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Preface

The papers included in these proceedings were prepared for the 14th
Technical Conference on Irrigation and Drainage, held June 3-6, 1998,
in Phoenix, Arizona. The theme of the Conference was Contemporary
Challenges for Irrigation and Drainage. The Conference, sponsored by the
U.S. Committee on Irrigation and Drainage, was a multidisciplinary forum
which provided an opportunity for more than 100 irrigation and drainage
specialists to share and discuss problems and solutions.

Nineteen papers presented at the Conference are included in the
Proceedings. Also included are a lunch presentation by Maurice Roos, Chief
Hydrologist, California Department of Water Resources and a dinner
address by Rita Pearson, Director of the Arizona Department of Water
Resources.

The papers presented during the first technical session featured the 1988
Water Conservation Agreement between the Imperial Irrigation District
and the Metropolitan Water District of Southern California. The
Agreement called for a Water Conservation Program to modernize and
rehabilitate Imperial’s water distribution system, with the goal of
conserving water that could be used to help meet MWD’s urban water
needs. The papers in this session offered an introduction to the physical
facilities and technical aspects of this decade-long effort to conserve
irrigation water, and reviewed the Program components and the irrigation
management techniques used. The final paper of the session provided an
update on Program costs and results.

Professional papers presented during three additional Technical Sessions
and the Poster Session addressed other current irrigation and drainage
issues:

o Improving Irrigation Management and Modernizing Irrigation and
Drainage Systems

o Drainage and Water Quality

o Institutional, Environmental and Economic Issues Affecting Irrigated
Agriculture

The U.S. Committee on Irrigation and Drainage and the Conference
Chairman express gratitude to the speakers, authors, session moderators and
participants for their contributions to a successful Conference.

Joseph I. Burns
Conference Chairman
Sacramento, California
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IID/MWD WATER CONSERVATION PROGRAM — IMPROVED
TRRIGATION WATER MANAGEMENT THROUGH SYSTEM AUTOMATION

John H. Korinetz® Carlos 7. Villalén®

ABSTRACT

Imperial Irrigation District (IID} services 450,000
acres in Imperial Valley, California, USA. The sole
source of supply is the Colorado River. Imperial Dam
diverts water from the Colorado River into the All
American Canal (AAC) and subseguently into three main
canals. Each main canal is approximately 40 miles in
length and can divert 1,200 to 2,200 cfs. Lateral
canals are then serviced by the main canals. There are
240 laterals that vary in length from 1 to 10 miles and
from 40 to 160 cfs in capacity. Farm deliveries are
made through laterals via 5,500 individual user gates.
Each has a 20 cfs minimum capacity. On average each
delivery services 80 acre parcels. Based on operational
considerations, the geographic distribution of control
sites, the high inertia of the system and the harsh
desert environment a distributed control design was
implemented. Commercially available industrial control
components were integrated into a SCADA system in a
non-traditional manner. Three subsystems were
developed; field site automation, communication
network, water control center., The level of automation
implemented at field sites allows more flexible main
canal operation. This allowed the various projects
developed under the IID/MWD Water Conservation
Agreement to be optimally managed and have water
savings verified.

DESCRIPTION OF IMPERIAL TRRIGATION DISTRICT

General

The Imperial Irrigation District (IID) is a special
district formed under California’s Water Code. A five-

! Manager of Water Resources and Industrial Autornation, UMA Engineering Inc., 17762
Cowan Street, Irvine, CA, 92714 jkorinetz@umagroup.com

% General Superintendent, Water Operations, Imperial Irrigation District, 333 Barioni Bivd,,
Imperial, CA 92251 czvillalon@iid.com
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member board is elected using the general election
process. The board develops policy that guides long
term and day to day activities of the IID.

1ID provides agricultural irrigation water and drainage
services within an identified area of the Imperial
Valley referred tc as the Imperial Unit. Only areas
within the Imperial Unit can be serviced with Colorado
River water.

Electric power services are also provided by the IID.
Power generation, transmission and distribution are
supplied to a service area that includes all of
Imperial County and parts of Riverside County.

Colorado River Watershed

IID is located in southeastern California within the
Colorado River Watershed. The Colorado River
originates in the Rocky Mountains being fed by melting
snow from these mountains. It is the third longest
river in America, winding 1,700 miles through deep
canyons of seven southwest States toward the Gulf of
California in Mexico. Its drainage basin covers
approximately 245,000 square miles, one-twelfth the
area of the contiguous United States. Although the
River has many tributaries in the upper basin, there
are few in the lower basin. It is the sole source of
water for the IID.

Imperial Dam

Serving as a diversion structure, Imperial Dam
facilities include the All American Canal Headworks for
diversion and desilting works to eliminate the sediment
problem from Colorado River water. It is located on the
California-~Arizona border.

Various facilities are located at Imperial Dam:
® All American Canal Heading and desilting works
® California Waste Way
s Gila Gravity Main Canal Headworks
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All American Canal

At the California end of the Imperial Dam is located
the intake for the All-American Canal (AAC). Four 75~
ft. (22.9 m) roller-dam-type gates supply separate
channels. Each of the first three channels leads to a
pair of desilting basins, and the fourth leads through
a bypass directly to the AAC. The water from each of
the first three channels enters a gradually contracting
influent channel feeding a pair of desilting basins.
Clarified water is distributed uniformly by openings in
the side walls of the basins into the AAC., Along the
AAC flows are diverted through a series of drops, where
hydropower has been developed. It then serves the main
canals of the IID system along the south side of the
service area.

The AAC is the link between the Colorado River and the
Imperial Valley. It is 80 miles (49.7 km) in length
and varies in width from 230~ft. (70.1 m) at the
headworks to a width of 100-ft. (30.48 m) at its point
of termination. The water surface elevation of the
lake above Imperial Dam, the point of beginning, is
180.00 feet above mean sea level {msl). At the end of
the AAC, the water surface elevation is 5.8 feet (1.8
m} below msl. Flow capacity is 15,500 cfs at the
heading.

Structures along the All-American Canal include:

& AAC Headworks

® Desilting Basins

s Station 48+50 Check

® Station 60+00 Flow Metering Station
& Station 1035+00 Level Metering Station
= Pilot Knob Check and Spillway

& Drop No.l Check

= Drops No. 2, 3, 4 and 5

® East Highline Check and T.O.

. Allison Check

® Alamo River Check and Spillway

= Central Main Check T.O.

8 New River Check and Spillway

e Wistaria Check

s Woodvine Check

® West Side Main Heading
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Irrigation System

IID operates an open-channel-gravity system
exclusively. There are three main canals, three supply
canals and over 450 laterals and sub-lateral canals.

Main Canals: East Highline Canal is 45 (28 km) miles in
length, 120 ft. (36.58 m) wide at the heading with a
gradual decreasing width to 15 ft. (4.57 m) near the
end. It has a capacity of 2600-cfs {73.63 m°/s) at the
head and can carry approximately 120 cfs (3.40 n®/s)
near the end. The diversions from this canal consist
of 72 lateral canals, two supply canal systems and
numerous direct farm deliveries. The water surface
elevation of the pond upstream of the headworks gates
is 42.50 ft. (12.95 m) above sea level and at the end
the elevation is 57 ft. below see level.

The Central Main Canal (CM) is 26 miles (41.8 km) in
length, 85 ft. {(25.5 m) wide at the heading and 45 ft.
{13.7 km) wide at the end. It has a capacity of 1,300
cfs (36.8 m°/s) at the head and can carry approximately
500 cfs (14.2 m°/s) at the end. The diversions from
this canal consist of 14 lateral canals and numerocus
direct farm deliveries. The water surface elevation of
the pond above the head gates is 13.50-ft. (4.1 m)
above sea level and at the end the elevation is 97.7-
ft. (29.8 m) below sea level.

Westside Main Canal is 45.5 miles (72 km) long to the
Trifolium Extension Canal Heading. This canal is 90-
ft. (27 m) wide at the heading with a gradual
decreasing width to 25 ft. at the end. It has a
capacity of 1,300 cfs (36.8 m°/s) at the head and
approximately 200 cfs (5.66 m°/s). The water surface
elevation of the pond upstream of the head gates is
994.20-ft. (287.8 m); the pond elevation at the
Trifolium Extension Canal is 836.4 ft. (254.9 m).

The three supply canals are the:
e Rositas Supply Canal
e Briar Supply Canal
e Vall Supply Canal

These are sub-main canals supplying a limited number of
laterals for hydraulic purposes.
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Reservoirs: At the present time there are six main-
canal reservoirs in operation:

Sperber
Fudge
Shelden
Singh
Carter
Galleano

& % © @ ® @

The primary use for main canal reservoirs is for flow
management. Long~term storage capacity is not
avallable because of the flow capacity of the adjacent
main canal system. Typically reservoirs have a maximum
capacity of 300 acre-feet.

There are also three interceptor reservoirs serving
intercepted laterals systems:

Bevins on the Plum-Oasis Interceptor system
Young on the Mulberry-D Interceptor system
Russel on the Mulberry-D Interceptor system
Wiley on the Trifolium Interceptor system

® ® 9 ®

Drainage System

IID operates an extensive agricultural drainage system.
It is made up of open channel lateral drains, main
drains and a collector basin.

Drains: There are more than 1,450 miles (2,300 km) of
drains in the IID that drain into the New River, Alamo
River and Salton Sea. Drains collect tailwater and
leach water from farm fields. Drains are generally
parallel to irrigation canals and laterals. Where the
drains cannot be constructed deep enough to receive
farm discharge sumps and pumps are operated and
maintained by the IID.

Riversg: Two rivers are used as drainage collection
channels. New River and Alamo River were formed
originally when the Colorado River breached its banks
near Yuma, Arizona, and flowed naturally into the
Salton Sea. The river channels are now used as drains
for agricultural and municipal discharges.
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Salton Sea: Salton Sea lies in the depression known
historically as Lake Cauhilla. It was filled early this
century when the Colorade River breached its banks
twice. Subsequently, its main source of water has been
agricultural and municipal runcoff from Imperial Valley,
Coachella Valley and the Mexicali Valley in Mexico.

SYSTEM OPERATION

Hydraulics of the Irrigation System

IID operates a network of open channel gravity canals
and minimal pumping in the system. No ground water is
used due to its saline content.

Upstream Supply Based: Water is scheduled in advance
from the Colorade River. No changes can be made without
a three day notice. All deliveries to IID are
coordinated by the USBR and strictly adhered to.

Flexible Deliveries: Within the IID the water users can
order water for either 24-hour or 12-hour periods. With
a three-hour notice these deliveries can be increased,
decreased or cancelled.

Upstream Level Control: The canal ponds are maintained
as close to steady state in upstream level control
using check structures. Lateral headings located
upstream of checks can then be set manually at the
required flow.

Downstream Flow Control: All lateral headings are in
downstream flow control. Aggregate delivery orders
within each lateral plus operational flow requirements
are maintained through the required period.

Annual Water Order: The annual volume of water required
for operation is provided to USBR in October for
delivery the following year. An estimate is prepared
using all information which is available at the time;
crop patterns, federal crop programs, etc. Data is
usually very scarce, as crop patterns have not been
formulated for the year. The best source for crop
information is the County Agricultural Commissioner's
Office. Various activities can affect water use; for
example government subsidy programs which can cause a
significant change in water use for the year.
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Weekly Master Schedule of Orders: In addition to the
Annual Water Order, weekly requirements are supplied to
USBR. Every Wednesday an order for the following week,
defined as Monday through Sunday, is supplied by Water
Control to the River Division. USBR accumulates the
order from all water users of the lower Colorado River
and prepares a Master Schedule of Flows. The amount of
water scheduled on the Master Schedule of flows is the
quantity of water the IID is entitled to unless it is
revised by the Watermaster at least 72 hours in
advance. It is a common occurrence for the Watermaster
to ask for and receive extra water above the Master
Schedule of flows allotment. Normally excess flows are
not scheduled as it could be counted against the IID's
allotment in years when the water supply is low.

Daily Operation: Water orders originate with the water
users and are accumulated by the three operating
divisions. The divisions stop accepting water delivery
orders at 12:00 noon daily. A summary of these orders
is called in to the Water Contrel Section by each
division, stating the amount lined up to run and amount
to be carried over. Carry-overs are caused by water
orders exceeding the capacity of the system or the
available water,. Water Control personnel then must
allot available amounts to each division making sure
that the percentage of carry-overs 1is balanced
throughout the divisions. By 1:00 p.m. River Division
is notified by Water Control to place a firm order for
the following day and to make any change in the Master
Schedule for the fourth day following. As soon as this
order is confirmed by USBR, the Water Control Office
allots all available water back to the three divisions
in amounts keeping carry-overs balanced.

SUPERVISORY CONTROL AND DATA ACQUISITION (SCADA)

The objective of the System automation Program is to
improve water management utilizing modern control
technology. Through the use of automation the maximum
benefits of the water conservation program were
achieved. The SCADA system discussion that follows
includes Field Sites, Communications network and a new
Water Control Center, maintenance and benefits.



USCID 14th Technical Conference

Field Sites

The water conservation program impacted on all aspects
of the district from the All American Canal, to the
Lateral Canals and on-farm projects. The SCADA system
integrates all of these different needs into one
system. The IID system includes three types of field
sites: remote-monitoring sites, small canal sites and
major sites.

Remote Monitoring Sites: These installations provide
level/flow information via radio telemetry. The
monitoring sites are solar powered and consist of a
level sensor, a remote terminal unit (RTU) and a radio.
The units were designed to be easily relocated, as
warranted by the verification program. The number on
units in service varies depending on the needs of the
verification program and may be up to forty units.

The RTU is programmed to provide analog signal
averaging; daily minimum and maximum with time stamp
and storage of readings at a selected time interval.
In addition to multiple level sensors the system
battery voltage is also monitored. The controller
retains several days of readings and in the event of a
loss of communications the data can be retrieved
locally from the RTU.

Fig. 1 Remote Monitoring Site
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Small Canal Sites: These sites consist of solar powered
single gate structures and a level sensor, a
programmable logic control (PLC) and a motorized gate.
These sites are designed to provide stand-alone
automatic control and provide either a constant
upstream water level or a downstream flow.

Fig. 2 Small Canal Sites providing automatic
level control and flow control.

In addition to providing constant upstream level
control, the Lateral Interceptor “interface gates”
monitor the water level in the Lateral Interceptor
canal and automatically switch to flow control when the
Lateral Interceptor canal reach it’s maximum capacity.
In this event, the adjacent spillway gate which is
programmed to maintain a higher level set point, takes
over upstream level control.

There are a total of one hundred and ten of these
sites. Some of sites include radio telemetry for data
collection as part of the verification program.
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Major Sites: These sites are also designed to operate
as a stand-alone automatic sites, but to further
enhance the control of the main canal system, radio
telemetry provides real time monitoring of the system
and provides the ability to remotely change set points.
The installation consists of a level sensor, often one
upstream and one downstream, a PLC and several
motorized gates or pumps or a combination of both. The
sites provide automatic upstream level control or
downstream flow control and may also automatically
switch between level and flow control.

Fig. 3 Main Canal Check Structure

Some sites consist of a combination of gate control
structures and pumping plants that provide different
functions depending on whether there is a shortage or
access flow in the system. The flow control sites
include the provision to set a flow setpoint with a
time for the new setpoint to take effect.

The major sites are powered by utility power but the
PLC and all sensors operate on 24 Volts DC which is
supplied by a battery back up system. Many of the
sites also include a standby generator. The system was
designed so that the PLC can control the standby
generator and provides monitoring of generator status
including fuel level. The PLC is programmed to
automatic test the backup systems once a week and the
PLC control also provides the ability to remotely
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control the generator to conserve fuel and extend
operation in a power outage.

Fig. 4 Interceptor Reservoir with pumps

Construction: The remote monitoring units were pre-
assembled and the only site work required was the
installation of a level sensor stilling well. The
small canal installations were also pre-assembled and
required minimal site work. 1In addition to installing
a level sensor stilling well the existing gate was
removed so that the new gate could be installed in the
same guides of the concrete structure. The main canal
sites included existing electrically operated gates
which were previously operated remotely by a tone
telemetry system.

These sites were upgraded with new gate hoists and new
electrical wiring. To minimize the disruption of
service during the transition of a site from the old
control equipment to the new equipment a pre-fabricated
control building was used in the design. Working with
the manufacture of sea-going cargo containers, the
specially constructed units were designed to require
very little maintenance and also to be bullet
resistant. The units were delivered to the IID’s yard
where the control equipment was installed and tested.



USCID 14th Technical Conference

At the site a concrete pad is constructed and conduits
installed. The control unit was then delivered to the
site and the field wiring is completed.

Fig. 5 Standby Generator

To better prepare district staff to maintain the system
it was decided that IID staff should be involved in the
actual construction of the new control system. To
facilitate this approach the design drawings were
prepared to “shop drawing” details. The staff was also
involved in the site checkout and commissioning.

Hardware: The equipment used at the field sites is
industrial grade and of very high quality. For example
the PLCs have a Mean Time Between Failure (MTBF) of
almost 1 million hours. Over 40,000 units of this brand
of PLC are produced annually and they are in use and
supported in over 130 countries around the world. They
were first used in 1968 in the automobile manufacturing
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and are now used by power utilities, in water treatment
plants and all types of manufacturing processes.

Fig. 6 Prefabricated control building

Several PLC manufactures were evaluated and this
specific brand of PLC was chosen because of its robust
communications protocol and its highly desirable
feature of being able to make program changes remotely
and without stopping the program.

B 1ess.n2 [TCEEIT DISCICE LI
AN AL HISCRE L GLLELL
AODELT Nl\l‘l i \ )\

Fig. 7 Programmable Logic Controller (PLC)
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The RTU used for remote monitoring applications was a
single board controller. It supported the same
communications protocol as the PLCs but provided
additional data storage capability over the PLC, as
well as being lower in cost and using less power.

All sensors and transmitters used produced an industry
standard 4-20 mA which is much less effected by
electrical noise than a voltage signal. The analog
inputs are protected by surge protection devices which
provide additional protection to the PLC input modules.
If the sensors are considerable distance away from the
control building then surge protection devices are
installed at the field devices as well.

Fig. 8 Differential Pressure Transmitter

The level sensor used water levels greater than 1200mm
(4ft) was a differential pressure transmitter. These
units have an accuracy of 0.1% as compared to the more
common accuracy of 0.25% for such devices.
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Fig. 9 Level sensor (shown without float)

For water level spans of less than 1200mm (4ft) a low
cost level sensor was used. It consisted of a
potentiometer driven by a float connected to a cable
which is under tension by a torsion spring. Both
sensors provide an adjustable span, which further
enhances the level measurement accuracy.

New gate hoists were installed at most of the major
sites. The new hoists include over torque protection,
limit switches and gate position transmitters. A
special gate transmitter enclosure was designed for the
project which was required because of the limited
working space between the gate hoists in these multi-
gate installations.

Accurate flow measurement was an important
consideration not only for the operation of the system
but as well for accurate data collection for the
verification program. To obtain flow measurement in
the All American Canal a design was developed for an
acoustical velocity meter that could be installed with
the canal flowing.

The design involved installing power poles in the canal
and using them to mount the transducers. Divers

accomplished the final alignment of the transducers. A
simpler installation was also used in a concrete canal
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where there was no head available for a weir or other
head measurement device.

Fig. 10 Open Channel Acoustical Flow Meter

Acoustic flow meters were used to obtain pumping plant
flows on the Lateral Interceptor projects. This meter
allowed monitoring of the pumped flow but also provided

reverse gravity flow, which was possible in some
applications.

Fig. 11 Acoustical Pipe Flow Meter
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This type of unit was also used to obtain flow
measurement through a pair of seventeen and one half-
foot diameter siphons. The manufacturer modified their
electronics to handle the longer signal paths.

Software: A large portion of the PLC software provides
for "safety and order" which is critical for the large
control sites, including major points on the All
American Canal. This was also important for the
smaller sites since they operate automatically without
remote monitoring and use less expensive components.

Signal
Conditioning

Support

Level
Control

Fig. 12 Software Components

The software functions in a cascade fashion. The
lowest level provides communications support. The next
level functions to condition and verify all analog
inputs.

Since the level sensor is the primary device it is
constantly monitored for abnormal readings; too low,
too high or too fast a change. If the level sensor is
determined to be unreliable the sensor is failed and
automatic operation is halted.
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The next level is the gate control logic. The gate
position sensor is monitored to detect drifting when
the gate is not being moved, when the gate is moving;
the rate of change in the gate position is monitored
for too slow or too fast a change in readings. If the
gate position is determined to be unreliable then the
gate is failed and in a single gate site automatic
operation is halted. In multiple gate sites, automatic
control would continue with the remaining available
gates. The logic also looks at the Hand/Off/Auto
switch and if a gate is not in Auto then the gate
cannot be moved by the PLC and gate control is failed,
and again automatic operation is halted.

The gate control logic includes a routine to always
position a gate from a lower position to a higher
position. If a gate is being lowered it is driven past
setpoint then raised to the desired setpoint. This
ensures there is no backlash in the hoist gear
reduction units and provides repeatable gate
positioning. The logic also provides for multiple re-
tries to obtain the desired gate position. The gate
position setpoint 1s shown in engineering units (feet)
and the gates are normally positioned to 0.01 feet.

The software includes soft limits that limit the
operation of the gate hoists and provides redundancy to
the physical limit switches.

Sites that are AC powered also include power monitoring
to determine if the power is ok which can include
checking phases of a three-phase service and/or
checking to see if AC power is available. If the AC
power is determined to not be ok or is unavailable,
then gate control is failed and automatic operation is
halted.

For multiple gate structures, the gate control logic

includes a staging seguence, which allows for opening
the gates in a sequence that best suits the canal and
structure hydraulics. This logic also handles failed
gates in the staging logic.

The pump control logic also includes staging sequences
for adding and removing pumps similar to the gate
stager. The pump control also incorporates logic to
control the sequencing of the pumps to provide egual
running time. Several of the pumping plants include
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Variable Frequency Drives (VFD) which provide more
exact control and reduce energy costs.

The final level of logic is level/flow control. Both
of these modes of control use Proportional Integral and
Derivative (PID) control logic. IID Lateral canals are
on slopes greater than 0.002 ,which results in the flow
in the concrete canals to be nearing critical velocity.
This combined with farm deliveries of 0.6cms (20 cfs),
results in dramatic flow changes in these small canals.

The proportional part of the logic adjusts the gate set
point proportional to the deviation in level or flow.
Integral logic works to bring the level or flow back to
setpoint within a time period. Derivative logic looks
at how fast the deviation is changing and adds to the

other two terms to speed up

For sites requiring maximum
to maintain the water level
and flows are maintained to
3mm (0.01 feet) of level or
opening, which ever flow is

the return to set point.

accuracy control is tuned
within +/- 3mm (0.01 feet)
the equivalent flow for +/-
+/- 3mm (0.01 feet) of gate
larger. Less critical sites

may be tuned to maintain the water level to +/- 10mm to
reduce the amount of wear on equipment.

User Defined Conditions
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As mentioned earlier, flow control sites often include
the provision to set an “automatic flow up date” with a
time for the new setpoint to take effect. The level
setpoint is not often changed at sites that are
maintaining a constant upstream level setpoint, however
the software includes logic to control the rate at
which a new level setpoint is achieved. This was
specifically designed to reduce bank instability due to
de-watering an unlined canal to rapidly.

Communications

To meet the IID's different SCADA requirements, three
radio systems are incorporated and function as one
system. The three radio systems provide different
levels of service in terms of reliability and speed.
Bach of the radio systems include several master radios
which are connected by a microwave system and a
combination of high-speed digital and low-speed analog
modem links to Water Control.

The RTUs, which are used to collect historical
information, are polled using lower frequency (450
MHz); lower cost radios and lower speed modems (1,200
baud). At present, two master radios handle the
current data traffic on the low speed network.

High-speed network (9,600 baud} using higher fregquency
960 MHz radios are used for the major control sites.
Pour master radios are used to communicate with the
major sites. A midrange network has alsc been added to
handle less critical control sites. This radio highway
uses low cost 450 MHz, 9600 baud radio modems. In total
nearly two hundred field units are polled through the
communications network.

The communication network uses radio and microwave
communications to cover the 700 sgquare miles of the
district. It has been found that a microwave dish may
shifted off alignment as a result of an earthquake and
communications could be lost.

To provide backup in such an event the modems at the
microwave sites have auto dialing capability and use
special high priority emergency phone lines. The
equipment has been configured so that if the microwave
link is lost the backup system will automatically
connect and restore communications.
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Fig. 13 Communication Rack

. UHP
STANOBY
TELEPHINE LINK COMMUMCATION

OMUNICATIONS mnnnms———_j

HIGH SPEED INDUSTRIAL
/ FELK—10=FEEH LAN / CTHCRNET AN

v a T T

& e &

OFERATOR ENGINEERING MA- PROGRAMMING DATA
INTERFACE BOARD ACOUSTION Doy

Fig. 14 Communication Network
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New Water Control Center

The 10,000 square foot Water Control Center is designed
around a large control room which has several operator
stations and three 67" rear projection screens. The
IID’s main canal system is displayed graphically on the
rear projection screens with key information such as
flow rates, reservoir storage, gate positions and water
levels displayed in real time. This approach provides
software-configurable mapboards and better accommodates
future expansion.

Fig. 15 Water Control Center

A low cost graphic operator interface system was setup
initially to help identify the District's needs and to
provide the staff with a gradual move from the old
control panels to the new computerized system.

After identifying the District’s needs, and evaluating
several host software packages in early 1990, Factory
Link by US Data was selected as the operator interface
software. The US Data software was offered for several
operating systems; DOS, Windows, 032 and Unix with an
easy upgrade path. For the IID application, 0S2 was
chosen mainly as a more reliable operating platform
than Windows while not being as expensive as Unix.
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IID staff were trained on the configuration of the
operator screens at the new Water Control center and as
sites were commissioned in the field they added them to
the operator screens.

Fig. 16 Computer Generated Map Board

The new Control Center is also backed up by standby
generator, which is also controlled by a PLC with the
same functionality as the field sites. The control
center is designed to be an emergency operation center
in a disaster.

Maintenance Program

The district’s maintenance program has been developed
using a maintenance scheduling computer program. The
software allows for tracking all tasks and costs and
scheduling of maintenance. This has helped refine the
interval between maintenance schedules and has shown
areas where preventative maintenance could be replaced
by predictive maintenance.

Documentation for maintenance has been developed using
a web browser. It provides complete documentation in
one package and includes site description, site
drawings, calibration information and even site photos.

23
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The maintenance manual is written to a CD so that it is
available to the maintenance staff in the field.

OPERATIONAL BENEFITS

Equipment Independence

Site operation is fully automated. This provides the
system operator with the ability to concentrate on
system wide water management. Automatic system override
is available to the operator all times at wvarious
levels.

Level Control: The operator can select to have a level
setpoint maintained and be assured of continuous
monitoring and control by the PLC. Level setpoints can
alternatively be raised or lowered to a target setpoint
at a selected rate.

Flow Control: Continuous flow monitoring and control is
maintained by the PLC. The operator can preset updates
that match the dispatching schedule and the actual
arrival of water.

Reservoir Operation: Site operation is fully automated.
This provides the system operator with the ability to
concentrate with system on water management. Automatic
system override is available to the operator all times
at various levels. Normally reservoirs maintain level
at adjacent upstream ponds. The software allows the
reservoir to be placed offline and have an adjacent
structure resume upstream level control.

Field Operators: Local site operation can be conducted
by field personnel, at various levels of control. In
fully automatic mcde field staff can change setpoints
and monitor operation using a man-machine~interface
{MMI)device. Local-supervisory control is alsco
available through the MMI. In this mode the field
operator takes responsibility of the site through
various cascaded fallback modes.

System Management

With the various levels of automatic to supervisory
control provided by the software operations staff is
able to concentrate efforts on managing the system
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instead of operating equipment. This has allowed to
fine tuned their own skills at another level of
operation.

Reliability: Site operation was made more reliable due
to various factors. The use of industrial grade
ruggedized equipment reduces the failure rate. This
allows more up time for operation and less down time
maintenance and repair.

Fall back features were then incorporated into the
system so that if a pilece of equipment fails a strategy
is in place that allows the control system, a remote
operator or a local operator continue with the process.

Accuracy: Increasing the accuracy of the measurement
devices and the operating equipment increases the
ability to achieve target setpoints with minimal
operating variations.

This allows the operator to reduce the operating
fraction from the total amount of water being requested
from the source upstream. Each point in the system thus
reduces the operating fraction of water regquired. In a
large system such as the IID this can be a considerable
amount of water, but it has not been quantified.

Uniform Operation: Variations in system operation can
be caused the person scheduled to work, and the flow
season of the year. This can result in more or less
fluctuations in the levels and flows.

Invariably staff developed skills to varying degrees
based on individual skill and interest in the
operation. Previously the IID operated 22 remotely
controlled sites and 38 field operated sites. Each was
manned 24 hours a day with rotating shift staff. The
individual abilities of each operator were reflected in
the amount of fluctuation that developed at each site
and the overall flow balance in the system.

The SCADA system reduces the need to operate individual
sites and equipment at each site. Sites are controlled
independent of the operator with consistent system-wide
criteria and operating parameters providing uniform
operation.

Timeliness: Prior to the development of the SCADA
system on the main canals, the upstream level at each
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site was checked and modified once an hour at remotely
controlled sites, or as soon as a hydrographer could
return, at field operated sites.

With the new system level control sites benefit from
the continuous operation of the level control logic
operated at each site. Fluctuations are managed by the
system as they arrive at the site.

At flow control sites flow changes were managed by the
hydrographer based on his standard schedule. Flow
fluctuations were checked and adjusted when the
hydrographer had time during his work period.

The new system allows for multiple flows and their
appropriate diversion time to be entered remotely. At
the scheduled time the flow change is made and
continuously maintained with feed back from a
measurement system.

Flexibility: At key sites dual functionality is
provided by the software; level or flow control. Some
locations allow the fluctuation of the level and serve
as inline reservoir. These sites are normally operated
in flow control with high and low level overrides that
convert the site to level control if the system edges
towards either extreme.

This dual mode is also provided at sites with multiple
structures. Each structure can be the primary level
control point depending on equipment availability,
seasonal operational regquirements or emergency
operations.

WATER CONSERVATION PROGRAM IMPACTS

Integration Of Projects

Flexible service to the water user was one of the main
goals of the water conservation program. Various
projects were implemented to achieve this. This created
main canal fluctuations because of the size and number
of change orders made by the water users. The new SCADA
system was able to provide the system operators with
the ability to manage the system.
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12-hour deliveries were devised to match on-farm
irrigation needs. Normally water deliveries are made in
24-hour periods. The 12-hour program allowed the water
user to irrigate more accurately by allowing a finish
order to be placed on the system. At the end of the 12-
hour period the water is returned to the system for use
elsevwhere.

Interceptor systems permit a water user operating
within the area to have the water order to his farm
cutoff by IID personnel when the irrigation has been
finished. This can occur any time of the day and
creates large numbers of returned orders.

Pump-back systems capture water that is reaching the
lower end of an irrigated field and re-circulate it to
the upper part for reuse. At the point in time that
water is re-circulated the order is reduced by the same
amount. The reduced portion of the crder is returned to
the system and can occur at various times of the day.

All returned flows are returned to the main canal
system and managed via the SCADA System by providing
accurate measurement and timely control.

Program Verification

One of the main aspects of the IID/MWD agreement was
the Verification Program. In order to gquantify the
amount of water being conserved by the various projects
an extensive monitoring program was developed. Without
the ability to identify “wet” water, the Water
Conservation Program would not have been accepted by
the parties involved.

The Verification Program reguired installation of flow
measurement sites, continuous menitoring and data
storage. The SCADA system provides for data retrieval
and storage for the quality control system that is used
to verify water conservation projects. It also allowed
the integration of small monitoring sites with the
numerocus large control sites within one operating
environment.
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ON-FARM WATER MEASUREMENT AND EVALUATION

David Bradshaw' Tim O’Halloran?

ABSTRACT

Metering of farm water deliveries in the Imperial Irrigation District has always
been a costly and difficult procedure. Due to existing structural and
environmental conditions, many of the traditional methods of metering deliveries
had in the past proved cumbersome or unsuccessful. With funding provided by
the [ID/MWD Water Conservation Program, a method for utilizing ultrasonic
transducers for metering farm water deliveries under orifice flow conditions has
been developed. These on-farm water level sensors were designed to be portable,
environmentally rugged, solar powered, simple to operate and maintain, and
visually unobtrusive to minimize vandalism. This paper describes the
construction of the on-farm water level sensors and their function as a useful tool
in providing rapid and accurate irrigation evaluations to farmers.

INTRODUCTION

The Imperial Irrigation District is currently involved in the IID/MWD Water
Conservation Program both on-farm and system-wide. The Irrigation
Management Unit is responsible for implementing the on-farm programs. Some
of the current projects the Irrigation Management Unit is involved with include;
tailwater-return systems, linear move systems, and the use of CIMIS to help with
irrigation scheduling.

In 1995 the Irrigation Management Unit completed development of 15 portable
meters. The meters record the amount of water entering a field through the
delivery gate and the amount of tailwater leaving the field through the tailwater
box. Fifteen fields can be monitored at any one time. The sensors remain in the
field for an entire irrigation event. When the irrigation event is complete, they are
moved to another field. Quality control hand readings are taken and compared to
the sensors. This information is then processed and an irrigation evaluation is
created.

! Acting Supervisor, Irrigation Management Unit,
Imperial Irrigation District, Imperial, CA 92251

2 Assistant Water Master, Kings River Water Association,
43888 East Jensen, Fresno, CA 93725

Formerly Supervisor, Irrigation Management Unit
Imperial Irrigation District, Imperial, CA 92251
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HISTORY

The water users in the Imperial Irrigation District order water one day in advance
in 12-hour or 24-hour increments. The ditch tender arrives in the morning to
“set” the order. The ditch tender takes three measurements: 1) water level
upstream of the gate, 2) water level downstream of the gate, and 3) inches of gate
opening. These measurements are input into a table based on an orifice flow
equation. The ditch tender checks this gate two more times during the day to
make sure the water user is “on-order.” This existing method works well for
general billing purposes and total water use accounting, but does not tell the
whole story as it relates to water flow fluctuations throughout the day and night.

METERING DEVICE DEVELOPMENT

The Imperial Irrigation District needed a method of metering water deliveries that
was reliable, accurate, affordable, and able to withstand environmental extremes
of the Imperial Valley. Among the various meters considered, propeller meters
were looked at first. Due to the high silt loads and the amount of moss in the
irrigation water, propeller meters were ruled out as a reliable device for this type
of application.

The Imperial Irrigation District had done extensive work in the past with broad-
crested weirs to measure delivery flows into individual fields. They however had
some problems. Because of our very low delivery pressure situation they were
not widely applicable throughout the district. The engineering and construction
costs were also prohibitive. With over 5,000 delivery points being measured with
orifice flow equations, it was disturbing to measure water on a small subset of the
gates using a different measurement method and then call it representative.

Also considered and discarded were pressure transducers and acoustic velocity
meters. The pressure transducers do not lend themselves to moving between
locations every few days. The membrane on certain types would dry up and then
fail when the water reached the sensor. Sometimes an air bubble would form on
the tip of the sensor and give a false reading. Also, the inlet to the membrane
would often plug with silt and prevent water from reaching the sensor.

What was finally arrived at is a portable device that is easily moved between pre-
calibrated sites. The major components of this metering device are ultrasonic
level sensors for reading both upstream and downstream water levels and a linear
transducer attached to the gate stem that measures gate position. These three
sensors as well as ambient air temperature and battery voltage are inputinto a
data-logger that logs a reading on a 10-minute interval. This data is later retrieved
for graphing and analysis.
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ADVANTAGES AND DISADVANTAGES

An advantage of this device is its ability to accurately measure flow without
touching the water. The ultrasonic level sensors send a sound pulse to the water
that determines the distance within 1/8-inch accuracy. This non-intrusive
approach avoids many moss and silt problems inherent in the other devices.
Environmental concerns were met by enclosing the meter in a waterproof and
dust-proof container. This container has a tight seal and insulation on all sides.
The harsh desert environment does not affect the equipment located inside. This
device is portable and can be set up in less than one minute. This portability
allows the $3200 value to be amortized over several sites. Meter brackets easily
attach to existing gate structures without any gate modification. This bracketing
also allows the meter to be locked to the gate structure.

Perhaps the greatest advantage of this type of device is the way in which it exactly
duplicates the measurements of a Zanjero. Flow changes can be attributed directly
to either pressure through the structure or gate position. This device gives us a
more accurate picture of delivery flow behavior.

Some of the disadvantages encountered include floating debris below the sensors
causing inaccurate readings. For this reason and others the Irrigation
Management Unit has engaged in a quality control program to assure better
evaluations. Technicians go to the gate operating during an irrigation event to
measure by hand the two levels and gate position. These levels are recorded on
the irrigation evaluation. From here analysts can compare readings and check for
any inaccuracies.
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IRRIGATION EVALUATIONS

Ultimately the delivery data coupled with tailwater data allows the Irrigation
Management Unit to consider the total irrigation event and provide timely
feedback and suggestions to water users. There are three groups that currently use
the irrigation evaluations:

1. Farmer, Irrigation Foreman, Irrigator
2. 1D Operations Staff

3. Imigation Management Unit

4, Water Resources and Planners

Delivery and tailwater flow is recorded in 10-minute intervals and the water user
is provided a hydro-graph of an Irrigation Event. This hydro-graph provides a
dynamic picture of an irrigation event by measuring the total amount of water
onto and off a particular field.

1) By examining an irrigation evaluation chart the water user can see the amount
of water delivered and the amount of tailwater spilled and at what times this
took place. From here the water user can decide if his irrigation practices are
optimum and what options are available to conserve water delivered or
tailwater if necessary.

2) By examining an irrigation evaluation chart the 11D Operations and Divisions
can see the amount of water delivered as calculated by the sensors and
compare the flow to their own measurements. The sensors measure the same
exact three components that the ditch rider measures, and in the same way.
The three measurements; upstream level, downstream level, and gate position
are measured directly in inches and charted. Fluctuations in flow are easily
traceable to one of these three components shown on the evaluation chart.
From here 1ID Operations can target certain laterals that fluctuate more than
others can and determine if any measures need to be taken.

3) By examining an irrigation evaluation chart the IMU Unit can see the amount
of water delivered and the amount of tailwater spilled for educational
purposes. Depending on the demand for information, fields with certain
crops, soil types, or special irrigation practices can now be accurately
monitored. Ultimately, when enough irrigation evaluations have been
completed this data may enhance or replace data currently used for [ID
delivery and tailwater averages.

4) Water Resources staff and District planners can see areas of the District that
have unacceptable fluctuations and plan for mid-lateral reservoirs, automated
gates, and lateral interceptors.
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HYDRO-GRAPHS

12:00 000  12:00

Figure 1. Water Measurement Components

Figure No. 1 shows the three components the meter is required to measure in
order to get a flow measurement through a delivery structure. The top line
(between 40 inches and 45 inches) is the upstream water level with respect to the
gate, the second line (between 25 inches and 30 inches) is the downstream water
level with respect to the gate, and the third line (between 5 inches and 10 inches)
is the slide gate opening. The length of this irrigation event can also be
determined. The gate was opened at 08:00 on 4/16/98 and closed at 06:00 on
4/17/98. These readings are taken at 10-minute intervals and stored for later
retrieval.
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Figure 2. Flat Crop Irrigation Event

Figure No. 2 is an example of a flat crop irrigation event. This is a hydro-graph
built from the previous three individual components; upstream level, downstream
level, and gate position. These components are input into an orifice flow formula
and flow can now be read directly in cubic feet per second (CFS) between 13 CFS
and 14 CFS. The tailwater is also calculated with a weir formula and input into
the hydrograph. The evenness of the delivery flow and the tailwater flow (below
2 CFS) are evident in this example.
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Figure 3. Row Crop Irrigation Event

Figure No. 3 is an example of a row crop irrigation event. By calculating the
acre-feet of water applied and the acre-feet (AF) of tailwater runoff, a more
complete picture is formed. With this irrigation event there is some unevenness in
the tailwater flow. The last set of tailwater is flowing more than the previous and
may be combining with other sets causing a larger amount of tailwater near the
end of the irrigation event. One way to prevent this is to order a “cut” in the
water order amount that better matches the individual field’s needs. An example
of a cutback irrigation event is shown and explained in figure No. 6.

Included in Figure No. 3 are the original water order and the number of acres in
the field. Analysts calculate inches applied from the acres and actual measured
water amount. This information is taken to the field and discussed with the water
user. The evaluation is left with the water user to serve as a tool to help with the
next irrigation event.

By looking at the line representing the flow in CFS, a dip is noticeable. The flow
dropped at 08:00 on 3/12/98. By looking at the individual components of this
flow it will be possible to determine the cause of the flow.
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Figure 4. Row Crop Water Measurement Components

By looking at Figure No. 4 it is possible to see how the upstream level drops from
45 inches to 40 inches at 08:00 on 3/12/98. The pressure through the structure
drops from 10 inches to 5 inches. This drop was reflected in the flow as shown in
Figure No. 3. The flow at the same time dropped from 14 CSF to 10 CFS.
Eventually the water level moves up (to 50 inches) and ordered flow is attained
once again.
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Figure 5. Flat Crop Irrigation Event

This is an example of a flat crop irrigation event. The flow and tail-water is even

with very few larger peaks. This was a four-day irrigation event for a 177-acre
field.
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Figure 6. Flat Crop Irrigation Event

This is an example of a cutback irrigation. Anticipating the tailwater to build up,
the water user requested a cutback irrigation. The water user ordered a 5 CFS cut.
This caused the flow to drop from 14 CFS to 9 CFS. This allowed the water user
to better manage the amount of tailwater.
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Figure 7. Flat Crop Components

By examining the flow components the reason the flow reduced from 15 CFS to 9
CFS can be determined. Note the pressure (or difference between upstream and
downstream water level) stays about the same. The pressure stays around 10
inches but the gate has been lowered from 11 inches to 7 inches. This 4- inch
change in gate opening caused the flow to drop.
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CONCLUSION

The on-farm water level sensors have been and will continue to be a successful
program. Our water users in this program benefit from this data in several ways.
For the first time many growers can at a glance understand what is happening on
their particular field. By looking at several irrigation events from one field the
water user can recognize problems and true water conservation can begin,

New measuring devices may be available soon that are simpler and more
affordable. This would be the next step into a broader water measurement

program.



IID WATER INFORMATION SYSTEM -- IRRIGATION DATABASE
PRINCIPLES AND MANAGEMENT

Bryan Thoreson' Anisa Divine?
Mike Archer®

ABSTRACT

The Imperial Irrigation District (IID) and the Metropolitan Water District of
Southern California (MWD) entered into a pioneering water transfer agreement in
1988. MWD was to finance water conservation programs in the IID in retumn for
the transfer of the conserved water volume each year for 35 years. A requirement
of the agreement was that the water conserved be verified.

In 1993, the authors spearheaded collection of conservation verification data
using the WCC SCADA system. As measurement structures and data collection
equipment were installed and calibrated, data collection began. Initial
examination of the data showed that certain types of data errors occurred
repeatedly. A Fortran program, developed to incorporate these checks, was used
in conjunction with spreadsheets to achieve a high level of consistent, automated
data quality control. Meanwhile, other IID departments were collecting data
using Stevens Charts and data loggers, with the logger data being processed in a
spreadsheet. Manual quality control was performed on both types of data.

The IID/MWD program began developing a Water Information System (WIS)
incorporating daily quality control operations and a data storage warehouse
function for site-specific, time-series data related to the flow of water through
1ID’s irrigation and drainage system. The WIS also provides an audit trail of the
data elements as they flow through the quality control operation. Once a month,
graphs of the data are printed, checked for final quality control, and archived as
hard copy. A Processed Flow Data document is published annually, and a Users
Manual is updated regularly to be current with procedural changes.

In this paper, the authors describe the principles they have incorporated and the
lessons they have learned during the process of setting up the irrigation flow
database. Primary among these insights are: 1) the value of keeping all dataina
centralized database eliminating duplication and ensuring that all analysts use the
same data, and 2) keeping all data entry and manual data quality control
decentralized so that data quality control is done by those who know the data best.

! Project Engineer, Davids Engineering, 1105 Kennedy Place, Suite 5, Davis, CA 95616

? Water Resources Planner, Imperial Irrigation District, P.O. Box 937, Imperial, CA 92251

3 Senior Engineer, Murray, Burns and Kienlen Consulting Civil Engineers, 1616 29" Street, Suite
300, Sacramento, CA 95816
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INTRODUCTION

The Imperial Irrigation District’s (IID) data collection program has grown greatly
in the last 20 years. Data collection has tended to be the result of specific
programs often with little or no coordination between new and existing programs.
Data collection programs have proliferated as water supplies remain more or less
constant, while increasing demand for water results in demand for better water
management. In addition to the often overlapping data needs of various
programs, similar data are also needed for operations. A common result is the
collection of duplicate data, likely processed differently, resulting in slightly
different historical records for the same site stored with different units.

During the same time span, data collection technology has undergone significant
change. The preferred method has shifted from analog Stevens Recorder Charts
to digital data loggers and is moving to radio telemetry. The advent of personal
computers and office networks has provided the technology to easily share data
and allows many people in disparate locations access to a single data source.

At the Imperial Irrigation District, the verification data requirement of the
IID/MWD water conservation program has been the catalyst bringing the new
technology together with the need for more data. Water conservation verification
requires many types of data from disparate sources, and provides needed funds to
drive data integration. Thus, the IID’s Water Information System (WIS), an
integrated irrigation database, was born. The WIS contains information important
not only for the conservation verification program, but also for improved
operation, maintenance and management of IID’s irrigation distribution system
and for future planning activities. For enhanced IID on-farm water management
assistance to farmers, the WIS may one day include weather, evapotranspiration
(ET), and tailwater return system (TRS) operational data.

BACKGROUND

IID’s first Stevens Recorder was installed in 1914, soon followed by others, until
by 1980, some 75 Recorders were in service. The data collected thereby was
archived on Stevens Recorder Charts in analog format. In the mid-1980’s, IID
also began using data loggers to collect data in electronic format, with the data
stored on a PC in ASCI text file and spreadsheet format. In addition, the IID has
a mainframe, AS400 system which was developed to handle IID’s accounting

and water order functions. The responsibility for each of these systems lies with a
different organizational unit in IID, with data developed to serve a variety of
functions.
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Staff processed Stevens Charts weekly. Notes were entered to indicate site
conditions that affected the data. These entries indicated times when the site was
out of operation, when a storm had occurred, when the pen had run out of ink or
the chart slipped off the cylinder, and so forth. Often the zanjero (ditch tender)
left notes regarding changes at the site, particularly at sites where grade boards
were used as the measurement structure. Sometimes these movements could be
determined by staff, even without notes from the zanjero. Finally, a flow was
recorded on the chart for each day based on each day’s average water surface
level (head). As of this writing, only a few Stevens Recorders remain in operation
in the IID, being replaced by data loggers or SCADA.

Data loggers are in use throughout the IID. Staff collects the packs on a regular
weekly or biweekly schedule. Before the development of the WIS, the data were
transferred to a PC, and processed in spreadsheets. Processing mainly consisted
of adjustment for grade boards, based on notes left at the site by the zanjero and
the judgement of the processor, and entry of zeros for any period of missing
record {gap). Logger output consisted of hourly flow calculated as an average of
four 15-minute water surface levels. Plots of the water levels and flow were
printed and distributed weekly.

The AS400, in addition to accounting functions, is used to record water
transactions, including orders, changes in orders, and deliveries to each farm
delivery gate; cropping patterns and acreage; and other data. These entries are
based on IID’s accounting procedures as well as zanjero field reports.

Thus, by the late-1980’s, IID had data sets in three different formats with each set
collected for different purposes, processed by different persons using different
methods, and stored in different locations.

ANALYSIS POTENTIAL

Qrganizational History

1ID’s data collection, processing, and management system worked well for
operational (water movement) and financial (water accounting and payment)
needs. However, with the advent of an elevated water conservation ethic, other
needs arose, for example planning and implementing water conservation
programs, and verifying their effectiveness. At the same time, technological
advances allowed the District to implement systems that would facilitate these
new needs.

One project developed under the IID/MWD program, the automation of many of
1ID’s main canal structures with a SCADA system, uses radio telemetry from the
new Water Control Center (WCC). The SCADA system, which depends on the
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transmission of data, allows IID to collect data from many sites, both those
designed to conserve water in IID for transfer to MWD and those which IID
developed on its own.

Two types of [ID/MWD water conservation projects have large data collection
and processing requirements. System-level projects (mainly interceptors) are
under the jurisdiction of the Water Resources Unit (WRU), while the Irrigation
Management Unit (IMU) is in charge of farm-level programs (mainly tailwater
return systems).l Once the data collection began, the data was reviewed and the
need for quality control (QC) and data processing was evident. The WRU staff,
under the direction of the CVC, developed a data QC and processing procedure.’
Meanwhile, the IMU staff developed a method of data QC and processing
appropriate for the on-farm systems.

Furthermore, processing Stevens Charts to develop a historic record compatible
with the level of accuracy available from the electronic data, led to the realization
that having data in electronic form greatly increases its usefulness for analysis.
Electronic form facilitates many different analyses with a minimum of additional
processing time. This was a major factor driving the replacement of nearly all
Stevens Recorders throughout the District with data loggers. This logger data is
processed by the Hydrography Unit staff, which has recently been placed under
the direction of the WRU.

Thus, IID has largely moved from an analog, paper-based data collection,
processing and warehousing procedure, to one where the system is almost entirely
electronic, with charts printed monthly to maintain a written data archive.
However, daily log sheets, which record operational flows as reported by the
zanjeros, are still in use, with entries hand-written by dispatchers in the WCC.

Nearly all WRU data is SCADA-based, while both SCADA and logger data are
used by IMU. In addition, due to the water ordering and accounting systems of
the mainframe AS400, a large amount of farm-level data are available. The result
is the availability of a lot of data which may or may not have been recorded,
processed, or calculated using the same procedure; and which may or may not be
in compatible format for analytical processing. In 1996, with the advent of data
QC, processing and warehousing in ID’s WIS, this disparity began to change;
and a process of data integration began.

Transaction Processing versus Analvtical Processin

' These programs are described in the accompanying paper: On Farm Irrigation Water
Measurement and Evaluation by David Bradshaw, Imperial Irrigation District, Imperial, CA.

2 The CVC mandate and the QC and data processing procedure are described in the accompanying
paper: Irrigation Flow Data Collection, Quality Control and Site Monitoring by Michael C.
Archer, Anisa Joy Divine and Bryan P. Thoreson.
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Many irrigation districts, including IID, have had an on-line transaction
processing (OLTP) system to process water orders and billing. IID’s system uses
a mainframe computer (AS400) to store data in *“flat files.” This system has
almost 12 years worth of information about water ordered and delivered along
with crop acreage and other data. Although this historical data is valuable for
planning and analysis, the structure of the OLTP system does not allow optimum
performance for analysis. This, along with the fact that the peak use of the OLTP
system for order processing (late moming to late afternoon) coincides with the
peak use time for analysis, makes planning and analysis functions difficult using
this system.

These problems have led to emergence of on-line analytical processing (OLAP)
and data warehousing. In these systems, historical data from the OLTP system is
stored on another system dedicated to planning and analysis and structured as a
relational data warehouse for optimum query performance. Historical data can be
moved from the OLTP system into a different structure on the OLAP system in
batch routines scheduled to run during the night at predefined intervals, i.e. daily,
weekly, monthly. The interval selected depends on the need for current data.
OLAP systems are designed to store millions and millions of rows of historical
information and still allow users to run queries that return results in a few
minutes.

DATA INTEGRATION

1ID is collecting, processing and warehousing 15-minute time series data at over
150 SCADA sites. Another 70 or so logger sites provide hourly time series data.
The SCADA and logger data are processed to provide hourly and daily flow data
for accounting and analysis. The hourly and daily flow data are available in their
processed form on the WIS. In addition, the raw data are stored and can be
viewed, but not modified, by staff. Figure 1 shows the main data categories that
are being incorporated into the WIS.
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Data
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Fig. 1. WIS Conceptual Data Flow Model

Given that the WIS is a LAN-based system, manual quality control has remained
decentralized in the areas of responsibility and interest: WRU, IMU, and
Hydrography. Other collectors of data may join the system, with the ability to
develop their own data QC and processing procedures. Each unit collaborates
with WIS programmers to develop a QC processing routine for its data. Next,
forms and sometimes graphs are developed that allow the final manual QC
processing step to be completed by those who know the data best. Thus, even
though the data is processed, warehoused and accessible from a central location,
the final QC processing step remains decentralized. These final QC activities are
usually carried out once a month before the summary process calculating hourly
and daily averages for the previous month is run. The process for SCADA and

logger sites is similar. Figure 2 diagrams the quality control process for data from
SCADA sites.
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Fig. 2. SCADA Data Quality Control Process

For SCADA sites, the raw 15-minute time series data are processed daily, shortly
after midnight. Only the current year of processed 15-minute data remain
available on the WIS. Previous years’ data are archived to CD-ROM for
permanent storage. For logger sites, the processing occurs after the packs have
been collected and entered into the system by Hydrography staff.

Several advantages accrue from this integration. One is that collection and
processing of duplicate data is eliminated. In addition, the level of data QC and
type of processing is well documented. Finally, analysts and planners throughout
the District have access to the same data — which are becoming available at their
PCs in forms that are increasingly easy to use.

FLOW DATABASE DEVELOPMENT PRINCIPLES

During the design, development and evolution of the WIS, a list of important
principles to consider during design and development of irrigation databases that
will store many years of data was collected. These principles will help ensure that
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data can be accessed quickly and easily for analysis and planning purposes.
These principles are listed and discussed below.

1. Store all data in a centralized database to eliminate duplication and ensure that
all analysts are using the same data.

2. Maintain decentralized data entry and manual QC. Thus, those most familiar
with the data are responsible for QC.

3. One flow equals one unique physical location. This allows for integration
with a geographic information system (GIS) and facilitates changes in data
collection.

4. Classify flow sites according to type of flow measurement at the site for ease
of flow calculations. Calculating flow as part of the quality control procedure
has the advantage of maintaining a history of site rating curves and
parameters.

5. For use in water balance calculations, sites can be classified as: a) spill--flow
from canals to drains, b) discharge or interface--flow from canals to reservoirs
or other canals, ¢) headings--flow from main to lateral canals, and d)
deliveries--flow from canals to farmers.

6. Classify sites according to “destination” and “origin” pools of water to
facilitate volume balance calculations. These classifications can be made at
both micro and marco levels.

7. Apply QC codes in a defined priority order, thus a “bad” record receives only
the first QC code that applies to it. The remaining QC checks are skipped,
once a record has been declared “bad.”

8. Classify QC codes according to general conditions. For example, three
possible QC code classifications result from: a) QC program checks, b)
manual data review and c) variables affecting the flow calculation.

9. Make QC codes general, not referencing specific sites or values. Memos can
be written and stored in the database, or site books to describe specific
situations that require more explanation. If QC codes are written referring to
specific sites or values, the number of QC codes quickly proliferates when the
database covers many years.

10. Users who manually enter QC codes have their user identification codes and
the date entered in fields on each record they modify. This provides a
complete audit trail of the QC process.

11. Store data in only one location, and enter data using lists of values (LOVs) as
much as possible to prevent spelling errors. LOVs allow users to enter data
based on data already stored in the database so users do not have to type in
values.

12. Use a constant flow data collection interval. The interval depends on how
often the flow changes. Base the interval on the sites with the greatest data
variance — most likely flows from the end of lateral to drains, for which a 15-
minute interval has been chosen. Using a constant time step allows accurate
hourly, daily and monthly averages to calculated using relational database
functions. Whereas, direct use of the average function to determine monthly



IID Water Information System

and daily averages gives incorrect results when a variable time step is used. A
constant time step also makes it easier to predict how much storage space will
be needed. Variable time steps may decrease, or increase, storage
requirements depending on the parameters used to define when a new value is
recorded.

13. Create summary tables with daily and hourly flow averages to increase the
speed of access to daily and hourly data that users will need more frequently.

14. Estimate all missing flows using carefully defined procedures depending on
the amount of missing data and the timeliness of the required data (flow with
estimates required immediately, after one week, or after one year).

15. Use data warehousing principles (Kimball, 1996) and table structures to keep
the number of tables to a minimum and relationships between tables simple.
Time series flow and level data are stored in a fact table linked to dimensional
tables with many, many fewer records that describe the sites, codes and time
periods that cannot be easily calculated with standard date functions. The
links to these smaller tables are used in queries to limit the number of records
that must be accessed in the larger time series data table. These techniques
increase query performance.

Documentation

Two volumes have been developed documenting the system. One volume, WIS
Warehouse Project System Reference Manual, documents the database structures
and related procedures. The second volume, WIS Warehouse Project System
Users Manual, documents the user menus. These documents have the added
advantage of documenting the reports produced and various procedures used to
account for water.

APPLICATIONS

At present, five applications are available to Water Resources Unit staff. These
are QC Management, QC Update, QCD Reports, a New Site Form and an
Inventory Form. These applications allow any user with rights to perform QC
management and update functions, to enter new sites, to access the data in report
form, and to enter IID operational site inventory data. The screen for the QC
Update menu is shown in Fig. 3 as an example.

A logger application is available to Hydrography Unit staff for loading logger
data and performing QC procedures, plotting graphs, and running an annual
report. The Current Metering Menu can be accessed by the Chief Hydrographer
to enter data and print graphs of rating curves along with the metered points.
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Fig. 3. The QC Update Menu

Daily System, Site and Data Monitoring

WRU staff checks for WIS messages each day to ensure that the data QC
procedure has run and that the sites and SCADA systems are operating as
expected. Inthe event that a problem is found, the proper individual is notified so
that the problem can be rectified. In addition, WRU staff can run weekly reports
to determine the amount of spill along each interceptor and the amount of water
discharged into the interceptor reservoirs.

The current metering application allows WRU to calibrate the rating curves for
sites where this is needed. This application allows for current meter
measurements to be accessed quickly and in a useful format for rating curve
development. A graphical application was developed to allow staff to quickly
evaluate rating curves versus the current meter measurements (Fig. 4).

Monthi ality Control

Once a month, the graph applications are used to print a graph for each site. Each
graph is inspected for possible quality control requirements, including such things
as sudden, large flow rate changes; erroneous flow data associated with a flat
overshot gate; and gaps in the heading data. In addition, the record is checked to
ensure that the correct number of records are contained in the data set for the
month. The data is then manipulated using various other applications to complete
the quality control of the 15-minute time series data before the running of the
summary process on the second Sunday of the month to calculate hourly and daily
flow averages.
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Finally, each graph is archived in a “Site Book.” This is a book for each site
consisting of pertinent information about the site, and the monthly graphs. In this
form, IID is able to keep a “hard” copy of the data.

Processed Flow Reports

Mean Daily Flow reports (Fig. 5) can be printed for all WIS sites, SCADA and
logger. In addition, daily averages of digitized Stevens Recorder Chart data,
which has been loaded into the system, can also be printed in this form. Tables of
Mean Monthly Flows in CFS and Monthly Flow Volumes in AF can also be
printed. In addition, once a year the WIS programmer prints a set of plots of the
Monthly Volumes.

A Processed Flow Data document is compiled annually. This report contains the
data used for verification of water conserved by six IID/MWD projects. Included
in this report are an introduction, including site name conventions, abbreviations
and acronyms, and tables which graphically indicate the period of processed
record.

The next section of the Processed Flow Data document contains a detailed site
sumnmary table to assist the reader to locate original files, as well as identify the
nature of the site and any notes that might affect the data. An alphabetical index
is provided so the reader can easily locate the data tables and plots contained in
the report. Finally, for each project, Notes, a Project Area Map, the Annual Mean
Monthly Flow and Monthly Volume tables, Monthly Flow in Acre-Feet Plots, and
Mean Daily Flow sheets are presented.

This report was initially developed using databases and spreadsheets. This
procedure contained the possibility of error as the data was transferred from place
to place. Using the relational database, these functions are not only much more
easily performed, but the chance of error has been reduced, as well,

FUTURE

Many applications have already been developed for the WIS, and many more are
envisioned as additional data are incorporated into the system and development
continues. Some future uses include: automated water balances and regular
reports.

Automated Water Balance

Addition of a few sites and minor further development work is required to allow
monthly and yearly water balances to be calculated as a WIS report. This will
allow regular analysis and tracking of system performance ratios and trends.
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Quality Data Available for Regular Reports

Additional regular reports could be run from the WIS. Only one or two sites
remain to be added to the WIS to complete many of these reports.

Even if no more sites are added to the WIS, it is much easier to produce reports
and has improved documentation of data collection and quality control.

CONCLUSION

The IID WIS is currently loading and quality controlling over 150 SCADA sites,
a total of 14,880 data records (rows) each day. Following quality control, a
detailed report is generated listing the problems at any site with greater than five
percent of the total records for the day being “bad” is provided to the WRU.
Next, a report is written to the operators in WCC indicating the daily flow and
level averages at over 30 sites.

Data for around 70 logger sites are loaded into the WIS. Quality control is then
performed, and the WIS-generated reports are distributed to IID staff. Once a
year, a processed flow report is published reporting daily and monthly summaries
of selected flow sites. The current meter graph is used regularly to check the
rating curves at various sites.

The WIS has improved the ability of IID staff to access data, perform data quality
contro!l and assurance, and account for water in the IID’s distribution system. The
WIS has also increased the speed of data access and improved the confidence in
the data by standardizing QC functions.

REFERENCES

Kimball, R. 1996. The Data Warehouse Toolkit: Practical Techniques for
Building Dimensional Data Warehouses. John Wiley & Sons, Inc. New
York, NY.



IMPROVED IRRIGATION WATER MANAGEMENT--A DIRECT
BENEFIT OF A WATER CONSERVATION PROGRAM
Arnold K. Dimmitt, P.E. @

ABSTRACT

Implementation of the 15 projects in the Water Conservation Program (Program)
identified in the landmark December 1988 Water Conservation Agreement
(Agreement) between Metropolitan Water District of Southern California
{Metropolitan) and Imperial Irrigation District (Imperial) and in the December
1989 Approval Agreement among Metropolitan, Imperial, Palo Verde Irrigation
District, and Coachella Valley Water District began in January 1990. The last
major construction work was completed in December 1997. While the Program
has focused primarily on modernizing and rehabilitating Imperial’s irrigation
distribution system, it has included on-farm water management projects that permit
greater water management flexibility for the farmers and opportunities for farmers
to apply water more effectively. In actuality, both distribution system and on-farm
management improvements are, in some cases, interrelated such that one without
the other would reduce the effectiveness of any individual project, of the Program,
by itself. The level of the Program’s effectiveness has been demonstrated through
a process of verifying each project’s accomplishments. This paper will review the
various projects completed to improve Imperial’s overall irrigation system and use
of water and how the projects were planned, managed, and the conserved water
verified. Additionally, an update on the Program’s costs and resulting conserved
water volume will be presented.

INTRODUCTION

Imperial distributes between 2.5 and 3 million acre-feet of Colorado River water
annually through the All American Canal primarily for gravity irrigation of nearly
500,000 acres of farm land in the Imperial Valley in southeastern California. The
Imperial irrigation distribution system consists of approximately 1,600 miles of
main and lateral canals, of which over 1,100 miles are concrete lined, and some
1,400 miles of open drains that carry primarily agricultural runoff to the Salton
Sea. Metropolitan distributes between 1.6 and 2.5 million acre-feet of Colorado
River water and State Water Project water annually to a service area of over 5,100
square miles in six Southern California counties in which over 16 million people
reside. Faced with the possibility of water supply shortages in its service area in
the future, Metropolitan has been aggressively pursuing various programs aimed at

O Principal Engineer, Metropolitan Water District of Southern California, 107 So.
Sth Street, Suite 200, El Centro, California 92243
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improving the adequacy and reliability of its water supplies. Such programs
include the Imperial/Metropolitan Water Conservation Program, Palo Verde
Irrigation District/ Metropolitan Test Land Fallowing Program, and water
banking/exchange programs with the Coachella Valley Water District, Desert
Water Agency, Semitropic Water Storage District, and Arvin-Edison Water
Storage District.

The landmark Agreement between Imperial and Metropolitan became effective
December 1989 and provided for the implementation by Imperial of 17 projects,
two augmentation projects constructed by IID and 15 new projects, estimated to
conserve 106,110 acre-feet of water annually upon completion of construction and
placing into operation the last project. Metropolitan has funded all the costs of 15
projects of the Program and in return will have available additional water from the
Colorado River for diversion through its Colorado River Aqueduct. Figure 1
shows the service areas of Imperial and Metropolitan, the Colorado River, and the
Metropolitan Colorado River Aqueduct.
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PROGRAM ORGANIZATION

As a means of managing the Program to provide prompt and orderly review and
approval of budgeting, planning, design, and construction activities the Agreement
called for the establishment of a Program Coordinating Committee (PCC)
consisting of three professional engineers competent and experienced in the
agricultural and civil engineering fields. The PCC is composed of one
representative from Imperial, one representative from Metropolitan, and one
representative selected by both parties to the Agreement.

Additionally, to oversee and direct the activities to verify the quantity of water
conserved by the individual projects as well as for the total Program, a Water
Conservation Measurement Committee (WCMC) was esiablished. The WCMC is
composed of the three PCC members plus one representative each from the
Coachella Valley Water District (CVWD) and the Palo Verde Irrigation District
(PVID). CVWD and PVID hold intervening priorities to use of Colorado River
water in California, hence their interest in verifying the amount of water conserved
by the Program. The WCMC is assisted in carrying out its responsibilities by the
Conservation Verification Consultants (CVC) consisting of three consultants
specialized in water resources engineering.

The primary budgeting, planning, design, and construction activities were carried
out by the Imperial staff supported, as required, by consultants and coniractors.
The on-going operation and maintenance activities, for the next 35 years, will be
conducted and managed by Imperial staff and, when required, with consultant

support.
IRRIGATION WATER MANAGEMENT

Originally the Program’s projects targeted operational spill as the primary water to
be conserved. However, as monitoring equipment was installed throughout the
district, analysis of the considerable data gathered established the baseline
operational spills to be captured and also provided detailed insight into the
interaction among the various projects to include substantial water savings from
improved irrigation water management at the farm level. While certain on-farm
water savings resulted from providing the farmers improved tools such as 12-hour
deliveries (ordering water for a 12 hour period) versus the normal 24-hour
deliveries and tailwater return systems it became evident that additional water
savings resulted due to the availability of other system facilities such as reservoirs,
lateral interceptors, and system automation. In other words, by having improved
system facilities the potential on-farm savings were maximized and these facilities
afforded the farmers greater flexibility in managing the water ordered resulting in
more effective application of water to the crop. Prior to describing this project
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interaction which results in improved irrigation water management a brief
description of each of the projects involved follows:

12-Hour Delivery--This project permits the farmer to order water for a
12-hour period rather than the standard 24-hour period. This allows the irrigation
application rate to more closely match the rate required by the soil and crop rather
than the less flexible 24-hour basis which, even if the irrigation event was
completed, had to run the total 24-hour period, resulting in substantially more
tailwater runoff discharged to the drains. This project was made available, through
the Program, to the farmers in February 1990.

Reservoirs--One regulating reservoir, the Galleano (425 acre-feet (AF)),
was constructed to capture the operational spill occurring at the “Z” spill at the
end of the East Highline Canal. Additionally, improvements (construction of a
pumping plant in 1998 to allow stored water to be discharged to the East Highline
Canal) to the existing IID constructed Singh Reservoir (enhancing the 12-Hour
Delivery and System Automation projects water savings opportunities) will make it
a fully regulating reservoir of 323 AF capacity.

Lateral Interceptors--Three lateral interceptors-the Plum-Oasis,
Mulberry-D, and Trifolium-were constructed including the Bevins Reservoir (253
AF); Young (275 AF) and Russell (200 AF) reservoirs, and Willey Reservoir (300
AF) and a pipeline respectively. A lateral interceptor consists of an open concrete
lined canal which collects and transports operational discharge and farm delivery
water which remains in the distribution system when a turnout is closed (returned
water) from the ends of several laterals to a storage reservoir for use in another
‘part of the distribution system. (See Figures 2, 3, & 4) All of the reservoir
facilities were automated and the flow from the intercepted laterals controlled by
automated drop-leaf gates. The three lateral interceptor projects cover a service
area of some 83,436 acres, approximately 18 percent of Imperial’s service area
covered by its distribution system.

System Automation--In addition to the automation of the five lateral
interceptor reservoirs and the Singh Reservoir some 57 major and minor main
canal flow control structures were automated either by modemizing existing
facilities or installation of new automation equipment at existing sites including
upgrading the existing communication system. Major sites include complete
communications, monitoring and control facilities such as equipment building,
generator, a Programmable Logic Controller (PLC) while the minor sites do not
have the building or generator. Certain minor sites included the installation of
automated drop-leaf gates at 13 Westside Main Canal and 9 East Highline Canal
sites. This extensive system automation project including a new Water Control
Center (WCC) provides for better overall system control, more water user
flexibility, and improved water delivery.

Throughout the implementation of the Program a considerable number of
automated sites (currently over 100 sites), some of which were installed to monitor
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Figure 2

e Plum/Oasis Lateral Interceptor

Lateral interceptor canal intercepts 8 Iaterals.

Service area = 24,000 acres

Operational in 1982,

Area (Bevins Reservoir) = 37 acres.

Capacity (Bevins Reservoir) = 253 acre feet.

Gravity Inlet with a pump outlet into the Redwood Canal system

L

L

—-z.-

Figure 3

o Mulberry - “D” Interceptor

o Lateral interceptor canal intercepts 11 laterals.
o Service area = 31,000 acres
® Area:
¢ Young Reservoir = 47 acres.
o Russell Reservoir = 29 acres.
o Capacity:
e Young Reservoir = 275 acre feet
o Russell Reservoir = 200 acre feet
® Gravity flow on inlet and outiet for Young
Reservoir.
@ Gravity flow on inlet and pumps on outlet
for Russell Reservoir
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Figure 4
g ;
711 1 N
‘ hact 'I".“""'l N b s—f® Trifolium interceptor
H — o Lateral interceptor canal
{ #‘: intercepts 15 laterals.
= Service area = 30,190 acres

Reservoir Area = 81 acres.
Reservoir Capacity = 300 acre feet.

o Gravity flow on inlet and pumps on
outlet with 21,800 feet of 45" diameter
pipeline.

L ]
e Operational in December, 1997.
L ]
[ ]

main/lateral canal and drain flows, resulted in a substantial amount of data being
gathered. Most of this data gathering will continue for the 35-year period. This
data was analyzed and the resulting information used in the planning, design, and
verification activities of the Program. This permitted the PCC to take maximum
advantage of all the overlapping operational opportunities resulting in improved
water conservation and cost savings to the Program.

To illustrate this overlapping operational functionality of the above mentioned
projects an example using the 12-Hour Delivery Project will be presented. Asa
12-Hour water delivery is being shut off, which is affording greater water
management flexibility and improved water use effectiveness to the farmer, the
backing out of this water into the distribution system can cause operational
difficulties for Imperial and result in spillage. IID orders water from the USBR
four days in advance based on past year’s usage, current weather conditions, crops
being grown in the valley, and current level of farmer’s orders (both 12-Hour and
24-Hour orders). Hence, once the water is released by USBR into the Colorado
River any returned water that cannot be stored or used at another location must be
spilled. However, Imperial now has a greater array of management tools at its
disposal and therefore an increased number of options to manage (in many cases
directly from the WCC) the flows backed out in the system as follows:

A. If the water delivery is shut off within an interceptor system service
area Imperial can:
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1. Have the Zanjero (ditch rider) make a gate
adjustment to accommodate the flow if the flow can be used at
another turnout along the lateral,

2. If action 1 is not possible the flow can be conveyed
to the interceptor canal and transported, for storage, to the
interceptor reservoir for later use.

3. Depending on the location of the returned flow(s)
along the lateral an adjustment to the lateral heading gate (called a
shut down) can be made by the Hydrogapher (main canal operator)
effectively “backing the water out” into the main canal for use in
another part of the distribution system or transported to a reservoir
to be stored for later use.

B. For service areas outside an interceptor system Imperial can:
1. Carry out gate adjustments as stated in A, 1 above.
2. Absent the ability to implement action B, 1 the

Zanjero must manually reduce the flows along the lateral, by
adjusting the lateral check gates, as the Hydrographer shuts down
the lateral heading gate to “back the water out” into the main canal.
Once in the main canal system via the upgraded and new automated
facilities this water can be transported to another part of the
distribution system for immediate use or to a regulating

reservoir, such as the Singh and/or Galleano, for storage and use
later or to other lateral interceptor reservoirs for use in those
respective systems.

VERIFICATION

It was and remains critical that all Program conserved water, including that
resulting from improved on-farm water management, be verified as having been
conserved. As an integral part of the Program a verification process was
developed and put into place to identify consequential effects for each project and
the most accurate method for establishing the volume of conserved water. This
process becomes even more critical given the fact that IID deliveries have
increased since the implementation of the Program and has verified that water is
being conserved even with IID’s increased deliveries. A very important element of
all this verification effort was the gathering, archiving, and analysis of accurate
data. The details of this process have been detailed in other papers and
presentations at this conference and won’t be repeated in this paper. It was
essential, from the start, that a set of Conservation Verification Principles and
Guidelines be established for use as a guide in developing the process and methods
which have been used to establish the conserved water volumes for each project.
The final result has been the documentation of the conserved water verification for
each project through a Verification Summary Report plus detailed documentation
(Annexes, etc.). This will institutionalize the verification process, for each project,
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for the Agreement term of 35 years. While the process and methods can be
modified with the acquisition of new data and the resulting analysis of such, this
documentation will set the stage for the Program’s conserved water estimates in
the future.

During the course of developing the verification strategies and processes it became
evident that verification activities, for any water conservation program, should be
one of the first activities initiated. It is important to gather pre-project data to
establish a baseline of water use against which use after implementation of a
conservation program can be compared. Additionally, this will permit validation
checks to be developed which will support and assist in establishing verification
processes for the long haul as well as for the immediate planning and design of
specific projects. It is important to be flexible and make adjustments as field data
dictates. An example would be the planning and design of the lateral interceptors.
As additional field data was gathered on lateral spills for each of the interceptor
projects, subsequent to the construction of the first project, the Plum-Oasis Lateral
Interceptor, analysis of such indicated that the size of the interceptor lateral canal
could be reduced. This revised design of the canal capacity provided for handling
of all potential flows plus reduced the capital costs of the subsequent two lateral
interceptor projects.

Another aspect of the verification program was the establishment of the
Systemwide Monitoring (SWM) program. It is inevitable that other water
conservation programs will be carried out in the Imperial Valley in the future.
Based on our knowledge that any conservation project can have a negative,
positive, or neutral impact on another project it was important to be able to
monitor the overall Imperial distribution system. The SWM program will allow
the WCMC to monitor trends, changes, etc. in the overall distribution system, both
physically and operationally, to alert them to review certain projects or areas in the
system for potential and/or actual changes that may affect the
Imperial/Metropolitan Program conserved water volume. Adjustments can then be
made, if required, to the verification process and/or the conserved water volume.

CURRENT STATUS OF THE PROGRAM

As of December 31, 1997, with the exception of pumping plant construction at the
Singh Reservoir, all of the major construction work implemented under the
Program has been completed. It is expected that the Singh improvement work will
be completed in 1998. For the calendar year 1998 the estimated volume of
conserved water is 107,160 acre-feet which is available for use by Metropolitan, It
is important to note that of this total approximately 52 per cent of the volume has
the verification process and analysis procedures finalized with the balance of 48
per cent being of a provisional status but expected to be finalized during 1998.
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Table 1 shows the amount of water conserved each year and Table 2 shows the

volume of water conserved by each of the projects of the Program.

Table 1
Total Water Conserved
Water Wwater Available for
(hore-Tent) Y ety
1988 (Augmentation) . . . 6110 ........... -

1900 ....iiiinnnnnn 20,690 .. ..., ... 6,110

1991 _L..liaa... 7229 (il 26,700

b 1~ - S 20,901 (... ... 33,920

1993 .. .iiiieiiinen 18,040 ........... 54,830

1994 ... i 1700 o...iiainan 72,870

1998 L. ...iienaiina 16,310 (. ........ 74,870

19968 ... .....0e.. 6,860 ... ....... 90,880

1997 ...oieiiaenann 9,800 ........... 97,740

1998 . ....iinnnn 8420 (. .....hunn 107,160

Table 2
Projeet Conservation Summary
Projects w“g:rc:m‘;"‘“’

® Reservoirs 9,700
e Concrete Lining 26,060
o 12 Hour Delivery 22,290
e firrigation Water Management 5,180
o Non-Leak Gates 830
# System Automation 13,490
¢ Lateral interceptors 20,810
Total 107,610
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Through December 31, 1997 a total of $110,142,125 in capital expenditures have
been made which, in 1988 dollars, is estimated to be $94,828,297. O&M costs
totaled $24,111,142 over an eight-year period and the one time indirect costs
totaled $23,000,000. This has resulted in a total actual cost of $157 million. a
portion of which has been paid from interest earned on funds advance to Imperial
by Metropolitan. Table 3 provides a cost breakdown by year.

Table 3
Total Expenditares
Annual
Capital Direct Indlrect Total
1990 (Actual) $ 15225804 .... $ 980,514 .... $ 4,600,000 .. § 20,808,319
1991 (Actual) $ 28,879,778 .... $ 1,822,837 .... $ 4,600,000 .. $ 33,302,315
1992 (Actual) § 18,847,564 .... $ 2,522,125 .... § 4,600,000 .. $ 26,980,719
1993 (Actual)  $ 17,219,088 .... $ 2634128 .... $ 4,800,000 .. $ 24,463,225
1994 (Actual) $ 7.480,396 .... § 4077508 .... $ 4800000 .. $ 16,166,995
1998 (Actual) $ 7,731,874 .... § 3,505880 .... $ - . § 11,237,754
1996 (Actual) § 6725418 .... $ 4,184,738 .... § - . $ 10,810,154
1997 (Actual)  $ 10023163 .... $ 4383624 .... § - .. % 14408787
Total  $110,142,125 .... 8§ 24,111,142 .. .. $23,000,000 .. § 157,253,267

Based on the costs, to be paid in 1998 for work performed in 1997, on the
Trifolium Lateral Interceptor plus the Singh Reservoir improvements being
constructed in 1998, we expect the total capital expenditures to come in under
budget, when measured in 1988 dollars. Upon completion of the Singh
improvements the Program will enter a total operations and maintenance phase for
the next 35 years.

SUMMARY

It has taken some eight plus years to bring this landmark Program to a successful
conclusion. The Program organization managed through the PCC along with the
WCMC’s verification work has functioned exceedingly well being very effective in
responding to the Program’s technical requirements as well as budgetary needs and
constraints. Even with the delay, caused by the Regional Water Quality Control
Board, Colorado River Basin Region requirement to prepare an Environmental
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Impact Report in 1993 and 1994, the Program anticipates completing construction
under the original capital estimate of $97,758,000 in 1988 dollars.

One of the major successes of the Program has been the overlapping functionality
of various projects such as 12-Hour Delivery, Reservoirs, Lateral Interceptors, and
System Automation which has resulted in substantial water savings from improved
irrigation water management on-farm as well as within the distribution system.
This has afforded the farmers greater flexibility in managing the water they order
which translates into more effective application of the water to the crop and for
Imperial’s more efficient transporting and delivery of water to the farm turnout.
The verification process and procedures have played a major role in shaping the
planning, design, and operation of the projects.

As a final but important note, the success of this Program must be attributed to a
dedicated, professional, and hard working Imperial/Metropolitan team effort. With
all of the posturing that exists and negotiating that takes place between agricultural
and urban areas with respect to further conservation agreements this success says
much and hopefully can be built upon in the future.



MCCLUSKY CANAL IMPROVEMENTS
Jerry Schaack' ‘Warren Jamison®
ABSTRACT

The McClusky Canal is a 74-mile (119 kilometers) long channel. It was
constructed from 1969 to 1976 for transporting water from the Missouri River
Basin to the Red River Basin of the north, which is in the Hudson Bay Drainage
Basin. The canal is one of the main features of the Garrison Diversion Unit (GDU),
which was authorized by the Flood Control Act of 1944, or more commonly called
the Pick-Sloan Act. The McClusky Canal was designed with a capacity of about
2,000 cubic feet per second (56.6 cubic meters per second) to provide water for
the Garrison Diversion Project to irrigate 250,000 acres (100,000 hectares) and
other purposes in the state of North Dakota in north central United States. The
primary water supply for North Dakota is the Missouri River, therefore, water
must be transported into the Red River basin to fully develop the water resource in
that area.

To transport water by gravity from the regulating reservoir (Lake Audubon) across
the continental divide, it was necessary for the McClusky Canal to follow a
meandering course and, at times, through over 100 foot (32.7 meters) deep cuts.
Some design and construction deficiencies were also not rectified, and the
Garrison Diversion project has never been completed nor operated to near its
capacity or maintained properly, except during the past five years. Recent efforts
to introduce legislation for project completion have renewed the need for
rehabilitation and proper maintenance of the canal.

The conditions mentioned above have contributed significantly to a general
deterioration of the canal and have necessitated the need for major improvements
and an upgraded O&M program Some of the major problems which are being
worked on are summarized bricfly below:

. Several miles have cuts as deep as 50 feet (16.4 meters) and one
2% mile (4 kilometers) length has an average cut of 110 feet (36.1
meters). These factors, along with high ground water conditions

1

District Engineer, Garrison Diversion Conservancy District, PO Box 140,
Carrington, North Dakota

2

Manager, Garrison Diversion Conservancy District, PO Box 140, Carrington,
North Dakota
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and poor surface drainage, have contributed largely to severe
sliding in some portions of the canal.

° Much of the canal was not constructed with adequate side slope
protection, resulting in severe erosion of some of the canal banks
particularly at bends and areas susceptible to wind erosion (wind
frequency and velocity is high in North Dakota).

] Inadequate drainage of the upper berm slopes and on the O&M
roads have resulted in erosion, puddling of water, and deterioration
and of the O&M roads.

L The O&M problems are significant: 10,000 acres (4,000 hectares)
of right-of-way, 150 ( 240 kilometers) miles each of fence and
O&M roads, five recreational lakes, numerous fish and wildlife
areas and public access areas to O&M.

This paper will describe and discuss the improvements and O&M which has been
conducted during the past five years to upgrade this canal to satisfactory operating
conditions. The uniqueness of this canal (very deep cuts, multiple uses, design
deficiencies, inactivity, minimum O&M, and general deterioration) has required
innovative and unique measures not normally needed for canal improvements and
O&M.

INTRODUCTION

The Garrison Diversion Project was originally authorized under the Flood Control
Act of 1944 and planned to irrigate one million acres in the state of North Dakota;
this was scaled back to 250,000 acres (100,000 hectares) in 1964 and to 130,000
acres (50,000 hectares) in 1986, Legislation was introduced in 1997, which will
further reduce the proposed irrigation area by approximately 50 percent and
change the emphasis of the project to municipal, rural, and industrial water supply.
Figure 1 shows the McClusky Canal and surrounding area.

The long delay in the completion of the project and changed emphasis has
caused significant operation & maintenance (Q&M), and improvement
problems. The McClusky Canal was designed with a capacity of about 2,000
cubic feet per second (56.6 cubic meters per second) to primarily provide
irrigation water to 250,000 acres (100,000 hectares) in North Dakota located in
north central United States. In addition, right-of-way for the canal was purchased
for future expansion of the project to one million acres (400,000 hectares), further
complicating the O&M issues.



McClusky Canal

The McClusky Canal is one of the main features of the GDU designed and
constructed to transport water from the Missouri River Basin to the Red River
Basin. To transport water from Lake Audubon (regulating reservoir) across the
continental divide by gravity, it was necessary for the canal to follow a

Fig. 1. An overall view of the McClusky Canal and surrounding area.

meandering course and at times through cuts in excess of 100 feet (32.8 meters).
In addition, some design and construction deficiencies were not rectified or did not
properly address the actual field conditions. The canal has not been operated as
intended, and except for the last five years, it has not been maintained adequately.
The Garrison Diversion Conservancy District assumed O&M of the McClusky
Canal and other project features in 1992 under a cooperative agreement with the
U.S. Bureau of Reclamation. Under this agreement, Reclamation funds the O&M
of the canal and other facilities.
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Recent efforts to pass legislation for project completion have reemphasized
the need for initiating canal improvements and proper maintenance in
anticipation of future canal operational needs. This improvement work and
renewed O&M activity is being done at the present time and will be discussed in
this paper along with methods of rectification.

This paper will also illustrate the primary problems which were caused by
deferred maintenance, design and constructions deficiencies, long delays in
project development, and lack of emphasis on Q&M problems.

SLIDE OCCURRENCE AND PREVENTION

Many miles of the canal have cuts as deep as 50 feet (16.4 meters) and one 2 %-
mile (4.0 kilometers) length has an average cut of 110 feet (36.1 meters). These
factors, along with high ground water conditions, poor surface drainage and side
slopes of 2:1, have contributed largely to severe sliding in some portions of the
canal. These slides have appeared in many forms and shapes along the canal prism
and have predictably occurred more frequently during periods of high
precipitation. This is particularly true for the more shallow slides shown in Fig. 2.
The more severe, larger slides, shown in Fig. 3 and Fig. 4, have occurred during
and since construction was completed in an unpredictable manner and seem to be
more dependent on ground water movement rather than surface precipitation and
flow. In all cases, however, the trigger mechanism for these slides seems to be
either surface or groundwater movement in the slide area.

During construction, some sliding of the canal side slopes began to occur, and at
that time, work was done to minimize and/or correct the slides. Some of the
measures implemented were removal of the slide material and changing the slopes
from 2:1 to a more gradual 4:1, installing T “french” drains, and drilling and
installing horizontal drains into the canal banks with an “aardvark” drilL

It is somewhat difficult to determine the effectiveness of these measures, but
generally it was quite limited, as many of the slides have reoccurred. Making the
slope less steep helps to a limited degree; however, sliding does not appear to be
as dependent on slope as it is on ground water movement in the area. In areas
where ground water surfaces on the canal banks, it is likely that sliding will occur
regardless of other conditions. The soils through which the canal is constructed are
a glaciated nonhomogeneous-type, which is generally slowly permeable but can
contain pockets of sand and gravel which transmit water readily. These soils often
become unstable when wet.
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Fig. 2. The two slides in the center and right side of the picture are examples
of shallow slides which have occurred on the McClusky Canal.

The installation of T “french” drains (trench filled with permeable material and/or
pipe drain) generally helped in slide reduction and prevention when they were
properly located and intercepted water flowing onto the surface of the side slopes;
however, they are quite costly, and it is sometimes difficult to locate these drains
properly for effective performance. This is a viable method of slide prevention and
specific applications of this method, which were effective, will be discussed later in
this section.

The installation of horizontal drains drilled into the canal bank at a 90 degree angle
to the longitudinal axis using the “aardvark” drilling machine resulted in very
limited slide prevention. It appears that the area of influence from these drains is
very small since water is moving downslope parallel to drains; thus, resulting in
very little interception of the water.

Slide prevention methods during the past four years on the McClusky Canal
have been intensified and quite successful. The primary methods implemented
during this time are the removal of the slide material to unload the slope, along
with installing a gravel “french” drain or conventional plastic pipe drain with a
gravel envelope. These methods have been generally successful. In cases where
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flowing water is not apparent, drains are installed anyway based on observed
conditions in case water movement occurs in the future.

oo
o

R f Rl £ o
Fig. 3. This is an example of some of the severe deep slides which have occurred
on the McClusky Canal (note movement of pipe at mid right of picture)

Figure 4 shows the area where a slide occurred at a tunnel outlet and threatened a
railroad track and state highway above. This was the first slide improvement
completed by the District, and it proved to be successful, as the sliding has
completely stopped. The procedure used was to remove some of the slide material
and dig three trenches up the slope as shown in Fig. 4 to be used primarily as
outlet drains to the perimeter interceptor drain also shown in Fig. 4. A corrugated
plastic pipe was installed in the perimeter and outlet drains and they were filled to
the surface with a gravel envelope material. As mentioned above, this method has
proven to be quite successful, especially when the flowing water is evident, which
makes it easier to locate the drains to achieve maximum effectiveness.

Similar work has been completed in other areas of the canal, which included
unloading the slopes and installing a T “french” drain with gravel envelope.
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Fig. 4. Completed french drain work on a slide which jeopardized a
state highway and railroad track above the slide.

Another successful method used has been the placement of a conduit in the channel
where sliding has occurred. An illustration of this work is shown in Fig. 5
displaying installation and Fig. 6 showing preparation for seeding with grass. The
channel, in this case, was a 40 cfs outlet channel where sliding became apparent in
1994. The first method tried was to unload the canal banks of the slide material
and change the slope to about 4:1 without installation of drains; the slide
reoccurred in about two weeks. Since the slide was encroaching on the channel
right-of-way, it was decided to install a 3' by 5' (0.97 meter by 1.61 meter) box
culvert to eliminate the slide problem over a length of about 450 feet (145.2
meters). This work was quite costly (U.S. $250,000); however, it has been
successful and will not likely cause future problems. This method may be cost
prohibitive in a large, long channel; however, it should be considered for shorter,
smaller channels.
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Fig. 5. Placement of box culvert to repair slide area where
right-of-way width was limited.

V DRAIN IMPROVEMENTS

Shallow, open V drains were dug at the intersection of the berm side slope and the
outside of the O&M road during construction. The purpose of these drains was to
provide drainage for the O&M roads and for the berm areas. However, snow and
water accumulates and freezes in these drains in the late fall and spring and thaws
very slowly, making them ineffective when they are most needed. It should be
noted that these conditions are unique to northern latitudes in the United States,
which experience freezing temperatures during much of the October to March
time period. Weed growth and sediment also collect in these drains, which
accentuates the problem. This inadequate drainage has caused the O&M roads to
deteriorate rapidly, making them unusable for long periods of time.

The purpose of this drainage improvement work is to protect and improve the
O&M roads and make them usable on a more timely basis, especially during the
spring and after heavy rains by providing drainage for the O&M roads and
intercepting surface and subsurface water moving down the berm banks. This
drainage problem is a design and construction deficiency which requires
correction.
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Fig. 6. An overall view of the completed work shown in Fig. 5. The
area has been seeded and a mat installed to prevent erosion.

This deficiency is being corrected by the installation of a six-inch (15 cm) diameter
slotted corrugated pipe tubing into the open drain, which is excavated to the
desired grade at an average depth of about four feet (1.29 meters). A graded
gravel envelope material, ranging in size from 0.75 inches (1.9 centimeters) to a
200 screen size, is placed in the trench so that the drain tubing is enveloped in at
least four inches (10.2 centimeters) of the material. The graded envelope material
is brought to about 1.5 feet (0.48 meters) above normal ground surface. The
purpose of extending the gravel envelope above ground surface is to provide a
catch basin for sediment accuamulation and removal. Figure 7 illustrates the
installation of these drains on the McClusky Canal.

This improvement program has been very effective in providing drainage for the
O&M roads and intercepting and draining surface and groundwater from the berm
area. Many of the O&M roads are now passable in a timely manner throughout
much of the year, and the general condition of the roads and berm areas have
improved dramatically, resulting in a significant savings of time and money. Prior
to the installation of these drains, sloughing and sometimes total collapse of the
O&M roads were experienced; this problem is now minimal
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Fig. 7. V drain installation at the outside of the O&M road. Note the
drain tubing at the bottom center of the picture.

These drains are functioning properly; however, a program for drain evaluation is
planned for this year to determine drain effectiveness and possible changes that
should be made in drain construction and operational activities.

All of the drainage improvement work has been done with District forces and
equipment, which is shown in Fig. 8; an average of about 600 feet (193.5 meters)
of drain can be installed in an ten-hour day with a six-person crew. This drainage
program has been in effect since 1992, and about 40 miles (64 kilometers) of the
drains have been improved in the manner described above at about a cost of U.S.
$50,000 per mile.
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Fig. 8. A bird’s eye view of the V drain installation showing the equipment
used. The canal cut is about 110 feet, one of the deepest cut areas
of the McClusky Canal

CANAL SIDE SLOPE PROTECTION

Much of the McClusky Canal was constructed with inadequate side slope (bank)
protection. This has resulted in severe erosion and undercutting of the canal banks,
particularly at bends and areas susceptible to wind erosion, which is quite intensive
in this area. This erosion has also caused concern for losing the integrity of the
canal, particularly in some of the high fill sections. The canal is lined in some
sections, and the erosion has encroached on the lining under certain conditions.
Most of the McClusky Canal has been constructed in glacial till soils, which are
quite variable and mixed and often susceptible to sloughing. These soils have
accentuated the erosion problem and emphasized the need for timely correction,
Figure 9 shows a typical example of erosion that has taken place on the
unprotected canal banks.
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Hs

Fig. 9. A typical example of erosion and sloughing of the
canal banks (side slopes).

The lack of canal bank protection is being corrected by placing a graded material
(often referred to as beachbelting) on the side slopes of the canal. The gradation of
this crushed material, which is normally used in the highly eroded areas and where
the integrity of the canal may be in jeopardy, such as a high fill area, is given
below.

Screen No. % by weight passing
4 inch (10.16 cm) 100
1% inch (3.81 cm) 40-60
3/4 inch (1.91 cm) 5-15
3/8 inch (0.95 cm) less than .5

In the cut portions and other lengths of the canal which are less susceptible to
erosion and loss of canal integrity, other types and gradations of beachbelting has
been used. This material has varied from pit run gravel to a rounded-type material
that is available on the project. These types of materials have been primarily used
on a test basis; however, they appear to provide adequate bank protection at a
much lower cost than the crushed graded material described above, which is
relatively expensive.
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The installation of the graded crushed material has been primarily done under
contract, and the cost has varied from US $17-20 per linear foot (0.32 meters) of
canal. A procedure for the installation of the beach belting material, which is quite
effective and efficient has been developed. It consists of clearing the bank of
vegetation and other material about ten feet between stipulated elevations and
hauling in and placing selected material to obtain a smooth side slope. The bank is
then watered and compacted with a roller attached to a backhoe. About a 12-inch
(30.5 cm) keyway is cut into the bank at the bottom elevation and sloped upward
to prevent slippage of the beachbelting material. A permeable geotextile material is
then placed on the canal side slope to hold the soil in place. A front-end loader or
conveyor attached to the rear end of a dump truck distributes the beachbelting
material evenly on the geotextile and canal bank.

A limited amount of this work has been performed by District forces, and we
anticipate more will be done in the future as most of the critical areas are complete.
Depending on the results of the test sections, which to date look very satisfactory,
it is anticipated that a significant amount of this work will be completed using pit
run or a less restrictive graded material resulting in optimum utilization of District
forces and equipment and cost savings.

Figures 10 and 11 illustrate the installation of the beachbelting material on the
canal side slopes and Fig. 12 shows the completed work.

Fig. 10. Organic and other foreign material is removed followed by placement of
material on the bank. The bank is then smoothed, compacted and a
keyway (upper right) installed to prevent slippage of material
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Fig. 11. The beach belting material being placed on the geotextile
on the canal bank.

Fig. 12. The beach belting placement is complete.
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OPERATION AND MAINTENANCE ACTIVITIES
General

The operation and maintenance (O&M) activities on the McClusky Canal are
significant: 10,000 acres (4000 hectares) of right-of-way, 150 miles (240
kilometers) each of fence and O&M roads, five recreational lakes, public access
and use and numerous wildlife development and habitat areas. The problems
normally anticipated in the O&M of an irrigation canal have been magnified by
the factors stated above along with deferred maintenance, and design and
construction deficiencies. The different aspects of the O&M program activities are
described below.

The annual expenditures for normal O&M activities is approximately US $1
million, and the average cost of the canal improvement work is approximately US
$1.4 million. This improvement work includes repairing of slides, installation of
pipe drains, and beachbelting work as discussed above. At the peak of the season,
about 20 personnel, who are stationed at the McClusky O&M Office, perform
work on the canal. These workers are employed as permanent, permanent
seasonal, and ternporary employees at salaries commensurate with similar jobs in
the regional area. Health, retirement, vacation and other benefits are also provided
to all but the temporary workers.

Right-of-Way Operation and Maintenance (ROW)

The ROW for the canal is much larger than is presently needed because it was
acquired in anticipation of expanding the project to about four times its original
size. The ROW is managed for optimizing wildlife habitat, noxious weed control,
recreational activities, and public use such as camping, hunting and hiking. The
District has developed and implemented an integrated pest management (IPM)
program to enhance the environment and minimize chemical usage for vegetative
control. Some of the methods used include mowing the ROW on a five-year
rotation, grazing, bumning, fish and insects.

The mowing and grazing programs are done in cooperation with area farmers on a
competitive bidding process. The Garrison Diversion Conservancy District is
presently seeking approval for the use of grass carp in the canals for aquatic weed
control, and insects have been released in certain areas for leafy spurge control.

The IPM program has been very effective from the standpoint of cost savings,
environmental enhancement, safety and improved control and additional
emphasis will be placed on this program in the future.
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Operation and Maintenance Roads and Fence Repair

There are about 150 miles (240 kilometers) each of O&M roads and fence to
maintain on the canal and ROW. The roads are bladed at least two times per year,
depending on rainfall and usage. In the public access areas where use is high, they
are sometimes maintained more frequently. All of the ROW was originally
fenced; however, in areas where fencing is not needed, it is removed and
permanent ROW markers constructed.

Recreational Lakes and Public Access

There are at least seven major lakes on or adjacent to the canal which are used for
fishing, boating, swimming and other water recreational activities. The water
levels and quality are maintained in these lakes in cooperation with fish and
wildlife and park personnel to optimize all recreational activities. Minimum flows
are also maintained in downstream creeks to enhance aquatic life and water
quality and the environment. Most of these lakes are excellent fisheries and
receive high usage throughout the year. Some portions of the canal are also fished
quite heavily and hunters frequently use the O&M roads to gain access to their
favorite hunting spots, which are often in the vicinity of the lakes and canal.
Public use of the canal ROW is allowed, as long as long as it is reasonable and
safe.

The McClusky Canal ROW has recently been designated as part of the North
Country Trail, which is a non-motorized national trail extending through the
northern United States from the state of New York through North Dakota.

Wildlife Areas

There are about 20 wildlife management and development areas along the
McClusky Canal, and these are managed in cooperation with the North Dakota
State Game and Fish Department and the U.S. Fish and Wildlife Service to obtain
optimum benefits. An excellent example of cooperative and conjunctive benefits
is the enhancement and development of Lakes Brekken and Holmes as
recreational lakes in conjunction with the development of six wildlife areas and
stream enhancement. Lakes Brekken and Holmes were initially saline lakes
dependent on precipitation for their water supply. Water from the McClusky
Canal is now used to improve their water quality and stabilize levels. The poorer
quality water is drained and used for the development and management of six
wildlife areas downstream. The water is ultimately released further downstream
for stream enhancement before it flows into the Missouri River. A win-win
situation.
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SUMMARY AND CONCLUSIONS

This paper illustrates several problems and conditions which were encountered in
the planning design, authorization, construction, operation and maintenance of a
major water project. The history of the Garrison Diversion Project began in 1944,
when the original authorization was passed and continues on today with the recent
introduction of legislation, which will dramatically change the focus of the
project. Most of the main supply works were constructed in the time frame of
1968-1976 for a 250,000 acre (100,000 hectare) transbasin irrigation project. The
legislation introduced in 1997 would provide funding for a comprehensive water
project providing municipal, rural and industrial water development, irrigation
development of 70,000 acres (28,000 hectares), fish and wildlife, and other
interests. When constructed, it will provide a badly needed affordable and reliable
water supply to develop the water resources of North Dakota.

The major problems which have been encountered during the development and
construction of this project are discussed in this paper and are summarized below.

Design and Construction Deficiencies: The design did not take into consideration
the susceptibility of the canal side slopes and berms to major sliding. The cause(s)
of slide occurrence during construction was not adequately addressed. The canal
side slopes were also not properly protected, and drainage of the O&M roads and
berms was inadequate for the conditions normally encountered. These conditions
have caused major problems in the O&M and improvement work on this canal.

Deferred Operation and Maintenance: Much of the needed maintenance and
improvement work on the canal was deferred for a relatively long period of time,
resulting in significant deterioration of the canal due to erosion, general
inattention, inadequate drainage, and sliding.

Delays and Changing Objectives: Due to the extremely long delays in final
approval and funding, project objectives changed significantly. For example, the
primary benefits changed from irrigation to a more comprehensive water
resources project. This, in turn, dramatically reduced the water requirements for
the project. Other project needs are also changing, which will likely result in
changed development and operational requirements.

Approximately 550,000 acres (220,000 acres) of prime North Dakota farmland
was inundated by Oahe and Garrison Reservoirs, which provide benefits to all
Missouri River Basin states under development of the Pick-Sloan Act. North
Dakota has received fewer benefits than most states and has given more in the
form of lost farms and economic development. This is an irritant and constant
frustration to project proponents.
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Some of the problems encountered in the history of this project, such as design
and construction deficiencies and deferred O&M were probably preventable:
however, it is always easier to look back and be wiser. Hopefully, this history will
provide a more efficient process for the future. However, the history of water
project authorization, funding, and development is an arduous one and is
sometimes inherent in our legislative and political process even though it is costly,
frustrating, and time consuming. The GDU project has been no exception to this
process.



IMPLEMENTATION OF A DISTRICT MANAGEMENT SYSTEM
IN THE LOWER RIO GRANDE VALLEY OF TEXAS

Guy Fipps' Craig Pope?

ABSTRACT

The Lower Rio Grande Valley of Texas is undergoing rapid population growth
and industrial development. No additional water rights are available in the lower
Rio Grande River Basin, and future development will depend on water transfers
from agriculture. The potential for saving water in irrigation districts is being
studied as part of a regional water resources planning project. An Irrigation
District Management Systemn (DMS) is under development to aid in this analysis.
The DMS is built upon GIS-based maps and databases for organizing and
displaying district information on water accounts, fields, and distribution systems.
Various other components are being linked to the DMS or are under development
to enhance its capabilities, including a crop growth and irrigation scheduling
model for determining water use under various water supply scenarios, and a
routing model for determining the ability of the distribution systems to deliver the
volumes of water needed for each scenario. The implementation of the DMS in
the Valley and its use in regional water planning is described.

INTRODUCTION

The Lower Rio Grande Valley is a four-county area along the Mexican border
located at the south-most tip of Texas (Fig. 1). While usually referred to as the
“Valley,” the area is actually a deita of the Rio Grand River. It is known for mild
winters, excellent hunting and fishing, rare and endangered wildlife, the unique
“Tex-Mex” culture of the border region, and South Padre Island. Manufacturing
is rapidly expanding on both sides of the border, and the area is among the fastest
growing regions in the U.S. and Mexico.

The Valley is also an intensively irrigated region. Just two counties account for
the bulk of the region’s 740,000 irrigated acres. An irrigated area of similar size
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TEXAS

The Lower Rio Grande Valley

Figure 1. The 8 irrigation districts in the Lower Rio Grande Valley
that have initiated GIS-based management systems.

is located just across the border in Mexico. Ninety-eight percent of all the water
used in the border region is from the Rio Grande (called the Rio Bravo in
Mexico). Cotton and sorghum account for the most acreage, but the semi-tropical
climate of the region supports a wide range of crops including citrus, sugar cane,
vegetables, aloe vera and other specialities.

Irrigation development began in the late 1800s by land development companies
chartered by the state. Water conflicts among Texas growers, and between Texas
and Mexico were common throughout the first half of the century. In the 1940s,
treaties were signed between the U.S. and Mexico for the construction of two
dams on the Rio Grande: Falcon and Amistad. Inflows into this reservoir system
are divided between Texas and Mexico, with about 55 percent of inflows
allocated to Texas and about 45 percent allocated to Mexico. The International
Boundary and Water Commission was created to oversee and maintain the
reservoir and river system.

Texas began to judicate water rights in the 1950s, a process that took to the mid-
1960s to complete. Texas established the Rio Grande Watermaster to authorize
water releases from the reservoirs according to account balances of water rights
holders. A few growers along the river have water rights and pump their own
water. Additionally, 28 irrigation districts hold the agricultural water rights, pump
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the water from the Rio Grande, and deliver it to individual farms and
municipalities through gravity-flow canals and underground pipelines.

There is very little water in the Rio Grande River which makes its way past the El
Paso area. Much of the inflow for the lower Rio Grande comes from the Rio
Conchos, which intersects the Rio Grande just north of Presidio. Some additional
recharge occurs from the Pecos River and a number of streams, most of which are
in Mexico. Thus, water supply in the Valley depends on rainfall in watersheds
hundred of miles away.

DISTRICT MANAGEMENT SYSTEM

The development of an irrigation district management system (DMS) at Texas
A&M University began in 1992. The vision was to create a decision support
system for scheduling, water management and conservation planning. The DMS
would incorporate ficld-level analysis of water demand with management of the
overall distribution system. The format and components of the DMS have
evolved significantly, due to advances in software, availability of digitized
information, and input from Texas’ irrigation districts. The three main
components of the DMS are the Visual System, IRRDESS, and Distribution
System Routing.

Visual System

In Texas, irrigation districts are units of government with locally elected directors.
State regulations govern the organization of districts, election of directors, and
certain financial matters. Otherwise, districts set their own policies and
procedures for allocation of water to individual growers. In most districts,
property owners are assessed a “flat fee” each year, and growers are charged for
each irrigation. To order water, growers are required to turn in a “water ticket”
form which includes information on the field, water account number, tenant’s or
owner’s name, crops planted, etc. Most districts enter this information into a
computer database. The purpose of the visual system is to allow easy access,
analysis, and display of this information.

The basic design and functions of the visual system were developed cooperatively
with the Harlingen Irrigation District during the period 1995-1997. A small
portion of the District was selected for analysis. An aerial photograph of this
portion of the district was digitized and geo-referenced, that is latitude and
longitude coordinates were provided for each pixel comprising the photograph.
Thus, each point of the photograph has exact coordinates which allows for easy
integration with other maps and databases. Next, the individual water account or
field boundaries were drawn using the photograph as a guide. This was done with
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the software ArcInfo which runs on a Unix platform. In Arclnfo terminology, a
“coverage” was created of the water account boundaries (Note: recent releases of
Windows-based ArcView now support the drawing of maps with this software, and
such maps are referred to as “themes”).

This coverage (i.e., map of field boundaries) was linked to the district’s database,
allowing all information in the database to be displayed using ArcView. By
clicking on a field, database information is shown in a list box. Information can
also be displayed using shading or color coding. For example, Figure 2 shows the
number of times each field was irrigated in 1997. Also visible in this figure are
the underlying aerial photograph and the “polygons” comprising the boundaries of
each water account. Next, the distribution system in this portion of the district
was mapped. A database of all information available on the distribution system

was developed and linked to this coverage which can be displayed by ArcView in
a list box.
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Figure 2. Water account boundaries drawn using an areal photograph as
a guide and linked to the district’s data base to display the number of
irrigations for each account during 1997.
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IRDDESS

IRDDESS (Irrigation District Decision Support System) is a crop growth and
irrigation district simulation model developed at Texas A&M University during
the period 1992-1995. As a crop growth model, IRDDESS is similar to the family
of models “WOFOST” developed at the Center for World Food Studies, the
Netherlands (Driessen and van Diepen, 1986; Driessen and Konijn, 1992). Only a
brief description is given here; for more information see Endale (1995) and
Endale and Fipps (1996).

IRDDESS allows for the simulation of different crops on individual fields within
an irrigation district. Soil type and related properties, and irrigation method and
scheduling can vary from field to field. Daily crop growth is simulated based on
climate, water availability, planting date, etc. Various water supply scenarios can
be considered such as supplying full crop requirement, following a pre-established
schedule, and irrigating according to soil moisture levels or depletion. The model
tracks water demand at each field and in the distribution system, which may
consist of primary, secondary and tertiary canals. Once daily water demand is
determined at the field level, IRRDESS sums the required flows in each segment
of the distribution system and checks the demand against the capacity.

Distribution System Routing and Accounting

We found that the original routing module of IRDDESS was too simple to handle
the complicated distribution systems of real districts, and the code too
cumbersome for incorporating into a GIS format. A more sophisticated procedure
is under development. For the current analysis, we programmed a distribution
system routing algorithm directly in ArcView using the script language Avenue.
Fields are linked to a specific gate or valve. The distribution network serving the
field is created by linking from gate to gate, back to the main diversion point.

THE LOWER RIO GRANDE VALILEY
INTEGRATED WATER RESOURCES PLAN PROJECT

The lower Rio Grande River is over appropriated; that is, there are more water
rights than firm yield. At the first of each year, the Rio Grande Watermaster
allocates the available water to rights holders (following state regulations), with
municipal and industrial water rights having priority over agriculture. As
discussed earlier, the region is undergoing rapid population growth and
industrialization. The Texas Water Development Board (TWDB, 1997) projects
that by the year 2010, municipal water demand will increase by 66% and
industrial water use by 19%. By 2050, municipal demand is expected to increase
171% and industrial 48% over current usage (note: these numbers do not
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included expected water demand increases on the Mexican side of the border).

The Lower Rio Grande Integrated Water Resources Plan - Phase II Project
(IWRP) is a 1-year intensive study of multiple proposals for providing the
additional water which will be needed. These proposals include a municipal
supply pipeline from Falcon, a channel dam at Brownsville, conservation
programs, as well as water savings in agriculture which would lead to the transfer
of water rights. The project is scheduled to be completed in November 1998.

Potential water savings in agriculture is being examined at all levels. At the farm
level, these include water savings from metering, improvements in on-farm water
management practices, conversion to sprinkler and drip irrigation, and changes in
crop mix. At the district level, the analysis covers changes in irrigation district
operation, management and infrastructure, which include lining canals, installing
pipelines, sharing main canal systems between districts, and instituting various
water pricing programs. IWRP includes technical feasibility and economic
analyses.

For such water planning projects, a fully developed and implemented DMS could
be used in several ways, including:

. allowing access to the districts’ databases for analyzing past and current
water use, trends in cropping patterns, and changes in district efficiency
from past improvements;

. determining water demand under proposed irrigation technology, water
management and crop mix scenarios;

o determining whether the existing distribution system can supply the volume
of water needed under various scenarios; and

° analyzing the potential increases in conveyance losses if canals have to

remain fully charged for longer periods to meet expected water demand.

IMPLEMENTATION OF DMS

We have taken a dual approach in implementing the DMS. We are working
directly with eight districts (Fig. 1) to map their systems and interface the GIS-
based maps with the districts’ water accounting databases. We are also
assembling a “Regional GIS” for analysis of the water saving potential from
improvements in conveyance system efficiencies. In constructing the GIS maps of
the districts, we are using DOQQs (digital orthographic quarter quads), which are
obtainable from the USGS. We are using DOQQs with a scale of 1:12000 which
provide a resolution of 1 m. These are aerial photographs taken in 1995, corrected
for the earth’s curvature, geo-referenced, and digitized.
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To participate in the program, we required each district to provide a personal
computer (equal to or faster than a Pentium I 233 MHZ, with 128 mb of RAM),
purchase ArcView version 3.0, select or hire a person for GIS mapping, and obtain
copies of the DOQQs of their districts. Two workshops were conducted to
provide basic instruction on GIS mapping and theme construction in ArcView.
Each district was instructed to begin by drawing their water accounts and/or field
boundaries (Fig. 2). We choose to begin with water account boundaries in order
to produce a useful tool that would immediately improve district management and
bookkeeping.

Mapping distribution systems with ArcView, particularly canals, is relatively easy
with the DOQQs as a guide, since all but very small canals (less than 1 m wide)
are clearly visible. Even underground pipelines can be drawn using the stand
pipes as a guide, which are also visible. However, assembling the attributes of the
systems requires very detailed technical information as outlined in Table 1. Only
two of the 24 major districts have complete sets of data assembled in a format that
is easy to access. For the others, assembling this information will be a major task.
One example is Cameron County ID#2 which had no technical information
available on their canal system. The district had its canal riders assemble the data,
which took approximately 3 weeks of full-time work by 7 individuals.

DMS IN WATER RESOURCES PLANNING

In the current phase of the regional water study, the DMS is being used primarily
to develop maps and the attributes of the irrigation distribution systems. These
resources will assist us in determining the potential water savings from lining and
pipeline replacement of earthen canals, and from the elimination of canals
expected due to urban growth and expansion. For example, Figure 3 shows the
main distribution system for the Mercedes Irrigation District, the total extent of
unlined canals, and the sizes (top widths) of the canals. Overlaying this
information on a soils map will help identify unlined canals which maybe
candidates for field reconnaissance and further analysis.

Figures 4 and 5 show the effects of urban growth and expansion on the irrigation
distribution systems. The total urbanized area is overlaid onto the map of the
main irrigation distribution systems. Large areas in the Western portion of the
Valley will be covered up by urbanization, and a number of districts will
effectively be separated into northen and southern portions. To date, although we
have mapped the main distribution systems of all the districts (Figure 4), we only
have complete information (canal sizes, etc.) on about half of the distribution
system (Tables 2 and 3). Maps of the secondary distribution system and the
database of attributes for both the primary and secondary systems must be
completed before more detailed analysis can be conducted.
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Examples of the Type of Data Needed for the Distribution System in

Creating a GIS-based District Management System.

Water Delivery Systems

- Segment ID

- Category (primary, secondary, tertiary)
- Segment Length

- Starting Elevation

- Ending Elevation

Additional Data for Canal Segments

- Canal Shape

- Top Width

- Bottom Width (where applicable)
- Side Slope (where applicable)

- Depth

- Lining

- Normal Operating Depth

- Normal Operating Capacity

- Maximum Capacity

- Elevation of Top of Canal in Relation to Ground Level
- Condition, Maintenance, etc.

Additional Data for Pipeline Segments

- Diameter
- Capacity
- Material
- Condition

Main Pumping Plant and Relift Pumps

- Pump ID

- Maximum Pump Capacity

- Normal Operating Capacity

- Condition, Technical Specifications, etc.

Location and dimensions of Structures

- Gates
- Siphons/Culverts
- Valves/Outlets
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Table 2. Miles of Canals, Pipelines and Resacas of the Primary Irrigation
Distribution Systems in the Lower Rio Grande Valley.

canals (miles) | pipelines | resacas unknown total (miles)
(miles) (miles) (miles)
641.9 9.7 44.6 0.1 696.3

Table 3. Canal Sizes, Extent, and Lining Classification for the Primary
Irrigation Distribution Systems in the Lower Rio Grande Valley.

Top Width Canal Type
(feet) (or lining material)
(miles)

concrete earth
<10 41.6 1.0
10-20 98.0 11.9
20-30 252 52.2
30-40 38 35.1
40 - 50 1.1 60.1
50-75 1.4 30.9
75 - 100 0 11.1
> 100 0 9.7
Unknown Widths 99 1345
Total Miles' 270.1 346.4

! no size or lining information is available on an additional 25.4 miles of canals
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Figure 3. The main distribution system of the Mercedes Irrigation District and various ways of displaying its
attributes for analysis, including the lining classification and canal size.
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Figure 5. Current and expected growth in the Lower Rio Grande Valley.
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USE AND PRODUCTIVITY OF EGYPT'S NILE WATER
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ABSTRACT

Many irrigated areas worldwide are facing increasing competition from
agricultural, municipal, industrial, environmental and other uses of water. In
water basins, changes in water use in one area often affect how water is used in
another area. It is therefore vital to understand how water resources are presently
used, and how changes may affect future use of water. A water accounting
methodology is presented to show the use and productivity of water. The
methodology was applied to Egypt’s Nile River system to evaluate the present
status of water use and productivity. It was shown that there has been a trend of
increasing consumption of water by agriculture and an increase in the productivity
of water available to agriculture. There is little water remaining to be saved, and
increases in productivity must focus on gains in productivity per unit of water
consumed by evapotranspiration. The example from Egypt demonstrates the use
and utility of the water accounting methodology in describing water use patterns
by different sectors. It is envisaged that this methodology will be further
developed to be useful in a wide range of situations.

INTRODUCTION

There is a need for irrigated agriculture to perform better to meet food production
and food security needs of a growing population. In many situations water
available for irrigation is decreasing because industrial, urban, and environmental
uses require an increased share of water resources to meet their growing demands.
‘We must become more productive with our water resources in a manner that can
be sustained, and that meets equity, environmental, and other goals of society. A
common objective within irrigated agriculture is to increase the productivity of
water devoted to agriculture in light of increased competition from other sectors.

Decisions about water require a clear presentation and understanding of the
present uses of water. Often times the situation of water use is quite complex due
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to problems of scale, interactions between users, and use and re-use of water as it
flows down a river basin. With knowledge of field level practices, it is difficult to
upscale to basin-wide water use. Likewise, basin-wide information does not
necessarily yield information on how water can be better used locally. With the
many uses and interactions between water uses, a basin level understanding is
required to better understand the effects of a change in water use. There is a need
to clearly and simply present information on water use and its productivity, so the
results of possible water-related actions can be understood.

To help to reveal information about water use at different levels of analysis, a
water accounting methodology was developed (Molden, 1997) for evaluating
water management within and among all sectors. This water accounting approach
is influenced by work of Willardson (19853), Seckler (1993 and 1996),
Willardson, Allen, and Frederiksen (1994), Jensen (1993), Keller and Keller
(1995), Keller, Keller, and El Kady (1995), Keller, Keller, and Seckler (1996),
Frederiksen (1997), and others. The purpose of this paper is to provide a detailed
example of water accounting at the basin level in order to demonstrate its
applicability. The example is taken from Egypt’s Nile River where somewhat
detailed information is available on water use and productivity. Egypt’s Nile
River serves as an example of increased competition for a limited supply of water.
Through this and similar work, it is hoped that a common, robust methodology
will be developed.

TERMINOLOGY

Many approaches, choices, and potential conflicts exist to manage basin-wide,
inter-sectoral water use for better performance. Tradeoffs often considered are:
municipal and industrial use versus agricultural use, water markets versus
subsidies and fixed allocations, efficient on-farm practices versus reuse of water
and centralized versus decentralized management. While there is much debate
about the best possible strategies, it is important to be able to measure or predict
the end result of combinations of actions. Water accounting provides a means for
stating end results of various actions so that present performance can be
understood and better strategies formulated.

Water accounting relies on a water balance approach, where balance terms are
found for a domain of interest bounded in time and space. A domain could be an
irrigation system bounded by its headworks and command area, and bounded in
time for a particular growing season. Conservation of mass requires that for the
domain over the time period of interest, inflows are equal to outflows plus any
change of storage within the domain. A domain could be defined at the level of a
certain use such as on-farm irrigation, at a service level such as an irrigation
system, or at a sub-basin or basin level. The domain of interest for this study is
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the Nile River and its irrigated area from the High Aswan Dam to the
Mediterranean Sea. A time step of 1 year is considered.

Gross inflow is the total amount of water flowing into the domain from
precipitation, and surface and subsurface sources. Here the gross inflow is the
flow from the High Aswan Dam plus precipitation falling into the area. It is
assumed that there are no lateral sub-surface inflows.

Net inflow is the gross inflow plus any changes in storage. It is assumed that over
a year’s period of time there are no changes in storage in the Nile system. This
ignores the effect of seawater intrusion where groundwater storage of freshwater
is being decreased and replaced by saline waters originating from the sea.

Water Depletion is a use or removal of water from a water basin that renders it
unavailable for further use. Water depletion is a key concept for water accounting,
as it is often the productivity and the derived benefits per unit of water depleted
we are interested in. It is extremely important to distinguish water depletion from
water diverted to a use, because not all water diverted to a use is depleted. Water
is depleted by four generic processes (Seckler 1996, Keller and Keller 1995, and
Molden 1997): 1) Evaporation: water is vaporized from surfaces or transpired by
plants; 2) Flows to sinks: water flows into a sea, saline groundwater, or other
location where it is not readily or economically recovered for reuse; 3) Pollution:
water quality gets degraded to an extent that it is unfit for certain uses; and

4) Incorporation into a product by a process such as incorporation of irrigation
water into plant tissues.

Process consumption is that amount of water diverted and depleted to produce an
intended good. In industry, this includes the amount of water vaporized by
cooling, or converted into a product. For agriculture, it is water transpired by
crops plus that amount incorporated into plant tissues.

Non-process depletion occurs when diverted water is depleted, but not by the
process it was intended for. For example, part of water diverted for irrigation is
consumed by transpiration (process), but also depleted by evaporation from soil
and free water surfaces (non-process). Drainage outflow from coastal irrigation
systems and coastal cities to the sea is considered non-process depletion. Deep
percolation flows to a saline aquifer may constitute a non-process depletion if the
groundwater is not readily or economically utilizable. Non-process depletion can
be further classified as beneficial or non-beneficial. For example, a community
may place beneficial value on trees that consume irrigation water. In this case, the
water depletion may be considered beneficial, but depletion by these trees is not
the main reason why water was diverted.
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Committed water is that part of outflow that is committed to other uses. For
example, downstream water rights or needs may require that a certain amount of
outflow be realized from an irrigated area. Or, water may be committed to
environmental uses such as minimum stream flows, or outflows to sea to maintain
fisheries. In the case of Egypt, there is a need to release water to the northern
lakes or the Mediterranean sea either through the Nile itself or through drains in
order to flush out salts and pollution, and to maintain the environment.

Uncommitted outflow is water that is not depleted, not committed, and is thus
available for a use within a basin or for export to other basins, but flows out due
to lack of storage or operational measures. For example, waters flowing to asea in
excess of requirements for fisheries or environmental or other beneficial uses are
uncommitted outflows. With additional storage, this uncommitted outflow can be
transferred to a process use such as irrigation or urban uses.

Available water is the net inflow less the amount of water set aside for committed
uses and represents the amount of water available for various uses. Available
water includes process and non-process depletion, plus uncommitted water.

Non-depletive uses of water are uses where benefits are derived from an intended
use without depleting water. In certain circumstances, hydropower can be
considered a non-depletive user of water if water diverted for another use such as
irrigation passes through a hydropower plant. Often, a major part of instream
environmental objectives can be non-depletive when outflows from these uses do
not enter the sea.

ACCOUNTING FOR NILE WATER USE

In this section, water accounts are given for the agricultural year 1993 to 1994.
The accounts are based on water balance computations by Zhu et al. (1995). This
water balance approach considered measured inflows and outflows, and assumed
no change in storage and caiculated evaporation and transpiration as a residual.
Crop evapotranspiration was calculated after making estimates of other sources of
non-crop evapotranspiration. The values for the balance are summarized in Fig. 1.
The different terms are explained in some detail below for illustration purposes.

Inflows

The gross inflow into the Nile system is 56.2 km®, which is equivalent to 55.2 km®
of releases from the High Aswan Dam (HAD) plus 1.0 km® of precipitation. It is
assumed that over the one year time period there are no storage changes, so gross
inflow is equal to net inflow. Water released from HAD flows down the river,
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where most of it is diverted to agriculture. Diverted water either leaves the
domain through evaporation or transpiration, or returns back into the system
where it is diverted for use again. The value of 65.3 km? in Fig. 1 represents the
reported diversions, and is greater than the dam releases. It should be noted that
actual diversions are much greater than this due to considerable reuse of return
flows at scales smaller than main canals. At the tail end, most water that is not
depleted by an evaporative use flows out to the Mediterranean Sea.

1993-94 Nile Water Balance
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Fig. 1. Water balance components for Egypt’s Nile River below the High Aswan
dam for the 1993 to 1994 agricultural year. Values are in cubic kilometers (1 km®
=10" m’).

Process Uses

Major process uses of Nile water are municipal, industrial, agricultural, and
navigation uses. A total of 56.1 km?® is diverted from the Nile directly to use into
canals for irrigation, municipal and industrial (M&I) uses. There is considerable
return flow into drains, groundwater, canals and rivers where it is available for use
again before leaving the system. A recorded amount of 12.7 km?” is reused from
drains or from groundwater. There is, in additions a considerable amount of
unrecorded reuse from these sources.
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The total water depleted by crop evapotranspiration is estimated at 36.8 km’,
while process depletion by M&I uses* is estimated at 2.3 kim®. During much of
January, the Nile irrigation system is closed for maintenance. During this time,
some water is released in the Nile to keep levels high enough to support
navigation. During this period there was outflow of 1.2 km® from the Nile mouth,
which can be charged as a process use to navigation. Agriculture is by far the
largest process user of water.

Committed Water

Some water is required to flow out of the Nile system for environmental needs,
such as, to drain out salts, to carry away pollutants that would otherwise
concentrate in the Nile waters, and to maintain coastal estuaries for fishing. A
drastic reduction in drainage outflow would cause pollutants to concentrate, which
would result in detrimental environmental effects, sicknesses and losses to the
fisheries industry. Based on environmental concerns, some would argue for more
discharge flowing to the northern lakes and sea than what presently exists. The
minimum outflow requirement is an important value that deserves much more
research attention.

With our present knowledge it is difficult to give an estimate for the volume of
outflow required, but there are indicative values (Emam et al. 1996, SRP et al.
1996, and Zhu et al. 1996). A major consideration is the salinity of the outgoing
water. The Drainage Research Institute (1993) reports that in 1992, 3.1 km of the
12.3 km® of drainage outflow had salinity levels of less than 1500 ppm, which is
reasonably good quality water for irrigation. The remaining 9.2 km is of
marginal and poor quality water in terms of salinity. At present, water carries a
heavy load of pollution that needs to be washed out. With these considerations, a
first estimate of minimum outflow on the order of 8 km® can be made.

Non-Process Depletion

The majority of the outflow is through the drainage system. Some of this water
can be considered the environmental commitment discussed above. The
remainder of the water is considered a non-process, non-beneficial drainage
outflow. In 1994/95, the amount of drainage outflow to the Mediterranean Sea,
the northern lakes, and the Fayoum Depression was 13.0 km®. Subtracting 8 km®
of committed outflow from both the outflows yields 5.0 km® of non-process
depleted water leaving the domain. This amount represents an estimate of the

* The depleted fraction for M&I uses was assumed to be 30% for the Nile Valley
and 20% for the Nile Delta. That is, in the Nile Valley, 30% of the water diverted
for M&I use is depleted through evaporative consumption, or through disposal
outside of the domain.
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amount of water that can be saved and converted to a process or other beneficial
use.

Other types of non-process depletion are evaporation from fallow land,
evaporation from free water surfaces, and evaporative use by phreatophytes and
other non-agricultural vegetation. Certainly, some of this depletion is beneficial
as it leads to the desirable green belt along the Nile. There may be other
subsurface outflow into sinks, such as flow from the Nile Delta to the Qatara
depression (Bastiaanssen et al. 1990) but here the value is assumed to be
negligible. It was estimated that there was 3 km® of non-process, evaporative
depletion during the time period of interest.

WATER ACCOUNTING

The water accounting components are summarized in Table 1, and visualized in
Fig. 2. Process depletion includes ET, M&I uses and navigation. Non-process
depletion includes evaporation from free surfaces, fallow land, phreatophytes, and
drainage to the sea in excess of environmental requirements. Available water is
the calculated volume after subtracting that water committed for environmental
uses from the gross inflow. There are no uncommitted utilizable outflows
remaining; thus all the water available is depleted.

Accounting Indicators

Accounting indicators characterize the use of water in the Nile. They are based on
ratios of various depleted amounts to gross, net, total depleted, and available
water. Following Willardson et al. (1994), they are presented as fractions as
opposed to efficiency terms to avoid placing erroneous value judgments on the
terms (i.e. bigger is not always better). The indicators are defined below, and
Table 2 summarizes the accounting indicators.

Depleted Fraction (DF) is that part of the inflow that is depleted by both process
and non-process uses. Depleted fraction can be defined in terms of net, gross, and
available water. Table 2 summarizes accounting indicators. In this case, it is
assumed that there is no change in storage, therefore net inflow = gross inflow,
and

DFnet=DFgr(m= M=ﬂ=0.86 (])
Gross Inflow  56.2

Subtracting committed water from net inflow leads to the available water, and the
depleted fraction of available water is:
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Depleted 48.2
DF . - e e ettt et st 100 2
avuilable water Available Water  48.2 (2

Table 1. Water accounting components of Egypt’s Nile River.

| | TotalComponent
Inflow km® ki
Giross Inflow 56.2
Surface diversions from High Aswan Dam 55.2
Precipitation 1.0
Subsurface sources from outside subbasin 0.0
Surtace drainage sources from ouiside subbasin 0.0
Storage change 0.0
Surface 0.0
Subsurface 0.0
Net Inflow 56.2
Qutilow
Total Cutflow 14.2
Surface outflow from rivers 1.2
Surface outflow from drains 12.5
Subsurface outilow 0.0
Flow to Fayoum depression 0.5
Conunitted Water 8.0
|Environment maintenance (assumed) 8.0
Available Water
Total (gross inflow less committed water) 48,2
Depletive use
Process deplefion 40.3
Evapotranspiration 36.8
Ma&l Uses 2.3
Navigation 1.2
Non-process depletion 8.0
Qutflows in excess of environmental requirements 5.0
Other evaporation (phreatophytes, free water surface) 2.9
TOTAL DEPLETION 48.2
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Fig. 2. Water accounting for Egypt’s Nile River.

This shows that all available water is being depleted. There are no uncommitted
outflows to the sea which can be further exploited, there is only savings from
drainage outflows (a non-process depletion). What percent of depleted water goes
to intended processes?

Process Fraction (PF) relates process depletion to inflow, total depletion, or
available water and is useful to identifying opportunities for water savings.
Process fraction is analogous to the effective efficiency concept forwarded by
Keller and Keller (1995) and is particularly useful in identifying water savings
opportunities when a basin in fully or near fully committed.

Process Depletion _ ETc + Navigation+M & 1
PF, ed = =

pleted ™

Total Depletion TotalDepletion
_368+1.2+23
48.2

3
=0.84

This shows that 84% is of total depletion is depleted by intended process uses,
and 16% of the depleted water goes to non-process depletion. Converting the
non-beneficial part of the 16% to process use represents a means to increase
productivity of water.

It is possible to define a process fraction for irrigated agriculture alone. First, the
arnount of water available for irrigation is set at the gross inflow less committed
water less M&I and navigation depletion (56.2-8-2.3-1.2=44.7).
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PFpvuitoste = ‘ Process Deplenor? _ - 368 —082 @
Available Water for Irrigation 447

By doing this, evaporative depletion through phreatophytes and free water
surfaces is all charged to irrigation. It could be argued that some could be charged
to M&I uses as the water is conveyed through the same river and canals. The
intended process of crop evapotranspiration depletes a very large percent of the
water available for irrigation, and it will be difficult to increase this process
consumption. In the future, the water available for irrigation is likely to decrease
as domestic and industrial uses with take from this share of water.

Table 2. Water accounting indicators.

Accounting Indicators Value|
Depleted Fraction
of Gross Inflow 0.86
of Available Water 1.00|
Process Fraction - All Uses
of Gross Inflow 0.72
of Available Water 0.84
Process Fraction for lrrigated Agriculture
Available for Agriculture in km® 44.7
Irrigated Agricultural Process Fraction 0.82

Agricultural Productivity of Nile Water

Productivity of Water (PW) in agriculture can either be related to the physical
mass of production or the economic value of produce per unit volume of water.
Productivity of water is similar to a water use efficiency (Viets 1962, Howell et al.
1990) term which relates mass of production to evapotranspiration or
transpiration. Here productivity of water is used in a basin-wide sense and can be
defined as production in terms of net inflow, depleted water, and process
depletion.

Productivity of agriculture can be measured in several manners, for example mass
of production, gross value of production, net value of production, or calories
derived from the produce. With the multiple food and non-food crops existing in
Egypt’s Nile sub-basin it is intuitive to use a monetary value for production, and
here both gross and net value of production are considered. An ideal expression
of basin water productivity should consider the sum of net benefits obtained from
agriculture, fisheries, navigation, environment, industrial, municipal and other
uses. Valuing the productivity of all the uses can be quite difficult, especially in
environmental and municipal sectors, and falls out of the scope of this paper.
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Here the concentration will be on productivity of the irrigated agricultural sector.

In 1993/94, the total gross value of production of the irrigated agricultural sector
was estimated at 24.8 billion Egyptian pounds, equivalent to 7.5 billion US$ at
1993 prices (exchange rate of 3.3 Egyptian Pounds (LE) per US$). The
productivity of water defined as the gross value of production per gross inflow is:

US3$ )

Gross Value of Production _ 15BUS$ _ 013

PWorsssntow = Gross Inflow T 562km3 m
A base measurement for productivity of water is to consider the value of
production related to crop evapotranspiration, the process depletion for
agriculture. An important means of gaining more productivity out of the water
resource is to get more output per unit of evapotranspiration. Growing higher
value crops or less water consumptive crops with equal value, or improving
agronomic and water management practices may lead to a higher water
productivity of water. The productivity of process water for agriculture is:

Gross Value of Production _ 15BUS$ _ 020 US;$ )

Process Depletion (ET) T 368km® m

P me(:e:.r =

The value of productivity of water consumed by evapotranspiration compares
quite favorably with other irrigated (Molden et al. 1998).

Table 3. Water Productivity Indicators.

Gross Value of Production 1993 in billions of 7.5

1993 US$

Gross Value of Production per Unit of US$/m’)
Gross Inflow 0.13
Water Available for Agriculture 0.16
Crop Evapotranspiration 0.20}

TRENDS IN WATER USE AND PRODUCTIVITY

Supplies and utilization can be understood by tracking certain key variables as
presented in the water balance by Zhu et al (1995). Figure 3 focuses on the major
inflow to the domain -- releases from the High Aswan Dam (HAD), and the most
significant outflows from the domain -- through crop evapotranspiration, drainage
outflow to the sea, and outflows from the Nile surface system to the sea.
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Fig. 3. Water Supply and Use of the Nile River below the High Aswan Dam.

A clear trend of Nile outflow to the sea in recent years is apparent as shown in
Fig. 3. From 1974 to 1980 the average annual Nile River flow to the sea was 6.2
km’, from 1981 to 1990 it was 3.9 km®, while from 1991 to 1996 it was reduced
to 1.7 km®. For the 1995/96 irrigation season, the Nile River outflow to the sea
was reduced to 0.26 km®. In order to save water for use in agriculture and other
sectors, managers have been devising ways to close the route of water to the sea.
Future potential from obtaining more savings of this Nile River water is quite
small,

Data for drainage outflow to the northern lakes and sea is available from 1984 to
present and is maintained by the Drainage Research Institute (DRI 1992) in their
annual yearbooks. Changes in drainage outflow to the sea have been much less
dramatic than for the Nile outflow as shown in Fig. 3. Notable is the change that
took place between 1987 and 1989, the period of drought when Lake Nasser
reached its minimum level. Starting from 1988/89, drainage outflow was reduced
from 14 km® to about 12 km®, and has stayed at around this level until the present.
Unlike the situation with Nile outflow, reduction in drainage outflow to the sea
has been difficult to achieve. One possible major factor for the lack of reduction
in drainage outflow in spite of conservation efforts is that rice irrigation in the
northern delta area contributes heavily to drainage outflow, and the rice area has
been increasing recently.

Crop evapotranspiration has shown a steady increase. As shown on Fig. 3,
reductions in Nile discharge to the sea and drainage outflow to the sea have been
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balanced by an increase in crop evapotranspiration. Given the ongoing expansion
of agricultural area, plus the increase in yields on existing land, this trend is
expected to remain on course for the next few years, until it becomes very difficult
to replace drainage water flowing to the sea with crop evapotranspiration.

Over time, the production value of Egyptian agriculture has shown an upward
trend as shown in Fig. 4. The increase in gross value of crop production has been
due to several factors including increased productivity, the growing of higher
valued crops, and the expansion of irrigated land.

Gross Value of Production
in Biition US$

& O © S N D
& 4\@ 935 & @.9%\@ &SP S

Fig. 4. Value of Production over time (Data Sources: Ministry of Agriculture and
Land Reclamation, 1973 to 1992 and Agricultural Economics Research Institute,
1993. Curmrency is adjusted to 1993 prices as per the World Bank Tables, 1994).

Agricultural productivity per cubic meter of gross inflow provides a means of
tracking performance of Egyptian irrigated agriculture (Fig. 5). From the 1970s
to the 1990s, this value has nearly doubled’. This trend is expected to increase in
the near future with expansion of irrigated land, economic liberalization, the shift
to higher valued crops, and increasing productivity. It is possible however that the
trend could reverse, if old lands are taken out of production through salinization or
lack of water, in order to serve new facilities. Data on gross value of production
per unit of ET is available for the period of the water balance analysis. During
this time, the value varies around US$0.20

5 The gross value of output reported here includes crops produced by non-Nile
water, which is small in comparison to that produced by Nile water.
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Fig. 5. Trend of gross value of production per cubic meter of water for agricultural
crops. Values are in constant 1993 US$.

IMPROVING THE PRODUCTIVITY OF WATER

A picture of water use and productivity emerges from the above analysis.
Agriculture dominates as the major user, with depletive use by municipal and
industrial uses a small but growing factor. A very high percentage of inflowing
Nile water is being depleted (depleted fraction = 0.85), and most of the water
depleted is being put to productive use (process fraction = 0.82). The productivity
of water in agriculture is quite good, with the productivity of gross inflow
estimated at US$0.13 per cubic meter and increasing and the productivity per unit
ET at US$0.20. However, opportunities for water savings are becoming more
difficult in spite of increasing demand in agriculture, environmental, urban, and
industrial sectors.

One opportunity to increase productivity of Nile water is to capture more of the
drainage outflow and convert it into a productive use. However, initial estimates
based on downstream environmental outflow requirements show only 4 to 5 km®
can be captured with conservation efforts (El Kady and Molden 1995, WRSR
reports 1 and 2, 1996). Only well-conceived projects to increase efficiency on a
local level may achieve slight increases in the depleted fraction when these reduce
drainage discharge to the sea. Other efforts are required including storage and
further reuse of water.

Outflow into the northern lakes and the sea is a significant, but not well
understood factor in determining how much water still remains to be captured and
placed in productive use. Much of the existing outflow is required to flush salts
and other pollutants out of the system, and to maintain an economically viable
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fisheries industry. There is very limited opportunity to save water for use in
agriculture without adversely affecting the environment.

The Nile river below the High Aswan Dam is an example of a “closing” (Seckler
1996) water basin, where there is little opportunity for water resource
development or water savings. To obtain additional water for a depletive use,
water reallocation within and between sectors becomes more common. It is likely
that water will be reallocated from agriculture to municipal, industrial, and
environmental uses. The response to this “closing basin” situation has been in
many ways remarkable. Water savings have been achieved, in particular through
increased reuse. Water productivity has shown a gradual rise per unit of inflow
and remains relatively high per unit of evapotranspiration.

The challenge is to sustain the water productivity increase to match the needs of a
rising population in light of increased competition from between sectors. Even
within the agricultural sector, there is a desire both to expand irrigated agriculture
to new lands, and to increase productivity of existing lands. The most important
means of increasing water productivity will be to find means to increase the
returns per unit of crop evapotranspiration. This is possible through switching to
higher value crops or using crops or agronomic practices that produce more but
consume less. Identifying technologies, management, strategies and policies to
obtain this will be an important area of strategic research for Egypt.

CONCLUSIONS

A water accounting procedure was defined and applied to Egypt’s Nile River
system. The procedure allows evaluation of the present status of water use and
productivity, trends over time, and gives an indication of where gains can be
made. While the procedure sufficiently described the Nile system, it has yet to be
demonstrated in situations with more rainfall and with more variability in climate.

Worldwide, many water basins are facing perceived water shortages due to
increasing demands on water from all sectors. It is vital that key information be
presented in a way that can benefit policy makers. Choices, tradeoffs, and
evaluation of use must be described as clearly as possible. This is the role that
water accounting plays. This example represents an application of water
accounting that we feel is applicable to many other situations. Over time, this
methodology will be refined to be useful in many situations found in the world.
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DEFINITIVE BASIN WATER MANAGEMENT

Lyman S. Willardson' Richard G. Allen’

ABSTRACT

The required level of management of the fresh water supply practiced within a given
watershed is defined by all of the physical, chemical, economic, environmental, and
sociological factors involved. Efficiency of water use, consumptive versus non-
consumptive utilization of water, diversion requirements, and environmental
requirements all need to be understood and balanced to optimize use of the available
water. Where watersheds span states and sovereign nations, treaties and agreements
are required for orderly use of the fresh water resource. Understanding of the nature
of water use and the hydrology of the water resource system is a key element in
rational utilization of the resource. Elevation, water quality, and temporal
availability are some of the parameters that must be considered. Ground water and
surface water need to be treated as a single resource for effective management.

INTRODUCTION

The shortest path in the hydrologic cycle occurs over the ocean. Water evaporates
from the surface of the sea, rises into the atmosphere, condenses into clouds and
falis directly back into the ocean as rain. The total hydrologic cycle time for a given
drop of water over the ocean may be only a few hours. Ifthe clouds move over a
land mass before the rain falls, the hydrologic cycle may take years to complete.
When precipitation occurs over a land mass, the hydrologic cycle is modified by
many physical processes such as reservoir storage, aquifer storage, interception,
evapotranspiration, and travel time in a stream or an aquifer. The quality of the
water will be naturally degraded as the water moves toward an outlet. Part of the
water will return to the atmosphere without ever entering an ocean. When rainwater
falls on the land, the raindrops coalesce and become controllable liquid water. An
area of land that contributes water to an identifiable outlet or measuring point is
called a basin. The percent of the precipitation that arrives at an outlet or measuring
point as liquid water is the yield of the basin and can generally be predicted
statistically by correlating rainfall and runoff, using existing measured data.

*Professor, Dept. Biol & Irrig Engr, Utah State Univ. Logan, Utah 84322-4105

2Professor, Dept. Biol & Irrig Engr, Utah State Univ. Logan, Utah 84322-4105
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Water management (meaning management of the liquid water) in a hydrologic basin
requires an understanding of the hydraulics of water movement in aquifers and open
channels, and an understanding of the evaporative processes that occur.

Evaporation is the only process that subtracts water from the hydrologic system, so
identification and quantification of water uses should be made on the basis of
whether a particular use has an evaporative component. For example, hydroelectric
power generation on a river does not consume water as a result of its being passed
through a turbine, but retaining the water in a reservoir until it can be routed through
the turbine will result in evaporation that decreases the quantity of water remaining
for downstream users.

Wherever a water use occurs, the quality of the remaining water will be reduced.
Hydroelectric power generation generally consumes little water and does not
significantly affect the chemical quality of the remaining water, however, elevation
or hydraulic head is lost. Commercial production of salt will result in a total loss of
the liquid water and no water will be available for subsequent reuse. Municipal use
of water has a relatively low evaporative component, when lawn irrigation is not
practiced, but the biological quality of the remaining water may be seriously
degraded. Agriculture evaporates a relatively large proportion of the water it uses,
and decreases the chemical quality of the remaining water by a natural concentration
process. Therefore, definitive water management in a hydrologic basin requires that
quantity, quality, elevation, timing, and volume all be understood in the context of
evaporative and non-evaporative uses. The paths followed by the water on its way
1o an outlet or measuring point must be understood and the effect of the path on
water quality and temporal availability must be included in the basin water
management analysis. If wrong assumptions are made, serious errors will occur in
prognostications.

One of the terms used to evaluate the appropriate use of water is the word
efficiency. Efficiency was applied to on-farm use of water for irrigation by O.W.
Israelsen (1932). He measured the amount of water applied to a field and
determined the proportion of the applied water that was stored in the root zone.
Water that left the field as deep percolation below the bottom of the root zone and
water that ran off the surface of the field was considered to be "lost" in the
calculation of irrigation efficiency. On a single field basis, an irrigation efficiency
thus calculated can give an indication of how a given supply of water might be more
effectively utilized. Irrigation efficiency analyses only gave recognition of the part
of the water applied to the field that was evaporated and not to the unevaporated
quantity that was still part of the basin supply. There was also no recognition of the
difference in change of water quality between deep percolated water and surface
runoff water. Irrigation efficiency is a term that can be used to evaluate the efficacy
of a single irrigation application, but the term does not have applicability in
definitive water management in a basin. Irrigation efficiency can also be used to
compare irrigation application methods or practices on a field or a farm, but cannot
be used to either analyze or manage a basin water supply.
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It has been suggested (Willardson, Allen & Fredricksen, 1994 and Allen,
Willardson and Fredricksen, 1997) that water basin management analyses can be
made more definitive by the use of decimal fractions or percentages to better
identify the disposition of water for any use within a basin. For example, if 60
percent of the water applied to a field is stored in the active root zone of the plants,
all of that water will be eventually evaporated by the plants and the remaining 40
percent of the water applied will remain in the basin's liquid water supply. Any
surface runoff water will have approximately the same chemical quality as the water
that was applied, not considering any sediment picked up by the water. The deep
percolation water, however, will have a salt concentration that may be measurably
higher than that of the applied irrigation water because of the natural concentrating
effect of evapotranspiration. Dissolution of any existing salt in the soil profile will
further increase the salt concentration of the deep percolation water. If the surface
runoff water and the deep percolation water happen to be remixed at some
downstream point, the resulting water will always have a salt concentration that is
higher than that of the original upstream water. This effect occurs naturally, even in
the absence of irrigation diversions. In many basins, the salinity of the original
water supply is low enough that concentration of salts through natural evaporation
and evapotranspiration and by diversions for irrigation still leaves water that is quite
acceptable for other uses. To definitively manage water in a basin, both the quality
and quantity of the water before and after a given use must be evaluated.

Watershed management has legal and political components as well as physical and
chemical components. Decisions on water management are sometimes taken in
courts and legislatures that are not founded on the defined physical reality of the
watershed involved. In the newsletter, Resource Law Notes, published by the
Natural Resources Law Center of the University of Colorado at Boulder (Number
42, Winter Issue, February 1998) is a story entitled "The Watershed Approach,” that
contains the following statement:

"Among those elements opened-up for scrutiny are: the determination of
who should be involved in making management decisions, at what
geographic locations should these decisions be based and what should be the
evaluation criteria utilized to determine appropriate water uses and
management philosophies.”

The statement implies that watershed management can be based on philosophies
and evaluation critetia, in the absence of the physical facts that define the hydraulic
and hydrologic characteristics of the watershed. Decisions that are taken in the
absence of the defined limiting physical parameters can have serious negative
results, if they are not correlated closely with the hydrologic realities of the
watershed. The physical facts must be known before effective management criteria
are established.
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The position of a given water use in a basin is another important factor that has an
effect on the type and intensity of water management that must be provided to get
an eventual full utilization of a given water supply. The following sections describe
how water management differs from the top to the bottom of a watershed or basin.

HIGH WATERSHED AREAS

Extensive use of water in the upper parts of a watershed should not ordinarily be a
concern from an efficiency standpoint. The use of water by plants is a function of
the available evapotranspiration energy and is not a function of the amount of water
applied. Research in the high mountain meadows of Colorado (Kruse, E.G. and
H.R. Haise, 1974) found that water applications of ten times the amount of water
consumed by the plants did not affect downstream water quality or quantity beyond
the effect of the consumptive use. The water supply was only reduced by the
fraction of the water that was consumed by evapotranspiration. The full
unconsumed fraction of the water applied quickly made its way back to the stream
either as surface runoff or as part of the ground water flow entering the stream. The
flow paths were relatively short so that the temporal availability of the water was
not modified significantly.

The studies by Kruse and Haise (1974) also showed that yields could be increased
by reducing the amount of water applied and by planting better varieties of grasses
that did not have to have tolerance to continuous flooding. Therefore, reducing the
quantity of diversions and flow through the soil in the upper watersheds would have
increased evapotranspiration losses to some degree, due to higher plant vigor and
leafiness, as reflected in the higher yields, The result of "improved" water
management in this case would be increased depletion of the downstream basin
water supply.

The quality of the water in the upper part of the watershed is high because of the
high natural leaching fraction. The salts that are generated naturally by the soil
weathering process are leached away at low concentrations and the natural stream
flows have a large dilution capacity. Higher watershed areas tend to have short
growing seasons and limited land areas, and produce most of the water that is
available.

Trans-Basin Diversions: Diversion of water high in one watershed into another
basin not only removes the full amount of water transferred and some salt load, but
it reduces the dilution capacity of the stream that normally maintains downstream
water quality. If half of the water generated in a basin is removed by an upstream
diversion, the runoff per unit area of the basin will be seriously decreased. The
diverted water has a relatively low salt load and therefore will not be available
downstream to improve downstream water quality. It is well known that decreasing
the leaching fraction in an irrigated soil profile will reduce the quality of the total
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amount water that seeps below the root zone. The same principle applies to a
watershed or hydrologic basin.

Every basin, as a result of the generation of soluble salts by soil weathering
processes, has a potential salt load that is removed in the outflow from the basin
(Drever, 1988). The salt load is a function of the area of the basin. Transporting
that salt load in a smaller volume of water at the exit from the basin means a higher
salt concentration in the water leaving the basin.

The change in salt concentration in a stream from the upper to the lower parts of a
watershed is illustrated in Table 1 which was taken from river basin simulations
published by the Utah Water Research Laboratory (1968). Table 1 shows the area
in square miles, the annual runoff in Acre Feet, the runoff per unit area and the
estimated electrical conductivity of the outflow in a downstream direction for the
Bear and the Sevier river basins of Utah. The electrical conductivity of the water
was estimated by assuming that new salt was generated by soil weathering at a rate
of 300 kg/ha/year and that it was removed uniformly with the outflow. Table 1
shows that the annual outflow in acre feet per square mile decreases naturally as the
area of the watershed increases in a downstream direction. This is primarily due to
lower precipitation amounts at lower elevations. Since salt is generated on an area
basis, the salt concentration in the water also increases in a downstream direction.
The electrical conductivity values are theoretical calculated natural values and have
not been compared with measured values that would take into account leaching of
residual salts and diversion of water for irrigation. Actual values are known to be
higher than those shown.

To illustrate the effect of diversion of water from a basin, it can be assumed that
100,000 AF are diverted from the Sevier Basin watershed in the first 10 percent of
the area. The diverted water would carry some of the dissolved salt out of the basin
and would reduce the outflow from the basin by 100,000 Acre Feet. The salt load in
the river would be reduced by the amount carried in the diverted water, and the
electrical conductivity (theoretical) of the basin outflow would therefore change
from 1.03 dS/m to 1.12 dS/m. This occurs because the balance of the salt generated
in the basin must be carried by the remaining 974,000 Ac Ft (1.12=
(1,074,000(1.03)-100,000(0.17))/974,000). If, instead of a complete diversion away
from the upper basin, the same 100,000 AF of water were completely consumed by
irrigation in the bottom 80 percent of the watershed, the water would be lost, but the
full sait load would remain. Use of the water for irrigation would change the
electrical conductivity of the basin outflow from 1.03 dS/m to 1.14 dS/m (1.14 =
1,074,000(1.03)/974,000). This example demonstrates that salt concentration
naturally increases in a downstream direction, just due to basin hydrology and that
any consumptive use of water within the basin or diversion of water from the basin
will increase the downstream salt concentration by decreasing the basin leaching
fraction.
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Table 1. Increasing salt concentration in the downstream direction for the Bear and
Sevier Rivers of Utah. Utah Water Research Laboratory 1968.

Percent of Total Area

10 20 40 60 80 100
Bear River
Area, Sq. Mi. 328 655 1,310 1,966 2,621 3,276
Runoff, Ac-Ft | 342,900 | 561,100 | 812,600 | 943,500 | 1,017,300 | 1,039,100
Ac-Ft/Sq.-Mi. 1045 857 620 480 388 317
dS/m (est) 0.09 0.11 0.16 0.21 0.25 0.31
Sevier River
Area, Sq. Mi. 1,129 2,259 4,518 6,776 9,035 11,294
Runoff, Ac-Ft | 655200 ; 929,100 | 1,050,400 | 1,063,300 | 1,069,800 | 1,074,000
Ac-Ft/8q.-Mi 580 411 232 157 118 95
dS/m (est) 0.17 0.24 0.42 0.63 0.83 1.03

Trans-basin diversions also reduce downstream potential for hydro-eleciric power
generation. Irrigation diversions reduce downstream flow volumes, but only by an
amount equal to the consumptive use that ensues. If a large proportion of the retumn
flows travel back to streams via an aquifer, the temporal availability of the water
supply downstream may be affected, but the total remaining volume discharged is
relatively unaffected, since there are few water losses from a groundwater storage
system. In some situations, especially where most of the water is derived from
snowmelt, large diversions during large streamflows can reduce downstream
flooding potential and the subsequent return flows may return to the surface water
supply when they will augment low late-season stream flows, thereby improving
fish habitat and streambed environments. The defining water management factors
in the upper parts of a basin deal primarily with volume and timing of flows and not
with efficiency of use and local water quality. The stream bed environment is
generally not seriously affected by local water uses in the upper parts of the
watershed. Biological pollution may occur if heavy human recreational use of the
upper watershed area occurs, but the quantity and chemical quality of the water will
generally remain high.

The definition of water uses in the upper portion of a watershed requires evaluation
of the effect of any water uses or diversions on downstream water quality and
quantity, with emphasis on the quality and quantity of the fraction not consumed or
diverted outside the basin.
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MIDDLE WATERSHED AREAS

Most water uses, natural and man-related, occur in the middle areas of watersheds.
The land is relatively flat and readily adapted to irrigated agriculture and
urbanization. Middle watersheds have less precipitation than high watersheds and
their effect on the basin water supply is greater. Large amounts of water can be
diverted for irrigation and all of the water not consumed by crops still returns to the
groundwater and to the surface water supply, sometimes beyond any point of
possible local reuse. When a large proportion of the applied irrigation water is
consumed, the quality of the deep percolation fraction of the returning unconsumed
water may be significantly reduced if the initial salinity of the water is high. The
water diverted in the middle watershed usually has a higher salt content than water
diverted higher in the watershed. However, the drainage water (return flow) from
irrigation is almost always reusable downstream. In some extreme situations, such
as the irrigation of saline soils, the drainage water may become too saline for reuse
without dilution.

Water diverted for municipal use usually has a low consumed fraction so that most
of it returns to the downstream water supply, although it may have a high biological
oxygen demand because of the organic matter it contains. Municipalities, on
average, consume from 10 to 15 percent of the water they divert (Fredricksen, 1992)
so that 85 to 90 percent of the water remains available downstream in the basin from
a mid-basin diversion. Tertiary treatment of municipal waste water usually makes
municipal waste water safe for return to a natural stream if there is sufficient
dilution and travel time for further natural biological purification to take place.
Downstream reuse by other humans is then possible. Measurements of water
diversions for municipal purposes does not define the hydrologic impact of such
diversions. The consumption and dilution requirements for the recovered water
need to be considered as well as the chemical and biological water quality.

The water supply in the middle part of a watershed should be considered to be a
conjunctive use system, that includes both surface and groundwater, where quantity,
quality, timing, and elevation are parameters of use. Any use of water for any
purpose will affect one or all of the important middle watershed parameters. Again,
only the fraction of the water supply that is actually consumed is no longer available
downstream. All other water will eventually appear above or at the outlet of the
system. Examining the fractional disposition of the water will define what is
actually happening to the supply and what the final effect of use in the middle
watershed will be on the quantity and quality of water downstream.

Environmental considerations of water management become important in the
middle watershed. If diversions are too high, the stream may actually disappear for
some distance along the natural stream course until surface and subsurface return
flows replenish the stream. If wildlife preservation requires the maintenance of a
minimum streamflow, then diversions may have to be restricted even though there is
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excess water available at the downstream end of the middle watershed. Definition
of all water needs in the middle watershed, in terms of water consumed, water
quality, required stream flow, and temporal availability are required for good
management. Conjunctive use of groundwater must managed to prevent an
undesirable loss of streamflow {due to seepage losses to groundwater or reduced
inflow to the stream from groundwater) caused by lowered water tables. Control of
groundwater extraction or recharge of the local aquifer will be required to prevent
overuse of the conjunctively managed water supply of the basin,

LOW WATERSHED AREAS

Even under natural conditions, the quality of water in the lower part of a watershed
may be relatively low. A natural stream that is undisturbed has a progressive
decrease in chemical water quality along its length (Table 1). The flow rate may
increase in a downstream direction, but the chemical quality will decrease because
the basin leaching fraction decreases. The runoff rate per unit area is highest in the
upper watershed and decreases in a downstream direction. The area of the
watershed increases in a downstream direction, so that the apparent leaching
fraction, defined as the outflow per unit area, decreases. Downstream water quality
will always be lower than upstream water quality. In river basin management, the
minimum downstream water quality must be set to some standard and the upstream
water uses must be managed and controlled to preserve that standard. Any
management practice followed in the lower watershed cannot have a physical effect
on the watershed anywhere upstream, but it may have a defining effect on
management of the upstream water. For example, downstream water rights may
have priority over upstream water rights, in which case, upstream uses are restricted.
Depending on the water needs (quality and quantity) and water rights in the lower
watershed, careful definition of the hydrologic and hydraulic system for the entire
watershed is required before management is undertaken. The fractions of water
taken from the supply and the fractions returned must be known in terms of
quantity, quality, elevation, and timing in order to define the kind of management
required for a given system. If the groundwater part of the equation is not included,
serious losses in surface-related investments can occur. The planning should take
place in a marmer that will make the water resource sustainable and usable for all
interested parties and for the public good.

The hydrologic position of the lower watershed changes the management and costs
(in terms of water volumes) so that they are different from those in the upper and
middle parts of a watershed. In the upper watershed, quality is high and all of the
water that is not consumed is available for downstream use. In contrast, a lower
watershed may border on a saline sink into which any non-recoverable water from
the watershed discharges and is, therefore, not reusable. Such locations may be a
city or an irrigation project that borders on an ocean, such as the cities of San Diego,
Los Angeles, and the San Francisco Bay area, or an irrigation project such as the
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Culicacan project in Mexico, the Imperial Irrigation District in California, and the
Sevier River system in Utah. All of the diverted water that is not consumed can
readily enter the sink to be evaporated and eventually returned to the atmosphere but
cannot be directly reused. In the lower watershed, every economically feasible
effort should be made to productively consume as much of the water as possible
before it is lost to a saline sink, unless there are important environmental reasons for
not doing so.

Defining the quality of water that makes it no longer economically and physically
useful and which therefore must be discharged into a sink is an important defining
management parameter. Large cities that border the ocean have large diversion
requirements, but consume only a small fraction of the water and often discharge
their treated municipal wastewater directly into the sea. Los Angeles has made an
attempt to recover some of their treated sewage water by recharging the
groundwater between the ocean and the inland freshwater aquifers that were being
pumped down to elevations below sea level. In the Imperial Valley, the
groundwater is too saline for recovery, so that pumping groundwater for reuse as a
means of recovery is not feasible. In the Imperial Valley, only irrigation water
management that results in a high consumed fraction of the water diverted will
minimize the loss of the water resource. This occurs because a high consumed
fraction, given the relatively constant rate of consumptive use, translates into
reduced diversions. This would require reducing the deep percolation to
groundwater and reducing surface runoff that is otherwise destined for the Salton
Sea. Any water transferred from the Imperial Valley, which currently consumes
more than 70 percent of the water diverted, and that is used instead for municipal
supplies in sea coast cities, which consume less than 20 percent of the diverted
water, will result in net reduction in productively consumed fresh water. In the Salt
River Project of Arizona, a middle watershed location, all of the deep percolation
from irrigation and municipal treatment recharge facilities is recoverable with deep
wells, a management alternative that is not available in a lower watershed.

CONCLUSIONS

Defining the hydraulic and hydrologic system of a given watershed is an important
first step in the management of a basin water supply. The fractions of diverted
water and the paths that they follow will enable rational decisions to be made
concerning the importance of investments in infrastructure to manage water. High
efficiencies of water use in an upper watershed are generally unimportant because
water not consumed is not actually lost. High efficiencies in lower watersheds are
imperative because any water not consumed is not recoverable. A true conjunctive
use approach in the examination of the disposition of the total water supply from the
top to the bottom of a watershed is necessary to define the management parameters
needed to guide the disposition of a limited fresh water supply.
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AGRICULTURAL WATER RESQURCES DECISION SUPPORT (AWARDS)

L. Albert Brower! Curtis L. Hartzell?

ABSTRACT

The Bureau of Reclamation (Reclamation)is the largest
wholesale supplier of water in the United States and
serves more than 31 million people in the 17 contiguous
Western States, providing more than 9.3 trillion
gallons of water each year. Accurate, timely
hydrometeorological information is essential for
efficient water management. The National Weather
Service (NWS), in partnership with other agencies, has
installed a network of around 160 radar systems
throughout the United States and at selected overseas
sites, known as the NEXt generation weather RADar
(NEXRAD) system. The NEXRAD system provides
precipitation information that is readily available to
the general public (TV weather, Internet). Great
potential exists for agencies such as Reclamation to
apply enhanced NEXRAD precipitation products for
improving the efficiency of water resource operations
and reducing risk of loss from extreme precipitation
events. Reclamation’s initial work to make operational
use of NEXRAD rainfall estimates was the development of
an automated information system to assist water users.
The result, called the Agricultural WAter Resources
Decision Support (AWARDS)system, provides easy, timely
access to rainfall and daily crop water use estimates
for improving the efficiency of water management and
irrigation scheduling. An Early Warning System{EWS)
component will provide enhanced public safety to
populations at risk downstream from dam structures.
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INTRODUCTION

The AWARDS system is based on modern remote sensing,
communication, computer, and Internet technologies.
The current AWARDS system uses NEXt generation weather
RADar (NEXRAD) and automated surface weather station
near real-time data, available from remote computers,
to automatically prepare rainfall image and
evapotranspiration (ET) chart products for Internet
access. Reservoir operators, water managers, and on-
farm water users access the AWARDS system products via
the Internet to make their operational decisions.

Various Reclamation and other users can benefit from
near real~time rainfall or snowfall estimates
customized for their particular area of interest.
Agricultural water districts can conserve water, and
individual irrigators can improve their on-farm
operations, when NEXRAD rainfall estimates are coupled
with evapotranspiration models to provide better
estimates of water need. NEXRAD can be used to
provide improved rainfall estimates over watersheds
draining into reservoirs with flash flood potential.
Because NEXRAD provides continuous spatial and temporal
coverage of most of the 17 Western States {(mountain
blockage is a problem for some areas), many water
managers can benefit from radar-estimated
precipitation used as input to practical rainfall-
runoff models. Such models are often linked to water
resource operation models and decision support systems.

AWARDS SYSTEM

The purpose of the AWARDS system is to improve the
efficiency of water management and irrigation
scheduling by providing guidance on when and where to
deliver water and how much to apply. The current
AWARDS system works as summarized below and shown in
figure 1.

e NEXRAD Doppler radar systems measure eguivalent
reflectivity factor (3.} data as input to the
Precipitation Processing System(PPS. The PPS
produces the Hourly Digital Precipitation{HDP)
array product for each radar system, which is
identified as Level III, Stage I.

° Real~-time surface weather stations collect data.
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Radar and weather data are transmitted and input
to central computers for processing; the National
Weather Service (NWS) River Forecast Centers
produce NEXRAD Level III, Stage II and III
products, as defined later in the paper.

An AWARDS system computer, a UNIX workstation,
automatically collects digital format data files
cf Level III, Stage III radar rainfall estimates,
weather station data, and NWS precipitation
forecasts from the central computers.

The AWARDS system computer prepares the rainfall
image and chart products, making them available
in near real-time for Internet access.

Reservoir operators, water managers, and on-farm
water users access the AWARDS system products via
the Internet.

Reservoir operators, water district staff, and
on-farm irrigators make operational decisions
based upon the information provided by the AWARDS
system.

Fig. 1. Schematic Diagram of the AWARDS System.
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The AWARDS system automatically integrates l-hour and
24-hour NEXRAD rainfall estimates

with 24-hour surface weather station data:
e mean temperature

mean relative humidity

mean wind speed

point rainfall accumulation

total solar radiation

and uses the NEXRAD radar rainfall estimates and
surface weather station data with:

crop evapotranspiration (ET) equations
local terrain and soil information
effective rainfall estimation procedures
local daily maximum and minimum normals
quantitative precipitation forecasts
watershed/reservoir systems

irrigation water distribution systems

to provide the water managers and users with:

® NEXRAD rainfall and watershed rainfall water
volume estimates

° effective rainfall estimates

o ET estimates for determining crop water use
requirements

The above information is available from Reclamation’s
NEXRAD Web page (Internet site) at
http://www.usbr.gov/rsmg/nexrad.

DATA ACQUISITION
NEZRAD Data

NEXRAD precipitation estimates are derived products
produced by the NWS Radar Product Generators (RPGs).
The radar reflectivity data are converted to rainfall
rates using a Z-R relationship, and precipitation
accumulations are then calculated (Crum et al., 1993;
Klazura and Imy, 1993). Level I data are the analog
signals from the Radar Data Acquisition (RDA) site,
Level II data are the digital base data output from
the RDA signal processor, and Level III data are the
base and derived products/algorithm output produced by
the NWS NEXRAD RPGs. Following are descriptions of
the Level III HDP products.
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Stage I: Stage I precipitation processing, also
referred to as the NEXRAD Precipitation Processing
Subsystem (PPS), runs on the NEXRAD computers (RPGs)
located at the NWS local Weather Forecast Offices.
The PPS generates the Hourly Digital Precipitation
{HDP) accumulation product that uses the Hydrologic
Rainfall Analysis Project (HRAP} grid cells, sized at
about 4- by 4-kilometer (km)

Stage I11: Stage II precipitation processing creates
hourly precipitation estimates (HDP) using Stage I
output in combination with rain gage data. Rain gage
data are used to adiust the radar data, using an
objective analysis procedure, to create a multi-sensor
hourly precipitation estimated accumulation analysis.
At present, the Stage I output data are passed to the
NWS River Forecast Centers (RFC) for follow-up Stage
II and Stage III precipitation processing.

Stage II1: Stage III processing mesaics (merges) the
Stage II analyses from individual radars,using tools
that allow the forecaster to analyze and edit the
individual multi-sensor analysis to create an HDP
product for the entire RFC’s area of responsibility.
These data are generated into Network Common Data
Format (NetCDF) or xmrg (binary file format) files.

The digital hourly NEXRAD precipitation estimates are
automatically collected into the AWARDS computer via
File Transfer Protocol (FTP) from the RFCs within 45-
minutes of the next hour. Once a full 24 hours are
accumulated, computer programs produce 24-hour
summaries and make them available on the Internet
site maps (images).
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Quantitative Precipitation Forecast (QPF)values for the

current 24-hour period are derived from algorithms

run at the NWS Weather Forecast Offices, then ported
to the RFC, where hydrometeorologists create composite
products in NetCDF, similar to the Stage III product.

Heather Data

Automated weather stations in operational and
developing AWARDS areas transmit surface weather data
via radio signal, phone line, cellular phone, or
satellite to local computer systems. These data are
then automatically collected from the sources, via
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FTP, into the AWARDS computer. In some cases,
S5-minute data are acguired; in others, only full 24-
hour accumulations are available. These data are
normally accessible in the early morning, allowing
sufficient time to prepare ET charts for the Internet
site maps.

Mapping Data

Various Geographic Information System(GIS) data
resources are used, such as watershed, hydrologic,
political boundary, irrigation district conveyance
system, and other features, for developing the base
maps for the AWARDS system. Digitizing these features
from maps is required when no GIS sources are
available. These data are transferred to longitude-
latitude coordinates for input to a graphics program
available from the National Center for Atmospheric
Research, called NCAR Graphics. The HRAP grid cells
are plotted and overlaid with the NEXRAD precipitation
estimates and weather station rain gage measurements.
Lastly, the crop water use and weather data are
integrated into the maps via pop-up charts.
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Fig. 2. Ezxample of interactive image showing the
24-hour NEXRAD STAGE III rainfall estimates.
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1 JUNE 5.87 i
i JULY 1.38 i
§ AUGUST 5.18 i

{164x32}

Fig. 4. Example of a pop-up estimated Z4-hour Crop
Water Use chart that includes NEXRAD rainfall,
effective rainfall, and QPF, for cell number 164x32.

Weather station data from the Oklahoma Mesonet system
are downloaded to the AWARDS computer using FTP every
day at 6:40 a.m. These data include climate values
for the prior day. Crop water use for the northern
half of the district is determined from the Mangum
station and the southern half from the Altus station.
If necessary, an averaging algorithm could be
implemented to better establish the ET for each cell
as calculated by the two weather stations. Averaging
was not used in the Lugert-Altus Irrigation District
because minor variations exist in the weather data
between the stations.

The primary crop in the Lugert-Altus Irrigation
District is cotton, which was planted during the
month of May in 1997, The daily crop water use is
calculated for each of the five planting date ranges
using the Penman-Monteith combination reference ET
method (ASCE,1990). A crop curve based on Growing
Degree Days is implemented as suggested by researchers
{New, 1997) at the Texas Agricultural Extension



136 USCID 14th Technical Conference

Service. In this example, the guantities, in inches,
are shown for the past 4 days, August 19 through 22.

A forecasted ET for August 23 is estimated by

averaging the past 3 days use. Data from the National
Centers for Environmental Prediction (NCEP) Early ETA
model will be used for improving this forecast value
and to extend the forecast up to 5 days (development in
progress). The cover and terminate dates are shown for
reference, and the summation of ET since planting and
for the past 7 and 14 days is presented. The NEXRAD
total daily rainfall quantities for the specified
number of hours of data availability and an estimate

of the effective rainfall are also presented. Further
work will enhance the effective rainfall quantities
using soil, slope, and vegetation data for each
specific 4~ by-4 km cell., NEXRAD rainfall totals for
this cell are also displaved.

OTHER DEVELOPMENTS
New Mexico

In addition to implementation in southwestern Oklahoma,
the AWARDS system is being developed in the Rio Grande
River Basin to support the Upper Rioc Grande Water
Operations Model {URGWOM). The URGWOM i1s a multi-
agency surface water modeling effort capable of
simulating water storage and delivery operations for
the Rio Grande from its headwaters and San Juan-Chama
Diversion to Fort Quitman, Texas. This numerical
computer model will be used in flood control
coperations, water accounting, and evaluating water
operation alternatives. Results from the AWARDS
system will be ported to an ET toolbox component of
URGWOM for estimating consumptive use demands on a
daily basis for both agricultural and riparian lands.

Two irrigation districts, Middle Rio Grande
Conservancy District (MRGCD) and Elephant Butte
Irrigation District (EBID), are assisting with
installation of weather stations and defining
conveyance and delivery systems. Reclamation and
district GIS data are used to define map features.
NEXRAD precipitation quantities are mapped in the
URGWOM study area using Level III Stage III data from
radar sites located near Albuquerque and Alamogordo,
New Mexico, and El Paso, Texas. These data are
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available to the AWARDS computer via FTP from the
Western Gulf River Forecast Center. Cooperative
efforts with governments and universities in both
states allow acquisition of daily weather station data
and vegetation indexes. The weather station values
are transmitted via phone lines and cellular phone to
computers at the New Mexico Climate Center at the New
Mexico State University (NMSU) and then ported via FTP
to the AWARDS computer. The daily crop curves used
for determining ET in this AWARDS system were developed
by NMSU staff (King, 1998), and crop phenology data
were generated by staff at the MRGCD and EBID.

The Biodiversity Assessment Group research facility at
NMSU has an agreement with the White Sands Missile
Range to receive daily images from Advanced Very High
Resolution Radiometer satellites. These data are
corrected for atmospheric effects, referenced to
vegetation indexes, and processed to calculate acreage
of both riparian and agricultural vegetation in each
4~ by 4~km cell. The riparian growth includes
Cottonwood, Russian Olive, and Salt Cedar trees, and
Salt Grass and other species.

In addition to the ET toolbox effort, weather station
charts and cell-by~cell crop water use charts for the
specific acreage (agricultural and riparian) are
mapped with the NEXRAD rainfall estimates and
displayed on an Internet site., This 4- by 4-km grid
map provides a near real-time decision support tool
for water managers and users within the Basin.

Qregon

In southwestern Oregon, near Medford, NEXRAD
precipitation quantities from the Northwest River
Forecast Center are similarly mapped on an Internet
site for the Rogue River Valley watersheds. BAn
important element of this program will be an early
warning component, which will be implemented to
provide increased awareness of flood danger, as
discussed later in the paper.

Mapped data for this project were acquired from the
Rogue Valley Council of Governments, United States
Geological Survey, and Reclamation GIS sources.

For each HRAP cell within the boundaries of the three
irrigation districts in the area, crop water use
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charts from Reclamation’s Agricultural Meteorology
{(AgriMet) program are transferred, via FTP, to the
AWARDS computer and displayed on the maps. AgriMet
weather station values are transmitted via a satellite
downlink site in Boise, Idaho, and are then also
transferred to the AWARDS computer. Weather station
data from other organizations will be accessed in the
future. The AgriMet program uses the Kimberly-Penman
method for calculating reference evapotranspiration
for crops grown in Reclamation’s Pacific Northwest
Region.

EARLY WARNING SYSTEM (EWS) COMPONENT

Similar to the AWARDS system application, use of near
real-time (< 1 hour) NEXRAD data to estimate rainfall
over watersheds should enhance existing reservoir and
dam EWS. The EWS designs consist of the following
elements: (1) a method for detecting flash flood
events; (2) a decision making process:; (3) a means for
communicating warnings between operating personnel and
local public safety officials; and (4} a method for
local public safety officials to effectively
communicate the warnings to the public and carry out a
successful evacuation of the threatened population at
risk (Fisher, 1993). NEXRAD should be able to
pinpoint the cores of heavy convective storms.

The HDP data are available about 45 minutes past each
sampled hour. Such data should, in most cases, provide
alerts before the runoff is measured by a stream gage.

However, Reclamation is working on a NEXRAD
precipitation accumulation alogrithm to improve the
temporal resolution {(Hartzell et al., 1998). A source
for these data is a NEXRAD Information Dissemination
Service, that provides nearly instantaneous
reflectivity data at a spacial resolution of 1 degree
by 1 kilometer. The increased accuracy, reliability,
and alert lead time gained by incorporating these
NEXRAD rainfall estimates can provide enhanced public
safety to populationsg downstream from dam structures,
reducing the risk of loss of property and life.
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SUMMARY

o The AWARDS system demonstrates a methodology that
integrates NEXt generation weather RADar (NEXRAD)
Level III, Stage III rainfall estimates with
modern computer, communication, and Internet
technologies for improved water resources
management.

° Daily crop water use estimates for improving the
efficiency of on-farm water management are easily
available for the crops grown in each 4- by 4-km
area.

e Water delivery system managers, in near real-time,
can observe hourly precipitation quantities for
improved operations.

J Determination of evapotranspiration (ET) for the
riparian zone and mapping at these 4- by 4-km
resolutions provides an additional decision
support tool for river system management.

° Porting consumptive use data to the multi-agency
Upper Rio Grande Water Operations Model system
via an ET toolbox component contributes daily
estimates of ET for both agricultural and
riparian lands.

J Reclamation is designing an Early Warning System
to provide enhanced public safety to populations
at risk downstream from dam structures during
potential flash-flood events using the
technologies available through the AWARDS system.
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PROGRESS ON CANAL AUTOMATION
FOR WATER DELIVERY MODERNIZATION

A J. Clemmens'

ABSTRACT

Modemnization implies not just rebuilding but rather improving to meet new
performance criteria. For irrigation water delivery systems, better customer service
is high on the list of priorities. Agricultural customers are facing increasing
competition, increasing water costs, and increasing production costs.
Improvements in water deliveries can facilitate improved farm irrigation systems
management. Canal automation is potentially one piece of the puzzle in trying to
modernize and improve overall project performance. Canal automation theory has
advanced substantially over the last decade. However, few of these advances have
been implemented on operating projects because the theory has not been easy to
apply. This paper presents the results of ongoing research to make canal
automation more affordable and to integrate it with water delivery operations.

INTRODUCTION

The need to modernize irrigation water delivery systems is well recognized.
Modemization is often justified to reduce maintenance costs, but more
importantly, modernization is needed to improve water delivery flexibility and
delivery service. Burt et al. (1997) report that many districts in the Mid-Pacific
Region of the Bureau of Reclamation already have high levels of flexibility.
However, there are many systems throughout the world where both flexibility and
delivery service are very poor. Yet, the level of service required is relative to the
perceived needs of users. So even systems at a relatively high level of service may
still need some form of modemization to meet the current needs, particularly
where water supplies are limited.

Modernization suggests improvements in the measurement and control of water
supplied to and delivered by a project. Increasing the level of control implies the
ability to provide more flexible and better service. The level of control that can be
achieved for a given project is dictated by physical constraints (e.g., canal
properties, structures, etc.), water supply constraints (e.g., storage and

'Director, U.S. Water Conservation Laboratory, USDA-ARS, 4331 E. Broadway,
Phoenix, AZ 85040 bclemmens@uswecl.ars.ag.gov
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availability), and operating procedures and methods. Some of these constraints can
be minimized with improvements in hardware and operating procedures. In this
paper, we discuss the potential role of canal automation in the modernization of
irrigation water delivery systems.

WATER CONTROL

In simple terms, the control of water within a delivery system centers on control
of flow rate and control of volume at various points within the system,
particularly at delivery points. For any part of the system, inflow equals outflow
plus change in storage volume over time. Most canal operating schemes focus on
these two concepts of flow and volume balances in one form or another. While
these concepts are simple in theory, they are often difficult to apply in practice.
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3o T lag times — the time
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While many operators have a heuristic understanding of these concepts and
operate to take these into account, canal automation provides a more systematic
way of dealing with these issues.

Flow rates set at check and offtake structures are never exactly correct. These
errors may be large or small depending on the sophistication of the technology and
operating staff. But these flow-rate errors will tend to accumulate within the
system. For effective, modern operations, some form of feedback, either manual or
automatic, is needed to remove these errors. If inflow is inaccurately set for a
given canal (or pipeline) and storage changes are not taken into account, outflow
(i.e., deliveries) will never be as intended.

Check and offtake structure properties influence how flow changes are divided at a
bifurcation. They can also influence pool volume (e.g., if the downstream level
changes) and the speed at which upstream changes are felt downstream (see
Strelkoff et al. 1998 for examples). Thus, structure hydraulics also influence the
response of the system and have an influence on the effectiveness of both manual
and automatic controls.

Modernization may also include better accounting for water diverted. Improved
measurement and control can also help provide better estimates of water delivered,
or help determine where in the system losses are occurring. Developing the
hardware and operational procedures for good internal auditing of water volumes
over time can provide a good impetus for further modernization efforts. If you
don’t know where the inefficiencies of the system are, it is hard to prioritize
potential improvements. “To Measure is to Know!”

MANUAL OPERATIONS
Gate Settings

A vast majority of canal systems are operated manually, with varying degrees of
success. A common concept for local-manual control is to divide the flow at
bifurcations by establishing a target water level. Gates are set so that if the water
level is “close” to the target, the proper flow will go to each offtake or continuing
canal. Because the zanjero (ditch rider or canal operator) cannot see all control
structures at once, control actions must be made based on judgment and
observations from traveling up and down the canal. (See Johnston and Robertson
1990 for further details). Errors in gate settings can increase the amount of time
required by the operator to stabilize flow in the canal. Changes in gate hydraulics
can cause the relationship between flow, level, and gate opening to change over
time. Without separate flow measuring devices, additional zanjero judgment is
required.
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Scheduling Deliver;

There are a variety of water delivery schedules that determine when an offtake will
receive water. The main ones being categorized as rotation, arranged or demand
schedules (See Johnston and Robertson 1990 for further details). For all but pure
demand systems, the schedule of water delivery changes can be established each
day at all points within the system. For manually operated systems, there are
several different methods for determining the timing of gate actions. Often, the
changes are made at the head of the canal at some point in time (e.g., at the start of
the morning shift). Then changes to downstream offtakes are made as the wave
travels downstream. Based on experience, the zanjeros can estimate the time of
the change at a particular offtake downstream based on when the heading was
changed and the travel time for the wave to reach that offtake. Alternatively, a new
delivery is made to correspond to the completion of another delivery, and the
heading flow is not changed (e.g., delivery is rotated based on demand). For more
flexible schedules, the change at the canal head is made to correspond to the
requested time of change at the offiake. For example, if the offtake flow is to start
at 10 am and the travel time is 3 hours, then the change at the heading must be
scheduled for 7 am. The scheduling of deliveries thus depends upon the rules of
delivery service and the amount of delivery flexibility provided to the water users.
Generally, increased flexibility requires a better control system, both in terms of
personnel {e.g., skills, number of employees, etc.) and hardware.

Manual Routing of Flow Changes

The main job of zanjeros is to route flow changes through the canal system. This
is a time-consuming, tedious task. Water in open canals flows according to the
laws of physics and not the desire of zanjeros. The work involves considerable
judgment and experience. This judgment can be improved with a better
understanding of canal hydraulics — i.e., “training”.

For manually operated systems with gates (or combined weirs and gates) as
control structures, increases in flow are nearly always routed from the canal head
to the offtake being changed. The operator starts flow into the canal and travels to
the next gate downstream. There, (s)he waits for the change in flow to arrive.
Since the wave arrives gradually, (s)he must wait until a sufficient portion of the
flow increase arrives before transmitting it downstream by opening the gate. Here
the gate opening is judged by making the same change in flow as at the previous
upstream gate (less seepage losses if significant) for the target water level. The
water level at the time of the change may be different from the target level, but
should eventually return to it. Figure 3 shows what happens to the flow rate to the
offtake and downstream canal while the water level stabilizes. This type of offtake
hydrograph is not uncommon (Palmer et al 1991).



Canal Automation 145

The operator proceeds downstream changing each gate in turn until the offtake is
finally opened. Now the operator must return to the canal head and repeat the
setting of gates with the assumption that flows have stabilized. Now adjustments

are made to correct
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Fig. 3. Typical response in canal outflow for a change in offfake  must be adjusted and
flow resulting from dispersion of step inflow upstream. the process starts
over.

This correction of headgate inflow based on mismatches constitutes manual
downstream control. Making flow changes on a canal usually requires a minimum
of two passes (the second to confirm everything is okay) and a maximum of four
or five passes. Flow measurement devices which give an accurate flow rate can
help the zanjero minimize trips up and down the canal.

A common practice in some areas is to deliver a greater flow change than needed
to satisfy changes in demand. For example, if a 150 Ips change is needed, 200 Ips
more may be added. Experience suggests that this “carriage” water is needed to
help move the change through the canal faster. This carriage water is useful for
supplying the pool volume changes associated with the change in flow rate.
Unfortunately, this carriage water is often left in the canal long after the transients
have died out, resulting in wasted water.

We can model these unsteady-flow processes and determine the results of different
zanjero operating rules, and the potential improvement of automation. As an
example, Lamacq (1997) found through simulation a 10 to 20% variation
(standard deviation) in delivery flow rates with respect to their targets using an
unsteady flow model and knowledge of zanjero operating rules. Her finding were
supported by district records. These variations in flow occurred even though this
district has modern equipment and strives to provide excellent service.
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Supervisory (Manual-Remote} Control

A single operator has difficulty controlling a canal where changes are taking place
at many locations at once. For large canals, it has become practical to control
gates from a centralized location. Supervisory control and data acquisition
(SCADA) systems are remote manual control systems that replace local canal
operators with supervisory control operators. Such systems have been in use for
irrigation projects since the 1960's. One irrigation district who recently switched
from manual-local control to supervisory control reduced their operating staff by
seven people on about 80 km of main canals (Clemmens et al. 1994).

One of the main advantages of supervisory control operations is that the operator
can see what is occurring on the entire canal simultaneously. Spills from upstream
control of main canals are undesirable. Downstream control requires control over
the water source, which may not be feasible for large main canals, particularly
where transmission distances are long. Most SCADA systems provide water levels
to operators. However, most are operated to adjust volume. For some systems,
pool volume errors are actually computed, and flow rate changes needed to
compensate for these errors are suggested. Operators may chose to let water levels
deviate from the target so that they can use the canals for storage, for example
when they do not have complete control of canal inflow.

If one pool is gaining while another is losing volume, gates are adjusted to shift
volumes between pools. This method of operation has proven to be effective in
many cases. However, most supervisory control operators have difficulty dealing
with canal transients. Most control decisions are made after flows have stabilized
-- a change and wait approach. Automated systems, discussed below, can be
designed to take transients into account so that the operators do not have to wait
for the flows to stabilize. They can act continuously. Brouwer (1997) compared an
automated control scheme with manual SCADA control for a large main canal,
through simulation. The results suggest that automatic control could provide
significant improvement. While simulation results of automatic control are
encouraging (Clemmens et al. 1997), they have yet to be proven in the field.

Water Accounting

Water accounting methods should determine the destination of all water diverted
or pumped into the canal system. One level of water accounting is to compare
water delivered to users with that entering the canal. For some districts, records of
delivered water are not sufficiently accurate to make these assessments, Water
changes tend to reflect ordered volume more than delivered volume. Such water
accounting often shows that a significant amount of the diverted water is not
accounted for, even when seepage and evaporation are taken into account.
Charging for water based on cropped acreage discourages water conservation.
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Few districts with canals have volumetric water meters. Mostly, rate is determined
from head on a gate or weir. Such measurements may or may not give an accurate
picture of water delivery. Careful monitoring of one water district showed that the
average flow rate varied by 30% from that based on a one time a day measurement
or by 40% from that ordered or intended (Palmer et al. 1991).

Proper water accounting takes this one step further to include water balances on
lateral canals. Ofien, lateral canals near the head of the system receive more water
relative to demand than those downstream. Proper water accounting can be used
to document and correct this inequity. Good flow rate measurements with
sufficient reading frequency or totalizing meters are required to make this water
accounting reliable. However, good water accounting should be the first step
toward solving water delivery and distribution problems.

AUTOMATIC CONTROLS

The position taken here is that there is a place for some type of automatic control
of various delivery-system operational functions. The type and extent of automatic
control that is appropriate depends upon the specifics of the system and its
management. However, canal automation has much more potential than is
currently being exploited.

There are a wide variety of automatic control systems in the literature. Most of
these are classified and discussed by Malaterre et al. (1998). Those in use are
summarized by Rogers and Goussard (1998). In reality, effective control, whether
manual or automatic, must control the distribution of volume and must control
flow rates at bifurcations. Control of water levels is typically secondary in order to
control flow rates.

The application of canal automation is really in its infancy. There are basically only
two types of automatic controls currently in use;
1. automation of single devices or single functions, with more system-wide
functions done manually and
2. automation of some global decisions, with local functions done manually
or through simple structures (e.g., where storage volumes are large).
The net result is that automatic controls are primarily implemented in a piecemeal
fashion. A more systematic approach to the development of control "strategies"
is needed, as opposed to control "devices" or control "algorithms." Local control
devices will continue to be one component of canal modernization. But, they can
not deal with overall regulation issues and will not be discussed here. Also, I will
not attempt to cover all the control methods proposed or in use. Several of the
more important ones will be discussed. First, however, it is important to
distinguish several different types of control.
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Open-loop control occurs when the variable that is being controlled is not
measured. For example, routing of flow changes through a canal can be done
without regard to existing water levels (e.g., by determining needed changes in
gate openings based on assumed conditions). If the controlled variable is water
level and you change the upstream flow based on a measured offtake flow change,
this is still open-loop control. This is often called feedforward control. Closed loop
control exists when the variable to be controlled is measured and contro! actions
are taken (e.g., changes in gate flows or opening) based on that variable.
Automatic control of water levels immediately upstream or downstream from a
gate is a form of closed-loop (feedback) control.

Centralized Automatic Control

There are only a few canals in the world which use centralized automatic control.
Utilizing centralized automatic control logic has become a research project for
every canal to which it has been applied. At this point in time, it is not
off-the-shelf technology. However, a necessary and important first step in such
automation is development of the hardware and communication systems needed
for supervisory control (i.e., SCADA).

One of the more significant approaches to canal automation is dynamic regulation,
developed for the Canal de Provence in southern France. The scheme estimates
future demands, observes water levels within the system and determines changes in
flow rate at the head of canal needed to restore volumes if those demands are
realized. Pool volumes as a function of flow rate and stage are known. Flows
between pools are adjusted by automatic gates that try to maintain a constant
differential in water levels between pools. Water is pumped from the canals into
water towers for pressurizing sprinkler irrigation systems. Thus the canals really
serve as reservoir, and are quite different from gravity flow systems typical of
much of the Western U.S. Other systems built by the French and operated in a
similar way also tend to have large storage volumes ~ i.e., canals are not designed
as efficient sections for transmission of water, as is typical in most irrigation
projects. This is primarily an open-loop control system, with some local feedback
components.

Another significant approach is that used to control the Central Arizona Project.
Their control approach is to determine the desired conditions for some future time,
and then changes the gate settings so that when the transients die down, the system
will be at the desired steady state. The system seems to work well, and is useful
considering the constraints imposed by lift station pumps. However, it is not
responstve to changes in demand and the staff has to continuously calibrate gate
coefficients and canal roughness parameters. There is no real feedback. Gate
stroking was originally proposed (discussed below), but proved too difficult to
implement.
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Gate Stroking

Wiley (1969) first proposed a method for numerically computing, with the method
of characteristics, the timing and amount of upstream flow changes to satisfy
downstream changes in demand. This method has come to be known as gate
stroking. It is a form of open-loop feedforward control. The U.S. Bureau of
Reclamation (Falvey and Luning 1979) developed software to implement Wiley’s
method. Several attempts have been made to implement this in practice and they
have all been unsuccessful. Several finite-difference approaches (e.g., Preissman
scheme) to the gate stroking problem have been attempted. Bautista et al. (1997)
summarize these methods and present an improved method. However, further
research with this method suggests it will always be difficult to use because of the
hydraulic constraints being imposed. With gate-stroking, the downstream water
level is fixed exactly, and the desired discharge is forced to make abrupt changes.
Because of the dispersive nature of waves, sharp changes in discharge and a
constant water fevel are essentially a physical impossibility. Thus, the numerical
procedures often produce upstream inflow hydrographs that oscillate significantly
or are not physically possible. This water-level constraint is actually not critical,
since water levels can change a small amount with little negative influence on
delivery performance. A further complication is that unsteady flow is not linear. As
a result, the inflow hydrograph for the sum of several individual changes does not
equal the inflow hydrograph for the combined changes. Thus, this technique would
require recalculation for every combination of changes — these hydrographs have
to be computed essentially in real time. A much simpler and still effective
alternative is discussed below.

Integrator-Delay Model

Schuurmans et al. (1995) propose an approximate model of canal response
(integrator-delay model) based on two simple canal pool properties: the
disturbance wave time delay and the water surface area of the pool portion
influenced by backwater from the control structure. These two properties, delay
time and backwater pool area, can be computed with their model, determined from
observation of canal properties, or computed from unsteady-flow simulation. This
canal response model assumes that downstream structures use constant flow rate
control. Thus a step change in inflow would cause, once the wave arrives, a
constant rate of change of backwater pool volume. Assuming that the backwater
area is constant for a given set-point depth, the rate of rise of the water level is
then related to the mismatch in flow rate (e.g., difference between inflow and
outflow), which is used to guide the development of controller constants. The
properties of the integrator-delay model can be used to develop both feedforward
and feedback control methods.
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For pools affected by backwater over their entire length, the above-described
model assumes no time delays. The backwater pool area is the only controller
design variable. However, reflection waves may be present for these types of
pools. Most pools have either a significant time delay, or reflection waves, but
seldom will they have both. Examples of the response of downstream water level
to a step change in pool inflow and constant pool outflow for two pools of one
canal are shown in Figures 4 and 5 (Clemmens et al. 1997).

385.0 Figure 4 shows a linear
/ integrator-delay model
/ fitted to water-level
» response data for a pool
/ primarily flowing at
norma] depth. The fit is
reasonably good
initially, but the actual
response deviates from
the model at large
393.5 I ’ I depths because the
0:00 100 2:00 300 400 500 600 actual surface area
Time (hours) changes as the depth
rises, which is ignored in
Fig. 4. Response in water level at the downstream end of pool  this approximate model.

1 for a step change in inflow from 43 to 47.3 m*/s and no
change in outflow (from Clemmens et al., 1997).
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3886 Figure 5 shows the
response for a pool
entirely under
backwater. Note that
changes in downstream
water level occur with
several cycles of delays
followed by rapid
changes. These are the
388 et . ; ; result of oscillation
0:00 1:.00 200 300 400 &00 600 Wwaves within the pool
Time (hrs) that are reflecting off the
boundaries. Wave
g‘ i;s. 5. gesmhn: in wat;;r1 leve:clr;n tget dol»;r;stri?m egd ofpool  celerity governs the
orastep o < in milow in > o 1y, and n ,

change inpoutﬂo»% (from Clemmens &t al, 19::;).s ° period of these cydes'
The waves dampen quickly, and at long times, the change in water level over time
is essentially linear. A straight line fit to the data shown in Figure 5 intersects the
initial water level at approximately time zero, suggesting that the approximate
model by Schuurmans et al (1995) is reasonable.

Elevation (m)
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Simple Open-Loop Routing Method

Bautista and Clemmens (1998) developed a simplified routing scheme based on
required volume changes and kinematic and dynamic wave velocities. The
approach is outlined in Figure 6. It starts with determining the change in volume
required, AV, to go from the initial steady flow rate, Q,, to the final steady flow
rate, Q;, resulting from a requested flow change, Aq. Next the travel time for a
wave to go from the upstream end to the downstream end of the pool is
determined, At. The initial change in flow rate upstream, AQ(t,), is computed as
the needed change in volume, AV, divided by the travel time, At. This change in

flow rate may be

25 different from the
requested flow change.
201 In this case, a second
o flow change, AQ(t)), is
%ﬂ 151 made upstream so that
5 inflow and outflow
2101 balance. The
A assumption behind this
05 method is that if the
correct volume is
00 applied and inflow

matches outflow, the
000 300 600 90 1200 pool will eventually
stabilize itself with the
Tirre correct volume and
flow rates. Simulation
Fig. 6. Check flow change schedule from volume compensation  studies performed
and time delay. suggest that this is the
case.

For multiple pools, the volumes and delay times are summed from downstream to
upstream. The cumulative volume is divided by the cumulative delay time to arrive
at the flow change for each structure. If multiple flow changes are desired, check
flow changes are computed for each. These incremental changes are then
overlapped. For example, one requested flow change may compute a change of
+100 U/s at 12:45 pm and -10 I/s at 3:00 pm. Another requested flow change may
compute a change of +200 /s at 2:00 pm and -40 s at 3:30 pm. An example of
multiple flow changes is given in Figures 7 and 8.

In order to implement this method, pool volumes must be determined for various
combinations of 1) flow rate, 2) downstream set-point level, and 3) Manning n.
Volume as a function of these variables can be determined from computed
backwater curves and canal geometry, or from simulation with steady hydraulic
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Fig. 8. Simulated forebay water level variations.

models (e.g., HEC-
RAS). This scheme
can also be used to
implement changes
in water level set-
point.

The integrator-delay
model of
Schuurmans et al.
{1995) suggests
using a delay or
travel time of zero
for pools under
backwater. This is

supported by the
long-term pool
response. However,
there is a finite delay
in these pool, at
least initially. Our
experience with
simulation of this
procedure is that it
seems to work best
when weusea
delay time equal to
V4 that determined
from the speed of a
celerity wave for
pools or portions

of pools under backwater. For these pool sections, celerity should be computed

with an "average" depth over the portion under backwater.

Downstream Feedback Control of Water Levels

Without some form of downstream control, there is no way of controlling the
water delivery to users. Local manual and supervisory control systems use some
form of manual downstream control to make adjustments when the system is
“out-of-balance." Automatic downstream control systems serve the same purpose.
They adjust the system for mismatches in inflow and outflow. They do this is such
a way that the proper volumes are added to the system. Downstream control is

useful even if all demand changes are prescheduled.
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Many of the older automatic downstream control systems have been developed
under the assumption that all demanded flow changes downstream control can
handled. For most canals, this is simply not possible. Pool delay times preclude
large demand changes from being implemented from the downstream end without
anticipation and routing. The problem is that many of these older downstream
control scheme are not set up to handle simultaneous routing of demand changes.
This is a major weakness and has resulted in these systems be