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Abstract 
The Colorado River Delta (CRD) is a large sedimentary complex within a 

tectonically active structurally controlled basin. The CRD lies across the U.S.- Mexico 

international boundary and is traversed by the Colorado River on is way to the Gulf of 

California. Multidisciplinary research addressing the impact of the hydrologic change in 

the CRD has been increasing since the 1980's. To help expand the base of this 

knowledge, a groundwater model for the CRD within Mexico was developed. A 

conceptual model was constructed and transformed within the Department of Defense 

Groundwater Modeling Software (GMS) into a numerical model using the MODFLOW 

2005 code made available by the U.S. Geological Survey. 

Model results indicates that large scale flood events on the Colorado River act as 

a recharge to the aquifer and show that the relationship between groundwater withdrawals 

and capture are evident on an seasonal scale. The model will form the parent basis for 

further Delta studies using the Local Grid Refinement (LRG), a methodology inherent to 

MODFLOW 2005. 
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CHAPTER 1: Overview 

1.1 Introduction 

The Colorado River Delta (CRD) is a large sedimentary complex within a 

tectonically active basin. The basin sediments have been transported and reworked over 

millennia by the coursing Colorado River heading from the Continental Divide in North 

America towards the Gulf of California in Mexico (Figure 1.1). 

-118' 

32' 

30' 

-115- -114' 

-120' -100' 

Baja 
California 

-118- 115' -114' 
Generic Mapping Tools 

Figure 1.1, Location map of the United States -Mexico border region. 

The area can be conceptualized as a desert ecosystem supported by wetlands, back 

waters, and its river namesake. The area can also be thought of in terms of an emerging 

and expanding American West, a well developed Mexican agricultural industry, and the 

intricate set of laws and international treaties that have, for decades, dictated the flow and 

transport of water from the mountains to the Gulf. 
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The transformation of the CRD from wilderness in the early 1900's, to the highly 

productive agricultural region that exists today, raises many questions and presents an 

excellent subject for a groundwater modeling study. How has the aquifer beneath the 

CRD responded to the change in the river's regime from natural flow to scheduled 

releases? Is there a perceptible impact of the more then 600 large scale groundwater 

wells that have been in place since the mid 1950's? What are the connections between 

the large surface water features and the underlying aquifer? If groundwater levels 

decline, can they recover? 

Many groundwater investigations are motivated by water resource management 

needs. The CRD is no different and much of the existing research on the groundwater 

system has been motivated by resource management needs perceived by stakeholders 

within the United States (i.e. Yuma, Arizona, and the Salton Sea District in California). 

In these areas large -scale irrigation endeavors, poor drainage, and failed river 

management schemes have caused problems for both, residents and agriculturalists for 

almost a century. In Mexico, aside from research related to the highly productive 

geothermal fields in the western portion of the CRD, no previous research employing a 

regional -scale groundwater model can be identified. 

1.2 THE MODERN CRD 

The CRD is a contiguous hydrologic basin that crosses a large political boundary. 

Nearly a century of dam construction and diversions on the Colorado River has reduced 

the once widely variable flows into the Mexican CRD to tightly managed releases. The 

government, farmers, and local stake holders within Mexico have found an operational 

balance allowing for population centers to develop and for the agricultural lifeblood of 

Mexicali Valley to be established. 

As development has proceeded the flora and fauna of the region, particularly of 

the riparian zone, has changed. Populations of native and endangered species have 

declined, and invasive species have become established. Stakeholders in the Mexican 

portion of the CRD have observed the change of the complexion of the dominant 

ecosystem. They also noticed the effect that regional flooding of the Colorado River in 
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the early 1980's had on native riparian plants. These flood flows, associated with the El 

Nino southern oscillation of 1982 -83, resulted in self germination of native vegetation 

which had been on the decline. This event piqued the interests of residents and local 

environmental research organizations. The re- emergence of native plants inspired 

stakeholders to view the CRD as a system in need instead of a system that had been lost. 

This new perspective provided the motivation for the commission of this groundwater 

study by the Sonoran Institute <http: / /sonoran.org/ >, which in partnership with other 

Mexican and U.S. non -governmental and governmental organizations has began efforts to 

restore the ecological functionality of riparian and estuarine areas in the CRD. 

1.3 Purpose and Goals of Model 

The main goal of the project was to provide an easy -to- transfer tool (the model) 

that can be used by stakeholders, students, and researchers and which can be easily 

expanded and modified to address specific problems and/or questions and to include new 

data sets as they become available. Development of a reasonable and representative 

conceptual framework for modeling the CRD required: 

First order representation of regional geology, the riparian zone and 

evapotranspiration, scheduled International Boundary and Water Commission 

(IBWC) releases of Colorado River water into Mexico, and distribution of irrigation 

water to the agricultural administrative areas (modulos) of the Mexican CRD, 

Selection and development of appropriate boundary conditions to represent cross 

boundary in -flows, off -domain well fields, and outflow to the Gulf of California, 

Transformation of historic annual groundwater pumping data into a cohesive 

seasonalized data set, 

Integration of geospatial information of model features in a Geographic Information 

System environment to simplify transfer to the GMS pre /post processor. 
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1.4 Previous Investigation /Models 

Previous research related to groundwater in the CRD has largely centered on the 

area which lies within the United States, particularly Yuma, Arizona. Some of these 

reports have included analysis of small areas of the north and/or NE portion of the CRD 

in Mexico. The focus of these studies was determined by stakeholder needs within the 

U.S. Additionally, these investigations may have focused on the U.S. due to issues 

related to data availability and data sharing of resource related information across an 

international border, and the English - Spanish language distinction in data sources. 

Investigations of the Mexican portion of the CRD have primarily focused on the 

geology of the region and on the geothermal resources that lie in the west along the Cerro 

Prieto fault (i.e. Pacheco et al. 2006, Barragan et al. 2001, Glowacka et al. 2000, Chavez 

et al. 1999, Jennings and Thompson 1986, Abril and Noble 1979, Massey 1979, Payne et 

al. 1979, Puente and De La Pena 1979). These research efforts provide insights into 

aspects of regional geology and geochemistry related to groundwater origins and age, and 

geothermal resources available for energy development. 

Olmsted et al. (1973) published a comprehensive study on the geohydrology of a 

portion of the CRD which included Yuma, Arizona, areas of SE California and part of 

Mexicali Valley in Mexico. The paper was presented as part of a larger effort to study 

the water resources of the Colorado River -Salton Sea area. The report contained great 

detail on the geology of the study area and presented an overview and description of the 

regional groundwater hydrology including analysis of the chemical and temperature 

qualities of the groundwater throughout the Yuma area. The major subdivisions of the 

aquifer were described and details of the origins of groundwater and sources of recharge 

were presented. The Olmsted et al. (1973) report included maps of transmissivity that 

were computed on the basis of short-term pumping tests (of most of the large capacity 

wells in the Yuma area that existed at the time) and step -drawdown and recovery tests 

(performed on U.S. Geological Survey test wells and private irrigation wells). Soil 

moisture profiles collected by the group were used to determine storage coefficients and a 

previous U.S. Secretary of the Interior report by private consultant (C. E. Jacob 1960, 
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cited in Olmsted et al. 1973) was used as a basis for estimating vertical hydraulic 

conductivity and leakance (Olmsted et al. 1973). 

Although the majority of the field work and data sets reported in Olmsted et al. 

(1973) were related to the areas within the U.S., they examined the reports of 140 logs 

provided by a private U.S. drilling firm that had developed deep production wells within 

the Mexican CRD in the 1950's. Of great value to the research that has followed it, the 

Olmsted et al. (1973) report included analysis of these logs and of historical records of 

well development and irrigation trends for the Mexicali Valley. The Olmsted et al. 

(1973) analysis includes estimates of irrigated acreage and groundwater withdrawals in 

the area for the 1950's and 1960's. Additionally, the descriptions of groundwater flow 

presented by Olmsted et al. (1973) included explanations and estimates of cross -boundary 

subsurface flow between areas of the U.S. and Mexico, many of which were based in part 

on the earlier work of consultant C. E. Jacob (1960, 1966, cited in Olmsted et al. 1973). 

Olmsted et al. (1973) presented the transmissivity values calibrated for an electric 

analog model of 5180 km2 (2000 mil) of the CRD hydrologic system within their study 

area. This analog model incorporated the effect of the Algodones fault located north of 

Mexico in the Yuma, Arizona area, as a flow barrier within the system and included a 

small area east of the Colorado River within the Mexican portion of the CRD. 

In 1977 Harshbarger and Associates produced a report commissioned by the U.S. 

section of the IBWC on the hydrology and water development of the part of the CRD 

occupied by Yuma, Arizona, Imperial Valley, California, and Mexicali and Sonora within 

Mexico (Harshbarger 1977). The report detailed the history of water resources 

development within the region of the international border and included a chronology of 

agreements and treaties from 1901 -1976, as they related to changes imposed on the 

hydrological system. Harshbarger (1977) produced water budgets for the individual areas 

represented in the study. The water budget for the Mexican areas was based on data 

"transmitted" by the Mexican section of the IWBC and serves as a basis for comparison 

in the present project. 
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The Harshbarger (1977) report explored the impact of management practices on 

cross boundary flows. Water logging from excess agricultural irrigation in Yuma was 

identified as a cause of steepening of the local groundwater gradient which resulted in 

increased subsurface flows from Arizona into Sonora, Mexico, by up to 2.5 times the pre 

development flow by 1969 (Harshbarger 1977). The report also highlighted the 

complexities of the hydrologic system, where anthropogenically controlled water 

withdrawals and water inputs were occurring in the same area. For example in the late 

1960's and early to late 1970's in NE Mexicali, Mexico, groundwater levels had 

declined by up to 9 m (30 ft) from groundwater withdrawals at the same time that 

subsurface inflows of All American Canal seepage brought from 81,409,800 to 

111,013,370 m3 (66,000 to 90,000 AF /yr) of water to the same local region. 

In 1988 the Arizona Department of Water Resources (ADWR) published the 

results of two finite difference numerical groundwater models that focused on Yuma, 

Arizona over the 1983 -84 time period (Mock et al. 1988). Although these models did not 

consider any part of the CRD within Mexico, they provide additional insight into the 

parameterization of CRD hydrogeology. The models were built to aid water managers 

assessing the value of proposed plans to address the problems associated with shallow 

groundwater levels in agricultural fields and on residential property. These conditions 

existed at that time partly because of increased water releases below Hoover Dam on the 

Colorado River in the 1983 -84 time period, a response to unusually high runoff from the 

Upper Colorado River Basin that El Nino season. The large releases of the river 

aggravated a tendency of the areas agricultural fields to become water -logged, a 

condition attributed to modem and historic irrigation practices combined with regional 

hydrogeology. 

The ADWR models (Mock et al. 1988) conceptualized the top two hydrogeologic 

units together as a single semi -confined aquifer. This determination was based partly on 

Bureau of Reclamation aquifer tests conducted on deep drainage wells close (0.8 km, 0.5 

mi) to the river. In 1993 ADWR, in cooperation with the Yuma County flood control 

district, published the results of a MODFLOW groundwater flow model developed for 
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the CRD within the Yuma area in Arizona, California, and Mexico (Hill 1993). This 

model was more comprehensive then the 1988 ADWR model, in both the scope of the 

area modeled and the range of data used. The project included field work such as 

pumping tests employed to supplement the aquifer parameterization from previous work 

such as the report by Olmsted et al. (1973). Like its predecessor, the 1993 ADWR model 

sought to address water management issues related to water logged soil and a shallow 

water table. 

The 1993 ADWR model was seasonalized and built upon more complex 

conceptual models of both, the groundwater and surface water hydrology. The 

groundwater system was conceptualized with recharge inputs from canals and 

agricultural irrigation and discharges from groundwater pumping and discharge to drains. 

Stream- aquifer interactions were modeled as were losses of water from the system due to 

underflow across the international boundary. The surface water flow system was 

conceptualized to include the Colorado and Gila rivers as well as the All American Canal 

system, and other canals and drainage networks of the area. 

A flood -year/ no flood -year perspective was adopted during calibration of the 

transient simulation for the 1993 ADWR model. Where data for Mexico was not 

available, estimates were developed via comparison with neighboring areas within Yuma. 

Once calibrated, a series of scenarios were modeled to gage the systems response to 

various flooding scenarios, plausible water management schemes, and the effect of the 

clayey -zone beneath part of the Yuma area (Hill 1993). 

Insights, results and conclusions of much of the previous work discussed above 

were found to be invaluable resources for the present research and are referred to in 

further sections of this report. 
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CHAPTER 2: Description of Study Area 

2.1 Location and Physiography 

The Colorado River Delta (CRD) is one of the worlds largest deltas covering over 

8,600 km2 (3,320 mie) of terrain and extending across the international border between 

the United States (U.S.) and the Republic of Mexico (Mexico). The CRD developed as a 

result of the constructive processes of sediment transport by the Colorado River and the 

destructive processes associated with, 1) the large tidal regime dominated by strong 

currents in the upper Gulf of California and, 2) tectonic movement along the San Andreas 

Fault, which has transported sediment NW across the CRD over millennia (Carriquiry 

and Sanchez 1998, Winker and Kidwell 1986, Sykes 1935). Overall, the CRD contains 

approximately 41,682 km3 (10,000 mi3) of accumulated sediment. 

The CRD lies within the Salton Trough, a topographic depression that extends 

over parts of California, Arizona, and northern Mexico, within the Sonoran Desert and 

Salton Trough sections of the Basin and Range physiographic province (Figure 2.1). The 

trough lies on the west side of the San Andres transform fault system and was formed by 

active rifting along the landward extension of the East Pacific Rise; the spreading center 

between the Pacific and North American tectonic plates (Pacheco et al. 2006, Glowacka 

et al. 2002, Barragan et al. 2001, Harshbarger 1977). Because it exists in a structurally 

controlled active tectonic basin the CRD is unlike many of the world's large river deltas 

(Pacheco et al. 2006). 

This project focuses on a portion of the Colorado River delta (referred to hereafter 

as the modeled Colorado River delta or MCRD) within Mexicali and San Luis valleys in 

northern Mexico between the states of Sonora and Baja California (Figure 2.2). The 

MCRD lies in the southern portion of the Salton Trough and is hydrologically connected 

to the portion of the trough to the north in Arizona and California. 
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Figure 21, Regional view of the Colorado River delta in the context of the Salton Trough. The Colorado Rver enters 
the delta from the northeast and makes up part of the international boundary between the United States and Mexico. 

The MCRD is made up of low lying terrain and is flanked on the west by 2 

narrow and abutting NNW -SSE trending mountain ranges: the Sierra Cucapah toward the 

north and Sierra El Mayor toward the south. A series of 6 wetland groups known 

collectively as the Andrade Mesa wetlands, lie to the north of the MCRD (Figure 2.3). 

These wetlands exist hydrologically as the result of seepage of water from the All 

American Canal through the Andrade Mesa dunes, across the U.S.- Mexico international 

border (Hinojosa- Huerta et al. 2002). East of the MCRD is the Altar basin, an expansive 
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desert within the Salton Trough that occupies a now inactive portion of the CRD 

(Pacheco et al. 2006). To the south of the MCRD, is a series of marshes and tidal flats 

that extend into the Gulf of California and its near shore estuaries and coastal marine 

envrionments. 

0 5 10 20 Kilometers 
1 1 1 1 1 1 1 1 1 

Figure 2.2, Quickbird satellite image of the Colorado River delta superimposed with the MCRD groundwater model domain 
(highlighted in red) and the Colorado River (represented in blue). 
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Figure 2.3, Area of the Andrade Mesa wetlands (dashed circle) near the north MCRD boundary, as identified by 
Hinojosa -Huerta et al. (2002). 

The MCRD has an even topography that gently looses elevation in the southward 

direction toward the Gulf of California. The 500 m resolution Digital Elevation Model 

(DEM) below in Figure 2.4, was resampled from a 123 m DEM provided by the Sonoran 

Institute (F. Zamora, personal communication). It illustrates the elevation decrease in the 

MCRD from the high of 179 m (587 ft) in the NE to the low of 5 m (16 ft) in the south. 
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Figure 2.4 Digital Elevation Model (DEM) of the MCRD model domain. 

2.2 Geology 

Sediments in the MCRD have accumulated atop a Paleozoic basement of 

limestone, sandstone, conglomerate, and metamorphic rocks. The sediment -basement 

interface is irregular and has been identified at depths ranging from 1.4 to 5.6 km (0.87 to 

3.5 mi) in deep wells, with a mean depth of 3.5 km (2.2 mi) (Chavez et al. 1999, Pacheco 

et al. 2006, Abril and Noble 1979). The bedrock underlying the CRD is nearly 

impermeable (Harshbarger 1977, Olmsted et al. 1973) and has been interpreted with 

graben -horst structures that have resulted from strike -slip movements across the Cerro 

Prieto transform fault and its inferred extension to the north, the Imperial fault (Pacheco 

et al. 2006, Puente and De La Pena 1979, Portugal et al. 2005). 

The Cerro Prieto bisects the MCRD with a NW -SE strike (Figure 2.5), parallel to 

the San Jacinto, Brawley, Algodones, Calipatria and other well defined faults of the San 
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Andres system (Chavez et al. 1999, Puente and De La Pena 1979). The neighboring 

Algodones fault, NE in Yuma, Arizona, has been identified as forming a partial to nearly 

complete barrier to local groundwater flow (Olmsted et al. 1973). 

Figure 2.5, Geologic features of the CRD. The MCRD study area is centrally located (yellow dashed square). 

Although it is plausible that the Cerro Prieto fault effects groundwater flow within the 

MCRD, references related to this type of hydrogeologic condition could not be found. 

Visual examination of maps (see Figure 2.5) and remote sensing material however, does 

reveal a geomorphic clue: an apparent turn in the course of the Colorado River where the 

Cerro Prieto fault is inferred to intersect it. This bend in the river is consistent with the 

right lateral slip of the fault. 

Older areas of the basement rock in the MCM) are overlaid by upper Cretaceous 

granite and early Tertiary sequences of sedimentary rock with areas of volcanic intrusions 

and metasediments primarily associated with geothermal activity in the west (Pacheco et 

al. 2006, Portugal et al. 2005, Chavez et al. 1999, Payne and Latorre 1979, Olmsted et al. 

1973). These sedimentary rocks constitute the lower of two sedimentary units in the 
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MCRD, and are composed of consolidated to semiconsolidated mudstone -siltstone and 

well sorted sandstone of continental origin overlying marine sedimentary rocks such as 

siltstone and shale (Pacheco et al. 2006, Barragan et al. 2001, Puente and De La Pena 

1979). The lower sedimentary unit roughly correlates to the poor water bearing rocks of 

Tertiary age defined by Olmsted et al. (1973) and is hydrologically less significant then 

the upper sedimentary unit above it (Hill 1993, Harshbarger 1972). 

The upper sedimentary unit is composed of fluvial and alluvial non consolidated 

sediments of Pleistocene to Recent ages (Pacheco et al. 2006, Portugal et al. 2005, 

Chavez et al. 1999, Barragan et al. 2001, Payne and Latorre 1979, Olmsted et al. 1973). 

This unit composition includes thick Quaternary deltaic sediments of clays, sands, and 

gravels periodically interstratified by volcanic deposits (Pacheco et al. 2006, Puente and 

Pena 1979). In Yuma Arizona, NE of the MCRD, the upper unit has been further divided 

into three layered hydrologic zones which are known (from the bottom to the top) as the 

Wedge zone, the Coarse Gravel zone, and the Upper Fine -Grained zone (Hill 1993, Mock 

et al. 1988, Olmsted et al. 1973, Harshbarger 1972). 

2.3 Climate 

The MCRD is characterized by a desert climate dominated by high temperatures 

and arid conditions. These conditions are reflected in the records from three 

meteorological stations in the region: station 2713 in El Centro, California (latitude: 

32.77 degrees, longitude: -115.57 degrees, elevation -9.14 m ( -30 ft), 42 year record), 

station 760051 in Mexicali, Mexico (latitude: 32.63 degrees, longitude: -1 15.21 degrees, 

elevation: 22 m (72 ft), 18 year record), and the Yuma Valley station of the Arizona 

Meteorological Network (latitude: 32.71 degrees, longitude: -114.71 degrees, elevation 

32 m (105 ft), 11 year record) (see Figure 1.1). 

2.3.1 Climate- Temperature 

The El Centro station reported average summer -time maximum and minimum 

temperatures of 43.0 °C (109.4 °F) and 13.5 °C (56.3 °F) respectively, and average 

winter -time maximum and minimum temperatures of 30.9 °C (87.6 °F) and 2.13 °C (35.8 

23 



°F) respectively. The Mexicali station showed average summer -time maximum and 

minimum temperatures of 37.2 °C (99 °F) and of 23.1 °C (74 °F), respectively, and 

average winter -time maximum and minimum temperatures of 24.9 °C (77 °F) and 11.3 °C 

(52 °F), respectively. In Yuma Valley, records of average summer -time maximum and 

minimum temperatures were 42.2 °C (108 °F) and 14.4 °C (58 °F), reepectively, and 

average winter -time maximum and minimum temperatures were 30.6 °C (87.0 °F) and 

2.9 °C (37.2 °F), respectively. 

2.3.2 Climate- Rainfall 

The climate stations mentioned above reported low amounts of rainfall for the 

region. Average summer precipitation for El Centro was 3.5 mm (0.1 in) while the 

average for winter was 9.2 mm (0.4 in). In Mexicali, average summer precipitation was 

45.0 mm (1.8 in) while the average for winter was 115.0 mm (4.5 in). In Yuma Valley 

average summer and winter precipitation was reported as 4.0 mm (0.16 in) and 7.6 mm 

(0.3 in), respectively (Figure 2.6). 

For the three stations, only Mexicali showed individual months with a rainfall 

record in excess of 100 mm (3.9 in). Each of the 5 months where over 100 mm of 

precipitation accumulated in one month occurred in a winter season, when the majority of 

rain falls in the region (Figure 2.7) 

The CRD is classified as a desert (BWh in the Koppen climate classification 

scheme (Lamb 1972 p.509 -514)) because the persistent hot dry conditions result in a 

moisture deficit where the potential for evaporation far outweighs the input of 

precipitation. 
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Figure 2.6, Average monthly rainfall for El Centro, California (top), Mexicali, Mexico (center), and Yuma Valley, Arizona 
(bottom). 

Figure 2.7, Seasonal contribution to total average annual precipitation in the CRD. 
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2.4 Vegetation and Wildlife 

The modern CRD contains a combination of ecosystems and anthropogenically 

controlled landscapes. The area has productive nutrient rich soils and is dominated to a 

large degree by irrigated agricultural lands that produce seasonal crops such as wheat, 

cotton, onion, rye grass, and beans, and perennial crops such as alfalfa and asparagus 

(Cohen and Henges -Jeck 2001). 

The CRD also contains a diverse landscape of flora and fauna within the riparian 

zones and backwater areas associated with the Colorado River and its tributaries. 

Although diminished from the wild and near pristine condition observed up to the early 

twentieth century, these areas still maintain habitats such as Cottonwood -willow forest, 

Salt cedar, Cattail marshes with open water, isolated patches of Mesquite, and perennial 

river conditions at the Rio Hardy. These habitats have historically supported birds 

species such as Mockingbirds, Thrashers, Warblers, Flycatchers, and Tangers and fish 

species such as the Desert pupfish and the Razorback sucker, some of which are currently 

categorized as threatened or endangered (Zamora -Arroyo et al. 2005, Hinojosa -Huerta et 

al. 2002). Non -native species of vegetation have become dominant throughout much of 

the CRD riparian zones so that forested areas have been transformed to sand and mudflats 

populated with tamarisk (salt cedar), arrowweed, and iodinebrush (Luecke et al. 1999, 

Glenn et al. 1998). 

The off- channel wetlands that exist within the CRD provide what is considered 

essential habitat for both resident and migratory species of birds and animals. Unlike the 

wetland areas that were widespread within the CRD in pre -development times, modern 

day wetlands, approximately 5 percent of their original extent, now rely almost 

completely on sources of water that have been made available to them as a secondary 

and unplanned result of water resource management (Luecke et al. 1999, Glenn et al. 

1992). 
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2.5 Pre Development 

Pre development in the CRD refers to the time before the waters of the Colorado 

River were harnessed on a large scale for the benefit of development in both the U.S. and 

Mexico. This period is usually considered to be prior to the completion of the first major 

dam on the river, the Hoover Dam in 1935, although small scale diversions had affected 

the river's flow as early as 1909 (Sykes 1935). 

2.5.1 Pre Development- Natural History 

Historically the CRD contained an unmodified ecosystem that was well adapted 

to the arid climate and natural flow regime of the pre- development Colorado River. The 

area contained the world's largest desert estuary along the Gulf of California as well as 

forests of native trees and uninhibited freshwater, brackish and tidal wetlands that were 

described in great numbers by early explorers and naturalists of the late 19th century 

(Sykes 1935). The original area of the native ecosystem is estimated to have covered an 

area of 780,000 hectares (1,930,000 acres) (Luecke et al. 1999). 

At that time the Colorado River had a large perennial flow and its main stem was 

widely navigable. Steam ships and barges ferried goods up and down the river between 

the Gulf of California and Yuma Arizona, which was made a port of entry in 1867. By 

1909 the first upstream diversions of the Colorado River reduced flows on the main stem 

and precluded practicable navigation through this route even for the "smallest craft" 

(Sykes 1935). During pre -development times the dynamic ecosystem of the CRD was 

characterized by flood cycles that nourished abundant fish, bird, and mammal species of 

the area (Luecke et al. 1999, Glenn et al. 2001). These cycles were regular with 60 

percent of the flow occurring in May, June, and July (Denman et al. 2004). 

2.5.2 Pre Development- Land Use 

Native inhabitants of the CRD were the ancestors of the Cucapah tribe, who live 

in parts of the U.S. and Mexican CRD today. These ancestors migrated to the CRD 

region possibly as early as 1000 BCE and established settlements close to the Colorado 
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River and built a way of life around its flood cycles. Fish, both large and small, game, 

birds, and wild grains and vegetables, were likely parts of the traditional diet. Cultivation 

of corn, squash, and beans were successful year after year as the annual floods 

redistributed nutrients from the river to the floodplain where crops were farmed. Annual 

floods also recharged the aquifer and benefited crops as they matured growing roots that 

were able to reach the shallow water table. The Cucapah traveled on the river in dugout 

balsa boats and cottonwood rafts, and wove baskets which they walked down the river to 

transport goods and carry their children. The Cucapah population may have been larger 

then 5,000 in the 1600's, but is possibly closer to 1,000 today (Sturtevant 1983). 

2.6 Post Development Land Use and History 

Since the beginning of the 20th century, the waters of the Colorado River have 

been used to support a westward expansion and growth of population centers, industry, 

and agriculture in the American West and northern Mexico. The natural flow of the river 

has been restricted by complex sets of water management policies throughout the 

Colorado River Basin and by construction of the Colorado River Dam system which 

includes the Glen Canyon -, Hoover -, Davis -, Parker -, Imperial -, and Morelos Dams 

(Figure 2.8). According to Luecke et al. (1999) surface water flowing into the CRD has 

been reduced by approximately 75 percent during the last century. 

Altogether, the regulation and divvying up of water within the Colorado River 

Basin is carried out according to the complex set of laws, international treaties, and 

agreements known as the Law of the River. The U.S. Bureau of Reclamation maintains a 

website « http:// www. usbr. gov /lc /region/g1000 /lawofrvr.html» that contains an index 

of the components of the Law of the River, and links to where each can be viewed or 

downloaded. 
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Figure 2.8, MODIS image of the lower Colorado River Basin. Major dams are denoted by rectangles, international 
boundaries are indicated by white lines, and the MCRD is encircled by white dashes. 

The use of Colorado River water for large scale irrigation in the Mexican portion 

of the CRD is estimated to have begun in 1901 (Olmsted et al. 1973). The irrigated 

acreage ranged from around 16,187 hectares (40,000 acres) in 1915, to 80,937 hectares 

(200,000 acres) in 1925, to 218,530.. hectares (540,000 acres) in 1955 (Olmsted et al. 

1973). The expansion of agriculture in the region led to the development of groundwater 

resources which were used to augment surface water irrigation. Although the first 

records of deep wells developed for this purpose (by private U.S. interests) date to around 

1934, analysis of well logs by Olmsted et al. (1973) showed that the majority of deep 

private (PP) wells were drilled from between 1950 through 1957, for a total of around 

230 wells. A drilling campaign sponsored by the Mexican government operated from 

1955 through 1957 and resulted in the development of approximately 381 deep federal 

wells (PF) for irrigation augmentation. 

Based on an examination of historical records, Olmsted et al. (1973) determined 

that from 1930 to 1950 pumping for irrigation, which was a few thousand acre -feet (AF) 

in 1930, increased by an order of magnitude. Olmsted et al. (1973) further estimated that 

from 1950 to 1956 pumping increased annually by about 30,837,046 m3 (25,000 AF). 
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Total pumping in the Mexican portion of the CRD continued to increase so that by 1965 

the annual withdrawals amounted to 159,472,944 m3 (940,000 AF). Data sets from the 

1980's through the 1990's indicate a lower rate of overall groundwater withdrawals in the 

more recent past, reflecting constraints on pumping put in place by the Mexican 

government, to control the use of groundwater resources and to prevent their exploitation 

(Olmsted et al. 1973, Comision Nacional del Agua (CONAGUA) Gerencia Regional 

Peninsula de Baja California, Presentation, F. Zamora -Arroyo, Sonoran Institute, 

personal communication). 

Today agriculture is the largest single user of water in the CRD region (Cohen 

and Henges -Jeck 2001). Farms depend on a system of, 1) canals that bring a prescribed 

combination of surface water from the Colorado River and groundwater pumped from the 

region to their fields and, 2) a series of drains that move irrigation runoff away (Cohen 

and Henges -Jeck 2001, CONAGUA Gerencia Regional Peninsula de Baja California, 

Presentation, F. Zamora -Arroyo, Sonoran Institute, personal communication). The 

prescribed combination originates in a governmental Decree (published in the official 

newspaper of the Federation of Mexico on 15 December, 1955), which established the 

"norms and specifications" for water distribution within Colorado River Irrigation 

District 014 (containing all of the MCRD), and stated that each hectare of irrigation in the 

district should consist of 77% Colorado River water and 23% groundwater (CONAGUA 

Gerencia Regional Peninsula de Baja California, Presentation, F. Zamora -Arroyo, 

Sonoran Institute, personal communication). 
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CHAPTER 3: Hydrogeology and Hydrology 

3.1 Regional Hydrologic Units 

An examination of 45 well logs (Figure 3.1) from the eastern region of the MCRD 

(made available by F. Zamora -Arroyo, Sonoran Institute) indicate that unconsolidated 

irregular sequences of clay, sand, gravel and mud persist in this area for at least 180 m 

below the land surface (the limit of the logs available for examination), consistent with 

well descriptions reported in Olmsted et al. (1973 Appendix B). 

0 -50m fine sand 

50 -54m small gravel 

54 -72m fine sand 

72 - 82 m small gravel w/ fine sand 

189 186 m 
glneth gravel 

106 - 118 m clay with gravel 

118 -128m gravel 

sandy clay 
- 146 - 150 m small gravel 

150 - 176 m gravel 

- 176 - 180 m clay with gravel 

Figure 3.1 Relative locations of wells for which logs were available fo examination superimposed onto the MCRD 
model domain. An example of a typical well log is presented to the right (well 229). 

The three zones of the upper sedimentary unit described in Section 2.2 have been 

well documented in the Yuma area but not correlated or mapped to sedimentary series 

within the MCRD. It is not known how closely the Yuma series relate to the MCRD 

sediments or in what respect they vary from the stratigraphy south of the international 

border. However, because the areas coevolved through the scouring and depositional 

processes associated with the evolution of the Colorado River Basin they are considered 
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to be hydrologically connected (Hill 1993, Mock et al. 1988, Harshbarger 1977, Olmsted 

et al. 1973). The descriptions of the quaternary sediment zones from the Yuma area 

presented below, from the bottom to the top of the stratigraphic profile, may be 

considered a proxy for sediment descriptions in the MCRD particularly with respect to 

composition and hydrologic properties. Hydraulic characteristics described below were 

presented in both, Hill (1993) and Olmsted et al. (1973), which derived parameters by 

carrying out aquifer pumping tests within the Yuma region in the time periods of their 

respective studies. Further geologic mapping and an aquifer testing campaign in the 

MCRD would greatly increase the applicability of the Yuma data to the portion of the 

CRD within Mexico. 

3.1.1 Wedge Zone and Coarse Gravel Zone 

According to Olmsted et al. (1973), the Wedge zone is considered a single 

heterogeneous water bearing hydraulic unit composed of irregularly layered sands, 

gravels, silts, and clays. In the Yuma area, the Wedge zone composes the main water 

bearing unit of Pliocene -Holocene age underlying the river valleys, averaging 760 m 

(2,500 ft) in thickness. Hydraulic conductivity and porosities decrease with depth in the 

lower 300 m (1,000 ft) of the Wedge zone as clay and silt deposits become more 

prevalent (Olmsted et al. 1973). 

The Coarse Gravel zone overlies the Wedge zone and is a highly permeable water 

bearing unit composed primarily of irregularly layered coarse gravel and sand. This unit 

constitutes the main pathway for horizontal groundwater flow in the system (Mock et al. 

1988). In Yuma the Coarse Gravel zone has thicknesses that range from 0 to 30 m (0 to 

100 ft) in thickness. The transition between the upper portion of the Wedge zone and the 

lower portion of the Coarse Gravel zone is gradual and is distinguished by an increase in 

the characteristics of one unit and a decrease in the characteristics of the other (Olmsted 

et al. 1973). Figure 3.2 shows a schematic representation of the main hydrogeologic 

units discussed in this chapter. 

Together the Wedge zone and Coarse Gravel zone may represent what is 

described in research of the MCRD area (i.e. Pacheco et al. 2006, Portugal et al. 2005, 
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Chavez et al. 1999, Barragan et al. 2001, Payne and Latorre 1979) as the upper sediments 

of the Mexican CRD basin with a composition of fluvial and alluvial non consolidated 

sediments of Pleistocene to Recent ages (see Section 2.2). Transmissivity values for the 

Wedge zone and Coarse Gravel zone combined were determined by Olmested et al. 

(1973) to range from between 835 to 22,300 m2 /day (9,000 to 240,000 ft2 /day). From the 

transmissivity, horizontal hydraulic conductivitiy was calculated to range up to 400 

m/day (1,300 ft/day). Vertical hydraulic conductivity of 0.03 m/day (0.10 ft/day), a 

storage coefficient of 10 "3, and a specific yield between 0.18 to 0.35 were estimated by 

Harshbarger (1971) and reported in Hill (1993). 

Figure 3.2 Representation of the distribution and relative thickness of the main hydrogeologic units of the Colorado 
River Delta, as described by Olmsted et al. (1973). The sharp boundaries between units viewed in this schematic are 

not representative of the true conditions in the region. 

3.1.2 Upper Fine -Grained Zone 

Descriptions of the sediments within the MCRD (i.e. Pacheco et al. 2006, 

Portugal et al. 2005, Chavez et al. 1999, Barragan et al. 2001, Payne and Latorre 1979) 

do not clearly differentiate the top most sediments within the upper sediments in the same 

way as they are differentiated and defined in Yuma. In Yuma these sediments are 

defined as the Upper Fine -Grained zone which has a thickness ranging from 
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approximately 20 to 75 m (70 to 240 ft) (Hill 1993) and consists primarily of floodplain 

alluvium and windblown sand (Olmsted et al. 1973 as cited in Harshbarger 1977). 

Although the permeability of this unit is lower than in the Coarse Gravel zone above it, 

horizontal groundwater flow is reported as substantial in this unit, particularly near drains 

and rivers at flood stage (Mock et al. 1988). Transmissivity values for the Upper Fine - 

Grained zone were determined by Hill (1993) to be 150 to 930 m2 /day (1,600 to 10,000 

ft /day). From this transmissivity, horizontal hydraulic conductivities were calculated to 

range from 15 to 150 m/day (50 to 500 ft/day). Vertical hydraulic conductivities were 

undetermined for the Upper Fine - Grained zone, but a storage coefficient of 10-3, and 

specific yield of between 0.18 to 0.35 were estimated by Harshbarger (1971) and reported 

in Hill (1993). 

In the MCRD, the upper most sediments vary spatially and include coarse alluvial 

piedmont sand and gravel sediments derived from the Sierra Cucapah, which dominate in 

the SW (Puente and De La Pena 1979), and fluvially transported fine, medium, and 

coarse grained sediments of clay, sand, and gravel which dominate in the east (Pacheco et 

al. 2006, Sykes 1935). The fine grained sediments of clay, silt, and sand in the north 

central MCRD are reported as being lagoonal or estuarine material and may be associated 

with pre historic Lake Cahuilla (Portugal et al. 2005), a freshwater lake that formed 

intermittently when Colorado River water naturally flowed west instead of south at least 

four times between A.D. 700 and 1580 (Figure 3.3) (Waters 1983). 
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Figure 3.3, Late Holocene paleogeography of the Salton Trough showing Lake Cahuilla at 12 -m altitude (Waters 1983). 
The southern extent of the lake reaches across the international boundary into the north central MCRD. 
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3.2 Groundwater Hydrology 

The primary source of groundwater in the CRD is infiltrated Colorado River 

water. In pre development times river water was recharged through the river bed and 

flood plain. In post development times it is redistributed and recharged primarily by 

agricultural irrigation (Hill 1993, Harshbarger 1977, Olmsted et al. 1973). Groundwater 

tends to be shallow in the CRD, a condition that was exacerbated in the early part of the 

20th century by irrigation activities that distributed river water onto agricultural lands 

without sufficient planning for drainage (Hill 1993, Olmsted et al. 1973). The direction 

of the regional subsurface flow in the MCRD has been and continues to be SW and south 

across from the Yuma area in Arizona. The majority of subsurface flow moves towards 

the Gulf of California in Mexico following the path of the Colorado River. The flow is 

easily influenced by local pumping from irrigation wells, because of the high 

transmissivity of the basin sediments (Olmsted et al. 1973). The SW slope of the water 

table surface was progressively diminished during the first part of the 20th century as 

irrigation activities brought up groundwater levels in the western CRD while levels in the 

east were fixed to the Colorado River (Olmsted et al. 1973). 

Water flow in the subsurface occurs primarily in the Coarse Grained zone and the 

sandy layers of the Upper Fine Grained zone above it. Together these units behave as a 

semi confined aquifer (Hill 1993, Mock et al. 1988, Olmsted et al. 1973). This 

classification has been established through aquifer tests (i.e. Hill 1993, Olmsted et al. 

1973) that have shown that when wells screened in the Coarse Gravel zone are pumped 

the water table in the Upper Fine -Grained zone above it drops- albeit with a lagged 

response (from 2 to 10 days in some reports) (Figure 3.4). 

The flood/non -flood phase of the river affects this behavior of the hydrogeologic 

units. When the river is at high stage and acting as a losing stream, the Coarse Gravel 

zone and the Upper Fine Grained zone above it behave more as a single unconfined unit 

than when the river stage is lower (Mock et al. 1988). 
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Figure 3.4 Schematic of the two upper hydrogeologic units in the CRD (after Mock et aI. 1988). 

3.3 Surface Water 

The principal source of surface water in the MCRD is the Colorado River which, 

when it is flowing, meanders between its levees through the low relief terrain of the delta. 

Surface water is also transmitted in the MCRD via canals, drains, and the main tributary 

of the Colorado River, the Rio Hardy (see Figure 4.10). The NW portion of the MCRD 

belongs to the Salton Sea watershed and includes the Alamo River and the New River 

which flow west and out of the MCRD and north into the United States. Together these 

two rivers, and the drains that feed them, contribute to the Salton Sea in the form of 

agricultural runoff and both treated and untreated urban and industrial waste water (see 

Figure 2.1) (Cohen 2005, IBWC Minute No. 264, Olmsted 1977). 

Modern day Colorado River flows crossing the international boundary are 

regulated in accordance with the 1944 U.S. -Mexico treaty which states that no less then 

1,850,234,000 m3 /yr (1,500,000 AF /yr) of Colorado River water is to be released into 

Mexico each year (US- Mexico Joint Projects 1944 treaty). As specified in the treaty, 

surface water is diverted into Mexico at Morelos Diversion Dam 1.8 km (1.1 mi) 

downstream of the Northern International Border (NIB) and approximately 25 km (15.5 

mi) upstream of the Southern International Border (SIB) (See Figure 2.1). 
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Downstream of Morelos Dam water is diverted into the Alamo Canal and the 

Canal Reforma, and is then distributed into a substantial network of primary and 

secondary canals. The canals are used to transmit and control the distribution of 

Colorado River water throughout the MCRD where it is used primarily for agricultural 

irrigation and also for municipal purposes (Cohen 2005, Harshbarger 1977 F. Zamora - 

Arroyo, Sonoran Institute, personal communication). The quantity diverted into the 

canals is significant. For example Cohen and Henges -Jeck (2001) report that in flood 

years, up to 50 percent of the water released at Morelos is diverted to the Alamo canal, 

while in non -flood years that percentage is closer to 97 percent. A system of primary and 

secondary drains return excess irrigation and in some cases municipal runoff back to the 

Colorado mainstem. 

There are approximately 470 km (292 mi) and 2,399 km (1,490 mi) of primary 

and secondary canals respectively, and 422 km (262 mi) and 1,240 km (771 mi) of 

primary and secondary drains respectively, in the Mexican portion of the CRD (Cohen 

and Henges -Jeck 2001). Roughly 76 percent of canals in the Mexican CRD have been 

lined to improve conveyance efficiency (Cohen and Henges -Jeck 2001) and overall 

approximately 60 percent of the drains and canals fall within the MCRD domain. On 

most years water also enters the Mexican portion of the CRD as deliveries at the San 

Luis -Arizona border and from the San Luis Mesa Arenosa wellfield via a canal south of 

the SIB (Cohen and Henges -Jeck 2001). Flow rates for these inputs were unavailable and 

they are not included in the flows modeled for this project. 

Under normal flow conditions the river acts as a gaining stream, draining the 

shallow groundwater that is typical in the CRD area, and transporting it downstream. 

During high stage or flood conditions, the river stage is elevated above the water table 

changing the river to a losing stream that recharges water to the aquifer (Figure 3.5) (Hill 

1993, Mock et al. 1988, Olmsted et al. 1973). 

3.3.1 Streamflow 

The flood phase /non -flood phase perspective of the CRD is a useful way to view 

the system (Cohen and Henges -Jeck 2001, Hill 1993, Mock et al. 1988). The difference 
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in the two phases is highlighted in a comparison of the mean flood -year flow at the 

Northern International Boundary (NIB) for the 1950 -1951 to 1999 -2000 water -year time 

period (224.14 m3 /s or 7,915 ft3 /s), to the mean non flood -year flow for the same period 

(57.91 m3 /s or 2,045 ft3 /s). As noted by Cohen and Henges -Jeck (2001), neglecting to 

Colorado River: 

High stage conditions 

Colorado River: 

Normal flow conditions 

Wedge zone 

Ater Mock et al. 1988 

Figure 3.5, Groundwater flow paths under normal high stage conditions in the CRD (after Mock et al. 1988). Two 
headed dashed arrows indicate the flow paths at high and low stage; solid unidirectional arrows indicate the losing 

nature of the stream at high stage. 

separate these phases creates an inaccurate picture of the quantity of surface water in the 

MCRD at a given point in time. This project considers any water -year with a mean flow 

over 100 m3 /s (3,530 ft3 /s) to be a flood year. This value is in the range of the estimated 

minimum value of 80 m3 /s (2,800 ft3 /s) required for overbank flooding on the Colorado 

River within the Mexican CRD (Zamora -Arroyo et al. 2001 as cited in Cohen and 

Henges -Jeck 2001). 

Pre development, the Colorado River flowed from the upper regions of the 

Colorado River Basin to the Gulf of California with a flow regime characterized by 

periods of both high and low flows as well as periodic overspills onto the flood plain. 

The river flow was dictated by seasonal snow packs and rainfall patterns high in the basin 

resulting in 60 percent of the total annual flow occurring in the summer months of May, 

June, and July (Dettman et al. 2004). Although there are no direct records of discharge of 
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the Colorado River from this time, a record was reconstructed based on the oxygen 

isotope composition of bivalve mollusk shells from the area (Figure 3.6) (Dettman et al. 

2004). This record shows a regular annual discharge of at least 1000 m3 /s, a value that is 

10 times higher then the standard flow considered a flood in this project. 
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Figure 3.6, (Top) reconstructed histogram of Colorado River discharge for 1902 -35. (Bottom) average monthly 
discharge for the same period, 60 percent of the annual flow occurs in May, June, and July (From Dettman et al. 2004). 

Releases of Colorado River water across the international boundary are scheduled 

through a joint cooperation between the International Water and Boundary Commission 

(IBWC) and Mexico, and are based on seasonal and monthly agricultural requirements 

within the MCRD. Figures 3.7 to 3.12 show flows recorded by the IBWC at the NIB and 

SIB for the years 1950 to 2000. The progressive decrease in discharge at these last two 

gages on the Colorado River reflects the increased out -of- stream use of the water both in 

the U.S. and Mexico. 
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Figure 3.11, Time segments 1980 -1990 
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Figure 3.12, Time segments 1990 -2000 

Because of the high degree of control and allocation of Colorado River water 

within the MCRD it is not untypical for zero water to reach the Gulf of California in an 

average year (Dettman et al. 2004, Kowalewski et al. 2000, Carriquiry and Sanchez 1999, 

Lavin and Sanchez 1999, Harshbarger 1977). 
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CHAPTER 4: Conceptual Model 

4.1 Modeling Method 

The U.S. Geological Survey numerical model MODFLOW 2000 was used to 

simulate groundwater flow in the MCRD. MODFLOW is a computer program that 

numerically solves the three -dimensional groundwater flow equation for a porous 

medium (i.e. an aquifer) through the finite- difference method. The model produces a 

value of hydraulic head for a node at the center of each grid cell for every time step, 

allowing the evolution of a groundwater system to be simulated over a specified period of 

time (Harbaugh et al. 2000). MODFLOW is described in further detail in Section 5.3. 

The first step of the modeling process is the development of a conceptual model. 

Such a model for the MCRD was achieved using a pre- and post -processor designed by 

the U.S. Department of Defense (DOD) known as Groundwater Modeling Systems (GMS 

6.0). Individual coverages made up of points, arcs, and polygons, were developed within 

GMS to represent components of the system, such as streams, wells, and the riparian 

areas within the model. Coverage elements were pre -processed as feature objects in the 

Geographical Information System (GIS) environment ArcGIS, developed by 

Environmental Systems Research Institute Inc. (ESRI). This data processing allowed the 

attributes of each coverage to be organized and refined to fit the needs of the model. The 

geo- spatial data sets used in this project were provided by the Sonoran Institute « 
www.sonoran.org/ » and conform to the Universal Transverse Mercator (UTM) 

coordinate system using the North American Datum (NAD) 1927. 

GMS was used to import and then further modify GIS feature objects from 

ArcGIS, for conceptual model development including manual parameterization and 

boundary delineation, for interpolating a Digital Elevation Model (DEM) into a set of 

surface elevation points, and for defining model layers. 
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4.2 Water -Year Concept 

The timing of water releases from the United States into Mexico at the Northern 

International Boundary (NIB) is closely related to the seasonal water requirements of 

regional agricultural crops. These releases are also related by administrative 

requirements that assure irrigation supply (discussed in Section 2.5), and to the volume of 

groundwater withdrawn from the aquifer underlying the Mexican CRD. To address the 

relationship between seasonal agriculture cycles, surface water releases into the area, and 

groundwater withdrawals, a seasonal framework was developed for the MCRD 

conceptual model. Two distinct seasons were identified: season 1 (winter) consisted of 

October - December of a previous year and January - March of the following year, while 

season 2 (summer) consisted of April -September for the same year as the second half of 

Season 1 (Figure 4.1). This seasonal breakup is equivalent to what has been used in other 

research of the region (i.e. Hill 1993). 

1956 

Jan Feb Mar Apr 

May Jun Jul Aug 

Sep Oct Nov Dec 

1957 

Jan I Feb Mar Apr 

1 

May 
Ì 

Jun Jul Aug 

Sep Oct 1 Nov 
J 

Dec 

Season 1 Season 1 Season 1 Season 1 Season 1 Season 1 

Oct Nov Dec Jan Feb Mar 
1656 1956 1956 1957 1957 1957 

Season 2 Season2 I Season 2 Season 2 Season 2 Season 2 

Apr May ¡ Jun Jul Aug Sep 
1957 1957 1957 1957 1957 1957 

Figure 4.1, Seasonal breakup of the water -year with 1956 -1957 as an example. Season 1 (winter, solid blocks), 
Season 2 (summer, dashed blocks). 

4.3 Model Domain 

The areal extent of the MCRD domain was designed to include most of the 

agricultural areas within the Mexicali and San Luis Valley's (also known as Colorado 

River Irrigation District 014, or Distrito de Riego 014 Rio Colorado, in Spanish) and is 

shown in Figure 2.2. Irrigation District 014 is divided into modulos, or irrigation 
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administrative areas, for which pumping and irrigation data are aggregated and 

maintained by the National Water Commission of Mexico (CONAGUA, Comision 

Nacional del Agua in Spanish). The MCRD domain includes part or all of 18 out of 22 

existing modulos and has an overall area of 247,118 hectares (610,641 acres). 

4.4 Geologic Boundaries 

Geologic boundaries in the MCRD were determined visually based on a series of 

Quickbird and Landsat satellite images, a 123 m resolution DEM, and a review of the 

available literature relevant to the area (i.e. Pacheco et al. 2006, Portugal et al. 2005, 

Chavez et al. 1999, Puente and De La Pena 1979). The model domain was developed to 

include the alluvial areas of the MCRD and in general, contains no mountains or rock 

outcrop areas. The influence of the Cucapah and El Mayor mountains, which lie along 

the outside of the SW boundary of the model domain, was interpreted as a no -flow 

hydrologic boundary condition. 

4.5.1 Model Layers- 1 

The model was conceptualized with two horizontal layers to represent the 

regional stratigraphy. Layer 1 of the MCRD model was designed to reflect a 

combination of the hydrologically important units of the region including the Upper Fine - 

Grained zone, the Coarse Gravel zone and the Wedge Zone (described in Section 3.1.2 

and 3.1.3) from the land surface to a depth of -300 m (984.25 ft). The top of this layer is 

represented by surface elevation 2D scatter points derived from the 500 m resolution 

MCRD DEM that was produced by resampling a 123 m DEM. The surface topography 

has a low degree of relief ranging from 1 to 174 m (3 to 570 ft) in elevation, with an 

average elevation for the domain of 24.3 m (80 ft) and a slope that follows the river from 

high to low in the SW direction (see Figure 2.3). Layer 1 contains four zones of 

horizontal hydraulic conductivity (Kh) (Figure 4.2) with values in the range of those 

defined for the main water bearing units within the upper sediments of nearby Yuma, 

Arizona: the Upper Fine -Grained, Coarse- Gravel, and Wedge Zones. 
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Values for (Kh) range from 175 to 475 m/d (575 to 1,558 ft/day). These values 

were later verified through manual calibration. The region of lowest (Kh) was developed 

to relate to the sediment distribution described by Portugal (et al. 2005) which includes 

sediments possibly of lagoonal or estuarine origin in the north central MCRD. Specific 

yield of Layer 1 was designated a constant value of 0.2. Vertical hydraulic conductivity 

(Ky) in Layer 1 was assigned a value of 0.03 m/d (0.1 ft/day) and was based on the value 

used in the 1993 ADWR Yuma groundwater Model (Hill 1993). 

,$ 
. ?'xY:3: :a5: d_J: :4i: 

Figure 4.2, The four zones of horizontal hydraulic conductivity (Kh) of Layer 1. Layer 2 has a single value of Kh which 
is represented by one polygon that follows the domain boundary. 

4.5.2 Model Layers- 2 

Layer 2 has an identical footprint to layer 1 and was designed to reflect a 

simplified state -of- knowledge of the MCRD geology. This layer represents the less 

hydrologically significant thick lower unit of consolidated to semiconsolidated mudstone- 

siltstone and well sorted sandstone of marine and continental origin as described by other 

workers in the area (i.e. Pacheco et al. 2006, Portugal et al. 2005, Chavez et al. 1999, 

Puente and De La Pena 1979, Olmsted et al. 1973). Layer 2 extends from -300 to -800 m 
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(- 984.25 to -2,625 ft) and was designated a uniform (Kh) of 0.001 m/d (0.003 ft/day) and a 

specific storage of 0.00003 1/m (0.0001 1 /ft). Vertical hydraulic conductivity in layer 2 

was assigned a value of 0.03 m/d (0.1 ft/day) and was also based on the 1993 ADWR 

Yuma groundwater Model (Hill 1993). 

4.6 Precipitation Related Recharge 

Extremely low precipitation rates in the area, on average below 55 mm/yr (2.16 

in/year), precludes the inclusion of mountain front recharge as a source of recharge for 

the MCRD model. Methods for calculating mountain front recharge typically involve 

thresholds for minimum precipitation that exceed this average amount. The Maxey and 

Eakin method (as described in Davisson and Rose 2000) for example, calculate mountain 

front recharge by multiplying the average annual precipitation by a coefficient to 

determine "annual excess" precipitation- the recharge value. This coefficient is equal to 

zero for a precipitation amount less than 0.2 m (8 in) supporting the application of zero 

mountain front recharge to the MCRD domain. 

Previous groundwater modeling efforts for areas within the United States in close 

proximity to the MCRD have also used the assumption of zero mountain front, or 

precipitation related, recharge. For the ADWR Yuma groundwater model, Hill (1993) 

noted that previous estimates of the annual total un -gaged local runoff from precipitation 

were less than 1,233,482 m3 /yr (1000 AF /yr). Olmsted et al. (1973) indicated that the 

majority of this water which infiltrated the ground surface was not recharged to the 

aquifer, but evaporated or transpired out of the system leaving moisture content at less 

than 5 percent between the top few feet of surface soil and the groundwater table out side 

of irrigated areas. 

4.7 Net Agricultural Recharge 

Agriculture is the main water user within the MCRD and recharge associated with 

agriculture, mainly irrigation, may be considered a primary source of recharge to the 

MCRD aquifer (Cohen and Henges -Jeck 2001, Hill 1993, Mock et al. 1988, Olmsted et 

al. 1973). 
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Spatial distribution and relation of the 18 modulos within the model domain was 

represented with a GIS polygon shapefile (Figure 4.3). 

The data available for agricultural recharge calculations included: the surface area 

of each modulo, the volume of water (both surface and groundwater) annually assigned to 

each modulo in the official CONAGUA registry (discussed in Section 2.5), estimates of 

the percentage of the assigned volume that is on average actually delivered on to each 

modulo, and the efficiency of conductance of the modulo irrigation network (85 %) 

(CONAGUA Gerencia Regional Peninsula de Baja California, Presentation, F. Zamora - 

Arroyo, personal communication). 

Figure 4.3, Distribution of 18 modulos of Colorado River Irrigation District 014 in the MCRD model. The riparian area 
surrounding the Colorado River is portrayed in dark gray. 

Population centers within the MCRD domain were assumed to have zero recharge 

as the local contribution of household farms and septic systems was not available. These 

areas were identified by visual inspection of an Advanced Spaceborne Thermal Emission 

and Reflection Radiometer (ASTER) image of the study area that combined visible and 
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near infrared bands to display vegetation in red. Additionally, population centers were 

identified by visible features such as neighborhoods and city blocks. The final recharge 

coverage was developed by combining the zero -recharge polygons with the modulo 

polygons as shown in Figure 4.4. 

The available data did not include information related to irrigation method (i.e. 

sprinkler, flood, furrow methods), nor that related to specifications of the channel, drain, 

and diversion system used to transmit water throughout the area represented by the model 

domain. Although a well developed system exists to transmit agricultural water in the 

MCRD, detailed information regarding flow rates, volumes, points of connection, and 

system component elevations was not readily available for inclusion in this project. 

Seepage from canals and drains was therefore not implicitly included in recharge 

calculations but indirectly in net recharge rates. 

Figure 4.4, Net Agricultural recharge coverage composed of the zero- recharge polygons, representing population 
centers, and the modulo polygons representing agricultural administrative areas. 

The recharge flux was independently determined for each modulo and based on 

the CONAGUA guidelines for distribution of irrigation water for the modulos in 

Colorado River Irrigation District 014: 
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[SWm 

-0.15SWm + GWm 
x (1- Effet ) 

m 

Where, 

m represents the modulo index, 

R is seasonal recharge flux [Lit], 

SW is the surface water assigned [L3], 

0.15 is the fraction of surface water loss from the irrigation water delivery system 
to the modulo, 

GW is groundwater assigned [L3], 

A is the surface area of the modulo [L2], 

t is time [days], 

Eff is the average irrigation efficiency of the modulo expressed as a fraction. 

4.1 

Because estimates of irrigation efficiencies in arid to semi -arid agricultural 

regions have a wide range, values from 0.85 to 0.68 were considered reasonable (see 

Table 4.1). In other words, 15 -32% of applied irrigation water acted as a recharge to the 

aquifer. 

Soil texture variation and differences in field productivities amongst the modulos 

have resulted in deviations from annual assignments in the amount of water delivered to 

the modulos. In general, irrigation deliveries range from around 30 to 130 percent of the 

registered assigned quantity (CONAGUA Gerencia Regional Peninsula de Baja 

California, Presentation, F. Zamora -Arroyo, Sonoran Institute, personal communication). 

To accommodate the variation in CONAGUA deliveries and the range of reasonable 

evapotranspiration losses, plausible recharge values were developed for use in manual 

calibration. For each modulo a combination of recharge rate (20 to 32 percent of 

irrigation water applied) and irrigation water assignment (30 to 130 percent of registered 

assigned quantity) was calculated. These rates were applied to the model and used as a 
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main calibration parameter, with values being permitted to vary among seasons and 

years. 

Table 4.1, Volume of irrigation water applied per modulo area. This quantity of water is divided by the number of days 
in a year 

Irrigation Water 
Applied Surface Area Assigned Recharge 

85% Efficiency 
Assigned Recharge 

68% Efficiency 

Modulo m ̂ 3 m ̂ 2 m/d m/d 

1 97,966,550 96,077,200 0,00041875 0.00089334 

2 50,526,450 49,552,800 0.00041875 0.00089333 

3 87,186,600 85,505,500 0.00041875 0.00089334 

4 98,630,450 96,727,800 0.00041876 0.00089335 

5 95,769,700 93,923,200 0.00041875 0.00089334 

7 71,632,300 70,251,300 0.00041875 0.00089333 

8 87,731,800 86,040,500 0.00041875 0.00089333 

9 68,283,850 66,967,500 0.00041875 0.00089333 

9B 68,868,100 67,539,400 0.00041876 0.00089335 

10 135,757,000 133,138,600 0.00041875 0.00089334 

11 96,289,200 94,432,400 0.00041875 0.00089334 

12 98,511,750 96,612,100 0.00041875 0.00089334 

13 77,839,650 76,339,100 0.00041875 0.00089333 

14 89,252,550 87,531,500 0.00041875 0.00089334 
15 101,611,450 99,652,400 0.00041875 0.00089334 

16 67,291,700 65,993,700 0.00041876 0.00089334 

17 93,918,850 92,108,100 0.00041875 0.00089334 

22 51,227,550 50,239,400 0.00041876 0.00089334 
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4.8 Well Pumping 

The MCRD model includes 639 pumping wells, 418 Federal (PF) wells and 221 

private (PP) wells, all positioned in layer 1. These large -scale production wells are 

unevenly distributed, and are primarily located in the eastern portion of the MCRD 

domain (Figure 4.5). PF and PP wells are monitored by CONAGUA which maintains 

records of the monthly volume pumped from each well, and takes a water level 

measurement from many of the wells once each year. Farms within the MCRD generally 

maintain small domestic wells; however no aggregated set of modern or historic data for 

these wells was readily available for inclusion in this project. 
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Figure 4.5 Distribution of 639 PF and PP large production wells within the MCRD model domain. 

An overview of historical large scale (PF and PP) well development within the 

MCRD can be found in Section 2.5. Although a detailed pumping history for these wells 

was not available for the period prior to 1984, two research efforts had independently 

developed working assumptions which allowed them to produce estimates of the 

historical net volume of groundwater pumped within the MCRD. Olmsted et al. (1973) 
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estimated net annual volumes pumped from irrigation production wells for 1956 through 

1965 (Table 4.2 (a.)), while Harshbarger (1977) produced estimates of groundwater 

pumped per water -year from 1959 -60 through 1973 -74 (table 4.2 (b.)) and it is assumed 

that this report used the same calendar basis for distinguishing the water year as is used in 

this project. 

Table 4.2 Published groundwater pumping data (a) in Olmsted et al, (1973) and (b) in Harshbarger (1977). 

a. Calendar 
Volume 
Pumped 

(AF) 

Volume 
Pumped 

(m3) 

b 
Water Year 

Volume 
Pumped 

(AF) 

Volume 
Pumped 

(m3) 
Year 

1956 300,000 370,044,557 1959 -1960 698,400 861.463,728 

1957 635,000 783,260,978 1960 -1961 856,100 1,055,983,816 

1958 560,000 690,749,839 1961 -1962 846,100 1,043,648,998 

1959 635,000 783,260,978 1962 -1963 845,100 1,042,415,516 

1960 700,000 863,437,299 1963 -1964 935,200 1,153,552,231 

1961 865,000 1,066,961,805 1964 -1965 938,400 1,157,499,373 

1962 845,000 1,042,292,168 1965 -1966 915,800 1,129,622,683 

1963 845,000 1,042,292,168 1966 -1967 826,300 1,019,226,057 

1964 935,000 1,153,305,535 1967 -1968 877,200 1,082,010,283 

1965 940,000 1,159,472,944 1968 -1969 840,200 1,036,371,455 

1969 -1970 784,200 967,296,471 

1970 -1971 771,600 951,754,600 

1971 -1972 772,000 952,247,992 

1972 -1973 724,400 893,534,256 

1973 -1974 841,900 1,038,468,374 

Information regarding the exact number and/or location of the wells accounted for 

in these estimates is not available. It is also not known what percentage of these wells 

fall outside of the MCRD model domain though it is assumed to be less then 25 percent 

based on evaluation of the location of 821 wells in or near the Mexicali and San Luis 

area, out of which 639 are included in the MCRD model domain. For this project the 

assumption is made that the net volumes reported by Olmsted et al. and Harshbarger 

represent the total volume of groundwater pumped in the MCRD for the time periods 

specified, although it is plausible that pumping rates for the time periods represented by 

these data sets are overestimated. 
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Two independent tasks were required to develop a cohesive groundwater pumping 

input data set for the MCRD model from the three above mentioned data sets: 1) The first 

three years of the Olmsted et al. (1973) data set needed to be rendered into a seasonal 

time -step, and 2) The data gap between the years 1973 to 1984 had to be resolved. These 

tasks were accomplished by considering the MCRD system in a flood -year/ non flood - 

year two -phase perspective. This perspective has been used in previous hydrologic 

studies of the MCRD because it reflects the two significantly different flow regimes of 

the Colorado River that are observed (i.e. Cohen and Henges -Jeck 2001, Zamora -Arroyo 

et al. 2001, Glenn et al. 1998). Further discussion of the flood -year /non flood -year 

approach may be found in Section 3.3. 

Based on the governmental decree of 15 February, 1955 (see Section 2.5), 

irrigation supply in the MCRD is made up primarily of surface water (mainly from the 

Colorado River) supplemented by groundwater supplied by PF and PP wells. Because 

the amount of Colorado River water available is dependent on the flood -year/ non flood - 

year phase of the system, an inverse relationship exists for the phase of the river and the 

amount of groundwater pumped to supplement irrigation. This relationship is shown in 

Figure 4.6 where pumping can be observed increasing in non flood -years and decreasing 

in flood years. This trend was also observed by Cohen and Henges -Jeck (2001) who 

found that the volume of groundwater applied for irrigation in the MCRD increased by 

around 22 percent in non flood -years when compared to flood -years for the time periods 

they reviewed. 
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Figure 4.6, (Top) mean streamflow at the NIB (red triangles), and total pumping from PF and PP wells (black points) for 
1956 -57 through 1999 -00. The inverse relationship between lower river flows and increased pumping may be observed 

(bottom). Flood flows (mean flows over 100 m3 /s) are indicated by black outline on larger red triangle, top. 

Rendering the Olmsted et al. (1973) data of net annual groundwater withdrawals 

(1956 through 1965) into a seasonalized framework was accomplished by organizing the 

full record (1984 through 2000) of monthly withdrawals from individual wells into a two - 

season data set based on the water -year calendar (see Figure 4.1). Each water -year was 

flagged as being either a food year or a non flood year, where a mean flow of at least 100 

m3 /s was the requirement for classification as a flood year. The total sum of pumping for 

each season was calculated and the percent contribution of Season 1 and Season 2 to total 

pumping of each water -year was determined. The average percent contribution of Season 

1 and Season 2 to a generic water -year was then determined for both flood and non flood 

conditions and applied to the net annual pumping volumes published by Olmsted et al. 

(1973) to build a seasonalized data set (Figure 4.7). 
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Figure 4.7, Data processing flow chart used to transform the Olmsted et al. (1973) annual pumping volumes into a 

seasonalized data set. 

Resolving the data gap between 1973 and 1984 was then accomplished by a series 

of interpolations and averages based on the ultimate categorization of each year as either 

a flood -year or non flood -year. The seasonalized and complete groundwater pumping 

data was then distributed evenly to all PF and PP wells within the MCRD for each water - 

year up to 1984 -85, at which point the well -specific data set was used up to the end of 

simulations at 1999 -00. The full set of pumping rates is shown in Figure 4.8. 
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Figure 4.8, Groundwater pumping rates for the MCRD groundwater model. 

4.9 Riparian Evapotranspiration 

Riparian vegetation exists within the MCRD along the Colorado River and lower 

Rio Hardy corridors and floodplains. Phreatophytes make up a significant portion of the 

vegetation found in these areas (Zamora -Arroyo et al. 2001). These plants have adapted 

to arid conditions by developing the ability to grow roots deep enough to access 

groundwater. 

To reflect the presence and distribution of phreatophytes and the potential for 

evaporation from bare ground and open water in the riparian areas, the riparian regions 

were divided into evapotranspiration polygons using ArcGIS and imported into GMS 

(Figure 4.9). The polygons were converted to an evapotranspiration coverage to allow 

groundwater losses within the riparian zone to be accounted for in the model. First order 

distribution and density of the primary phreatophytes and land cover features in the 

MCRD riparian areas ware determined by visual examination of low -altitude aerial 

photography from 2002 provided by the Environmental Research Laboratory of the 

University of Arizona. Each of the 140 polygons within the riparian zone was examined 
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to determine percent coverage with respect to either vegetation or open water/bare 

ground. 

Agricultural 
Land 

Figure 4.9, Evapotranspiration polygons developed (by K. Baird) via visual examination of remote sensing images and 

digitization of the riparian zone. 

Seasonalized transpiration rates associated with phreatophytes and evaporation rates for 

bare ground and open water were provided by Kate Baird of the University of Arizona 

(personal communication). Transpiration was assigned a summer time maximum rate of 

0.00345 m/day and a winter time maximum rate of 0.00036 m /day. Open water/bare 

ground was assigned a summer time evaporation rate of 0.00698 m/day and winter time 

evaporation rate of 0.00362 m/day. 
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4.10 Rivers, Drains, Canals 

The surface water features included in the model include the Colorado River and 

its main tributary, the Rio Hardy, as well as six sections of primary agricultural drains 

Figure 4.10). 

Figure 4.10, Representation of streams, rivers, and drains in the MCRD model. Thick lines (black) represent rivers and 
streams, thin lines (blue) represent drains. 

Each feature was represented by a series of line segments connected by nodes that 

were assigned elevations for both the top and bottom of the channel feature. The 

Colorado River was divided into 8 segments, the Rio Hardy was divided into 4 segments, 

and the six drains contained a cumulative 10 segments. A schematic of the Colorado 

River segments is presented in Figure 4.11, Table 4.3 shows the basic parameterization of 

the surface water features. Parameters are held constant for the duration of the 

simulations. 
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SEGMENT 2 
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SEGMENT 6 

SEGMENT 7 
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Figure 4.11, Representation of streams, rivers, and drains in the MCRD model. Thick lines (black) represent rivers and 
streams, thin lines (blue) represent drains. 

Table 4.3 Surface -water feature parameters. 

Hydrologic Feature Bed Thickness (m) Channel Width (m) Assigned Vertical Conductivity (m /day) 

Colorado River 10 100 0.015 

Rio Hardy 5 20 0.015 

Drains 2 3 0.15 

As mentioned in Section 3.3, the last (lowest) gage on the Colorado River is 

located at the SIB, and records of stream discharge at that point are recorded and 

maintained by the IBWC. In this project, the assumption was made that stream flow 

record at the SIB represents the Colorado River flows that remain in the river's main - 

stem after diversions are made into the Alamo and Reforma canals north of the SIB gage. 

The records for 1956 to 2000 were seasonalized and brought into the MCRD model to 

simulate the river's flow over the duration of the simulations (Figure 4.12). 
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Figure 4.12, Seasonalized discharge at the Southerly International Boundary (IWBC) for the 1956 -57 water -year to 
1999 -00. (Top) scale 0 to 60x106, (bottom) scale 0 to 1x106. 

There was a wide range of values of discharge at the SIB for the simulation period with a 

maximum of 5.2 x 106 m3 /day (4215.7 AF /day) discharged in season 1 of the 1983 -84 

water -year, and a minimum of zero flow discharged in six different seasons (mean 

discharge 5.1 x 106 m3 /day (4134.6 AF /day), median 5.1 x 105 m3 /day (413.6 AF /day) 

and s.d. of 1.1 x 107 m3 /day (8917.8 AF /day)). Using the SIB discharge records as a 

proxy for stream flow through the MCRD is an approach that has been used in previous 

studies (i.e. Cohen et al. 2001, Lavin and Sanchez 1999) and was considered the most 

robust data set available for Colorado River inflows to the MCRD at this time. 

This simplified model of the MCRD system includes only a small fraction of the 

drain system that exists on the ground. Additionally, this project does not model the 

transmission of water through the complex of canals and wasteways that move surface 
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water throughout the MCRD and to and from the Colorado River. Water that is 

transmitted through the Alamo and Reforma canals for agricultural uses is accounted for 

in the agricultural recharge calculations where it makes up 77 percent of the water 

applied for irrigation. 

Background and further details on the surface water hydrology in the CRD are 

provided in Section 3.3. 
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CHAPTER 5: Numerical Model 

5.1 Modeling Method 

The conceptual model of the MCRD was transformed to a numerical groundwater 

model within the program GMS6.0 (described in Section 4.1). The numerical model 

selected for this project was MODFLOW; a modular computer groundwater modeling 

program published and updated by the U.S. Geological Survey (1988, 1996, 2000) and 

available at no cost for use by the general public. These tools were selected because 

when used together, MODFLOW and GMS provide a powerful modeling tool with an 

easy to manage interface that is highly transferable to desktop or laptop computing 

platforms. The general characteristics of the numerical model are represented in Table 

5.1 and described in detail in the following sections. 

Table 5.1,General characteristics of the MCRD numerical model (after Hill 1993). 
Medal 

Characteristics 
Description Model Units 

Steady State 
Oscillatory trensfeM 
simulation 195657 water -year Time = Days 

Transient State 
Water-years 
1958 -57 through 1999.00 

lima = Days 

Model Grid 130 Rows x 118 Columns Length = Meters 

Model Layers 

Layer 1 = wadable thickness 
to J00 m depth 
Layer 2 = 500 m thickness 
to - 800 m depth 

Layer 1 

Layer 2 
Unconfined Aquifer 
Unconfined/Confined Aquifer 

Recharge Applied to Layer 1 Meters /Day 

P1010 09 Delved from Layer 1 Meters3/Day 

Evapotranspiration 

Water removed hum layer 1 

Transient Extinction Depth 
Season 1 (winter) = 1m 
Season 2 (summer) = 8m 

Meters /Day 

Horizon tai and 
Vertical Hydraulic 
Conduetiity 

Volume of water that moves 
through unit area under a 

unit gradieM in a unit time 
Meters/Day 

Stroage Term S sc 
Yield 

Storage coefficient Dimensionless 

Model Cells 
Flow, Constant and 

Variable Head 0.25 km2 

Boundary Conditions 
No Flow 
Constant Flux 
General Head 

MODFLOW 
Source/Sink 
Packages 

Layer Property Flow, Wet, 
General Heed, Recharge, ET, 
Stream- Aquifer, Time Varying 
Head 

Solution Technique 
Preconditioned Conjugate 
Gradient 

64 



5.2 Flow Model 

Groundwater flow is a process that is controlled by the properties of the fluid 

(water) and the properties of the substrate through which the fluid moves. The three 

dimensional flow of water of constant density through a porous, anisotropic, 

heterogeneous subsurface medium can be described by the following partial differential 

equation: 

a a ah a ah ah 
ax 

(lc 
ax + ay 

K + K 
az 

-W Ss at 

where x, y and z represent the coordinate axes parallel to the major axes of 
hydraulic conductivity; 

h is hydraulic head; 

K is hydraulic conductivity [L /t]; 

W is a volumetric flux per unit volume of aquifer representing sources and/or 
sinks of water [fl]; 

t represents time [t]; 

(5.1) 

and SS is specific storage [1/t]. 

The groundwater flow system is described by applying equation (5.1) to a system 

that has specified boundary and initial conditions (McDonald and Harbaugh 1988, Freeze 

and Cherry 1979). 

Because of the inherent complexities of groundwater systems, analytical solutions 

of equation 5.1 are time consuming and difficult to obtain for large scale real -world 

scenarios. The application of a finite difference approach simplifies the problem so that 

an approximate solution may be attained with numerical methods. This simplification is 

achieved by breaking the model domain into a finite number of three dimensional cells. 

A node at the center of each cell (node- centered cell) is the point for which hydraulic 

head and a mass balance is calculated at each time step as water flows from cell to cell 
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within the model. Each cell in the finite difference grid can be independently 

parameterized allowing for development of a simplified representational system. 

5.3 MODFLOW 

MODFLOW solves the three dimensional equation (5.1) for groundwater flow 

using a finite difference grid representation of the flow system. The MODFLOW user 

defines boundary and initial conditions, the number of iterations the model should run 

through and the convergence criteria for each iteration. The basic model output is an 

array of values of hydraulic head with one value per MODFLOW cell. MODFLOW is 

one of the most widely used groundwater models. For further details and the opportunity 

to download the program the reader is directed to the USGS website: 

« http: // water. usgs .gov /nrp /gwsoftware /modflow.html ». 

5.4 Spatial and Temporial Discretization 

The discretization approach used in MODFLOW requires that the model domain 

be broken into a grid of three dimensional cells each with a unique row, column, layer (i, 

j, k) identifier (Figure 5.1). i QOVOVO;;;< 0000os75":.:` 0040040M_s 
Aarr 

I,rii.h P3..1,? ` 
M%%M'///..%%% MMN$EMM$r EMffi 

MMMMMMMMM 

Figure 5.1, A discretized hypothetical aquifer system (from Harbaugh et al. 2000). 
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The finite difference grid of node -centered -cells constructed for the MCRD groundwater 

model was oriented to the cardinal directions and the domain was discretized into 

individual 0.25 km2 (0.1 mil) cells (Figure 5.2). The discretization resolution was 

selected so that the model may serve as a tool that will be easily adapted to future 

problems with a focus on smaller sections of the larger MCRD region. GMS was used to 

map the conceptual model data to each cell within the grid. The grid contains two layers 

each containing 130 rows and 116 columns of active cells (i = 499.236 m, j = 498.162 m) 

that represent the sedimentary layering of the region as reviewed in Chapter 3. Layer 1 

cells have a bottom elevation at ( -300 m) and a top elevation defined by the MCRD DEM 

of surface elevations, while layer 2 cells have a top elevation at ( -300 m) and a bottom 

elevation at ( -800 m). Layer 1 and Layer 2 are described in detail in Sections 4.5 and 4.6. 

Figure 5.2, MCRD grid, identical for layers 1 and 2. 

In MODFLOW, the time domain is broken into individual stress periods which 

are further broken into time steps. The set of external stresses imposed on the system are 

held constant throughout each individual stress period but are allowed to vary among 
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them. The time domain for MCRD model was constructed around a two season water - 

year to reflect the land use patterns that are dominant in the region, such that each water - 

year was represented by two separate stress periods each representing a separate season. 

The initial condition simulation represents the sources, sinks, and boundary 

conditions of the 1956 -57 water -year, the first year for which both pumping and 

observation data are available on a relatively wide scale, well by well basis. The 1956 -57 

water year was selected as the initial condition time period because it is the earliest time 

for which water level measurement data could be acquired. This time period was in fact 

a time of full scale groundwater pumping as described in Section 2.5 and further 

discussion follows in Section 6.3. Each of the 2 seasons of the water -year were repeated 

for a total of 301 stress periods (equivalent to 150 years run time) consisting of 2 time 

steps each. The steady -oscillatory solution was achieved at stress period 170 after which 

the small net change in storage each season was repeated each cycle (season 1 = 163 

m3 /day, season 2 = 181 m3 /day). The final head configurations from the initial condition 

simulation were used as the starting heads for the transient simulation. The transient 

simulation was then run for a total of 88 two- time -step stress periods, i.e. 44 years with 

two season each representing the water -years from 1956 -57 through 1999 -00. 

5.5 Net Agricultural Recharge 

Areal recharge to the groundwater system is defined as: 

QRYk = RmykAyk 

where 

m represents a modulo recharge polygon; 

ijk represents a cell within a modulo recharge polygon; 

QRijk is the recharge flow assigned to cell i, j, k [L3 /t]; 

(5.2) 

RmUk is recharge rate for cells within a generic modulo as determined in the 
conceptual model [L /t]; 
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and Auk is the cell area [L2] (after McDonald and Harbaugh (1988)). 

Using equation 5.2 in the MODFLOW recharge- package, seasonal net 

agricultural recharge rates developed in the conceptual model were applied to cells that 

were contained within polygons developed to represent the modulo agricultural 

administrative areas. Model cells within areas designated as population centers were 

given a constant value of zero recharge for the entire simulation. Cells that fell along 

agricultural area/population center boundaries were given the recharge rate associated 

with the coverage type that covered the centroid of the cell. All MODFLOW cells 

assigned a recharge rate associated with agriculture were located within layer 1. 

Development of the recharge rate was discussed in Section 4.9. 

5.6 Well Pumping 

Seasonal well pumping rates developed in the conceptual model (Section 4.11) 

were applied to cells that contained point shapefiles representing the location of PF or PP 

wells using the well -package in MODFLOW. For cells containing more than one well, 

the aggregated rate of all wells within the cell was applied for each season. 

5.7 Riparian Evapotranspiration 

Evapotranspiration may be expressed as a rate with units of [L /t]. The 

evapotranspiration rates associated with agricultural areas of the MCRD were 

incorporated in the calculation of net agricultural recharge. The evapotranspiration - 

package calculates loss of water from the system by multiplying the rate of 

evapotranspiration by the surface area of the cell that is parameterized for this function. 

The maximum rate of evapotranspiration assigned to a cell is applied during stress 

periods when the water table elevation is at or above the user specified ET- surface. 

Evapotranspiration losses decline linearly as groundwater levels decline from the ET- 

surface to a depth defined as the extinction depth, after which losses from 

evapotranspiration are no longer accounted for (McDonald and Harbaugh, 1988). 
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Evapotranspiration rates associated with the presence of phreatophytes and bare 

ground/open water in the riparian zone was assigned to all model cells that had a centroid 

within an evapotranspiration polygon (discussed in Section 4.12). The seasonal rate of 

evapotranspiration applied to these cells was determined by multiplying the percent of 

both coverage types (vegetation and open water / bare ground) by their corresponding 

seasonal evapotranspiration rates. 

ET summer is: 

{% vegetation x summer vegetation rate }+ {% open/bare x summer open/bare rate} 

ET winter is: 

{% vegetation x winter vegetation rate I+ {% open/bare x winter open/bare rate} 

The summer and winter time average transpiration and evaporation values mentioned in 

Section 4.12 were assigned as the maximum rates in the numerical model. The extinction 

depth, or the lowest limit for groundwater elevation in a MODFLOW cell for which 

evapotranspiration is allowed, was assigned a depth of 1 m (3.3 ft) in the winter and 6 m 

(19.7 ft) in the summer. 

5.8 Stream - Aquifer Interaction 

Stream flow in the MCRD was simulated using the stream package in 

MODFLOW developed by D. Prudic (1989). The stream- aquifer -package routes flow 

through one or more rivers, streams, or ditches and computes leakage between these 

surface water features (commonly referred to as streams) and the aquifer beneath it, 

simulating both gaining and loosing conditions (Prudic 1989). It was considered 

appropriate to use this module in the MCRD model because there is no thick unsaturated 

zone between the river and the aquifer. Besides, it was desirable to simulate the behavior 

of streamflow in the region which is sometimes high, sometimes low, sometimes absent 

all together and for which there may also be spatial variation. 

In the stream package, leakage between surface water features and the aquifer 

beneath them is computed by Darcy's Law: 
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Qi= (5.3) 

where Q/ is stream leakage [L3 /t]; 

K is vertical hydraulic conductivity of the streambed [L /t]; 

L is length of stream reach [L]; 

W is width of stream [L]; 

M is thickness of streambed [L]; 

hs is head in the stream [L]; 

and ha is head in the aquifer beneath the stream[L]. 

When the hydraulic conductivity of the streambed is multiplied by its geometric 

factors, length, width, and divided by thickness, (see Figure 5.3) the resulting variable is 

termed streambed conductance (C5) [L2 /t]. 

Vertical 
hydraulic 

conductivity of 
the streambed 

Figure 5.3 Geometric parameters of a generic streambed. Streambed conductance is equal to KLW /M 
(after Prudic 1989). 

Using C3 equation 5.3 can be rewritten as: 

Qt = CS (hs -ha) (5.4) 

The stream -aquifer- package was used to simulate the Colorado River, the Rio 

Hardy and 10 drains within the domain. Each stream was broken into segments which 

were further broken into reaches such that each MODFLOW cell crossed by a stream 
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segment contains a separate stream reach. To compute stream stage in each stream reach 

the stream package uses the Manning's formula: 

Q = c AR %SY (5.5) 

where, 

n is Manning's roughness coefficient [0]; 

A is cross sectional area of the stream [L2], A = wd; 

R is hydraulic radius [L], R = wd /w + 2d ; 

S is slope of the stream channel [0]; 

d is depth of water in stream [L]; 

w is width of channel [L]. 

and c= a constant [L1/3 / t]; which is 1.0 for m3 /s or 1.486 for ft3 /sec. 

With the assumption that the streams are far wider then deep, depth of the stream 

can be calculated as: 

3/5 Q 
d =(n 

CWSy 
(5.6) 

Parameters related to the stream package are shown below in Table 5.2 and are 

consistent with values used in modeling efforts in the region (i.e. Hill 1993, Mock et al. 

1988, Olmsted et al. 1973). 

Table 5.2 Stream package Darameters. 

Hydrologic Feature Conductance (m2/day /m) Width (m) Manning's Roughness Coefficient 

Colorado River 0.149352 100 0.032 

Rio Hardy 0.0597408 20 0.03 

Drains 0.2286 3 0.025 

5.9 Boundary Conditions 

The MCRD domain was developed to include most of the agricultural areas of the 

Mexican portion of the CRD. Layer 1 contains three types of boundary conditions: 
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specified flux, no flow, and general head (Figure 5.4), while layer two contains only no- 

flow boundaries. For layer 1, the southern section of the west boundary was designated 

as a zero -flux no -flow boundary because it follows the base of the the Cucapah and El 

Mayor Mountains which are assumed to impede the flow of water into or out of the 

system. The cross border flows along the north boundary of the model domain were 

represented by "injection" wells placed in layer 1. This specified boundary condition was 

deemed appropriate because the amount and direction of flow in this area had been 

satisfactorily determined in numerous previous studies (see Section 2.1). Wells 

simulating cross boundary flows along the north boundary of the domain were simulated 

using the MODFLOW well -package. A daily rate of 303,938 m3 (246 AF) was pumped 

into the northern boundary to simulate the 111,013,367 m3 (90,000 AF /year) of seepage 

that enters the MCRD from the All American Canal. In this case pumping rates were 

assigned positive values to indicate an input of water to the system. All MODFLOW . 

cells assigned a pumping rate were located within layer 1. 

Specified Flow 

General Head 

No Flow 

Figure 5.4 Layer 1 boundary conditions. 
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The remaining domain boundaries are bordered by porous material and are 

hydraulically connected to the areas out side of the domain borders. Boundaries in these 

areas were described using the general- head -boundary- package within MODFLOW. 

This package is employed when head level changes some distance away from the model 

domain are anticipated to affect water levels within the domain and/or the flux across the 

domain boundary. The flow from a source outside of the domain into or out of the 

boundary cell is made available in proportion to the difference in head between the 

boundary cell and at the external source (McDonald and Harbaugh, 1988). This process 

is guided by the equation: 

Qb,;k = Cb,k (hbk hijk 

where 

yk represents a cell along the domain boundary; 

Qbok is the flow into the boundary cell from the external source [L3 /t]; 

(5.7) 

Cb,yk is the conductance of the material between the external source and the cell 

ijk [L /t]; 

h buk is the head assigned to the external source [L]; 

and h;;k is the head assigned to the boundary cell i, j, k [L]. 

The general head boundary condition was developed to simulate the impact of the 

San Luis Mesa Arenosa wellfield, located approximately 25 km (15.5 miles) from the 

MCRD eastern boundary, which operated at different levels of production throughout the 

simulated time span. Conductance values at the east boundary were developed within the 

general rule that any point on a boundary can be defined by head or flux for any point in 

time, but not both. The contour maps of water table elevation from 1957 to 1999 

(Figures 3.3a -i) were examined to determine the range of heads that existed outside the 

boundary for each stress period. The hydraulic head was then defined along the 

boundary for each year of transient simulation and the model was run. The boundary 

condition was then changed to a specified flux condition. The flux at the boundary was 
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set for each stress period using values MODFLOW had applied to achieve the heads 

previously prescribed. The model was run again and MODFLOW produced the 

conductance values that were necessary to achieve for the prescribed flux. These values 

of conductance were then assigned to the boundary and the boundary condition was 

changed to a general head boundary. 
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CHAPTER 6: Calibration and Sensitivity 

6.1 Calibration 

The Colorado River Delta groundwater model was calibrated under both initial 

conditions (a proxy for steady state that oscillates between two seasons) and transient 

conditions. Calibration was conducted by comparing model generated water levels to 

observed water levels in individual wells. Calibration was achieved through iterations of 

a process during which the model was run, computed vs. observed water levels were 

compared, and hydraulic parameters and boundary conditions were manually adjusted. 

6.2 Groundwater Observation Data 

No documentation was available regarding the historic or current methodology, 

protocols, or equipment used for collecting water level measurements in the Mexican 

portion of the CRD. In general it is understood that typically, at one time each year, 

pumping from PF and PP wells is halted for one to several days to allow the system to 

equilibrate to some degree after which a measurement campaign is conducted (F. 

Zamora -Arroyo, Sonoran Institute, personal communication). However, in chronological 

plots of the observation data (Appendix A.) closed contour lines around individual 

observation points indicate that in some years wells were either not shut down at the time 

of measurement or that water levels had not equilibrated. This condition, in turn, will 

affect the interpretation of regional/local flow directions and the usefulness of the 

observation data for model calibration. Additionally, it is not clear if measurements for 

the entire MCRD were conducted within the same measurement campaign or if the 

region was divided and surveyed over several campaigns. 

Observation data for various years between the 1957 -2000 time periods was made 

available to the project courtesy of CONAGUA through data sets from the Autonomous 

University of Baja California, Dr. Jorge Ramirez and the ITESM -Campus Guaymas'. 

I Some data was provided directly by CONAGUA regional office in Mexicali, while other data was 
collected by the University and by ITESM. 
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Observations were disqualified from use in the project if they met one of the following 

two criteria: 1.) the distance from the top of the observation well cap to the water level 

was recorded as 0.00, or 2.) the distance from the top of the observation well cap to the 

water level was rounded to the nearest meter. Either of these circumstances was viewed 

as an indication of error in the recorded measurement. 

For the years where observations are available between 1957 and 1981 inclusive, 

all of the observation points fall within the MCRD domain. From 1984 onward, 

observation data was available for the domain and the region outside of the domain 

including points on the west and east of the domain boundaries. The majority of 

observations from outside of the domain represent the San Luis Mesa Arenosa welifield 

-20 km east of the MCRD. Table 6.1 shows the number of observations available for 

each year, as well as information regarding the number of number of observations 

disqualified from the original data set, and the number of qualified observations that fall 

within the model domain. 

Table 6.1 Availability and distribution of groundwater observation data in the Mexican CRD. 

Year Observations 
in Data Set 

Qualified Observations 
in Data Set 

Qualified Observations 
within Model Domain 

1957 60 52 44 

1979 53 52 44 

1980 88 86 75 

1981 86 85 75 

1982 166 159 88 

1984 195 181 87 

1985 195 180 98 

1986 102 61 56 

1987 203 192 96 

1988 195 183 91 

1989 194 184 98 

1990 190 174 91 

1991 155 144 94 

1992 168 162 72 

1994 162 151 73 

1995 155 147 75 

1998 194 132 86 

1999 206 156 66 
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6.3 Water Level Measurements 

The observation data shown in Table 6.1 provided the main calibration targets in 

both the initial condition and transient simulations. Each data record provided 

information regarding the year of the measurement, the elevation of the well -cap (CB), 

and the depth to water (NE). Water table elevation (NM) for each well was calculated as: 

NM =CB -NE 
For this project the assumption is made that the measurements are made in Season 

1 (winter), a time of year when field work is less prohibitive due to extreme heat and the 

percentage of annual pumping, to supplement river flows for irrigation requirements, is 

typically reduced. Further information regarding water level measurements is available 

in Section 3.2. 

6.4 Initial Condition 

Calibration of the initial condition simulation of the MCRD model was conducted 

by correlating 1957 water level measurements with simulated water levels. Qualified 

water level measurements were taken at 44 wells, all assigned to layer 1, shown in Figure 

6.1. 
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Figure 6.1, Water level measurement locations 1957. 

The 1956 -57 water year was selected as the initial condition time period because 

it is the earliest time for which water level measurement data could be acquired. This 

time period was in fact a time of full scale groundwater pumping as mentioned in Section 

5.4. To have produced a true steady state simulation, it would have been necessary to 

acquire water level measurements from a period prior to development. In that case the 

model would have been calibrated to represent the natural state of the system before the 

influence of pumping, river allocations, or other human activities had altered the local 

and regional groundwater dynamics. Because this model begins simulations in post - 

development times, the first simulation, used to produce the initial starting head array for 

transient simulations, is named an "initial condition" simulation. This simulation was 

produced in lieu of a "steady state" simulation, which as mentioned above is constructed 

in the case of a system where the mass (i.e. water) entering the system minus the mass 

exiting the system results in zero change in mass stored in the system. 
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Figures 6.2 and 6.3 plot the calibrated computed heads versus observed heads and 

the residual difference between computed and observed heads versus observed heads, 

respectively. Errors in the computed heads versus observed heads plot were considered 

reasonable if residuals were less than ( +1 -) 1.74 m. This criterion for residual was 

derived by taking 1.0 percent of the total elevation change in the model domain (174 m) 

as is the U.S. Geological Survey standard (Goode 2000, Hill 1993). 
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Figure 6.2, Computed versus observed heads, initial condition simulation. 
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Figure 6.3 Residual versus observed head, initial condition simulation. 

The limitations of the water level data discussed above in Section 6.2 should be 

taken into account when reviewing Figures 6.2 and 6.3. Besides a lack of information 

regarding the date or season of the water level measurements, the spatial information 

regarding each well contains an unquantifiable error related to unknown information 

regarding how, when, or by whom the location data for each well was collected, and what 

the accuracy or precision of that information is. Additionally, each observation well is 

assigned to a specific MODFLOW cell that covers an area of 0.25 km2 (0.1 mil or 61.5 

acre). The actual observation measurement (hm) can therefore represent any point within 

the cell while the head it is compared to (ha) is in all cases the simulated head at the 

center of that cell. As a last point, calibration of a 2,470 km2 area based on 44 

observations is clearly non -ideal. 

These uncertainties indicate that perhaps the best use of the observation data is as 

an indication of trends in the system, and as a general signal of model reliability. The 

limitations discussed above reflect the case that the model is an approximation of the 

natural system represented by a range of data inputs that vary in reliability and resolution. 

The model reliability may be improved in the future as data on the MCRD continue to be 

developed. 
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Because the observation data is the main set used to compare simulated heads to 

those at different points in time and space in the domain, it is useful to use statistical 

methods to evaluate the computed versus observed water levels. The statistical indicators 

employed include mean error (ME), mean absolute error (MAE), and root mean square 

error (RMS). 

The mean error is computed as: 

ME 
=(-1 (hm - hc); 

, =1 

where n is the number of observation measurements being evaluated. This calculation 

provides the mean of the difference between simulated (ha) and measured (hm) head 

values for any given stress period of a simulation. This method is a useful tool for 

evaluating the accuracy of a model simulation but becomes less useful when there are a 

large number of both, positive and negative residuals because these values can cancel 

each other out in the averaging step. This is a significant point in the case of the initial 

condition where 19 out of 44 values are negative. 

To remove the influence of competing positive and negative values the MAE 

method takes the absolute value of the residuals before averaging them: 

MAE = 1 hm - hc);I 
n ,_i 

The RMS method evaluates the square root of the mean of the squares of the 

residuals. Because of the squaring function, the influence of outliers can be exaggerated 

by using this method. The RMS is calculated as: 

n 

RMS = - E (hm - hc)? 
n 

Table 6.2 reports the error calculations for the initial conditions simulation. To 

account for negative residual values, this project gave the greatest consideration to MAE 

for calibration targeting. 
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Table 6.2, Error calculations, initial condition simulation. 

Mean Error 4.61 

Mean Absolute Error 1.00 

Root Mean Square Error 1.29 

6.5 Transient 

Calibration of the transient simulation of the MCRD model was conducted with 

the same methodology used in the initial condition simulation. The transient simulation 

was calibrated for the water years 1984 -85 and 1999 -00. Effort was made to assure that 

the stress period related to 1956 -57 remained calibrated within the transient simulation. 

Manual changes to hydraulic parameters made during the transient calibration process 

were transferred back to the initial condition simulation which was then run to produce a 

new array of starting heads for the transient simulation. In this way, the initial condition 

and transient versions of the model maintain identical parameterization. 

As described in Section 6.2, a selection of wells is used by CONAGUA for water 

level measurements each year. This is reflected in the observation well data set in which 

many of the wells have measurements recorded for some years, but not for all. As a 

result, in 1984 -85, 98 observation points were used in calibration, while in 1999 -00, 82 

observation points were used in calibration. Figures 6.4 and 6.5 show the locations of the 

water level measurements used for calibration in the transient simulations. 
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Figure 6.4, Locations of water level measurements, 1984 -85. 
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. . 

Figure 6.5, Location of water level measurements, 1999 -2000. 

Figures 6.6 and 6.7 plot the calibrated computed heads versus observed heads and 

the residual difference between computed and observed heads versus observed heads for 
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the transient simulation of the year 1984 -85, respectively. Figures 6.8 and 6.9 plot the 

same for the transient simulation of the 1999 -00 water year. 
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Figure 6.6, Computed versus observed head, transient simulation 1984-85. 
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Figure 6.7, Computed versus residual head, transient simulation 1984 -85. 
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Again, the limitations associated with constructing a simplified model of the 

MCRD may account for the differences in computed versus observed head. This said, the 

statistical analysis of the transient simulation shows an acceptable model representation 

of the system. The error calculations for the transient simulation are shown in Table 6.3. 
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Table 6.3, Error calculations transient simulation, 1984 -85 (top), 1999 -00 (bottom). 

Mean Error -0.01 

Mean Absolute Error 1.34 

Root Mean Square Error 171 

Mean Error 0.08 

Mean Absolute Error 1.44 

Root Mean Square Error 1.77 

6.6 Sensitivity Analysis 

A sensitivity analysis was conducted to gage the model's sensitivity to variation 

of several of its parameters: recharge (agricultural; RCH), streambed conductance (STC), 

and vertical hydraulic conductivity of the floodplain. The sensitivity analysis was carried 

out by running the model and varying each parameter one at a time. Table 6.4 presents 

the parameters used in the sensitivity analysis and the factors used to expand and reduce 

the parameter values. Hydraulic heads produced in each sensitivity test were compared 

with the same observation heads used in calibration, and evaluated using the same 

statistical methods. Additionally, stream flows from the downstream end of seven 

segments of the simulated Colorado River were compared for the range of parameter 

variation. These results have good qualitative value and show the nature of the response 

of the simulated river to changes in various parameters. Qualitatively the results are less 

significant because there are no gages along the river throughout the domain and no 

records with which to compare. In this case it is the relative change that is of most 

interest. 
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Table 6.4, Parameters for sensitivity analysis. 

Recharge 0.2 0.5 2.0 5.0 

Streambed 
Conductance 

0.02 0.1 10.0 50.0 

Floodplain 

Vertical Hydraulic 
Conductivity 

0.01 0.1 10.0 100.0 

All sensitivity analyses were performed on the initial conditions. The results for 

the analyses are described below, except for vertical hydraulic conductivity of the flood 

plain which was not included because the model was extremely insensitive to changes in 

this parameter showing an overall change of less then 1 percent of the total range of 

hydraulic heads measured in the MCRD (30 m range), and a similarly insignificant 

change in stream flow. 

6.7 Streambed Conductance 

The simulated stream flow is sensitive to changes in streambed conductance. 

Streamflow increased greatly when streambed conductance was multiplied 50 times as 

the restriction to flow across the streambed- aquifer was diminished and the stream acted 

a natural drain. The response to changes in this parameter was also observed in 

observation wells throughout the domain, although in this case the response was subdued. 

Only 10 of the 50 wells within the domain fell within 10 km of the river, and in these 

wells the response was noticeable but also subdued. Decreases of this parameter the 

below the calibrated values resulted in a negligible change in hydraulic head but greatly 

diminished flows in the simulated river. Figure 6.8 shows the models response in the 

sensitivity analysis of changes to streambed conductance. 
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Figure 6.8, Sensitivity of hydraulic head to changes in streambed conductance. 

6.8 Agricultural Recharge 

Stream flow was also responsive to changes in aerial recharge particularly in 

segments 4 through 7 inclusive, segments that run closer to the heart of agricultural 

activity and which run through lower lying terrain. As recharge rates increased, the rising 

water table was drained by the gaining river resulting in the observed increase in flow. 

Hydraulic head in observation wells was most strongly affected by changes to this 

parameter. The response to a decrease in recharge applied over the duration of a 

simulation was a drop in hydraulic head throughout the domain. Similarly, an increase in 

recharge brought a rise in hydraulic head all but one observation well which was tied in 

hydrologically to a constant flux boundary. It is interesting to note, although the 

calibrated value for recharge resulted in an acceptable error for matching hydraulic head - 

a doubling of aerial recharge produced an array of simulated heads that was closest to the 

observation data. Figures 6.9 and 6.10 show the results of the sensitivity analysis for the 

recharge parameter. 
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Figure 6.9, Sensitivity of hydraulic head to changes in recharge. 
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Figure 6.10, Sensitivity of hydraulic head in selected observation wells to changes in recharge. 

The high level of sensitivity of the model to this parameter reflects the real life 

sensitivity of the CRD system to increases in agricultural recharge. This sensitivity has 

been an acknowledged problem in the area for over a century, and was a motivation for 
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the development of substantial drainage systems throughout the region and several large 

scale groundwater studies in the Yuma area (i.e. Hill 1993, Mock et al. 1988). The fact 

that the closest -to- measured results of hydraulic head occurred under conditions of 

doubled recharge may reflect the absence in the model of seepage due to canal losses. 

The calibrated values of recharge were selected based on reasonable recharge application 

rates. This behavior of the model may be refined with inclusion of a detailed 

representation of the canal and drainage system. 
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CHAPTER 7: Results and Analysis 

7.1 Capture 

One way to explore the groundwater dynamics simulated in a groundwater model 

is to calculate the change in storage of the aquifer. In MODFLOW water is essentially 

removed from the flow system when it goes into storage, and it is added to the flow 

system when it is released from storage and becomes available to flow within the domain 

or out across a boundary (McDonald and Harbaugh 1988). 

In an ideal case, the steady state representation of the system simulates a time (i.e. 

pre development) when the system is in approximate dynamic equilibrium (Maddock and 

Vionnet 1998). An example would be a natural system unperturbed by anthropogenic 

forces. In this idealized system natural recharge (Ro) such as infiltration of precipitation 

and/or overbank spills onto the flood plain balance the loss or discharge (D0) from the 

groundwater system from sinks such as evapotranspiration and the natural draining of 

groundwater into the gaining reaches of streams (all conceptualized in units of [L3 /t]). 

Over time the hydrologic influences of the wet seasons and dry seasons balance out so 

that there is no net change in storage, thus the steady state. 

To represent the system in post development times when the equilibrium has been 

perturbed, a transient simulation may include stresses such as groundwater pumping (Q) 

that increase recharge (Ro + zl R), decrease discharge (Do AD), or some combination of 

the two. 

Maddock and Vionnet (1998) have shown that in the case of a seasonalized model 

it is essential to gage Ro and Do for each season of the pre development period which may 

be approximated by an oscillating transient simulation that repeatedly cycles through the 

seasons of a simulated year so that the seasonal gain or loss of storage can be properly 

assessed. This oscillating transient simulation is sometimes referred to as a steady 

oscillatory (SO) simulation (Maddock and Vionnet 1998). In this case, 
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 r R, 
Ot; (7.1) 

where i represents the I" season of the tt" year; 

and, S. is groundwater storage [L3]. 

The change in storage that occurs in a transient simulation of historic conditions, 

where the system is affected over time by factors such as groundwater pumping, is 

calculated as: 

(R; + Att) - (Di - Apt, ) - Qtt =Ott 
At, 

where the quantity, 4R1; + ADt, represents groundwater capture. 

Under circumstances when the condition of the system at the time of the SO 

simulation is not representative of pre development conditions, it is still possible to 

quantify capture. This is achieved by artificially removing the effects of development 

from the SO simulation (i.e. removing or greatly reducing pumping and accounting for 

this loss of water as a source to agricultural irrigation and aquifer recharge). The 

artificial SO simulation is then used to determine the initial condition (i.e. starting 

hydraulic head arrays) of the system prior to development. A base -case simulation of 

historic transient conditions can then be constructed. The base -case contains the initial 

conditions derived from the artificial SO simulation and all of the elements of the historic 

transient simulation- but with the effects of development artificially reduced or removed 

altogether. The results of the base -case simulation are then used to gage Ro and Do for 

each season of the pre development time period, and capture calculations are carried out 

as described above. 

Capture for the MCRD was calculated using the base -case methodology because 

of the high level of groundwater pumping that was active at the time of the initial 

condition (1956 -57 see Figure 4.8). Tables of the capture calculations for each water - 

year of the project (1956 -57 through 1999 -00) are shown in Appendix B. Mass flux 

components of capture are shown below in Table 7.1. 

(7.2) 
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By definition, capture can never exceed the stress that induces it (Maddock and 

Vionnet 1998). A comparison of total capture to total pumping in the MCRD (Figure 

7.1) indicates that although it does not exceed pumping at any point of the simulation, 

capture closely follows the rise and fall of pumping through time. This correlation 

indicates that pumping is a key factor of capture in the MCRD. 

Figure 7.2 shows total capture, pumping, and streamflow over time in the MCRD. 

The relationship shown in this figure, where periods of flooding relate to lower 

groundwater pumping, and less capture, is expected. This is because of the dependence 

on Colorado River water for agricultural irrigation (see Section 2.6). When river flows 

are high less groundwater is withdrawn to supplement irrigation (see Figure 4.6). When 

there is less pumping there is less capture in the MCRD as discussed above. 

O Capture Season 1 OCapture Season 2 - Groundwater Pumping 

Figure 7.1, Seasonalized total capture and pumping. 
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Figure 7.2, Seasonalized total capture, pumping, and stream flow of the Colorado River. 

Although the capture estimates generated in this project provide a useful 

indication of the Colorado River delta's natural response to stresses such as groundwater 

pumping, the reader should keep in mind the limitations inherent in any modeling 

processes such as those associated with conceptualization of the system, data availability, 

and data quality. 

7.2 Drawdown 

The decline and rise of the water table surface is another indication of the 

evolution of the MCRD system throughout the simulation. Figure 7.3 shows the 

simulated water table surface in 1956 -67, the first year of transient simulations- and the 

same year as the initial condition simulation. 
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Figure 7.3, Simulated water levels for 1956 -67 summer (season 2). Contours are 1m. 

Figures 7.4 through 7.7 show the drawdown of water levels from this first year to 

other points in time simulated in the transient model. In these figures drawdown is seen 

to increase from year to year, with drawdown for each water -year observed to be highest 
in the summer (season 2) consistent with the time of increased groundwater withdrawals. 

Drawdown tends to be concentrated in the center NE portion of the MCRD where the 

concentration of PF and PP wells is highest. 

Ì 

J 
Figure 7.4, Simulated drawdown for winter (season 1, left) and summer (season 2, right) from 1956 -57 to 1959 -60. 

Contour interval 0.2 m, labeled contour at 0.60 m. Water levels decrease to the west. 
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Figure 7.5, Simulated drawdown for winter (season 1, left) and summer (season 2, right) from 1956-57 to 1964-65. 
Contour interval 0.2m. 

Figure 7.6, Simulated drawdown for winter (season 1, left) and summer (season 2, right) from 1956-67 to 1984-85. 
Contour interval 0.2m. 

The impact of regional flooding along the Colorado River from 1983-86 greatly 

reduces the drawdown (Figure 7.6), consistent with the view that these floods played a 

role in recharging the aquifer. By the mid-nineties drawdown increased again (Figure 

7.7) including a 3 m drop in the central NE region visible in winter (season 1). 
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Figure 7.7, Simulated drawdown for winter (season 1, left) and summer (season 2, right) from 1956 -67 to 1994 -95. 
Contour interval 0.2m. 

7.3 Stream -Aquifer Interaction 

For each time step, streamflow was input into the top of Colorado River segment 

2 and allowed to flow from reach -to -reach down the river as well as across the stream - 

aquifer boundary (see Figure 7.8). In this way the stream- aquifer package (Prudic 1989) 

allowed for examination of the losing/gaining nature of each of the 8 segments of the 

Colorado River. 
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Figure 7.8, The Colorado River as it is broken up in the MCRD and as it relates to ground surface elevations. The 
orange circle represents the point of input of simulated river flows (right). Note that from segment 5 south, the river 

channel sits in low -lying terrain. 
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The river is considered a gaining stream when the simulation output reports a 

negative value of flow into the aquifer. It is considered a losing stream when this output 

is positive. Results of the transient simulation demonstrate a recognizable difference in 

the gaining/losing nature of the river between periods of flood conditions and periods of 

non -flood conditions. In seasons where flood conditions prevail, the river gains water in 

segment 1 above the point where flows are input to the model and becomes a losing 

stream from segments 2 -4 (Figures 7.8- 7.12). In seasons with non -flood conditions, 

particularly when there is zero summertime streamflow input to the model, the stream 

neither gains nor loses water in segments 2 -4 (Figure 7.13- 7.16). Under both flood and 

non -flood conditions the river tends to act as a gaining stream in segments 5 and 6, where 

the river channel runs through the lowest lying terrain in the MCRD domain. 
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Figure 7.9, Flood year. Winter (season 1) flow input = 3.96 x 106 m3 /day. Summer (season 2) flow input = 4.24 x107 

m3 /day. Negative flow into the aquifer indicates gaining conditions, positive flow into the aquifer indicates losing 
conditions. 
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Figure 7.10, Flood year. Winter (season 1) flow input = 5.28 x 107 m3 /day. Summer (season 2) flow input = 3.96 x107 
m3 /day. 
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Figure 7.11, Flood year. Winter (season 1) flow input = 2.74 x 107 m3 /day. Summer (season 2) flow input = 2.84 x107 
m3 /day. 
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Figure 7.12, Flood year. Winter (season 1) flow input = 2.64 x 107 m3 /day. Summer (season 2) flow input = 1.86 x106 
m3 /day. 
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Figure 7.13, Non -flood year. Winter (season 1) flow input = 4.28 x 105 m3 /day. Summer (season 2) flow input = 0 

m3 /day. 
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Figure 7.14, Non -flood year. Winter (season 1) flow input =1.54 x104 m3 /day. Summer (season 2) flow input = 0 

m3 /day. 
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Figure 7.15, Non -flood year. Winter (season 1) flow input = 7.64 x 105 m3 /day. Summer (season 2) flow input = 0 

m3 /day. 
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Figure 7.16, Non -flood year. Winter (season 1) flow input = 0 m3 /day. Summer (season 2) flow input = 0 m3/day. 

7.4 Stream Stage 

Monthly stream stage measurements on the Colorado River have been 

continuously collected since 2005 by the research group of Dr. Jorge Ramirez- Hernandez 

from the Universidad Autónoma de Baja California in Mexicali and by the Sonoran 

Institute. Measurements in the area that correlates to segment 7 in the MCRD for 2005 

and 2006 were made available to this project courtesy of Dr. Ramirez- Hernandez 

(personal communication). These measurements represent the only stream data available 

to the project from the area downstream (south of) the SIB2. Although the measurements 

were made outside of the time period of the MCRD simulations, they present a good 

opportunity to compare measured and observed data on the Colorado River. 

The years 2005 and 2006 are non -flood years, with mean annual flows at the SIB 

at less then 60 m3 /s. Table 7.2 shows a comparison of the average of the measured stage 

values, and average values of head in the stream simulated by the model for non -flood 

years. 

2 The Mexican Section of the International Boundary and Water Commission has recently installed (in 
2007) a flow gauge at the San Felipito bridge 
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Table 7.2, Measured stream stage (average of monthly data 2005 -2006) and simulated head in the stream (of non- 
flood years) for the area corresponding to segment 7 in the MCRD. 

Winter (season 1) Summer (season 2) 

Measured Stage 
(m above MSL) 3.94 3.90 

Simulated Head in Stream 
(m above MSL) 5.10 5.02 

Difference (m) 1.16 1.12 

Because the 2005 and 2006 years are classified as non -flood, the assumption is 

made that all water in the stream is the result of baseflow. Therefore it is reasonable to 

compare simulated head in the stream with stream stage that is measured in situ. Both 

the measured and simulated sets show higher water levels in the stream in the winter 

(season 1) and lower levels in summer (season 2), possibly reflecting increased open - 

water evaporation from the river in the summer time. The difference between measured 

stage and simulated head in the stream was slightly higher in the winter (season 1), 

however in general the difference between the data sets is less then the 1.74 m standard 

of acceptable error as defined in Section 6.4. 

7.5 Water Budget 

Seasonal water budgets were constructed to explore the relationship among the 

sources and sinks to the groundwater system. The main sources to the MCRD 

groundwater system include losses from stream flow, agricultural recharge, and cross 

boundary sub -surface flows from the All American Canal and across the eastern domain 

boundary from Sonora. The main sinks of groundwater include gaining stream 

conditions, evapotranspiration, groundwater pumping, and cross boundary sub -surface 

flows to the Gulf of California and to a lesser extent towards the Salton Sea. 

Disclaimer: the budgets presented in this report are derived from a model that is 

based on a multitude of assumptions, simplifications, and data of various qualities. In 

other words, these budgets represent a perspective on the system based on a standpoint 

that may or may not exist on- the -ground. 

In typical years, the budgets show water entering the system in winter and leaving 

the system in summer. When just the cross -boundary sub surface flows are examined, 
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flood years tend to show more water leaving the system then entering it. In non -flood 

years more sub surface flows appear to enter the system then leave it. Tables 7.3 and 7.4 

show water budgets for flood years (1983 -84 to 1985 -86) and non -flood years (1965 -66 

to 1968 -69) respectively. It is important to note that the non -flood years used in Table 

7.4 are times of higher groundwater pumping then than the years of Table 7.5. 

Based on the budgets in these two tables it is possible to assess the following: 

Average sub surface cross -boundary flows out of the system on flood years are in the 

range of 6.18 x 107 m3 (50,000 AF) for winter (season 1) and 3.25 x 107 m3 (26,000 

AF) for summer (season 2) while on non -flood years average sub surface cross -boundary 

flows into the system are in the range of 1.08 x 108 m3 (- 87,000 AF) for winter (season 

1) and 1.33 x 108 m3 (- 108,000 AF) for summer (season 2). 
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Table 7.3, Seasonal water budgets from 4 

Units 1000's m ^3 
1983 -1984 Season 1 Season 2 

IN 
Losing Stream 11,241 9,330 
Agricultural Recharge 382,554 357,866 
X- Boundary Flows 486,768 493,083 

Total In 880,562 860,279 

OUT 
Gaining Stream 1,363 1,484 
Evapotranspiration 1,255 3,680 
Pumping 259,741 358,891 
X- Boundary Flows 487,525 481,492 

Total Out 749,885 845,546 

Total In - Out 130,677 14,733 

X- Boundary Flow In - Out -758 11,591 

Units 1000's m ̂ 3 
1985 -1986 Season 1 Season 2 

IN 
Losing Stream 6,927 7,192 
Agricultural Recharge 431 ,_ 698 403,724 
X- Boundary Flows 429,319 451,421 

Total In 867,944 862,337 

OUT 
Gaining Stream 2,676 2,742 
Evapotranspiration 3,897 9,378 
Pumping 249,489 355,742 
X- Boundary Flows 511,359 506,004 

Total Out 767,421 873,866 

Total In - Out 100,523 -11,529 

X- Boundary Flow In - Out -82,040 -54,583 

water -years designated as flood years. 
Units 1000's m ̂ 3 

1984 -1985 Season 1 Season 2 
IN 

Losing Stream 9,682 7,040 
Agricultural Recharge 416,434 398,496 
X- Boundary Flows 442,426 472,321 

Total In 868,542 877,856 

OUT 
Gaining Stream 1,724 2,460 
Evapotranspiration 2,497 7,218 
Pumping 219,743 410,841 
X- Boundary Flows 503,067 490,138 

Total Out 727,031 910,657 

Total In - Out 141,511 -32,801 

X- Boundary Flow In - Out -60,641 -17,818 

Units 1000's m ̂ 3 

1986 -1987 Season 1 Season 2 
IN 
Losing Stream 6,692 2,093 
Agricultural Recharge 407,312 380,863 
X- Boundary Flows 423,372 448,982 

Total In 837,375 831,938 

OUT 
Gaining Stream 3,040 5,466 
Evapotranspiration 4,828 10,582 
Pumping 229,266 359,209 
X- Boundary Flows 527,247 518,083 

Total Out 764,381 893,340 

Total In - Out 72,995 -61,402 

X- Boundary Flow In - Out -103,875 -69,101 
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Table 7.4, Seasonal water budgets from 4 water -years designated as non -flood years. 
Units 1000's m"3 

1965 -1966 Season 1 Season 2 

IN 
Losing Stream 2,646 2,413 
Agricultural Recharge 401,543 375,634 
X- Boundary Flows 551,374 576,247 

Total In 955,563 954,295 

OUT 
Gaining Stream 3,543 3,735 
Evapotranspiration 954 2,276 
Pumping 516,374 606,177 
X- Boundary Flows 426,048 420,802 

Total Out 946,919 1,032,989 

Total In - Out 8,644 -78,694 

X- Boundary Flow In - Out 125,326 155,446 

Units 1000's m ̂ 3 

1967 -1968 Season 1 Season 2 

IN 

Losing Stream 2,958 2,998 
Agricultural Recharge 401,543 375,634 
X- Boundary Flows 542,507 569,421 

Total In 947,008 948,054 

OUT 
Gaining Stream 3,468 3,477 
Evapotranspiration 846 2,062 
Pumping 494,609 580,628 
X- Boundary Flows 440,907 436,374 

Total Out 939,830 1,022,541 

Total In - Out 7,177 -74,487 

X- Boundary Flow In - Out 101,600 133,047 

Units 1000's m ̂ 3 
1966 -1967 Season 1 Season 2 

IN 

Losing Stream 2,678 2,646 
Agricultural Recharge 401,543 375,634 
X- Boundary Flows 539,924 554,674 

Total In 944,145 932,955 

OUT 
Gaining Stream 3,559 3,627 
Evapotranspiration 877 2,189 
Pumping 465,910 546,937 
X- Boundary Flows 433,238 431,314 

Total Out 903,583 984,066 

Totalln - Out 40,562 -51,112 

X- Boundary Flow In - Out 106,686 123,360 

Units 1000's m ^3 

1968 -1969 Season 1 Season 2 
IN 

Losing Stream 3,257 3,254 
Agricultural Recharge 401,543 375,634 
X- Boundary Flows 545,365 565,633 

Total In 950,165 944,521 

OUT 
Gaining Stream 3,335 3,378 
Evapotranspiration 789 1,958 
Pumping 473,747 556,138 
X- Boundary Flows 448,329 445,305 

Total Out 926,200 1,006, 778 

Total In - Out 23,965 -62,257 

X- Boundary Flow In - Out 97,036 120,328 
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7.6 Conclusions 

The MCRD represents a deep sedimentary basin that contains a large groundwater 

aquifer, a well established riparian river system, and historic to recent agriculture activity. 

It is unknown how the tectonic activity of the region affects the hydrogeology of the 

basin, but it is well understood that modification of the regional environment over the last 

century has changed the area hydrology. Both the natural and anthropogenic aspects of 

the system have been vastly simplified for this first take on a groundwater model of the 

Colorado River Delta. Although future versions of the model will greatly benefit from 

data enhancement, this version is able to reflect changes in the system that have occurred 

over the last half of the twentieth century. The model's general response from 1959 -60 to 

1999 -00 indicates: 

3C In the case without extensive/high resolution data sets, a comprehensive 

conceptual model can be the basis for reasonable representation of the 

groundwater system. 

A steady oscillatory simulation was built and calibrated (R2 = 0.9027) for 

the 1956 -57 water -year. This simulation was used to develop initial 

conditions for a seasonal transient simulation. The transient simulation 

was calibrated for the years 1985 (R2 = 0.8565), and 2000 (R2 = 0.8375). 

The model was responsive to changes in horizontal hydraulic conductivity, 

streambed conductance and distribution of agricultural recharge but 

showed limited sensitivity to vertical hydraulic conductivity of the 

floodplain. 

The model responded appropriately to forces imposed on the groundwater 

system: 1) drawdown of the water table was observable on a progressive 

year -by -year basis as pumping increased and streamflow decreased, 2) 

historic floods on the Colorado River acted to recharge the groundwater 

system as evidenced by increased groundwater levels and increased stream 

flow in otherwise dry stream segments. Specifically, simulated drawdown 

increased from 1959 -60 up to 1984 -85 when a period of regional flooding 

diminished this drawdown and partly recharged the aquifer. After the 
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period of flooding ended, simulated drawdown continued to progress, 

particularly in the central NE portion of the domain, an area dominated by 

large scale deep wells. 

3C This model representation can capture both the behavior and magnitude of 

changes in groundwater levels over time 

The relationship between simulated groundwater withdrawals and capture 

was evident on a seasonal scale. Comparing total capture to total pumping 

over time made it clear that capture in the MCRD closely follows the rise 

and fall of pumping through time. This correlation verifies that pumping 

is a key factor of capture in the MCRD. 

3C Spatial and temporal relationships between surface and groundwater were clearly 

observed. 

Model results showed that the Upper reaches of the Colorado River in the 

MCRD are dependent on seasonal streamflow for surface water. 

Model results showed that the lower reaches tended to gain water from the 

underlying aquifer because these reaches ran through the lowest -lying 

areas of the domain. This result is a common -sense check on the model 

based on basic known hydrography of the basin and indicates that the 

stream- aquifer interaction is correctly represented. The lower reaches 

represent good target areas for riparian restoration efforts. Shallow 

groundwater table would support phreatophytes as well as emergent 

vegetation. These lower reaches also represent a good testing site for 

instream flow augmentation experimental releases and creation of 

backwater areas. 

Measured values for stream stage in the Colorado River in 2005 and 2006 

generally agreed with simulated values of head in the stream for the same 

location and under similar climatic conditions (i.e. non -flood). 

X Seasonal water budgets reflected a change in subsurface flow behavior based on the 

flood year non -flood year designation. 

Based on these budgets it was estimated that in flood years between 6.18 x 

107 m3 (-50,000 AF) and 3.25 x 107 m3 (26,000 AF) leave the system via 
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sub surface outflows. While in non -flood years between 1.08 x 108 m3 

(87,000 AF) and 1.33 x 108 m3 (- 108,000 AF) enter the system as sub 

surface inflow. 

The sub surface in- and outflows occur along 3/4 of the domain boundaries 

(general head boundaries). Generally, inflows occur along the north and 

east boundary while outflows occur along the south to the Gulf of Mexico 

and to a far lesser extent, the NW towards the Salton Sea. The values for 

sub surface flows produced by the Model, and the sense of flow direction, 

are within the range of previous estimates (i.e. Harshbarger 1977, Olmsted 

et al. 1973). 

7.4 Closing Comments 

This project represents the first known large scale numerical groundwater model 

of the Colorado River Delta, a region that is increasingly at the center of regional 

scientific and social research. This model was built to simulate groundwater dynamics in 

the MCRD and to simulate the stream- aquifer interactions of the area. The model was 

also constructed to serve as a parent framework and building block for future studies that 

may focus on a range of questions at various scales using Local Grid Refinement (LGR). 

The development of particular data sets will enhance future efforts to add to and 

modify this model. Many of these have been advocated for by other researchers, and 

because of their perceived future value they are also mentioned here. 

Data sets for the Colorado River and smaller surface systems within the 

MCRD would be greatly improved with the addition of a stream -gage 

system that runs from the international boundary to the Gulf of California 

(see Cohen 2005). It would also be useful for the geometric parameters of 

the Colorado River and other surface water features of the MCRD to be 

accurately collected. The same is true for geospatial information 

regarding the elevations of the top and bottom of the stream channels and 

drains. 

Agriculture is the leading user of water in the MCRD, but because of the 

resolution of this model, agricultural information, the majority of which is 
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available in Spanish, was not optimized in this project. An effort to 

produce a detailed water budget for the agriculture sector in Colorado 

River Irrigation District 014, and perhaps implementation of the Farm 

Package (FMP) for MODFLOW (Schmidt, Hanson, and Maddock 2004) 

could greatly enhance the resolution of the model with respect to 

agriculture. 

Ongoing tectonic activity in the region may impact the nature of 

groundwater flow within the MCRD. Further study is needed to better 

conceptualize the Cerro Prieto fault and investigate its potential impact of 

on the groundwater flow regime. 

It is likely that data exists for aquifer pumping tests related to initial PF 

and PP well development throughout the region. A compilation of 

available information on previous tests, and the carrying out of new tests 

will allow for de- simplification of the groundwater model domain. 

This model will form the basis for use of LGR, a modeling technique 

inherent to MODFLOW 2005. LGR provides the capability to simulate 

groundwater flow using one block- shaped higher- resolution local grid 

(called a child model) within a coarser -grid parent model. The parent 

model is this Delta model. The regions of interest for riparian restoration 

along the River will form the basis of the child models. 
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APPENDIX A: Contour Maps of Observation Data 



Water table elevation observations for ten years between 1957 and 1999 were 

mapped onto the MCRD model domain and equipotential lines were developed in 

ArcGIS with 1 m contours using a nearest neighbor interpolation from the ArcGIS spatial 

analyst extension. The majority of the groundwater elevation data available ( >93 

percent) is derived from the eastern MCRD, and the sense of groundwater flow direction 

provided by these maps is unreliable in the SW region of the domain due to a lack of 

observations. That said, these maps follow the groundwater flow trends described in 

previous research (i.e. Hill 1993, Mock et al. 1988, Harshbarger 1977, and Olmsted et al. 

1973) and reveal the influence of regional wells on the shape and contour of the water 

table surface. 

Figure A 1 Water table elevations (1957), points (red) are well locations, the Colorado River traverses domain from 
northeast to south (blue), contours are 1 m. Figures 2 -10 below show the evolution of the system over 9 additional 

years (1979 -98). 

The contours interpolated from 1957 observation data reflect a SW gradient 

moving from the NE portion of the MCRD towards the central area. The gradient shifts 
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from SW to due south at the center of the domain and continues this general orientation 

toward the southern boundary. Overall there is an even gradient along the eastern 

domain boundary. Observation points along the north, central, and south portions of the 

river, show localized areas of high or low water levels. Contours reflecting more then 1 

m of difference in head are observed for at least six wells. 
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Figure A2, 1979 

In 1979, water level contours reflect the same SW trend in the NE portion of the 

domain as was observed in 1957. At this time however, the gradient around wells at the 

north boundary are significantly steeper; indicating decreased water levels of up to 4 m in 

this area. Where contours had been more or less evenly spaced along the NE boundaries 

in 1957, contours are tight in 1979. The gradient from the north boundary in 1979 

indicates a change to a southerly flow where the gradient had been SW in 1957. 

Contours reflecting a drop in water levels of over 1 m in the central region are shown on 

the 1979 map. The number of observation points with contours reflecting more then 1 m 

of difference in head has doubled in 1979 relative to 1957. Several observation points 
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along the river indicate locally increased groundwater levels similar to what was noted 

for 1957. 

Figure A.3,1980 

From 1979 to 1980 the density of available observation points increased by 28 

points improving the contour resolution for this time period. The gradient in the NE 

region has a SW trend in 1980. A region of relatively lower groundwater levels has 

developed in the northern portion of the central region in 1980, and a region of relatively 

higher groundwater levels has developed below it in the southern portion of the central 

region. Increased water levels have also occurred at several observation points close to 

the river by 1980. The sharp water level difference (from 18 to 12 m) between two 

adjacent wells west of the river (north of center) may be the result of an error in the data 

set. 
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:1: 
Figure A.4, 1981 

Contours of the 1981 data set reflect a SW flow direction across the NE and north 

region. The trend of this gradient shifts southward at the center of the domain. There is 

an area of lower groundwater levels in the north portion of the central region that is 

diminished by up to two meters at some points relative to 1980. In the southern portion 

of the central region, elevated groundwater levels continue to be observed in 1981 as they 

were in 1980, but they diminished by several meters. 
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Figure A.5, 1984 

The first year for which observations are available for the western portion of the 

domain was 1984. The gradient shown by these additional points indicates a flow of 

water across the north section of the west boundary, consistent with the idea that water 

moves west from the MCRD on its way toward the Salton Sea. Contours at the central 

and south end of the west boundary are an artifact of the contouring process of a region 

with no observation points, and should be ignored. 

The SW gradient in the NE region is similar in 1984 as in previous years, with 

elevated water levels shown around observation points along the north boundary. A 

depression in groundwater levels persists in the north portion of the central region, as has 

been observed on all of the water level maps since 1979. In the central region, an area of 

locally depressed groundwater levels appears directly west of an area of locally elevated 

groundwater levels, and steep gradients are indicated by tight contours surrounding at 

least 21 other points in 1984. Tightly contoured observation points lie close to the 

eastern boundary on both the inside and outside of the model domain resulting in 

localized mounds and depressions of groundwater directly on the domain boundary. 
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Figure A 6, 1985 

The contours for 1985 reflect a similar picture to those of 1984. The gradient 

observed in 1984 around some of the SE points is decreased in 1985, as is the tightness of 

contours intersecting the eastern boundary. Overall, the number of points with strong 

gradients in the central region of the domain diminished from 1984 to 1985. As is true 

for all of the plotted contours, this result may reflect either the actual system behavior or 

deficiencies in the data collection procedure. 
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Figure A7, 1987 

The contouring of 1987 water levels reflects a reduction in the steep gradients that 

were observed around numerous points in the NE region for previous years. The 

southerly trend of contours in the central portion of the domain is diminished while the 

westward gradient toward the NW remained. A steep localized gradient along the central 

east boundary indicates the influence of wells operating to the east of the model 

boundary. Groundwater levels in the SE decreased in 1987 from the preceding years. 
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The groundwater gradient in the NW portion of the MCRD reflects little change 

from 1987 to 1990. Water levels in a few wells affect the regional groundwater gradient. 

The groundwater mound in the center of the MCRD (see 6 m contour line) is likely 

associated with measurement deficiencies. In 1990 steep gradients of both relatively 

higher and lower water levels also appear on the east and west sides of the river. 
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Figure A9, 1995 

In 1995 the water level contours in the NE area change character from what had 

previously been observed, possibly due to a reduction in overall observation points 

available within the domain for this year. Water levels appear lower in the far NE area, 

and water appears to be mounding under the east portion of the north boundary. Local 

areas of relatively high and low water levels on the east side of the river include an area 

between the river and east boundary as has been noted in previous years. 
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Figure A10, 1998 

In 1998 the band of depressed water levels observable in 1995 is diminished. 

Elevated water levels are reported from many observation points throughout the NE area 

of the domain. In the center of the domain, the water levels have equilibrated to some 

degree in 1998 and the high gradients in this region from 1995 are diminished. In general 

the southerly gradient from the north boundary towards the center area is reestablished. 
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APPENDIX B: Capture Calculations 
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Appendix A. Capture calculations for each water -year (1956 -67 - 1999 -00) of the 

MCRD groundwater model, as described in Section 7.1. 

Units m3 /s 

1956 -1957 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.00 0.00 0.00 0.00 0.00 

Constant Head 5.29 5.65 10.70 2.99 8.07 

Evapotranspiration 1.17 0.51 0.66 

Head Dependent Boundaries 8.29 32.81 11.26 30.56 5.23 

Stream Leakage 0.03 0.74 0.04 0.57 0.18 

Total Capture -- - -- - -- - -- 14.12 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 1.75 0.00 3.22 0.00 1.47 

Constant Head 5.48 5.50 11.45 2.76 8.71 

Evapotranspiration 2.27 0.95 1.31 

Head Dependent Boundaries 8.41 32.24 11.71 30.00 5.54 

Stream Leakage 0.03 0.77 0.04 0.59 0.18 

Total -- - -- - -- - -- 17.21 
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Units m3 /s 

1957 -1958 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.29 0.59 1.13 0.21 1.22 

Constant Head 4.88 5.98 10.88 2.91 9.08 

Evapotranspiration 1.08 0.44 0.65 

Head Dependent Boundaries 8.43 32.41 11.79 30.00 5.77 

Stream Leakage 0.13 0.42 0.18 0.28 0.19 

Total Capture - -- - -- - -- - -- 16.91 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.24 0.00 7.23 0.00 4.99 

Constant Head 4.55 6.12 12.00 2.49 11.09 

Evapotranspiration 2.08 0.75 1.32 

Head Dependent Boundaries 8.62 31.84 12.81 29.12 6.90 

Stream Leakage 0.06 0.54 0.08 0.36 0.21 

Total - -- - -- - -- - -- 24.52 
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Units m3 /s 

1958 -1959 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.64 0.44 0.71 0.65 -0.15 

Constant Head 4.06 6.42 10.94 2.75 10.54 

Evapotranspiration 0.95 0.33 0.62 

Head Dependent Boundaries 8.70 31.94 12.54 29.07 6.71 

Stream Leakage 0.08 0.49 0.12 0.30 0.22 

Total Capture - -- - -- - -- - -- 17.95 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.46 0.00 6.99 0.00 4.53 

Constant Head 3.80 6.50 11.90 2.37 12.24 

Evapotranspiration 1.84 0.59 1.25 

Head Dependent Boundaries 8.96 31.36 13.54 28.24 7.70 

Stream Leakage 0.04 0.66 0.05 0.44 0.24 

Total - -- - -- - -- 25.95 
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Units m3 /s 

1959 -1960 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.81 0.39 0.86 0.41 0.04 

Constant Head 3.39 6.81 10.94 2.60 11.76 

Evapotranspiration 0.85 0.25 0.60 

Head Dependent Boundaries 9.07 31.47 13.33 28.16 7.57 

Stream Leakage 0.05 0.55 0.08 0.34 0.24 

Total Capture - -- - -- - -- - -- 20.21 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.53 0.00 7.69 0.00 5.16 

Constant Head 3.13 6.90 12.11 2.17 13.71 

Evapotranspiration 1.67 0.45 1.23 

Head Dependent Boundaries 9.34 30.90 14.47 27.33 8.71 

Stream Leakage 0.04 0.67 0.05 0.42 0.27 

Total - -- - -- - -- - -- 29.07 
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Units m3 /s 

1961 -1962 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.83 0.43 1.25 0.37 0.48 

Constant Head 2.13 7.65 12.23 1.98 15.78 

Evapotranspiration 0.75 0.12 0.63 

Head Dependent Boundaries 9.83 30.60 15.78 26.16 10.39 

Stream Leakage 0.04 0.60 0.08 0.31 0.33 

Total Capture - -- - -- - -- 27.60 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.45 0.00 5.95 0.00 3.50 

Constant Head 1.90 7.79 12.79 1.83 16.86 

Evapotranspiration 1.52 0.26 1.26 

Head Dependent Boundaries 10.10 30.08 16.63 25.52 11.09 

Stream Leakage 0.04 0.63 0.07 0.33 0.34 

Total - -- - -- - -- - -- 33.05 
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Units m3 /s 

1962 -1963 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.91 0.37 0.77 0.65 -0.42 

Constant Head 1.59 8.14 11.60 2.01 16.14 

Evapotranspiration 0.72 0.10 0.62 

Head Dependent Boundaries 10.27 30.23 16.49 25.57 10.88 

Stream Leakage 0.06 0.56 0.11 0.27 0.34 

Total Capture - -- - -- - -- - -- 27.57 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.53 0.00 5.35 0.00 2.82 

Constant Head 1.37 8.29 12.10 1.87 17.13 

Evapotranspiration 1.45 0.23 1.22 

Head Dependent Boundaries 10.72 29.88 17.47 25.14 11.48 

Stream Leakage 0.05 0.60 0.09 0.29 0.35 

Total - -- - -- - -- - -- 33.01 
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Units m3 /s 

1963 -1964 Ri Di Ri +Del R Di -Del D Capture 

SEASON I 

Storage 1.52 0.32 2.34 0.05 1.09 

Constant Head 1.23 8.61 11.77 1.97 17.17 

Evapotranspiration 0.68 0.09 0.60 

Head Dependent Boundaries 11.07 30.09 17.83 25.20 11.66 

Stream Leakage 0.05 0.59 0.10 0.28 0.36 

Total Capture - -- - -- - -- 30.87 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.78 0.00 6.89 0.00 4.11 

Constant Head 1.22 8.86 12.88 1.87 18.66 

Evapotranspiration 1.37 0.19 1.18 

Head Dependent Boundaries 11.63 29.79 19.09 24.72 12.53 

Stream Leakage 0.05 0.60 0.10 0.28 0.38 

Total - -- - -- - -- - -- 36.85 
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Units m3 /s 

1964 -1965 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.27 0.29 1.01 0.32 -0.29 

Constant Head 1.16 9.36 11.93 2.14 17.99 

Evapotranspiration 0.64 0.07 0.57 

Head Dependent Boundaries 12.00 30.05 19.09 24.80 12.34 

Stream Leakage 0.06 0.57 0.13 0.26 0.38 

Total Capture - -- - -- - -- - -- 30.99 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.64 0.00 5.93 0.00 3.29 

Constant Head 1.13 9.68 12.71 2.11 19.15 

Evapotranspiration 1.28 0.16 1.12 

Head Dependent Boundaries 12.55 29.78 20.18 24.38 13.03 

Stream Leakage 0.06 0.57 0.13 0.25 0.39 

Total - -- - -- - -- - -- 36.98 
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Units m3 /s 

1965 -1966 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.18 0.27 0.57 1.11 -1.45 

Constant Head 1.07 10.21 11.45 2.49 18.10 

Evapotranspiration 0.60 0.06 0.54 

Head Dependent Boundaries 12.91 30.05 19.97 24.51 12.60 

Stream Leakage 0.08 0.52 0.17 0.22 0.39 

Total Capture - -- - -- - -- - -- 30.18 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.57 0.00 4.99 0.00 2.42 

Constant Head 1.04 10.54 12.05 2.52 19.04 

Evapotranspiration 1.20 0.14 1.06 

Head Dependent Boundaries 13.46 29.79 20.95 24.15 13.14 

Stream Leakage 0.07 0.55 0.15 0.24 0.39 

Total - -- - -- - -- - -- 36.04 
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Units m3 /s 

1966 -1967 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.17 0.26 0.20 2.77 -3.48 

Constant Head 0.99 11.08 10.27 3.06 17.30 

Evapotranspiration 0.56 0.06 0.50 

Head Dependent Boundaries 13.83 30.07 20.43 24.40 12.27 

Stream Leakage 0.08 0.52 0.17 0.23 0.38 

Total Capture - -- - -- - -- - -- 26.98 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.53 0.00 3.24 0.00 0.71 

Constant Head 0.96 11.43 10.46 3.18 17.75 

Evapotranspiration 1.12 0.14 0.98 

Head Dependent Boundaries 14.39 29.83 21.18 24.16 12.47 

Stream Leakage 0.08 0.52 0.17 0.23 0.38 

Total - -- - -- - -- 32.28 
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Units m3 /s 

1967 -1968 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.16 0.25 0.28 0.73 -1.36 

Constant Head 0.91 11.97 9.65 3.55 17.15 

Evapotranspiration 0.52 0.05 0.46 

Head Dependent Boundaries 14.76 30.11 21.22 24.39 12.18 

Stream Leakage 0.09 0.50 0.19 0.22 0.37 

Total Capture - -- - -- - -- 28.80 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.51 0.00 4.72 0.00 2.21 

Constant Head 0.88 12.32 10.33 3.56 18.21 

Evapotranspiration 1.04 0.13 0.91 

Head Dependent Boundaries 15.32 29.88 22.24 24.09 12.71 

Stream Leakage 0.09 0.50 0.19 0.22 0.38 

Total - -- - -- 34.42 
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Units m3 /s 

1968 -1969 Ri Di Ri +Del R Di -Del D Capture 

SEASON I 

Storage 1.16 0.24 0.20 1.72 -2.44 

Constant Head 0.83 12.86 9.04 4.05 17.02 

Evapotranspiration 0.48 0.05 0.43 

Head Dependent Boundaries 15.69 30.16 22.00 24.36 12.10 

Stream Leakage 0.11 0.48 0.21 0.21 0.37 

Total Capture - -- - -- - -- - -- 27.48 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.49 0.00 3.95 0.00 1.46 

Constant Head 0.81 13.22 9.46 4.12 17.75 

Evapotranspiration 0.96 0.12 0.84 

Head Dependent Boundaries 16.25 29.93 22.87 24.10 12.46 

Stream Leakage 0.11 0.48 0.21 0.21 0.37 

Total -- - -- - -- - -- 32.87 
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Units m3 /s 

1969 -1970 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.16 0.23 0.14 2.47 -3.26 

Constant Head 0.76 13.76 8.01 4.71 16.30 

Evapotranspiration 0.44 0.05 0.39 

Head Dependent Boundaries 16.62 30.21 22.55 24.45 11.69 

Stream Leakage 0.12 0.45 0.23 0.20 0.36 

Total Capture - -- - -- - -- - -- 25.48 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.48 0.00 3.17 0.00 0.69 

Constant Head 0.74 14.12 8.23 4.80 16.81 

Evapotranspiration 0.89 0.12 0.77 

Head Dependent Boundaries 17.18 29.99 23.32 24.24 11.89 

Stream Leakage 0.12 0.46 0.22 0.21 0.35 

Total 30.52 
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Units m3 /s 

1969 -1970 Ri Di Ri +Del R Di -Del D Capture 

SEASON I 

Storage 1.16 0.23 0.14 2.47 -3.26 

Constant Head 0.76 13.76 8.01 4.71 16.30 

Evapotranspiration 0.44 0.05 0.39 

Head Dependent Boundaries 16.62 30.21 22.55 24.45 11.69 

Stream Leakage 0.12 0.45 0.23 0.20 0.36 

Total Capture - -- - -- - -- - -- 25.48 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.48 0.00 3.17 0.00 0.69 

Constant Head 0.74 14.12 8.23 4.80 16.81 

Evapotranspiration 0.89 0.12 0.77 

Head Dependent Boundaries 17.18 29.99 23.32 24.24 11.89 

Stream Leakage 0.12 0.46 0.22 0.21 0.35 

Total - -- - -- - -- - -- 30.52 
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Units m3 /s 

1970 -1971 Ri Di Ri +Del R Di -Del D Capture 

SEASON I 

Storage 1.18 0.21 0.17 1.89 -2.69 

Constant Head 0.70 14.67 7.13 5.37 15.73 

Evapotranspiration 0.41 0.05 0.36 

Head Dependent Boundaries 17.56 30.26 23.17 24.58 11.29 

Stream Leakage 0.13 0.44 0.24 0.20 0.34 

Total Capture - -- - -- - -- - -- 25.03 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.48 0.00 3.47 0.00 0.99 

Constant Head 0.69 15.04 7.44 5.42 16.38 

Evapotranspiration 0.82 0.12 0.70 

Head Dependent Boundaries 18.11 30.05 24.00 24.36 11.57 

Stream Leakage 0.13 0.44 0.24 0.21 0.34 

Total - -- - -- - -- - -- 29.99 
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Units m3 /s 

1971 -1972 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.19 0.20 0.20 1.39 -2.18 

Constant Head 0.65 15.59 6.53 5.98 15.49 

Evapotranspiration 0.37 0.05 0.32 

Head Dependent Boundaries 18.50 30.31 23.93 24.68 11.08 

Stream Leakage 0.15 0.42 0.26 0.20 0.33 

Total Capture - -- - -- - -- - -- 25.04 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.47 0.00 3.83 0.00 1.36 

Constant Head 0.63 15.96 6.90 5.99 16.24 

Evapotranspiration 0.76 0.12 0.64 

Head Dependent Boundaries 19.05 30.11 24.81 24.44 11.43 

Stream Leakage 0.15 0.42 0.26 0.20 0.34 

Total - -- - -- - -- 30.00 
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Units m3 /s 

1972 -1973 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.19 0.19 0.16 2.13 -2.97 

Constant Head 0.60 16.51 5.76 6.71 14.97 

Evapotranspiration 0.34 0.05 0.29 

Head Dependent Boundaries 19.43 30.37 24.58 24.79 10.73 

Stream Leakage 0.17 0.40 0.28 0.19 0.32 

Total Capture - -- - -- - -- - -- 23.34 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.46 0.00 3.16 0.00 0.70 

Constant Head 0.58 16.88 5.96 6.79 15.47 

Evapotranspiration 0.70 0.12 0.59 

Head Dependent Boundaries 19.98 30.17 25.34 24.59 10.94 

Stream Leakage 0.17 0.39 0.29 0.19 0.32 

Total - -- - -- 28.01 
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Units m3 /s 

1973 -1974 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.21 0.18 1.43 0.12 0.29 

Constant Head 0.55 17.43 5.81 7.06 15.63 

Evapotranspiration 0.31 0.04 0.27 

Head Dependent Boundaries 20.37 30.43 25.75 24.78 11.03 

Stream Leakage 0.18 0.38 0.30 0.19 0.33 

Total Capture - -- - -- - -- - -- 27.54 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.46 0.00 5.72 0.00 3.26 

Constant Head 0.54 17.80 6.60 6.87 16.99 

Evapotranspiration 0.65 0.11 0.54 

Head Dependent Boundaries 20.93 30.23 26.88 24.40 11.78 

Stream Leakage 0.18 0.37 0.32 0.18 0.34 

Total - -- - -- - -- - -- 32.91 
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Units m3 /s 

1974 -1975 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.22 0.17 0.42 1.05 -1.68 

Constant Head 0.51 18.35 5.68 7.51 16.01 

Evapotranspiration 0.28 0.04 0.24 

Head Dependent Boundaries 21.32 30.49 26.80 24.66 11.31 

Stream Leakage 0.19 0.37 0.33 0.17 0.33 

Total Capture - -- - -- - -- - -- 26.21 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.45 0.00 4.44 0.00 1.98 

Constant Head 0.49 18.72 6.08 7.50 16.80 

Evapotranspiration 0.59 0.10 0.50 

Head Dependent Boundaries 21.87 30.29 27.68 24.34 11.76 

Stream Leakage 0.20 0.36 0.34 0.17 0.33 

Total - -- - -- - -- - -- 31.38 
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Units m3 /s 

1975 -1976 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.23 0.16 0.33 0.91 -1.65 

Constant Head 0.47 19.27 5.28 8.12 15.96 

Evapotranspiration 0.26 0.04 0.22 

Head Dependent Boundaries 22.26 30.55 27.69 24.62 11.35 

Stream Leakage 0.21 0.35 0.34 0.17 0.32 

Total Capture - -- - -- - -- - -- 26.21 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.45 0.00 4.41 0.00 1.97 

Constant Head 0.45 19.64 5.70 8.08 16.81 

Evapotranspiration 0.55 0.09 0.46 

Head Dependent Boundaries 22.82 30.36 28.60 24.32 11.82 

Stream Leakage 0.22 0.33 0.37 0.15 0.33 

Total - -- - -- - -- - -- 31.38 
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Units m3 /s 

1976 -1977 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.24 0.15 0.13 3.23 -4.19 

Constant Head 0.42 20.18 4.32 9.14 14.95 

Evapotranspiration 0.24 0.03 0.20 

Head Dependent Boundaries 23.21 30.61 28.22 24.80 10.82 

Stream Leakage 0.23 0.34 0.36 0.16 0.31 

Total Capture - -- - -- - -- - -- 22.08 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.45 0.00 2.31 0.00 -0.14 

Constant Head 0.41 20.55 4.31 9.35 15.11 

Evapotranspiration 0.50 0.09 0.41 

Head Dependent Boundaries 23.76 30.42 28.87 24.68 10.85 

Stream Leakage 0.24 0.33 0.37 0.16 0.30 

Total - -- - -- - -- - -- 26.53 
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Units m3 /s 

1977 -1978 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 3.18 0.02 1.09 0.62 -2.68 

Constant Head 0.41 20.77 3.78 9.97 14.16 

Evapotranspiration 0.48 0.09 0.38 

Head Dependent Boundaries 24.22 30.44 28.95 24.96 10.21 

Stream Leakage 0.25 0.33 0.37 0.16 0.29 

Total Capture - -- - -- - -- - -- 22.36 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 3.72 0.00 4.70 0.00 0.98 

Constant Head 0.43 20.79 4.26 9.81 14.80 

Evapotranspiration 0.43 0.09 0.35 

Head Dependent Boundaries 24.84 30.12 29.82 24.60 10.51 

Stream Leakage 0.04 0.33 0.03 0.17 0.15 

Total - -- - -- - -- - -- 26.79 
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Units m3 /s 

1978 -1979 Ri Di Ri +Del R Di -Del D Capture 

SEASON I 

Storage 2.27 0.11 0.21 3.21 -5.15 

Constant Head 0.41 21.28 3.07 11.23 12.70 

Evapotranspiration 0.19 0.03 0.15 

Head Dependent Boundaries 25.27 30.29 29.48 25.17 9.33 

Stream Leakage 0.26 0.32 0.38 0.17 0.26 

Total Capture - -- - -- - -- - -- 17.31 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.49 0.00 3.58 0.00 1.09 

Constant Head 0.47 20.85 3.69 10.54 13.53 

Evapotranspiration 0.41 0.09 0.32 

Head Dependent Boundaries 25.64 30.09 30.18 24.92 9.72 

Stream Leakage 0.35 0.25 0.48 0.12 0.26 

Total - -- - -- - -- - -- 24.91 
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Units m3 /s 

1979 -1980 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.05 6.47 0.00 10.62 -4.19 

Constant Head 0.91 12.84 5.60 5.50 12.03 

Evapotranspiration 0.18 0.04 0.15 

Head Dependent Boundaries 21.75 29.75 25.67 24.87 8.81 

Stream Leakage 0.36 0.24 0.48 0.11 0.25 

Total Capture - -- - -- - -- - -- 17.04 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 0.15 3.42 0.10 1.73 1.64 

Constant Head 0.57 13.52 5.23 5.06 13.11 

Evapotranspiration 0.47 0.10 0.37 

Head Dependent Boundaries 20.10 28.61 24.86 24.07 9.30 

Stream Leakage 0.44 0.20 0.58 0.08 0.25 

Total - -- - -- - -- - -- 24.66 
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Units m3 /s 

1980 -1981 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.00 7.65 0.00 11.79 -4.14 

Constant Head 1.08 8.63 7.37 3.40 11.53 

Evapotranspiration 0.24 0.04 0.20 

Head Dependent Boundaries 17.98 29.06 21.89 24.62 8.34 

Stream Leakage 0.33 0.23 0.44 0.11 0.24 

Total Capture - -- - -- - -- - -- 16.17 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 0.10 3.84 0.11 2.34 1.51 

Constant Head 0.71 9.56 7.16 3.48 12.52 

Evapotranspiration 0.58 0.12 0.46 

Head Dependent Boundaries 17.16 28.67 21.57 24.31 8.77 

Stream Leakage 0.13 0.39 0.16 0.22 0.21 

Total - -- - -- - -- - -- 23.47 
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Units m3 /s 

1981 -1982 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 3.19 2.45 13.37 0.44 12.18 

Constant Head 1.51 17.85 6.55 5.22 17.66 

Evapotranspiration 0.27 0.04 0.23 

Head Dependent Boundaries 17.69 28.00 24.99 23.64 11.67 

Stream Leakage 0.15 0.40 0.23 0.20 0.28 

Total Capture - -- - -- - -- - -- 42.02 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 1.36 0.59 0.54 4.17 -4.40 

Constant Head 1.42 18.24 5.00 6.82 14.99 

Evapotranspiration 0.57 0.10 0.47 

Head Dependent Boundaries 18.79 26.89 25.47 23.25 10.32 

Stream Leakage 0.16 0.38 0.28 0.20 0.30 

Total - -- - -- - -- - -- 21.69 
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Units m3 /s 

1982 -1983 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.00 14.50 0.00 20.12 -5.62 

Constant Head 10.10 6.40 18.77 2.62 12.45 

Evapotranspiration 0.30 0.05 0.26 

Head Dependent Boundaries 13.76 27.82 19.16 24.28 8.94 

Stream Leakage 0.13 0.33 0.24 0.16 0.27 

Total Capture - -- - -- - -- - -- 16.29 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 0.03 8.61 0.01 8.28 0.32 

Constant Head 9.22 9.38 17.12 4.19 13.09 

Evapotranspiration 0.86 0.14 0.72 

Head Dependent Boundaries 13.08 27.67 18.77 24.18 9.18 

Stream Leakage 0.45 0.18 0.62 0.07 0.27 

Total - -- - -- - -- - -- 23.58 
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Units m3 /s 

1983 -1984 Ri Di Ri +Del R Di -Del D Capture 

SEASON I 

Storage 2.04 4.72 1.56 9.84 -5.59 

Constant Head 5.55 10.85 10.96 5.25 11.01 

Evapotranspiration 0.50 0.08 0.42 

Head Dependent Boundaries 11.79 29.01 16.38 25.65 7.95 

Stream Leakage 0.55 0.18 0.71 0.09 0.25 

Total Capture - -- - -- - -- - -- 14.04 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 0.64 1.35 1.15 2.08 -0.22 

Constant Head 5.87 9.94 11.95 4.50 11.51 

Evapotranspiration 1.12 0.23 0.89 

Head Dependent Boundaries 11.00 29.29 15.78 26.02 8.05 

Stream Leakage 0.46 0.20 0.59 0.09 0.25 

Total - -- - -- - -- - -- 20.48 
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Units m3 /s 

1984 -1985 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.06 3.04 0.04 9.01 -6.00 

Constant Head 5.20 10.48 9.82 5.22 9.89 

Evapotranspiration 0.58 0.16 0.42 

Head Dependent Boundaries 10.75 29.48 14.70 26.66 6.76 

Stream Leakage 0.50 0.21 0.61 0.11 0.22 

Total Capture - -- - -- - -- - -- 11.29 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 0.34 0.99 3.45 1.37 2.73 

Constant Head 4.57 10.85 10.53 4.64 12.16 

Evapotranspiration 1.22 0.46 0.76 

Head Dependent Boundaries 10.76 28.93 15.89 26.42 7.64 

Stream Leakage 0.33 0.26 0.45 0.16 0.22 

Total - -- - -- - -- - -- 23.51 
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Units m3 /s 

1985 -1986 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.08 2.21 0.03 6.41 -4.24 

Constant Head 3.95 11.12 8.69 5.71 10.16 

Evapotranspiration 0.60 0.25 0.36 

Head Dependent Boundaries 10.62 28.93 15.00 26.70 6.61 

Stream Leakage 0.34 0.27 0.44 0.17 0.20 

Total Capture - -- - -- - -- - -- 13.08 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 0.43 0.42 1.81 1.07 0.72 

Constant Head 3.47 11.19 9.24 5.74 11.22 

Evapotranspiration 1.26 0.59 0.67 

Head Dependent Boundaries 10.72 28.38 15.85 26.33 7.18 

Stream Leakage 0.35 0.27 0.46 0.17 0.20 

Total - -- - -- - -- - -- 19.99 
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Units m3 /s 

1986 -1987 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.38 1.10 0.04 4.67 -3.91 

Constant Head 3.13 11.18 8.09 6.77 9.37 

Evapotranspiration 0.61 0.31 0.31 

Head Dependent Boundaries 11.04 28.46 15.22 26.65 6.00 

Stream Leakage 0.33 0.28 0.42 0.19 0.18 

Total Capture - -- - -- - -- - -- 11.95 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 1.03 0.03 4.22 0.32 2.89 

Constant Head 3.22 11.00 9.53 6.33 10.98 

Evapotranspiration 1.24 0.67 0.57 

Head Dependent Boundaries 11.33 28.16 15.41 26.51 5.73 

Stream Leakage 0.09 0.49 0.13 0.35 0.18 

Total - -- - -- - -- 20.35 
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Units m3 /s 

1987 -1988 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.34 0.63 0.45 3.49 -3.75 

Constant Head 2.19 11.92 6.41 6.79 9.35 

Evapotranspiration 0.59 0.32 0.27 

Head Dependent Boundaries 11.60 28.45 15.28 26.89 5.23 

Stream Leakage 0.13 0.42 0.19 0.31 0.17 

Total Capture - -- - -- - -- - -- 11.28 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 3.53 0.00 11.51 0.01 7.98 

Constant Head 1.60 12.42 7.29 5.58 12.52 

Evapotranspiration 1.18 0.58 0.60 

Head Dependent Boundaries 11.93 28.28 17.28 26.50 7.12 

Stream Leakage 0.09 0.52 0.14 0.36 0.20 

Total - -- - -- - -- - -- 28.43 
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Units m3 /s 

1988 -1989 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 2.67 0.41 1.09 1.92 -3.10 

Constant Head 1.32 13.23 5.23 5.94 11.20 

Evapotranspiration 0.54 0.23 0.31 

Head Dependent Boundaries 12.36 28.73 16.72 26.78 6.32 

Stream Leakage 0.10 0.52 0.15 0.36 0.20 

Total Capture - -- - -- - -- - -- 14.93 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 4.36 0.00 11.90 0.00 7.54 

Constant Head 1.31 14.02 6.22 5.26 13.67 

Evapotranspiration 1.07 0.41 0.66 

Head Dependent Boundaries 13.13 28.77 18.72 26.33 8.02 

Stream Leakage 0.12 0.50 0.19 0.34 0.23 

Total - -- - -- - -- - -- 30.12 
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Units m3 /s 

1989 -1990 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 3.30 0.21 2.09 0.56 -1.56 

Constant Head 1.41 15.00 5.38 6.06 12.91 

Evapotranspiration 0.48 0.16 0.32 

Head Dependent Boundaries 13.90 29.44 18.73 26.63 7.64 

Stream Leakage 0.04 0.50 0.04 0.33 0.16 

Total Capture - -- - -- - -- - -- 19.48 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 3.36 0.00 8.56 0.00 5.20 

Constant Head 1.74 14.21 6.81 4.94 14.34 

Evapotranspiration 0.95 0.31 0.64 

Head Dependent Boundaries 14.32 29.35 19.55 26.19 8.40 

Stream Leakage 0.13 0.47 0.13 0.31 0.17 

Total - -- - -- - -- - -- 28.75 
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Units m3 /s 

1990 -1991 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 1.81 0.17 1.48 3.03 -3.19 

Constant Head 1.66 13.46 6.10 5.15 12.74 

Evapotranspiration 0.37 0.09 0.28 

Head Dependent Boundaries 14.85 29.17 19.11 25.90 7.54 

Stream Leakage 0.14 0.46 0.22 0.29 0.24 

Total Capture - -- - -- - -- - -- 17.61 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 2.50 0.18 4.76 0.09 2.35 

Constant Head 1.56 12.56 6.83 4.46 13.37 

Evapotranspiration 0.70 0.18 0.52 

Head Dependent Boundaries 15.38 29.21 19.94 25.44 8.34 

Stream Leakage 0.04 0.44 0.04 0.27 0.17 

Total - -- - -- - -- - -- 24.75 
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Units m3 /s 

1991 -1992 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.67 0.43 0.37 3.31 -3.18 

Constant Head 1.44 12.02 5.95 4.65 11.88 

Evapotranspiration 0.31 0.06 0.24 

Head Dependent Boundaries 15.70 29.82 19.28 25.82 7.58 

Stream Leakage 0.04 0.44 0.04 0.27 0.17 

Total Capture - -- - -- - -- - -- 16.70 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 1.58 0.25 0.50 2.99 -3.81 

Constant Head 1.38 11.50 5.23 4.79 10.55 

Evapotranspiration 0.63 0.16 0.47 

Head Dependent Boundaries 16.16 30.08 19.34 26.26 7.00 

Stream Leakage 0.15 0.42 0.22 0.26 0.22 

Total - -- - -- - -- - -- 14.44 
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Units m3 /s 

1992 -1993 Ri Di Ri +Del R Di -Del D Capture 

SEASON I 

Storage 0.60 0.69 0.15 4.39 -4.14 

Constant Head 1.35 11.27 4.23 5.08 9.07 

Evapotranspiration 0.30 0.08 0.22 

Head Dependent Boundaries 16.44 30.81 18.93 27.42 5.88 

Stream Leakage 0.32 0.26 0.41 0.15 0.20 

Total Capture - -- - -- - -- - -- 11.22 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 1.41 0.27 0.15 6.04 -7.02 

Constant Head 1.44 10.89 3.31 5.55 7.21 

Evapotranspiration 0.62 0.22 0.40 

Head Dependent Boundaries 16.89 31.09 18.68 28.33 4.55 

Stream Leakage 0.30 0.26 0.37 0.17 0.16 

Total - -- - -- - -- - -- 5.31 
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Units m3 /s 

1993 -1994 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.26 0.66 1.29 1.43 0.25 

Constant Head 1.53 10.65 3.72 5.10 7.73 

Evapotranspiration 0.28 0.10 0.18 

Head Dependent Boundaries 17.22 31.83 19.19 29.12 4.68 

Stream Leakage 0.16 0.38 0.20 0.27 0.16 

Total Capture - -- - -- - -- - -- 13.00 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 1.14 0.26 1.82 0.28 0.67 

Constant Head 1.69 10.25 4.59 4.73 8.43 

Evapotranspiration 0.59 0.22 0.37 

Head Dependent Boundaries 17.76 32.21 19.95 29.42 4.98 

Stream Leakage 0.04 0.42 0.04 0.29 0.13 

Total 14.59 
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Units m3 /s 

1994 -1995 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.20 0.96 0.96 0.63 1.09 

Constant Head 1.80 10.17 5.04 4.84 8.56 

Evapotranspiration 0.28 0.09 0.19 

Head Dependent Boundaries 18.13 33.10 20.39 30.22 5.14 

Stream Leakage 0.15 0.40 0.19 0.27 0.17 

Total Capture - -- - -- - -- - -- 15.15 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 0.84 0.03 2.94 0.01 2.13 

Constant Head 1.80 9.98 5.80 4.35 9.62 

Evapotranspiration 0.59 0.19 0.40 

Head Dependent Boundaries 18.46 33.34 20.90 30.15 5.64 

Stream Leakage 0.14 0.41 0.18 0.27 0.18 

Total - -- - -- - -- - -- 17.97 
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Units m3 /s 

1995 -1996 Ri Di Ri +Del R Di -Del D Capture 

SEASON 1 

Storage 0.55 0.95 1.28 0.58 1.10 

Constant Head 1.65 11.20 4.95 5.09 9.42 

Evapotranspiration 0.27 0.08 0.19 

Head Dependent Boundaries 18.96 32.98 21.58 29.73 5.87 

Stream Leakage 0.04 0.42 0.04 0.28 0.14 

Total Capture - -- - -- - -- - -- 16.72 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 1.75 0.82 7.31 0.28 6.11 

Constant Head 1.56 13.12 6.37 6.48 11.45 

Evapotranspiration 0.53 0.17 0.36 

Head Dependent Boundaries 19.50 31.08 22.94 27.46 7.06 

Stream Leakage 0.04 0.41 0.04 0.26 0.15 

Total - -- - -- 25.13 
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Units m3 /s 

1996 -1997 Ri Di Ri +Del R Di -Del D Capture 

SEASON I 

Storage 0.89 1.39 1.18 2.57 -0.89 

Constant Head 1.77 15.59 6.18 9.23 10.78 

Evapotranspiration 0.22 0.06 0.16 

Head Dependent Boundaries 19.94 29.83 23.10 26.28 6.71 

Stream Leakage 0.14 0.34 0.23 0.22 0.21 

Total Capture - -- - -- --- - -- 16.96 

SEASON 2 Ri Di Ri +Del R Di -Del D Capture 

Storage 1.93 0.99 1.46 1.23 -0.71 

Constant Head 2.43 18.27 6.67 12.15 10.37 

Evapotranspiration 0.44 0.15 0.29 

Head Dependent Boundaries 20.57 28.18 24.03 24.78 6.86 

Stream Leakage 0.14 0.31 0.23 0.20 0.20 

Total - -- - -- - -- - -- 17.00 
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