results for decision makers concerning water resources in the Verde watershed. 
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