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ABSTRACT

MODELING THE FIELD WATER BALANCE ON IRRIGATED CROP FIELDS
USING ROOT ZONE WATER QUALITY MODEL

By

Michael I. Gangwer

Managing the amount and timing of irrigation water and liquid manure
applications on crop fields is a major requirement for optimizing crop yield and reducing
the potential for soil and water resource degradation.

This study had two objectives. One, develop parameters for evaluating the
performance of a comprehensive water budgeting model, and two, evaluate the
performance of the model by comparing empirically derived field water balance (FWB)
with model simulations.

Ten fields on four dairy farms in the Willamette Valley were instrumented with a
soil moisture sensor, Irrometer Watermark. These sensors measure electrical resistance,
thereby using conductivity as a measure of moisture content. Local rainfall amounts
were obtained by installing a weather station on each of the four farms. Other climate
data was obtained from AgriMet and National Weather Service weather stations.

Bulk soils from these ten fields were evaluated for particle size analysis and moist
bulk density. Soil cores were analyzed for paired matric potential and volumetric water
content. The paired data yielded the soil water characterization curve (SWCC).

The Root Zone Water Quality Model (RZWQM) was parameterized with three

data sets. One, data obtained from NASIS (soil data mart) based upon the soil map unit



for that field. Two, a mix of RZWQM data, field, and laboratory data. And three,
complete data sets for each field based upon the SWCC, and related field data.

The model simulations were evaluated using four statistical measurements,
including Root Mean Square Error, Mean Error, and the Nash Sutcliffe Equation. Results
show that using strictly NASIS data result in poor model performance. This is likely
related to alluvial soils deposited from recent flood events.

Results were largely mixed comparing a combination of default, field, and
laboratory data with the complete field and data set. This study suggests that the large
investment deriving the SWCC in the laboratory did not improve model performance.

The model performed reasonably well with field determinations of particle size
analysis, including sand, silt, and clay content. Once the clay content was known, the
model assigned default values for volumetric water content at saturation and field
capacity. Model performance could have been improved if saturated hydraulic
conductivity was measured using some field technique. RZWQM does not have a robust
crop growth component; FWB simulations could have been improved by knowing
evapotranspiration (ET) from the crop based on growth.

Obtaining bulk soil from a field, then determining particle size analysis, coupled
with field measurements of moist bulk density, volumetric water content at saturation and
FC, saturated hydraulic conductivity and accurate ET for the growing crop could be used

with RZWQM for the determination of the Field Water Balance over one or more years.
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Chapter One. Introduction

1.1 History

In what was to become a nine year odyssey, this research paper helps complete a
journey begun in June 1996. During the summer of that year representatives from
Oregon State University Extension Service (OSUE), Oregon Department of Agriculture
(ODA), Oregon Department of Environmental Quality (DEQ), and several livestock
commodity groups met and talked about research needs for the dairy industry in the
Willamette Valley Oregon.

The charge was given to this researcher: develop a tool that would help
landowners estimate the field water balance, utilize water for crop growth that would
improve irrigation water management, and reduce the potential for surface runoff of

manure into surface water. A working hypothesis was developed.

1.2 Hypothesis

Evaluating Root Zone Water Quality Model (RZWQM) using field, laboratory,
and default input values, can lead to predicting the Field Water Balance for a crop field
receiving irrigation water and liquid manure. Model output can provide technicians a
new tool for estimating those periods during the year that may require greater attention to
irrigation water management, therefore improving water utilization on fields, and reduce
the potential for surface runoff, which meet reccommended guidelines and enhance

environmental management of the water resource.



1.3 Rationale for Objectives

The rationale for using a model was based upon limited resources (costs of field
instrumentation, labor, and monitoring). The funding for this project, a DEQ 319 Grant
(USEPA Region 10, Seattle, WA, and Oregon DEQ, Salem, OR) was sufficient for the
installation of four weather stations and instrumenting ten fields with soil matric sensors.
The farms and specific fields were carefully identified. Four relatively stable dairy farms
were selected, and then on each farm specific fields were identified for instrumenting.
Campbell Scientific instruments were used for the WS package. The Irrometer
Watermark was selected for the matric potential measurements. The Watermark is a
granular matrix resistance block that mimics the volumetric water content in the soil. A
voltage is expressed across the block. The current flow results in a voltage drop, and the
resistance is measured. The resistance is a measure of moisture content. The drier the
block, the greater the resistance. After some period of data collection a FWB was
determined at four incremental 30 cm depths to 1.2 m. The FWB or volumetric water
content over time was the empirical data set used for this study.

The question for modeling was: what are the data input requirements for
evaluating the modeled FWB with the empirical data obtained in the ten instrumented
fields? Two objectives were proposed so that question could be answered:

1. Develop parameters for evaluating RZWQM, including three approaches:
a. USDA National Soil Information System (NASIS) data, based upon
selected Soil Map Unit identification for each field based on the Soil
Survey.

b. Particle size analysis, bulk density, and RZWQM default values.



c. Determination of the Soil Water Characterization Curve (SWCC) using
full data input of paired volumetric water content and matric potential
values, in addition to particle size analysis and bulk density (complete soil
hydraulic and physical data).

2. Evaluate empirical FWB with Model FWB simulations using three methods of
model parameterization in objective one.

a. Empirical data are coupled data of field matric potential (Watermark) and
lab derived SWCC.

b. Model data are combinations of NASIS, RZWQM default, and complete
soil hydraulic and physical data

In terms of developing the parameters for evaluating the model, the NASIS data is
readily available on the internet for public use. A user could identify a field location,
select the predominant soil map unit, and then use NASIS data for input soil hydraulic
and physical values in RZWQM. One advantage is no field work is required.

The second approach was using a combination of model default values and some
field measurements. The field measurements included particle size analysis (textural
class), moist bulk density, and volumetric water content at saturation, each at 30 cm
incremental depths. RZWQM default values included all other required hydraulic and
physical data to run the model simulations.

The third approach required full parameterization. The user overrides all default
values for hydraulic and physical properties with either field or laboratory data. In this
study the SWCC was derived for each 30 cm depths (four per field) to 1.2 m. The model

required volumetric water content at saturation, at 0.01 MPa, at 0.033 MPa (Field



Capacity), and 1.5 MPa (Permanent Wilting Point). The model requires horizon depth by
textural class with defined sand, silt, and clay content by percentage.

Saturated hydraulic conductivity was not measured in this study. The NASIS data
mean values were used for first approach; for the second and third approach the saturated
hydraulic values that gave no runoff were used. Landowners do not purposely apply an
amount of irrigation water or waste water that will cause a runoff event.

Once the model parameters were obtained or measured, the field simulations were
conducted using RZWQM. The model output as volumetric water content over the study
period were compared with the Watermark field data for the purpose of evaluating the
three approaches at determining the FWB in the instrumented field.

Four statistical analyses were used for evaluating model performance. The
goodness to fit analysis Root Mean Square Error and the model efficiency measure
known as the Nash Sutcliffe Equation were particularly useful in evaluating RZWQM for
these irrigated crop fields.

The basic research structure with chronological timeline is presented below. This
list provides the reader with a list of field, laboratory, and modeling activities that are

presented in this paper.

1.4 Research Structure
1. Select experimental study period: October 1997 — September 2002.

2. Identify four dairy farms in the Willamette Valley study area.



. Instrument each field with Watermark soil moisture sensors at 30 cm depths to 1.2
m. Hard wire to data logger. Include weather instrumentation for a portion of the
study period.

. Record spatial and temporal water input volumes (manure and irrigation) on ten
fields found on the four dairy farms (as supplied by the landowners). Evaluate
delivery equipment in terms of volume flow per unit time.

. Measure physical soil characteristics of typical soils in the study area. These
include particle size distribution, bulk density, and SWCC at 30 cm depths to 1.2
m.

. Obtain climate data for the study area. Use AgriMet, National Weather Station,
and local weather data from instrumentation on each farm.

. Parameterize RZWQM with climate, field, and management data based on the
time period the farm had an operable weather station.

. Determine FWB for all fields. [Completes Objective One.]

. Evaluate RZWQM performance based on three methods of parameterization (Lab
only, Lab and RZWQM combination, and USDA-NASIS data only). Rank
scenarios using rainfall distribution as sensitivity analysis, then suggest input
parameters required for model use in other non instruments fields. [Completes
Objective Two.]

Finally, a discussion of why this research is necessary is presented below.



1.5 Research Benefit

This paper takes a step towards providing a list of input data for determining the
FWB on irrigated crop fields using a model. One further step will help landowners
implement irrigation water management practices during the growing season, and utilize
liquid manure during all periods of the year, based on knowledge of the FWB over a time
period. These improve water utilization and reduce the potential of groundwater and
surface water pollution to acceptable levels. The work fills a part of the research gap by
providing a model or tool for use in determining the volumetric water content over a
period of time without instrumenting a specific field or farm. Further, this work offers a
new approach at combining fragmentary data into a systems analysis in meeting the
research objectives. The effort is based on systems thinking across the SPAC, including
water, bridging the disciplines of soil physics, water flow, climate and environmental
phenomenon, plant physiology, and a comprehensive deterministic research model. The
key is the selection of RZWQM as the model of choice for this systems approach, and
identifying which input parameters are required for model calibration on non-

instrumented fields.



Chapter Two. Literature Review

2.1 Introduction

On Earth, life is dependent upon water. Democritus wrote in 400 B.C. that “plant
growth involved the cycling of nutrients through water” (Tindall and Kunkel, 1999).
Later, in the 16" Century Sir Francis Bacon believed that water was the source of
nourishment for plants (Daumus, 1958). Jan Baptiste van Helmont confirmed Bacon’s
work in his famous experiment, which he concluded water was the sole nutrient for plant
growth (Tindall and Kunkel, 1999). In the early 17" Century Robert Boyle stated that
plant growth was a function of salts and other materials found in water (Tindall and
Kunkel, 1999). Further work by Buckingham of England, Green and Ampt of Australia,
Widstoe of Utah, Gardner, Martin, Bouyoucus, Richards, Kirkham, Keen, Penman,
Bresler, and Hillel all made huge contributions to the understanding of water in soils
(Tindall and Kunkel, 1999). Today, advances in plant physiology have linked water in
the soil to water flow through plants. In photosynthesis, water is oxidized providing a
source of electrons and protons. These drive carboxylation of CO; and ultimately organic
carbon is made into plant tissue. Plants are cooled by water evaporation. The
transpiration ratio of water used versus dry mass retained in plants is 500 to 1,500
(Mengel and Kirkby, 2001). Water carries solutes from the root zone into the plant,
thereby transporting plant essential elements from soil to growing plant tissue.

Soil water is essential for plant growth. The evaporative process for cooling and
nutrient uptake for growth occurs only when soil water is sufficiently moving into root

tissue as a function of hydraulic suction, or negative pressure. In the plant rooting zone



soil moisture moves by the inputs of rain, irrigation, or capillarity, and the outputs of
evaporation, transpiration by plants, and the movement of soil water by gravimetric
potential, or deep leaching. The status of soil water at any point in time is the Field
Water Balance, FWB, it is dynamic both spatially and temporally.

For most of the Earth’s surface, the FWB is largely weather driven. The land use
will alter the FWB. Forests can consume large volumes of water given deep rooting
zones of several meters. Perennial grasslands will consume water in a shallower rooting
zone (no greater than one meter), thus timely rainfall is required to maintain the FWB.
On the farm scale, crops are selected by climate zones and distribution of water
throughout the growing season. In rainfed agronomic systems, crop yield is a function of

timely rainfall, thereby maintaining the FWB.

2.2 Irrigation

Farmers can irrigate soils with supplemental water. This practice likely began
when groups of people, or communities, settled in places where rain did not supply water
to growing crops. Surface waters were diverted using hand-dug canals. Some form of
energy was used to draw water from hand-dug wells, thus soil water at depths beyond any
root zone were obtained.

With the development of machines and the movement of people to the Western
United States, entire societies were located in places where rain rarely fell. The damming
of rivers, the construction of canals and pumping stations and reservoirs supplied water to
the desert. The FWB was maintained by diverted water, not rain. Irrigation turned

barren land into productive farms.



Productive farms are usually profitable farms. As the need to produce food for
humans and feed for livestock increases, the diversion of water to desert soils helps meet
this need. Yet an important question looms: is irrigation sustainable?

At the farm level, the landowner attempts to optimize yield, derive profit, and do
so efficiently. Some understanding of the FWB provides greater irrigation efficiency: the
timing, the location, and the amount of water applied to a crop field are important
decisions. For livestock farmers with animals in confinement, liquid manure may be
irrigated on the field. For this practice, special care is given to avoiding applications
when the FWB is sufficiently saturated. Irrigating water on soils at or greater than field
capacity move liquid manure out of the rooting zone before sufficient treatment can take
place. Surface runoff or deep leaching can occur. The livestock owner with a liquid
manure system, therefore, uses two criteria, which guide irrigation decisions: timing and

depth of application.

2.3 The History of irrigation in the Western United States

In a book dedicated to writing the reclamation history of the West, historian
Michael Robinson (1979) describes the development of irrigation on arid lands. The
manifestation of “agrarian ideals” by Thomas Jefferson set the stage for Federal Laws,
construction, and settlement of a new society. One of the first to do so was the Mormons.
They settled the Salt Lake Valley in 1847, digging irrigation canals by hand, and turning
the “Great American Desert” (Thomas, 1948) into productive fields sustaining an entire
farming community. The great trek West, including the Oregon and Californian Trails

during the 1880’s was brought about in part by the Mormon effort to reclaim the desert.



During this period of time, the reclamation effort was born. Congress sought to
encourage pioneers settlement in the West; the Carey Act of 1894 granted one million
acres to ten states if these lands were developed for agricultural irrigation.

The individual Western States, however, lacked the resources to fully develop the
scope of irrigation projects. State’s boundaries and water flow were different. The
Federal Government, led by President Teddy Roosevelt’s natural resources interest,
passed the Federal Reclamation Act in 1902 (Gates, 1968). During the late 19" Century,
an engineer, pioneer, and explorer, John Wesley Powell, trekked over much the West.
He mapped, made inventory, and conducted crude water flow measurements. He did not
like what he saw.

Powell’s report to Congress in 1878, titled “The Lands of the Arid Regions of the
United States (Smythe, 1911), advocated using science and a thorough inventory to
utilize water and land while avoiding overuse, non sustainable farming practices, and
monopolistic control. In what was to become known as a development plan for the West,
Powell suggested three components: a topographical map, measuring the annual volume
of water for each catchment or drainage areas, and conduct soil surveys (Robinson,
1979). Congress, however, largely ignored his foresight. His request for funding was
almost completely denied.

During the first years of the 20" Century, three men joined in an effort to build
support for Federal Reclamation in the West (Hodge, 1963). Frederick Newell, an
engineer and first head of the Reclamation Service, Francis Newland, a Congressman
from Nevada, and George Maxwell, a California Lawyer and founder of The National

Irrigation Congress in 1987 pushed through Congress a bill which funded the first six
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reclamation projects in the West (Hollen, 1966). The second appropriations act supplied
the funds for another 25 projects, largely the formation of reservoirs by building Federal
Dams. The first, Roosevelt Dam (appropriately named after Teddy Roosevelt and his
Reclamation Service bill in 1902), was built on the Salt River in Arizona (Robinson,
1979).

The rapid increase of people settling in the West spurred Congress to provide
significant dollars towards reclaiming the West (Smith, 1950). Stegner (1954) coined the
term “Beyond the Hundredth Meridian,” as he described the efforts of the Federal
Reclamation Service to “tame” the Western Rivers and develop irrigation infrastructure.
He claimed the rationale was driven by an “engineering ethos” which simply stated that
humans can conquer Nature if given enough resources, time, and most of all, public will.
Engineers made up the upper hierarchy of the Federal Reclamation Service. They sold
their philosophy to politicians in the Eastern U.S. in economic terms. The newly
constructed dam would provide hydropower to new settlements in arid lands. The new
reservoir behind the dam would provide flood control and irrigation water. With power
and water, arid land would support agriculture and family farming (Robinson, 1979).
The original Reclamation Act of 1902 had important language which sought to avoid
monopolistic development of irrigated lands (Smith, 1950). The 160-acre farm or quarter
section (one quarter mile by one quarter mile square) was deemed enough irrigated land
to support one family unit.

In 1925 the Reclamation Service was renamed a branch service under the
Department of Interior, called the Bureau of Reclamation. The second, third and fourth

decade of the 20" Century were heady days for dam, reservoir, and irrigation
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construction by the Bureau, including the Elephant Butte Dam in New Mexico (1920),
the Hoover Dam on then Colorado River (1935) and the Grand Coulee Dam on the
Columbia River (1941). All provided energy and power to rapidly growing settlements
of city and farm people (Robinson, 1979).

After WWII, the emphasis of the Bureau changed. In what is largely thought to
be a revisit of John Wesley Powell’s concern for water management, the Bureau sought
to place greater emphasis upon flood control, recreation, fish management, and improved
irrigation efficiency (Coddington, et al., 1972). Some of the last dams built by the
Bureau were on the Columbia River System. As a youngster in the late 1950’s my father
would take our family to a Columbia River bluff overlooking the construction site of the
McNary Dam. We watched workers manage huge buckets of concrete, lay thousands of
rebar rods, and install magnetic turbines in the bowels of this construction site. Fish
ladders and ship locks were built too, and in the later days of the construction, erections
of steel towers were set upon the expanse, thereby moving electricity hundreds of miles
south across the Eastern Oregon Basin. Soon after hundreds of center pivot irrigation

systems turned the flat brown desert into circles of potatoes, onions, corn, and alfalfa hay.

2.4 U.S Bureau of Reclamation today

The Bureau of Reclamation remade itself during the 50’s, 60’s and 70’s but
retained its theme, which according to Robinson (1979) is “To Conserve and Manage
Water in the Public Interest.” The changes, however, during these years up to the present
are dramatic. Instead of attempting to tame the Western Rivers, the Bureau attempts to

manage them efficiently, using water “more than once” (USBR, 2004). The Bureau
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attempts to address the complex issues of water use and management in the West,
whereas in earlier years supplying water to reclaimed land was its emphasis. Today, the
Bureau of Reclamation makes the following verbatim statement on their Website (USBR,

2004):

o Manages, develops, and protects water and related resources in an
environmentally and economically sound manner in the interest of the American
public.

e Serves as the fifth largest electric utility in the 17 Western States and the nation's
largest wholesale water supplier, administering 348 reservoirs with a total storage
capacity of 245 million acre-feet (an acre-foot, 325,851 gallons of water, supplies
enough water for a family of four for one year).

e Provides 1 out of 5 Western farmers (140,000) with irrigation water for 10 million
farmland acres that produce 60% of the nation's vegetables and 25% of its fruits
and nuts.

e Operates 58 hydroelectric power plants averaging 42 billion kilowatt-hours
annually.

e Delivers 10 trillion gallons of water to more than 31 million people each year.

o Manages in partnership 308 recreation sites visited by 90 million people a year.

The third bullet point, that of providing water for irrigation, is coupled with the
water efficiency objective; both were responsible for the Bureau’s development of
weather stations (WS) scattered throughout 17 Western States. In 1983, the Bureau

worked with Bonneville Power Administration (BPA) to develop a satellite based
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weather station (WS) system for capturing climate and field characteristics (USBR,
2004). The system is known as Agrimet, a word derived from Agriculture and
Meteorology. Today there are 74 WS in the Pacific Northwest (PNW) including
Washington, Oregon, Idaho, Montana, and parts of California, Nevada, Utah, and
Wyoming. The AgriMet Network (USBR, 2004) is supported by a consortium of public
and private resources, including the United States Department of Agriculture’s Natural
Resources Conservation Service (NRCS) and Agriculture Research Service (ARS), Land
Grant Universities, the Cooperative Extension Service, and the Northwest Energy

Efficiency Alliance (NWEEA).

2.5 USBR AgriMet weather stations

AgriMet WS are equipped with below and above ground instruments. Data is
stored in a datalogger, and on five-minute intervals logged telemetry is relayed via
satellite to a mainframe computer in Boise Idaho. Complied mainframe data is posted to
USBR Website for each WS on the Network. A time delay of approximately four hours
exists for field data and complied web posted data. One calculation provided is
evapotranspiration, the sum of evaporation from the field surface and transpiration of
water through the growing crop. The value is listed as mm or inches of water
consumption daily for a reference crop (ET;) that is well watered and growing. In the
more arid locations, alfalfa is used for the reference crop; in the West side of the Cascade
Mountain range, in Washington and Oregon, a grass crop is used. The calculation is

based upon a Modified Penman Monteith equation (FAO, 1998).
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Irrigators may make better irrigation decisions using these data. Specifically, the
ET; is multiplied by a crop coefficient, which provides the irrigator with a volume depth
of water consumption on a daily basis. Irrigators can schedule a single irrigation volume
depth based on resupplying the crop field with water that is consumed by the crop ET, or
ET.. The FWB is, therefore, maintained using a mass balance approach: input
(irrigation) equals output (ET,).

The USBR’s AgriMet Network provides a valuable tool for irrigators where WS’s
are located. An estimate of water consumption for a particular crop must be known so
greater efficiency can be obtained. However, the water consumed by a particular crop is

just one component of the FWB.

2.6 Development of the FWB definition

Daniel Hillel, in his twentieth Chapter of Environmental Soil Physics, Water
Balance and Energy Balance in the Field (Hillel, 1998), defined the FWB in these words:
“The field water balance, like a financial statement of income and expenditures, is an
account of all quantities of water added to, subtracted from, and stored within a given
volume of soil during a specified amount of time.” He used the Law of Conservation of
Mass, which states matter (water in this case) cannot be created or destroyed but can only
change from one form to another. Hillel went on to explain the FWB in terms of energy
balance; that the Conservation of Matter and the Conservation of Energy are integrated
since they are involved in the same processes (form change accountability) within the
same physical volume (a volume of soil supporting plant growth). The root zone water

balance can be expressed as follows (Hillel, 1998):

15



S+vV=FP+I1+U)-(R+D+E+T,)
Where
S = change in soil water storage per unit time
V = change in volume or mass of water incorporated into plant biomass per unit time
P = precipitation volume depth per unit time
I = irrigation volume depth per unit time
U = upward capillary flow per unit time
R = runoff volume depth per unit time
D = downward drainage out of the root zone (leaching) per unit time
E = evaporation from the soil surface
T, = transpiration of water from the crop per unit time
Evett and Lascano (1993) suggested a FWB (S,, volumetric water) as follows:
Sy=AS+P+R-F-ET
Where
AS = change in soil water storage
P = precipitation or irrigation volume depth
R = the sum of field runoff and runon
F = flux of water across the lower boundary of the profile
ET = water loss to the atmosphere including evaporation and transpiration
Both equations have commonalities. The S factor, the change in soil water is a
volume concept. The difference over a time unit, i.e. 24 hours, is a volumetric change.
The volume can be converted to a weight assuming soil water at 1.0 g cm>. In typical

root zone profile, the volumetric water content of the soil is multiplied by the volume
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depth to yield a depth of water stored (Howell, 1995). For example, at a rooting depth of
60 cm, if the volumetric water content is 25%, or 0.25 cm water/cm soil depth, the depth
of water stored is 15 cm. This volume depth constantly changes depending upon the
other components of the FWB. Hillel (1998) refers to a change in water content for
plants in this rooting depth. Canny (1998) described water transport and water retained
over the growing season. He showed that water retention in a plant had several roles,
including stem turgor, solute transfer, leaf extension, and cell wall maintenance. The
whole plant water content of agronomic plants at the end of their vegetative growth
period is at least 80% and can be as high as 95% (Boyer, 1985).

The P component is water added to the soil root zone profile by precipitation or
irrigation. This value is measured and expressed as a volume depth, i.e. 7 mm of rain or
15 mm of irrigation water. The value is always zero or positive. The R component is
runoff or runoff and runon. The likely case is runoff from fields after a rainfall event of
some intensity. Runon can occur too, if surface flow from an adjacent field enters the
surface the area of this study field. The U and the F terms are somewhat similar. The
movement of water into the root zone from a layer at some depth below the zone occurs
due to capillary potential, or from a wet soil into a dry soil, the result of decreasing
negative matric potential (Ritchie, et al., 1999; Mandal, et al., 2002; Starks, et al., 2003).
This value is negative (water inflow) or positive (water outflow, or deep leaching).

The E component in the first equation refers to the amount of thermal energy,
which drives the evaporation of water from the soil. This is an energy term, expressed as
some measure of thermal heat, as in MJ m™? day, the amount of energy entering the soil

surface one m square in one day (Bowers, et al., 1965; Sepaskhah et al., 1979; Peart, et
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al,, 1998. The E term in the second equation is the mass of water leaving the soil root
zone, thereby it is positive when water is evaporating from the soil surface and
transpiration is occurring.

The components of a FWB can be a derivative of a moment in time, or in integral
form, which describes the FWB flux over a time period. For example, a 24 hour period
in summer when no rain falls, but thermal input as radiant energy is significant, i.e. 26°
C, and a crop is in its vegetative state fully transpiring water from a soil root zone at or
near field capacity. In this case the change during the twenty-four hours is negative; the
change in water storage is decreased by 7 mm. The FWB can be positive the next day, if
10 mm of rain falls. This rainfall depth is balanced against the amount of water leaving
as evaporation and transpiration, and the amount gained in plant tissue. The FWB can be
a combination of time steps, for one growing season, for one calendar year, or several

calendar years.

2.7 Determining the FWB
2.7a Direct measurement

The FWB can be measured by installing monolithic weighing lysimeters in a field
(Wright, 1991; Phene, et al., 1990). Large lysimeters (10 m diameter) can yield good
results (Howell, et al., 1995). A lysimeter is described in detail in a review paper by
Howell (1991). Work done by Grebet and Cuenka (1991) provided guidance
methodology for installing and maintaining lysimeters, which minimized error. They
report the largest error was differences between the lysimeters bulk soil in situ due to

disturbance and the field soil in its normal state. Differences between tillage primarily
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and seed planting to some extent influences the error between lysimeters and field
conditions. Other workers report heat flux errors in smaller (30 cm) lysimeters (Black, et
al., 1968) and the high cost (Lourence and Moore, 1991), although Schneider et al.
(1996) described a low cost 1.5 m diameter monolithic lysimeter, which gave nearly as
accurate results. These low cost lysimeters were suggested for use in developing
countries.

There are two principal designs. One design (Marek et al. 1988) offers access to
lysimeters sides and bottom for installation and repair. The datalogger and related
instruments are installed in the cavity beneath the lysimeters, including the load cells
directly beneath the monolith soil container. The volumetric water content is recorded
with Time Domain Reflectometry. The excess water is drained into a sump hole and
removed from the cavity with a pump. A diameter of 3 m is common but the largest
lysimeters are 10 m in diameter located at the University of California — Davis.

The second design (Schneider, 1998) is simplified and less costly. The monolith
of soil (1.5 m diameter) is obtained from the field and installed in a hole slightly larger
than the monolith diameter. Prior to installation, the cavity is dug 0.5 m deeper and filled
with fine gravel. A volume of space is left for water to accumulate when the monolith
drains. This volume is removed by using a hand driven vacuum pump. The scale is
usually a platform beam unit resting on the gravel surface. The scale is wired to a
datalogger at some point above ground from the lysimeter. The soil monolith, once
installed, prohibits users from repairing the instruments and scales beneath the monolith.

Weighing lysimeters measure water mass, and over time, the change in water

content in the soil monolith and plant tissue. Users may assume water bulk density is
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exactly 1 g cm’, thereby converting mass to volume. The change in water mass, over
time, and if negative, measures the water storage loss over that time. If negative, water
has been lost as evaporation, transpiration, or out of the bottom of the monolith. If
positive, a rainfall volume depth, or irrigation event, increase the mass, and therefore the
soil water storage is increased. The soil water change is known, and can be plotted as
time step (x) and storage status (y) (Evett, 1998).

The other components of a FWB are measured as well. Thermal energy provides
a measure of energy influencing the crop and the surface of the soil monolith. Wind
speed and relative humidity influence the rate of ET for the crop growing in the soil
monolith. The physical characteristics of the soil mineral, the matric, osmotic, and
gravimetric potentials are measured thereby providing knowledge of field capacity and
permanent wilting point, the volumetric water content between these two points is
available water capacity for crop consumption (Hillel, 1998). For example, if the FC is
44%, or 13.2 cm per 30 cm depth, and the PWP is 24%, or 7.2 cm 30 per cm depth, the
AWC is 6 cm per 30 cm depth. Optimal crop growth occurs between these two points;
the 6 cm or 60 mm of soil water storage is maintained by irrigation or rainfall.

Microlysimeters have been used at the field level (Lascano and Hatfield, 1992).
These smaller devices have a 10 cm diameter, can be removed by hand, weighed, and
then replaced in the field core. For a precision of 0.5 mm d”', only seven units were
required at any soil wetness. The units are labor intensive, but offer the researcher a low

cost measurement of the FWB.
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2.7b Indirect FWB measurement

The measurement of FWB can be done indirectly. A methodology for measuring
several of the components in any FWB equation can predict the change in soil water
status over a time period. As early as 1802, John Dalton (Davenport, 1984) suggested a
method for free water evaporation. The evaporation rate was calculated using the vapor
pressure gradient, the difference between saturated vapor pressure and actual vapor
pressure, and this factor was multiplied by an empirical coefficient to determine rate.
The Dalton equation follows:

E=C(ew—¢€)
Where
E = evaporation rate
C = empirical coefficient
ew = saturation vapor pressure
e, = actual vapor pressure

Dalton proposed the use of an empirical coefficient, C, to refine vapor pressure
gradient (e, — €,). This gradient was influenced by air and water temperature, wind
velocity, atmospheric pressure as a function of altitude, and the orientation and shape
(slope) of the field surface (Tindall et al., 1999). Refinement of Dalton’s Law, as it was
known, and continued by Fitzgerald (1886), Meyer (1915), Horton (1917), Rohwer
(1931), Harbeck, et al. (1958), Kohelker et al. (1955), and Dingman, et al. (1968).
Tindall et al. (1999) provides a list of equations for each of these researchers. The newer
equations suggest models for determining the empirical coefficient, C. For instance,

Fitzgerald (1886) used wind velocity for C, Meyer ( 1915) suggested that E rates should
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be based upon depth of water, and Horton (1917) in his rather well known work modified
C by incorporating the relationship of turbulent wind time and relative humidity over a
large area, i.e. and field instead of a single location in that field. Harbeck et al. (1958)
incorporated air temperature in his equation, and Kohler et al. (1955) began using pan
evaporation data collected at some site in the field.

The efforts of these researchers yielded some knowledge of evaporation of water
from a water surface and from the wet soil surface. Evaporation data like these were
indirectly influenced by location: if the evaluation site was not vegetated, the values were
truly evaporation estimates. If, however, the site was heavily vegetated, i.e. a forest,
grass or actively growing crop, the estimate certainly was influenced by the presence of
biomass.

Viehmeyer and Brooks (1954) suggested a near saturated soil surface will
evaporate water approximately at the same rate as water from a water surface. Meyer
(1915) assigned the E rate as a function of water depth, but included the corresponding
mean monthly vapor pressure (in inches mercury) and the mean monthly air temperature.
Thus the monthly evaporation rate was known. Meyer (1915) further refined his equation
by fine-tuning the coefficient C, by measuring wind velocity. A monthly mean was
determined using velocity as miles per hour at a height of 10 m above the evaluation site.
In what was to become known as the Meyer Equation (Tindall et al., 1999), the monthly
value could be divided by 30 to approximate daily evaporation assuming equation factors
were daily mean values. Meyer was, therefore, one of the earliest researchers to use
empirical data to calculate monthly and daily evaporation rates from a wet soil or water

surface.
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One additional note on evaporation should include the use of the U.S. National
Weather Service’s use of Class A Evaporation Pans (James, 1988; Jensen, 1980; Pair et
al., 1983). The National Weather Bureau sought to know something about water flux,
that of an evaporative flux, or the conversion of liquid water into water vapor. This is
known as the latent evaporative flux; it is the amount of energy required to dissociate
water molecules, which are bonded into a matrix, into water molecules, which escape the
bonded matrix and enter the much less dense atmosphere. This reaction requires energy.
For example, at 20° C, the latent heat of evaporation is 2.45 MJ kg, or in other words
2.45 MJ of energy is required to vaporize 1 kg of water. The expression is usually
expressed as energy per unit area: 2.45 MJ of energy is required to vaporize 0.001 m or 1
mm of water per square m, or m>. The energy is supplied by sunlight through radiant
solar energy.

Class A Evaporation Pans were placed in over five hundred sites in the U.S. with
another several hundred in other countries (Cuenca, 1989). The pan is 1.2 m in diameter
and 250 mm deep. The operating level is 175-200 mm. The pan sits 150 mm above the
soil surface. Birds and debris are kept out of the water by placing a meshed screen on the
pan’s rim. Measurements are taken daily. Excess water from rain is removed from the
pan (and recorded); water is added when evaporation over time exceeds rainfall. An
automatic depth recorder can be used to automatic data collection.

The volume depth removed from a pan is combined with a coefficient, which
estimates the amount of evapotranspiration for a particular crop. Sample crop
coefficients are supplied by FAO (1998). For evaporation pans crop coefficients that are

less than one, indicating that less water is removed from the field than that water from a
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water surface. The coefficient could be greater than one, however, if the soil was wet and
the crop was transpiring more water (a function of rooting depth) than that water from a

water surface (FAO. 1998).

2.8 Evapotranspiration

The idea that evapotranspiration could be more accurately calculated began in the
1940’s and was examined by many researchers in the 1950’s (Tindall et al., 1999).
Jensen et al. (1990) reviewed this early research effort and discovered three
methodologies: temperature methods, radiation methods, and combination methods.

The most commonly accepted temperature method is the Blaney-Criddle Method
(Blaney and Criddle, 1950). This method assumes that ET is a function of mean monthly
air temperatures and monthly percentage of daylight hours for an actively growing crop
in a well-watered soil. The daylight hour component was determined by knowing the
degrees of North Latitude, i.e., the further away from the equator (larger Latitude) the
differences in daylight hour percentages in a 24-hour cycle. The percentages were
determined monthly. Blaney and Criddle (1962) developed monthly crop coefficients,
which served the same purpose as the pan evaporation coefficients. Three corrective
factors were made to the original BC Method. Pochop et al., (1984) recommended an
elevation factor, thereby in addition to the planimetric location, a vertical input was
needed. They proposed reducing ET by 10% for every elevation gain of 1,000 m, which
accounted for lower temperatures at higher elevations at a given level of solar radiation.
Lastly, Doorenbos and Pruitt (1977) modified the BC Method by using a standard

reference crop, or what is now known as ET.. They used a well watered, actively
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growing grass crop as their ET.. Their work was the basis for the FAO 24 publication,
which during the 1970’s and 1980’s became the accepted method for determining ET,
using grass, and the development of crop coefficients for all other crops.

The radiation method was originally suggested by Jensen and Haise in the late
1950’s (Jensen and Haise, 1963). The JH Method is based upon knowing solar radiation,
and the term they used is Langley’s, calories per square cm of field surface per day.
They borrowed the planimetric component from the BC Method, and developed a chart
of mean solar radiation in the listed units as a function of 5 degree increments both north
and south of the equator. The values are lower as latitude increases, in approximately the
same manner as daylight hour percentage (Tindall, 1999). Other components include
saturated and actual vapor saturation or humidity, mean air temperature, and a
temperature scale intercept when ET divided by R,, defined as Langley’s at that point
when no evaporation (not ET) occurs. Richardson and Wright (1984) provided a method
for determining solar radiation if local data were not available. One of the original JH
method authors, Jensen and other workers (Jensen et al., 1971), would later define the
crop coefficients, which would be used in almost all combination methods.

This early work by a group of scientists set the stage for development of what
were as combination methods. That is, temperature and solar radiation, both direct
measurements, were used together. In a well written review paper published in 1990,
Jensen, Burman, and Allen (Jensen et al., 1990) would review the work to that time and
suggest what would be called the FAO Penman Model, a combination model, based upon
the previous effort at combining temperature and solar radiation into a more accurate

model.
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2.9 Combination models

Penman (1948) developed the first ET combination model. Known as the FAO
Penman Model, it combined four primary climatic factors: solar radiation as energy or
thermal input, wind speed in terms of turbulent intensity, vapor flux, as the difference
between saturated vapor pressure, or 100% relative humidity, and actual vapor pressure,
or relative humidity, and mean ambient air temperature. The thermal input term drives
the energy into the soil-atmosphere system. Logically, the greater the thermal input and
the longer the daylight hours (sunlight exposure), the greater the thermal input load per
24-hour period. Wind speed is required given the thermodynamic properties of turbulent
flow. Increased wind velocity drives turbulent flow, thereby removing water vapor from
the soil-atmosphere at a rate faster than still or calm air. The vapor flux, or what is
known as the vapor pressure deficit (VPD), is an evaporative property of the air space
above the soil surface and the soil atmosphere as well. The larger the VPD, the greater
the difference between existing humidity and atmospheric water content at saturation.
The VPD is a function of all climate terms, especially thermal input. The latent heat of
evaporation requires energy; the evaporative capacity of the atmosphere is the VPD.
Finally, ambient air temperature expressed as mean degrees per day is required to
complete the FAO Penman model. Temperature is a measure of energy in a system, and
the degrees to which energy increases or decreases per unit time.

Further refinements of Penman’s original model occurred in the 1950’s. 60°s and
70’s (George et al., 2002). Three modifications sought to incorporate stomatal resistance
(Penman, 1963), modify wind function (Monteith, 1965) and VPD’s (Doorenbos and

Pruitt, 1977). A scientist in France, Perrier (1977) moved the calculation of reference ET
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towards more emphasis upon energy terms. His model used sensible heat and latent heat
exchange functions to describe the available energy for the actively growing crop canopy.
Bouchet (1963) added another perspective. He suggested that as a soil surface dries from
an initially wet or saturated condition, the potential ET increases while the actual ET
decreases. When the soil is nearly dry, there is no or little water to evaporate, even
thought the potential to evaporate water is high. He suggested the following relationship:
dE; +dET,=0
Where
dE. = the change in ET caused by a change in soil water in the root zone
dET, = the change in potential ET caused by a change in actual ET
The equation is set to zero, inferring that when one increases the other decreases.
As a soil is rewet, for instance due to rain or irrigation, the actual ET increases due to
greater water availability in the root zone. Because more water is evaporating, i.e., the
latent heat flux is increasing, the increasing water vapor content of the atmosphere above
the actively growing crop reduces the VPD. This work was known as the complimentary
relationship between actual and potential evaporation. Many researchers shifted their
focus towards developing models that referenced a specific crop, as described by ET;.
The work in refining potential ET, ET, was not done yet. Scientists were
beginning to understand the necessity of refining crop characteristics (Pereira et al, 1999).
Two components stood out that required definition. The first is crop canopy height, or
vertical distance of the uppermost biomass leaf layer from the field soil surface.
Certainly there are differences. Grass is less than one meter, soybeans, potatoes, and

sugar beets are just less than one meter, corn is two to three meters, and then forest trees
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can be many meters high. The actual ET for any given crop, ET, would be larger as crop
height increases due to a greater vertical resistance of water vapor movement. The
second component is crop density. The term Leaf Area Index is defined as the one sided
green leaf area per unit ground area in broadleaf canopies, or as the projected needleleaf
area per unit ground area in needle canopies. As crops grow and biomass increases, the
LAl increases, thereby increasing the resistance of water vapor flow to the uppermost
distance in the canopy. Once these two components are established, aerodynamic
resistance from wind speed and average surface resistance (stomatal regulation and
canopy dimensional shape) can be measured for a particular crop. Two crops were

selected: grass and alfalfa.

2.10 Penman Monteith model

The original FAO Penman Model, coupled with an understanding of field soil
water status, and the aerodynamic relationships of crop vertical height and crop density,
was modified by Monteith in 1965 into what was know as the Penman Monteith ET
Model, or PM ET Model (Monteith, 1965). Almost 15 years would pass before the PM
Model would be used as the reference ET, model by the American Society of Civil
Engineers, ASCE (Itenfisu et al., 2003). The PM Model was also adopted by the Food
and Agriculture Organization of the United Nations in 1998 (FAO, 1998). The model
would have two names: the ASCE Standardized Reference PM ET Model, and the FAO
PM ET Model (Itenfisu et al., 2003). Two separate groups of scientists developed the
reference crop measurements. Doorenbos and Pruitt (1977) earlier had developed grass

crop ET calculations based upon a well-watered clipped cool season grass. Wright
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(1982) worked at the Kimberly ARS Research Station in Idaho. The climate there is arid,
thereby requiring additional calibration of the original PM ET Model. In fact much of the
Western U.S. uses a modified PM ET model with alfalfa as a reference crop. The model
was named after Wright’s work (in location terms, not name): the Kimberly Penman ET
Model.
The FAO PM ET Model reference equation for grass follows:
ET, =[0.408A(R, — G) + NCo/(T + 273)uy(es — €2))/[A + N1 + Cguy)]

Where
ET, = daily reference (grass) ET (mm day™)
R, = net radiation at reference crop surface (MJ m™ day™)
G = soil heat flux density (MJ m? day™)
T = mean daily temperature 1.5 m height above soil surface (°C)
u; = mean daily wind speed at 1.5 m height above soil surface (m s)
es = mean daily saturated vapor pressure at 1.5 m above soil surface (kPa)
¢, = mean daily actual vapor pressure 1.5 m above the soil surface (kPa)
A = slope of saturation vapor pressure temperature curve (kPa °ch
A= psychrometric constant (kPa °C™")
C. = numerator constant representing reference type and time step
Cq4 = denominator constant representing reference type and time step
Four assumptions are required for ET, based on grass. They are:

e grass canopy height is 0.12 m, or 12 cm above the soil surface

e a fixed surface resistance of 70 s m”

e albedo (surface color) of 0.23
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e LAI greater than one, crop is actively growing, and all fluxes are vertical
For alfalfa as a reference crop two assumptions are different. They are:
o alfalfa canopy height of 0.5 m, or 50 cm above the soil surface
e fixed surface resistance of 45 s m™
The FAO PM ET Model requires climate data (FAO, 1998). They are the same
climate data proposed by Penman in his earlier 1948 work. A measurement of solar
radiation is required as an input, R,. Minimum and maximum ambient air temperatures
are required as measure of energy status, T. Wind speed, u;, provides a measure of
turbulent flow, thereby air turnover of drier air replacing wetter air. Finally, the
evaporative capacity of that air volume, € — €,, or VPD, is measured. One component of
the model, the heat flux density G, is assumed to be zero when the time step is one day.
A measurement of actual temperature changes in the soil may be used to alter the model
if the time step is many weeks or months.
If climate data were obtained in a field of grass or alfalfa, and the appropriate PM
ET model parameters were used, an accurate estimation of ET would be made. There are
two issues, however with these calculations. The first is the impact and accuracy of
weather data (Itenfisu et al., 2003). The need to provide accurate climate data as near to
the evaluation field is obvious. This is likely one reason why WS Networks are
expanding in the PNW (as well as Midwestern States) (USBR, 2004). For each WS, the
calibration of sensors is a necessity, to the extent that electronic sensors are exposed to
climate extremes and must be monitored often.
The second challenge is born out of the word “estimate”. In a review article by

Itenfisu et al. (2003), a group of combination models were used to calculate ET, for grass
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and alfalfa at 49 locations in the U.S. They found good agreement using the ASCE PM
ET Model at locations across diverse climates in the U.S. However, given the differences
of climate, with the use of several equations to model reference ET, the root mean square
difference values comparing these models ranged from as low as 0.04 mm day to a high
of 0.76 mm day”. These results underscore the variations of models to estimate reference
ET. The RMSD as a percentage of mean daily ET ranged from a low of 0.8% to a high
0f 22.2%. Of all models, the ASCE (and FAO) PM ET Model performed the best using
grass as a reference crop. The importance of this work suggests that on a field basis, the
calculation of reference ET is challenging and the results are estimates.

If the crop is something other than grass or alfalfa, another adjustment must be
made. The challenge of mak