
 

 

 

 

Hydrology Science Plan to Support 
Title II of the Northern Arizona  

Land Exchange  
and Verde River Basin  
Partnership Act of 2005 

 

 
Prepared by the  

U.S. Geological Survey Arizona Water Science Center  
in cooperation with 

the Verde River Basin Partnership 
Revised ï September 2009 

 

 

 

 

 

 

 

 

 

 

 
 



Hydrology Science Plan to Support Title II of the Northern Arizona Land Exchange and Verde 
River Basin Partnership Act of 2005 

September 30, 2009 

1 

 

 

Contents 
BACKGROUND ................................................................................................................ 3 
INTRODUCTION .............................................................................................................. 3 

APPROACH ....................................................................................................................... 5 
WORK ELEMENT 1: Water-Budget Analysis .............................................................. 5 

Task 1. Review of existing studies related to water budget analyses of the region and 

identification of data gaps. .......................................................................................... 6 
Task 2. Improved spatial and temporal distribution and rates of recharge estimates. 8 
Task 3. Inventory of surface-water diversions and returns. ...................................... 13 
Task 4. Improved estimates of groundwater withdrawal. ......................................... 15 

WORK ELEMENT 2: Analysis of potential long-term consequences of various water-

use scenarios on groundwater levels and Verde River flows ....................................... 16 

WORK ELEMENT 3: Reporting of the water budget and water-use scenario analysis

....................................................................................................................................... 16 

WORK ELEMENT 4: Preliminary report .................................................................... 17 
WORK ELEMENT 5: Improved conceptual model of the hydrologic system ............ 17 

Task 1. Vertical head gradients. ................................................................................ 18 
Task 2. Aquifer storage properties. ........................................................................... 18 

Task 3. Playa deposits in the Big Chino Valley........................................................ 19 
Task 4. Connection of saturated limestone to basin fill. ........................................... 19 
Task 5. Horizontal gradients north of Paulden gaging station. ................................. 19 

Task 6. Connection of middle Verde River to permeable underlying units. ............ 19 
Task 7. Stream-aquifer interactions in the middle Verde. ........................................ 20 

Task 8. Age of regional aquifer water. ..................................................................... 20 
Task 9. Quantification of distributed recharge. ........................................................ 20 
Task 10. Recharge in ephemeral-stream channels. ................................................... 21 

Task 11. Quality assurance at existing monitoring locations. .................................. 21 
WORK ELEMENT 6: Identify and initiate a network for the long-term monitoring of 

the hydrologic conditions that affect the middle and upper Verde watersheds ............ 22 
Task 1. Vertical head gradients. ................................................................................ 23 

Task 2. Horizontal gradients north of Paulden gaging station. ................................. 23 
Task 3. Effect of climate variability on groundwater. .............................................. 23 

Task 4. Storage-change monitoring. ...................................................................... 23 
WORK ELEMENT 7: Final report ............................................................................... 25 

 



Hydrology Science Plan to Support Title II of the Northern Arizona Land Exchange and Verde 
River Basin Partnership Act of 2005 

September 30, 2009 

2 

 

 

Figures 

  
Figure 1.  Area of investigations for the Title II Verde River Basin Partnership. .............. 4 

Figure 2.  Annual runoff and recharge estimates from a Basin Characteristic Model for 

the middle and upper Verde Valley based on monthly time steps. ................................... 10 
Figure 3.  Electrical conductivity measurements in ephemeral streams in southern 

Arizona made with an electromagnetic induction instrument.  The values are considered 

in the first tier of the classification of the recharge potential. .......................................... 13 

 

Tables 
Table 1. Work elements and tasks in support of Title IIéééééééééééé...26 

Table 2. Preliminary estimated budget by fiscal year and work element/task for Title II of 

S.161éééééééééééééééééééééééééééééééé..27 

 



Hydrology Science Plan to Support Title II of the Northern Arizona Land Exchange and Verde 
River Basin Partnership Act of 2005 

September 30, 2009 

3 

 

Science Plan to Support Title II  of the Northern Arizona Land 

Exchange and Verde River Basin Partnership Act of 2005 
 

 

BACKGROUND 
Title II of Public Law 109-110, the Northern Arizona Land Exchange and Verde 

River Basin Partnership Act of 2005 (S.161), authorizes the United States Geological 

Survey (USGS) to assist in a collaborative and science-based water-resource planning 

and management partnership for the Verde River Basin.  Section 204 of Title II calls for 

the Partnership to prepare a plan for conducting water-resource studies in the Verde River 

Basin (fig. 1). This document is a draft of the plan and will serve as a guide for future 

water-resource studies in support of Title II. The water-resource studies done in support 

of Title II will benefit from several ongoing or completed studies relevant to water-

resource planning and management.  A list of publications produced from some of these 

studies is provided in the list of selected references. 

 

INTRODUCTION 
 This document, referred to herein as the plan, describes the investigations needed 

in support of Title II that will fulfill water-resource planning and management needs and 

identify long-term water-supply management options within the Verde River Basin.  The 

plan outlines the tasks required to meet the deliverables of Title II.  As stated in the 

legislation, these deliverables include: (1) a water-budget analysis of the Middle Verde 

River Basin and a report of a preliminary analysis of potential long-term consequences of 

various water-use scenarios within 14 months after the date of enactment of the Act
1
; (2) 

a preliminary report submitted by the Partnership that sets forth findings and 

recommendations of the Partnership regarding the long-term availability of water supply 

within the Verde Valley within 16 months after the enactment of the Act
1
, and; (3) a final 

report four years after enactment of the Act that summarizes results of water-resource 

assessments conducted under Title II, that identifies: (1) areas determined to have  

                                                 
1
Although Title II was enacted in 2005, work on deliverables has not been initiated owing to limited 

resources.  This revision of the Title II Science Plan includes new time lines for completion of work. 
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Figure 1.  Area of investigations for the Title II Verde River Basin Partnership. 
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groundwater deficits; (2) long-term water-supply management options; and (3) analyses 

and monitoring needed to support implementation of management options.  

 

APPROACH 
 The approach used to meet the needs of Title II will include a variety of work 

elements designed to take advantage of on-going studies, previously published findings, 

documented groundwater flow models, and other existing data.  The Northern Arizona 

Regional Groundwater Flow Model (NARGFM), currently (September 2009) near 

publication, represents a valuable tool for water-resource management in the study area 

that can help estimate effects on Verde River flow resulting from groundwater 

withdrawals.  The development of the model helped identify several types of information 

in various areas of the middle and upper Verde Watersheds that, if collected and 

included, would improve conceptualization of the groundwater flow system and the 

model.  This revised Title II Science Plan targets collection of the particular data that: (1) 

address the named deliverables in Title II, and (2) will result in modeling tools targeted to 

best address water-resources in the study area.  The work elements include an evaluation 

and refinement of the water budget and the reporting of potential long-term consequences 

of various water-use scenarios.  Information gained from development of the NARGFM 

and review of recent and on-going studies and documents will be used to identify data 

deficiencies.  This information will be used to plan and carry out new studies and develop 

a monitoring network designed to improve our understanding of the hydrologic setting 

that will assist in evaluating long-term hydrologic responses to climate and resource 

development. 

 

WORK ELEMENT 1: Water-Budget Analysis 
Title II stipulates delivery of a water-budget report to the Partnership within 14 

months of enactment subject to appropriations.  A groundwater budget consists of values 

derived by analysis or assumption for inflows, outflows, and change in aquifer storage.  

The greater the degree to which a budget relies on values derived by analysis rather than 
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assumption the better the certainty of the budget.  A variety of data compilation and data 

collection activities can be undertaken to generate better information to construct a water 

budget, some requiring only the time to compile existing information and some requiring 

collection of new data in the field over a period of time.  Work Element 1 includes those 

tasks that can be accomplished and reported within the specified 14 months. Tasks that 

are also essential for improving water-budget calculations, such as monitoring of aquifer-

storage changes, but that can not be completed in 14 months, are included in Work 

Elements 5 and 6.   

Improved water-budget estimates will made by evaluating recently collected 

hydrogeologic data combined with water-budget estimates reported in historic studies. 

Improved estimates of recharge will made by evaluating water budgets at smaller time 

scales than done previously and by improving previous estimates of recharge derived 

from intermittent and ephemeral streams; consideration of shorter time scales is 

important because in semiarid climates, potential evapotranspiration often exceeds actual 

precipitation on an annual basis but the reverse can be true at short time scales.  An 

updated inventory of groundwater withdrawals for municipalities, irrigation, and 

residential use also will be done.  The specific tasks related to this work element are 

required to construct a rigorous water-budget analysis.  These tasks are described below. 

 

Task 1. Review of existing studies related to water budget analyses of the 
region and identification of  data gaps. 

There is considerable information in existing reports related to water-

budget components of the Verde River watershed. Collectively, however, these 

studies demonstrate a need for improved estimates of recharge, streamflow 

diversions, water use, riparian water use, and storage changes.  Much of this 

information has been compiled for and synthesized into the USGS Northern 

Arizona Regional Groundwater Flow Model (NARGFM) thus simplifying the 

task for the Science Plan.  Among the reports considered are: Schwalen (1967), 

which described groundwater in the artesian area of Little Chino Valley and 

presented data for 1940 to 1965;  Matlock and others (1973), which updated the 
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work of Schwalen to include data from 1966 to 1972;  Levings (1980) described 

groundwater availability and water chemistry in the Sedona area;  Owen-Joyce 

and Bell (1983) presented findings of a water-resource assessment in the Verde 

Valley near Camp Verde, Clarkdale, and Sedona; and Owen-Joyce (1984) 

presented findings of a water-resource assessment in the Sedona area.   

The State of Arizonaôs Groundwater Management Act of 1980 resulted in 

the declaration of five Active Management Areas (AMA s), one of which is the 

Prescott Active Management Area (PRAMA).  Consequently, numerous studies 

were conducted in the PRAMA that resulted in a map of groundwater conditions 

(Remick, 1983); a groundwater flow model that simulates both steady-state 

conditions (1940) and transient conditions (1940-93); (Corkhill and Mason, 

1995); and an updated groundwater flow model that extended simulation periods 

for examining forecasted predictions to 2025 (Nelson, 2002).  Timmons and 

Springer (2006) updated the Nelson model by adding new hydrologic data, 

expanding the model from about 220 square miles to 250 square miles, and 

calibrating the model using water-levels and spring discharge from 1939 through 

2004.  Schwab (1995) constructed a synoptic water-level map for the Big Chino 

Sub-basin.  The Bureau of Reclamation (Ewing and others, 1994, and Ostenaa 

and others, 1993) conducted a geohydrologic investigation of Big Chino Valley to 

identify potential sources of water for the city of Prescott. Knauth and Greenbie 

(1997) and Wirt and Hjalmarson (2000) used chemistry data to estimate 

groundwater flow paths and source areas to the Verde River headwaters area.   

The Arizona Department of Water Resources (ADWR) (2000) compiled a 

summary of available water-resource data in the upper and middle Verde River 

watersheds.  Langenheim and others (2005) calculated the depth of Tertiary 

alluvial sediments and volcanic deposits in the Big Chino, Little Chino, 

Williamson, and Verde Valleys, and identified several new faults by using 

aeromagnetic and gravity surveys. Wirt and others (2005) describe in a detailed 

study the geology, hydrogeology, and geochemistry of the headwaters region of 

the Verde River.  Most recently, Blasch and others (2006) presented a regional 
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evaluation of the hydrogeologic setting of the upper and middle Verde River 

watersheds. 

 

Task 2. Improved spatial and temporal distribution and rates of recharge 
estimates. 

A. Recharge investigations in the southwestern United States show that recharge 

in arid basins does not occur in all years or at all locations (Flint and others, 

2004). In the desert southwest, potential evapotranspiration exceeds 

precipitation on a yearly basis. However, on shorter time scales and in certain 

areas of a basin, precipitation and (or) snowmelt exceed the infiltration 

capacity of the soil and become runoff.  If storage capacity of the soil is 

exceeded water may percolate below the root zone in deeper soils. To evaluate 

the spatial and temporal variability of net infiltration Flint and others (2004) 

developed a deterministic water-balance model with use of GIS coverages 

including a digital elevation model and maps of geology, soils, vegetation, and 

time-varying climatic conditions of air temperature and precipitation. The 

deterministic model, termed a Basin Characterization Model (BCM), 

identifies the areas and climatic conditions that allow for excess water, 

quantifies the amount of water available either as runoff or in-place recharge, 

and allows intra-basin comparison of recharge mechanisms (i.e. mountain 

front, mountain block, ephemeral stream) and potential recharge for current, 

wetter, and drier climates.  

A generalized version of the BCM provided valuable information during 

NARGFM development with respect to distribution and magnitude of regional 

in-place recharge. However, that version of the BCM did not estimate 

recharge that occurs through infiltration of runoff in ephemeral channels, a 

process that has been shown to be important for estimating recharge 

distributions in alluvial basins. Specifically, occasional ephemeral channel 

recharge is likely important in the Verde River Basin and other alluvial basins 

and has been included in groundwater flow models (Corkhill and Mason, 
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1995; Nelson, 2002). BCM estimates of runoff can be used as a basis to 

distribute ephemeral channel recharge in the NARGFM. In 2009, methods of 

simulating recharge from runoff estimated by the BCM were successfully 

developed by USGS as part of the ADWR Rural Watersheds Initiative, but at 

the decadal time scale of the groundwater model. The importance of smaller 

time scales on runoff and recharge have not been investigated. It may be that 

that simulation of runoff on daily time scales may be necessary to simulate the 

variations in ephemeral channel recharge rates; or monthly or annual time 

scales may be sufficient. The USGS will determine the best time scales for 

applying BCM runoff estimates in the study area. The BCM will be used with 

transient historic climatic inputs and applied to the NARGFM. A report 

summarizing the results of this analysis will be produced in the second year of 

the project. 
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Figure 2.  Annual runoff and r echarge estimates from a Basin Characteristic Model for the middle 

and upper Verde Valley based on monthly time steps. 
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B. NARGFM development underscored the importance of better characterizing 

recharge to the regional aquifer from stream systems for robustly simulating 

groundwater flow.  Recharge from perennial, intermittent, and ephemeral 

streams occurs episodically and seasonally, and often is related to high-

magnitude flood flows when available water exceeds potential 

evapotranspiration for sustained periods of time. To better estimate 

streamflows that could provide water for potential recharge, the USGS will 

conduct an analysis of the magnitude and frequency of streamflows within the 

watersheds. To do this, methods for estimating streamflow statistics will be 

developed, updated, and improved by using new data, information, and 

technology that have become available since the last methods were developed 

(Thomas and others, 1997; Pope and others, 1998).  This proposed study will 

(1) update streamflow statistics at gaged sites, and (2) develop regional 

methods for estimating streamflow statistics at ungaged watersheds.  This 

study will use the regional-regression approach for estimating streamflow 

statistics in ungaged watersheds.  In the regression approach, streamflow 

statistics at gaged sites are transferred to ungaged sites using multiple-

regression equations.  GIS techniques, new information on basin and climatic 

characteristics, and new automated techniques will be used to improve and 

expand the capabilities of regional streamflow methods.  The analyses will be 

done for both annual and seasonal flows.  Although this information will not 

provide specific recharge values, it will provide relative distributions of 

recharge from infiltration of streamflow throughout the area. A report 

summarizing the results of this analysis will be produced in the second year of 

the project. 

 

C. Although water may be available for recharge, certain geomorphological and 

vegetation conditions are required for recharge to occur.  To evaluate the 

potential for recharge along ephemeral and intermittent washes in and 

downstream of the areas of likely recharge as determined from Tasks 2A and 
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2B above, the USGS will use the method developed by Callegary and others 

(2007). This method classifies recharge potential (RCP) in ephemeral-stream 

channels, incorporating information about channel geometry, vegetation 

characteristics, and apparent electrical conductivity (ůa) of bed sediment. 

Seven data types will be collected along each wash: ůa at two depth intervals, 

channel incision depth and width, diameter-at-breast-height (DBH) of the 

largest tree, density of woody plants, and density of grasses. Apparent 

electrical conductivity is measured in the channel thalweg during the month of 

June, the hottest, driest month of the year. At this time, bed-sediment water 

content would be expected to be at an annual minimum, maximizing the 

contrast between high and low clay content. Because ůa is proportional to clay 

content and clay is the primary factor affecting permeability during saturated 

flow in unconsolidated media, ůa values are inversely proportional to 

permeability. Apparent electrical conductivity is measured by using a low-

induction-number frequency-domain electromagnetic-induction instrument at 

two intervals bracketing 0-3 m and 0-6 m depths. Vegetation characteristics 

will be measured in 10 by 10 meter plots on each bank. As DBH, woody plant 

density and grass density increase, evapotranspiration also increases. Increases 

in any of these three factors should, therefore, decrease RCP.  Incision depth 

and width will also be measured in reference to the break in slope between the 

channel and floodplain or first major terrace. An increase in channel width 

provides greater area for infiltration, and greater incision depth allows for 

increased flow depth. Increases in these two factors increase RCP. A two-

tiered system is used to classify a transectôs RCP. In the first tier, transects are 

categorized by the permeability of near-surface sediments based on 

measurements of 0 to 3 m depth ůa. Each of the permeability categories is 

further divided in the second tier into three classes indicating low, medium, or 

high RCP by applying the same ranking approach to the remaining six data 

types. Local trends and variations in RCP will be used to better estimate 

variations in the distribution of recharge. An example of electromagnetic 
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measurements used in ephemeral reaches in southern Arizona is shown in 

figure 3.  A report summarizing the results of this analysis will be produced in 

the second year of the project. 

 

Figure 3.  Electrical conductivity measurements in ephemeral streams in southern Arizona made 

with an electromagnetic induction instrument.  The values are considered in the first tier of the 

classification of the recharge potential.  

Task 3. Inventory of surface-water diversions and returns.   

Within the Verde Valley there are approximately 50 diversions of surface 

water for the irrigation of nearly 5,000 acres.  The diversions range from river 

pumps and small ditches that divert 0.5 ft
3
/s to large ditches that divert up to 60 

ft
3
/s.   The diversions move water from the main stem of the Verde River and its 

tributaries to agricultural fields and residential yards in the vicinity of, but varying 

distances from the river.  Some of the diverted water is consumptively transpired, 

some is returned to the river as surface flows, while some is recharged back into 

the aquifer.  For the purpose of improving NARGFM, understanding the fate of 

Hydraulic Conductivity 


