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ABSTRACT 

The hydrologic system of the Upper San Pedro River Basin is threatened with the 

depletion of surface water flow in the San Pedro River. The decrease in agricultural pumping 

in the San Pedro National Conservation Area (SPRNCA) from the late 1980s to mid 1990s 

did not increase baseflow in the San Pedro significantly. A four-season model with seasonal 

variations in agricultural pumping, inflow from Government Draw, and ET was developed 

for two purposes: 1) to better understand the hydrologic system and provide potential 

explanations for observed baseflow trends and 2) to assist with future management of the 

SPRNCA. 

The steady oscillatory model reasonably simulated heads in baseflows observed in the 

late 1930s to early 1940s. The conceptual model showed higher stream leakages during 

season 3 than in season 2, but the model simulated greater leakage in season 2. The variations 

in flows from season to season may be better reproduced with varying channel geometry for 

each season. 

The transient model covered the 1941 to 1995 period and was calibrated with respect 

to ET from 1987 to 1995. Calculations ofET and groundwater discharge along the San Pedro 

revealed some interesting results. Both ET and groundwater discharge near Palominas 

decreased significantly from the late 1980s. Near Charleston, groundwater discharge shows 

a decreasing trend but ET shows an increasing trend. Near Tombstone, baseflow shows a 

slight decrease and relatively constant ET. 

Though the model predicts head distributions relatively well, baseflows are 

overpredicted during periods of low flows. The total modeled inflows into the basin are 



13 

contributing to the inability of the model to simulate baseflows, and the model needs to be 

calibrated with respect to baseflows between Palominas and Lewis Springs. 



CHAPTER ONE 

INTRODUCTION 
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Water users in the Upper San Pedro Basin pump groundwater and divert stream water 

to supply municipal, agricultural, and industrial needs, adversely affecting the hydrologic 

system of the region. Groundwater overdraft has created cones of depression in the basin and, 

despite the lack of significant decline in precipitation, baseflows and minimum flows have 

declined in the San Pedro River since the 1920s (Jackson et al., 1987; Mahan, 1995; Sharma, 

Mac Nish, and Maddock, 1997). Interception of mountain front recharge, which supplies a 

portion of baseflow, climatic changes other than precipitation, and increase in phyreatophytes 

may also be contributing to the decrease of surface water flow and to the declining hydraulic 

head. 

In 1988, the U. S. Congress authorized the formation of the San Pedro National 

Conservation Area (SPRNCA), a federal reserve managed by the Bureau of Land 

Management (BLM). The SPRNCA is a narrow tract ofland enclosing the San Pedro River, 

and extends from Palominas, Arizona to an area upstream of the St. David Diversion 

(FIGURE 1). The perennial river floodplains consist of well-drained soils which previously 

served as agricultural land. All of these agricultural lands were irrigated, some with 

groundwater pumped from the floodplain aquifer, and others by wells tapping into the 

underlying regional aquifer. 

Irrigation ceased in the . SPRNCA after 1988, but baseflows have not risen as 

expected. Several possible explanations for this include an increase in phreatophyte activity, 
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overestimates of historical agricultural pumping, or an increase in capture of groundwater 

from the Sierra Vista-Ft. Huachuca cone of depression. 



f6 
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• '-if Rivers Sierra San Joae 

National Conservation Area 

A BLM Gaging Sites 

FIGURE 1. Location Map of the San Pedro National Conservation Area in the Upper San Pedro Basin 



17 

1.1 Objectives of Study 

The purpose of this study is to examine the effects of the cessation of groundwater 

pumping in the SPRNCA and includes the following objectives: 

(1) Verification of irrigation practices in the SPRNCA before 1988. 

(2) Modification of the Arizona Department of Water Resources (ADWR) 1997 model of 

the Upper San Pedro Basin to include improved estimates of agricultural pumping in 

the SPRNCA from 1986 to 1990 and extension of the model to 1995. 

(3) Incorporation of seasonality into the steady state and transient models. Oscillatory 

solutions for the steady state and transient models are necessary when seasonality of 

boundary conditions are an important modeling issue. In general, evapotranspiration, 

streamflow, mountain front recharge, underflow, springs, and pumping are all 

parameters that may vary on a seasonal basis. Application of yearly averages in a 

modeling effort may result in incorrect capture calculations on a seasonal basis. 

4) Use of sensitivity analysis to determine data needs for upgrading and improving modeling 

for management needs. 

1.2 Study Area 

A region in the Upper San Pedro Basin including Sierra Vista, Huachuca City, Fort 

Huachuca, Palominas, Charleston, Hereford, Fairbank, and a small area in Mexico was 

modeled to simulate the current and past hydrologic conditions (FIGURE 2). The study area 

lies in the Sierra Vista Sub-Basin, which along with the Benson Sub-Basin comprises the 

Upper San Pedro Basin. The model area has an obvious cone of depression in the Fort 
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Huachuca-Sierra Vista area (Putman et. al., 1988), and another was defined in the Huachuca 

City area (Harshbarger, 1974; Schwartzman, 1990). Sierra Vista and Huachuca City rely 

completely on groundwater as their water supply (Vionnet and Maddock, 1992). Agriculture 

is concentrated along the San Pedro River floodplain and is sustained by pumping. 

The San Pedro Riparian National Conservation Area (SPRNCA) was established to 

preserve the plant and animal habitats within the riparian corridor. The region is 

approximately 56,000 acres of a narrow strip of land adjacent to the San Pedro River from 

Palominas to near St. David. 



~ Mountain Ranges 

Highways 

• Major Cities 

'--v--- Rivers 

FIGURE 2. Study Area and Model Grid 
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1.3 Previous Work 

The riparian habitat, an active military base, and concerns of the effects of population 

growth on the hydrologic system have led to extensive studies of the Upper San Pedro Basin. 

The basin was first modeled by the Arizona Water Commission (1974) to characterize 

hydrologic conditions at Fort Huachuca. The region modeled extended from the international 

border to St. David, Arizona, and consisted of a one-layer, unconfined aquifer with a constant 

head boundary representation of the San Pedro River. A relatively coarse, regular grid of 1 

mile x lmile cells defined the system. 

Freethey (1982) developed a more detailed representation of the system to simulate 

general trends in water level declines and responses to basin-wide phenomena. His conceptual 

and numerical model established the basis for subsequent studies in the region. Freethey used 

a model which was the precursor to MODFLOW (Trescott, 1976) to reproduce water levels 

in the region extending from the international border to Fairbank, Arizona. The groundwater 

system was modeled as an upper unconfined aquifer, extending to depths of 1000 feet, and 

a lower confined aquifer. The model grid consisted of irregularly spaced cells. Freethey 

conducted sensitivity analyses with vertical leakance, recharge, and evapotranspiration to 

observe changes in the water budget and simulated heads. 

Villnow (1986) investigated alternative management plans in the Upper San Pedro 

Basin as a multi-objective groundwater management problem. Response function matrices 

were developed from multiple constraints on a one-layer, confined aquifer system 

representation of the basin. 
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The Arizona Department of Water Resources modeled the Upper San Pedro to 

determine ifit qualified as an Active Management Area (AMA) - -a region characterized by 

threatened groundwater supplies due to overdraft, endangerment of property due to land 

subsidence and fissuring, and degrading water quality (Putman et al., 1988). An updated 

version of the Freethey model was used to simulate water levels from 1940 to 1985 and for 

future projections. The model indicated a cone of depression in the Sierra Vista-Fort 

Huachuca area and also predicted that the cone would not intercept the San Pedro River at 

Charleston by the year 2000. Retirement of agricultural land in the Palominas area was 

projected to lead to groundwaterlevel increases (Putman et. al., 1988). 

The United States Army Corps of Engineers (1987) modeled the region to determine 

potential impacts of water use near the Fort Huachuca area with updated evapotranspiration 

and recharge data. Rovey (1989) modeled the entire San Pedro basin from the international 

border to Winkelman, Arizona, an area consisting of 4,920 miles2. 

Vionnet and Maddock (1992) modified the Freethey model by updating data sets and 

incorporating the Prudic Stream-Aquifer package. The model simulated heads from the 1940-

1988 period. The model predicted the cone of depression in the Sierra Vista- Fort Huachuca 

area, but did not indicate a cone of depression near Huachuca City along the Babocomari 

River identified by Harshbarger and Associates (1974). 

The ADWR (1996) expanded their previous model grid to incorporate areas of the 

Republic of Mexico, regions between Sierra Vista and the Huachuca Mountains, and the 

regions to the east near the Mule Mountains. Grid cells ranged from 40 acres to 160 acres. 



22 

The model incorporates the Prudic Stream-Aquifer package and simulates heads from 1940 

to 1990. The ADWR modeling effort is the basis for the present study. 

Statistical analysis of groundwater and surface water measurements collected by the 

BLM from 1987 to 1995 indicate that, despite retirement of agricultural land in the SPRNCA, 

baseflow has not increased in the San Pedro River. This contradiction may be due to 

replacement of the pumping by riparian vegetation water usage, increased capture from the 

Sierra Vista-Fort Huachuca cone of depression, or overestimation of pumping in the 

SPRNCA before 1988 (Sharma, Mac Nish, and Maddock, 1997). 

The Semi-Arid Land Surface Atmosphere (SALSA) program, a study presently being 

conducted by a consortium of federal agencies and universities, will attempt to understand the 

changes in the water balance and ecological diversity in the Upper San Pedro Basin on event, 

seasonal, interannual, and decadal time scales (SALSA Web Page). 
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CHAPTER TWO 
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The Upper San Pedro Basin is located in the Basin and Range physiographic province 

in Arizona, and extends to include a small region in the Republic of Mexico. North/south

trending mountain ranges separated by alluvial basins typify the Basin and Range province 

with the San Pedro basin trending at approximately Nl OW and ranging in width from 15 to 

35 miles (Heindl, 1952). The northern basin divide occurs at "The Narrows", a region slightly 

north of Benson. To the west, the Santa Cruz basin and the Upper San Pedro Basin are 

separated by the Huachuca Mountains, the Mustang, the Whetstone, and the Canelo Hills. 

The eastern basin boundaries are the Tombstone Hills and the Mule Mountains. To the 

south, the basin extends to a region north of Cananea, Sonora, Mexico, near the headwaters 

of the San Pedro River. 

The mountains that flank the basin range in elevation from 4,400 feet to 9,500 feet 

' above mean sea level. The altitude in the valley ranges from 4,800 feet at Cananea to 3,300 

at "The Narrows", north of Benson (Putman et. al., 1988). The San Pedro River flows 

northward through the upper basin and has a length of 90 river miles from Cananea, Mexico 

to Benson, Arizona. The San Pedro has perennial reaches between Hereford and Charleston 

and flows intermittently in other reaches. The river, which has slightly incised the basin, is 

currently in the widening stage, leading to bar formation and accretion of the floodplain 

(ADWR, 1996; Jackson et. al., 1987). The main tributary to the San Pedro in the upper basin, 

the Babocomari River, flows eastward from its headwaters near Elgin, Arizona. 
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2.2 Climate 

The Upper San Pedro Basin has a climate which is characteristic of arid to semi-arid 

regions. Due to its higher elevation, the temperatures rarely exceed 100 °F. The region 

experiences warm to moderately warm summers, with maximum afternoon temperatures in 

the mid-80s to 90s (Sellers and Hill, 1974). Warm days and cool nights are typical in the 

winter .(Sellers and Hill, 1974). 

Annual precipitation in Tombstone ranged from Oto 6 inches in 1957 . . Generally, 

mountain ranges receive more precipitation (Sellers and Hill, 1975). The precipitation in the 

basin is bi-modally distributed into two time periods of heavy precipitation separated by 

periods of relatively low rainfall. FIGURE 3 shows typical precipitation patterns at 

Tombstone and Fort Huachuca (Western Regional Climate Center). Over 70% of the 

precipitation in Benson falls between May and October during convective monsoonal storms; 

during the winter, frontal storms from the west produce 21 % of precipitation (Sellers and 

Hill, 1974). Table 1 summarizes temperature and precipitation data in the Upper San Pedro 

Basin. Pan evaporation has been estimated to be 60-65 inches per year (Arizona State 

University, 1975). 



Station 

Benson 

Fairbank 

Fort 
Huachuca 

Tombstone 

TABLE 1. 
ANNUAL PRECIPITATION AND TEMPERATURE 

IN THE UPPER SAN PEDRO BASIN 
(:from ADWR, 1988) 

Elevation (feet above 
mean sea level) 

Annual Precipitation Temperature (' F) 

Min. Average Max. Min. Average Max. 

3590 4.17 11.53 19.87 6 62.8 113 

3850 4.82 11.66 19.63 • • • 
4664 7.21 15.24 25.57 9 62.2 104 

4610 7.6 13.93 23.82 6 63.7 108 

*Data not available 
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FIGURE 3. Precipitation at Tombstone and Fort Huachuca, 1957 (Western Regional 
Climate Center) 
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2.3 Vegetation and Wildlife 

Basin Floor vegetation in the Upper San Pedro Basin is divided into two distinct 

regions defined by Arid Land Studies (1978). The southern portion of the watershed hosts 

mainly grasslands in the valley floor, including gramma grasses, fluff grass, and three-awns. 

From Hereford to north of Benson, the Chihuahuan desert scrub dominates, including 

creosotebush, tarbush, acacia, ocotillos, and mesquite. In the mountainous regions, subalpine 

and montane forests dominate and, at lower elevations, chaparral and evergreen woodlands 

are found (Brown, 1982). 

Riparian vegetation occurs along the stream channels, including cottonwood (Populus 

freemontii), Gooding Willow (Salix gooddingii), Seep Willow (Baccaris glutinosa), mesquite 

(Prosopis juliflora), and salt cedar (Tamarix chimensis). The perennial river floodplains are 

potentially agriculturally productive, and research indicates water salvage with clearing of 

riparian vegetation (Lacher, 1994). The riparian corridor hosts the most diverse community 

of animals of the various Upper San Pedro habitats. The riparian corridor hosts 41· species of 

amphibians and reptiles, 52 species of mammals, and 275 species of birds (Jackson et. al., 

1987). 

2.4 Geology 

The geology of the Upper San Pedro has been studied extensively, including research 

conducted by Heindl (1952), Brown et al. (1966), Roeske and Werrell (1973), and Drewes 

(1980), Hereford (1993). A representative stratigraphic cross section of the basin is presented 

in FIGURE 4. 
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The mountain ranges within the basin have stratigraphic units ranging in age from pre-

Cambrian to Tertiary and include granitic igneous and metamorphic rock, volcanic 

formations, sedimentary units of limestone, sandstone, shale, conglomerates, and small 

amounts of quartzite (Roeske and Werrell, 1973). These crystalline and consolidated 

sedimentary units also form the basement of the basin and the upper surface of the bedrock 

units may be as deep as 5000 feet. These units are oflow permeability and porosity, except 

where fractured (Oppenheimer and Sumner, 1980). 

FIGURE 4. Representative Geologic Cross-Section across the Upper San Pedro Basin (from 
ADWR, 1996 (modified from Drewes, 1980)). 

The basement is overlain by a stratigraphic unit which consists of semi-consolidated 

sedimentary rocks, including sandstone and conglomerate, which grade into and are 

interbedded with mudstone and siltstone. The beds are strongly tilted and are offset by faults 

having large displacements. In general, the beds are tightly cemented and are of low 

permeability and porosity (Roeske and Werrell, 1973). The Pantano Formation, the 

lowermost unit of the alluvial deposits, is a poor to moderately indurated conglomerate and 

overlies a well-cemented formation of volcanics (U.S. Army Corps of Engineers, 1974). 
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The basin fill deposits unconformably overlie the Pantano formation (Brown, 1966; 

Drewes, 1980). The beds tilt 10-15° towards the center of the basin and are offset by 

northwest-striking faults (Roeske and Werrell, 1973). The basin fill deposits are composed 

of a lower, more consolidated unit, and a younger, semi-consolidated to consolidated upper 

basin fill unit. The lower unit, which has a maximum thickness of 1000 feet in the basin 

center, consists of gravel, sandstone, and siltstone, and the variability of sorting, size, 

materials, and degree of cementation in the unit may have led to a relatively productive 

aquifer in some areas (Putman et al., 1988). 

The upper basin fill unit consists of weakly cemented and compacted clays, gravels, 

sands, and silts, which range in thickness from 50 feet at the mountains to over 1200 feet in 

the valley center (Brown, 1966). The unit grades from permeable fan gravel in the mountains 

to silty and limey clay near Charleston (Brown, 1966). 

The Quaternary floodplain alluvium is the youngest unit in the basin and is composed 

of lenticular beds and mixtures of gravel, sand, and silt along the channel and the floodplain 

of the San Pedro River (Roeske and Werrell, 1973). The unit is up to 150 feet thick in some 

areas; it provides the majority of water for irrigation pumping (Putman et. al, 1988; Lacher, 

1994). Clay units underlie the floodplain alluvium in some regions, creating local regions of 

artesian conditions. These confining units are encountered at depths of greater than 200 feet 

in the Palominas-Hereford area. 



CHAPTER THREE 

SURFACE WATER & GROUNDWATER SYSTEMS 

3.1 Surface Water System 
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The San Pedro River flows northward from its headwaters north of Cananea, Sonora, 

Mexico, to its confluence with the Gila River. The river enters the United States near 

Palominas, Arizona, and the river and its tributaries drain approximately 2,500 miles2 of the 

Upper San Pedro Basin near "The Narrows", of which 696 miles2 lie in Mexico. 

Approximately 36 miles of the river from Hereford to Fairbank are perennial, and most of this 

river reach lies within the SPRNCA. In winter, flow occurs from Hereford to just south of 

St. David. Minimum flows occur during the fall and spring, while maximum flows occur in 

the summer during monsoonal storms and in the winter months after frontal rain events. Other 

reaches of the San Pedro flow intermittently in response to water uses by crops and riparian 

vegetation and to climatic changes (Putman et. al., 1988). 

Flow in the San Pedro River has two major components: baseflow and runoff. During 

storms and after snowmelt, streamflow increases due to runoff and may persist for several 

days until the excess water is lost to basin outflow or bank storage (Vionnet and Maddock, 

1992). During summer monsoons, streamflow may have sharp peaks which quickly return 

to baseflow - - discharge of groundwater to the stream. Stream reaches from Hereford to 

Charleston maintain perennial flow due to baseflow and to geologic constrictions in the 

subsurface, which force water from the subsurface into the stream. 

Tributary flow into the San Pedro is usually a result of runoff activity as most of the 

tributaries are ephemeral at their confluence with the San Pedro. Factors controlling tributary 



30 

inflow due to runoff include watershed size, elevation, relief, soil type, vegetation cover, 

distance from the San Pedro River, and nature of stream channel material (Putman et al., 

1988). The Babocomari River, a major tributary to the San Pedro River, enters the San Pedro 

River south of Fairbank, Arizona. It drains the Mustang Mountains, the Canelo Hills, and 

northeastern and northwestern flanks of the Huachuca Mountains. The Babocomari is 

perennial in two reaches: (1) at its headwaters near Elgin, Arizona; and (2) near a geologic 

constriction, which lies between Section 26, Range 20 East, Township 20 South, and Section 

18, Range 21 East, Township 20 South which forces baseflow into the stream (Schwartzman, 

1990). Other tributaries of the San Pedro River which provide perennial flow include Miller 

Canyon, Ramsey Canyon. Flow from Canelo Hills discharges in to the Babocomari River. 

Annual average tributary runoff into the San Pedro River is estimated at 35,800 acre-feet 

between Palominas and The Narrows (Putman et. al., 1988). 

Seepage studies by the USGS in 1969 and 1970 indicate that the San Pedro loses 

streamflow at a rate of 1. 7 cfs from the international border to Palominas and gains flow at 

a rate of 8.5 cfs from Palominas to Charleston. Baseflow increases near Charleston due to 

bedrock constrictions and decreases from Charleston to the mouth of the Babocomari near 

Fairbank (Freethey, 1982; Putman et. al., 1988). 

Four stream gauging stations have been established on the San Pedro River in the 

Upper San Pedro Basin, including Palominas, Charleston, Benson, and Tombstone. The 

USGS currently maintains stations at Charleston and Tombstone. The International Boundary 

and Water Commission maintains the gauge at Palominas. The cumulative gauging period 

record for all four gauges ranges from 1931 to the present time; however, all four were 
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simultaneously operational only during the 1968-1976 period. Annual flows are erratic, but 

all gauges show similar tendencies in changes in flow (Putman et. al., 1988). 

Records of runoff volumes for the 1931-1985 period indicate no major trends in 

runoff volumes (Jackson et. al., 1987). Table 2 shows average annual runoff for streamflow 

gauging stations for the common period of 1968-1976 (ADWR, 1990). 

Gaging Station 

Palominas 

Charleston 

Tombstone 

Benson 

TABLE 2. 
AVERAGE ANNUAL DISCHARGE 

(1968-197 6) 
(after ADWR 1990) 

Average Annual Discharge 
(acre-feet) 

17,000 

28,000 

29,700 

23,400 

Runoff 
( ac-ft/yr/sq-mi) 

22.9 

23 

17.1 

9.4 

Monthly flows at Palominas, Charleston, and Tombstone fluctuate between near zero 

to thousands of acre-feet. Flows show seasonality and high variability (Vionnet and Maddock, 

1992). 

Regression analyses have been performed by Putman et al (1988), Karsten (1990), 

and Sharma, Mac Nish,and Maddock (1997) on flow at Charleston in order to estimate flows 

in other reaches of the San Pedro River. 
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The Bureau of Land Management (BLM) has measured groundwater levels in wells 

in the floodplain alluvium and surface water flows along the San Pedro River since 1987. 

Surface water data were collected at the international border, Palominas, Hereford, Lewis 

Springs, Charleston Bridge, Charleston Hills, Fairbank, Tombstone, and Summers. A 

regression using the USGS Charleston Bridge gauge data and the BLM data sets reproduced 

daily flows at each site. Generated flows at all sites indicated that the frequency of low flows 

has either increased or remained relatively constant from 1987 to 1994. Flow has increased 

in the reach from Hereford to Lewis Springs, but decreased from Lewis Springs to Charleston 

Bridge, indicating that retirement of agriculture between Hereford and Lewis Springs has 

increased baseflow, and another sink may be intercepting flow between Lewis Springs and 

Charleston (Sharma, Mac Nish, and Maddock, 1997). 

3.2 Surface Water Uses 

Evaporation, phreatophyte activity, recharge to the groundwater from the stream, 

pumping and direct diversion, and basin outflow, reduce surface water flow, whereas storm 

runoff, groundwater discharge to the stream, retirement of agricultural pumping, and seasonal 

reductions of water usage by phreatophytes increase surface water flow. 

Although evaporation from the stream channel is minimal, evaporation from the bare 

soil along the stream course leads to significant water loss, depleting near-surface storage. 

Evapotranspiration is the largest natural consumptive use in the basin (Table 3). Phreatophyte 

roots extend to the water table or to the saturated capillary zone (Brown and Lowe, 1978) 

and extract water from the water table (Table 3). In areas where the phreatophytes consume 
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the groundwater discharge to the stream, stream water infiltrates to equilibrate the decline in 

the water table. Both capture of groundwater discharge and infiltration of surface water flows 

tend to decrease surface water flows in areas of active phreatophyte transpiration. 

TABLE 3. 
TOTAL CONSUMPTIVE USE BY EVAPORATION AND EV APOTRANSPIRATION 

IN THE UPPER SAN PEDRO BASIN 
(acre-feet/year) 
ADWR(1990) 

Riparian 33,015 

Perennial Stream 265 

Barren Soil in Stream Channel 1,314 

Total 34,648 

3.3 Groundwater System 

The groundwater system is represented as two separate aquifers: the regional aquifer 

and the floodplain alluvial aquifer. The underlying regional aquifer is comprised of the upper 

and lower basin fill units, which are hydraulically connected and up to 1500 feet thick. The 

floodplain alluvial aquifer mainly provides the baseflow to the river, but in areas of geologic 

constrictions, water from the regional aquifer directly enters into the stream (ADWR, 1990). 

The regional aquifer underlies most of the basin and has an area of approximately 1200 

miles
2 

in the Upper San Pedro Basin (Arizona Water Commission, 1974). The majority of 

recharge to the regional aquifer occurs as mountain front recharge and is estimated at 4000 

(Harshbarger and Associates, 1974) to 5000 acre-feet per year (Freethey, 1982) in the 

Huachuca Mountains. The ADWR (1997) estimated that around 15,000 acre-feet ofrecharge 
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occur along the Huachuca Mountains, the Mule Mountains, portions of the Tombstone Hills, 

and the Sierra San Jose in Mexico. Stream leakage constitutes a second, less significant 

recharge to the regional aquifer. Direct infiltration due to precipitation on the basin floor is 

regarded as negligible due to the high evaporation and low precipitation rates (Freethey, 

1982). Estimates of underflow from the Mexican border range from 700 to 3,400 acre-feet 

(Freethey, 1982). The ADWR (1997) calculated that approximately 3,000 acre-feet of 

underflow passes through the southern boundary of the model grid. 

The hydraulic conductivity and storage coefficients of an aquifer system are used to 

determine regional groundwater flow rates, aquifer storage volumes, and effects of a pumping 

well on an aquifer. Transmissivity values for the regional aquifer range from 4,000 to 8,000 

ft2/day representing the average values of the entire upper basin (Putman et. al., 1988). 

Unconfined aquifer specific yields range from 0.02 to 0.15, and confined storativity values are 

on the order of lOE-5 (Freethey, 1982). The total volume of water stored in the regional 

aquifer is around 31.7 million acre-feet of water in the Sierra Vista Sub-Basin (Putman et. al., 

1988). 

Groundwater flows towards the San Pedro River or north, paralleling river flow in 

areas adjacent to the river. Two major factors affecting groundwater flow direction in the 

regional aquifer are the cone of depression in the Sierra Vista-Fort Huachuca area and the 

geologic bedrock constrictions which force water in the regional aquifer into the stream as 

surface water flow ( e.g. Charleston). 

Artesian conditions occur in regions where a local confining bed lies between the 

upper basin fill and the floodplain alluvium. Artesian conditions have been noted near the 
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Palominas-Hereford area and more recently in the Lewis Springs region (Poole, oral 

communication, 1997). Artesian pressure has been decreasing in these wells due to pressure 

release from pumping and allowing the wells to flow. 

The alluvial aquifer is a long, narrow shallow aquifer adjacent to and beneath the San 

Pedro River, and along portions of the Babocomari River. The aquifer is comprised of the 

floodplain alluvium unit, with thickness ranging from 40 feet to 150 feet (Roeske and Werrell, 

1973). The width of the aquifer ranges from less than a few hundred feet to several miles in 

the floodplain aquifer and covers a 35,055-acre area (Putman et. al., 1988). The 

unconsolidated nature of the soils leads to an aquifer with high porosity and permeability, with 

transmissivity ranging from 1,000 to 8,000 fl:2/day. The floodplain aquifer stores 

approximately 0.159 million acre-feet of water in the Sierra Vista Sub-Basin, and specific 

yield of this unconfined unit varies between 0.05 to 0.15. 

Near the river, groundwater flows parallel to the river, and recharge to the aquifer 

occurs from underflow, upward leakage and lateral flows from the regional aquifer, 

streamflow infiltration in losing reaches, and return flow from irrigation (Putman et al., 1988). 

Although the water levels in the aquifer show seasonal trends, there have been no long-term 

changes in the water level. 

Other small aquifers occur in the crystalline bedrock that has been sufficiently 

fractured. Perched aquifers are' not common in this watershed; however, one occurs in the 

pediments of the Fort Huachuca Mountains (Harshbarger and Associates, 1974). 
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3.4 Groundwater Uses and Groundwater-Surface Water Interaction 

Groundwater pumping for agriculture and municipal, industrial, and military needs is 

located in two separate zones. Phreatophytes and agricultural pumping constitute the majority 

of consumptive water use in the floodplain aquifer (Putman et. al., 1988). In the Palominas

Hereford area wells which supply water for agriculture primarily consist of shallow wells 

which penetrate the floodplain aquifer. The Sierra Vista-Fort Huachuca well fields supply 

water for municipal, military, and industrial needs, relying mostly on wells in the regional 

aquifer. These wells may be up to 1500 feet deep. 

Groundwater pumpage has increased since the 1940s, peaked in the 1980s, and has 

declined slightly since the 1980s. Heindl (1952) reported pumpage of 21,000 acre-feet of 

water, but failed to state which year this amount represented. Groundwater pumping was not 

otherwise recorded until 1966. From 1968 to 1986, water levels declined from 0.3 to 0.5 

feet/year in areas outside the population centers, and around 1. 4 ft/yr in the Sierra Vista area 

(Putman et al., 1988). Prior to 1966, water level declines in all areas were assumed to be 0.3 

to 0.5 feet/year (Putman et. al., 1988). The cone of depression around the cities of Sierra 

Vista and Fort Huachuca is approximately four miles long and 2.5 miles wide (Putman et al., 

1986). The region characterized as lying within a 25-mile radius around Sierra Vista has 

shown declines in groundwater in the range of0.4 to 3.9 feet/yr with an average of 1.4 ft/yr 

(Putman et al., 1986). Another cone of depression was reported in the vicinity of Huachuca 

City along the Babocomari River, paralleling the river channel (Harshbarger and Associates, 

1974) and has been verified by Schwartzman (1990). 
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Wells in the Palominas-Hereford area declined from 0.4 to 0.8 feet/year from 1968-

1986, but their proximity to the river prevents water levels from falling substantially (Vionett 

and Maddock, 1992). Water levels in wells close to the river exhibit seasonality and variability 

in water levels. Brown (1966) attributed some of the groundwater declines to the water table 

adjusting to the lower level of the riverbed, a result of downcutting of the San Pedro during 

the late 1800s. Groundwater pumpage is not solely responsible for the water level declines, 

except in the Sierra Vista area (Putman et. al., 1988). 

The floodplain aquifer provides the medium for surface water-groundwater 

interactions. The effects of pumping on surface water flow depend on the location and depth 

of the well, the hydrogeologic conditions near the well, the well discharge rate, and the 

pumping duration (Putman et al., 1.988). Freethey's model (1982) predicted that 29°/o of the 

total volume pumped was derived from streamwater flow, whereas Vionnet and Maddock 

( 1992) predicted that 40% of pumped water came from streamflow. 
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CHAPTER FOUR 

FLOW MODEL 

Three-dimensional groundwater flow under non-equilibrium conditions and constant 

water density in a heterogeneous and anisotropic medium, of spatial domain n, can be 

described by the following partial differential equation: 

V • [K(x) • V h(x, t) J - S, (x)°h:, t) W(x, t) (1) 

and is subject to the following initial and boundary conditions to produce a temporally and 

spatially varying head distribution: 

h(x,O) = H 0 (x) (2) 

where, h (L) is hydraulic head 

K is the hydraulic conductivity tensor 

x represents the x, y, z Cartesian coordinate system 

W (f1
) is volumetric flux per unit volume and represents sources and/or sinks 

s. (L-1
) is specific storage of the porous material 

q is the specific discharge (Lf1
) 

r is a boundary in the domain n 
n is the vector normal to the boundary r (0) 

II., is a prescribed head (L) 

Qi, is prescribed flow per unit surface area of the boundary r (Lf 1) 



The coefficient Cb (f1
) controls the flow conditions on a boundary r: 

(a) if cb=O, a cell has a prescribed flux boundary 

(b) if Cb=co, a value much larger than other terms in the equation, then the boundary is a 

prescribed head boundary 

( c) if Cb is otherwise, the boundary is a head-dependent boundary 
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Except for simple systems, analytical solutions for ( 1) are not feasible, and numerical 

methods must be used instead. The Modular Three-Dimensional Finite Difference 

Groundwater Flow Model (MODFLOW) solves for head by a backward difference, block

centered approach (McDonald and Harbaugh, 1988). Flow into and out of each model cell 

is equal to the rate of change in storage within the cell. 

A modular structure allows incorporation of a series of packages within MOD LOW 

which affect changes in head within the aquifer, including recharge, stream-aquifer interaction, 

evapotranspiration, and pumping wells. The streamflow routing package (Prudic, 1989) limits 

the amount of groundwater recharge from a stream to the available streamflow and allows 

stream reaches to dry and rewet and route flow to downstream river segments. 

4.1 Model Characteristics 

The numerical and conceptual models of the Upper San Pedro were developed by the 

ADWR ( 1996) and revised for the present study. A seasonality approach is used for model 

development. The seasonal conceptual model is discussed further in the next chapter. The 

model period covers the 1940-1995 period. 
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The finite difference grid consists of a three-layer system divided.into 72 rows and 67 

columns (FIGURE 2). The model domain, 22 miles in the east-west direction and 32 miles 

in the north-south direction, covers an area from six miles south of the International Border 

to Fairbank, Arizona. The model area is bounded on the east by the Mule Mountains and the 

Tombstone Hills, the Huachuca Mountains on the west, and the Sierra San Jose Mountains 

on the south. The grid is oriented in a northwest-southeastern direction, paralleling the San 

Pedro River. Smaller area cells provide higher resolution along the San Pedro and 

Babocomari rivers, in the Fort Huachuca-Vista area, and along the mountain fronts with steep 

hydraulic gradients. Model cell sizes range from 40 acres to 160 acres. 

4.2 Aquifer Characteristics 

Three layers represent the groundwater system in the Upper San Pedro Basin. The 

first hydrologic unit, the Floodplain Alluvium Unit (F AU), includes the floodplain alluvium 

of the Babocomari and San Pedro rivers. Evapotranspiration, most of the stream-aquifer 

interaction, and agricultural pumping are simulated within this layer. The Basin Fill Unit 

(BFU) comprises the second layer and represents the regional aquifer. The upper basin fill and 

uncemented portions of the lower basin fill unit form the BFU. The Pantano Formation and 

cemented portions of the lower basin fill unit form the third layer, the Conglomerate Unit 

(CU). Thickness of these units (Table 4) was determined from structure contour maps 

(ADWR, 1996; Roeske and Werrell, 1973; drillers' logs submitted to the ADWR; Brown et. 

al., 1966; and recent gravity anomaly data from Gettings and Houser, 1994). 



TABLE 4. 
TIIlCKNESS OF UNITS OF MODEL 

(ADWR, 1996) 

Model Hydrologic Unit Thickness Range (feet) 

FAU 10 to 65 

BFU 12 to 1125 

cu 15 to 1340 

4.3 Hydraulic Properties 
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Hydraulic conductivity values in the three layers were determined primarily from flow 

net analysis of the 1940 steady-state water level map and from saturated thickness of the three 

layers in 1940 (ADWR, 1996). The first layer is modeled as an unconfined unit, and the 

bottom two layers have the option of switching from confined to unconfined, depending on 

changes in head within a particular cell. The conductivity of each layer is tabulated below. 

TABLES. 
CONDUCTIVITY OF UNITS OF MODEL 

(ADWR, 1996) 

Model Hydrologic Unit Conductivity (ft/day) 

FAU 40 

BFU 0.1 to 20 

cu 0.1 to 20 

The specific yield and specific storage values used in the model are taken from 

published data (ADWR, 1996). The table below indicates specific storage and specific yield 

values used for each layer. 



TABLE 6. 
STORATIVITY & SPECIFIC YIELD OF UNITS OF MODEL 

(ADWR, 1996) 

Model Hydrologic Unit Specific Storage (L"1
) Specific Yield (-) 

FAU • 0.15 

BFU IOE-5 0.08 

cu IOE-5 0.08 
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Leakage between the first and second layers and between the second and third layers 

was incorporated into the model using VCONT values determined from ratios of vertical to 

horizontal hydraulic conductivity (ADWR, 1996). 

TABLE 7. 
VERTICAL CONDUCTANCE BETWEEN MODEL UNITS 

(ADWR, 1996) 

Model Hydrologic Unit V ertical:Horizontal K ratio VCONT (ft/day) 

FAU 10:1 
IOE-3 to IOE-7 

BFU 100:1 IOE-3 to IOE-7 

cu 40:1 

4.4 Mountain Front Recharge 

Mountain front recharge (MFR) is simulated along the Huachuca Mountains, the 

Sierra San Jose Mountains, the Mule Mountains, and the Tombstone Hills. MFR values were 

obtained from steady state (1940} baseflow analysis of the San Pedro and Babocomari rivers, 

under the assumption that baseflow during the winter represents recharge from precipitation 

along the mountain fronts (ADWR, 1996). Mountain front recharge provides the primary 

source of water into the system. The ADWR estimated a value of 15,000 acre-feet per year 
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of water for MFR and distributed this value along the mountain fronts based on both the 

annual precipitation in each area and the areal coverage over bedrock areas. The western 

portion of the basin contributes two-thirds of recharge, and the eastern portion contributes 

the remainder. The same values of mountain front recharge were used for the steady state and 

transient models. 

Mountain front recharge is not treated as a seasonal process in the model, although 

precipitation vanes seasonally. This is due to the relatively slow rate of groundwater 

movement which dampens the effects of rainfall variability over time (Maddock and Vionnet, 

1997). 

4.5 Evapotranspiration 

ET occurs along streams where shallow water tables allow riparian vegetation and 

agricultural crops to make use of the available water. The evapotranspiration (ET) flux is a 

head-dependent process which is calculated by the model from specified parameters, the ET 

surface, a maximum ET rate, and an extinction depth. ET varies linearly from the maximum 

ET rate at the ET surface to zero at the extinction depth. The model ET extinction depth 

occurs at 10 feet below the ground surface in the F AU unit. 

The maximum ET rate was determined by subtracting summer baseflows from winter 

baseflows. This difference represents ET from riparian vegetation and agricultural crops, a 

seasonal increase in evaporation from the channel and bare soil, and agricultural pumping. 

This value is lower than calculated in other studies because it determines only the effects of 

ET on the groundwater and ignores the ET occurring in the vadose zone. This lower ET 
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should provide better baseflow values. However, the method used by the ADWR still 

overestimates ET because this amount includes effects of agricultural pumping as well as 

channel evaporation. 

ET is distributed mainly in the first layer along the San Pedro and Babocomari rivers. 

ET seasonal scaling factors (FIGURE 5) were determined from a study conducted along the 

Santa Cruz River (Shuttleworth et. al., 1996). The study determined that ET from the vadose 

zone as well as from the water table. ET peaks in Season 3, and is most of the ET occurring 

during this season is due to the increase in runoff from monsoon storms. This is a source of 

error for the present mode~ as it is intended to simulate only the ET derived from baseflows. 
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FIGURE 5. ET Scaling Factors, Steady Oscillatory and Transient Models 
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4.6 Underflow 

Underflow into the model grid was simulated usmg the Recharge Package. 

Approximately 3,000 acre-feet of water enter from Mexico. Most of the flow along the 

northern model boundary parallels the boundary, and no groundwater outflow is assumed, 

except through a relatively narrow region at the northern boundary. Subsurface outflow exits 

the hydrologic system at a rate of 440 acre-feet/yr (ADWR, 1996). A constant flux boundary 

was used to model subsurface outflow. The General Head Boundary Package was used to 

determine whether seasonality affected subsurface inflow, and is discussed further in the 

steady state model analysis. 

4. 7 Streamflow 

Streamflow was modeled using the Prudic Stream-Routing Package. The San Pedro 

and Babocomari rivers were divided into five segments (ADWR, 1996). The first segment 

includes flow from south of the international border to below the inflow from Government 

Draw. Segment 2 includes inflow from Government Draw into the San Pedro. Segment 3 

combines flow from Government Draw and the first segment of the San Pedro and extends 

to the inflow from the Babocomari River. Segment 4 models the Babocomari River. Segment 

5 combines segment 4 and segment 3 and extends to the northern model boundary. 

, 4. 7 .1 Baseflow Analysis 

The ADWR performed baseflow analysis to detennine mountain front recharge to the 

system and also to determine the amount of water consumed during the growing season due 
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to evapotranspiration and pumping. The following discussion was adapted from ADWR 

(1996). USGS daily mean flows at Palominas, Charleston, and Tombstone were plotted on 

a monthly basis for various time periods: 1935-1940, 1951-1956, 1958-1963, 1968-1973, 

1976-1981, 1981-1986, and 1986-1991. 

The steady state baseflow analysis indicated that baseflow from the model boundary 

to Palominas was approximately 7. 5 cfs, an amount assumed to be equal to the regional 

groundwater discharge upstream of the Palominas gauge. This reach loses 2.9 cfs to riparian, 

agricultural, and channel evaporation demands. The Palominas-Charleston reach is a gaining 

reach, with net flow of9,500 acre-feet of flow, some of which is attributed to water flowing 

directly from the regional aquifer into the river due to bedrock constrictions. The Charleston

Tombstone reach received 9,470 acre-feet of flow from upstream as well as 2,600 acre-feet 

of flow from the groundwater discharge to the Babocomari and San Pedro rivers. Riparian 

and evaporative losses totaled 2,500 acre-feet from this reach. No agricultural activity occurs 

in this region. About 9,540 acre-feet ofbaseflow and underflow are associated with the San 

Pedro River discharge from the model area. 

The transient baseflow analysis indicated that average baseflows have declined. At 

Palominas, average baseflow decreased from 3,300 acre-feet per year in steady state to less 

than 1,000 acre-feet for the 1951-1980 period, but the ADWR (1996) predicted an increase 

in discharge to 1,900 acre-feet per year from 1981 to 1986. At Charleston, the average 

streamflow decreased from about 9,500 acre-feet per year to 4,800 acre-feet per year. Table 

8 summarizes baseflow gains and losses. 
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Transient baseflow analysis was conducted by the author from 1987 to 1995 using 

data obtained from the USGS, m & WC and from data generated at Tombstone by regression 

analysis (Sharma, Mac Nish, and Maddock, 1997). Flow at all reaches declined, but have 

increased slightly at Tombstone. The decrease in flow was most significant at Palominas. 

Table 8 
Baseflow Gains and Losses (Ac-Ft/yr) 

(Modified from ADWR, 1996) 

a b C d e f g h i j 

Year GW GW Palominas GW GW Charleston GW GW Tombstone 
Discharge Use Baseflow Discharge Use Baseflow Discharge Use Baseflow 

193S-40 S424 2085 3335 9763 3621 9470 2600 2800 9238 

19Sl-S6 2S31 1474 10S7 7412 2734 S73S 2600 2S00 S767 

19S8-63 1807 1002 sos 8136 2609 6332 2600 2900 6003 

1968-73 1446 872 S74 9401 3392 6S83 2600 3S12 S671 

1976-81 1446 916 S30 7995 2831 S648 2600 3127 S127 

1981-86 4300 2400 1900 72S0 4400 47S0 2600 900 64S0 

1987 3873 1685 2182 7818 4SS4 S44S 2600 • • 
1988 1410 475 93S 7300 28S0 S38S 2600 3303 4682 

1989 3103 1494 1609 7844 4368 S067 2600 3386 4281 

1990 688 141 S47 6S1S 2615 4S07 2600 30S6 40S1 

1991 1792 678 1114 S986 2401 4699 2600 3671 3628 

1992 721 315 406 6740 2672 4474 2600 3027 4047 

1993 1677 648 1029 6742 3121 4649 2600 3091 41S8 

1994 780 329 4S1 76S7 3178 4930 2600 3344 4186 

1995 • • • 7S21 • S190 2600 3093 4636 

**b-c=d; d+e-f=g; g+h-i=j 
•• Average values for the 1968-86 period for Charleston-Tombstone reach were used for the period 1935-63. GW 
discharge represents the winter baseflows as an annual total. GW Use represents the abstractions of pumping, 
near-stream pumping from baseflow, evaporation, and evapotranspiration. 
• Not available 



48 

4. 7 .2 Calculation of Stream Flow at Government Draw 

Streamflow is calculated by the model, but flow in the first reach of each segment 

must be specified. Flow at the first reach of both the Babocomari and San Pedro rivers is set 

at O cfs. Flow at Government Draw is set at an average of 43,200 feet3/day for both the 

transient and steady oscillatory models. Inflow at Government Draw is varied according to 

seasonal multiplication factors determined from flow variation at Charleston Bridge during 

the 1936 to 1940 period (FIGURE 6). The seasonalization of this parameter may also be a 

source of error in the model because it represents groundwater discharge to a specified reach. 

The mountain front recharge determines the amount of groundwater discharge to a reach, but 

this parameter is not seasonalized because of the dampening of the effects of seasonality as 

it approaches the river. However, this error is not significant because the inflow from this 

reach is small. 
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FIGURE 6. Scaling Factors for Flow at Government Draw, Steady Oscillatory and Transient 
Models. 

4.7.3 Streambed Conductance 

The Prudic package (1989) was used to model stream-aquifer interaction. The 

assumptions of the package include the following: 

1) Rectangular channel for which the width of the channel is greater than the depth 

2) Partially penetrating stream 

3) Instantaneous availability of stream water entering the model to downstream reaches 

4) Leakage from the stream into the aquifer is instantaneously available to the aquifer 

(valid for cases in which the thickness of the unsaturated zone between the stream bed 

and the aquifer is not large. 



Stream stage is computed assuming incompressible steady flow in the stream at 

constant depth and using the manning formula: 

where Q (L3 IT) is stream discharge 

n (dimensionless) is the Manning's roughness coefficient 

A (L) is the cross sectional area of the stream 

R (L) is the hydraulic radius 

S (LIL) is the slope of the stream channel and 

C (L113/T) 

The cross-sectional area and the hydraulic radius for a rectangular channel are 

defined as the following: 

A=WD, where Wis the channel width and Dis channel depth 

R = AIP, where P is the wetted perimeter, for a rectangular channel, P =bottom 
width+2*sides of the channel 
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The streambed conductance, defined below, is specified for each reach and must be 

input into the model; the stream-aquifer package does not calculate varying conductances: 

CSTR=KLW 
M 

where K is the hydraulic conductivity of the streambed 

L is the length of the reach 

W is the width of the reach, and 

M is the thickness of the streambed 
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With variations in streamflow during the wet and dry seasons, the wetted 

perimeter of the stream increases or decreases due to the change in baseflow. During the 

monsoon season and the winter storm season, baseflows in the Upper San Pedro increase, 

and streambed conductance also increases. During the drier seasons, streambed 

conductances decrease. This variation in conductance can be varied seasonally to 

reproduce more accurate values in baseflow. 

Streambed conductances were varied on a seasonal basis, and the sum of the 

seasonal streambed areas for each reach was equal to the annual average streambed area. 

Only one set of streambed scaling factors was investigated. The method reproduced 

streamflows better than the steady oscillatory model, but the closure criteria for the steady 

oscillatory model was not satisfied ( see Results Section, Chapter 5), and may be due to the 

choice of the scaling factors. A different set of scaling factors may produce a more suitable 

steady oscillatory solution. 

Streamflow varies considerably during seasons 2 and 3, and is more consistent 

during seasons 1 and 4. A seasonal model incrementing season 2 and 3 in smaller intervals 

may produce more realistic flows. 

The stream-aquifer package assumes a rectangular channel shape for which the 

channel width is greater than depth. However, this shape may not be an accurate 

representation of the Babocomari and San Pedro Rivers at all times of the year. Channel 

shapes are shown below include semicircular, trapezoidal, and triangular. Further study 

involving modeling the stream with a different channel shape may aid in simulating 

baseflows. 
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Trapezoidal Semi-Circular Triangular Rectangular 

FIGURE 7. Examples of Channel Shapes 

4.8 Groundwater Pumping 

Groundwater pumping in the model region occurs either on a relatively constant basis 

for municipal, military, industrial, and domestic uses, or on a seasonal basis for agricultural 

activity. Municipal, industrial, and military pumping occurs in Sierra Vista, at Fort Huachuca, 

in Huachuca City, Tombstone, and near Bisbee. Agricultural pumping occurs mainly along 

the river, and domestic pumping occurs in both areas. 

Pumping data were compiled from many sources. Pumpage data from 1941-1977 

were taken from Freethey (1982). Pumpage data from 1978-1986 were modified from work 

done by Putman et al. (1988). Pumpage data from 1987-1988 were modified from the 

Hydrographic Swvey Report of the Upper San Pedro Basin (1990). Pumping data from 1988-

1990 were collected by the ADWR from the Arizona Corporation Commission, 

communic.ation with Rovey ( 1996), and communication with the various cities and 

municipalities. Industrial, municipal, and military data for the 1990-199 5 period were 

determined from the Arizona Corporation Commission records and communication with Fort 

Huachuca. Total pumping per year is presented in FIGURE 8. The increase in pumping in the 

early l 990's is due to increase in municipal demand. 
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Agricultural pumping from 1986-1995 was estimated from cropped areas visible on 

a Landsat image. Domestic wells near the river and agricultural pumping were modified with 

the seasonal scaling factors (FIGURE 9). It was assumed that the domestic wells located 

next to river were likely to be used for agricultural purposes. Domestic wells were identified 

as those which pumped from 0.5 to 3 acre-feet per year. Usually, data for domestic wells is 

not recorded, and this type of pumpage was estimated by the ADWR (1996). Domestic 

pumping for the years 1991 to 1995 was maintained at the same rate as 1990 as the increase 

of this type of pumping was not assumed to increase significantly from the 1990-1995 period 

(Putman, personal communication, 1997). The majority of this seasonalized pumping occurs 

in seasons 2 and 3. Agricultural pumping is discussed further in the Transient Model Section. 
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FIGURE 8. Total Modeled Pumpage for the Upper San Pedro Basin, 1941-1995 
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CHAPTER FIVE 

MODEL SIMULATION & RESULTS 

5.1 Steady Oscillatory Model (1940) 

Annual models provide solutions that are the average of conditions throughout the 

year. In general, heads and baseflows do not remain static for the year and change on a 

seasonal basis. Seasonal model solutions can be obtained by varying parameters over time 

periods defined as seasons. The length of a season depends not only on the modeled basin 

but also on the desired accuracy. Conditions for the season are assumed to remain static, 

and the model result is average of the field observations for a particular season. 

Naturally occurring discharge and recharge equal one another for steady state 

models. No water from storage enters the aquifer. After development of basin models, the 

inflows into the system may not equal the natural discharge and pumping of water from 

the aquifer. Water from storage and capture, which is the increase in recharge into or 

decrease in discharge from a model, provide for the excess outflow from the basin. 

The steady oscillatory model is a type of transient model for which the flow from 

storage during high stress periods cancels the flow to storage from the aquifer during low 

stress periods. The mass balance equations below convey the differences between steady 

state, transient, and steady oscillatory models. 

Steady State Transient Steady Oscillatory Model 

R-D=O R-D=AS/At L R-L D = L AS/At=O 
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Where R is recharge, D is discharge, and S is storage. 

The steady oscillatory model was developed to simulate heads and fluxes on a 

seasonal basis, to account for periodic boundary conditions, and to calculate capture per 

season. Use of steady state solutions for transient runs produces errors in capture 

calculations. With a steady oscillatory model, seasonal heads and fluxes repeat on a cyclic 

basis (Maddock and Vionnet, 1996), but there is no net gain or loss in storage over a cycle. 

Recharge dominates in the wet season and discharge in the dry season. An oscillatory solution 

is obtained when one or more of the possible boundary conditions on the groundwater flow 

equation are periodic and includes the periodic behavior of mountain front recharge, 

evapotranspiration, groundwater and surface water interactions, and subsurface inflows and 

outflows. An oscillatory solution is a transient solution, requiring initial conditions. The 

transient disturbance produced by the starting of oscillations diminishes as time increases, 

leading to two separate portions of the transient solution: (a) a non-periodic portion which 

dies away after some time, and (b) a periodic portion which represents the steady oscillatory 

solution (Maddock and Vionnet, 1996). 

A simple closure criterion for termination of the cycles is as follows: 

N1 

''fJR;At) 
; -1 <e 

N1 

"'£(D;At) 
i 

where Ri and Di are the recharge and discharge in the ith season, respectively, and e is the 

accuracy parameter. The number of cycles required to satisfy the accuracy parameter depends 

upon whether the system is confined or unconfined, the type and location of boundary 
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conditions, the parameters of the partial differential equation, the boundary conditions, grid 

size, number of layers, stress period length, convergence criteria, and the value of the 

accuracy parameter (Maddock and Vionnet, 1997). 

The accuracy parameter, e, was arbitrarily chosen for this project at 0.0002. The 

steady oscillatory solution was obtained after less than 10 cycles (FIGURE 10). A total of 60 

cycles were run in order to obtain the final steady oscillatory heads. Inflow from storage 

ranged from a high of greater than 7 cfs during the first cycle to less than O. 003 cfs in the 60th 

cycle (FIGURE 11 ). 
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FIGURE 10. Epsilon vs. the Number of Cycles, Steady Oscillatory Model 
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5.2 Definition of the Seasons and Conceptual Model 

50 60 

The first step in developing a steady oscillatory model is the development of the 
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conceptual model. The conceptual model is used to determine not only which parameters 

will vary seasonally but also the extent that seasonality of a parameter is a factor in the 

model solution. The parameters are chosen depending on the modeled basin. 

A steady state annual model is modified to incorporate the seasonal variations. The 

average annual rates of inflows and outflows are varied depending on whether the season is 

wet or dry. Seasonal scaling factors are multiplied by the annual average rate to give the 

seasonal rate. The seasonal scaling factors must satisfy at least the two conditions specified 

below: 

1) The scaling factors for a specified parameter must reflect conditions observed in the field 
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of increasing or decreasing flux. 

2) The sum of the seasonal volumes of a specified parameter must be equal to the annual 

flux for this parameter. 

The model developed for the present study is a four-season model, that varies 

evapotranspiration and inflow from Government Draw on the basis of seasonal factors. The 

seasonal values are determined from factoring the annual average volumes into periodic 

components (Maddock and Vionnet, 1997). The product of the seasonal scaling factor and 

the annual average rate provides the seasonal rate. 

The seasons are December through March, April through June, July through 

September, and October through November. These seasons reflect periods of relatively 

constant baseflow and ET. In general, the high streamflow months are the two wet periods 

of season 1, December through March, and season 3, July through September. The lowest 

flows occur during season 2, or May through June. The model, however, only simulates 

baseflows, which are generally lower during season 3. 

Heads from the steady state analysis were used for the initial heads for the steady 

oscillatory model. The stresses on the system during the steady oscillatory solution included 

municipal pumping near Bisbee at a rate of 1000 acre-feet/yr and ET near the stream. The 

ADWR steady state conceptual model and the steady oscillatory model budgets are defined 

below (Table 9). Stream leakage, mountain front recharge, and underflow are assumed to not 

vary with the changes in the seasons. During seasons 2 and 3, outflow from the model is 

greater than inflow, and during seasons 1 and 4, inflow into the model is greater than outflow. 

The sum of the discrepancies in inflows and outflows over a season, or the contribution from 
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storage, is approximately equal to zero. Aquifer storage increases during the wet months and 

decreases during the drier months. 

TABLE 9. 
CONCEPTUAL STEADY OSCILLATORY MODEL 

Steady Oscillatory Solution Steady 
State 

Season Season Season Season Annual from 
1 2 3 4 Total ADWR 

(1996) 

Inflow 
(acre-feet/year) 

Mountain Front 6298.63 4736.98 4789.04 3175.34 19000 19,000 
Recharge 

Total Inflow 6298.63 4736.98 4789.04 3175.34 19000 19,000 

Outflow 
(acre-feet/year) 

Underflow@ 145.86 109.69 110.9 73.53 439.98 440 
Fairbank 

ET 1669.65 2591.37 2801.77 955.65 8018.4 8020 

Baseflow 3164.82 2380.15 2406.31 1595.4 9546.7 9540 
Leakage into 

Stream 

Wells 331.51 249.31 252.05 167.12 999.99 1000 

Total Outflow 5311.84 5330.52 5571.03 2791.7 19005 19000 

In-Out 986.79 -593.54 -781.99 383.64 -5.1 0.0 

5.3 EfTects on Boundary Conditions Due to Seasonal Changes 

5.3.1 Subsurface Inflow 

The effects of decreased streamflow and increased evaporation may change underflow 

into the model from Mexico. The general head boundary package was used to investigate this 
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possible effect. An average value of groundwater gradient from north to south was 

determined, and was used to calculate head at approximately five miles south of the model. 

Conductance values were modified to give the specified inflow into the model. Subsurface 

inflow changes less than 0.0025 cfs between seasons, indicating that the general head 

boundary package was not necessary to simulate subsurface inflow from the southern 

boundary (FIGURE 12). 
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FIGURE 12. Seasonal Recharge Occurring with a General Head Boundary, Steady 
Oscillatory Model 

5.3.2 Streambed Conductance 

Streambed conductance increases during periods of high flow due to the increase in 

wetted perimeter of a channel. The effects of increasing streambed conductance during 

seasons 1 and 3 were investigated. Scaling factors for the four seasons maintained the average 

yearly streambed conductance (FIGURE 13). Despite the fact that conductance is a relatively 



62 

insensitive parameter with respect to the streamflow and head ( see Chapter 6), varying 

streambed conductance over a cycle produced streamflow that was more likely to occur in 

the field than the original model. Streamflows change by up to 2 cfs during both increases and 

decreases in conductance. Season 2 and 3 streamflows are shown in FIGURES 14 and 15. 

The conductance values tested, however, were not used for modeling because not enough 

field information was available, and the closure criteria were not satisfied. After 160 cycles, 

the epsilon values continued to oscillate (FIGURE 16), and the storage flux was around 0.5 

cfs after 190 cycles (FIGURE 17) . 

1.6 

1.4 

1.2 

'-
0 1 
0 as 
LL 0.8 ... 
C) 

.5 
~ 

0.6 ... 

en 
0.4 

0.2 

0 
I I I I I 

1 2 3 
. 

4 
I 

5 6 7 8 
I I 

9 10 I 11 12 
Month 

FIGURE 13. Streambed Conductance Scaling Factors 



63 

12 

10 -'U 8 -~ 
0 

.--. 
Babocoma · 

I;: 6 
E 
ca 
~ 4 -en Charleston 

2 

0 
0 20 40 60 80 100 120 140 160 

Reach 

- sos-s2---·· mult2 

FIGURE 14. Comparison ofStreamflow, Steady Oscillatory Model vs Modified Streambed 
Conductance Model, Season 2. 

12 

10 

-'U 8 -~ 
0 
I;: 6 E ca 
~ - 4 en 

2 

0 

Charleston 

tPalominas 

~~ 

~ 
! 
i 

Babocoma · 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 
Reach 

_._ sos-s3--+-·· mult3 

FIGURE 15. Comparison of Streamflow, Steady Oscillatory Model vs Modified Streambed 
Conductance Model, Season 3. 



0.0001 

8E-05 

C 
..Q 6E-05 
·u; 
Q. 

w 
4E-05 

2E-05 

0 

lllo. J -
\ I , J 
\.. ~ ( 

j 
I 

- "- I .. l. 1"' ~ 

~ u \/ _,. -N .... 

0 20 40 60 80 100 120 140 160 
Cycle 

FIGURE 16. Epsilon vs Cycles, Modified Streambed Conductance Model. 

1.1 

1 

~ 0.9 
0 -~ 0.8 
u: 
a> 0.7 
C) 

1! 
O 0.6 

ci5 
0.5 

0.4 
100 

\ 

" \ ~ 
\ 
'\_ 

120 

'"" ~ ,,.\\ \ 
\~ /"\ . ,v../\ 

'-\ I \I 

. 

140 160 180 200 
Cycle 

FIGURE 17. Storage Flux, Modified Streambed Conductance Model 

64 



65 

5.3.3 ET Scaling Factors 

Evaporation rates for riparian vegetation differ from rates of irrigated crops over the 

course of a cycle. In the steady oscillatory model, total evaporation is used to determine 

seasonal scaling factors. These factors may not reflect field conditions as one ET process may 

be more dominant near particular river reaches, producing a significant effect on streamflow. 

The possible effects of varying seasonal factors on a reach-by-reach basis within the model 

were analyzed. ET data from the Santa Cruz Basin were used to determine the proportions 

of ET occurring along the San Pedro River (Shuttleworth et al., 1996). The area of heavy 

agriculture lies below Row 51 in the model. From Row 51 to the southern model boundary, 

a set of rates more applicable to agricultural activity were applied, and above row 51 to the 

northern model boundary, riparian vegetation E_T was assumed to be more dominant 

(FIGURE 18). Agricultural ET continued to be dominant during Season 4.The results indicate 

that streamflow was affected more during seasons of low flow, more so in the reaches near 

the riparian vegetation (FIGURE 19). This effect would be more likely be significant for the 

tran~ient model, when agricultural activity is more prevalent than in the steady state. 
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FIGURE 19. Comparison of Streamflow, Steady Oscillatory Model Simulated vs Modified 
ET Model, Season 4 

5.4 Steady Oscillatory Model Results 

Analysis of the simulated streamflow, stream leakage, water budget, and head 

distribution indicates the ability of the model to simulate conditions observed in the field. The 

steady oscillatory model was able to reproduce heads and streamflows with relatively low 

errors. 

5.4.1 Streamflow and Stream Leakage 

Streamflow and stream leakage in all model reaches are presented in FIGURES 20 

and 21. The ET distribution in the steady oscillatory model has higher values in the northern 

portion of the model and near the Palominas-Hereford area. The lower ET values in the 

southern portion of the model boundary resulted in little to no variance in streamflow in the 
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four seasons for reaches one to 20. Streamflow is highest during season 1 and lowest during 

season 3. Whereas stream:flow is fairly responsive to seasonality, stream leakage appears fairly 

constant for all four seasons. Stream leakage varies from greater than O. 8 cfs into the stream 

from the aquifer at reach 1 of segment 3 to greater than O. 4 cfs into the aquifer from the 

stream at reach 7 4 in segment 1. The San Pedro River and Babocomari River are mainly 

gaining rivers. The Babocomari River gains streamwater until reach 15, and then tends to be 

a losing stream up to its confluence with the San Pedro River. The San Pedro River tends to 

gain water from the aquifer except in the Palominas-Hereford region. 

The ADWR conceptual discharges at Charleston and Palominas were 13.08 cfs and 

4.61 cfs, respectively. A baseflow analysis of the 1936 to 1940 period at Charleston and 

Palominas was used to determine an average baseflow for 1940 (FIGURE 22 and 23). The 

total observed baseflow at Palominas and Charleston were lower for Season 2 than for Season 

3; however, the high ET input values for Season 3 led to lower simulated flows for Season 

3. At Charleston, the model reasonably simulated flow for Seasons 3 and 4. 
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5.4.2 Head Distribution 

Most of the head measurements in the late 193 Os and early 1940s were taken during 

April, which falls in the second season of the model. Observed heads in the modeled region 

were compared with heads simulated during the second season. During steady state, heads 

in all layers should be equal to another, except in areas under artesian conditions. This 

condition, however, does not, generally, hold for steady oscillatory models. Layer two has 

more active grid cells than the other layers, and simulated and observed heads were compared 

in this layer. A scatterplot of observed versus simulated heads is a relatively common method 

of displaying fit of simulated heads to observed heads. The scatterplot for layer 2 shows that 

the model has reasonably simulated observed heads, and the r2 value of the fit is 0.9827 

(FIGURE 24 ). This type of comparison is valid if the errors in simulating heads are randomly 

distributed. The scatterplot of errors versus observed head shows a relatively random 

distribution (FIGURE 25). The mean error is -1.244 feet and the mean absolute error is 23.82 

feet. 

The simulated head distributions in each layer were compared to the observed model 

head distribution. The observed head distribution was obtained from a map constructed by 

the ADWR to predict changes in head levels from 1940 to 1990 (1996). More data were 

available for 1990 because a basin-wide survey was conducted that year. From this map, it 

was possible to predict head distributions in 1940. In general, the simulated heads match the 

observed head contours (FIGURE 26). 

Model results indicate that head distributions were not significantly affected by 

seasonality. Most of the seasonal head differences occur along the San Pedro River. Flux 
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values, however, do change with seasons, and are discussed further in the water budget 

section. 
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5.4.3 Steady Oscillatory Model Water Budget 

The water budget simulated for the steady oscillatory analysis indicated a relatively 

close match to the conceptual model with respect to the ET simulation. The water budget for 

the four seasons is presented in FIGURE 27. The conceptual values for stream leakage were 

determined from the average daily values, and were not assumed to be affected by seasonality. 

Simulated stream leakage, however, is affected by seasonality of inflow at Government Draw 

and ET, though it is not readily apparent in the stream leakage plots. The simulated water 

budget indicates that changes in aquifer storage provide for the discrepancies for total inflow 

and outflow from the model. The net sum of inflows and outflow over the course of a cycle 

is near O. 003 cfs. 
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5.5 Transient Model (1941-1995) 

The transient model incorporates several periodic boundary conditions including 

pumping stresses, inflow at Government Draw, and ET. Inflow from Government Draw was 

specified as the same in the steady oscillatory model, and the seasonal multipliers were 

maintained for both ET and stream:flow. The transient modeling period extends from 1941-

1995. 

The ADWR model consisted of 14 distinct stress periods in which pumping and/or 

changes in ET were occurring. These stress periods were translated in the seasonal model by 

modifying 11 of the 14 stress periods with seasonal factors and updating data from 1986 to 

1995. The transient model consisted of220 stress periods. 

5.5.1 Calculation of Evapotranspiration 

The total volume of water used for ET, derived only from baseflow, depends on the 

groundwater discharge to the river. With the observed baseflows decreasing in the San Pedro 

River, and potentially along the Babocomari, ET derived from baseflows is also decreasing. 

The current model is sensitive to the decline in pumping in the region between 

Highway 90 and the international border, producing an immediate increase in heads and 

baseflows in this region. This increase affects heads and baseflows further downstream. Also, 

the effects of seasonality in agricultural pumping have waned because total agricultural 

pumping has decreased. Calibration of the baseflows by increasing ET does not reflect field 

conditions. 

ET distributions determined by the ADWR for the model years 1941 through 1986 
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were maintained. For the remaining nine years, ET distribution was determined from 

baseflow analysis, which is discussed in the previous chapter. Three methods of ET 

distribution for the years 1987 to 1995 were tested. The following discussion outlines the 

different methods, the rationale behind the methods, results, and reasons for selection of 

method of ET distribution used for the present model. 

The first method (ADWRET) utilizes the same distribution and rates as determined 

by the ADWR for 1986 to 1990, and extends them to 1995. The second method, ROW ET, 

is based on baseflow analysis and distributes ET by model rows. Baseflow data at Palominas 

for the 1986 to 1993 water years, at Charleston for the 1986 to 1994 water years, and the 

data generated from a regression study at the Tombstone gauge for the 1987 to 1994 water 

years were analyzed. The ET maximum rate arrays in the model were modified to incorporate 

the approximate amount of ET occurring in a specific reach. The third method, TBSET, also 

utilizes the baseflow calculations, but the ET in the Charleston-Tombstone reach is isolated 

mainly to the San Pedro River and extends to a small portion of the Babocomari River. ET 

was distributed by water year for methods 2 and 3. The ET in various stress periods is 

summarized in Table 8 as Groundwater Use. 

5.5.1.1 ADWRET 

The ADWR (1996) assigned the same maximum ET rate for the years 1986 to 1990. 

ET distribution data for the years 1991 to 1995 still needed to be determined for the present 

model. A simple aSsumption is that ET has the same distribution and maximum potential rate 

for 1.991 to 1995 as determined by the ADWR for the years 1986 to 1990. This method, 
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however, produced results which did not reflect the calculated ET because the model 

simulated ET in the water budget was too large. With the increase in water availability due 

to decline in pumping, the total ET increased. The model simulated declining streamflow from 

the southern model boundary to Palominas, however, this decrease in discharge was a result 

of the increase in ET and not directly related to the groundwater discharge in the region. 

This method produced relatively good results at Palominas, but performed poorly at 
} 

Charleston with overpredictions in baseflows during low flow periods and underpredictions 

in flow during high flow periods. The trends of baseflow gains and losses reported in the 

previous work (Jackson et al, 1987; Vionnet, 1990) indicate an increase in baseflow from 

Palominas to Charleston and a decrease in baseflow from Charleston to Tombstone. The 

ADWRET method also predicts an increase in baseflows from Palominas to Charleston, but 

simulates a continuation of increasing baseflows from Charleston to Tombstone (FIGURE 

28). 
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5.5.1.2 ROW ET 
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A second method of ET distribution, ROW ET, was based on observed baseflows 

from 1987 to 1995. Data was available from 1987 to 1995 in specific areas along the San 

Pedro River. Only selected data from 1987 to 1995 collected at unsystematic intervals 

were available along the Babocomari River; therefore, only baseflows along the San Pedro 

were analyzed. 

A chart developed by the ADWR (See Table 8) was applied to the updated model for 

determining groundwater use for the southern model boundary-Palominas reach, for the 

Palominas-Charleston reach, and for the Charleston-Tombstone reach. The baseflow analysis 

used the following assumptions which are also sources of error in the ET distribution: 
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1) All the baseflow observed at Palominas is due to groundwater discharge. 

2) The groundwater discharge to the Charleston-Tombstone reach is set to a constant of 2600 

acre-feet per year throughout the simulation period (1941-1995). 

3) The total groundwater discharge to the reach is twice the winter baseflows. 

4) The groundwater use in the reach is from evaporation, evapotranspiration, and the effects 

of near stream pumping. However, the entire groundwater use amount is allocated as 

ET in the model. 

5) The ET is determined from baseflow analysis of water years, and distributed in the model 

based on water years for the period of 1987 to 1994. No data was available for the 

1995 water year. Where no data is available, the data from previous years was used. 

The ROW ET method uses these calculated values of groundwater use in each reach 

and distributes them accordingly on a row basis. The model is calibrated to approximately the 

calculated value for each reach. 

Besides the errors discussed above, another potential source of error is the 

distribution of ET in the Charleston-Tombstone reach. The ET distributed in these rows is 

based on the flows calculated at Tombstone along the San Pedro River. However, it is likely 

that this value is too low, because the total volume is distributed in all the columns, which 

includes a portion of the Babocomari River. Increasing ET along the Babocomari River 

resulted in more dry reaches than the ADWRET method. 

5.5.1.3 Results of ROW ET method 

The implementation of the ROW ET method reduced ET in the Palominas reach by 



80 

as low as 0.1 times the values determined by the ADWRET method, for the Palominas

Charleston reach, total volume of ET increased by 1. 5 times the ADWRET rate, and the 

Charleston-Tombstone volume ofET increased by up to five times the rate specified by the 

ADWRET method. The reduction in ET in the southern model boundary to Palominas most 

likely does not reflect field conditions because it assumes no input in baseflow from prior 

reaches. The Charleston-Tombstone ET rate is most likely too high, because it assumes that 

the groundwater discharge to the reach has been constant, but has most likely decreased. 

The reduction in ET below Palominas along with the reduction in agricultural 

pumping increased baseflows dramatically in the reach, and simulated baseflows are much 

higher than observed baseflows (See Streamflow Results). The increase in baseflows further 

affects downstream baseflows. It is expected that baseflows at Charleston would be lower due 

to the higher ET values than in the ADWRET, but the baseflows from Palqminas may be 

giving a false sense of fit to baseflows at Charleston. The model overpredicts low flows, and 

tends to match the high flows. However, this method of ET distribution does show the 

correct trends in stream leakage. From Palominas to Charleston, the model simulates a 

gaining stream, and from Charleston to Tombstone, the model predicts a losing stream. 

5.5.1.4 TBSET 

The final method tested for ET distribution was the TB SET method. This method was 

more of a check for ET along the Babocomari River. The total ET occurring along the 

Babocomari and from the Charleston to Tombstone reach should be higher than specified with 

the ROW ET method. The total ET occurring upstream from Charleston was the same as in 
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the ROW ET method. The distribution of ET along the Babocomari River was specified as 

the same as in the ADWRET method up to column 40 in the model, and total ET from 

Charleston to Tombstone was increased by up to seven times the ADWRET rate. The results 

of this simulation showed that greater effects of increased ET were seen from the Charleston 

to Tombstone reach, with a decrease in baseflow. The flow along the Babocomari increased 

to the levels seen in the ADWRET method except for the last few reaches which were 

affected by the increase in ET near Tombstone. Results from upstream of Charleston were 

approximately the same as for the ROW ET method. This method was discarded for three 

reasons: 

1) It was a check on the how the model would handle an increase in total ET. 

2) The total ET along the Babocomari is not known, and therefore the ROW ET method is 

a more consistent method for distribution of ET, though it may slightly underestimate 

ET near Tombstone and potentially overestimate ET along the Babocomari. 

3) Prior modeling projects, e.g. Vionnet (1990), ADWR(1996), indicated that maximum ET 

specified along the Babocomari was either the same or slightly less than the amount 

occurring near Tombstone. With the TBSET method, ET along the Babocomari is 

greater than seven times than the amount occurring in the Charleston-Tombstone 

reach. 

5.5.1.5 Model Distribution ofET 

The ROWET method was chosen as the method most likely to reflect field conditions 

for several reasons. Despite the potential errors described above, the distribution is based on 
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observed baseflows, is consistent with the distribution of ET along the Babocomari and San 

Pedro River, and reproduces the trends in stream leakage reported in the literature. 

5.5.2 Calculation of Agricultural Pumping 

Distribution of municipal and agricultural pumping data and collection of pumping 

data is summarized in the previous chapter. Agricultural pumping from 1986 to 1988 was 

updated from aerial photographs and from 1989 to 1995 from Landsat images taken in 1992, 

1993, and 1996. Consumptive use of the irrigated acreage was calculated from the amount 

of cropped area, and water usage was determined from an empirical rate of 3 acre-foot/acre. 

The table below summarizes the acreage determined for each model year. The total 

agricultural activity along the river has decreased significantly from 1985 to 1996. 

TABLE 10. 
LAND USE FOR AGRICULTURE FROM 1985-1995 

Years Number of Acres Irrigated 

1985* 2331* 

1986,1987,1988 1227 

1989 600 

1990,1991,1992 545 

1993 445 

1994,1995 282 

* FromADWR 1996 model 
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Only limited amounts of data were available for determination of acreage. The 1989 

year is similar to the ADWR 1996 model and the 1990 data set for pumping. 

5.6 Transient Model Results 

Two years, 1990 and 1995, were chosen for the analysis of simulated streamflow, 

stream leakage and water budgets. Head configurations and drawdowns were analyzed for 

1990. Analysis of head data for 1995 was not conducted due to lack of observed data. 

5.6.1 Streamflow and Leakage 

Streamflow has declined in the San Pedro since the early 1940s. The model predicts 

much higher streamflow than is observed in the field, a problem also reported by the ADWR 

for their transient model (1996). (Jackson et. al., 1987; Putman et. al., 1988). Leakage is less 

affected by seasonality, but tends to be highest during season 1. 

The ROW ET method distributes the ET based on baseflow analysis, and each reach 

has its own value for evaporation per season. Due to this ET distribution, season 4 has higher 

flows in some reaches than season 1, in contrast with the steady oscillato~ solution for which 

flow is greater during Season 1. Seasonal changes produce no significant effects in the 

reaches below Palominas. ET has been reduced close to zero in this area. Flow increases 

between Palominas and Charleston and decreases between Tombstone and Charleston. Flow 

in the Babocomari River is subject to changes with seasons, and many reaches have no flow. 

Total flow along the San Pedro increases from1990 to 1995 for all seasons except Season 3. 
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In some reaches between Palominas and Lewis Springs, flow is lower in 1995 than in 1990 

for Season 3. Flow along the Babocomari is lower for 1995 than in 1990. 

Streamflow at Palominas is overpredicted at times by 5 cfs, and the model is not able 

to simulate periods of no flow in the reach from 1990 to 1995. The ROW ET method 

matches the high flows but not the low flows at Charleston. The increase in streamflow in this 

reach is partially due to the increase in baseflow at Palominas, which does not reflect observed 

conditions. It is interesting to note that the conceptual model for the steady state model 

indicated that streamflows were lowest during Season 2. Observed values at both Palominas 

and Charleston show the lower flows during Season 3 and Season 4 for some years. 
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FIGURE 29. Simulated Streamflow, 1990. 
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5.6.2 Effects of Agricultural Pumping Reduction in the SPRNCA 

The BLM obtained land along the San Pedro River thorough private and state land 

exchange, most of which were obtained by March 1986. The San Pedro National 

Conservation Area (SPRNCA) was designated in the Arizona"'." Idaho Conservation Act, signed 

in November 1988. When the BLM acquired the lands adjacent to the river, livestock grazing, 

sand and gravel operations, and unauthorized recreation were the dominant land uses. 

The BLM planned to pump most of the irrigation wells to preserve water rights or to 

protect jeopardized resource value, such as fish populations during reduced surface water 

flows. Some of the non-irrigation wells may be used for administrative purposes, but most . 

of the unnecessary wells were capped and abandoned (San Pedro River Management Plan and 
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Environmental Impact Statement, 1989). 

Agricultural pumping from regions south of Highway 90 to the international border 

declined significantly from 1986 to 1995. Reduction of agricultural activity is further 

discussed in the transient agricultural pumping section. The reduction in pumping in the 

floodplain and regional aquifers next to river was predicted to increase baseflows in the San 

Pedro River. The addition of seasonality in the model was intended to provide some potential 

answers to the lack of increase in baseflows in the San Pedro River; however, the model 

instead is unable to model the decrease in baseflow to the San Pedro River near Palominas. 

The decrease in observed flows at Palominas (data from m & WC) is affecting flows 

downstream. Groundwater discharge at Charleston also reflects a generally decreasing trend, 

but groundwater use in the form of ET or bare soil evaporation may have potentially 

increased near Charleston. 

The model is very sensitive to the decrease in both ET and groundwater pumping 

between the southern model boundary and Palominas, and predicts an increase in baseflows 

along the entire river, expect along the Babocomari. The increase in simulated flows may give 

some indication as to how the hydrologic system should have responded to the decrease in 

pumping. FIGURES 35 through 38 compare the BLM measurements to simulated baseflows. 

It is important to keep in mind that the BLM measurements may reflect components of both 

baseflows and runoff. 
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5.6.2 Head Distribution 

The ADWR conducted a basin-wide survey of water levels in the Upper San Pedro 

1990. Most of these measurements were taken during December, which falls in season 1 of 

the model. Simulated and observed heads were compared for season 1. 

Because the depth of the wells, and whether they are cased only in one layer is 

unknown, simulated and observed heads were compared for each layer. The linear fit for 

simulated to observed values and errors for layer 2 are presented in FIGURE 39 and 40. The 

mean error and the mean absolute error are shown in the tables below. 

TABLE 11. 
ERROR STATISTICS FOR OBSERVED & SIMULATED HEADS 

R Squared Values 
For Observed Vs. 
Simulated Heads Mean Error In Mean Absolute Error In 

Scatterplots Simulated Heads Simulated Heads 

Layer 1 0.9947 6.214 8.202 

Layer2 0.9517 -9.96 22.46 

Layer 3 0.94825 -8.99 23.73 

Water levels and drawdowns of measured and simulated heads were contoured and 

compared to observed levels (FIGURES 41 and 42). The observed head level map was 

constructed manually from the distribution of head levels throughout the grid. The observed 
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level map indicates a cone of depression in the northwestern and southeastern portions of the 

model. 

The drawdown map indicate that significant drawdown is occurring along the 

Babocomari and in the Sierra Vista-Fort Huachuca area. The head contours in layers two and 

three match the observed heads relatively well. The distribution of heads and drawdowns in 

layer 1, however, show greater drawdown near the Babocomari and the upper third of the 

grid, and increasing heads near Palominas. This result is partially due to the ET distribution. 
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FIGURE 41. Simulated Water Levels, Layer 2, Season 1, 1990. 

• 
~ 

0 

Mountain Ranges 

Measured Heads (feet) 

Simulated Heads (feet) 

Major Cities 
Rivers 

96 



97 

Sierra San Jose 

~ Mountain Ra . nges 
Simulated D 

• Major Cities rawdowns (feet) 

~ Rivers 

. Simulated D FIGURE42 . rawdowns L , ayer 2 s ' eason 1, 1990. 



98 

5.6.3 Water Budgets and Capture 

Under steady state conditions the recharge (R) equals the discharge (D) from a 

system. For a steady oscillatory model, the net inflows and outflows over the course of cycle 

cancel one another, with no contribution from storage. However, for each season, there is a 

seasonal gain or loss of storage. 

Capture for the ith season of the tth year is defined as: 

where i is the season, and t is the year. 

Capture = ~ Rti + ~ Dti 

Capture sources not include specified fluxes. Mountain front recharge and subsmface 

inflows and outflows are not potential sources of capture in this model. Reduction in stream 

leakage and ET constitute the major sources of capture. The changes in ET in season 3 and 

the changes in stream leakage in season 1 were analyzed. In the steady oscillatory (SO) 

model, the ET flux is greatest in season 3, and the stream leakage flux is greatest in season 

1. In Season3, 1940, model outflow due to ET is approximately 2860 acre-feet; in 1990, this 

value is around 2146 acre-feet; and in 1995, this flux increases up to 2632 acre-feet. In 

Season 1, 1940 model outflow due to stream leakage is approximately 4270 acre-feet; this 

decreases to 3778 acre-feet in 1990 and increases to 3866 acre-feet in 1995. 

The water budgets for 1990 and 1995 are presented in FIGURES 43 and 44. Water 

use, including ET and agricultural pumping along the San Pedro are much higher in 1990 than 

in 1995. It is interesting to note that the effects of seasonal pumping decline as the total 



99 

agriculture declines along the San Pedro River, and pumping from season to season is 

occurring at similar rates. 
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CHAPTER SIX 

SENSITIVITY ANALYSIS OF STEADY OSCILLATORY MODEL 

Sensitivity analyses of calibrated models indicate which model parameters produce 

significant changes in results and may potentially generate large errors in the model. 

Additional data about sensitive parameters may produce a refined groundwater model of a 

particular hydrologic system. The ADWR steady state model was calibrated using mountain 

front recharge, hydraulic conductivity, VCONT, an~ streambed conductance (ADWR, 1996). 

This· calibrated steady state model was the basis for the present study. The steady oscillatory 

model was not calibrated further. 

A sensitivity analysis for the steady oscillatory model was performed on a seasonal 

basis, meaning that effects of changes on the parameters were analyzed on a seasonal basis. 

Each modification of the model was run for 60 cycles, which is the same number of cycles for 

the original model. Seven parameters were varied, including (1) the maximum ET rate; (2) 

the ET extinction depth; (3) the inflow from Government Draw; (4) streambed conductance; 

( 5) VCONT between layers one and two ; ( 6) VCONT between layers two and three; and (7) 

mountain front recharge. The effects on the model were measured in terms of the mean head 

change and the percent change in the net flux of the property being fluctuated. Appendix A 

contains complete tables for the sensitivity analyses. 

6.1 Maximum ET Rate 

The maximum ET rate varied between 0.01 to 5 times its seasonal value. Storage is 

not a component of steady state solutions, but plays a significant factor in steady oscillatory 



101 

models. Model computed fluxes of storage, stream leakage, and ET indicate that as ET 

increases, streamflow leakage does not alone compensate for the loss in the system (FIGURE 

46). The aquifer storage tends to be the most sensitive flux, and inflow into the aquifer is 

reduced by up to100% with a O.Olx reduction in ET. The model is more sensitive to an 

increase in ET than a decrease, and failed to converge at a value of five times the seasonal 

rate. Errors in the mean head value occur when the maximum ET value is altered; however, 

the model-simulated heads are less sensitive than fluxes. The greatest error in head 

discrepancy of approximately O. 6 feet occurs in layer 1, season 3. The effect of seasonality 

is less significant in other layers as the error curves for each season overlap which is expected 

as phreatophytes consume water from the flood plain aquifer (FIGURE 45). 

As the maximum ET rate increases or decreases, streamflow tends to follow the 

inverse trend. Streamflow at both Palominas and Charleston increased with a decrease in ET, 

and the error curve for season 3 has the highest errors for both increases and decreases in the 

ET rate (FIGURES 47 and 48). 
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6.2 ET Extinction Depths 

The steady oscillatory model ET extinction depth occurs at 10 feet below the ground 

surface. Extinction depths of one, five, 20, and 100 feet were used to determine model 

sensitivity of this parameter. The model failed to converge at the 100 feet value. Simulated 

stream leakage, ET, and flow from storage varied from a 15% increase in flow to a 20% 

decrease in flow in comparison to the steady oscillatory model (FIGURE 50). ET increased 

with increasing depth, and was compensated by a decrease in stream leakage and an increase 

in flow from storage into the aquifer. The change in ET extinction depths has an almost 

negligible effect on change in mean heads, and seasonality mainly affects the change in mean 

head in layer one (FIGURE 49). 
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6.3 Streamflow in Government Draw 
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Streamflow from Government Draw may be a significant parameter in the future 

calibration of the transient model. Presently, the steady oscillatory model and the transient 

model have the same specified flow at this reach. The sensitivity of this parameter was 

determined by varying the flow from O.01 to 10 times its seasonal value. At lower values of 

flow, changes in ET and stream leakage are almost zero, and change in the storage value is 

less than 1 %. At higher, unrealistic flows, storage changes by up to 8% (FIGURE 52). 

Changes in flow at Government Draw have an insignificant effect on the heads in the model 

(FIGURE 51). 
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6.4 Streambed Conductance 

The relative values of streambed conductance ranged from O. 3 to 10 times the steady 

oscillatory model. Streambed conductance did not have seasonal values; the same value for 

each reach was used for the entire year. The storage flow to the aquifer decreased with 

decreased streambed conductance for all seasons, most likely due to the decrease in flow to 

the gaining reaches (FIGURE 54). The change in ET flux was insignificant, but tended to 

decrease with a decrease in conductance. Stream leakage into the aquifer was greater for 

seasons 1 and 4 for higher relative values of streambed conductance, and for seasons 2 and 

3 for lower relative values of conductance. Change in mean head was similar in all layers. 

Head increased with decreased conductance and decreased less significantly with an increase 

in conductance (FIGURE 53). These effects can be attributed to the fact that the San Pedro 

River is mainly a gaining stream. With reduced conductance, there is less flow from the 

alluvial aquifer into the stream. 
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6.5VCONT 

Sensitivity analyses ofVCONT, or the value of vertical conductivity, were conducted 

for leakance between layers 1 and 2 and between layers 2 and 3. VCONT 12 and VCONT 23 

are arrays of values with multipliers of 10 feet/day and 1 feet/day, respectively. The 

multipliers were varied between 0.01 and 100 times the steady oscillatory value. VCONT 

does not have seasonalized components. The model failed to converge for the relative value 

of0.01 for both VCONT12 and VCONT23. 

6.5.1 Layer 1 and 2 

The change in the flux components with alteration of the VCONT value is presented 

in FIGURE 56. During seasons 1 and 4, a decrease in leakance decreases flow from storage 

into the aquifer. During periods of high ET, flow from storage increases. Again, the change 

in the ET flux is insignificant. The model is more sensitive to a decrease in leakance than an 

increase in terms. Stream leakage decreases significantly with decrease in leakance and 

increases only slightly with an increase in leakance. Significant errors in simulated heads may 

occur with change in VCONT. Both layers 2 and 3 have increases in the mean head by up to 

8 feet for lower values of leakance (FIGURE 55). Mean head decreases with increased 

leakance. Layer 1 shows almost no change in mean head, although heads tend to decrease 

with both increasing as well as decreasing leakance . 
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6.5.2 Layers 2 and 3 

The variations in fluxes and mean heads have the same trends as described above for 

VCONT 12; however, the changes are more significant, with larger changes in fluxes and mean 

head. 
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6.6 Mountain Front Recharge 

111 

Streamflow for both the steady oscillatory model and the transient model is higher 

than for the conceptual model. One reason for the excess stream discharge may be due to the 

fact that mountain front recharge values may be too large. Sensitivity analyses conducted on 

this parameter may indicate that further data collection needs to be conducted for better 

stream calibration. Mountain front recharge values ranged from O .1 to five times the steady 

oscillatory value. Recharge is not a seasonal property. 

The model failed to converge for relative values of 0.1 and 0.5. Most of the recharge 

is modeled in either layer 2 or 3, and the heads in these layers are more significantly affected 

by the change of this parameter (FIGURE 57). With the increase in recharge, flow from 

storage increases for seasons 1 and 4 and decreases for seasons 2 and 3. Stream leakage 



112 

increases in all seasons. ET flux is not significantly affected (FIGURE 58). The mean head 

change in all layers indicates that incorrect mountain front values can significantly affect the 

head distribution. Heads change by up to 8 feet in layer 1 for a relative value of five times the 

recharge value in the steady oscillatory model. In layer 2, heads change greater than 250 feet 

and in layer 3, by 300 feet for a relative value of five. Increases in recharge are more 

significant than decreases, and seasonality is not of issue in mean head change. 
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CHAPTER SEVEN 

CONCLUSIONS & RECOMMENDATIONS 
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A seasonal groundwater model was developed to simulate fluxes and head 

distributions with periodic boundary conditions. The model should enable capture predictions 

on a seasonal basis and serve as a better management tool than an annual model. The steady 

oscillatory modeled data from 1940, and incorporated ET and flow at Government Draw as 

periodic boundary conditions. Results of the model indicate that it was able to reproduce 

heads and streamflows relatively well in comparison to observed data. The head distributions 

did not change significantly for each season; however, fluxes were significantly affected. 

Aquifer storage increased during seasons 1 and 4 and decreased during seasons 2 and 3. In 

addition, stream leakage was affected by the seasons, and tended to be lower during season 

3 than was predicted by the conceptual model. 

A transient model with periodic conditions over the course of a year was developed 

for the 1941 to 1995 period, with 220 stress periods. ET, agricultural pumpage, and inflow 

from Government Draw were varied with seasonal scaling factors. From 1941 to 1986, the 

model was based on the ADWR (1996) model. From 1986 to 1990, the ET distribution and 

pumpage in the basin were modified. The transient model was able to reasonably reproduce 

heads, but failed to accurately reproduce baseflows in the San Pedro River. In general, the 

model overestimated baseflows, a model problem also reported by the ADWR. The baseflow 

and stream leakage trends, however, were predicted well by the ROW ET method, with a 

gaining stream from Hereford to Charleston and a losing stream from Charleston to 

Tombstone. 
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The inability to reproduce baseflows may be due to excess recharge in the basin. 

Sensitivity analyses conducted for mountain front recharge indicate that the model is highly 

sensitive to recharge. 

Land use for agricultural activity along the San Pedro River decreased from the late 

mid-1980s to early 1990s. The expected increase in baseflows was reproduced by the model, 

but not observed in the field. However, the conceptual model for the later portion of the 

transient model indicated that groundwater discharge decreased significantly near Palominas, 

and ET is potentially increasing near Charleston. 

RECOMMENDATIONS 

Further calibration of the model needs to be conducted. ET was the only calibrated 

parameter in the model. The maximum ET occurring in a particular. reach depended on the 

observed baseflows. The ET values below Palominas were lowered to around 10% of the 

value reported by the ADWR for the 1986 to 1990 period. This lowering of the ET, however, 

produced very high baseflows by the model. In the Tombstone-Charleston reach, ET was 

increased by five to seven times the value reported by the ADWR for the 1986-1990 period. 

Baseflows along the Babocomari and San Pedro rivers were reduced, but drawdowns in the 

system were not significant in the area. 

Mountain front recharge values may be slightly too large for the system, but this 

problem may be partially due to inaccurate values of total discharge in the system. Another 

flaw in the system is calculation of ET along the river. As the total agricultural pumpage 

decreases, the differences in winter baseflows and summer flows may be a relatively accurate 
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method of determining the ET derived from baseflows. During the more active agricultural 

periods, however, the effects of ET upon baseflows may have been overestimated, as the 

difference in the baseflows included also the effects of agricultural pumpage. 

Further data on the seasonal variation of streambed conductance needs to be 

collected. The seasonal scaling factors used for the test steady oscillatory model were not 

based on any observed data, but were manipulated until the sum of seasonal conductance 

values matched the annual average. Field data are necessary to justify such changes, and 

further study also needs to be conducted into channel geometry and its effects upon 

streamflow variation. 

The distribution of ET within the model needs to be further determined along the 

Babocomari River for the 1986 to 1995 period. Schwartzman (1989) reported that riparian 

vegetation influences baseflow in some river reaches. Baseflow data along the Babocomari 

River would help to better simulate ET along the river. 

For predictive studies, the general head boundary package should be implemented for 

both the northern and southern boundaries of the model. Presently, the northern boundary has 

constant flux cells. Although this value of around 440 acre-feet of annual flow is already 

relatively low, it may be further reduced due to groundwater pumping in the basin. 

Flow from Government Draw was specified as the same value in the steady oscillatory 

model and the transient model. Heads and fluxes were not sensitive to this inflow in the steady 

oscillatory model, but it may be providing too much inflow into the system for the transient 

model. 
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Finally, the model is unable to simulate the decrease in baseflows observed near 

Palominas. The water salvaged from the decrease in pumping is consumed by a new stress, 

which may be an increase in phreatophytes or effects of pumping away from the river. The 

model needs to be calibrated to reproduce the effects of this new stress. 
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A-1 

Maximum ET Rate 

Percent 
Change in 

Heads Flux 

Stream 
Relative Value Season 1 Layer1 Layer2 Layer 3 Storage Leakage ET 

0.01 0.41 0.31 0.31 -94.80 50.84 -98.99 

0.10 0.37 0.28 0.29 -86.15 46.19 -89.93 

0.50 0.20 0.15 0.16 -47.66 25.56 -49.78 

1.50 -0.21 -0.16 -0.16 49.45 -25.71 49.07 

Season 2 

0.01 0.52 0.32 0.33 -100.91 112.79 -98.99 

0.10 0.48 0.29 0.30 -91.73 102.37 -89.87 

0.50 0.26 0.16 0.16 -50.91 56.45 -49.60 

1.50 -0.26 -0.16 -0.16 48.96 -54.39 47.77 

Season 3 

0.01 0.59 0.33 0.33 -103.05 149.83 -98.98 

0.10 0.53 0.30 0.30 -93.67 135.96 -89.84 

0.50 0.30 0.17 0.17 -51.59 74.82 -46.11 

1.50 -0.31 -0.17 -0.17 66.17 -68.68 46.75 

Season 4 

0.01 0.49 0.32 0.33 -96.83 73.64 -98.99 

0.10 0.44 0.29 0.30 -88.05 66.88 -89.90 

0.50 0.25 0.16 0.16 -49.01 37.00 -72.24 

1.50 -0.25 -0.16 -0.16 55.63 -37.23 48.27 



A-2 

ET Extinction 
Depth 

Percent 
Change in 

Heads Flux 

Stream 
Relative Value Season 1 Layer1 Layer2 Layer 3 Storage Leakage ET 

0.10 0.05 0.03 0.03 -13.75 3.88 -6.63 

0.50 0.02 0.01 0.01 -5.72 1.58 -2.71 

2.00 -0.06 -0.03 -0.03 10.95 -2.73 4.48 

Season 2 

0.10 0.06 0.03 0.03 -11.61 8.98 -8.39 

0.50 0.03 0.02 0.01 -4.84 3.15 -3.04 

2.00 -0.07 -0.03 -0.03 8.17 -4.76 4.64 

Season 3 

0.10 0.08 0.03 0.03 -17.83 13.38 -9.47 

0.50 0.03 0.02 0.01 -7.11 4.54 -3.26 

2.00 -0.08 -0.03 -0.03 11.71 -6.36 4.73 

Season 4 

0.10 0.06 0.03 0.03 -13.41 6.29 -7.03 

0.50 0.03 0.02 0.01 -5.24 2.14 -2.82 

2.00 -0.07 -0.03 -0.03 7.48 -3.82 4.49 



A-3 

Flow at Government 
Draw 

Percent 
·Change in · 

Heads Flux 

Stream 
Relative Value Season 1 Layer1 Layer 2 Layer 3 Storage Leakage ET 

0.01 -0.00 -0.00 -0.00 -0.25 0.02 -0.01 

0.10 -0.00 -0.00 -0.00 -0.21 0.00 -0.00 

5.00 0.01 0.00 0.00 0.85 -0.07 0.01 

10.00 0.09 0.02 0.02 8.24 -0.57 0.07 

Season 2 

0.01 -0.00 -0.00 -0.00 -0.49 -0.06 -0.01 

0.10 -0.00 -0.00 -0.00 -0.32 -0.04 -0.01 

5.00 0.01 0.00 0.00 1.94 0.28 0.02 

10.00 0.07 0.02 0.02 17.43 2.54 0.14 

Season 3 

0,01 -0.00 -0.00 -0.00 0.35 0.04 -0.01 
0.10 -0.00 -0.00 -0.00 0.16 0.12 -0.01 
5.00 0.01 0.00 0.00 -1.17 -0.17 0.02 

10.00 0.08 0.02 0.02 -9.31 -1.34 0.19 
Season 4 

0.01 -0.00 -0.00 -0.00 -0.12 0.07 -0.01 
0.10 -0.00 -0.00 -0.00 -0.11 0.07 -0.01 
5.00 0.01 0.00 0.00 0.73 -0.09 0.02 

10.00 0.09 0.02 0.02 6.52 -1.10 0.11 



A-4 

Stream bed 
Conductance 

Percent 
Change in 

Heads · Flux 

Stream 
Relative Value Season 1 Layer1 Layer 2 Layer 3 Storage Leakage ET 

0.30 0.64 0.69 0.69 92.43 -5.61 -1.10 

0.50 0.28 0.30 0.30 47.33 -2.90 -0.54 

1.70 -0.12 -0.13 -0.13 -24.03 1.30 0.23 

5.00 -0.24 -0.26 -0.26 -48.58 . . 2.68 . . 0.41 . 

10.00 -0.27 -0.29 -0.30 -54.97 3.09 0.41 

Season 2 

0.30 0.59 0.68 0.69 35.79 7.49 -1.38 

0.50 0.25 0.30 0.30 21 .60 4.42 -0.72 

1.70 -0.10 -0.13 -0.13 -15.13 -2.99 0.39 

5.00 -0.20 -0.25 -0.26 -34.62 -6.44 0.72 

10.00 -0.22 -0.29 -0.29 -41.40 -8.30 0.75 

Season 3 

0.30 0.54 0.68 0.68 71.55 10.76 -1.60 

0.50 0.22 0.30 0.30 38.09 5.78 -0.83 

1.70 -0.09 -0.13 -0.13 -19.98 -3.04 0.47 

5.00 -0.17 -0.25 -0.25 -40.98 -6.85 0.90 

10.00 -0.19 -0.28 -0.29 -47.01 -4.07 0.96 

Season 4 

0.30 0.57 0.68 0.69 36.67 -5.06 -1.40 

0.50 0.25 0.30 0.30 21.52 -3.06 -0.70 

1.70 -0.10 -0.13 -0.13 -15.07 2.01 0.31 

5.00 -0.20 -0.25 -0.26 -35.91 4.95 0.54 

10.00 -0.23 -0.29 -0.29 -44.28 1.55 0.54 



A-5 

VCONT 1,2 

Percent 
Change in 

Heads Flux 

Relative Stream 
Value Season 1 Layer1 Layer2 Layer 3 Storage Leakage ET 

0.10 -0.10 7.67 7.85 148.09 -9.65 -0.38 

0.50 0.01 1.41 1.47 21.17 -1.41 0.01 

5.00 -0.06 -1.58 -1.66 -19.75 1.13 -0.21 

10.00 -0.09 -1.84 -1.94 -21.84 1.56 -0.31 

100.00 -0.14 -2.10 -2.22 -25.94 1.63 -0.48 

Season 2 

0.10 -0.10 7.68 7.87 -91.38 -13.87 -0.61 

0.50 0.01 1.41 1.47 -13.19 -2.11 -0.01 

5.00 -0.06 -1.58 -1.66 12.15 2.27 -0.26 

10.00 -0.09 -1.84 -1.94 14.17 2.73 -0.36 

100.00 -0.14 -2.11 -2.23 15.58 3.36 -0.54 

Season 3 

0.10 -0.10 7.70 7.88 -152.38 -16.31 -0.68 

0.50 0.01 1.41 1.47 -22.40 -2.55 -0.02 

5.00 -0.06 -1.58 -1.67 21.62 2.91 -0.24 

10.00 -0.09 -1.85 -1.94 24.89 3.39 -0.34 

100.00 -0.14 -2.11 -2.23 27.58 4.06 -0.50 

Season 4 

0.10 -0.10 7.70 7.89 71.51 -11.20 -0.56 

0.50 0.01 1.41 1.47 9.97 -1.92 -0.02 

5.00 -0.06 -1.58 -1.67 -9.96 1.70 -0.23 

10.00 -0.09 -1.85 -1.94 -11.91 1.67 -0.33 

100.00 -0.14 -2.11 -2.23 -13.08 2.12 -0.49 



A-6 

VCONT2,3 

Percent 
Change in 

Heads Flux 

Relative Stream 
Value Season 1 Layer1 Layer2 Layer3 Storage Leakage ET 

0.10 -0.05 4.27 18.65 165.10 -10.84 0.20 

0.50 0.01 0.99 2.73 30.15 -1.99 0.03 

5.00 -0.04 -1.32 -2.85 -32.20 2.12 -0.02 

10.00 -0.05 -1.60 -3.35 -37.18 2.46 -0.03 

100.00 -0.07 -1.93 -3.91 -43.38 2.54 -0.03 

Season 2 
0.10 -0.05 4.29 18.67 -97.58 -15.05 0.37 

0.50 0.01 1.00 2.73 -17.83 -2.79 0.04 

5.00 -0.04 -1.33 -2.85 19.67 3.08 -0.02 

10.00 -0.05 -1.60 -3.35 23.13 3.65 -0.02 

100.00 -0.07 -1.93 -3.91 27.18 4.26 -0.01 

Season 3 
0.10 -0.05 4.30 18.68 -160.55 -17.60 0.44 

0.50 0.01 1.00 2.73 -29.63 -3.29 0.07 

5.00 -0.04 -1.33 -2.85 33.53 3.74 -0.05 

10.00 -0.05 -1.60 -3.35 39.76 4.51 -0.04 

100.00 -0.07 -1.94 -3.92 47.05 5.31 -0.03 
Season 4 

0.10 -0.05 4.31 18.69 '78.31 ~12.44 
'' 

0.30 
0.50 0.01 1.00 2.73 14.32 -2.28 0.04 

5.00 -0.04 -1.33 -2.86 -15.68 2.51 -0.03 
10.00 -0.05 -1.61 -3.35 -18.37 2.97 -0.03 

100.00 -0.07 -1.94 -3.92 -21 .20 3.40 -0.04 



A-7 

Mountain Front 
Recharge 

Percent 
Change in 

Heads Flux 

Stream 
Relative Value Season 1 Layer1 Layer2 Layer 3 Storage Leakage ET 

0.75 -0.43 -7.16 -10.13 -288.55 -21.98 -0.45 

2.00 1.83 37.24 53.56 ~37.97 101.33 1 .. 14 

5.00 8.93 198.91 285.02 1307.70 566.49 7.33 

Season 2 

0.75 -0.44 -7.19 -10.16 171.34 -29.76 -0.71 

2.00 1.84 37.33 53.67 -553.30 141 .97 1.36 

5.00 8.94 199.19 285.27 -754.47 797.45 7.71 

Season 3 

0.75 -0.44 -7.21 -10.18 281.85 -34.64 -0.81 

2.00 1.85 37.42 53.78 -904.30 167.01 1.54 

5.00 8.96 199.46 285.53 -1230.41 937.27 7.98 

Season 4 

0.75 -0.44 -7.22 -10.20 -135.69 -25.02 -0.63 

2.00 1.85 37.48 53.85 439.43 117.26 1.22 

5.00 8.97 199.65 285.72 607.11 654.26 7.49 
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