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3 ABSTRACT 
 

The Upper San Pedro River aquifer in Southern Arizona has been modeled using 

MODFLOW several times. The current model improves upon previous models by 

switching stream packages, adding a third season to represent the summer monsoon, and 

thereby creating a seasonalized steady-state oscillatory model. Recharge was 

seasonalized using a method to develop seasonal recharge estimates using ratios of 

seasonal precipitation to seasonal actual or potential evapotranspiration (ET).  Maximum 

ET was seasonalized according to estimates of riparian groundwater consumption by 

vegetation in the study area. The model was run with inputs of 80%, 100% and 120% of 

base values for recharge and maximum ET rates to assess the sensitivity of the 

groundwater system and river to the seasonal timing and quantity of recharge and ET. 

The greatest amount of baseflow, 47%, occurred during the wet winter season, 35% 

occurred during the dry summer, and 18% during the wet summer (monsoon) season. 
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4 INTRODUCTION 

 

Recent research has noted the connection between the physical and biological conditions 

of riparian areas and the ecosystem services they provide to human populations (Brauman 

et al., 2007).  The value of riparian areas is of particular importance in arid and semi-arid 

environments, where water is the main limiting factor in habitat quality.  Riparian 

corridors provide key habitat and allow for high levels of biodiversity in these regions 

(Naiman et al, 1993).  In order to better understand how landscape-level processes such 

as climate change and population growth impact the value of ecosystem services 

provided by riparian areas, it is useful to build process-based models that test the 

sensitivity of the surface and groundwater system to environmental changes (Dixon et al, 

2009). 

 

A growing literature on the dynamics of groundwater-surface water interaction has 

expanded our understanding of the factors controlling the movement of water between 

the subsurface, surface stream channels, and the atmosphere that were once thought to 

have little connection (Sophocleous, 2002).  The hydrogeologic environment, 

encompassing aspects of topography, geology, and climate, can be evaluated as to its 

effects on groundwater-surface water flow systems.  Working from fundamental concepts 

about the physical laws governing flow in porous media, on the land surface, in the 

atmosphere, and at the boundaries between these zones, we can develop conceptual and 



10 

 
 

mathematical models for the movement of water through the hydrosphere, and the 

sensitivity of the system to changes in the hydrogeologic environment. 

 

The sensitivity of aquifers to change is a question of increasing importance, as scientists 

have recognized that the assumption of a stationary water supply upon which to base 

water management decisions is no longer valid: anthropogenic changes to the 

atmosphere, the earth’s surface, and the composition of the oceans are changing the 

hydrologic cycle in ways we have yet to fully comprehend (Milly et al, 2008).  Future 

change could include changes to both the quantity of water that precipitates on land, as 

well as the timing, intensity, and form of that precipitation.  In particular, more extreme 

wet and dry events could occur.  In regions where there are seasonal variations in the 

timing and quantity of precipitation, the variations could become more pronounced. 

 

The effect of these changes could be compounded in semi-arid aquifers dependent on 

recharge as the primary source of new water to the basin.  Groundwater recharge 

processes in semi-arid regions are still poorly understood, but recent research has focused 

on describing the relationship between climatic and geologic factors and the quantity and 

timing of recharge (Ajami et al, 2011&2012; Wahi et al, 2008).  Furthermore, many 

semi-arid riparian ecosystems exist in a delicate balance, where seasonal fluctuations in 

streamflow and riparian groundwater availability could have serious consequences for 

local biodiversity. 
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This thesis discusses the development of an updated MODFLOW finite-difference 

groundwater flow model for the Upper San Pedro River Basin, an aquifer in semi-arid 

southeastern Arizona.  A sensitivity analysis is conducted to evaluate the impact of the 

quantity of groundwater recharge and evapotranspiration (ET) under conditions of 

seasonal variation on the hydrologic system of the study basin.  How do increases or 

decreases in recharge during the three hydrologic seasons of the basin affect streamflow 

in the river and storage in the aquifer?  How does greater or lesser ET impact them?  

Given the likelihood that the seasonality and quantity of recharge and evapotranspiration 

will change in the future, it is valuable to anticipate how the basin water budget might 

respond to them. 

 

4.1 Study Area 

 

The San Pedro River is the last free-flowing river in Arizona and its riparian zone serves 

as habitat for migrating birds and several endangered species (Stromberg and Tellman, 

2009).  This model focuses on the Sierra Vista subwatershed of the Upper San Pedro 

Basin, the southernmost and most upstream subwatershed of the three in the Upper San 

Pedro Basin.  The Sierra Vista subwatershed extends from its headwaters in northern 

Sonora, Mexico northward to approximately the location of the Tombstone USGS stream 

gauge (Figure 2).  Climate change and groundwater pumping to supply the towns of 

Sierra Vista, Tombstone, and other smaller communities, as well as pumping for 

agricultural and industrial uses in the U.S. and Mexico, are causing declines in the 
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regional water table and streamflow (Serrat-Capdevila et al, 2007; Mac Nish et al, 2009).  

The river already runs perennially in only parts of its extent, with many reaches running 

only intermittently (Mac Nish et al, 2009; Turner and Richter, 2011).  With future 

development a significant possibility, it is imperative to understand how the aquifer will 

react to climate change scenarios in order to sustainably manage the river. 

 

4.1.1 Geography 

 

The San Pedro River has its headwaters in the foothills of the Sierra Elenita mountain 

range in northern Sonora, Mexico, near the town of Cananea (Goode and Maddock, 

2000).  The San Pedro River Basin extends on either side of the U.S.-Mexico border and 

contains three subwatersheds (Figure 2).  The major industry in Cananea is a copper 

mine, and the population of the town tends to swell and contract depending on the 

economics of copper mining, which is determined primarily by the price of copper on the 

global market and secondarily by labor disputes (Shacat, 2012).  When the mine is 

operational, there is significant groundwater pumping in the Mexican portion of the 

Sierra Vista subwatershed to provide process water for the plant and to dewater the mine. 

 

After the river leaves Cananea, it passes through ranch lands along the U.S.-Mexico 

border, crossing the border on its way to the city of Sierra Vista, Arizona.  Sierra Vista 

has grown significantly over the past three decades as retirees entered the area in search 

of cheap land, mild winters and a relaxed atmosphere (Richter et al, 2009).  Since 1877, 
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Sierra Vista has also been the home of Fort Huachuca, a U.S. Army installation 

employing over 18,000 people in 2010 (U.S. Army, 2012).  Fort Huachuca is a 

significant pumper of groundwater in the basin, and in recognition of the critical status of 

the San Pedro River, Fort officials have put in place many water-saving measures to 

decrease per capita total water use on base, and cut total water use on base by about 90% 

between 1993 and 2002 (U.S. Army Intelligence Center and Fort Huachuca, 2002; U.S. 

Department of Energy, 2010). 

 

Beyond Sierra Vista, the U.S. Upper San Pedro Basin is dominated by agricultural uses 

including ranching and farming.  There are also some smaller communities such as 

Tombstone, St. David, and Benson, and in the past three decades low-density residential 

development has occurred outside these population centers, often accompanied by new 

groundwater wells to provide domestic water supply to housing developments (Tellman 

and Huckleberry, 2009).  Although Arizona has one of the first State laws governing 

groundwater withdrawal, the strictest rules are in what the 1980 Groundwater 

Management Act established as “Active Management Areas” (AMAs) (Glennon, 2009).  

The Upper San Pedro Basin is not part of an AMA and thus is not subject to these stricter 

regulations.  

 

Prior to 1940, before the introduction of technologies such rural electricity and high-

powered electric lift pumps that made high rates of groundwater withdrawal possible, the 

Upper San Pedro River flowed perennially for a great part of its length (Mac Nish et al, 
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2009).  Since the advent of these new technologies, the amount of groundwater pumped 

has increased with each year, while the length of river running perennially has decreased 

(Turner and Richter, 2011).  The question remains whether the San Pedro will go the way 

of its western neighbor, the Santa Cruz River, which once flowed perennially through the 

city of Tucson but is now a losing stream with extensive entrenchment throughout its 

course, running with water only immediately after rainstorms and in places where 

reclaimed water is released from treatment plants into the otherwise dry riverbed 

(ADWR, 2010). 

 

4.1.2 Climate 

 

The climate of southeastern Arizona and northern Sonora is semi-arid and characterized 

by relatively wet, cool winters, dry, hot summers, and a late-summer monsoon season.  

The Upper San Pedro Basin receives on average 39.2 cm of precipitation annually, and 

has high rates of evapotranspiration, reflecting the high net radiation characteristic of a 

semi-arid landscape at 30 degrees north latitude (Wahi et al, 2008; Mac Nish et al, 2009). 

The majority of annual rainfall (about 54%) occurs during the monsoon season, when 

intense, convective storms travel along a northward trajectory from the Gulf of Mexico 

and Sea of Cortez.  A lesser volume of precipitation (about 46%) occurs in the winter 

months when frontal, low-intensity storms make their way eastward from the Pacific 

Ocean, and deposit rain and snow preferentially along mountain ridges due to orographic 
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precipitation effects (Wahi et al, 2008).  In the Sierra Vista subwatershed, the towering 

Huachuca Mountains are responsible for the  majority of precipitation and recharge. 

 

The winter frontal/summer convective precipitation dichotomy impacts the recharge 

regime present in the Upper San Pedro Basin.  Although a greater portion of total annual 

precipitation falls in late-summer monsoon events, a larger proportion of this rainfall 

leaves the basin as quick-runoff and evapotranspiration due to higher temperatures and 

the limiting factor of infiltration rates.  As a result, a lesser proportion of event water is 

able to infiltrate to the water table.  Conversely, though a lesser percentage of total annual 

precipitation occurs in winter frontal storms, lower temperatures and lesser storm 

intensities allow for a greater proportion of winter precipitation to infiltrate as recharge.  

In the Upper San Pedro Basin, this trend has been demonstrated through analysis of water 

isotopes and major cation/anion concentrations to determine the composition of basin 

groundwater, riparian groundwater, and San Pedro river water (Baillie et al, 2007; Wahi 

et al, 2008).  Mountain-system recharge (MSR) was estimated to be made up of 80% 

winter precipitation and 20% summer precipitation (Ajami et al, 2012). 

 

4.1.3 Basin hydrogeology 

 

The Upper San Pedro Basin, like many alluvial aquifers throughout the Basin and Range 

Province of North America, is comprised of crystalline bedrock at normal faults on the 

east and west sides of the basin, forming the mountain chains which run north to south.  
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Over time, geomorphologic processes carried eroded bedrock particles down the 

mountain slopes and into the basin and filled in the valley created by the faulting (Mac 

Nish et al, 2009).  These unconsolidated sediments of clay, silt, sand, and gravel make up 

the aquifer system of the Upper San Pedro Basin.  Larger sediments, such as gravel, 

dominate the alluvial fans which rise gradually from the floodplain to the base of the 

mountain blocks.  It is in this area, called the "mountain-front," that most of the recharge 

to the aquifer occurs, as precipitation traveling down from the mountains reaches the 

unconsolidated sediments and infiltrates to the water table.  Mountain-system recharge 

(MSR) includes both mountain-front recharge and mountain-block recharge, which 

describes the recharge that occurs due to flow in fractured bedrock.  The mapped 

geologic formations of the Sierra Vista subwatershed provide hydraulic information 

about the aquifer (Figure 3). 

 

There are two types of aquifers in the Upper San Pedro Basin: the regional aquifer and 

the floodplain aquifer.  The regional aquifer is made up of the coarser sediments, or basin 

fill, eroded from the adjacent mountain blocks on either side of the river, and finer-

grained layers of silt and clay deposited below the modern river bed by earlier 

manifestations of the river.  The sand and gravel sediments have a greater porosity and 

conductivity than the silt and clay layers below the floodplain aquifer, which itself is a 

composed of a complex layering of more coarse and more fine sediments, alternatively 

deposited and eroded by baseflows and flood flows, respectively, over time.  Fluctuations 

in climate, and particularly the strength of the monsoon, cause the river to shift between 
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erosional and depositional states.  The character of floods determines whether the river 

channel will become further incised, decreasing storage in the floodplain aquifer, or if 

new sediments will be deposited, building up the floodplain aquifer and increasing its 

storage (Mac Nish et al, 2009). 

 

The width and depth of the floodplain aquifer varies over the course of the river, causing 

the river to be intermittently above and below ground. The groundwater stored in the 

floodplain aquifer is called riparian groundwater, and plays an important role in 

maintaining the cottonwood gallery forest (Webb and Leake, 2006).  Riparian 

groundwater is a combination of basin groundwater, which travels over long flow-paths 

from the mountain blocks where mountain system recharge occurs, and flood recharge 

which resides in the floodplain aquifer as a result of bank storage processes (Mac Nish et 

al, 2009). 

 

As it exists now, the basin fill is layered like a series of nested bowls, with younger 

geologic units encased in older geologic units (Figure 4).  The geologic layering and 

hydraulic properties of the basin were characterized using geophysical methods (Pool and 

Dickinson, 2006). 

 

4.2 Regional groundwater model 
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The Sierra Vista Subwatershed of the Upper San Pedro Basin has been modeled using 

MODFLOW several times before, most recently by Goode and Maddock (2000) and the 

U.S. Geological Survey (USGS) (Pool and Dickinson, 2006).  The goals of the Goode 

and Maddock model were to "improve knowledge of how the ground and surface water 

systems respond to past water demands" and to use this understanding to make 

predictions about the river and aquifer under alternative futures (Goode and Maddock, 

2000).  They sought to improve model performance from past models created by Vionnet 

and Maddock (1992), Jahnke (1994), and the Arizona Department of Water Resources 

(ADWR) (Corell et al., 1996) by applying the most current information on geology, 

hydraulic properties, well locations and attributes, groundwater recharge spatially 

distributed, streamflows and diversions, and riparian land use (Goode and Maddock, 

2000).  The model domain extended from the headwaters in Sonora through the 

Redington subwatershed, the most downstream of the three subwatersheds, thus covering 

the entire Upper San Pedro Basin.  The Goode and Maddock model, unlike the USGS 

model which followed it, included only the alluvial fill of the basin in the model domain.  

This approach was taken because the alluvial fill contains by far the greatest water 

storage and transmission capacity of the hydrogeologic units present in the basin.  The 

basement complex consisting of crystalline and consolidated sedimentary rocks that make 

up the mountain blocks surrounding the basin, have low permeability and porosity, and 

thus were considered to be impermeable for the purposes of that study (Good and 

Maddock, 2000).  The mountain blocks do have some water flow (particularly through 
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fractures), contributing a significant amount of recharge at the alluvial fill boundary, and 

this was modeled as a constant flux boundary. 

 

The USGS model (Pool and Dickinson, 2006) improved upon the Goode and Maddock 

model by including a more robust hydrogeologic characterization of the basin, based on 

previous work describing the hydrogeologic framework of the basin (Brown et al, 1966; 

Pool and Coes, 1999; Fleming and Pool, 2002; Condor Consulting Inc., 2003; and Coes 

and Pool, 2005).  It departed from the Goode and Maddock model by including the 

mountain blocks in the model domain, such that a no-flow boundary condition existed 

along the mountain tops on the southern, eastern and western side of the basin (Figure 3).  

The northern boundary of domain, where stream flows into the next subwatershed, was 

modeled as a constant head boundary.  In the Pool and Dickinson model, recharge was 

applied to the surface cells of the model in the MODFLOW recharge package in order to 

promote the spread of recharge throughout the model domain. 

 

4.2.1 Conceptual model 

 

For the purposes of this model, the USGS model was used as a basis on which to make 

several improvements.  The new model retains the model domain of Pool and Dickinson 

(2006), and was developed to observe the impact the quantity and seasonality of recharge 

and evapotranspiration on streamflow and aquifer storage.  Monsoon flood waters have 

been shown to contribute the majority of riparian groundwater in losing reaches of the 
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river as well as the majority of the river's baseflow throughout the year (Baillie et al, 

2007).  As climate models have indicated that the southwestern U.S. could experience 

less frontal winter precipitation and more convective summer precipitation in the future, 

understanding the impact of intense flood events typical of the summer monsoon season 

on riparian groundwater and total annual recharge will be valuable.  This model attempts 

to make possible future study of the impact of monsoon flood flows on the river by 

adding a third season to represent the monsoon and using the Streamflow-Routing 

(SFR1) MODFLOW package to allow for more flexible coupling with flood routing 

models in the future. 

 

The hydraulic characteristics of the current model are based on the geologic layering first 

characterized by Pool and Coes (1999) and Gettings and Houser (1999) and then 

developed as a MODFLOW model by Pool and Dickinson (2006) (Figure 3).  The Upper 

San Pedro is a typical Basin and Range Province alluvial aquifer, in which geologic 

layering takes the shape of stacked bowls.  One concave layer deposited on top of another 

over time as alluvium eroded from the mountain blocks and was carried down to the 

basin floor (Figure 4).  

 

The inflows and outflows of the MODFLOW model are depicted in Figure 1.  

Precipitation is shown here to illustrate how the natural system functions, but is not an 

actual input into the model.  Precipitation is included as an inflow into the model via the 

Recharge (RCH) Package.  While the schematic shows three different types of recharge  
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Figure 1. Schematic of model inflows and outflows 

 

to highlight the natural processes, all recharge to the aquifer is included in the model in 

the RCH Package.  Evapotranspiration is an outflow modeled by the Evapotranspiration 

(EVT) package, which calculates ET for each surface cell from two input values: the 

maximum ET rate for the cell, and the ET extinction depth.  Stream Leakage is a value 

outputted by the Streamflow-Routing (SFR1) Package, which is the exchange of water 

between the stream and aquifer.  It can be either an inflow or an outflow, as whether a 

stream reach is gaining or losing at any given time is dependent upon the stream stage 

relative to the water table elevation, as well as the conductivity of the stream bed.  Pool 

and Dickinson’s (2006) model also features two other packages that modeled inflows and 

outflows to the aquifer: the Time-Varying Specified Head (CHD) Package, and the Drain 
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(DRN) Package.  The CHD Packaged was used create a constant head boundary 

condition at the northern outflow of the Sierra Vista Subwatershed into the Benson 

Subwatershed (Pool and Dickinson, 2006). The DRN Package was used to represent the 

outflows of several springs in the Huachuca Mountains. 

 

4.2.2 SFR1 Package 

 

The first major change in this model from previous models is the replacement of the 

Stream (STR1) Package with the Streamflow-Routing (SFR1) Package.  The SFR1 

Package was developed in 2004 by the USGS for use with MODFLOW-2000 to better 

model stream-aquifer interactions (Prudic et al, 2004).  SFR1 calculates stream depth 

differently than its predecessor, STR1, by computing stream depth at the midpoint of 

each stream reach rather than at the stream's point of entrance in each reach.  This 

approach has the advantage of allowing for the addition and subtraction of water from 

runoff, precipitation, and evapotranspiration within each reach.  SFR1 uses the continuity 

equation to route surface water flow through the stream network.  Switching to the SFR1 

package will improve opportunities for coupling this model with a flood routing model in 

the future to better understand the impact of monsoon flooding on recharge. 

 

4.2.3 Recharge  
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The current model uses the same recharge package created by Pool and Dickinson 

(2006), which applies the estimated quantity of total recharge across the model domain 

using spatially explicit polygons containing recharge rate data to determine the daily 

recharge rate of each surface cell.  The package was converted from a single season to 

three to represent the three distinct hydrologic seasons that occur in the Upper San Pedro 

Basin: the dry early summer, wet late summer monsoon, and the wet winter. 

 

4.2.4 Three seasons 

 

Another change in the model alters the seasonality of the model to better simulate the 

regional climate of the Sierra Vista subwatershed.  Previous models have included only 

two seasons: the rainy winter season and dry summer season. The current model includes 

three seasons to better reflect regional precipitation patterns and the impact of the 

monsoon on annual recharge.  The three seasons are: dry season (March-June), monsoon 

season (July-September), and winter rainy season (October-February).  Most of the 

annual discharge of the Upper San Pedro occurs during the summer due to short-duration, 

high intensity events characteristic of the Northern American Monsoon (Baillie et al, 

2007).  However, winter precipitation, with its less intense and longer duration storms, 

contributes the majority of annual mountain-system recharge (Wahi et al, 2008).   A 

three-season model will allow for a better analysis of the various seasons’ contributions 

to annual recharge, be it in the mountain system or in the stream network. 
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4.2.5 Steady-state Oscillatory Model 

 

In order to incorporate the climatic variations of three seasons, it was necessary to build a 

steady-state oscillatory model of the system.  A steady-state model that reflects seasonal 

fluctuations in the natural (pre-development) state of the groundwater system is valuable 

for several reasons.  First, it allows for accurate calculations of groundwater capture 

using model outputs.  Capture is the sum of the increase in recharges to and decrease in 

discharges from the aquifer that results from disturbances to the equilibrium natural state, 

such as groundwater pumping (Maddock and Vionnet, 1998).  By comparing the transient 

solutions of the developed aquifer to the steady-state solution of the pre-development 

aquifer, capture can be calculated.  If the steady-state solution does not reflect natural 

seasonal variations, however, capture may be miscalculated.  A steady-state oscillatory 

model provides an initial condition for each season, so comparisons can be made between 

seasons for the pre-development and post-development simulations.   

 

For a seasonalized model to be steady-state, the input and output values for each season 

must repeat from year to year (Maddock and Vionnet, 1998).  In order to achieve this in 

developing the model, a transient model must be built, with identical seasons repeating in 

succession in the same pattern, and each stress period representing one season.  Because 

it is a transient model, a transient disturbance is detectable in the solutions to the first 

several repetitions of the model.  Therefore, the seasons must be repeated enough times 

that the periodic differences in the solution for each season dissipate, and the solutions 
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for identical seasons approach a point of having negligible quantitative difference 

between the inflows and outflows in their water budgets.  Once this has been achieved, 

then the simulation has reached the oscillatory steady-state solution.  

 

A steady-state oscillatory model is an excellent tool for observing the natural ebb and 

flow of water occurring in an aquifer under seasonal differences in climatic inputs, and 

evaluating the sensitivity of the natural system to changes in those inputs (Maddock and 

Vionnet, 1998).  A sensitivity analysis can give clues to how the aquifer might be 

affected should climatic or hydrogeological factors change in the future, but it cannot 

forecast future water levels.  This is because the steady-state oscillatory model represents 

the aquifer in an unchanging, natural state.  To truly forecast future groundwater levels, it 

would be necessary to create a transient model that includes the impact of human 

development, such as pumping via wells. 
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5 METHODS 

 

The current model is based on and uses the native MODFLOW-2000 text files created for 

the most recent USGS model of the Sierra Vista subwatershed (Pool and Dickinson, 

2006).  The model grid is 440 cells long in the north-south direction and 320 cells wide in 

the east-west direction.  Each cell is 250 m by 250 m in area.  The thickness of each cell 

in each layer is determined by the layer elevations contained in the discretization (DIS) 

file.  Groundwater Modeling System (GMS) versions of the USGS model were used to 

visualize the three-dimensional grid of the USGS model. 

 

5.1 Recharge  

 

The model uses the steady-state recharge package of Pool and Dickinson (2006), with 

changes to seasonalize the annually averaged daily recharge rates.  The Pool and 

Dickinson model used polygons of varying recharge rates at the land surface to input the 

estimated annual recharge rate of approximately 58,102 m3/day into the groundwater 

model.  Pool and Dickinson's recharge estimate was close to the estimate of 61,255 

m3/day found in this study using the Anderson equation to compute daily recharge rates 

for mountain-front basins using their annual rainfall (Anderson et al, 1992):  

 

log Qrech = -1.40+0.98 log P   (where P>8 and P is in inches) 
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In the arid Basin and Range Province, mountain-front recharge makes up the majority of 

recharge due to orographic precipitation effects, so this number can fairly be assumed to 

approximate total basin recharge (Wahi et al, 2008).  The Anderson equation was 

empirically derived for the San Pedro Basin and several other nearby semi-arid basins 

(Anderson et al, 1992).  The mountain-system recharge rates in m3/day estimated from 

annual precipitation depths for each mountain-front catchment contained in the model 

domain using the Anderson equation showed considerable spatial variability (Figure 6). 

 

5.2 Steady-State Oscillatory Model 

  
The steady-state oscillatory model was created by taking the steady-state MODFLOW 

input files of Pool and Dickinson (2006) and creating from them a transient simulation.  

Pool and Dickinson (2006) only included two seasons, a wet winter and dry summer, in 

their transient state post-development simulations.  A third, wet late-summer monsoon 

season was included here to better reflect the dynamics of the aquifer.  The steady-state 

oscillatory model was created by modifying the stress periods in the discretization (DIS) 

file and throughout the MODFLOW text files in which data inputs are required for each 

stress period (Table 1).  The number of stress periods was increased from 1 to 300, 

representing 3 stress periods (seasons) per year over 100 years.  The seasons were 

divided as such: dry summer (Mar-Jun; 122 days), wet summer monsoon (Jul-Sep; 92 

days), and wet winter (Oct-Feb; 151.25 days).  The annual model was repeated 100 times 

in order to achieve a steady-state oscillation solution in the 3 seasons of the final year of 

the simulation. 
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Table 1. Changes made to MODFLOW packages to create a 3-season model 

MODFLOW Package Change Description 
Time-variant specified 
head package (CHD) 

• Changed the number of stress period from 1 to 300 simply 
using the specified head data from the previous stress 
period in each subsequent stress period 

Discretization (DIS) • Changed the number of stress periods from 1 steady-state 
stress period to 300 transient-state stress periods 

• Divided the stress periods into 122, 92 and 151.25 days 
respectively for the dry summer, wet summer and wet 
winter seasons, totaling 365.25 days 

Drain (DRN) • Changed the number of stress period from 1 to 300 simply 
using the spring data from the previous stress period in 
each subsequent stress period 

Evapotranspiration 
(EVT) 

• Changed the number of stress periods from 1 to 300 
• Multiplied the maximum ET rate multiplier array 

coefficients by a seasonal ET coefficient calculated from 
the percent of ET which occurs in each season according 
to Scott et al. (2005). 

• Repeated the three-stress period annual cycle 100 times 
Recharge (RCH) • Changed the number of stress periods from 1 to 300 

• Multiplied the recharge rate multiplier array coefficients 
by a seasonal recharge coefficient calculated from the 
percent of recharge which occurs in each season according 
to Ajami et al. (2012). 

• Repeated the three-stress period annual cycle 100 times 
Streamflow-routing 
(SFR1) 

• Changed the number of stress period from 1 to 300 simply 
using the stream geometry and hydraulic data from the 
previous stress period in each subsequent stress period 

 
5.3 SFR1 Package 

 

The SFR1 Package for the current model was developed using data from the previous 

USGS STR1 Package and the USGS GMS files.  The primary data point not present in 

STR1 but necessary for SFR1 is the length of stream in each reach.  These data were 

extracted from GMS by changing the "Streams" coverage from STR1 to SFR2.  By 
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mapping the modified coverage to a new MODFLOW simulation within GMS, the  

length of each reach was calculated and accessed in the "Stream (SFR2) Package" 

dialogue box, located in the "Source/Sink Packages" directory of the "MODFLOW" 

menu in GMS version 7.3. 

 

Although this step also resulted in a new ordering of stream reaches and segments as 

generated by GMS, the stream ordering was incorrect, numbering reaches according to 

their location in the grid from left to right (west to east) rather than according to the 

succession of reaches from higher to lower elevation.  Therefore the stream reaches were 

reordered according to the requirements of the SFR1 package (Prudic et al., 2004).  The 

number of segments was decreased from 93 in Pool and Dickinson (2006) to 20.  This 

reduction is because adjacent segments with identical hydraulic properties were 

combined into a single segment, reducing the total number of segments.  All hydraulic 

properties necessary for the SFR1 package were taken from Pool and Dickinson’s STR1 

package and matched according to cell coordinates. 

 

5.4 Three seasons 

 

The recharge package was seasonalized using estimates for the percent of recharge 

occurring in each season taken from the empirical analysis using ratios of seasonal 

(winter vs. summer) precipitation to seasonal actual or potential evapotranspiration 
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conducted by Ajami et al. (2012).  The analysis estimated that 80% of mountain system 

recharge occurs during the winter, and 20% occurs during the summer monsoon.   

 

In order to seasonalize the recharge package, the recharge rate multiplier array was 

copied such that it occurred 300 times in the package to accommodate a model with 300 

stress periods.  A pattern of three arrays, each with a different coefficient, was repeated 

100 times to create the total 300 stress periods.  The coefficients for each season were 

determined by multiplying the existing recharge array coefficient of 1.25 by a coefficient 

related to the percent of recharge which occurred during that season (coefficients in Table 

3): 

 

𝐶𝑟𝑐ℎ =
(𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑛𝑛𝑢𝑎𝑙 𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑙𝑢𝑥)(1.25)(365.25 𝑑𝑎𝑦𝑠)

(# 𝑑𝑎𝑦𝑠 𝑖𝑛 𝑠𝑒𝑎𝑠𝑜𝑛)  

 

The evapotranspiration package was seasonalized based on the percent of annual ET 

occurring in each season according to Scott et al. (2005).  The maximum ET rate 

multiplier array was copied such that it occurred 300 times in the package to 

accommodate a model with 300 stress periods.  A pattern of three arrays, each with a 

different coefficient, was repeated 100 times to create the total 300 stress periods.  The 

coefficients for each season were determined by multiplying the existing maximum ET 

array coefficient of 1 by a coefficient related to the percent of recharge which occurred 

during that season (Table 4): 
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𝐶𝐸𝑇 =
(𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑇 𝑓𝑙𝑢𝑥)(1)(365.25 𝑑𝑎𝑦𝑠)

(# 𝑑𝑎𝑦𝑠 𝑖𝑛 𝑠𝑒𝑎𝑠𝑜𝑛)  

 

5.5 Sensitivity analysis of the model to changes in recharge and ET 

 

The model was run with the recharge quantity at 80%, 100%, and 120% of the annual 

fluxes represented in the seasonalized recharge package.  These variations were done to 

determine the impact of varying recharge (precipitation quantity and seasonality) on 

stream leakage (greater stream leakage into the aquifer indicates a more losing stream).  

Evapotranspiration was held at 100% of the 3-season values as determined from the Pool 

and Dickinson maximum evapotranspiration rate. 

 

The model was also run with the coefficients for evapotranspiration at 80%, 100%, and 

120% of their value to determine the impact of varying ET (temperature and/or 

vegetation productivity) on stream leakage (greater stream leakage into the aquifer 

indicates a more losing stream).  Running the model with each permutation of these 

coefficients resulted in 9 combinations of recharge and evapotranspiration perturbations. 

 
Table 2. Recharge rate array coefficients for each season 

Season Fraction of 
annual rech 

# of days Crch Crch 
(80%) 

 Crch 
(120%) 

Single-season 1.0 365.25 1.0 0.8 1.2 
Dry summer (Mar-Jun) 0.0 122 0.0 0.0 0.0 
Wet summer (Jul-Sep) 0.2 92 1.4888 1.1910 1.7865 
Wet winter (Oct-Feb) 0.8 151.25 2.1130 1.6904 2.5356 
 
Table 3. Maximum ET rate array coefficients for each season 
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Season Fraction of 
annual ET 

# of days CET CET 
(80%) 

 CET 
(120%) 

Single-season 1.0 365.25 1.0 0.8 1.2 
Dry summer (Mar-Jun) 0.31884 122 0.9546 0.7637 1.1455 
Wet summer (Jul-Sep) 0.55072 92 2.1864 1.7491 2.6237 
Wet winter (Oct-Feb) 0.13044 151.25 0.3150 0.2520 0.3780 
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6 RESULTS 

 

6.1 Basin water balance among simulations 

 

In a groundwater aquifer, a simple water balance analysis can tell much about the state of 

the system and how it changes (or doesn't) in time. The difference between the inflows 

and discharges from the system is the amount of water lost or gaining in the system, or 

the change in storage: 

 

𝐼𝑛 − 𝑂𝑢𝑡 =  ∆𝑆𝑡𝑜𝑟𝑎𝑔𝑒 

 

In a steady-state system, the amount of water coming into the system should be equal to 

the amount leaving the system, resulting in a change in storage of zero. Because this 

model was developed to be a steady-state oscillatory model, there may be changes in 

storage between seasons, but over the course of a year there should be no net change in 

storage.  For all simulations, the discrepancy between annual inflows and outflows, or 

change in storage, was no greater than ±0.04% for any of the simulations (Figures 6 and 

7).  The model was successful in achieving steady state.   

 

There was a positive correlation between recharge volume and change in storage (Figure 

6), while there was no relationship between ET and percent change in storage (Figure 7).  

None of the seasonal changes in storage exceeded ±0.08%.  The wet winter and wet 
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summer seasons had the greatest changes in storage across the simulations, with the wet 

winter generally experiencing an increase in storage (in 6 out of 9 cases), and the wet 

summer generally experiencing a decrease in storage (in 6 out of 9 cases).  The dry 

summer season experienced increases or no change in storage in every simulation, but its 

increases had lesser magnitude (<0.02% change) than the other two seasons for every 

simulation. 

 

6.2 Relationship between recharge and ET 

 

There was a slight positive relationship between the amount of ET and recharge annually, 

and during the wet summer and wet winter seasons (Figure 8).  There was no correlation 

for the dry summer season because no recharge occurred during the dry summer in any 

simulation. 

 

6.3 Stream baseflow as a function of recharge and ET 

 

Net streamflow was calculated by subtracting the stream leakage out of the system from 

the stream leakage into the system.  A negative value for net streamflow represents a net 

movement of water from the groundwater system into the stream channel, and can thus 

be called baseflow.  In all simulations for all seasons, there was a negative net 

streamflow, meaning more water moved from the aquifer to the stream than vice versa.  

In all cases, there was greatest baseflow during the wet winter season, and least during 
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the wet summer season (Figure 8).  Baseflow was slightly positively correlated with 

recharge (Figure 9), and baseflow was more negatively correlated with ET (Figure 10). 

 

The majority of baseflow, 47%, occurred during the wet winter season. 35% occurred 

during the dry summer, and 18% during the wet summer (monsoon) season, when 

maximum ET rates peaked. 

 
6.4 Response of discrete stream reaches to changes in recharge and ET 

 

Although most reaches of the river had baseflow present in at least one season, there were 

some reaches that were always losing reaches (Figure 11).  Most of the uppermost 

headwater reaches experiences no water exchange between the groundwater system and 

the stream channel. 

 

Figure 12 demonstrates the change in baseflow in each reach for each season in each 

simulation relative to the base case of 100% recharge and 100% ET.  In every case with 

80% ET, there was an increase in baseflow in almost all of the reaches.  The only other 

case in which a majority of reaches experienced an increase in baseflow was in the case 

of 100% ET and 120% recharge.  All the remaining simulations experienced a decrease 

in baseflow in a majority of reaches as recharge and ET were varied. 

 

The differences in baseflow volume were compared across seasons (Figure 13).  More 

baseflow occurred in the majority of reaches during the winter season, and less baseflow 
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occurred in the wet summer season, both relative to the dry summer season.  This 

supports earlier aggregate net streamflow results that showed the wet winter season 

having the greatest volume of baseflow, and the wet summer season having the least. 

 

6.5 Constant head boundary and spring discharge vs. recharge and ET 

 

At the constant head boundary at the northern end of the model domain, where the river 

exits towards the Lower San Pedro Basin, constant head discharge was slightly positively 

correlated to changes in recharge (Figure 14), but had no correlation to changes in ET 

(Figure 15).  The most constant head discharge from the groundwater system occurred 

during the wet winter season, and the least during the wet summer season. 

 

There was a similar relationship between changes in recharge and ET to the amount of 

water discharged via the springs in the Huachuca Mountains (Figures 16 and 17).  Spring 

discharge had a slight positive correlation to changes in recharge, but no correlation to 

changes in ET.  The most spring discharge also occurred during the wet winter, and the 

least also occurred in the wet summer.  However, the total amount of water discharged 

via the constant head boundary was an order of magnitude larger than that discharged via 

the springs. 
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7 DISCUSSION 

 

In general, larger recharge volumes lead to greater fluxes in and out of the system.  Thus 

the values of ET across all simulations show a trend of increasing ET with increasing 

recharge.  ET is a function of the elevation of the water table relative to the max 

extinction depth in each cell and the max ET rate, so although the max ET values were 

set to 20% above and below the base values, the actual percent change in ET from the 

base values is not 20% for those simulations, but shows the impact of recharge volume on 

the elevation of the water table. 

 
7.1 Sensitivity of constant head and spring discharges to recharge and ET 

 

Annual constant head discharge was found to change 1.0±0.03% with a 20% change in 

recharge and 0.68±0.50% with a 20% change in max ET (reflecting all simulations in 

which there was a 20% change in recharge or ET).  This corroborates the findings in 

Figures 14 and 15, which show a slightly positive relationship between constant head 

discharge and recharge, but no relationship between constant head discharge and ET.  

Constant head discharge was more sensitive to changes in recharge, but was not very 

sensitive to changes overall. 

 

Annual spring discharge was found to change 1.89±0.56% with a 20% change in 

recharge and 1.13±0.98% with a 20% change in max ET. This corroborates the findings 

in Figures 16 and 17, which show a slightly positive relationship between mountain 
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spring discharge and recharge, but no relationship between spring discharge and ET.  

Spring discharge was more sensitive to changes in recharge, but was not very sensitive to 

changes overall. 

 

7.2 Sensitivity of stream baseflow to recharge and ET inputs 

 

Annual river baseflow was found to increase by 5.8% with each 20% increase in 

recharge, and to decrease by 10.5% with each 20% increase in max ET.  Baseflow, as 

compared to constant head boundary and spring discharges, was more sensitive to both 

changes in recharge and ET.  However, constant head and spring discharges were more 

sensitive to changes in recharge, while baseflow was more sensitive to changes in ET.  

This suggests that the max ET rate is more important in determining baseflow than the 

aquifer recharge rate. 

 

This conclusion is confirmed by an analysis of the changes in baseflow in discrete 

reaches between simulations (Figure 12).  There were only four simulations in which 

more reaches experienced an increase in baseflow from the base case.  Three of those 

were cases in which the lowest amount of ET (80%) occurred.  In the fourth case, 100% 

of base case ET occurred, but the largest (120%) of recharge occurred.  These results 

again suggest that lesser ET contributes more to generating baseflow than does greater 

recharge. 
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7.3 Seasonal patterns of storage, baseflow, constant head, and spring discharges 

 

Clear differences in the response of the groundwater system emerged when comparing 

the three seasons.  In the wet winter season, there was much greater recharge and lesser 

ET, which resulted in a slight increase in storage in 6 of the 9 simulations and a greater 

amount of baseflow discharged into the stream across all simulations.  The amount of 

water discharged via the constant head boundary and the springs was also greatest in the 

wet winter season.  In this season, the large recharge volumes led to the movement of 

large volumes of water into and out of the system. 

 

The dry summer season persistently occupied the middle of the road position between the 

wet winter and dry summer, having neither the greatest nor least change in storage, 

baseflow, constant head discharge, or spring discharge among the three seasons. This 

result is somewhat unexpected given that no recharge occurred in this season, so it would 

be expected that it would experience the lowest baseflows and most negative changes in 

storage.  The reason this is not the case is likely that the dry summer season immediately 

follows the wet winter season in time, so the groundwater system is still experiencing the 

benefits of the large recharge influx from the previous season. 

 

The wet summer season experienced water budget conditions almost always the opposite 

of the wet summer season.  Despite the occurrence of 20% of annual recharge during this 

season, it experienced the lowest levels of baseflow across all simulations, and a negative 
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change in storage in 6 of the 9 simulations.  Constant head and spring discharges were 

also lowest during this season.  This is likely explained by two factors.  First, the wet 

summer season has the highest ET rates of any season, so ET in this season might be so 

high that it becomes a more significant pathway for water to leave the groundwater 

system.  Second, the wet summer season follows the dry summer season, in which no 

recharge occurs, so the groundwater system might still be experiencing the consequences 

of the dry season. 
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8 CONCLUSIONS 

 

The climate of the Upper San Pedro Basin will likely experience fluctuations and changes 

in the future due to anthropogenic change.  Two climatologic factors which will have an 

important impact on the hydrologic cycle of the basin are precipitation (and how it affects 

recharge) and temperature (and how it affects evapotranspiration).  Evapotranspiration 

will also be connected to the type and quantity of vegetation which inhabits the basin, as 

different plants transpire at different rates.  Vegetation will in turn be affected by the 

amount of precipitation and temperature in the basin, creating a feedback loop.  Given the 

complex factors that might affect the future hydrologic condition of the basin, it is useful 

to understand how the groundwater system responds to changes in the quantity of 

recharge and ET under conditions of seasonal variations.  This model provides several 

important clues about the response of the Upper San Pedro Basin groundwater system in 

an uncertain future:  

 

• Evapotranspiration increases with greater recharge. 

• Stream baseflow was affected more by the max ET rate than by the recharge rate. 

• Baseflow was greatest in the wet winter season and least in the wet summer 

season across all simulations. 

• Some stream reaches are always losing reaches, likely due to the aridity of the 

basin and hydrogeological environment of the riparian aquifer. 
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Missing from this analysis is how differences in the seasonality of recharge and 

evapotranspiration affect model outcomes.  Further study using this model should involve 

a variety of scenarios for not only the quantity but also the timing of recharge and ET.  

This will require a better understanding of recharge processes and how they are linked 

with climatic variables, which is a field currently under development (Ajami et al, 2011).  

Furthermore, this study focuses on the impact of mountain-block and diffuse recharge, 

whereas it has been shown that flood recharge can play an important role in summer 

streamflow and riparian groundwater levels (Baillie et al., 2007).  The coupling of flood 

routing models to the groundwater model could incorporate flood processes and their 

impact on riparian health that are not represented in the current model.  Finally, the 

model would be improved by the use of the RIP-ET Package instead of the EVT Package 

to model evapotranspiration, because the former is able to more dynamically model the 

system, allowing for the incorporation of land cover and vegetation change into 

determinations of the ET rate (Baird and Maddock, 2005).  This study demonstrates the 

sensitivity of the Upper San Pedro to change, and in order to better manage this resource 

in the future, it will be necessary to continue considering future scenarios and gain 

understanding of how the system will respond to those changes. 
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9 APPENDIX A: FIGURES 
 

 
Figure 2. Map of Upper San Pedro Basin (from Goode and Maddock, 2000) 
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Figure 3. Geology and saturated thickness of the regional aquifer, Upper San Pedro 
Basin, United States and Mexico (from Pool and Dickinson, 2006). 
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Figure 4. Generalized hydrogeologic section and extent of numerical model layers, Upper 
San Pedro Basin, United States and Mexico (from Pool and Dickinson, 2006). 

 

Figure 5. Mountain-system recharge rates by catchment from the Anderson equation 
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Figure 6. Percent change in storage as a function of percent change in recharge 

 
Figure 7. Percent change in storage as a function of percent change in ET 
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Figure 8. Relationship between recharge and ET for each season in each simulation 
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Figure 9. Net streamflow as a function of percent change in recharge 

 
Figure 10. Net streamflow as a function of percent change in ET 
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Figure 14. Discharge from the constant head boundary vs. percent change in recharge 

 
Figure 15. Discharge from the constant head boundary vs. percent change in ET 
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Figure 16. Discharge from the springs as a function of percent change in recharge 

 
Figure 17. Discharge from the springs as a function of percent change in ET 
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