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1 Abstract 
Irrigation practices in the Rincon Valley and Mesilla Basin of the Lower Rio Grande have evolved over 

the last century into a complex setting of transboundary conjunctive use. Three major water users have 

surface and groundwater appropriation rights regulated by compact, treaty, and operating rules and 

agreements. The analysis of complex relationships between supply/demand components and the effects of 

surface-water and groundwater use requires an integrated hydrologic model to track all of the use and 

movement of water. Models previously developed for the region relied on a priori estimates of net 

irrigation flux or externally-calculated landscape water budgets. This study instead utilizes a MODFLOW 

model with the Farm Process (MF-FMP), which directly couples the surface-water and groundwater 

regimes through simulation of landscape processes. This allows the assessment of stream-aquifer 

interactions in the context of fulfilling irrigation demands with variable supplies of surface water 

allotments and supplemental groundwater pumping. MF-FMP also simulates direct uptake of 

groundwater by crops, an important utility for modeling a region with significant acreage dedicated to 

pecan orchards, a phreatophytic crop. The abilities and limitations of this new model are explored through 

scenario simulations meant to estimate streamflow depletions caused by historical pumping levels. 
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2 Introduction 
The Lower Rio Grande (LRG) Basin includes areas in New Mexico, Texas, and Mexico. Like other arid 

regions, water supply in this basin is comprised of groundwater and surface water resources that are 

limited in quantity and subject to significant annual variability. Demands on this precious resource 

include agricultural, municipal, and industrial uses that must be satisfied in accordance with a variety of 

state and federal laws and regulations, interstate operating agreements, and international treaties. 

Satisfying the demand of a certain use often affects the supply available to other uses in unpredictable 

ways. For this reason the implementation of existing laws and regulations governing groundwater and 

surface water use is often disputed via litigation by one or more of the stakeholder groups. 

Since 1984, hydrologic flow models have been essential tools to simulate the flow regime of the region 

and negotiate settlements to disputes over the use (or misuse) of the groundwater and surface water 

resources.  With ever-increasing computer power the models of this transboundary aquifer system have 

become more precise and highly detailed, and better able to address complicated questions about the 

movement of water within and out of the system. 

The Lower Rio Grande Hydrologic Model (LRGHM) is the latest and most detailed attempt at simulating 

the movement and use of water in the region. The biggest step forward in LRGHM is the inclusion of 

landscape processes embedded within the model and subjected to the dynamic relationship between 

surface water conveyance and estimates of supplemental pumping and recharge. Explicitly modeling 

landscape processes is made possible through the use of MODFLOW with the Farm Process (MF-FMP), 

an update to MODFLOW 2005 (Schmid & Hanson, 2009). LRGHM represents only a rudimentary 

implementation of MF-FMP and lays the foundation for on-going and future work that simulates the 

conjunctive use of water in the region with even greater detail. 

 

2.1 Hydrologic Model Documentation 

Since 1984 at least eight different hydrologic models of the Lower Rio Grande Basin have been 

developed in order to clarify the effects of various forcing mechanisms on the hydrologic regime. Each 

successive model introduced increasing levels of complexity with finer temporal and spatial discretization 

and/or expanded areal extent. Some models are enhanced versions of previous iterations while others are 

developed from scratch. 

LRGHM is the latest model and the subject of this report. It is a revision of the model created by the New 

Mexico Office of the State Engineer (NMOSE), modified to implement the recently developed Farm 

Process in place of the previously used external farm budget spreadsheet model. Most attention in this 

report will be given to changes between the two models and analyses that are possible due to those 

changes. Refer to the OSE draft model report for more complete description of LRGHM aspects that are 

identical to those developed for the OSE model (S.S. Papadopulos & Associates, Inc., 2007). 

2.1.1 Previous Modeling Efforts 

Hydrologic models are rarely developed out of simple curiosity. More often, they are developed as a tool 

to negotiate settlements between two or more stakeholders of a common resource. This section briefly 
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lists the previous models created for the Lower Rio Grande and the disputes which led to their 

development. 

In 1980 the city of El Paso, Texas applied for 266 permits for water supply wells to be drilled in the 

Mesilla and Hueco Basins. Steve Reynolds, who was the State Engineer for the Office of the State 

Engineer of New Mexico (NMOSE), initially denied the applications on the basis of a water embargo 

statute that did not allow New Mexico water to be exported outside of the state. El Paso sued in NM 

federal district court and Judge Howard Bratton ruled the embargo statute violated the commerce clause 

of the U.S. Constitution. The State Engineer then officially declared the Lower Rio Grande Underground 

Water Basin in September 1981, thus taking jurisdiction over all applications and permits in the basin. 

The New Mexico legislature subsequently passed new legislation allowing water to be exported outside 

the state, but in addition to impairment, added Public Welfare and Conservation of Water as criteria to be 

used to examine the export applications. Eventually the export legislation with these new criteria was 

found to be constitutional. The applications were then the subject of over 80 days of hearings and 

ultimately State Engineer Reynolds denied the applications on the basis that El Paso had a 40 year water 

supply and these applications were for speculative purposes. It was then imperative to develop 

administrative criteria and a hydrologic model to manage the basin and evaluate impairment issues on all 

applications and transfers (Hernandez, 2015). 

Three hydrologic models were created that each attempted in their own way to clarify the hydrologic 

conditions of the Mesilla and Hueco Basins. 

Peterson, Khaleel, and Hawley (1984) were the first to create a numerical groundwater model of the 

Mesilla basin. Based on a finite difference code that they created, the model consisted of two quazi-3D 

layers representing the alluvium deposits and the Santa Fe group. Streams were included as specified 

stages and drains as specified elevations. Evapotranspiration, supplemental pumping, and recharge were 

included as specified rates averaged over large regions of the basin. 

Wright Engineers and Maddock (1986) replicated and enhanced the model of Peterson et al. in the 

framework of MODFLOW. The RIV package was used to represent specified stage streams, the DRN 

package accounted for the specified elevation drains, and the ET package was used to implement head 

dependent fluxes of evapotranspiration. The model layers remained the same and the agriculture-related 

fluxes of recharge and supplemental pumping continued to be specified fluxes over regional areas. 

S.S. Papadopulos (1987) used the Hueco Code in lieu of MODFLOW and like the previous two models 

implemented all of the same boundary conditions except for ET, which was not explicitly modeled. The 

aquifer was split into 4 three-dimensional layers.  

In 1992 USGS published the final version of the model created by Gates, Frenzel, and Kaehler (1992). 

This MODFLOW model used specified stage streams, traditional drains, and head dependent ET. 

Geology was represented in four layers. Recharge and supplemental pumping were implicitly represented 

through net agricultural recharge. Also known as net irrigation flux, this is the summation of estimates for 

annual surface water diversions, effective rainfall, evapotranspiration, supplemental pumping, and deep 

percolation. 
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In March of 1991, the city of El Paso and NMOSE negotiated a settlement agreement and formed the 

Joint Settlement Commission. As part of the settlement agreement, Hamilton and Maddock (1993) were 

commissioned to create a new model of the Mesilla basin. This MODFLOW model featured upgraded 

representations of streams and drains through the calculated stage capabilities of the STR package. Like 

the USGS model, agriculture related fluxes were represented collectively as net recharge, but in this case 

surface water diversions are explicitly modeled. This model was adopted by NMOSE in 1995 for the 

purposes of well permitting in the Mesilla basin. 

In the same year, Weedon and Maddock began work on an update to the Hamilton Maddock model that 

included the Rincon Basin. This MODFLOW model was the first of the region to be GIS based, using the 

GMS user interface and local grid refinement to speed computation times. Annual stress periods were 

split into two seasonal stress periods: an eight month primary irrigation season and a four month 

secondary irrigation season. All other major features of the Hamilton Maddock model were unchanged. 

The Weedon-Maddock model was used in 2002 to negotiate a contract between El Paso County Water 

Improvement District (EPCWID) and the city of El Paso. 

Legal disputes among stakeholders in the Lower Rio Grande became more pronounced at the turn of the 

century. In 1997 the United States government filed a quiet title suit. El Paso County Water Improvement 

District filed a cross claim alleging inequitable allocation of project water by USBR due to the effects of 

groundwater pumping in New Mexico. Negotiations between the irrigation districts and USBR 

commenced in 1998 but collapsed in 2000. In 2001 the quiet title suit was stayed, and EBID filed suit in 

federal court against USBR for failure to develop and implement an operating agreement.  

In 2002 the Office of the State Engineer (OSE) of New Mexico commissioned the development of a new 

conjunctive use hydrologic model that represents the interaction of groundwater and surface water in the 

Lower Rio Grande Basin. The OSE model is a MODFLOW2005 model that simulates hydrologic 

conditions from 1939-2004 and includes a combination of estimated and measured groundwater and 

surface water diversions for those years. Both the Rincon and Mesilla basins are included in the model, 

and the aquifer is split into five layers. The middle layers have constant thicknesses but the top of layer 

one is defined by a 10m DEM and the bottom of layer five is constrained to the base of the Santa Fe 

group as interpreted by Hawley (2004). Streams and drains are both represented with calculated stage 

through the SFR package, while riparian evapotranspiration is included with the RIP-ET package. Stress 

periods are defined as pumping and non-pumping seasons, consisting of an eight month irrigation season 

and a four month winter season.  

Agriculture processes are for the most part explicitly included, but fluxes are calculated outside of the 

model and prescribed for each stress period. These processes include surface water diversions, canal 

losses, supplemental pumping, and deep percolation. A crop irrigation requirement is calculated for each 

irrigation zone and stress period by combining crop evapotranspiration rate with available estimated 

effective precipitation and soil moisture. 

2.1.2 Lower Rio Grande Hydrologic Model Description 

The OSE model has proved to be robust in most aspects, but one notable weakness has been the reliance 

of the model on external spreadsheets to calculate the consumptive use and return flows associated with 

surface water deliveries to farms. In response to this issue Wolfgang Schmid and Randy Hanson 
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developed a new package for MODFLOW called the Farm Process (Schmid, Hanson, Maddock, & Leake, 

2006) (Schmid & Hanson, 2009).   

Unlike its predecessors, the use of MF-FMP to develop the LRGHM facilitates fully coupled simulation 

of the use and movement of groundwater and surface water across the landscape interface (Hanson R. , 

Schmid, Faunt, & Lockwood, 2010). This approach makes possible more complete analysis of 

conjunctive use water resource systems by simulating relevant aspects of the landscape with the 

groundwater and surface water components. Supply-constrained and demand-driven components of the 

landscape are distributed cell-by-cell and grouped into water balance subregions (WBS) which in this 

model represent portions of the irrigation districts in New Mexico and Texas that receive surface water 

allocations. 

MODFLOW-FMP  allows the hindcast and forecast of irrigation demand related to dynamic conditions 

such as the availability of surface water supply, crop patterns, irrigation efficiencies, precipitation, 

evapotranspiration, and water rights.  This application of real world dynamic forcing mechanisms leads to 

a more realistic simulation of past and current hydrologic conditions, and a better prediction of future 

conditions which are dependent on such mechanisms. This is allowed mainly by the demand-driven and 

supply-constrained aspect of the FMP, which uses crop demand to calculate the amount of groundwater 

extraction required to supplement the available surface water supply. MODFLOW-FMP internalizes the 

calculations of consumptive use and allows the modeler to track ‘all of the water at all times.’ 

2.1.3 Purpose of Lower Rio Grande Hydrologic Model 

The Lower Rio Grande exists in a complex setting of transboundary conjunctive use subject to water 

rights, operating agreements, international treaties, varying supply and growing demand. Analysis of 

relationships between these supply and demand components and effects of groundwater and surface water 

use requires an integrated hydrologic model to track all use and movement of water. The LRGHM is able 

to replicate the stream-aquifer interactions that are dynamically affected by irrigation requirements 

fulfilled by surface water allotments and supplemented by groundwater pumpage as needed.  

LRGHM demonstrates this capability by simulating the existing streamflow-diversion relations known as 

the D2 and D3 curves. The D2 curve was created by the USBR as a way of projecting surface water 

available for diversion into canals. It is a linear regression of summed annual diversions compared to 

annual releases from Caballo Dam between the years 1951-1978. This period of time was the first to be 

dominated by years of drought and low surface water allocations since the commencement of the Rio 

Grande Compact in 1938. Embedded in the D2 curve are the effects of supplemental pumping from 

irrigation wells installed on a large scale during this period. Diversions for years 2003-07 fall below the 

D2 curve, demonstrating the effects of smaller allotments and increased farm efficiencies on divertible 

and deliverable water. Less divertible water means more supplemental pumping, which reduces the 

efficiency of river conveyance and capacity of direct uptake from groundwater to satisfy crop 

consumptive-use flux. 
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Figure 2-1: D2 Curve, adapted from Hanson et al., 2012 

 

Arguments over divertible flows below the D2 curve led to the 2008 Rio Grande Project operating 

agreement. Both sides agreed that a new curve called the D3 curve would be defined to protect the 

interests of EPCWID from upstream losses beyond those accounted for in the D2 curve. The D3 curve is 

calculated as 43% of the D2 curve, and is the amount of divertible water guaranteed to reach the state 

line. Under this agreement all losses below the D2 curve are borne by EBID, regardless of cause. 

 

 

Figure 2-2: D2 and D3 curves from Hanson et al., 2012 
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Departure of downstream deliveries from this curve is of great importance to all parties of the 2008 

Operating Agreement. These departures are primarily due to the dynamic relationship between surface 

water conveyance and increased supplemental pumping during low allocation years. Increasing on-farm 

efficiencies can also affect the ratio between reservoir releases and divertible water downstream. Previous 

models were not able to assess these relationships because estimates of supplemental pumping and 

recharge were calculated outside of the model and prescribed for each stress period. Also unused diverted 

surface water did not remain within the previous models. The LRGHM model is uniquely qualified to 

simulate conditions in the Lower Rio Grande that lead to D2 Curve departures since supplemental 

pumping levels are determined in each stress period after first attempting to satisfy demand with available 

surface water allocations and groundwater uptake. 

2.2 Scope of Work 

Several important questions about the Lower Rio Grande and the LRGHM model are addressed in this 

thesis. 

Is model performance acceptably similar to historical observations? This question will be tested by 

comparing simulated and observed flows in the Rio Grande and selected ditches and canals, seepage rates 

between stream and aquifer, and ratio of reservoir release to divertible water.  

The LRGHM calculates required supplemental pumping after accounting for demand met by available 

supply. How is this supply constrained so that realistic levels of supplemental pumping occur within the 

model? Is the relationship between available supply and required supplemental pumping linear or 

nonlinear? If the relationship is nonlinear, what might be causing that? How does this relationship affect 

divertible water? 

Groundwater uptake is an important piece to consider in a conjunctive use setting, especially in the 

presence of phreatophytic agricultural plants such as pecan trees. Previous models used 

evapotranspiration packages (such as EVT and RIP-ET in MODFLOW) to simulate only the groundwater 

uptake of riparian and non-agricultural vegetation, under the assumption that the presence of drains 

precluded significant uptake of groundwater by agricultural vegetation. This assumption is tested by the 

recent expansion of pecan farming in the area. To what extent does groundwater uptake satisfy crop 

demand in wet and dry years? How does Riparian Evapotranspiration vary from year to year and what 

percentage of the groundwater budget does it represent? 

Is it possible to assess the effects of groundwater pumping on river and canal conveyance efficiencies, 

and calculate streamflow capture caused by that pumping? Can the resulting evolution of Rio Grande 

flow components (reservoir releases, return flows, groundwater seepage) be shown through time? 

Does the model replicate the annual values of diverted and divertible water on the D2 curve of the Lower 

Rio Grande operating agreement? Can the model be used to suggest causes for departures from the D2 

curve? 

2.2.1 Description of Alternatives 

The ability of the LRGHM to simulate surface and groundwater flow conditions while simultaneously 

calculating and implementing supplemental pumping makes it an ideal vehicle to compare impacts on the 
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hydrologic system in historical and alternate scenarios. The following sections describe the scenarios built 

to compare these effects on groundwater-surface water interactions. 

2.2.1.1 Historical Pumping Levels 

The historical scenario attempts to replicate all aspects of the hydrologic system from 1939-2009. This 

includes documented reservoir releases and streamflow diversions, as well as supplemental pumping 

needed to satisfy remaining crop demand. Well pumping for all municipal, industrial, and residential 

demand in the basin is included based on metered data when available and extrapolated estimates when 

not available. 

2.2.1.2 Base Case - pre-1939 Irrigation Pumping Levels 

In this alternate scenario all irrigation wells are deactivated throughout time, matching the non-existence 

of ground water extraction for supplemental irrigation pre-1939. Surface water releases and diversions 

remain available as they were historically, but the FMP in this case is not able to use supplemental 

pumping in order to meet the full prescribed crop demand. All non-irrigation wells in the model are active 

and represent historical levels of pumping. 

2.2.1.3 Base Case – No Canutillo Well Field Pumping 

This alternate scenario assumes that no groundwater pumping occurs at the Canutillo Well Field, which 

contributes to the municipal water supply for the city of El Paso. The model is run exactly as in the 

historical simulation, but the well pumping rate parameter of the Canutillo well set in the WEL input file 

is set to zero for all time to eliminate the pumpage. 
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3 Geology and Hydrology of Study Area 

3.1 Introduction 

This chapter is meant to provide a broad characterization of the geohydrology of the Rincon and Mesilla 

basin for the purpose of better understanding the conditions modeled by the LRGHM. More extensive 

descriptions can be found in works by Frenzel and Kaehler (1992) and by Hawley and Kennedy (2004). 

3.2 Physical Features 

The Rio Grande rift runs from Colorado through New Mexico and into Texas. The Palomas and Mesilla 

basins are two of the complex fault bounded basins included in this rift system. The near-vertical 

bounding faults in these basins offset the Pre-Santa Fe Group bedrock which includes Pre-Cambrian 

through lower Tertiary rocks. The basin-fill which comprises the aquifer system includes upper Tertiary 

and Quaternary Santa Fe Group sedimentary deposits and Quaternary alluvium. The Quaternary alluvium 

consists primarily of Rio Grande flood-plain deposits (Hawley J. a., 2004). Figure 3-1 below shows the 

boundary of the Rio Grande watershed. The red lines define subregions within the watershed. The 

western subregions contain the path of the upper and middle Rio Grande, while the eastern subregions 

contain the Pecos River. The Pecos feeds into the Rio Grande near Acuna, Mexico, 200 miles west of San 

Antonio and well below the model area (shaded in black). 

 

Figure 3-1: Rio Grande watershed, modified from USDA NRCS website 
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The LRGHM includes most of the Mesilla Basin and the Rincon Valley, which is the southern extent of 

the Palomas Basin between Caballo Dam and Selden Canyon. The valley is bounded by the Black Range 

Mountains to the west, the Caballo Mountains to the east, and the Sierra De La Uvas to the south. The 

valley is approximately 30 miles long and several miles wide. Basin-fill deposits reach depths up to 500 

feet. The Rio Grande enters the study area of the LRGHM at the release point of the Caballo Dam, flows 

southward through the Rincon Valley, passes through Selden Canyon and then meanders southeast 

through Mesilla Basin (Weedon, 1999). 

Selden Canyon is a short and narrow conduit between the two basins, less than one mile wide and 10 

miles in length.  Canyon walls are steep and rise hundreds of feet above the basin floor. Bedrock is very 

close to the surface in Selden Canyon. 

Just north of Leasburg Dam the Selden Canyon opens up to the Mesilla Basin. The Mesilla Basin (1,110 

square miles) is much larger than Rincon Valley (335 square miles). The basin widens to the south with a 

maximum width of 32 miles between East Potrillo Mountains, which is actually on the western boundary 

of the basin, and Fillmore Pass to the east. The length of the basin is approximately 55 miles between 

Leasburg Dam and El Paso Narrows. 

El Paso Narrows marks the lower end of the Mesilla Basin and LRGHM study area. Like Selden Canyon, 

the depth to bedrock in the El Paso Narrows is very shallow (less than 75 feet) and the width of permeable 

basin-fill is approximately 500 feet. 

3.3 Climate 

The climate of the study area is semi-arid with low levels of precipitation and humidity. Records from a 

weather station located at New Mexico State University in Las Cruces show the average annual rainfall to 

be 9.28 inches, 54% of which falls during the summer monsoon months of July-September. Annual pan 

evaporation is 93.76 inches and potential evapotranspiration was calculated to be 49.82 inches (Wilson, 

1981). Table 3-1 shows monthly averages at New Mexico State University in Las Cruces, NM for the 

period of record 1959-2013 (WRCC, 2014). 

  

Table 3-1: Average monthly temperature, precipitation, and pan evaporation in Las Cruces, NM 
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Figure 3-2: Yearly precipitation in Las Cruces, NM 

 

Local precipitation provides some supply to agriculture in the Rincon and Mesilla valleys, but mostly 

occurs during summer monsoon season and as short and heavy storms. The most important source of 

water to the region is snowmelt feeding upstream segments of the Rio Grande. Spring snow depths at the 

Tres Ritos site (in the Sangre de Cristo Mountains northeast of Santa Fe, marked by a red star in 

Figure 3-1) are typically between 10-30 inches in a given year. The streamflow created by this snow melt 

is trapped in a series of dams along the river and released in yearly allotments to irrigation districts. 

Figure 3-4 shows the average yearly storage of water held in Elephant Butte Reservoir, and Figure 3-5 

compares the cumulative departure curves of snow depth at Tres Ritos and reservoir storage. 

 

Figure 3-3: March snow Depth at Tres Ritos site in Upper Rio Grande watershed 

 



 

23 

 

Figure 3-4: Elephant Butte Reservoir average yearly storage 1953-2014 

  

 

Figure 3-5: Cumulative departure curves of reservoir storage (acft) and snow depth (in) 1953 – 2009 

 

Portions of the plot with downward trends indicate periods of time when reservoir storage or upstream 

snow depth is below average. Upward trends indicate above average storage or snow depth. Flat portions, 

regardless of position on the y-axis, indicate periods of time with average storage or snow depth. 

Yearly surface water irrigation allotments are measured in acre-feet per acre, or simply feet as shorthand. 

Allotments are determined each year based on current reservoir storage and can be increased with 

significant spring or summer precipitation events. Figure 3-6 shows the yearly surface water delivery 

allotments for 1940-2009. Figure 3-7 shows the cumulative departure of yearly surface water allotments, 

which more clearly shows periods of low allocation. These periods will be highlighted in subsequent 

graphs as the dynamics of groundwater – surface water interactions during low allocation years are 

markedly different than in average or full allocation years. 
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Figure 3-6: Surface water delivery allotment for Elephant Butte Irrigation District 

 

 

Figure 3-7:  Cumulative departure of surface water delivery allotments. The steady rise of the allotment 

curve from 1979 – 2002 reflects years of full allocation, which is 3 acre-feet per acre per year. 
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The cumulative departure plot in Figure 3-8 shows the cumulative sum of differences from average for 

maximum, minimum, and mean yearly temperature. Yearly average minimum temperatures are generally 

below average from 1947 – 1980, and above average from 1984 – 2009. This trend is generally in 

alignment with observations of Pacific Decadal Oscillation (PDO) Cycles. The years 1947-1977 are 

considered a negative cycle, with lower than average temperatures and precipitation. Alternatively, 1978-

1999 is positive cycle with higher than average temperatures and more precipitation (Hanson, Dettinger, 

& Newhouse, 2006). Figure 3-9 combines the cumulative departure curves of yearly mean temperature, 

spring snow depth at Tres Ritos, and yearly precipitation at Las Cruces. 

 

Figure 3-8: Cumulative departure curves of yearly temperatures in Las Cruces, NM 

 

 

Figure 3-9: Cumulative departure curves of mean annual temperatures and precipitation (Las Cruces, NM) 

and March snow depth (Tres Ritos). 
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3.4 Groundwater System  

The groundwater flow system is in the model area is composed of basin fill deposits in the Rincon valley 

of the Palomas basin and the Mesilla basin. These basins formed as part of the Rio Grande rift which 

stretches from northern Colorado south-southeast into Mexico. The rift began forming in late-Eocene, 

early Oligocene time (approximately 35-29 million years ago) due to extensional forces acting on the 

North American Plate. Thinning of the crust and normal faulting associated with this extension created 

basins that captured surface water runoff, eventually forming the Rio Grande River (Lowry, 2015). 

The Rincon valley and Mesilla basin are filled with a series of sedimentary deposits known as the Santa 

Fe Group. The group ranges in age from 25 to 0.7 Ma and is informally divided into lower, middle, and 

upper lithographic units. Total thickness of the Santa Fe Group reaches 500 feet in the Rincon Valley, and 

up to 3000 feet in parts of the Mesilla Basin. The lower Santa Fe is semi-consolidated and consists of fine 

and medium grain sand with some silt and clay. Depositional features include alluvial fans and buried 

dune complexes as thick as 500 feet.  The lower Santa Fe Group was deposited between 25 and 10 Ma in 

a closed-basin setting. The contact between the basin fill sediments and the underlying low-permeability 

bedrock marks the boundary of the groundwater flow system (Hawley & Lozinsky, 1992). 

The middle Santa Fe Group was deposited between 10 and 4 Ma, and is dominated by sediments 

deposited in large alluvial fans terminating in playa lakes. During this period rift tectonism was highly 

active and resulted in thick deposits of sediments adjacent to the boundary fault zones. The middle unit 

contains some eolian sediments but not to the size or extent of the underlying unit. The middle Santa Fe is 

in contact with the basin floor except where the lower Santa Fe group is present in the lower Mesilla 

Basin (Hawley & Lozinsky, 1992). 

The upper Santa Fe group is approximately 80 feet thick and consists of coarse sands and gravels. The 

stark difference in lithology compared to the lower units is due to the transformation of the basin from a 

closed, internally drained basin to a fluvial plain associated with a through-flowing river. This 

transformation began approximately 3 to 4 Ma, and deposition from distributary channels of the ancestral 

Rio Grande continued until 0.7 Ma (Hawley & Lozinsky, 1992). 

In the last million years the Rio Grande has eroded into the Santa Fe group, forming the Rio Grande 

valley. This inner valley has been in turn filled with fluvial sediment from in-channel and overbank 

deposition. The flood plain alluvium is typically 60-80 feet thick and up to 5 miles wide in some places 

(Hawley & Lozinsky, 1992). 

Water enters the groundwater system through mountain- and slope-front recharge, underflow at Caballo 

Dam, seepage out of the river and irrigation canals, and deep percolation of excess irrigation water 

applied to crop land. Precipitation that does not evaporate or run off of the land surface can also enter the 

groundwater system. Water leaves the system through underflow at Fillmore Pass and El Paso Narrows, 

seepage into drains, evapotranspiration from riparian vegetation and crops, and pumping for supplemental 

irrigation or municipal and industrial use. 

3.5 Surface Water System 

The surface water system in the model area is a complex network of the Rio Grande and connected canals 

and drains. The Rio Grande begins as a spring in San Juan County, Colorado at an elevation of 12,000 
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feet. It is the fourth or fifth longest stream in North America, meandering almost 1,900 miles and draining 

40,000 square miles of land before ultimately emptying into the Gulf of Mexico (Metz, 2015). 

In 1905 the U.S. Congress approved the proposal of the newly formed United States Reclamation Service 

(now the U.S. Bureau of Reclamation) to construct Elephant Butte Dam and Reservoir four miles east of 

Truth or Consequences, New Mexico. The reservoir was designed to be 175 feet deep at its lowest point, 

stretch 40 miles behind the dam, and have a capacity of 2 million acre-feet. In the same year irrigation 

districts were formed in New Mexico (Elephant Butte Irrigation District) and Texas (El Paso Valley 

Water Users’ Association, later to become El Paso County Water Improvement District #1). Construction 

was completed in 1916, but deliveries to EBID and EPCWID #1 began one year earlier (Autobee, 1994). 

Surface water enters the active model boundary as releases from Caballo Dam, the companion structure 

25 miles downstream of Elephant Butte Dam. Construction of Caballo Dam began in 1936 and was 

completed two years later. The 344,000 acre-feet capacity Caballo Reservoir was designed to capture 

water released for winter power generation at the Elephant Butte hydroelectric power plant, and store that 

water until summer months when it would be released for irrigation (Autobee, 1994). 

The Rio Grande Compact of 1938 allocates surface water releases to three user groups: Elephant Butte 

Irrigation District (EBID) in New Mexico, El Paso County Water Improvement District #1 (EPCWID) in 

Texas, and Mexico. Mexico is promised 60,000 acre-feet per year and the remainder is split between the 

two U.S. groups in proportion to their irrigable acreage. USBR conducted a feasibility study in 1916 and 

determined there to be 88,000 acres of irrigable land in New Mexico and 67,000 acres. The compact 

allows an additional 3% of irrigated acreage, which totals to 90,640 acres in New Mexico and 69,010 

acres in Texas (Littlefield, 1999). 

Four dams divert Rio Grande flow into a network of canals and laterals totaling more than 600 miles in 

length. Two miles downstream of Caballo Dam, Percha Diversion Dam serves 16,260 acres in the Rincon 

Valley. Leasburg Dam is located just downstream of Selden Canyon at the head of the Mesilla Valley and 

serves 31,600 acres. Mesilla Dam serves the remainder of irrigated acreage in Mesilla Valley. The 

Eastside and Westside Canals both stem from the Mesilla Dam and provide irrigation to land in New 

Mexico and Texas. The American Dam is located two miles upstream of El Paso and diverts water for 

delivery to Mexico via the Franklin Canal (Lang, 1995).  

Diverted surface flows are conveyed to farms through the network of canals and applied as flood 

irrigation. Water will then either evaporate on the surface, soak into the soil and be transpired by crops, or 

seep past the root zone and recharge the underlying aquifer. Rising groundwater levels from excess 

irrigation are mitigated by a network of more than 450 miles of drains that return significant amounts of 

water to the river that can be reused downstream.  
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4 Model Data 
Most data used in the LRGHM is carried over from the OSE model (S.S. Papadopulos & Associates, Inc., 

2007). This chapter is intended as a short summary of all model data with extra attention given to data 

with different sources than used in the development of the OSE model. Some limited modifications were 

made to partially implement the Farm Process (Hanson et al., 2012) along with minor upgrades and 

updates through 2009 from the previous model that form the basis of the version of the model used for 

this analysis. 

4.1 Study Period 

LRGHM simulation begins March 1, 1940 and ends October 31, 2009. This includes five years of 

simulation (10 seasonal stress periods) beyond the end of the OSE model, which ran through October 31, 

2005. The beginning of the simulation roughly coincides with the implementation of the 1938 Rio Grande 

Compact. The compact allocated irrigated acreage between EBID and EPCWID and assigned 

proportional cost of repayment to the federal government for Rio Grande Project infrastructure. 

4.2 Developing Seasonal Data 

Pre-processing of data was necessary to fit the seasonal stress period structure and match model units of 

feet and days. Monthly or daily observations within a stress period were averaged as constant fluxes 

throughout that stress period.   

4.3 Spatial Extent of Data Set 

The LRGHM simulates groundwater and surface water flow in the Rincon Valley and Mesilla Basin. 

Aquifer structure is represented identically to that in the OSE Model, which relied heavily on cross 

sections and interpretations developed by Hawley and Kennedy (2004). The Rio Grande is modeled from 

the release point of Caballo Dam in the Rincon Valley to the American Dam at the bottom of the Mesilla 

Basin. The LRGHM includes an additional “virtual” stream segment to simulate flow below American 

Dam, left over after prescribed diversions to American Canal. It is only used for accounting purposes and 

does not increase the modeled length of the river. 

4.4 Data Sources 

4.4.1 Streamflow Data 

There are several active streamflow gaging stations providing continuous discharge data along the Rio 

Grande between Caballo Dam and El Paso Narrows. USGS operates a streamflow gage just downstream 

of Caballo dam and provides mean daily discharge data back to January 1, 1939. These observations 

specify the surface flow input across the upstream boundary of the LRGHM. A small amount of surface 

flow also enters the model by way of the Bonita private lateral. This flow is insignificant compared to that 

produced by Caballo Dam releases, but is tracked by EBID in their monthly irrigation diversion reports 

and used as a second surface flow input to the model. Another active USGS gage providing mean daily 

discharge is located near Courchesne Bridge at El Paso, and is used to compare simulated and observed 

stream flows. EBID operates a streamflow gages below both Leasburg Dam and Mesilla Dam, providing 

instantaneous discharge observations every half hour. These gages are also used to compare simulated 

and observed stream flows. 
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Multiple other sites along the Rio Grande and irrigation network within the study area have produced 

discharge observations during stretches within the time period of the model. These are used for comparing 

simulated and observed stream flows. The table below summarizes all streamflow gaging stations used by 

LRGHM. 

Site Name 

SFR Location 

(Segment-Reach) 

River Mile 

(Below Caballo Dam) Data Source Date Range 

Below Caballo Dam 1-2 0 USGS 1940-2009 

Bonita Private Lateral 5-1 0 EBID 1940-2009 

Haynor Bridge 58-15 33 EBID 2000-2005 

Above Leasburg Dam 75-38 45 EBID 1940-1983 

Below Leasburg Dam 84-11 47 EBID 1940-2005 

Below Mesilla Dam 149-5 68 EBID 1980-2005 

Vado Bridge 208-27 79 EBID 1985-1996 

Anthony Bridge 371-4 87 EBID 1986-2005 

Canutillo Bridge 372-20 94 EBID 1985-2002 

Vinton Bridge 372-3 91 USGS 1970-1991 

Courchesne Bridge 430-3 105 IBWC 1940-2009 

Below American Dam 467-1 107 IBWC 1940-2009 

 

Table 4-1: Streamflow observation locations 

 

 

Figure 4-1: Yearly releases from Caballo Dam, primary (blue) and secondary (red) irrigation seasons 

 

 

Figure 4-2: Yearly flows into Bonita Private Lateral, primary (blue) and secondary (red) irrigation seasons 
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4.4.2 Diversion Data 

Three dams account for all project surface water diversions between Caballo Reservoir and El Paso 

Narrows. Percha Dam is located 1.8 miles downstream of Caballo dam and services all project-irrigated 

land in the Rincon Valley by way of the Arrey Canal. Leasburg Dam is located in the Mesilla basin close 

to the mouth of Selden Canyon and diverts water into the Leasburg Canal. Mesilla Dam is located 

midway through the Mesilla basin and feeds both the Eastside and Westside canals. 

EBID holds monthly records for all diversions made at these dams. Monthly volumetric (acre-feet) 

diversions were added within model stress periods and converted to constant rates (cubic feet per day) for 

the duration of each stress period. Diversion rates for years 1940-2004 were calculated this way in the 

OSE model and carried over to the LRGHM. Records for years 2005-2009 were obtained from EBID and 

appended to the model in similar fashion. 

Project water flows through a complex network of canals and laterals after diversion from the Rio 

Grande. At major canal laterals EBID reports the volume of water diverted from the main stem. 

Diversions to the American Canal are reported by the International Boundary Waters Commission 

(IBWC). See Table 4-2 and Table 4-3 below for summary of data type available for each diversion 

location within the irrigation canal network. 

Diversion to Segment 

Seg. 

Number Diversion from Segment Seg. Number 

Priority 

Percha Private Lateral 2 Rio Grande River 1 0 

Arrey Canal 3 Rio Grande River 1 0 

Leasburg Main Canal 76 Rio Grande River 75 0 

Eastside Canal 143 Rio Grande River 142 0 

Westside Canal 195 Rio Grande River 142 0 

American Canal 467* Rio Grande River 430 -3 

Table 4-2: Points of diversion below Caballo Dam 

 

The charts below show recorded diversions into each canal by water year and are grouped by irrigation 

season. Primary irrigation season lasts from March 1st to October 31st, while secondary irrigation season 

runs from November 1st to February 28th. During wet years there is sometimes surface water available for 

diversion and delivery during the secondary irrigation season. 
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Figure 4-3: Primary irrigation season diversions from Rio Grande by year, in cubic feet per day 

 

 

Figure 4-4: Secondary irrigation season diversions from Rio Grande by year, in cubic feet per day 

 

  

Figure 4-5: Diversions to American Canal by year, in cubic feet per day 

 

At lateral junctions within the canal network only a percent of available flow is estimated to be diverted. 

The percent is based on the area of irrigated land serviced by each lateral. These percentages are held 

constant throughout the simulation period. 
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Diversion to Segment Seg. Number Diversion from Segment Seg. Number % Diversion 

Salem Lateral 14 Garfield Main Canal 13 12% 
Rodey Lateral 45 Hatch Main Canal 40 11% 

Angostura Lateral 49 Hatch Main Canal 48 25% 
American Bend Lateral 80 Leasburg Main Canal 79 2% 

Picacho Lateral 107 Leasburg Main Canal 106 20% 
Dona Ana Lateral 126 Leasburg Main Canal 104 4% 
California Lateral 137 Mesilla Lateral 136 25% 

Del Rio Lateral 144 Eastside Canal 143 5% 
Louisiana Lateral 154 Mesilla Lateral 153 33% 
Laguna Lateral 162 Mesilla Lateral 135 10% 

Las Cruces Lateral 170 Leasburg Main Canal 130 34% 
Three Saints Main Canal WW 188 Three Saints Main Lateral 187 0% 

Santo Tomas Lateral 197 Westside Canal 196 6% 
Santo Tomas River Lateral 200 Santo Tomas Lateral 199 41% 
Upper Chamberino Lateral 258 Westside Canal 257 33% 
Chamberino East Lateral 262 Upper Chamberino Lateral 261 31% 

San Miguel Lateral 272 Upper Chamberino Lateral 259 72% 
La Union East Lateral 285 La Union Main Canal 284 57% 
Little La Union Lateral 295 La Union West Lateral 294 36% 

Three Saints West Lateral 329 Three Saints Main Lateral 328 31% 
Anthony Lateral 338 Three Saints Main Canal 186 16% 
Apache Lateral 345 Las Cruces Lateral 178 50% 

Canutillo Lateral 374 La Union East Lateral 288 27% 

Table 4-3: Locations of lateral diversions and percent of flow diverted within canal networks 

4.4.3 Irrigated Acreage and Consumptive-Use Flux 

EBID officially has 90,640 acres of irrigable land under the Rio Grande Compact. The total area of farm 

land is somewhat larger, since not all irrigable land is used in a given year. Total area of land modeled in 

LRGHM as farm land is 119,840 acres, with 105,320 in New Mexico and 14,520 in Texas. Since the 

early 1950’s not all of this acreage has been farmed during the same growing season. In low allocation 

years water deliveries are stacked on fewer acres so that a smaller amount of crop demand can be fully 

satisfied while avoiding the build up of salt residues in the soil. There is also a trend of increasing the 

acreage of higher value crops such as pecans in place of cotton and grain. 
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Figure 4-6: Crop Acreage by year in modeled area. Includes all of EBID and portion of EPCWID within 

active model area. 

 

The previous model calculated consumptive-use flux for each service area based on the amount and types 

of crops grown in each irrigation season. The LRGHM mimics this calculated consumptive use, but pro-

rates the amount and spreads it over the entire area of land classified as irrigated acreage. In effect the 

LRGHM simulates the same aggregate amount of CU flux but as a smaller flux over a larger area. 

 

Figure 4-7: Irrigated crop acreages modeled in OSE model and LRGHM, by service area 
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Figure 4-8: Specified crop consumptive use flux used for OSE Model and LRGHM 

4.4.4 Effluent Flows 

Treated municipal waste water effluent is released to the Rio Grande and connected drains at several 

points in the stream network. Two cooling towers owned by El Paso Electric provide another source of 

effluent flow. The records of these effluent releases are provided by the municipalities and El Paso 

Electric, and converted to average flows per stress period. Unavailable years of data were extrapolated 

with best estimates. 

Effluent Source Release Point Seg. Number Years of Release 

Las Cruces, NM Rio Grande 102 1940 - 2009 
Anthony, TX East Drain 362 1975 – 2009 

Sunland Park, NM Rio Grande 373 1997 – 2009 
El Paso Electric #1 Montoya Drain 426 1959 – 2009 
El Paso Electric #2 Rio Grande 430 1940 - 2009 

 

Table 4-4: Location of effluent sources within modeled stream network 

 

 

Figure 4-9: Modeled rates of effluent by location and year 
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4.4.5 Metered Well Pumping Data 

Metered pumping data is kept by NMOSE for most municipal and industrial wells in the Lower Rio 

Grande Basin. The database of well locations and pumping records were carried over from the OSE 

model and updated to include wells installed since the release of the OSE model. All pumping data was 

obtained from the New Mexico Water Rights Reporting System (NMWRRS) website. All wells within 

the study area are listed under the Lower Rio Grande Basin and specified by Point of Diversion (POD) 

codes. Meter readings for each POD are listed as cumulative volumes. These volumes were differenced 

by stress period and converted to average volumetric flow rates per stress period. Flow rates were split 

proportionally between model layers using a pre-processor when the screened interval of the well 

penetrated multiple layers. For instance, if the screened interval of a given well was exposed to 10 feet of 

layer 2 and 5 feet of layer 3, two-thirds of pumpage would be assigned to layer 2 and the remaining third 

assigned to layer 3. 

4.4.6 Filling Missing Data and Data Extension 

From 1940 to 2004 all model input data is identical to those used by the OSE model. Data was extended 

in the LRGHM to include years 2005 through 2009. This includes releases from Caballo Dam, EBID 

diversions to and within the canal network, municipal waste water effluent, and metered municipal and 

industrial well pumping. Crop consumptive-use fluxes used for the 2004 primary irrigation seasons were 

repeated through the extended model time, adjusted up or down based on the known total irrigated 

acreage in years 2005-2009 compared to the total irrigated acreage in 2004. 
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5 Simulation of Groundwater Flow 

5.1 Introduction 

This chapter describes the historical and base case transient simulations performed with the LRGHM. 

Boundary conditions used by the model are discussed in detail, as are the structure of base case scenarios 

used to illustrate the effects of groundwater pumping on the system.  

Groundwater flow simulation is performed with MODFLOW 2005, an existing update of the Modular 

Three-Dimensional Finite Difference Groundwater Flow Model created by McDonald and Harbaugh for 

the USGS (1988). The LRGHM was developed as a mimic model to the OSE Model that used a modified 

version of MF-2005, and uses most of the same underlying model structure. A fundamental difference is 

between the two models is the implementation of the Farm Process Version 2 (FMP2) (Schmid & 

Hanson, 2009). Both versions also included the RIP-ET package (Maddock, Baird, Hanson, Schmid, & 

Ajami, 2012). MF2K5 with FMP2 (MF-FMP) is an integrated hydrologic model that incorporates a 

dynamically coupled water supply and demand accounting within agricultural and native vegetation areas. 

This is the major departure from the previous model, which used an external spreadsheet-based farm 

budget model. The MF-FMP code provides the simulation of conjunctive use with linkages of supply-

constrained and demand-driven use and movement of water across the landscape between surface-water 

and groundwater flow systems. 
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Computer program (packages, 

processes, parameter estimation) 
Function Reference 

 Processes and Solver  

Groundwater Flow (GWF) Processes 

of MODFLOW-2005 

Setup and solve equations simulating a basic 

groundwater flow model 

Harbaugh (2005), Harbaugh et al 

(2000), McDonald and Harbaugh 

(1988), Hill et al (2000) 

Geometric Multigrid Solver (GMG) Solves groundwater flow equations; requires 

convergence of heads and(or) flow rates. 

Wilson and Naff (2004) 

Farm process (FMP2) Setup/solve equations simulating use and 

movement of water on the landscape as irrigated 

agriculture 

Schmid and Hanson (2009), 

Schmid et al. (2006a, b) 

 Files  

Name File (NAM) Controls the capabilities of MF-FMP utilized 

during a simulation.  Lists files used by the GLO, 

OBS, and FMP Processes. 

Harbaugh (2005) 

Output Control Option  (OC) Used in conjunction with flags in other packages to 

output head, drawdown, and budget information for 

specified time periods into separate files. 

Harbaugh (2005) 

List File (LST) Output file for allocation information, values used 

by the GWF process, and calculated results such as 

head, drawdown, and the water budget.   

Harbaugh (2005) 

 Discretization   

Basic Package (BAS6) Defines the initial conditions and some of the 

boundary conditions of the model. 

Harbaugh (2005) 

Discretization Package (DIS) Space and time information. Harbaugh (2005) 

Multiplier Package (MULT) Defines multiplier arrays for calculation of model-

layer characteristics from parameter values. 

Harbaugh (2005), Schmid and 

Hanson (2008) 

Zones (ZONE) Defines arrays of different zones.  Parameters may 

be composed of one or many zones. 

Harbaugh (2005) 

 Aquifer Parameters  

Layer Property Flow Package (LPF) Calculates the hydraulic conductance b/w cells. Harbaugh (2005) 

 Boundary Conditions  

General Head Boundaries (GHB) Head-dependent boundary condition used along the 

edge of the model to allow groundwater to flow 

into or out of model under regional gradient. 

Harbaugh (2005) 

 Recharge and Discharge  

Well Package (WEL) Simulates a specified flux to or from individual 

cells, including pumpage from wells, or mountain 

front recharge 

Harbaugh (2005) 

Streamflow Routing (SFR2) Simulates the routed streamflow through segments 

representing streams, canals, and drains, and 

associated infiltration, exfiltration, and returnflows 

from FMP 

Niswonger and Prudic (2005) 

Riparian Evapotranspiration (RIP-ET) Simulates head-dependent flux out of the model 

due to riparian evapotranspiration 

Maddock and others (2012) 

 Output, Observations and Sensitivity  

Head Observation (HOB) Defines the head observation and weight by 

layer(s), row, column, and time and generates 

simulated values for comparison with observed 

values. 

Hill and others (2000) 

Harbaugh (2005) 

Gage Package (GAGE) For designated stream locations, the time, flux, and 

other information is written to an output file to 

facilitate graphical postprocessing of the calculated 

data 

 

Hydmod (HYD) Generates simulated values for specified locations 

at each time-step for groundwater levels and 

streamflow attributes. 

Hanson and Leake (1998) 

 

Table 5-1: Summary of MF-FMP packages and processes used with the LRGHM. 
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5.2 Discretization 

The following is a brief description of the spatial discretization of the LRGHM, which is identical to that 

used by the NMOSE model. Refer to NMOSE model documentation for more detailed information. 

The LRGHM encompasses the alluvial and sedimentary deposits of the Rincon valley and Mesilla bolson 

enclosed by the Dona Ana and Organ Mountains of the northeast, the Portillo Mountains to the southwest, 

and bounded on the north by Caballo dam and on the south by the El Paso Narrows. The finite difference 

model grid used to represent the land surface and subsurface aquifer units consists of a series of 

orthogonal square model cells. All model cells are ¼ mile on a side and are held uniform through time. 

 

Figure 5-1: Study Area – Modified from S.S. Papadopulos & Associates 2007 
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5.2.1 Spatial Discretization and Layering 

The total active domain is approximately 1550 square miles on a finite-difference grid made up of 388 

rows, 164 columns, and 5 layers. The model has a uniform horizontal discretization of orthogonal square 

cells ¼ mile on a side, an area of 40 acres per cell. There are 100,710 active cells out of a total 318,160 

(31.65%). The number of active cells steadily decreases from the top layer (24800/63632, 38.97%) to the 

bottom layer (14357/63632, 22.56%), reflecting the bowl-shaped nature of the basins. The model grid is 

rotated 24 degrees counter-clockwise about the origin. 

Model 

Layer 

Average 

Thicknes

s (ft) 

Geologic Group Active 

Cells 

Total 

Cells 

Percent 

Active 

Cells 

1 108 Rio Grande Alluvium, Upper Santa Fe Group 24,800 63,632 38.97% 

2 130 Upper/Middle Santa Fe Group 21,972 63,632 34.53% 

3 198 Upper/Middle Santa Fe Group 21,498 63,632 33.78% 

4 189 Middle Santa Fe Group 18,083 63,632 28.42% 

5 974 Middle/Lower Santa Fe Group 14,357 63,632 22.56% 

TOT

AL 

  100,710 318,160 31.65% 

 

Table 5-2: Summary of model layers 

5.2.1.1   Layer 1 

The top layer is the only layer in the LRGHM different from that used in the previous NMOSE model. In 

the NMOSE model the top of layer 1 was set to the water table surface, but in the LRGHM it was set to 

ground surface elevation as determined by a 10-meter mosaic DEM. This allows the LRGHM to simulate 

groundwater flow using a free-surface approach in the Layer Property Flow (LPF) package. Layer 1 

includes Rio Grande alluvium within the river valley and Upper Santa Fe Group sediments outside of the 

valley. The bottom of layer 1 is set to an elevation 70 feet below survey elevations of the Rio Grande. 

Each model row has a constant elevation, and elevations decrease from the top row to the bottom row of 

the model in line with the elevation drop of the Rio Grande as it crosses through each row. 

5.2.1.2   Layer 2 

The top of layer 2 coincides with the bottom of layer 1. It has a thickness of 130 feet and generally 

includes Upper and Middle Santa Fe Group sediments. The northern portion of the second layer includes 

more Upper Santa Fe Group sediments and the southern portion contains more Middle Group sediments. 

Layers 1 and 2 cover roughly the same extent of the model domain, except in the area of Selden Canyon 

where bedrock is directly overlain by Rio Grande alluvium. 

5.2.1.3   Layer 3 

The top of layer 3 coincides with the bottom of layer 2. It is 200 ft thick and contains the generally the 

same geologic units as layer 2 (Upper Santa Fe Group sediments in the north and Middle Santa Fe Group 

sediments in the south). Layer 3 cells near the active model boundary are thinner where valley sediments 

come into contact with surrounding bedrock, and the areal extent of layer 3 is slightly less than layer 2. 

5.2.1.4   Layer 4 

The top of layer 4 coincides with the bottom of layer 3. It is 200 feet thick and consists entirely of Middle 

Santa Fe Group sediments. Layer 4 cells near the active model boundary are thinner where valley 
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sediments come into contact with surrounding bedrock, and the areal extent of layer 4 is slightly less than 

layer 3. 

5.2.1.5   Layer 5 

The top of layer 5 coincides with the bottom of layer 4. Thickness varies widely, between 100 and 2000 

feet. Layer 5 consists of Middle and Lower Santa Fe Group sediments. The bottom of layer 5 represents 

the contact between the Santa Fe Group and underlying bedrock. This is the only layer that implicitly 

includes structural features of the basin represented in the discontinuous and faulted bottom elevations of 

the Lower Santa Fe Group as defined by Hawley and Kennedy (2004). 

5.2.2   Temporal Discretization 

The LRGHM uses seasonal stress periods aligned with the water year calendar and splits each year 

between primary irrigation and secondary irrigation seasons. The primary irrigation season is 245 days 

long and runs from March 1 to October 31, while the secondary irrigation season is 120.25 days long and 

accounts for the remainder of the water year. The extra 0.25 day is a mechanism to average the additional 

day included in leap years. Model time starts at the beginning of the 1940 primary irrigation season and 

ends at the end of the 2009 primary irrigation season for a total of 139 stress periods. Each stress period is 

split into 4 time steps with a multiplication factor of 1.2, meaning each time step within a stress period is 

1.2 times longer than the previous time step.  

5.3 Groundwater Boundary Conditions 

Boundary conditions are implemented at certain model cells to simulate inflow and outflow from the 

active model region. These flows include streamflow, surface water diversions, and groundwater 

underflow. Three types of boundary conditions are used in the model: no-flow, head-dependent, and 

specified flows. Simulated flows across the hydrologic boundaries include recharge to and discharge from 

the groundwater system as well as interdependent flows between the groundwater flow, the streamflow, 

and the landscape processes. 

5.3.1 No-Flow Boundaries 

No-flow boundaries conditions are implemented for the bottom of the model and most lateral boundaries. 

The base of the Santa Fe group represents the bottom of the aquifer system in the groundwater flow 

model. Below this group lies a dominantly fine-grained lacustrine and fluvial-lacustrine sedimentary 

sequence, the hydraulic conductivity of which is estimated to be less than one tenth the value of adjacent 

units (S.S. Papadopulos & Associates, Inc., 2007). No-flow boundary conditions are implemented at all 

lateral boundary cells except for a few locations where there is known or potential groundwater 

underflow. 

5.3.2 Head-Dependent Boundaries: Groundwater Underflow 

Head dependent boundary conditions are implemented to allow flux across the boundary of the model at 

four locations: Caballo Reservoir, Rincon Arroyo, Fillmore Pass, and El Paso Narrows.  

Groundwater underflow is known to occur at Caballo Dam and El Paso Narrows. At Caballo Dam water 

enters the model not only as surface flow during scheduled releases, but also as groundwater underflow 

that seeps beneath the dam at a rate dependent on the stage of Caballo Reservoir. The GHB package 

incorporates time varying observations of the Caballo Reservoir stage into a single cell and the 

conductance of this cell is adjusted as part of the calibration process. Water exits the model through the El 
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Paso Narrows mostly as Rio Grande outflow. By applying a head-dependent boundary condition at this 

cell, outflow is also able to exit the model as groundwater underflow. 

Two additional locations possess the potential for groundwater underflow, but the magnitude and 

direction of flow is unknown. Rincon Arroyo is located near Leasburg Dam in the Rincon Valley, and 

Fillmore Pass is on the eastern edge of the Mesilla Bolson. In both cases the boundary head is represented 

with the surface elevation of the model cell. 

5.3.3  Head-Dependent Boundaries: Riparian Evapotranspiration 

Riparian evapotranspiration in the LRGHM is controlled by the RIP-ET package, which is identical to 

that used in the OSE model and based on a report produced by Katheryn Baird and J.C. Stromberg 

(2005). For each stress period, model cells containing or bordering Rio Grande stream segments are 

defined in terms of fractional coverage of at least one of five defined plant functional groups. Fractional 

coverages were determined using aerial photographs for the years 1936, 1955, 1967, 1986, and 1997. 

Each year represents the mid-point of a period in which the coverages are held constant. Deep-rooted 

riparian species such as the native mesquite and invasive salt cedar steadily increase over the model run 

from 2% to 12% coverage of the riparian zone. The construction of Caballo Dam (1936-1938) had a large 

impact on riparian vegetation. In 1936 almost half of the riparian zone was covered with trees (9%), 

shrubs (10%), or herbaceous plants (26%). By 1955, 17 years after completion of the dam, 97% of the 

riparian zone was bare ground. This number slowly decreased to 87% by 2004, as deep-rooted riparian 

trees rebounded to previous levels but shrubs and herbaceous plants remain nearly non-existent.  

Year Total Area 

(acres) 

Trees Shrubs Herbaceous Bare 

Ground 

1936 15,438  9% 10% 26% 55% 

1955 13,160  2% 1% 0% 97% 

1967 14,089  5% 0% 0% 95% 

1974 13,344  6% 1% 0% 93% 

1986 13,018  10% 0% 0% 90% 

1997 13,174  12% 1% 0% 87% 

2004 13,094  12% 1% 0% 87% 

 

Table 5-3: Plant functional group coverages used to implement RIP-ET package 

 

The table below summarizes the parameters assigned to each plant functional group. The calculated 

groundwater head in each cell determines the rate of transpiration (or evaporation in the case of bare 

ground) that is simulated for the fractional area of the cell covered by each plant functional group. If 

groundwater head rises above the saturated extinction depth or falls below the active root depth of a 

functional group in a given cell, no transpiration is simulated for the fraction of that cell covered by that 

functional group. 
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Plant Functional 

Group 

Saturated Extinction 

Depth (ft) 

Active Root Depth (ft) Max. ET rate 

(ft/day) 

Trees 3 37 0.0141 

Shrubs 1 15 0.0103 

Herbaceous 0 10 0.0082 

Bare (Winter) 0 6 0.0123 

Bare (Summer) 0 6 0.0328 

 

Table 5-4: Plant functional group properties 

 

The transpiration flux curves in the graph below show the assumptions made about the rate of 

evapotranspiration occurring for each functional group when the water table is at a certain depth below 

land surface. Maximum transpiration from trees, shrubs, and herbaceous plants occurs just below the 

prescribed saturated extinction depths, and holds constant until the water table drops near the bottom of 

the prescribed active root zones. Evaporation from bare ground is maximized when the land surface is 

flooded, and is assumed to drop linearly to zero as the water table drops to six feet below land surface. 

   

Figure 5-2: Specified EVT flux by depth of water level below surface 

5.3.4 Specified Flow Boundaries: Mountain Front Recharge 

Mountain front recharge is represented using the WEL package as a time-varying specified flux around 

most of the active model boundary. Magnitude of recharge for each stress period in the LRGHM is 

slightly changed from that used in the OSE model, which used the Hearne and Dewey method to generate 

initial recharge estimates and then applied scale factors during the calibration process. These scale factors 

are removed in the LRGHM, resulting in larger values of mountain front recharge in some regions. The 

table below summarizes the volume of mountain front recharge for each model by region and season. 

Seasonal rates of recharge are constant year-to-year. 
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Region NMOSE 

Scale 

Factor 

NMOSE 

Summer 

RCH (acft) 

NMOSE 

Winter 

RCH (acft) 

LRGHM 

Scale 

Factor 

LRGHM 

Summer 

RCH (acft) 

LRGHM 

Winter RCH 

(acft) 

Rincon Valley 

(West Side) 
1.00 7,112 1,778 1.00 7,112 1,778 

Rincon Valley 

(East Side) 
0.88 844 211 1.00 959 240 

Mesilla Valley 

(West Side) 1/2 
1.00 1,253 313 1.00 1,253 313 

Mesilla Valley 

(West Side) 2/2 
0.10 56 14 1.00 558 140 

Mesilla Valley 

(East Side) 1/2 
0.10 151 38 1.00 1,511 378 

Mesilla Valley 

(East Side) 2/2 
1.00 7,036 1,759 1.00 7,036 1,759 

Slope Front 

(Mesilla Valley) 
1.60 352 88 1.00 220 55 

Franklin Mts. 

(Mesilla Valley) 
0.75 433 108 1.00 578 144 

TOTAL  17,238 4,309  19,227 4,807 

 

Table 5-5:Specified mountain front recharge by region for OSE Model and LRGHM 

5.3.5 Specified Flow Boundaries: Municipal and Industrial Pumping 

Municipal and Industrial demands account for a significant amount of groundwater pumping in the 

Rincon and Mesilla basins. LRGHM mimics and extends the OSE model data sets simulating M&I 

pumping. 

  

Figure 5-3: Specified M&I pumping by well set and year 

 

The Las Cruces well set (NMLC) consists of 47 wells and records pumping data back to 1982. Most of 

this data was obtained from monthly well production reports generated by the city of Las Cruces. Much of 

the data in these reports were generated indirectly, not from an exact meter reading. Beginning in 2009 

Las Cruces began reporting exact meter readings for most of the M&I wells. These meter readings are 
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available of the New Mexico State Engineer’s Water Rights Reporting System online database 

(WATERS). Data for years 2004-2008 was collected from the city of Las Cruces well production reports. 

The online database provides monthly and yearly summary data, but only yearly data was available from 

the 2004-2008 production reports. To create realistic estimates of the yearly split between the two 

seasons, the average fraction pumped in each season was calculated for each well from 1990-2004 and 

then applied to the following years. The LRGHM data set includes three new wells installed between 

2004 and 2009. The NMLC well set represents 27% of total municipal pumping simulated during the 

model run. 

The Santa Teresa well set (NMST) includes 36 wells but as of 2004 only 11 were active. All of the data 

for these wells were found on WATERS and included in the update of the well set through 2009. No new 

wells were added to this set. The NMST well set represents 5% of total municipal pumping simulated 

during the model run. 

The well set for Other New Mexico Metered-Only (ONMXA) was updated using the WATERS database 

and now includes 15 additional wells that were installed between 2004 and 2009. The ONMXA well set 

represents 6% of total municipal pumping simulated during the model run. 

The well set for Other New Mexico Metered and Extrapolated (ONM1940) includes extrapolated data 

back to 1940, but all data collected in order to update the set from 2004 was metered data found on the 

WATERS database. No new wells were added to this set. The ONM1940 well set represents 14% of total 

municipal pumping simulated during the model run. 

The Texas Canutillo Well Set (TXCN) was updated to include metered pumping records available 

through the online database of the Texas Water Development Board. It was extended to 2009 and 

includes three wells installed after 2004. The TXCN well set represents 42% of total municipal pumping 

simulated during the model run. 

The well set for Other Texas M&I (OTEX) only includes wells that were active from 1952 to 1990, so no 

update was made to the OSE model well set. The OTEX well set represents 4% of total municipal 

pumping simulated during the model run. 

5.3.6 Specified Flow Boundaries: Residential (de minimus) Pumping 

The New Mexico and Texas residential well sets (NMDOM and TXDOM) represent wells serving one or 

several homes outside municipal water service areas. Residential demand is probably underestimated in 

LRGHM, but actual residential groundwater pumping is orders of magnitude smaller than either irrigation 

or M&I demand and not a significant forcing in the model. The NMDOM and TXDOM well sets 

represent 4% and 0.3%, respectively, of total municipal pumping simulated during the model run. 
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5.4 Surface-water Boundary Conditions 

Releases from Caballo Dam account for almost all surface water inflow to the model. A small amount of 

water enters the model from the Bonita private lateral, as does treated waste water effluent from 

municipalities along the Rio Grande. Flow out of the last modeled segment of the Rio Grande is the main 

way that surface water leaves the model. A minor amount of water leaves the model via the Percha 

Private Lateral just below Caballo Dam. 

5.4.1 Surface-water network 

The surface-water network of the model area is represented using the SFR package, and is mostly 

identical to the network implemented in the OSE Model. The schematics below are adapted from the SFR 

segment connectivity schematics released with the OSE Model to show the updated stream network. The 

number of farm delivery segments was decreased from thirty-one to six, with one farm delivery segment 

per service area. An additional segment was created at the lower end of the Rio Grande to simulate 

diversions to the American Canal. 

 

Table 5-6: Functional groups of SFR segments within surface water network 

River FMP

Rincon

1 2 3 4 5 143 144 145 146 461 19 20 21 22 190 191 192 193

17 6 7 8 9 147 148 150 151 462 23 24 25 309 310 311 312

18 10 11 12 13 157 158 159 169 463 313 314 315 316

26 14 15 16 36 181 182 183 184 464 27 28 29 30 317 318 319 320

35 37 38 39 40 185 186 187 188 465 31 32 33 34 321 322 323 324

58 41 42 43 44 327 328 329 330 466 54 55 56 57 325

Mesilla 45 46 47 48 331 332 333 334

75 49 50 51 52 335 336 337 338 67 68 69 70 343 344 348 349

84 53 59 60 61 339 340 341 342 71 72 73 74 350 351 352 353

89 62 63 64 65 354 355 356 357

90 66 195 196 197 198 199 85 86 87 88 358 359 360 361

102 200 201 202 203 204 362 363 364 365

116 76 77 78 79 205 206 207 254 255 117 118 119 120 366 367 368 369

122 80 81 82 83 256 257 258 259 260 121 370

142 103 104 105 106 261 262 263 264 265

149 107 108 109 110 266 267 268 269 270 91 92 93 94 383 384 385 386

189 111 112 113 114 271 272 273 274 275 95 96 97 98 387 388 389 390

194 115 123 124 125 276 277 278 279 280 99 100 101 209 391 392 393 394

208 126 127 128 129 281 282 283 284 292 210 211 212 213 395 396 397 398

252 130 131 132 133 293 294 295 296 297 214 215 216 217 399 400 401 402

253 134 135 136 137 298 299 300 301 302 218 219 220 221 403 404 405 410

308 138 139 140 141 303 304 406 407 408 222 223 224 225 411 412 413 414

326 152 153 154 155 409 226 227 228 229 415 416 417 418

371 155 160 161 162 230 231 232 233 419 420 421 422

372 163 164 165 166 285 286 287 288 289 234 235 236 237 423 424 425 426

373 167 168 170 171 290 291 305 306 307 238 239 240 241 427 428 429

430 172 173 174 175 374 375 376 377 378 242 243 244 245

467 176 177 178 179 379 380 381 382 246 247 248 249

180 345 346 347 250 251

Drain Group 9

Service Areas 3 and 4

Canal/Lateral Drain

Service Area 5

Drain Group 7

Drain Group 8

Service Area 1

Service Area 2

Drain Group 1

Drain Group 2

Drain Group 3

Drain Group 4

Drain Group 5

Service Area 6

Drain Group 6
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Figure 5-4: Surface water network schematic, Rincon Valley only. Modified from (S.S. Papadopulos & 

Associates, Inc., 2007) 
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Figure 5-5: Surface water network schematic, upper Mesilla Basin only. Modified from (S.S. Papadopulos & 

Associates, Inc., 2007) 
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Figure 5-6: Surface water network schematic, lower Mesilla Basin only. Modified from (S.S. Papadopulos & 

Associates, Inc., 2007) 



 

49 

 

Figure 5-7: Surface water network schematic, entire model. Modified from (S.S. Papadopulos & Associates, 

Inc., 2007) 
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5.4.2 Streambed Hydraulic Properties 

Implementing the Farm Process in the LRGHM in place of the farm budget spreadsheet used by the OSE 

Model changed the behavior of the groundwater flow model and required a re-calibration of streambed 

hydraulic parameters. Reach-to-reach streamflow differences and seepage observations recorded during 

winter months indicated that streambed conductance multipliers of Rio Grande stream segments should 

be increased. Observed flows in canals and drains were used to adjust the conductance multipliers of 

those stream segment groups. 

Depths of water in Rio Grande stream segments are calculated using Manning’s Equation assuming a 

wide, rectangular channel. For the canals and drains making up all remaining segments, depths are 

calculated with the input of flow tables that relate magnitudes of flow with corresponding depths and 

widths.  In the OSE model all segments using flow tables were assumed to be rectangular. In the LRGHM 

the flow tables for canal segments in service areas two and five were adjusted to represent trapezoidal 

streambed geometry. This allows more seepage during high flows due to the larger increase in wetted 

perimeter. 

  Conductance Multiplier  Method of Stream Depth Calculation 

  OSE LRGHM % change  

RGR 0.060 0.100 67% Manning's Equation 

RGM 0.060 0.800 1233% Manning's Equation 

SA1_Canal 0.546 0.620 14% Flow Table 

DRN1 0.450 2.000 344% Flow Table 

DRN2 0.450 2.000 344% Flow Table 

DRN3 0.450 0.150 -67% Flow Table 

SA2_Canal 0.504 0.770 53% Flow Table; Geometry changed to trapezoidal 

DRN4 0.500 1.100 120% Flow Table 

DRN5 0.375 1.600 327% Flow Table 

DRN6 1.500 1.900 27% Flow Table 

SA34_Canl 0.420 0.550 31% Flow Table 

SA5_Canal 0.500 0.450 -10% Flow Table; Geometry changed to trapezoidal 

DRN7 0.250 1.700 580% Flow Table 

DRN8 1.000 0.150 -85% Flow Table 

SA6_Canal 0.630 0.700 11% Flow Table 

DRN9 0.400 0.700 75% Flow Table 

 

Table 5-7: Conductance multiplier factors and method of stage calculation for OSE model and LRGHM 

5.4.3 Surface Flows 

Observed surface flows below Caballo Dam and into Bonita Private Lateral described in section 4.4.1 are 

used as inputs to the model. They are simulated in the SFR2 package as specified flows into stream 

segments 1 and 5. The FLOW variable is equal to the specified flow in each stress period, and IUPSEG 

variable is equal to zero since there is no upstream reach feeding into either segment. 
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5.4.4 Diversion Flows 

The surface water diversions described in section 4.4.2 are simulated in the SFR2 package. Main canal 

diversions off of the Rio Grande are treated as prescribed flow diversions (IPRIOR = 0). If less than the 

prescribed flow is available in the upstream segment, all available flow is diverted. Any non-diverted 

flow continues on to the next segment downstream from the upstream segment. The American Canal 

diversion at the end of the stream network is treated as a flood-control diversion (IPRIOR = -3). The 

value of the FLOW variable is the maximum flow allowed to pass from the upstream segment (segment 

430) to the downstream segment (leaving the model). Since the American Dam is actually beyond the 

active model boundary, recorded diversions were amplified to account for seepage losses between the 

model boundary and the actual location of the dam. Segment 467 is described as the American Canal 

diversion segment, but it really represents the Rio Grande River just below the American Dam. It only 

receives flow in excess of the prescribed American Canal diversion and estimated seepage losses. 

At junctions within the canal network where flows are diverted into laterals, the EBID-reported fraction 

of flow going to the lateral is used to simulate a fractional flow diversion (IPRIOR = -2). The value of the 

FLOW variable is between 0 and 1 and dictates the fraction of flow in the upstream segment to be routed 

to the lateral, with the balance of flow proceeding into the outflow segment of the upstream segment. 

These fractional diversion values are held constant for the entire period of simulation. 

5.4.5 Effluent Flows 

Effluent flows described in section 4.4.3 are simulated using the SFR2 package. The average effluent 

flow entering the stream network is entered as the FLOW variable for each receiving segment. All 

segments receiving effluent flow also receive flow from upstream segments. The SFR2 package 

calculates flow entering these segments from upstream segments and adds the effluent flow specified as 

the FLOW variable.  

5.5 Landscape Use and Movement of Water 

LRGHM makes a significant step forward in the modeling of the Rincon and Mesilla basins through the 

treatment of the landscape surface as an important interface between the surface water and groundwater 

flow regimes. Whereas previous models used a priori estimates of net recharge to model crop irrigation, 

LRGHM incorporates a more realistic and complete simulation. Supplemental pumping occurs only when 

available surface water deliveries fail to satisfy crop demand. Direct groundwater uptake is allowed to 

satisfy demand when root depth intersects the capillary zone, the height of which is based on water table 

elevation and soil type. Crop parameters determine the amount of water consumed by transpiration.   

5.5.1 Landscape Discretization and Parameters 

The explicit modeling of groundwater uptake is a departure from previous models of the Rincon and 

Mesilla basins, and requires new parameters for soil and crop types to control the availability and 

movement of near-surface groundwater. 

Climate parameters including daily minimum- and maximum-temperature, precipitation, and reference 

evapotranspiration can be used by MF-FMP to transform land use demand into crop potential 

evapotranspiration. In this case however, the LRGHM simply mimics the consumptive use values 

calculated in the pre-processor of the OSE model which implicitly account for these variables. The 
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explicit inclusion of climate parameters would be helpful in forecast modeling that simulates future 

changes in temperature and precipitation. 

 Soil types are defined as one of 16 separate categories ranging from gravel to clay. One soil type is 

assigned to each model cell and each WBS includes a range of soils. Soil properties control the 

availability of groundwater for direct uptake because they determine the height of the capillary fringe. 

Given two model cells with identical crop type and water table elevation but different soil types, 

groundwater in the cell with the soil type allowing a larger capillary fringe will be more likely to intercept 

the root zone of the crop. 

In order to determine best estimates of capillary fringe heights, a regression was calculated between 

values of maximum capillary height (Shah, Nachabe, & Ross, 2007) and values of air entry pressure 

(Carsel & Parrish, 1988) for each soil type. Based on the regression, the capillary height parameter to be 

entered into FMP was calculated as: 

���������		
��� � ���	����	��
����
	 � 13.355 

 

Figure 5-8: Regression between capillary height (Shah et al) and air entry pressure (Carsel & Parrish) 
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Soil ID Soil Type % clay % silt % sand Estimated Capillary 

Fringe Height (ft) 

1 clay 60 20 20 16.35 

2 silty clay 50 45 5 15.01 

3 clay loam 33 33 33 11.35 

4 silty clay loam 35 55 10 14.27 

5 silt loam 15 65 20 9.09 

6 loam 20 40 40 4.88 

7 sandy clay loam 30 20 50 12.31 

8 sandy loam 10 30 60 6.42 

9 loamy sand 5 20 75 3.81 

10 sand 5 5 90 3.18 

11 gravel 0 0 100 3.18 

12 rock 0 0 100 3.18 

13 pit 0 0 100 3.18 

14 dump 0 0 100 3.18 

15 water 0 0 100 0 

16 No data x x x 9.67* 

 

Table 5-8: Properties selected for soil types covering model area 

 

 

 

Figure 5-9: Distribution of soil types in each service area, based on capillary fringe height 

 

Land use is an important parameter assigned to each WBS and drives the demand used by MF-FMP. 

Land use can represent specific crops, or it can represent virtual crops which are combinations of different 

crops or vegetation that cover the area. LRGHM uses six different virtual crops, representing the 

combinations of vegetables, grasses, and trees grown in each of the WBS areas.   



 

54 

The Farm Process discretizes the model into Water Balance Sub-regions (WBS). Each WBS is treated as 

an independent entity with unique crop and soil characteristics, surface water deliveries, and groundwater 

pumping capacities. The areal coverages and crop demands of the WBS were adapted from the OSE 

model. Soil characteristics and crop root zone depths had to be specified to allow the Farm Process to 

simulate direct groundwater uptake. 

       

Figure 5-10: Delineation of service areas (left) and virtual crops (right) in the LRGHM 
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Service 

Area 

Basin Main Canal Area 

(acres) 

Avg. Elevation 

(ft) 

1 Rincon Arrey 54,080 4,105 

2 Mesilla Leasburg 60,000 3,920 

3 Mesilla Eastside (NM) 26,560 3,829 

4 Mesilla Eastside (TX) 1,200 3,793 

5 Mesilla Westside (NM) 54,280 3,843 

6 Mesilla Westside (TX) 13,320 3,726 

7 (non-agricultural land) 782,560  

 

Table 5-9: Summary of LRGHM service areas 

 

Virtual 

Crop 

Root 

Depth 

(ft) 

1940-2009 Avg. 

Consumptive-

Use Flux 

(ft/day) 

Area 

(acres) 
Ft Fe

i 

1 1.5 0.0060 23,400 0.6 0.4 

2 2.5 0.0072 32,360 0.7 0.3 

3 1.5 0.0064 18,120 0.6 0.4 

4 1.5 0.0061 1,200 0.6 0.4 

5 2.5 0.0073 31,440 0.7 0.3 

6 1.5 0.0053 13,320 0.6 0.4 

7 (non-agricultural land) 1,320 0.2 0.8 

 

Table 5-10: Summary of virtual crop properties 

 

 

Figure 5-11: Specified crop consumptive use for virtual crop in each service area by year 
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5.5.2 Delivery Requirement 

The delivery requirement in MF-FMP is the amount of water required to fulfil the crop irrigation 

requirement after accounting for naturally-available water in the form of precipitation and groundwater 

intersecting the root zone, as well as on-farm efficiency losses.  

In every time step, the specified consumptive-use flux of each WBS is partially satisfied by direct 

groundwater uptake. Remaining demand is called the crop irrigation requirement (CIR). CIR is divided by 

the on-farm efficiency factor to calculate Total Farm Delivery Requirement (TFDR), which is the amount 

of irrigation that must be done to fully satisfy crop demand. FMP uses available surface water as a first 

attempt to satisfy TFDR. Any remaining unmet demand is fulfilled through supplemental groundwater 

pumping. 

The chart below serves as a visual representation of how FMP calculates CIR and TFDR based on 

prescribed consumptive-use flux and available near-surface groundwater. All values are normalized to the 

prescribed consumptive-use flux. 

 

Figure 5-12: FMP determines irrigation requirements based on specified crop consumptive-use and available 

irrigation supplies 

 

The specified fraction of transpiration for this crop is 0.6 meaning that the ratio of transpiration to 

evaporation equals 60/40 for both groundwater uptake and applied irrigation used to satisfy the CU flux. 

FMP calculates that 17% of the CU flux can be satisfied by direct groundwater uptake (Tgw + Egw). The 

remaining 83% must be satisfied by evapotranspiration of applied irrigation (Ti + Ei = CIR). The 

specified on-farm efficiency is 0.7 meaning the ratio of evapotranspiration to deep percolation equals 

70/30 for applied irrigation water. FMP divides the CIR by the on-farm efficiency to get the total farm 

delivery requirement. In this example the TFDR ends up being 18% greater than the specified CU flux. If 

there were less available near-surface groundwater the resulting CIR and TFDR would need to be larger 

to satisfy the same CU flux. 
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5.5.3 Surface-water Agricultural Supply 

MF-FMP calculates a crop irrigation requirement based on land use demand reduced by availability of 

precipitation and direct groundwater uptake. CIR is divided by on-farm efficiency to find a total farm 

delivery requirement (TFDR) for each of the six service areas. The algorithm then attempts to satisfy the 

TFDR with surface water deliveries before resorting to supplemental groundwater pumping. 

LRGHM uses the same stream network developed for the OSE model with the same inflows from 

Caballo dam and the same specified diversions at dam along the Rio Grande. When these diversions enter 

the main canals, they encounter TFDR stream segments which remove water for application to the fields 

represented in each WBS. There is one TFDR segment for each WBS. The TFDR segment is 

programmed to use flood flow diversion priority, meaning any flow over a specified minimum may be 

diverted to satisfy the TFDR demand. This diversion type is necessary because the TFDR segments are 

located at the most upstream canal segment serving each WBS. In reality, farm head gate diversions occur 

throughout the canal network, and these diversions are limited by upstream canal losses. Preserving these 

losses at the TFDR segment better mimics this constraint. 

If the flow available for diversion is greater than the delivery requirement, the TFDR segment diverts 

only the amount necessary to satisfy demand and routes the excess flow to a specified nearby downstream 

segment that is close to the original point of diversion. Whereas the non-divertible flood flow is routed to 

the next downstream canal segment below the FDR segment, this excess divertible water is transported to 

non-contiguous stream segment. If the flow available for diversion is less than the delivery requirement, 

the FDR segment takes all divertible water and MF-FMP attempts to satisfy remaining demand with 

supplemental groundwater pumping. 

5.5.4 Groundwater Agricultural Supply 

MF-FMP requires the designation of irrigation wells outside the standard MODFLOW WEL package. 

The pumping rates of these wells are dependent on the number of wells and the level of FDR demand 

unsatisfied by available surface water deliveries. LRGHM uses virtual wells since at the time of model 

development irrigation well location and metered usage was not available for the majority of the region. 

One virtual well is located at the center of the top layer of each cell included in a WBS region. MF-FMP 

also requires a maximum flow rate parameter for irrigation wells. This limits the amount of remaining 

demand that can be satisfied with supplemental pumping. LRGHM assumes that crop demand is fully 

satisfied each year, and therefore assigns a large number (100,000 ft3/day) to the maximum irrigation well 

flow rate. These virtual wells are not present in MODFLOW outside of the FMP (they are not listed in the 

WEL file). They are simply a mechanism for the FMP algorithm to calculate a net recharge in each cell 

within a WBS. 
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Figure 5-13: Simulated supplemental irrigation pumping compared to specified M&I pumping 

 

5.5.5 Crop Evapotranspiration 

Crop evapotranspiration is simulated by the Farm Process in the LRGHM. Consumptive-use flux is 

prescribed for each stress period and mimics OSE Model values. 

5.5.6 Net Recharge 

From a groundwater flow perspective (the principal perspective of MODFLOW), net recharge is the 

ultimate outcome of the MF-FMP algorithm in each stress period. FDR includes an amount of water 

above the CIR which is lost to inefficiencies. Some of these losses exit the model as evaporation, while 

others return to the aquifer as deep percolation. Net recharge is calculated as deep percolation minus 

supplemental groundwater pumping and evapotranspiration from direct groundwater uptake. 

5.5.7 Return Flows 

The OSE Model and the LRGHM both assume no surface runoff return flows from precipitation or 

applied irrigation. All excess water from inefficient irrigation is simulated as deep percolation and 

becomes artificial recharge to the shallowest aquifer of model layer 1. 

5.6 Initial Conditions 

LRGHM uses the same initial groundwater heads employed in the OSE model, which were produced by 

running a two-season Steady-State Oscillatory (SSO) simulation. The SSO used 100 transient stress 

periods, consisting of the 1940 primary irrigation season followed by the 1941 secondary irrigation 

season repeated 50 times. Initial surface water inflows to the model include releases from Caballo dam for 

the 1940 primary irrigation season (1472 cfs), a small amount of flow from the Bonita private lateral (2 

cfs), and a relatively miniscule rate of municipal effluent from Las Cruces (0.3 cfs) and El Paso (0.5 cfs). 

5.7 Description of Pumping Scenarios 

The Farm Process allows the simulation of historical and alternate scenarios. Given a specified crop 

demand, it attempts to satisfy that demand with available surface water and groundwater supplies by 
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following the algorithm described above. In the scenarios presented below, only groundwater pumping 

capacity is altered. For irrigation wells this is done by adjusting the maximum farm well pumping rate 

parameter in the Farm Process model input file. For municipal and industrial wells this is accomplished 

by adjusting the pumping rate parameter for each well set in the WEL model input file. 

When these parameters are set to zero, no water supply from groundwater pumping is available to meet 

the specified demand and the model attempts to satisfy demand exclusively through the use of 

groundwater uptake and surface water deliveries. By default the Farm Process will satisfy unmet demand 

with external water. For the scenarios presented here this option was turned off, forcing the model to run 

in a deficit scenario when supply is too low to meet demand. This allows the analysis of groundwater 

pumping effects on surface flows and landscape hydrologic budgets. By running a scenario without 

groundwater pumping, the simulation results can be compared to those of the historical scenario and 

differences in streamflow and landscape hydrologic budgets can be attributed to the effects of 

groundwater pumping on the system.  

5.7.1 Historical Simulation 

The historical simulation attempts to re-create conditions and irrigation practices as they actually occurred 

over the span 1940-2009. Crop demands for each WBS are identical to those specified in the OSE model. 

These crop demands include the effects of precipitation and potential evapotranspiration, so precipitation 

is set to zero in the Farm Process input file and crop demands are lower than they would be otherwise. 

The Farm Process assumes that farmers will fully satisfy the water demands of their crops without 

applying excess irrigation. The Farm Process first calculates available groundwater for direct uptake by 

crops, which happens when the capillary fringe above the water table intersects the depth of the root zone. 

Next, available surface water deliveries reaching the farm head gate of each WBS are applied. Only 

enough surface water is applied to fully satisfy crop demand, and any excess water is returned to the canal 

system or to the river. This is often the case in wet years. In dry years when available surface water is not 

enough to satisfy crop demand, the Farm Process implements groundwater pumping. 

This dynamic simulation of historical groundwater pumping represents an advance for modelling attempts 

in the region. Irrigation well pumping was not metered until 2009, so previous models were forced to 

estimate historical pumping levels a priori. The Farm Process calculates probable levels of irrigation well 

pumping constrained by known variables of crop demand, dam releases, surface water diversions, and 

canal losses for groups of wells that collectively provide groundwater for irrigation to each of the six 

service areas. 

5.7.2 Base Case Simulation 1: No Irrigation Well Pumping 

This alternate scenario assumes that no irrigation well pumping is available to satisfy crop demand over 

the entire model run. Each individual WBS simply runs a deficit when direct uptake of groundwater and 

surface water deliveries are insufficient to satisfy the crop demand. In actuality this situation would 

typically be dealt with through “water stacking,” where a portion of cropland receives adequate irrigation 

and the remainder is left fallow. Water stacking is an option in the Farm Process, but in this scenario the 

available surface water is applied evenly over the entire WBS. This is a less realistic process but serves 

the goal of understanding the effects of groundwater pumping on stream flow and landscape hydrologic 

budgets.  
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5.7.3 Base Case Simulation 2: No Canutillo Well Field Pumping 

This alternate scenario assumes that no groundwater pumping occurs at the Canutillo Well Field, which 

supplies municipal water to the city of El Paso. The model is run exactly as in the historical simulation, 

but the well pumping rate parameter of the Canutillo well set in the WEL input file is set to zero for all 

time. 

5.8 Calculating and Characterizing Streamflow Capture 

5.8.1 Calculating Streamflow Capture 

Capture is defined as the changes in the rates of recharge and discharge due to pumping an aquifer.  Prior 

to introduction of wells, an aquifer is in a state of dynamic equilibrium in which the rate of discharge 

matches the rate of recharge. Any discharge from newly developed wells must be offset by any or all of 

the following: a decrease in discharge, an increase in recharge, or a reduction in storage (Theis, 1940). 

Capture cannot be directly observed and there is no capture meter. Calculating capture requires a 

calibrated hydrologic model to be run with and without the pumping stress under consideration. The 

model must have head-dependent boundaries for capture to be possible. Specified-flux boundaries would 

be unaffected by changes in groundwater pumping and there would be no difference in recharge or 

discharge to calculate. 

Lang and Maddock (1995) provide a mathematical explanation of classic steady-state capture. A system 

with a newly imposed pumping stress results in the following equilibrium condition: 

�� + ∆�� − � − ∆ � − ! � ∆" 

where R and D are the predevelopment steady state rates of recharge and discharge, ∆R and ∆D are the 

changes in rate of recharge and discharge due to pumping rate Q, and ∆S is the rate of change of storage 

in the aquifer. Because in predevelopment steady state R – D = 0, the equation simplifies to: 

∆� + ∆ − ! � ∆" 

where ∆R + ∆D is defined as capture. The rate of storage change must therefore be equal to the difference 

between the pumping rate and the capture rate. Change in storage ceases if the change in recharge and 

discharge rates become sufficient enough to satisfy the pumping rate. 

A more common real-world type of capture is known as “complex capture” and is the type investigated in 

this study. Complex capture is calculated for a system with rates of recharge and discharge that vary over 

time independently of the pumping of concern. The hydrologic model is run as two scenarios: First as a 

calibrated historical run that simulates observed hydrologic measurements, and second as a base case run 

that simulates the hydrologic record over the same period of time under limited or no groundwater 

pumping. Specified flow boundaries are the same in each scenario, as are the hydraulic property 

parameters that may have been optimized in the calibrated historical scenario run. 

See appendix A for a complete mathematical description of complex capture (Maddock T. , 2015). 

The base case scenario can be thought of as a “what-if…?” set of circumstances that may be artificial and 

based on little or no data. The base case is often a dictated or negotiated set of conditions developed in the 
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process of forming agreements or in litigation. The base case pumping scenarios used in this study are 

described above in sections 5.7.2 and 5.7.3. 

There are four groups of head-dependent groundwater boundaries where capture may possibly occur in 

the LRGHM: Streambed seepage (including stream, canal, and drain segments), riparian 

evapotranspiration, direct uptake of groundwater by crops for evapotranspiration, and head-dependent 

model boundaries. In practice the head dependent model boundaries are located far from the pumping 

wells considered in the base cases described above and essentially unaffected. Streamflow capture is the 

dominant form of capture in this study and will be addressed the most. Capture in the form of reduced 

riparian evapotranspiration and crop uptake of groundwater is orders of magnitude less but is also 

included in the analysis. 

5.8.2 Characterizing Streamflow Capture 

Streamflow capture calculated at a specific location represents an integration of all upstream differences 

in streamflow. In order to better understand the physical relationships causing the differences in simulated 

streamflow, it is helpful to split the simulated streamflows and volume of capture into flow components. 

At a given segment of the SFR network modelling the Rio Grande, there are several ways in which water 

enters or leaves the river. Water enters from an upstream river segment or from a drain or wasteway that 

empties into the segment. Water leaves when it is passed to the next downstream river segment or 

diverted into a canal. Flow between the stream segment and underlying aquifer is head dependent and will 

result in water entering or leaving the stream segment depending on the difference in hydraulic head. SFR 

also allows the simulation of water entering the surface network through overland runoff, precipitation, 

and evaporation, but these options are disabled in the LRGHM. 

Flow in each river segment is defined as the sum of flows from three possible sources: Releases from 

Caballo Dam (Ai), return flows from canal waste ways and drains (Bi), and aquifer discharge via 

streambed seepage (Ci). Seepage is defined as positive when flowing from stream to aquifer and negative 

when flowing from aquifer to stream. 

 

Figure 5-14: Conceptual model for characterizing stream flow components 
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Using the SFR-produced output file, the streamflow into and out of each river segment can be defined in 

terms of flow components. The flow entering the first Rio Grande segment (segment 1 in Figure 5-4) 

represents releases from the Caballo Dam, and so is 100% dam release flow. The subsequent Rio Grande 

segment (segment 17 in Figure 5-4) receives outflow from the first segment remaining after diversions are 

made to the Arrey Canal and Bonita Private Lateral, and includes the influence of gain or loss of water 

through streambed seepage occurring in the first segment. The next Rio Grande segment (segment 18 in 

Figure 5-4) receives outflow from segment 17 adjusted for additional seepage gains or losses in that 

segment, as well as outflow from the Salem Lateral wasteway. 

Following this example, components of flow can be accounted for at each river segment using the 

following set of equations: 

 

!#$%&'( � �#$%&'( + )#$%&'( + �#$%&'( 

�&*& � �#$%&'( � !#$%&'( − +&'(!#$%&'(  

)&*& � )#$%&'( � !#$%&'( − +&'(!#$%&'(  

�&*& � �#$%&'( � !#$%&'( − +&'(!#$%&'(  

!&*& � !#$%&'( − +&'( � �&*& + )&*& + �&*&  

!#$%& � !&*& + ,& − -& 
�#$%& � .�&*			& , 																																					-& ≤ 0

�&*& � !#$%&!&*& + ,& 			 , 														-& > 0 

)#$%& � .)&*& + ,&, 																													-& ≤ 0
3)&*& + ,&4 � !#$%&!&*& + ,& 			 , -& > 0 

�#$%& � .�&*& − -&, 																													-& ≤ 0
�&*& � !#$%&!&*& + ,& 			 , 													-& > 0 

These equations show that all flow components decrease proportionally with canal diversions (fi) between 

segments and seepage losses (ci) within segments.  Flow component B increases in segments that receive 

tributary flow from canal waste ways and drains.  Flow component C increases in segments that gain 
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water from aquifer discharge. Flow component A also includes minor amounts of municipal effluent that 

are discharged directly into the Rio Grande, and so can increase slightly at segments where those effluents 

are simulated (segments 102, 373, and 430 in Figure 5-7). This source of flow was grouped with dam 

release flow because it is a prescribed input to the surface water system, unlike return and seepage flows 

which are calculated by the model and affected by the difference in pumping scenarios. 

5.9 Results from Pumping Scenarios  

5.9.1 Historical Simulation Results 

The historical simulation results show the flow components of each WBS as determined by the Farm 

Process. The time series graphs show distinct periods of low-allocation years where insufficient surface 

water deliveries require the Farm Process to implement groundwater pumping. Groundwater availability 

for direct uptake is also lower in these years, and there appears to be a residual effect in following years 

due to the lowering of the water table by groundwater pumpage. 

The landscape inflow chart shows that on average approximately 25-30% of regional demand is met 

through groundwater pumping, but this is heavily influenced by pumping in low-allocation years such as 

2004, when 75% or more of demand is satisfied by groundwater pumping. In full-allocation years such as 

2000, very little groundwater pumping is required to fulfil crop demand. Evapotranspiration from direct 

groundwater uptake accounts for 13% of landscape inflows on average. In 2000, a wet year, this 

percentage increased slightly to 14.5%. In 2004, a dry year, this percentage fell to 6.6%. 

Each water year the total amount of landscape outflow is equal to inflow. There is no storage of water in 

the landscape boundary as simulated by the Farm Process. The volume of evapotranspiration from direct 

groundwater uptake is equal entering and exiting the landscape boundary. Combined volume of irrigation 

water entering the landscape via surface deliveries or groundwater pumping is equal to the sum of water 

exiting the landscape via evapotranspiration from irrigation and deep percolation. 
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Figure 5-15: Flow components of landscape inflow and outflow. Dark bands denote low allocation periods as 

defined in Figure 3-7 above. 

 

 

Figure 5-16: Specified and simulated on-farm efficiency. With sufficient irrigation supply FMP will match 

specified on-farm efficiency 
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Figure 5-17: Normalized contributions to inflow and outflow for select years and average 

 

The graph below compares evapotranspiration from direct uptake of groundwater to surface water 

deliveries and supplemental pumping. The relationship in each case is slightly non-linear: there is greater 

reduction in groundwater availability between maximum and average surface water allocations than there 

is between average and minimum surface water allocations.  

 

Figure 5-18: Availability of groundwater for direct uptake by crops is non-linearly affected by magnitude of 

supplemental pumping. Modified from Hanson et al. (2012). 
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There is significant variance between WBS, as each sub region receives equal surface water allotment but 

is characterized by different crop demands, depth to groundwater, soil types and root zone depths. WBS 2 

and WBS 5 represent agricultural areas that include many pecan orchards, which are phreatophytic and 

have deeper root zones. This is reflected in the Farm Process results showing a larger percentage of 

demand satisfied by direct groundwater uptake. In full allocation years between 1980-2000 this 

availability of groundwater for direct uptake allows WBS 2 to satisfy remaining crop demand with 

surface water deliveries and requires almost no groundwater pumping. 

 

Figure 5-19: Flow components of landscape inflow and outflow, service area 2 only 
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Figure 5-20: Normalized contributions to inflow and outflow for select years and average, service area 2 only 

 

The charts below show cumulative volumetric budgets for groundwater inflows and outflows at the end of 

the model run. The largest contributor to groundwater flow is stream leakage, which includes seepage out 

of all SFR stream segments representing the river, canals, and drains (in the rare case that flow is directed 

from drains to the aquifer). The next largest contributor is inflow from the deep percolation component of 

farm net recharge. Inflow from storage is roughly equal in contribution, followed by mountain front 

recharge and a small amount of flow into the model from head-dependent boundaries (0.002%). 

Stream leakage is also the largest groundwater outflow. This term includes groundwater seepage into the 

river and drains. Slightly less groundwater goes into storage than comes out. Irrigation wells account for 

more than twice the amount of outflows associated with M&I wells. Riparian evapotranspiration takes a 

small amount of outflow, as does farm net recharge. The outflow component of farm net recharge is equal 

to the direct uptake of water for crop evapotranspiration. Flow out of the model at head-dependent 

boundaries accounts for 0.001% of total outflow. 
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Figure 5-21: Groundwater budget after full model run, historical simulation 
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5.9.2 Base Case Simulation 1 Results 

The results in this section show the flow components of each WBS simulated by MODFLOW, under the 

restriction that supplemental irrigation pumping is set to zero for all model time. Spatial extent of 

irrigated acreage and consumptive use demand is kept identical to the historical simulation. 

The same low-allocation years are clearly visible, but in this scenario there is not the availability of 

groundwater pumping to fulfill remaining demand. Slightly more groundwater is available for direct 

uptake by crops, and the delayed response of this availability after low-allocation years is less 

pronounced. Direct groundwater uptake makes up a larger portion of landscape inflows, due to the 

omission of groundwater pumping from the supply sources. 

Aside from the absence of groundwater pumping, the most noticeable difference in Base Case 1 is the 

significant reduction in crop evapotranspiration and deep percolation during low allocation years. When 

unhindered by low surface water allocations or groundwater pumping limits, the Farm Process will apply 

enough water to meet the Total Farm Delivery Requirement (TFDR), which is calculated as the Crop 

Irrigation Requirement (CIR) divided by the On-farm Efficiency (OFE). When the system is constrained 

to irrigation supply less than the TFDR, TFDR is reduced to the level of available irrigation supply and 

deep percolation is reduced. In especially low allocation years TFDR is reduced to equal or less than 

prescribed consumptive use, deep percolation is eliminated and crop evapotranspiration demand is 

reduced to equal available supply. 

A farm would not be operated this way for longer than a few dry years because soil salinity would build 

to unmanageable levels and agricultural productivity may not be economically viable. A more realistic 

scenario would simulate “water stacking,” in which irrigated acreage is reduced as needed to the extent 

that available irrigation supply is enough to fully satisfy the TFDR of the reduced acreage. This would 

preserve the percentage of inefficient losses relative to irrigation supply but use less than the prescribed 

consumptive-use demand and irrigated acreage. Water stacking is possible through the Farm Process but 

requires each WBS to be further discretized into individual crop coverages. Running the scenario without 

stacking allows an analysis of the effects of estimated historical groundwater pumping on streamflow 

levels without altering the consumptive-use fluxes carried over from the OSE model. 

On average deep percolation accounts for approximately 20% of landscape outflows in base case 

simulation 1 compared to 30% in the historical simulation, but this difference is heavily weighted by low-

allocation years when deep percolation nears 0% of landscape outflows in the base case simulation. 
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Figure 5-22: Flow components of landscape inflow and outflow, base case simulation 1 

 

 

 

Figure 5-23: Specified and simulated on-farm efficiency for base case simulation 1. When irrigation supply is 

insufficient to meet specified consumptive-use flux, OFE is increased to attempt to compensate for shortfall 
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The following bar chart shows the relative importance of landscape inflow sources in the absence of 

groundwater pumping. The chart is normalized to 100% but represents smaller total amounts of inflows 

compared to the historical simulation. Evapotranspiration from direct groundwater uptake accounts for 

17.7% of landscape inflows on average. In 2000, a wet year, this percentage decreased to 15.5%. In 2004, 

a dry year, this percentage nearly doubled to 34.6%. In this base case scenario without availability of 

pumping, direct uptake of groundwater makes up a larger percentage of a smaller total supply. 

 

Figure 5-24: Normalized contribution to inflow and outflow for select years and average, base case 1 

 

The graph below compares evapotranspiration from direct groundwater uptake between the historical case 

and the base case. Without supplemental irrigation pumping the availability of groundwater levels out 

below average allocations of surface water. The same reduction in groundwater evapotranspiration is seen 

between maximum and average surface water allocations. 

 

Figure 5-25: Groundwater EVT by direct crop uptake, historical case and base case 1 
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The groundwater budget for base case 1 shows an increased role of stream leakage in both inflows and 

outflows. Groundwater outflow to streams increases nearly twice as much as groundwater inflow from 

streams. In absence of supplemental irrigation pumping the connection is stronger between groundwater 

and surface water, particularly river and drain segments. The decrease of deep percolation (farm net 

recharge inflow) is more than offset by the elimination of outflow caused by farm well pumping. Flow 

into and out of storage is slightly higher than in the historical case, as is the crop evapotranspiration of 

groundwater (farm net recharge outflow). Riparian evapotranspiration is slightly higher in base case 1 

compared to the historical case, details of which can be seen at the end of this section. 

 

Figure 5-26: Groundwater budget after full model run, base case simulation 1 
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By differencing the landscape outflows simulated in the historical case and the base case, one can begin to 

see the effects of historical irrigation practices on the surrounding hydrologic system. During low 

allocation years, farms in the base case scenario produce much less evapotranspiration and deep 

percolation from irrigation. This is due to the inability of farms to satisfy the prescribed CIR in the 

absence of groundwater pumping. The farm process reduces deep percolation as low as zero before 

reducing evapotranspiration, which can be seen in years with relatively full surface water allotments 

(1959-1962, 1981-2002). The surface water supply in those years was enough to satisfy the CIR but not 

the originally calculated TFDR. 

During low allotment years that induced heavy groundwater pumping in the historical case, 

evapotranspiration from direct groundwater uptake was reduced as much as 10,000 acre-feet per year. 

This is due to groundwater pumping lowering the water table below the root zone depth specified for the 

virtual crop in each WBS.  

 

Figure 5-27: Difference between landscape outflow components of base case 1 and historical case 

 

The differences of base case and historical deep percolation in Figure 5-27 can be misleading. To 

calculate farm net recharge to the aquifer it is necessary to combine the simulated values of deep 

percolation, irrigation well pumping, and direct groundwater uptake evapotranspiration. 
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Figure 5-28: Farm net recharge calculated for base case 1 and historical case 

 

In full allotment years the simulated net recharge is greater than zero for both the historical and base case 

scenarios. Surface water irrigation supply is plentiful enough to satisfy CIR with enough excess to flush 

the soil and recharge the underlying aquifer. In low allotment years net recharge becomes negative (more 

ET than deep percolation), much more so in the historical simulation. The large volume of groundwater 

pumping in the historical case greatly outweighs the lack of deep percolation simulated in the base case. 

The simulated difference in farm net recharge leads to similar differences in surface flows simulated in 

each scenario. Canals, streams, and drains are represented in the SFR package with specified bed 

elevations and streambed conductance values. These parameters are identical in each scenario, but the 

groundwater heads surrounding them will be different and cause a change in the magnitude and/or 

direction of flow between stream and aquifer. 

Scatter plots comparing difference in farm net recharge with difference in stream flow at a specified 

location show a linear correlation, particularly when the difference in streamflow is lagged one time step 

behind the difference in farm net recharge. The location used for these plots is the Rio Grande at the NM 

225 Bridge. The difference of simulated values is defined as Base Case minus Historical Case. 
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Figure 5-29: Correlations between difference in farm net recharge and difference in simulated streamflow at 

NM-225 Bridge, un-lagged and lagged by 1 time step 

 

The following charts compare simulated historical and base case streamflow over time at four locations 

on the Rio Grande. The location above Leasburg Dam is equipped with a streamflow gage operated by 

EBID and represents streamflow into Mesilla basin before water is diverted into Leasburg Canal. The 

location below Mesilla Dam simulates flow remaining in the river after diversions are made to the 

Eastside and Westside Canals. The location at NM 225 bridge is approximately the New Mexico-Texas 

state border. The location below American Dam is the last modeled segment of the Rio Grande in the 

LRGHM. All remaining flow leaves the model at the end of this segment. 

 

Figure 5-30: Streamflow comparison above Leasburg Dam 
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Figure 5-31: Streamflow comparison below Mesilla Dam 

 

  
Figure 5-32: Streamflow comparison at NM-225 Bridge 
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Figure 5-33: Streamflow comparison below American Dam 

 

For any of the locations shown above, the vast majority of streamflow capture occurs during dry periods 

of low allocation when significant groundwater pumping is required to supplement crop irrigation 

demand. A minor amount of capture is seen in full allocation years immediately following a series of low 

allocation years. This is probably due to the recovery of the aquifer. After being drawn down in low 

allocation years the aquifer will require a positive change in storage to return to equilibrium, which will 

reduce levels of natural discharge or increase levels of natural recharge at head dependent boundaries. 
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The graph in Figure 5-34 below is a re-creation of the D2 curve in Figure 2-1 above. The data points in 

each graph are a sum of EBID canal diversions and divertible flow of the Rio Grande reaching the state 

line. Canal diversions are specified in the model and so are equal in each case. The divertible flow 

component in this graph is simulated from base case 1 in which supplemental pumping is eliminated. 

Compared to Figure 2-1, departures of diversions and divertible flow are smaller but still below the D2 

curve. 

 

Figure 5-34: Simulated values along D2 curve resulting from base case 1 simulation, in which supplemental 

pumping is eliminated. Caballo releases and canal heading diversions are unchanged from historical 

observations, so the difference between this and Figure 2-1 is due to increased streamflow at state line in 

absence of supplemental groundwater pumping. 
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Figure 5-35 is a time series graph of observed departures from the D2 allocation curve in Figure 2-1. The 

red line represents the streamflow depletion estimated to be caused by supplemental pumping in each 

year. Streamflow depletion caused by supplemental pumping explains some but not all departures in low 

allocation years, and cannot account for any part of the increasing magnitude of departures beginning in 

in the recent full supply years 1997-2002. 

 

Figure 5-35: Time series of departures above/below expected values of diversions and divertible water 

according to D2 allocation curve. Red line indicates simulated streamflow depletion at state line caused by 

supplemental pumping. 

 

In any given year streamflow capture increases with distance downstream. The capture calculated at any 

point on the river represents an integration of depletions in all river and tributary segments upstream of 

that point. The following graphs show calculated capture by river mile below Caballo Dam for two low 

allocation years. The sharp increase in capture between Mesilla Dam and American Dam is largely due to 

streamflow differences in drains and canal waste ways that empty into the river between those two points. 
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Figure 5-36: Local capture along Rio Grande, 1954 primary irrigation season. Blue line represents historical 

flow, green line represents base case simulation 1 flow, and red line is calculated difference at each point. 

 

Figure 5-37: Local capture along Rio Grande, 1973 primary irrigation season. Blue line represents historical 

flow, green line represents base case simulation 1 flow, and red line is calculated difference at each point. 
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The upper graph in each figure below shows aquifer discharge to each drain group simulated in the 

historical case (blue) and base case 1 (green). The lower graph in each figure shows the calculated 

difference for each stress period (blue) and the cumulative difference over time (green). Values are 

generally negative because MODFLOW accounts for flows into the aquifer as positive and out of the 

aquifer as negative. The drain group number refers to segments listed in Table 5-6. 

 

Figure 5-38: Difference in simulated aquifer discharge to drain group 1 



 

82 

 

Figure 5-39: Difference in simulated aquifer discharge to drain group 2 

 

 

Figure 5-40: Difference in simulated aquifer discharge to drain group 4 
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Figure 5-41: Difference in simulated aquifer discharge to drain group 5 

 

 

Figure 5-42: Difference in simulated aquifer discharge to drain group 6 
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Figure 5-43: Difference in simulated aquifer discharge to drain group 7 

 

 

Figure 5-44: Difference in simulated aquifer discharge to drain group 8 
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Figure 5-45: Difference in simulated aquifer discharge to drain group 9 

 

A change in simulated streambed seepage between the Rio Grande and underlying aquifer is another 

potential source of streamflow capture. As a whole, the river segments in the Rincon Valley are generally 

part of a gaining stream, while the segments in the Mesilla Basin are part of a losing stream. Comparing 

the Base Case to the Historical Case shows that in the absence of irrigation pumping the Rio Grande 

would be more of a gaining stream in the Rincon and less of a losing stream in the Mesilla. In the 

summers of 1955-56 the simulated capture in the Rincon Valley was enough to reverse the direction of 

flow from stream to aquifer. 
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Figure 5-46: Simulated difference in stream leakage to aquifer, Rincon Valley Rio Grande segments 

 

 

Figure 5-47: Simulated difference in stream leakage to aquifer, Mesilla Basin Rio Grande segments 



 

87 

By using the process described in section 5.8.2 it is possible to characterize streamflow at any location 

and time as a sum of components. The figures below show streamflow components for the historical and 

base case scenarios over distance below Caballo Dam in the summer of 1954. 

 

Figure 5-48: Components of flow in Rio Grande segments, Historical Case, 1954 primary irrigation season 

 

 

 

Figure 5-49: Components of flow in Rio Grande segments, Base Case 1, primary irrigation season 1954 
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Historical values of flow components are subtracted from the base case values to calculate capture by 

location during the irrigation season of 1954.  

 

Figure 5-50: Components of streamflow capture (Base Case 1 – Historical), primary irrigation season 1954 

 

The top of the stacked area is the same magnitude as the red line in Figure 5-36. The blue area at the base 

of chart represents the difference in simulated streamflow entering a segment due to upstream return 

flows from drains and canal waste ways. The green area in the middle of the chart represents interception 

of aquifer discharge, or the difference in simulated streamflow entering a segment due to upstream 

seepage from aquifer to stream. The red area represents increased infiltration, or the difference in 

simulated streamflow remaining from Caballo dam releases reaching a downstream segment. 

The first 30 miles of river below Caballo Dam flow through the Rincon Valley, where the river is 

generally a gaining stream. In the Base Case scenario the flow from aquifer to stream in this area is 

greater, the interception of which in the historical case accounts for most of calculated capture. Difference 

in drain returns becomes noticeable near the bottom of the Rincon Valley where return flows from the 

Hatch, Angostura, and Tonuco drains enter the river. Depletions due to accelerated seepage flows from 

stream to aquifer become the dominant component of capture in the upper Mesilla basin. Just upstream 

from the New Mexico-Texas border the difference in drain return flows becomes approximately equal to 

seepage losses as a portion of capture. The large drain networks of the eastside and westside canals return 

to the river in this area. The Montoya Drain empties into the last modeled Rio Grande stream segment, 

and amplifies the difference in simulated return flow to account for almost two-thirds of calculated 

capture at the bottom of the stream network. 
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Capture is manifest as streamflow depletion or reduced drain flow because the streams and drains are 

head dependent boundaries between the surface water and groundwater systems. Riparian 

evapotranspiration is another hydrologic process represented with a head-dependent boundary in the 

LRGHM, the behavior of which will also be affected by changes in pumping scenarios.  

Figure 5-51 below shows that capture of riparian evapotranspiration follows much the same pattern as 

streamflow depletion, but to a much smaller extent. The largest difference between the rate of riparian 

evapotranspiration simulated in the base case versus the historical case occurred in 1956. Without 

supplemental irrigation pumping the base case simulated 2,686 acre-feet of riparian evapotranspiration 

more than what was simulated in the historical case over the same year, a difference of 11%. In most low 

allocation years (marked the dark bands in the figure below) the difference was less than 5% per year. 

 

Figure 5-51: Difference of simulated riparian evapotranspiration between base case 1 and historical case 

 

5.9.3 Base Case Simulation 2 Results 

In the second base case scenario, pumping from the Canutillo Well Field (CWF) is set to zero for the 

entire model run. All other boundary conditions are identical to the historical case scenario, including 

allowing the Farm Process to fill unsatisfied crop demand with supplemental ground water pumping. 

Comparing historical and base case landscape water budgets shows that only sub-regions 3, 5, and 6 are 

minimally affected by CWF pumping. The drawdown of groundwater due to CWF pumping reduces the 

direct uptake of groundwater by approximately 100-500 acre-feet per water year. Unlike the previous 

base case scenario, this reduction in available groundwater will not affect farm net recharge because the 

Farm Process will apply enough irrigation water to satisfy crop demand with enough excess to meet 

specified rates of deep percolation. 

Examining the SFR output files shows that the main sources of capture due to CWF pumping is reduced 

discharge to drains and increased streambed seepage in the lower segments of the Rio Grande. 
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Figure 5-52: Difference in landscape outflow components for service areas surrounding Canutillo Well Field 
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Figure 5-53: Difference in simulated aquifer discharge to drain group 7 

 

 

Figure 5-54: Difference in simulated aquifer discharge to drain group 8 
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Figure 5-55: Difference in simulated aquifer discharge to drain group 9 

 

 

Figure 5-56: Difference in simulated stream leakage to aquifer, Mesilla Basin Rio Grande Segments 
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The changes in simulated drain flows and streambed seepages result in lower simulated streamflow at the 

bottom of the stream network. Minor amounts of capture are noticeable at the New Mexico-Texas state 

border, which is located a few miles upstream of the well field.  Capture steadily increases downstream to 

a maximum value at the last modeled river segment. 

 

Figure 5-57: Streamflow comparison at NM-225 Bridge 

 

 

Figure 5-58: Streamflow comparison at TX-260 Bridge 
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Figure 5-59: Streamflow comparison below American Dam 

 

A plot of capture by river mile shows that the effects of pumping on streamflow depletion are confined to 

the lower end of the modeled stream network. Also note that the amount of streamflow capture in a wet 

year (2000) is similar to that calculated in a dry year (2004). 

 

Figure 5-60: Local capture along Rio Grande, 2000 primary irrigation season 
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Figure 5-61: Local capture along Rio Grande, 2004 primary irrigation season 

 

Plotting the flow components of capture calculated for the same two years illustrates the relative 

contribution of each component in a wet year versus a dry year. In the full allocation year of 2000, very 

little supplemental groundwater pumping was needed to satisfy crop demand. Deep percolation from 

excess surface water irrigation created a positive farm net recharge (see Figure 5-28 above). Comparing 

the base case scenario with the historical case shows that CWF pumping likely captured much of the 

added water that would otherwise seep into the drains and return to the river. The balance of capture that 

year was derived from increased streambed seepage from river segments to the aquifer. 

In the low-allocation year of 2004 more than 75% of irrigation water was sourced from supplemental 

pumping, which resulted in a negative farm net recharge (more ET than deep percolation). In this 

situation there is less potential drain flow to be captured by CWF pumping, resulting in a larger portion of 

capture from increased streambed seepage.  
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Figure 5-62: Components of streamflow capture, 2000 primary irrigation season 

 

Figure 5-63: Components of streamflow capture, 2004 primary irrigation season 
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The effect of Canutillo Well Field pumping on riparian evapotranspiration appears to be very small. 

Figure 5-64 below shows the difference in simulated rates of riparian evapotranspiration between the 

historical and base case scenarios. The maximum difference occurs in 1995 but only amounts to 197 acre 

feet, a difference of 0.54%. 

 

Figure 5-64: Difference of simulated riparian evapotranspiration between base case 2 and historical case 
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6 Model Calibration 

6.1 Model Calibration 

Neither the LRGHM nor its predecessor the NMOSE model are fully calibrated models. Calibration for 

both models was done with PEST parameter estimation software and some trial-and-error. Both models 

used observations of groundwater elevations, drain flows, and canal seepage estimates for calibration. 

The calibration process for the LRGHM consisted of 16 model runs with an evolving combination of 

parameter values. Conductance multipliers were adjusted for Rio Grande stream segments in the Rincon 

and Mesilla, canal segments in each service area, and each of the nine groups of drain segments. The 

channel geometry of canal segments in service areas 2 and 5 were changed from rectangular to 

trapezoidal. Multiplying factors were eliminated for mountain front recharge flux estimates. 

After each calibration run simulated and observed values were compared using scatter plots. A linear 

regression with a slope and R2 value both close to 1.0 indicates a good match between simulated and 

observed data. 

6.1.1 Water Levels 

The same set of observations wells used in the calibration of the OSE model were used to calibrate the 

LRGHM. The set consists of 82 wells with observations recorded between 1945-2005. Table 8.1 in the 

OSE Model report describes the set of wells in detail. Calibration results were very similar between the 

two models, indicating that the models behave similarly with regard to groundwater head levels. 

 

Figure 6-1: Observed and simulated groundwater levels after model calibration 
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6.1.2 Drain Flows 

Drain flow observations at 35 locations were compared to simulated values. The period of record varies 

by location but spans the entire simulated period 1940-2005. Flows were converted to volume for each 

primary and secondary irrigation season between 1940 and 2004. The same set of drain locations were 

used by the OSE model, which can be found in Table E-3 of the OSE model report. Simulated drain flows 

track well with observed flows at low and moderate levels, but at the highest observed flows simulated 

flows tend to be significantly lower. 

 

Figure 6-2: Observed and simulated drain flows (cubic feet per water year) after model calibration 

6.1.3 Canal Seepage 

Simulated canal seepage was compared to USBR estimates for each service area. Seepage flux was 

converted to volume for each primary and secondary irrigation season between 1940 and 2004. 

Calibration resulted in a good fit of observed and simulated values at all but the highest levels of leakage, 

which were still improved over the previous model through the modification of flow tables in canal 

groups 2 and 5 to represent trapezoidal canal bed geometry. 
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Figure 6-3: Observed and simulated canal seepages (cubic feet per water year) after model calibration 

6.1.4 Rio Grande Flows 

Simulated Rio Grande stream flows were collated using the GAGE package and compared to 

observations at each location listed in Table 4-1 of section 4.4.1. Streamflow observations are only 

available over limited ranges of time for each location, but the assemblage as a whole allows comparison 

for river flow in most places at most times. 

 

Figure 6-4: Simulated and observed streamflow at Haynor Bridge 
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Figure 6-5: Simulated and Observed streamflow above Leasburg Dam 

 

Figure 6-6: Simulated and Observed streamflow below Leasburg Dam 

 

 

Figure 6-7: Simulated and Observed streamflow below Mesilla Dam 
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Figure 6-8: Simulated and Observed streamflow at Vado Bridge 

 

 

Figure 6-9: Simulated and Observed streamflow at NM-225 Bridge 

 

 

Figure 6-10: Simulated and Observed streamflow at Canutillo Bridge 
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Figure 6-11: Simulated and Observed streamflow at Vinton Bridge 

 

 

Figure 6-12: Simulated and Observed streamflow at Courchesne Bridge 

 

 

Figure 6-13: Simulated and Observed streamflow below American Dam 
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Figure 6-14: Error (Simulated minus observed) below American Dam 

 

Simulated American Canal Diversions are equal to Prescribed FLOW variable for the flood-type 

diversion (IPRIOR= -3) in SFR for Segment 467. The actual inflow simulated to segment 467 is the 

available outflow at the last Rio Grande Segment (430-13, IUPSEG to 467-1) minus the prescribed 

FLOW variable. So, simulated American Canal diversions are almost exactly matching IBWC data, but 

simulated flow in the Rio Grande below American Dam is much greater than IBWC observations at the 

gage location approximately one mile beyond model boundary. Simulated values of flow at the model 

boundary should be larger than observed values downstream of boundary to account for seepage losses, 

but the model currently overestimates these losses. One mile of stream below American Dam is probably 

not losing 60,000 acre-feet per year. 

6.1.5 Rio Grande Gains/Losses 

Calibration of the LRGHM took into account Rio Grande seepages calculated by a 2013 USGS study 

(Crilley, Matherne, Thomas, & Falk, 2013). The study calculated seepages by differencing stream flows 

between sequential sub-reaches of the river and accounting for additional inflows such as municipal 

effluent. Stream flows were measured instantaneously during a week in February of each year. 

The period of record overlaps with the last 4 secondary irrigation seasons of the LRGHM, between 2006 

and 2009. Simulated gains or losses during the fourth time step of each stress period were summed for all 

SFR reaches between the end points of each sub-reach identified by the USGS study. The values during 

the fourth time step were used because it basically covers the month of February, whereas the entire 

secondary irrigation season stress period runs from November 1st to February 28th. 

Simulated stream losses are generally greater than observed values, but are mostly within the reported 

margin of error for the observed values. This is especially clear when comparing the cumulative rates of 

seepage flow from upstream to downstream. 
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Figure 6-15: Simulated and observed contributions of seepage to streamflow, Feb. 2006 

 

 

Figure 6-16: Simulated and Observed contributions of seepage to streamflow, Feb. 2007 
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Figure 6-17: Simulated and Observed contributions of seepage to streamflow, Feb. 2008 

 

Figure 6-18: Simulated and observed contributions of seepage to streamflow, Feb. 2009 
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6.2 Comparison of LRGHM with NMOSE Model 

The historical case scenario modelled by the LRGHM produces comparable simulated stream flows to 

those simulated by its predecessor the NMOSE Model. However, the functional relationships between the 

groundwater, surface water, and landscape processes are quite different. Below are groundwater inflow 

and outflow cumulative volume budgets calculated at the end of the NMOSE model simulation. 

Compared to the LRGHM historical case budgets (in section 5.9.1), the connection between groundwater 

and surface water is much less important. Stream leakage inflow to groundwater accounts for only 51% of 

total inflows, and groundwater outflow to stream leakage accounts for only 50% of total outflows. 

Irrigation well pumping and deep percolation are both greater in the NMOSE model. Flows into and out 

of storage contribute slightly more to the budget. Outflows due to M&I wells and riparian 

evapotranspiration are equal in the two models, as these stresses were carried over verbatim from the 

NMOSE Model to the LRGHM. 

 

Figure 6-19: Groundwater budget 1940-2004, NM OSE Model (S.S. Papadopulos & Associates, Inc., 2007) 

 

The Farm Process mimics the crop consumptive-use demand of the NMOSE Model but satisfies the 

demand in a different manner. The LRGHM simulates less supplemental groundwater pumping, due to 

greater on-farm efficiency (and therefore lessor total farm delivery requirement) and its ability to partially 

satisfy crop consumptive-use with direct uptake of groundwater. The difference in recharge from deep 
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percolation between the two models is offset by a difference in stream leakage. The LRGHM simulates 

less recharge below farms but more recharge below streambeds. Seepages out of canals and into drains 

are fairly comparable between the two models except at higher flows where the LRGHM more closely 

matches observed seepage losses in canal groups 2 and 5 owing to the adjustments of canal bed geometry. 

 

Figure 6-20: Specified crop consumptive-use flux, OSE Model and LRGHM 

 

 

Figure 6-21: Specified on-farm efficiency, OSE Model and LRGHM 

 

 

Figure 6-22: Total farm delivery requirement, OSE Model and LRGHM 
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Figure 6-23: Surface water irrigation deliveries, OSE Model and LRGHM 

 

 

Figure 6-24: Simulated supplemental irrigation pumping, OSE Model and LRGHM 

 

 

Figure 6-25:Simulated deep percolation below crops, OSE Model and LRGHM 
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Figure 6-26: Simulated Rio Grande streambed leakage to aquifer, OSE Model and LRGHM 

 

 

Figure 6-27: Canal bed leakage to aquifer, OSE Model and LRGHM 

 

 

Figure 6-28: Drain seepage, OSE Model and LRGHM 
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7 Summary and Conclusions 
The simulations in this study display the ability of the LRGHM to estimate historical levels of 

supplemental groundwater pumping in a conjunctive-use hydrologic setting. The explicit modelling of the 

landscape interface dynamically links the groundwater and surface water regimes, allowing the prescribed 

consumptive-use demand to be fulfilled by all available sources of supply including shallow groundwater, 

surface water allocations, and supplemental groundwater pumping. This model design also allows the 

simulated irrigation processes to be constrained by known canal diversions and conveyance losses, drain 

return flows, stream flows and seepages, and estimated crop demand.  

Simulation in the LRGHM of crop evapotranspiration from direct groundwater uptake accounts for a 

small but significant supply source and represents a step forward from previous regional models. The 

historical simulation shows this source satisfies 6% - 15% of crop demand, and the base case simulation 

shows that in the absence of supplemental irrigation pumping groundwater uptake satisfies as much as 

34% of crop demand. The importance of simulating direct groundwater uptake is intensified by the 

expansion of pecan orchards in the region which are partly phreatophytic.  

The LRGHM is well-suited for calculations of streamflow capture caused by historical irrigation 

practices. The supply-demand framework of the Farm Process allows the hydrologic system to 

dynamically respond to higher-order conditions that are set in alternate scenarios, such as the restriction 

of supplemental irrigation pumping in base case 1. Compared to the historical case, more groundwater 

was available in dry years for direct uptake and slightly mitigated the supply shortfall. This dynamic 

could not be captured in a simulation that relies on prescribed net irrigation fluxes calculated specifically 

for historical conditions. 

A comparison of stream flows simulated in the historical case and base case 1 shows that capture occurs 

almost exclusively during low allocation years with high estimated levels of supplemental pumping. An 

analysis of the components of capture suggests that flow depletions due to streambed seepage are roughly 

equal to depletions from reduced drain returns. In a given irrigation season depletions above Mesilla Dam 

are mostly due to differences in streambed seepage, while below Mesilla Dam reduced drain return flows 

are much more important.  

Figure 5-34 shows that in absence of supplemental pumping divertible Rio Grande flows reaching the 

state line more closely align with the D2 allocation curve. This suggests that supplemental pumping is 

causing at least some of the departures below the curve. However, there may be other causes that are 

contributing to the recent departures. The D2 curve was developed as a regression of diversions and 

divertible flows compared to Caballo dam releases over the years 1951 – 1978. During that time the use 

of supplemental groundwater pumping expanded rapidly, the effects of which are implicitly included in 

the D2 curve. If supplemental pumping was the only cause of departures, eliminating that factor in base 

case 1 (not just reducing to the level estimated to be present in 1951 – 1978) should result in simulated 

divertible flows greater than expected by the D2 curve. 

Increases in on-farm efficiency beyond that modeled by the LRGHM could be a major cause of 

departures below the D2 curve. In the full-allocation irrigation season of 2000, the specified on-farm 

efficiency was 67.5% and resulted in 81,000 acre-feet of deep percolation. A specified on-farm efficiency 



 

112 

of 90% would decrease the amount of deep percolation (and by extension, farm net recharge, which is 

correlated to streamflow in Figure 5-29) by almost 56,000 acre-feet during that irrigation season. 

It is also possible that supplemental pumping is systematically under-simulated in the LRGHM. Irrigation 

pumping was not metered (or at least, not reported) prior to 2009, requiring the LRGHM and other 

models to estimate or simulate pumping levels based on crop demand and available surface water supply. 

If historical levels of pumping are greater than simulated in the LRGHM, the stream depletion calculated 

by eliminating that amount of pumping in the base case would be under-simulated. 

The configuration of the base case scenario is the ultimate determiner of calculated capture. As currently 

constructed, the LRGHM applies available water equally over the entire WBS even when it is far short of 

crop demand. In absence of supplemental groundwater supply a common adaptive response is to 

concentrate available surface water deliveries on smaller areas of crops. Simulating water stacking or 

selective fallowing of cropland could preserve levels of inefficiency that recharge the aquifer and promote 

return flows via drains and streambed seepage, at least in the portions of cropland receiving the stacked 

allotments. 

Base case 2 is a simpler scenario that could easily be simulated by previous models lacking the features of 

the Farm Process. Comparison with the historical case shows that most capture occurs as increased 

seepage out of the stream, but drain flow reductions are an important contributor, particularly in wet 

years. Capture can only occur at head-dependent boundaries, and the potential of capture from a particular 

source arises with the change in head from the source of the withdrawals such as Canutillo well field. 
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8 Model Limitations and Future Work 
The LRGHM is constructed with only a partial implementation of the Farm Process. There are several 

unused features that can be deployed in future efforts to enhance the realism of simulation and allow for 

predictive modelling of future conditions. Some of these features are already being implemented in the 

next iteration of the model currently in production. 

The use of virtual crops in the LRGHM was narrowly intended to mimic the consumptive-use flux 

specified for each service area in the OSE model, which was calculated as an average for all crops in a 

service area and implicitly accounted for precipitation. Further discretizing each WBS into coverages of 

individual crop types would allow simulation of alternate scenarios with realistic adaptive approaches. 

For example, during low allocation years FMP could optimize the cropping pattern within each WBS to 

maximize production under the constraint of available water supply. Agro-economic decisions can be 

simulated through the specification of crop yield per applied water, market price per crop yield, and cost 

of water production. The explicit inclusion of climate parameters would be helpful in forecast modeling 

that simulates adaptations to future changes in surface water allocations and precipitation. 

Discretization of cell size and length of stress periods can also be improved. The current size of the model 

cells are sufficient for simulation of groundwater/surface water interactions on a sub-regional scale, but 

probably too large to assess the impacts of individual wells on specific riparian zones. The primary and 

secondary irrigation season stress periods were designed with the assumption that releases of project 

water last through an entire irrigation season. In recent low-allocation years releases from Caballo dam 

have only resulted in 45 days of flow, far shorter than the current 245-day primary irrigation stress period. 

This could greatly affect the timing and source of simulated capture, and the smearing of flows and 

diversions over ill-fitting stress periods makes it difficult to directly relate model results to operational 

records. 

The LRGHM performs well as an integrated hydrologic model, but many of the issues facing the region 

today have an increasingly institutional perspective. Future updates of this model will have the capacity to 

address these issues by incorporating factors like reservoir storage levels, usable project water, and carry-

over credits for unused or transferred allocations. Implementation of actual crop coverages with 

associated market values and irrigation costs will allow for more realistic and varied base case scenarios. 
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Appendix A – The Calculation of Complex Total Capture 
The following is taken from “Complex Total Capture - Technical Note 4” by Maddock (Personal 

Communication, 2015). 

Let 
Rn

N and 
R

N be the number of head-independent and head-dependent recharge sources, respectively.
 

Let 
Dn

N and 
D

N be the number of head-independent and head-dependent discharge sources, respectively.  

Let l

i
Rn be the recharge from the lth head-independent source in the base and historical cases, j j

i i
R Rb+ ∆ be 

the recharge from the thj head-dependent source, n

i
Dn be the discharge from the thn  head-independent 

source in the base and historical cases, and k k

i i
D Db− ∆ be the discharge from the thk head-dependent 

source; all taken in the thi stress period. Let 
ibQ  be the base-case well pumping for the ith stress period, and

ibAgr and 
ibAgd be irrigated agriculture recharge and discharge in the ith stress period. The terms ∆ j

iRb  

and ∆ k

iDb  represent capture from sources due to the base-case groundwater pumping or irrigated 

agricultural recharge and discharge.  These terms vanish if there are no anthropogenic processes in the 

base case.  Let /
i i

SbI t∆ ∆ and /
i i

SbO t∆ ∆ be the loss in storage and the gain in storage, respectively, for the 

stress period. 

Base Case 

The base case becomes, 

 
1 1 1 1

( ) ( ) 0
Rn DnR D

i i

N NN N
l j j n k k i i

i b i i i i b i i

l j n k i i

SbO SbI
Rn Agr R Rb Dn Qb Agd D Db

t t= = = =

∆ ∆
+ + + ∆ − − − − − ∆ − + =

∆ ∆∑ ∑ ∑ ∑  (1) 

In most cases, 

 0i i

i i

SbO SbI

t t

∆ ∆− ≠
∆ ∆

 (2) 

Historical Case 

For the ith stress period, let 
j j

i iR Rh+ ∆  be the historical recharge from the thj head-dependent source, 

k k

i iD Dh− ∆ be the historical discharge from the th
k head-dependent source, 

ih
Q (includes 

ib
Q )be the 

historical groundwater pumping,
ihAgr  (includes

ibAgr ) be the historical irrigated agricultural recharge, 

and 
ihAgd  (includes

ibAgd ) be the historical irrigated agricultural discharge.  Let /
i i

ShI t∆ ∆ and 

/
i i

ShO t∆ ∆ be the loss in storage and the gain in storage, respectively, for the stress period in the 

historical case. 

 

thi

thi
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For the thi stress period, the historical case equation is, 

 
1 1 1 1

( ) ( )
Rn DnR D

i i i

N NN N
l j j n k k i i

i i i i i i h h h

l j n k i i

ShO ShI
Rn R Rh Dn D Dh Q Agr Agd

t t= = = =

∆ ∆
+ + ∆ − − − ∆ = − + + −

∆ ∆∑ ∑ ∑ ∑       (3) 

Capture Calculation 

Subtracting Equation (1) from Equation (3) gives total non-permissible total capture for the ith stress 

period, 
iT

NPC , as, 

1 1

( ) ( )
R D

i

N N
j j k j

T i i i i

j k

NPC Rh Rb Dh Db
= =

= ∆ − ∆ + ∆ − ∆∑ ∑                                                   (4) 

or, 

( ) ( ) ( )
i i i i i i i

i i i i

T h b b b b b

i i i i

ShO SbO ShI SbI
NPC Q Q Agr Agr Agd Agd

t t t t

   ∆ ∆ ∆ ∆
= − − − + − + − − −   ∆ ∆ ∆ ∆   

                    (5) 
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