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and Colorado State University

United States of America

1. Introduction

Water is the lifeblood of the American West and the foundation of its economy, but it
remains its scarcest resource. The explosive population growth in the Western United States,
the emerging additional need for water for environmental uses, and the national importance
of the domestic food production are driving major conflicts between these competing water
uses. Irrigated agriculture in particular is by far the largest water user of diverted water -
80% country wide and 90% in the Western U.S - and since it is perceived to be a
comparatively inefficient user, it is frequently asked to decrease its water consumption. The
case of the Middle Rio Grande illustrates the problem very well. The Rio Grande is the
ecological backbone of the Chihuahuan Desert region in the western United States, and
supports its dynamic and diverse ecology, including the fish and wildlife habitat. The Rio
Grande Silvery Minnow is a federally listed as endangered species, and irrigated agriculture
in the Middle Rio Grande has come under increasing pressure to reduce its water
consumption, while maintaining the desired level of service to its water users.

Irrigated agriculture in the Western United States has traditionally been the backbone of the
rural economy. The climate in the American West with low annual rainfall of 10 to 14 inches
is not conducive to dry land farming. Topography in the West is characterized by the Rocky
Mountains which accumulate significant snowfall, and the peaks of the snowmelt
hydrograph are stored in reservoirs allowing for irrigation throughout the summer crop
growing season. Of the total available surface water irrigated agriculture uses roughly 80 to
90% (Oad and Kullman, 2006). The combined demands of agriculture, urban, and industrial
sectors in the past have left little water for fish and wildlife. Since irrigated agriculture uses
roughly 80 to 90% of surface water in the West, it is often targeted to decrease diversions.
Due to wildlife concerns and demands from an ever growing urban population, the
pressure for flow reductions on irrigated agriculture increases every year. In order to sustain
itself and deal with external pressure for reduced river diversions irrigated agriculture has
to become more efficient in its water consumption. This chapter focuses on research
regarding improving water delivery operations in the Middle Rio Grande Conservancy
District system through the use of a decision support system linked with advanced
infrastructure, methodologies, and technology.
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The Middle Rio Grande (MRG) Valley runs north to south through central New Mexico
from Cochiti Reservoir to the headwaters of Elephant Butte Reservoir, a distance of
approximately 175 miles. The MRG Valley is displayed in Figure 1.
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Fig. 1. Middle Rio Grande Valley (Barta, 2003)

The valley is narrow, with the majority of water use occurring within five miles on either
side of the river. The bosque, or riverside forest of cottonwood and salt cedar, is supported
by waters of the Rio Grande; the bosque being surrounded by widespread irrigated farming.
The Cities of Albuquerque, Rio Rancho, Belen and several smaller communities are located
in and adjacent to the MRG Valley. Although the valley receives less than 10 inches of
rainfall annually, it supports a rich and diverse ecosystem of fish and wildlife and is a
common outdoor resource for communities in the region. Water supply available for use in
the MRG Valley includes: native flow of the Rio Grande and its tributaries, allocated
according to the Rio Grande Compact of 1938; San Juan-Chama (SJC) project water, obtained
via a trans-mountain diversion from the Colorado River system; and groundwater. Water is
fully appropriated in the MRG Valley and its utilization is limited by the Rio Grande
Compact, which sets forth a schedule of deliveries of native Rio Grande water from
Colorado to New Mexico and from New Mexico to Texas (Rio Grande Compact
Commission, 1997). Water demand in the MRG Valley includes irrigated agriculture in the
Middle Rio Grande Conservancy District (MRGCD) Indian Lands, and municipal and
industrial consumption. In addition to these demands, there are significant consumptive
uses associated with riparian vegetation, reservoir evaporation, and river flow targets
associated with two federally-listed endangered species, the Rio Grande silvery minnow
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(Hybognathus amarus), and the southwestern willow fly catcher (Empidonax traillii extimus)
(USFWS, 2003). Figure 2 displays the Rio Grande silvery minnow and the southwestern willow fly
catcher.

Fig. 2. Federally-listed endangered species, the silvery minnow (Hybognathus amarus), and
the southwestern willow fly catcher (Empidonax traillii extimus).

This chapter will focus on research for improving water delivery operations in irrigation
systems through the innovative use of water delivery decision support systems (DSS) linked
with SCADA technology and infrastructure modernization. The chapter will present
decision support modeling of irrigation systems in a broad sense and present the model
development and structure of a decision support system developed specifically for the
Middle Rio Grande Conservancy District to provide for more efficient and effective
management of water supplies, and more timely delivery of irrigation water to agricultural
users. The developed DSS will be presented in detail and all three modules that function
together to create water delivery schedules will be explained and examined. The chapter
will address the development of the DSS and will also present the utility of linking the
developed DSS to the SCADA (Supervisory Control And Data Acquisition) system and
automated structure network that the Middle Rio Grande Conservancy District utilizes to
manage water delivery. Linking the DSS and SCADA allows water managers to implement
DSS water delivery schedules at the touch of a button by remotely controlling water
delivery structures. Linking the DSS water distribution recommendations with the MRGCD
SCADA provides a simple and effective medium for managers to implement DSS
recommended water delivery schedules. Additionally, the combination of both programs
allowed for real-time management that converged river diversions and the water required
by the DSS. As the demand for water increases globally throughout the next decades, water
managers will be faced with significant challenges. The use of decision support systems
linked with SCADA and automated structures presents an advanced, efficient, and
innovative approach for meeting water management challenges in the future.

2. Middle Rio Grande Conservancy District

The Middle Rio Grande Conservancy District (MRGCD) may be one of the oldest operating
irrigation systems in North America (Gensler et al. 2009). Prior to Spanish settlement in the
1600s the area was being flood irrigated by the native Pueblo Indians. At the time of
Albuquerque’s founding in 1706 the ditches that now constitute the MRGCD were in
already existence and were operating as independent acequia (tertiary canal) associations
(Gensler et al. 2009). Acequias consisted of farmer groups that maintained individual
irrigation canals. The acequia system was introduced to the MRG Valley by Spanish settlers.
In acequia communities, each farmer was responsible for maintaining a certain length of
canal and would in return receive irrigation water. The use of irrigation water was managed
by an elected mayordomo (Gensler et al. 2009).
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Irrigated agriculture in the MRG Valley reached its greatest extent in the 1880s, but
thereafter underwent a significant decline partially caused by an overabundance of water.
By the early 1920s inadequate drainage and periodic flooding resulted in water logging
throughout the MRG Valley. Swamps, seeps, and salinization of agricultural lands were the
result. In 1925, the State of New Mexico passed the Conservancy Act, which allowed for the
creation of the MRGCD, by combining 79 independent acequia associations into a single
entity (Gensler et al. 2009; Shah, 2001). Over the next twenty years the MRGCD provided
benefits of irrigation, drainage, and flood control; however, by the late 1940’s, the MRGCD
was financially unstable and further rehabilitation of structures was required. In 1950, the
MRGCD established a 50-year contract termed the Middle Rio Grande Project with the
USBR to provide financial assistance, system rehabilitation, and system improvement.
System improvements and oversight from the USBR continued until 1975 when the MRGCD
resumed operation and maintenance of the system. The loan from the USBR to the MRGCD
for improvements and operational expenses was repaid in 1999 (Shah, 2001). Currently the
MRGCD operates and maintains nearly 1,200 miles of canals and drains throughout the
valley in addition to nearly 200 miles of levees for flood protection.

Water use in the MRG Valley has not been adjudicated but the MRGCD holds various water
rights and permits for irrigation (Oad and Kullman, 2006). Some users in the MRGCD hold
vested water rights that are surface rights claimed by land owners who irrigated prior to
1907 (SSPA, 2002). Most water users in the MRGCD receive water through state permits
held by the MRGCD. In 1930, the MRGCD filed two permits (#0620 and #1690) with the
Office of the State Engineer that allow for storage of water in El Vado reservoir (180,000 acre
feet capacity), release of the water to meet irrigation demand, and diversion rights from the
Rio Grande to irrigate lands served by the MRGCD. The permits allow the MRGCD to
irrigate 123,000 acres although only about 70,000 acres are currently served (MRGCD, 2007).
This acreage includes roughly 10,000 acres irrigated by pueblo farmers. The MRGCD
charges water users an annual service charge per acre to operate and maintain the irrigation
system. In 2000 the MRGCD charged $28 per acre per year for the right to irrigate land
within the district (Barta, 2003). The MRGCD services irrigators from Cochiti Reservoir to
the Bosque del Apache National Wildlife Refuge. An overview map of the MRGCD is
displayed in Figure 3.

Irrigation structures managed by the MRGCD divert water from the Rio Grande to service
agricultural lands that include both small urban landscapes and large scale production of
alfalfa, corn, vegetable crops such as chile, orchards, and grass pasture. The majority of the
planted acreage, approximately 85%, consists of alfalfa, grass hay, and corn. In the period
from 1991 to 1998, USBR crop production and water utilization data indicate that the
average irrigated acreage in the MRGCD, excluding pueblo lands, was 53,400 acres (21,600
ha) (SSPA, 2002). Analysis from 2003 through 2009 indicates that roughly 50,000 acres
(20,200 ha) are irrigated as non-pueblo or privately owned lands and 10,000 acres (4,000 ha)
are irrigated within the six Indian Pueblos (Cochiti, San Felipe, Santo Domingo, Santa Ana,
Sandia, and Isleta). Agriculture in the MRGCD is a $142 million a year industry (MRGCD,
2007). Water users in the MRGCD include large farmers, community ditch associations, six
Native American pueblos, independent acequia communities and urban landscape
irrigators. The MRGCD supplies water to its four divisions -- Cochiti, Albuquerque, Belen
and Socorro -- through Cochiti Dam and Angostura, Isleta and San Acacia diversion weirs,
respectively (Oad et al. 2009; Oad et al. 2006; Oad and Kinzli, 2006). In addition to
diversions, all divisions except Cochiti receive return flow from upstream divisions.
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Fig. 3. Overview Map of MRGCD (MRGCD, 2009)
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Return flows are conveyed through interior and riverside drains. From the drains, excess
water is diverted into main canals in the downstream divisions for reuse or eventual return
to the Rio Grande. Drains were originally designed to collect excess irrigation water and
drain agricultural lands, but are currently used as interceptors of return flow and as water
conveyance canals that allow for interdivisional supply.

During the later part of the irrigation season, the MRGCD operates using released storage
water from the high mountain reservoirs of El Vado, Heron, and Abiquiu. Water stored in
these reservoirs consists of snowmelt runoff captured during the early summer months and
water from the San Juan-Chama trans-mountain diversion. These reservoirs are located 98
river miles upstream and water delivery is associated with a significant time lag, which can
approach seven days to reach the southern portion of the district.

The Cochiti Division consists primarily of Native American pueblo land. The pueblo and
non-pueblo lands in the Cochiti Division are managed by four MRGCD ditch-riders and
represent 4800 acres. The Albuquerque Division services many small urban irrigators, but
also provides irrigation water to pueblo irrigators at the northern and southern boundaries
of the division. The Albuquerque Division is managed by one water master and 12 ditch-
riders to oversee the complex irrigation scheme. The Albuquerque Division acreage is 10,300

www.intechopen.com



192 Efficient Decision Support Systems — Practice and Challenges in Multidisciplinary Domains

acres. The Belen Division is the largest in terms of overall service area with a total irrigated
acreage of 31,400 acres. Irrigation in the Belen Division is comprised of large farms, pueblo
irrigators, and urban water users. In Belen the MRGCD employs one water master and 11
ditch-riders. The Socorro Division consists of mostly large parcel irrigators with a total
irrigated acreage of 13,600 acres. Water distribution in Socorro is straightforward when
compared to the Albuquerque and Belen Division, and is managed by one water master and
four ditch-riders. Water availability in Socorro can become problematic since the division
depends on return flows from upstream users.

Water in the MRGCD is delivered in hierarchical fashion; first, it is diverted from the river
into a main canal, then to a secondary canal or lateral, and eventually to an acequia or small
ditch. Figure 4 displays the organization of water delivery in the MRGCD. Conveyance
canals in the MRGCD are primarily earthen canals but concrete lined canals exist in areas
where bank stability and seepage are of special concern. After water is conveyed through
laterals or acequias it is delivered to the farm turnouts, with the aid of check structures
when necessary. Once water passes the farm turnout it is the responsibility of individual
farmers to apply water and it is applied to fields generally using basin or furrow irrigation
techniques.

Fig. 4. Representation of MRGCD Irrigation System

Water in the MRGCD is delivered to users through management and administration
provided at a central office and four divisional offices. The central office in Albuquerque
provides oversight of the four divisional offices and assesses service charges for water use.
Each division office includes administrative, field and equipment maintenance, and water
operations personnel. Water operations in each division are managed by a division manger,
a water master, and ditch-riders in each division. The division managers oversee all aspects
of the division, and water masters coordinate ditch-rider operations. Ditch-riders are
responsible for managing water delivery in a particular service area. Ditch-riders have
anywhere from 250 to 900 irrigators they are responsible for in their service area. Check
structures and head gates are controlled by ditch-riders to deliver irrigation water in their
service area to meet user demand. Water delivery and water use conditions are monitored
by ditch-riders through the physical riding of ditches and through communication with
water users. Ditch-riders generally cover all of the ditches in their service area twice a day

www.intechopen.com



Linking a Developed Decision Support System
with Advanced Methodologies for Optimized Agricultural Water Delivery 193

and are in constant contact with water users via cellular phones. Ditch-riders are on call 24
hours a day to deal with emergencies and water disputes, in addition to daily operations.
Water delivery in the MRGCD is not metered at individual farm turnouts. To determine
water delivery the ditch-riders estimate the time required for irrigation. The historic practice
in the MRGCD was to operate main canals and laterals as full as possible throughout the
entire irrigation season. This practice provided for flexible and reliable water delivery with
minimal managerial and financial ramifications; also known as on-demand water delivery.
On-demand or continuous water delivery, however resulted in large diversions from the Rio
Grande. During the past decade, the MRGCD has voluntarily reduced river diversions by
switching to scheduled water delivery. The drawback to this approach is the increased
managerial involvement and the overall cost of water delivery. To aid with the operational
and managerial challenges posed by scheduled water delivery, the MRGCD has developed
and implemented a Decision Support System (DSS) to aid in facilitating scheduled water
delivery. Additionally, the MRGCD has begun to replace aging water delivery
infrastructure with automated control gates that allow for precise control of canal flow rates,
a requirement for scheduled water delivery.

3. Decision support system for the Middle Rio Grande Conservancy District

The New Mexico Interstate Stream Commission and the MRGCD, in cooperation with
Colorado State Univeristy have sponsored a research project from 2003 to 2010 to develop a
decision support system (DSS), to model and assist implementation of scheduled water
delivery for efficiency improvements in the MRGCD’s service area. A DSS is a logical
arrangement of information including engineering models, field data, GIS and graphical
user interfaces, and is used by managers to make informed decisions. In irrigation systems,
a DSS can organize information about water demand in the service area and then schedule
available water supplies to efficiently fulfill the demand.

The conceptual problem addressed by a DSS for an irrigation system, then, is: how best to
route water supply in a main canal to its laterals so that the required river water diversion is
minimized. The desirable solution to this problem should be “demand-driven”, in the sense
that it should be based on a realistic estimation of water demand. The water demand in a
lateral canal service area, or for an irrigated parcel, can be predicted throughout the season
through analysis of information on the irrigated area, crop type and soil characteristics. The
important demand concepts are: When is water supply needed to meet crop demand
(Irrigation Timing), How long is the water supply needed during an irrigation event
(Irrigation Duration), and How often must irrigation events occur for given service area
(Frequency of Irrigation). Decision support systems have found implementation throughout
the American West and are mostly used to regulate river flow. Decision support systems on
the river level are linked to gauging stations and are used to administer water rights at
diversions points. Although decision support systems have proved their worth in river
management, few have been implemented for modeling irrigation canals and laterals and
improving water delivery (NMISC, 2006). The following section will focus on developing a
decision support system capable of modeling flow on a canal and lateral level, with the
overall goal of efficient irrigation water delivery.

The DSS has been formulated to model and manage water delivery in the MRGCD. The DSS
was designed to optimize water scheduling and delivery to meet crop water demand, and,
specifically, to aid in the implementation of scheduled water delivery (Oad et al. 2009;
NMISC, 2006). The DSS consists of three elements, or modules:
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e A water demand module that calculates crop consumptive use and soil moisture
storage, aggregated by lateral service area;

e A water supply network module that represents the layout of the conveyance system,
main canal inflow, conveyance system physical properties, and the relative location of
diversions for lateral service area; and,

e A scheduling module that routes water through the supply network to meet irrigation
demand using a mass-balance approach and based on a ranking system that depends
on the existing water deficit in the root-zone.

A Graphical User Interface (GUI) was designed to link the three modules of the DSS

together allowing users to access data and output for the system. A schematic of the three

modules and the way that they relate within the DSS framework is shown in Figure 5.

Figure 6 displays a simplified view of the DSS. GIS information and data obtained from the

MRGCD were used to develop input for both the water demand and the supply network

modules. Some of the input is directly linked through the GUI and some is handled

externally (NMISC, 2006).

Database and GIS
-Modeling Scale (Main Canal.
Lateral. or Acequia)

-Irigation Service Area
-Cropping Patterns and Soil Types
-Weather Data

* V

Fig. 5. DSS Model Structure Showing Modules
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Planted Acreage
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Fig. 6. Simplified View of the DSS

The DSS has two modes of operation: planning mode and operation mode. In planning
mode, the user inputs an anticipated cropping pattern for the season and other related data,
and the model calculates the required main canal diversions as a function of time based on
the calculated demand. In operation mode, the user inputs the available main canal flows,
and the model recommends a water delivery schedule for the lateral canal service areas
within the main canal that optimizes the use of available water (Oad et al. 2009; NMISC,
2006).

3.1 Model structure

The MRGCD DSS was developed using three modules. The three modules that comprise the
MRGCD DSS are the water demand module, the supply network module, and the irrigation
scheduling module. The following subsections describe the three modules in detail.

3.1.1 Water demand module

The water demand module of the MRGCD DSS is implemented through the Integrated
Decision Support Consumptive Use (IDSCU) model code or the ET Toolbox. The IDSCU
model was developed over a period of years by Colorado State University. The IDSCU code
consists of a GUI written in Visual C++ and program calculations implemented with
FORTRAN (Oad et al. 2009; NMISC, 2006). The ET Toolbox was developed specifically for
the Middle Rio Grande and calculates the crop consumptive use using a system of weather
stations throughout the valley. Using either the IDSCU or the ET Toolbox, the following
variables are determined in the water demand module:
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e  Crop consumptive use (CU);

e  Crop irrigation requirement (CIR); and,

e Readily available (soil) moisture (RAM), as a capacity.

CIR and RAM as a capacity, are used in the supply network module. Required data for the
water demand module, the source of these data, and the spatial unit for which the
information is aggregated, are shown in Table 1.

Data for Water Demand Module

Mgmt. level in irrigation
system

Required data Source of data

Service area and
irrigated area

MRGCD Gl5 database: legal
parcel delineation, lateral
sernvice area boundaries

Sample lateral canals

MRGCD database, field

Cumulative for lateral service

Cropping patterns ohservation

MRCS SSURGO Database

areas

Soil: Available water
holding capacity (AWT)
Weather data, rainfall,

crop coefficients,
planting ! harvest dates

Other variables: root

zone depth and
management allowable
depletion

Lateral service areas

IUSBR ET Toolbox, Fenman-
Montieth Equation

Averages for lateral service
areas

Averages for lateral service

ASCE Manual 70 (FAD. 1998) areas

Table 1. Required Data for Water Demand Module (NMISC, 2006)

The Penman-Monteith method suggested by FAO is used to determine the crop
consumptive use for the system when using the IDSCU. The Penman-Monteith equation is
discussed in detail in Chapter 3. When using the IDSCU, weather data required for the
calculation are obtained from the USBR ET Toolbox (USBR, 2003). The USBR ET Toolbox
obtains weather data from 16 weather stations throughout the MRG Valley. In the water
demand module, crop coefficients using growing degree days are combined with the
Penman-Monteith based ET to obtain a consumptive use for each crop type throughout the
growing season. Crop coefficients using growing degree days were obtained from the New
Mexico Climate Center and are based on work done by (King et al. 2000). The water demand
module performs calculations to obtain a spatially-averaged CU at the lateral service area
level using the distribution of crop types within each service area. When the ET Toolbox is
used in the demand module, the consumptive use is already calculated within the ET
Toolbox using grid cells throughout the valley.

The Penman-Monteith-based CU is adjusted to account for effective precipitation, and is
used to obtain a CIR for each lateral service area. Effective precipitation is calculated
according to the Soil Conservation Service Method and is subtracted from the Penman-
Monteith-based CU. The CIR is calculated on a daily basis, corresponding to the water
needed to directly satisfy crop needs for all acres in a lateral service area. The CIR for each
lateral is subsequently passed to the supply network module, where it is divided by an
efficiency factor to obtain a lateral delivery requirement or LDR (Lateral Delivery
Requirement)(NMISC, 2006).

RAM is determined by first calculating the total available water (TAW) per unit area, which
is the available water-holding capacity (AWC) for a given soil type, multiplied by the root-
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zone depth. The calculation of TAW is displayed in Equation 1 (Oad et al. 2009; NMISC,
2006).

TAW = AWC * root zone depth (1)

Once the TAW is calculated, a management allowed depletion factor (MAD) for each crop
type is applied to determine the RAM. The values employed for MAD in the Water Demand
Module are crop specific and range from 30% to 60% (NMISC, 2006; FAO, 1998). RAM is
calculated using Equation 2.

RAM = MAD * TAW )

Based on acreage, crop type, and soil type within each lateral service area, a value for RAM
is calculated. The RAM calculated in this context represents a storage capacity to be filled
and depleted over several irrigation cycles during the course of the irrigation season
(NMISC, 2006). During each irrigation event, it is expected that an amount of water equal to
the RAM will be stored in soils. Then, as crops utilize water, the RAM will become depleted
(Oad et al. 2009; NMISC, 2006).

3.1.2 Supply network module

The supply network module consists of data relating to water supply, water demand, and
physical information relating to the conveyance network. It represents the layout of the
conveyance system, its physical properties, and the relative location of diversions from the
network to individual lateral service areas (Oad et al. 2009; NMISC, 2006). The layout of the
conveyance system is specified through a user-designed link-node network. Through the
DSS GUI, a user can drag and drop in different types of nodes such as inflows, demands,
and return flow nodes into the program (NMISC, 2006). Developing the link-node network
is straightforward and can be completed by ditch-riders and water master after some short
training. The link-node network represents the connections between canals or laterals and
water demands for each service area. The GUI also contains information on ditch-rider
service area, and includes photographs and locations of all major water control structures.
Figure 7 provides a view of the link-node network.

The supply network module obtains the CIR and the RAM from the water demand module,
and then associates these parameters with a demand node on the link-node network (Oad et
al. 2009; NMISC, 2006). An efficiency factor is applied to the CIR to account for on-farm
application efficiency and to account for conveyance losses within the service area. This
results in a lateral delivery requirement (LDR) that applies to all acreage served by a given
lateral. The efficiency factor can be specified by the user for each lateral service area
(NMISC, 2006).

The link-node network representing the layout of the conveyance system within the supply
network module consists of inflow nodes, stream nodes, and return-flow nodes, connected
by links that represent canals and laterals (NMISC, 2006). Inflow nodes contain information
about inflow volume. The user may either type the inflow values into the inflow node GUI,
or import them from an inflow table. Stream nodes require the user to provide information
about individual lateral service areas, including turnout capacity, the number of days
needed to completely irrigate the service area, the lateral service area efficiency factor,
which days of the week the service area can be irrigated, the minimum flow required in the
canal on a daily basis, and to which “sub-system” a given stream segment belongs (NMISC,
2006). Sub-systems are used to preferentially rank laterals that should be irrigated together.
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Fig. 7. DSS Link-Node Network

Return flow nodes are used to capture and route drain flow. The percentage of water
applied to farms that can be captured by drains is set by the user for the entire project. Each
drain has a daily schedule that indicates how much of that return flow is available as inflow
in the successive days (NMISC, 2006). Using the information specified, the supply network
module calculates a demand-based flow rate associated with each diversion to a lateral
service area. The flow rate is calculated as the LDR divided by the irrigation duration.
However, if the calculated flow rate exceeds the lateral capacity specified by the user, then
the flow rate is set at the user-input lateral capacity. In either case, when irrigation occurs, as
determined by the scheduling module, the amount of water removed from the stream link
and delivered to the lateral service area for the daily time step is set equal to the volume of
water that would be delivered at this flow rate over a one-day period (NMISC, 2006). This
volume of water, or time-adjusted portion of LDR, is then reduced by the efficiency factor
and added to the daily RAM for the service area. If the LDR is not fully delivered in the one-
day irrigation, the irrigation may continue into subsequent days depending on the
remaining need within the given lateral, the need of other laterals, and the assigned ranking
system in the scheduler (NMISC, 2006).

3.1.3 Irrigation scheduling module

The irrigation scheduling module uses the information provided by the water demand and
supply network modules to schedule water deliveries to meet crop demand at the lateral
level. The irrigation scheduling module calculates and displays a schedule for the laterals on
a given main canal. This schedule indicates how many laterals can be run at a time, how
long each lateral should run, and how often (NMISC, 2006). Figure 8 displays an irrigation
schedule created using the DSS. The module can also create monthly water delivery
calendars for individual laterals.

The module is set to run on a daily time step. The irrigation scheduling module calculates
the daily irrigation schedule using mass balance equations and a linear programming solver.
The module writes out an input file for the solver, executes the solver, and reads the solver
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output. In the present model version, the module displays results in tabular form. Mass
balance calculations used to schedule irrigation timing and duration for lateral canal service
areas are based on the consideration that the farm soil root-zone is a reservoir for water
storage, for which irrigation applications are inflows and CIR is an outflow (NMISC, 2006).
The mass balance approach is displayed in Equation 3:

RAM; 1 =111 —Opq + RAM, 3)
Where I is inflow, O is outflow (which includes return flow), and ¢ is time.

Scheduler
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Fig. 8. Irrigation Schedule Created Using the DSS

A linear programming approach is used to calculate flows to the service areas by posing the
problem as a minimum cost flow optimization. The model uses the projected number of
days until the soil moisture storage is depleted using a reverse-ranking system to prioritize
the need for irrigation among service areas (NMISC, 2006). Based on observations of the
water delivery operations, it appears that water delivery can be changed from one set of
laterals to another set within one day.

3.2 Model programming

Model programming for scheduling water supplies to lateral service areas is described in
the following section. To obtain the optimum irrigation schedule a linear programming
approach is utilized. Linear programming is a method for optimizing a quantity that is
defined with a mathematical expression or objective function. Constraints on variables
within the objective function are also specified and must be satisfied in determining the
optimum solution. This process favors water delivery to laterals with more immediate water
needs, and minimizes delivery to laterals that have sufficient water (Oad et al. 2009; NMISC,
2006).

For illustration purposes, the scheduling problem is described using a hypothetical network.
Figure 9 shows a simple irrigation network with a main supply canal and a number of
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laterals that represent crop water demand. The problem is similar to a transportation
problem, where the service areas are demand nodes and the inflows are supply nodes
(NMISC, 2006). Links are created between nodes where water can be routed. In a
transportation problem, the supply needs to equal the demand; in this case, however, both
under-supply (excess demand) and excess supply are possible. Therefore, to ensure that the
system balances, a “dummy” source node is added that computes the water shortage in the
event the system is water-short. Note that in a water-rich scenario, the dummy node is not
used because it calculates only water shortage (NMISC, 2006)

Inflow I
Flow = 100 CFS

Conveyance Loss = 0.25 >
Capacity = 80 CFS

r Service Arca |
1 | Demand = 10 CFS

Imigation Efficiency = 0.55

Conveyance Loss = 0.5
Capacity = 80 CFS

- Service Area 2
Check 2 | *| Demand = 15 CFS

Imigation Efficiency = 0.45

Conveyance Loss = 0.25
Capacity = 80 CFS

Service Area 3
Demand = 20 CFS
Imigation Efficiency = 0.65

Fig. 9. Hypothetical Irrigation Network (NMISC, 2006)

The scheduling problem is cast as a minimization problem, for which the goal is to provide
water to the nodes with the greatest need for water (NMISC, 2006). This is achieved through
the use of a ranking system based on water need, the use of water delivery from the dummy
supply, and a set of constraints that capture mass balance conditions through the stream
network. The objective function is displayed by Equation 4.

Minimize Z = MPp.9 Xpo + MP p1 Xpa1 + MP p.o Xpa + MPp.s Xpas (4)

In this equation Z is the sum of a modified priority (MP) multiplied by the amount of
supply (X) from the dummy supply to each demand node. The subscripts refer to the nodal
points between which flow occurs, i.e., X p1 refers to flow from the Dummy supply to Check
1, and MP p. refers to the modified priority of demand to be satisfied at Check 1 from the
Dummy supply node. The MP value reflects the need-based ranking system where demand
nodes with lower available soil moisture are favored for irrigation (NMISC, 2006). The
objective function is solved in conjunction with a system of mass balance equations
representing the actual water (and dummy water) delivered to demand nodes, along with
other physically-based constraints.
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The variables in the objective function represent the links in the network between the
dummy supply and the demand nodes. The coefficient of each variable represents the flow
“cost” of that link. In other words, delivery of water to a node without a need for water
results in a higher “cost”. As further discussed below, the ranking system has been assigned
such that minimization of this objective function will result in minimization of water
delivery to demand nodes that already have sufficient RAM (NMISC, 2006).

Constraints on the objective function solution reflect the mass balance relationships
throughout the link-node network and the capacity limits on flow (NMISC, 2006). A mass-
balance constraint is created for each node (including the dummy) that establishes the
inflow and outflow to that node. The coefficients of the variables for each constraint (each
row) are represented as a matrix, with a column for every variable in the objective function
and a row for every node (NMISC, 2006). Inflows are represented as negative values and
outflows as positive values. Outflow coefficients are always one, and inflow coefficients
equal the conveyance loss of the connection.

The objective function is subject to the following constraints:

X0 <=1
-X10 + Xo-1 - Xp-o = Ro
- LiXoa1 + X122 - Xpa = Ry
- LoXi0t+ Xos - Xp=2 = R
- LsXos -Xps = R
Xp-1 +Xp2 +Xpsz < o

Where

Xo1 <=Co1 X12<=C1a Xp3<=Cy3 AllXij>=0

The variables used are:
e Iis the total available inflow
e  Xj,jis the flow in a canal reach between points i and j
e  (yis the maximum capacity of the canal reach between points i and j
e D refers to a dummy supply node that is used to force the demands and supplies to
balance. The subscript 0 refers to the inflow node, and subscripts 1, 2, 3, ... refer to
nodal points, typically located at check structures
e L;is the conveyance loss between in the canal reach
e R;is the demand (water requirement) at the nodal point indicated by the subscript
(can be zero if not associated with a lateral diversion point)
For example, the third row refers to activity at check 1. There is an inflow from the headgate
(- L1Xo41), and it is given a negative sign since by convention all inflows are negative. The
conveyance loss is represented by the coefficient L. There is an outflow to check 2 (+ Xj.2)
(positive sign, since by convention all outflows are positive). To ensure that the system
balances, there is also an inflow from the dummy source (- Xp.). Because this node
represents a demand, the solution for this row is constrained to be exactly the demand (Ry).
If a node represented a source, then the solution for the row would be constrained to fall
between zero and the inflow. That allows the use of less than the total amount of water
available if the demands are less than the supplies, or if at some point in the network the
capacity is insufficient to route the inflow (NMISC, 2006). The first row in the constraint
equations represents this type of node.
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The conveyance loss factor specified in the supply network module is a fractional value of
flow per mile. The conveyance loss (L) to be applied in the mass balance equation is
calculated by subtracting the fractional value from one and raising it to the power of the
number of miles of the canal segment between nodes. For example, a 3-mile reach with a
0.015 conveyance loss factor would have a loss of [1 - (1-0.015)3], or a loss of 0.0443 of the in-
stream flow to this reach.

The ranking system used to derive the modified priority (MP) values for the objective
function is a two-step process, involving assignment of a priority (P) based on the irrigation
need at demand nodes, and then a modified priority that effectively reverses the ranking so
that nodes with the least need are the preferred recipients for dummy water (NMISC, 2006).
This results in the actual available water being delivered to the demand nodes with highest
irrigation need. First, a priority (P) is assigned to each of the demand nodes, with smaller
values indicating higher needs for irrigation. The priority is based on the number of days
until the service area runs out of RAM (NMISC, 2006). If the service area is not being
irrigated, 100 is added to the priority, which forces the system to favor areas being irrigated
until the RAM is full again. Subsystems were added to give priority to remaining canals
within a group on the assumption that if one canal service area in a subsystem is being
irrigated then it is desirable that the remaining canal services areas in the same group be
irrigated as well. If a service area is not being irrigated, but is in a subsystem that is being
irrigated, 50, rather than 100, is added to the priority. This makes it a higher priority than
service areas that are not being irrigated but are not in the subsystem. Normally a service
area is irrigated only once during a schedule. However, when excess water is available,
service areas in need of water are added back into the scheduling algorithm with a higher
priority. The ranking system is implemented by modifying the priorities with respect to the
dummy connections, effectively reversing the priorities (NMISC, 2006). Currently the
modified priority (MP) for the “dummy -> node x” connection is 100,000/ P,. For example, if
the node has a priority of 105, then the priority assigned to the connection is 100,000/105 or
952.38. This will force dummy water to be delivered first to the lower priority nodes, leaving
real water for the higher priority nodes. The modified priority (MP) values are represented
by the MP variables in the objective function. The linear programming software utilized in
the DSS is a package called GLPK (GNU Linear Programming Kit).

4. Supervisory Control and Data Acquisition (SCADA) technology and
infrastructure modernization

One of the most critical components to realizing schedule water delivery and utilizing real
time recommendations from the DSS to deliver water was the MRGCD SCADA network
and infrastructure modernization. The MRGCD SCADA system can be broken into the
following components:

e Flow Measurement Structures

e Automated Control Structures

e Instrumentation

o Telemetry

e  Software

4.2 Flow measurement structures
Water measurement is the single most important component of the MRGCD's SCADA
system, since all operational decisions require sound knowledge of available water supplies
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and the demand throughout the system. In 1996, crisis struck the MRGCD in the form of
drought, endangered species flow requirements, and development of municipal water
supplies. At the time, the MRGCD was operating only 15 gauges on 1200 miles of canals.
The following year, MRGCD officially embarked upon its modernization program. The
construction of new flow gauges was the first step in this program. New gauges were
constructed at key points in the canal system, notably at diversion structures and at return
flow points. Along with the increase in numbers of gauging stations, efforts were made to
improve the quality of measurement. Open channel gauging sites with no control structures
gave way to site specific measuring structures. A variety of flow measurement structures
were built in the MRGCD and include sharp crested weirs, broad crested weirs, adjustable
weirs and Parshall flumes. Currently, the MRGCD is operating over 100 gauges. Figure 10
displays a broad crested with telemetry utilized for flow measurement

Fig. 10. Broad Crested Weir Gauging Station with Radio Telemetry

4.3 Automated control structures

With the advent of better data collection, it became apparent that automated control was
necessary. Data from gauges revealed that many operational problems occurred because
canal operators could not be physically present at all times. Automation followed shortly
thereafter with an experimental effort at a wasteway that had been fitted with an automated
Langemann gate for water measurement, and was therefore a practical starting point. The
MRGCD built the electronic controller and created the control software for this first
automated gate, borrowing heavily from Bureau of Reclamation experience in Utah. Success
with the first automated structure led to installation of over 60 additional automated
structures. Most of MRGCD's recent automation efforts have involved the installation of
Langemann overshot gates (Aqua Systems, 2006). The majority of these can be easily
retrofitted to existing structures, though some involve the construction of new check or
heading structures. The Langemann Gate has the capability to maintain a constant upstream
water level as a check structure or it can provide a constant flow rate to downstream users
(Figure 11). The Langemann gate is equipped with solar panels to power both gate operation
and telemetry units. The gates employ integrated electronic controllers built around IC Tech
radio terminal units (RTU’s) and Aqua Systems 2000 software. Langemann gates in the
MRGCD are used as checks, turnouts, spillways, and diversion structures.
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Fig. 11. Langemann Gate

4.4 Instrumentation

Flow measurement and automated control must include some level of instrumentation. In
the 1930’s, a float in a stilling well driving a pen across a revolving strip of paper was
adequate. In fact, at the beginning of modernization efforts, the MRGCD was still using 15
Stevens A-71 stage recorders. Diversions into the canal system were only known after the
strip charts were collected and reduced at the end of the irrigation season. Modernization
meant a device was needed to generate an electrical or electronic output that could be
digitally stored or transmitted. Initially, shaft encoders were used for this purpose,
providing input for electronic data loggers. Experimentation with submersible pressure
sensors soon followed, and these have been adopted, although a number of shaft encoders
are still in use. Sonar sensors have been used satisfactorily at a number of sites and recently
compressed air bubblers have been utilized. Different situations call for specific sensor types
and sensors are selected for applications where they are most appropriate.

4.5 Telemetry

Data from electronic data-loggers was initially downloaded manually and proved to be only
a minimal improvement over strip chart recording, though processing was much faster. To
address data downloading concerns telemetry was adopted to bring the recorded data back
to MRGCD headquarters at regular intervals (Figure 12). MRGCD's initial exposure to
telemetry was through the addition of GOES satellite transmitters to existing electronic data
loggers. This method worked, but presented limitations. Data could only be transmitted
periodically, and at regularly scheduled intervals. Of greater consequence was that the
GOES system, at least as used by MRGCD, was a one-way link. Data could be received from
gauging stations, but not sent back to them. As experiments with automation progressed, it
was clear that reliable 2-way communication would be a necessity. To address the rising
cost of phone service, experiments with FM radio telemetry were conducted. These began as
a way to bring multiple stream gage sites to a central data logger, which would then be
relayed via GOES to MRGCD. First attempts with FM radio were not encouraging; however
a successful system was eventually developed. As this use of FM radio telemetry (licensed
450 mHz) expanded, and knowledge of radio telemetry grew, it was soon realized that data
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could be directly transmitted to MRGCD headquarters without using the GOES system. Full
conversion to FM radio based telemetry also resulted in very low recurring costs.

The shift to FM radio produced what is one of the more unique features of the MRGCD
SCADA system. The data link proved so reliable, that there was no longer a need to store
data on site, and the use of data loggers was mostly discontinued, the exception being
weather stations. In effect, a single desktop computer at the MRGCD headquarters has
become the data-logger for the entire stream gauge and gate system, being connected to
sensors in the field through the FM radio link. Three repeater sites are used to relay data up
and down the length of the valley, with transmission being up to 75 miles. Also, this has the
benefit of being a 2-way link, so various setup and control parameters can be transmitted to
devices along the canals. This 2-way link allowed for the system to be linked to the DSS in
order to improve water delivery operations. The MRGCD telemetry network consists
exclusively of Control Design RTU’s. Several different types of these units are used,
depending on the application. The simplest units contain only a modem and radio, and
transmit collected and processed weather station data from Campbell Scientific CR10X
dataloggers.

The majority of the RTU’s contain a modem, radio, and an input/output (I/O) board
packaged into a single unit. Sensors can be connected directly to these and read remotely
over the radio link. A variety of analog (4-20ma, 0-20ma, 0-5v) and digital (SDI-12, RS-485)
output devices can be accommodated this way. Another type includes a programmable (RP-
52 BASIC) controller in the modem/radio/(I/O) unit. This style is used for all automatic
control sites and places where unusual processing of sensor outputs such as averaging
values, combining values, or timed functions, are required. At the present time, the MRGCD
telemetry network gathers data from over 100 stream flow gages and 18 ag-met stations, and
controls 60 automated gates (Figure 12).

4.6 Software

Measurement, automation, and telemetry components were developed simultaneously, but
largely independent of one another. While each component functioned as expected,
components did not exist as a harmonious whole, or what could truly be called a SCADA
system. The missing component was software to tie all the processes together. There are a
variety of commercially available software packages for such use and MRGCD
experimented with several. Ultimately, the MRGCD chose to purchase the commercial
software package Vsystem and to employ the vendor Vista Controls to develop new
features specific to the control of a canal network. Installation and setup was done by the
MRGCD.

This system, known as the Supervisory Hydro-data Acquisition and Handling System
(SHAHS), gathers data from RTU's on a regular basis. With the capability to define both
timed and event driven poll routines, and specify a virtually unlimited number of RTU’s
and MODBUS registers to collect, virtually any piece of information can be collected at any
desired time. The Vsystem software can process data through a myriad of mathematical
functions, and combine outputs from multiple stations. Vsystem also incorporates the ability
to permanently store data in its own internal database, MS Sequel databases, or export data
in other formats. Data can be displayed in a user-created graphical user interface (GUI)
which MRGCD water operations personnel use to monitor water movement. The screens
can also execute scripts to generate data, control parameters, control gate set points, and
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monitor alarm conditions for automated control structures. Finally, the GUI’s can be used to
control automated structures by transmitting new parameters and setpoints.
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Fig. 12. MRGCD Telemetry Network

5. Linking the decision support system to SCADA network

One of the key components to improving water delivery efficiency was linking the DSS
water delivery recommendations to the MRGCD SCADA network. This was done in 2009 so
that water operations personnel could closely monitor the actual canal diversions and
compare those diversions to the DSS recommendations on a real-time basis. The overall goal
was to match the diversions from the Rio Grande to the real-time crop water requirement
calculated using the DSS.

Incorporating the DSS with the MRGCD SCADA system involved three distinct steps. First,
the DSS was installed on the MRGCD main water operations computer. Second, the DSS
output was converted to a format that the Vista software could recognize. The Vista
software uses the SHEF.A. file format for data coming into the SCADA system, and the
entire MRGCD canal network is set to function on this format. The data for each individual
gate or measuring site are characterized by a distinct data stream in the Vista Software, the
data and are linked to the appropriate node in the SCADA GUI The data stream for each
node in the GUI is user specified; and therefore, nodes were created that display DSS
recommended flow rates. In order to link the DSS to this SCADA software it was necessary
to create DSS output files in SHEF.A. format. This was accomplished through cooperative
work between Colorado State University, the MRGCD, and Vista Systems. A subroutine in
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the MRGCD SCADA Vsystem software converts the output from the DSS into the SHEF.A.
format. This subroutine allows for the creation of separate data streams from the DSS
schedule for each lateral canal service area. These data streams are the same data streams
that are used throughout the MRGCD SCADA network.

The third step in linking the DSS was to create a node for the DSS recommended flowrate
for each lateral service area in the SCADA GUI that also contains actual flowrate data. This
consisted of creating nodes in the SCADA GUI that display the actual flow passing into a
lateral on the left side of the node and the recommended flowrate from the DSS in

parentheses. The DSS recommended flow was linked to the correct data stream from the
DSS output in SHEF.A format. For the 2009 irrigation season actual flow and the DSS
recommended flow were displayed side by side for each lateral on the Peralta Main Canal in
the SCADA GUI Figure 13 displays the revised SCADA GUI with the DSS
recommendations.

Fig. 13. MRGCD SCADA Screen with Actual Deliveries and DSS Recommendations

Whenever the recommendations for DSS flowrates are updated the DSS is run and the
scheduler output saves as a CSV file in Excel. This file is then converted using the Vsystems
subroutine and available as a SHEF.A. data stream for each individual lateral. Linking the
DSS water distribution recommendations with the MRGCD SCADA provides a simple and
effective medium for managers to implement and monitor DSS water delivery schedules.
Additionally, the combination of both programs allows for real-time management and the
convergence of river diversions and the water required based on crop demand.
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6. Results

The DSS linked with SCADA has multiple benefits for the MRGCD. These benefits include
providing a method for predicting anticipated water use, sustaining efficient agriculture in
the valley, minimizing the difficulty of meeting flow requirements for environmental
concerns, and improved reservoir operations. The DSS in concert with SCADA also
provides the MRGCD with a powerful tool to manage water during periods of drought.

One of the main benefits that the DSS has for the MRGCD is that the DSS provides a tool to
determine anticipated water use. The need for this arises out of the fact that water delivery
to farms in the MRGCD is not metered and scheduling is inconsistent. This makes it
difficult, if not impossible, to place the appropriate amount of water in a canal at the proper
time. The MRGCD dealt with this in the past by typically operating all canals at maximum
capacity throughout the irrigation season. This provided a high level of convenience for
water users, and made the lack of scheduling unimportant. But this practice has had
significant negative consequences. Not least of these consequences was the public
perception of irrigated agriculture. The MRGCD practice of operating canals at maximum
capacity resulted in diversion rates from the Rio Grande that were large. Through the
creation of a thorough and systematic database in the DSS of cropping patterns, irrigated
acreage, automated processing of climate data into ET values, and incorporation of a flow-
routing component incorporating the physical characteristics of the MRGCD canals, it
became possible to predict how much water users will need. The DSS, with the myriad of
calculations it performs, provides the MRGCD water operations manager a method to
determine water requirements in advance and manage water using SCADA. Problems of
timing and crop stress are addressed and the MRGCD can operate at reduced diversion
levels, while serving its water users.

Use of the DSS linked with SCADA also has the benefit that it can aid the MRGCD in
sustaining irrigated agriculture in the Middle Rio Grande Valley. The agricultural tradition
in the Middle Rio Grande Valley dates back over 500 years and one of the main goals of
MRGCD is to sustain the agricultural culture, lifestyle and heritage of irrigation. The
problem facing the MRGCD is how to sustain irrigated agriculture amidst drought and
increased demands for water from the urban and environmental sectors. These demands for
water from other sectors will increase as the population in the Middle Rio Grande Valley
grows and expands. Additionally, the MRGCD will be faced with dealing with periodic
drought and climate change with the possibility of reduced snow melt runoff in the future.
The concept of scheduled water delivery, implemented through the use of the DSS linked
with SCADA provides the MRGCD with the ability to sustain irrigated agriculture with
reduced river diversions. Scheduled water delivery that is based on crop demand calculated
using the DSS and delivered through a highly efficient modernized system will allow the
MRGCD to continue supplying farmers with adequate water for irrigation, even though the
available water supply may be reduced due to natural or societal constraints.

Scheduled water delivery implemented through the use of the DSS and SCADA will also
benefit the MRGCD by easing competition with environmental water needs. Due to the
Endangered Species Act, water operations and river maintenance procedures have been
developed in the Middle Rio Grande Valley to ensure the survival and recovery of the Rio
Grande silvery minnow. These procedures include timing of flow requirements to initiate
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spawning and continuous flow throughout the year to provide suitable habitat.
Additionally, the entire Rio Grande in the MRGCD has been designated as critical habitat
for the RGSM. The use of the DSS, linked with SCADA provides the MRGCD with the
ability to reduce river diversions at certain times during the irrigation season. Reduced river
diversions from the MRGCD main canals may at times leave more water in the Rio Grande
for the benefit of the RGSM with credit toward the MRGCD for providing the flow
requirements for the recovery of the species. The DSS may also be useful in providing
deliveries of water specifically for the RGSM. Since the listing of the RGSM, the MRGCD
canal system has been used to deliver a specific volume of water to points along the Rio
Grande to meet flow requirements for the species. At certain times of the year, this is the
only efficient way to maintain RGSM flow targets. While not presently incorporated in the
DSS, it would be straightforward to specify delivery volumes at specific points in the
MRGCD system. These delivery volumes for the RGSM would be scheduled and routed in a
similar fashion to agricultural deliveries. Depending on the outcome of the current process
of developing RGSM management strategies, this could someday become a very important
component and benefit of the DSS.

One of the significant benefits of using the DSS with SCADA in the MRGCD is improved
reservoir operations. The storage reservoirs in the MRGCD are located in the high
mountains and it takes up to seven days for released water to reach irrigators. Prior to
scheduled water delivery utilizing the DSS, the MRGCD water manager had to guess at
what the demand for a main canal would be in advance and then release stored water to
meet the assumed demand. Through the use of the DSS and SCADA the water operations
manager can utilize historical climate data to predict what the agricultural demand will be
in the future. This allows for an accurate calculation of the required release from reservoir
storage and minimizes superfluous releases. These reduced reservoir releases have
significant benefits for the MRGCD. Since less water is released from storage reservoirs
during the irrigation season it allows for increased storage throughout the season. This
allows the MRGCD to stretch the limited storage further and minimize the impacts of
drought. Decreases in reservoir releases also have the added benefit of providing more
carryover storage for the following irrigation season, providing greater certainty for water
users in subsequent years. Larger carryover storage also translates to less empty space to fill
during spring runoff. This leads to three benefits for the MRGCD. The first is that reservoirs
can still be filled, even in a year when runoff is below average. The second benefit is that in
above average runoff years the reservoirs will fill quickly and much of the runoff will go
downstream, mimicking the hydrograph before the construction of upstream storage
reservoirs. This is a subtle but significant environmental benefit to the Middle Rio Grande
and RGSM as peaks in the hydrograph induce spawning, provide river channel equilibrium
and affect various other ecosystem processes. The third benefit is that increased downstream
movement of water during the spring will aid the state of New Mexico in meeting Rio
Grande compact obligations to Texas. Overall, scheduled water delivery in the MRGCD
provides significant benefits to reservoir operations and will allow the MRGCD to reduce
reservoir releases, provide more reliable deliveries, increase certainty of full deliveries, and
sustain irrigated agriculture.

In times of surplus water the MRGCD may not utilize the DSS for scheduled water delivery
because of the associated increase in management intensity and higher operational costs. In
drought years the available water supply will be lower and result in tighter and more
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stringent management requirements to equitably distribute water to users. It is during times
of drought and shortage that the DSS linked with SCADA will provide the necessary
management to distribute water based on crop demand. In the future the DSS will be a
powerful tool that the MRGCD can utilize to equitably distribute water and sustain irrigated
agriculture through times of low water supply resulting from drought.

7. Conclusions

Water delivery through the use of a DSS linked with SCADA has applications and benefits
that can be realized throughout the arid regions of the world. The main benefit of scheduled
water delivery utilizing a DSS and SCADA is that diversions can more closely match crop
water requirements eliminating spills and drainage problems. In the American West urban
growth and environmental concerns have forced irrigated agriculture to reduce diversions.
In many irrigated systems in the United States that traditionally used surface application,
agriculture has opted to improve water use efficiency by changing water application
methods to sprinkler and drip irrigation systems. Irrigated agriculture throughout most of
the world still relies on surface application and cannot afford to upgrade to systems such as
sprinkler or drip irrigation. Therefore, water delivery utilizing a DSS with SCADA has the
potential to reduce diversions and sustain agriculture.

The DSS, SCADA, and scheduled water delivery also have the potential of meeting future
agricultural demands in developing regions throughout the world. As the world population
continues to grow there will be an increased demand for food production and in many cases
water resources available for agriculture are already fully utilized. Utilizing a DSS linked to
SCADA would allow water users in developing countries with surface application systems
to conserve water from their current practices and apply the saved water to increased food
production.

The DSS could also be used to refine water delivery scheduling. Many arid regions have
been dealing with water shortages for decades and have already implemented scheduled
water delivery. In most cases, water delivery schedules are based on a set interval of time
and do not coincide with crop demand. In areas where this type of scheduling is practiced
the DSS could be used to refine scheduling protocols to include crop demand. Scheduling
water deliveries based on crop demands would provide additional saving in areas where
scheduled water delivery is already implemented. The developed DSS could be utilized in
any irrigation system worldwide that practices surface irrigation techniques. Through
scheduling based on crop demand, overall diversions could be significantly reduced.
Reduced diversions could help irrigators deal with drought, and climate change by allowing
for increased utilization of stored water. Additionally, reduced diversions could be utilized
to grow supplementary crops to supply the needs of a growing population in the future.
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