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SYSTEMS MODELING FOR SOIL AND

WATER RESEARCH AND MANAGEMENT�:
CURRENT STATUS AND NEEDS FOR THE 21ST CENTURY

L. Ma,  L. R. Ahuja,  R. W. Malone

ABSTRACT. Quantitative system approaches, provided by process‐based models of agricultural systems, are essential for
optimizing the use of increasingly limited water and soil resources, guiding tactical management, and addressing the
environmental concerns and global issues of the 21st century. Agricultural engineers have made significant contributions in
the past to model development and applications in soil and water research, irrigation design, and water management, and
they are uniquely capable of making the much‐needed and exciting further model enhancements. In this brief review, we
present: (1) the current status of system model development and applications in soil and water research and management,
with examples from the USDA‐ARS Root Zone Water Quality Model (RZWQM); (2) lessons learned from RZWQM
development and applications; and (3) future needs and directions in system model enhancements and applications to make
them more effective. We make a strong case for international collaborations among modelers and experimentalists and for
a common development/applications protocol and platform for the future.
Keywords. Agricultural management, Agricultural systems, Environmental quality, Model application, RZWQM.

n the 20th century, agricultural engineers made tremen‐
dous advances in soil and water research and applied the
research results to manage soil and water resources
around the global, which created major breakthroughs

in management and technology for agricultural systems.
Typical examples are efficient irrigation, subsurface tile
drainage, soil erosion control, and water quality management
technologies.  However, as we enter the 21st century, agricul‐
tural research has more difficult and complex problems to
solve. The quantity of fresh water available for agriculture is
diminishing due to increased urban uses, and it is further af‐
fected by more frequent droughts and uneven rainfall dis‐
tribution in recent years (Vörösmarty et al., 2000). The
quality of groundwater and surface waters is seriously af‐
fected by excessive leaching and runoff of agricultural chem‐
icals and salts in many places (Randall and Mulla, 2001;
Dinnes et al., 2002). Wind and water erosion remain a prob‐
lem in intensively farmed areas (Larson et al., 1983). The
environmental  concerns of the general public are challenging
producers to modify farm management practices to protect
water, soil, and air quality, while staying economically profit‐
able in the new global market. The solution or mitigation of
these problems requires more quantitative whole‐system ap‐
proaches to optimize the use of soil and water resources and
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assess the impacts of management practices on soil and water
quality. Process‐based agricultural system models provide this
approach. Agricultural engineers need to work with scientists
from other disciplines to further improve these models.

Agricultural engineers have been pioneers in developing
and using system models for field research and design. Use
of computer models in agriculture has been an interest among
members of the ASABE since the 1960s (Smerdon, 1967).
Major field‐scale agricultural models published in Transac‐
tion of the ASAE (now ASABE) include CREAMS (Knisel et
al., 1985), EPIC (Sabbagh et al., 1991a), DRAINMOD (Perry
et al., 1990), GLEAMS (Reyes et al., 1993, 1995), CROPGRO
(Irmak et al., 2005; Paz et al., 2001a, 2001b; Perry et al., 1990),
CERES (Royce et al., 2001), WEPP (Reyes et al., 2004a),
PRZM (Malone et al., 1999), and RZWQM (Ma et al., 2003;
Bakhsh et al., 2004a, 2004b). Although some models initially
emphasize selected components of a cropping system, not the
whole system, hybrid models have been developed among
these models to extend or enhance their applications. For ex‐
ample, the inclusion of water table and surface drainage in
GLEAMS (GLEAMS‐SWT) (Reyes et al., 2004b) and EPIC
(Sabbagh et al., 1991a, 1991b), hybrid models between
GLEAMS/CREAMS and DRAINMOD (Desmond et al.,
1996; Saleh et al., 1994), the introduction of the SOYGRO
plant growth model into DRAINMOD (Perry et al., 1990),
linkage between EPIC and GLEAMS (Sabbagh et al.,
1991b), the extension of RZWQM to simulate detailed crop
canopy energy balance using components from SHAW (Fler‐
chinger et al., 2000, Yu et al., 2007), and the addition of
CERES and CROPGRO into RZWQM for better crop simu‐
lations (Ma et al., 2005; Ma et al., 2006).

Applications of the models have covered a variety of agri‐
cultural issues, such as climate impact on crop yield (Irmak
et al., 2005), N loss due to drainage intensity (Skaggs et al.,
2005) and irregularity (Northcott et al., 2001; Kurien et al.,
1997), variable planting rate (Paz et al., 2001a) and planting
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date (Saseendran et al., 2005a), tillage effects (Bakhsh and
Kanwar, 2001), crop rotations (Ma et al., 2007a, 2007b), ma‐
nure/fertilizer management (Edwards et al., 1994), precision
farming (Irmak et al., 2001; Braga and Jones, 2004), pesti‐
cide management/transport (Sabbagh et al., 1991b), irriga‐
tion management (Ma et al., 2003), and soil erosion and
runoff transport of applied manure and fertilizer (Edwards et
al., 1994). Several of those models were also linked to GIS
for spatial applications, such as RZWQM‐GIS (Wang and
Cui, 2004; Ascough et al., 2005), GLEAMS‐GIS (Tucker et
al., 2000), SWAT‐GRASS (Rosenthal and Hoffman, 1999),
and DSSAT‐GIS (Lal et al., 1993).

Although applications of the models cannot replace the
cutting‐edge field studies, they do help us understand the
complex interactions among different components and ex‐
tend results beyond the experimental sites and years. The
models can also be used to study phenomena that cannot be
experimentally  investigated, such as uncertainty analysis
(Wang et al., 2005), climate impact (Irmak et al., 2005;
Royce et al., 2001), risk/probability analysis (Saseendran et
al., 2005b), optimization of management (Stulina et al.,
2005), identification of limiting factors (Paz et al., 2001b),
and regional scale analysis (Lal et al., 1993). Another impor‐
tant aspect of system models is their use as tools to investigate
new knowledge gaps, such as water stress factors on plant
growth (Kozak et al., 2006), surface residue structure effects
on energy balance (Kozak et al., 2007a), scaling of infiltra‐
tion and soil water across different soil types (Kozak and
Ahuja, 2005; Kozak et al., 2005), rainfall interception by the
plant canopy (Kozak et al., 2007b), pesticide adsorption
mechanisms in soils (Sabbagh et al., 2007; Fox et al., 2007),
and the role of macropore flow in chemical transport (Malone
et al., 2001, 2003; Fox et al., 2004).

Since system models have much in common in their de‐
velopment and applications, we have selected the USDA‐
ARS RZWQM to demonstrate the evolution of a system
model. Therefore, the objectives of this review are to present:
(1) the current status of system model development and ap‐
plications in soil and water research and management, with
examples from the Root Zone Water Quality Model
(RZWQM); (2) lessons learned from RZWQM development
and applications; and (3) future needs and directions in sys‐
tem model enhancements and applications.

CURRENT STATUS OF SYSTEM MODEL

DEVELOPMENT AND APPLICATIONS:
RZWQM AS AN EXAMPLE

Many system models have been reported in the literature
since the 1960s. Some of them are more widely used than oth‐
ers, and many have not been published in Transactions of the
ASABE, such as Daisy (Hansen et al., 2001) and HERMES
(Kersebaum and Beblik, 2001). The major directions in mod‐
el development in the last 10 to 15 years have been: (1) to en‐
hance an existing model to the whole‐system level by
including all possible agricultural processes (Kozak et al.,
2006); (2) to extend the modeling process from one dimen‐
sion to two or three dimensions (Wu et al., 2007); (3) to ex‐
pand from field scale to landscape and watershed scales
through linkage with GIS (Tucker et al., 2000; Ascough et al.,
2005); and (4) to upgrade a model using better computer
technology, such as better modularization and parameteriza‐

tion tools (Jones et al., 2003; Ahuja et al., 2005). However,
all the models share similar histories in their development
and applications. Therefore, we use RZWQM as an example
to illustrate the current status of system models. In addition,
RZWQM uses state‐of‐the‐science simulation of manage‐
ment effects on soil and water quality, which are critical to
system modeling for agricultural applications.

In the fall of 1986, a group of USDA‐ARS scientists met
to identify the needs for modeling effects of agriculture on
water quality. Based on the models available at that time, they
concluded that there was a strong need for process‐based
quantification  of chemical, physical, and biological reactions
in the root zone as affected by management practices. The
product from this workshop was the formation of a team from
several USDA‐ARS research units nationwide to build the
Root Zone Water Quality Model (RZWQM). The team was
to learn from existing models and incorporate additional fea‐
tures needed for simulating management impacts, such as
chemical transport via macropores, tile drainage, detailed
soil chemistry and nutrient transformations, improved pesti‐
cide dynamics, a comprehensive plant growth model, and
major water‐soil‐plant management practices (Ahuja et al.,
2000). The first version of RZWQM was released in 1992,
and the development team immediately formed partnership
with the scientists, especially agricultural engineers, in the
MSEA (Management Systems Evaluation Areas) projects in
the U.S. Midwest to evaluate the model. This integration of
modeling with field research not only improved and en‐
hanced RZWQM but also assisted field scientists in synthe‐
sizing and quantifying their field results.

In the last five years, a series of improvements have been
implemented in RZWQM to meet the demands of its custom‐
ers, including: (1) incorporation of the most widely used
DSSAT crop growth modules (DSSAT3.5 first and
DSSAT4.0 later) to provide state‐of‐the‐science plant growth
simulations (Ma et al., 2005, 2006); (2) linkage with SHAW
to simulate surface energy balance and frozen soils (Fler‐
chinger et al., 2000; Kozak et al., 2007a); (3) addition of the
erosion component from GLEAMS; (4) extension of the soil
profile to 30 m so that its simulation results can feed into a
groundwater flow model to simulate management effects on
groundwater contamination at the regional scale; (5) the ca‐
pability of simulating tile flow under controlled drainage and
subsurface lateral flow below the tile (Ma et al., 2007a,
2007b); 6) the flexibility of expressing a portion of pesticide
directly into tile flow via a fraction of macropores (Fox et al.,
2004, 2007); and (7) further improvement in the Windows
user interface to facilitate model parameterization and post
data analysis with experimental data. Efforts have been made
to link RZWQM into GIS for watershed modeling (Wang and
Cui, 2004; Ascough et al., 2005). Simulation results are also
used to develop information database for decision support
and economic analysis (Heilman et al., 2006).

Since its first release in 1992, RZWQM has been widely
used to simulate various agricultural management effects on
water quantity and quality, such as tillage, manure/fertilizer
management, crop management, pesticide applications, and
irrigation (Ma et al., 2000; Malone et al., 2004a, 2004b,
2004c, 2007; Ma et al., 2007a, 2007b). The following ap‐
plications are from RZWQM to demonstrate a typical sys‐
tems model's role in soil and water research. Information on
how RZWQM simulates these management practices is
available from Ahuja et al. (2000) and Ma et al. (2000).
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Figure 1. RZWQM‐simulated and measured total soil water storage (180 cm) under (a and b) wheat‐fallow and (c and d) fallow‐wheat crop rotations
under conventional tillage (CT) and no‐till (NT) (Saseendran et al., 2005b).

TILLAGE PRACTICES
Reports of using RZWQM for simulating tillage effects on

N loss and soil water content can be found in Saseendran et
al. (2005b) and Ma et al. (2007a). As shown in Ma et al.
(2007a) in their Nashua, Iowa, study, RZWQM adequately
simulated tillage effects on yearly tile flow, flow‐weighted N
concentration in tile flow, and N losses in tile flow. However,
the model failed to simulate tillage effects on crop yield. Fur‐
ther improvement in this area is warranted. Tillage effects on
N loss in tile flow depended, as expected, on crop rotation and
N management. In a separate study in eastern Colorado, Sa‐
seendran et al. (2005b) correctly simulated higher soil water
storage under no‐till than under conventional tillage in both
phases of wheat‐fallow rotations, although the simulated dif‐
ferences in soil water storage between tillage levels were not
exactly the same as measured (fig. 1).

NITROGEN MANAGEMENT

RZWQM has been used extensively in simulating water,
fertilizer, and manure management under tile‐drained condi‐
tions (Ma et al., 2007a, 2007b; Malone et al., 2007; Bakhsh
et al., 2004a, 2004b), in addition to the tillage effects noted
above. Ma et al. (2007a) found that RZWQM was capable of
simulating controlled drainage effects in Iowa by raising the
tile outlet in the fall and winter to reduce N loss in tile flow.
The model was also adequate in simulating tile flow amounts
and N/pesticide loss in the tile flow and their responses to
rainfall and manure/fertilizer management (Ma et al., 2007a,
2007b; Malone et al., 2007; Bakhsh et al., 2004a, 2004b ).
RZWQM was also used to evaluate crop yield and N leaching
due to fertilizer applications under different rainfall condi‐
tions (Saseendran et al., 2004; Hu et al., 2006) and manure

management  (Ma et al., 1998a, 1998b; Bakhsh et al., 1999).
N loss in runoff was also simulated in several studies
(Schwartz and Shuman, 2005). Figure 2 shows N losses in tile
drainage with UAN (urea‐ammonium‐nitrate) and manure ap‐
plications in a Nashua, Iowa, field study by Ma et al. (2007b).
Both experimental and simulated results demonstrated high N
loss in tile flow when UAN was applied. Fall manure applica‐
tion caused more N loss than spring manure application.

CROP ROTATION AND RESIDUE MANAGEMENT
RZWQM has been used to simulate several dryland crop

rotations in Colorado for soil water use (Saseendran et al.,
2005b) and corn‐soybean and corn‐corn rotations for water
use and water quality in Iowa (Ma et al., 2007a, 2007b; Mal‐
one et al., 2007). Ma et al. (2007a) showed that RZWQM sim‐
ulated the correct trend in crop rotation effects on tile
drainage, flow‐weighted yearly N concentration in tile flow,
yearly N loss in tile flow, and crop yield. The calibrated mod‐
el is being used for developing a database for decision support
purpose. RZWQM was also successfully used to simulate
residue decomposition (Ma et al., 1999), planting date man‐
agement (Saseendran et al., 2005a), and winter cover crop ef‐
fects on tile drainage and N leaching (Malone et al., 2007).
The incorporation of SHAW into RZWQM enabled the simu‐
lation of crop management effects on surface energy balance
(Kozak et al., 2007a) and extended RZWQM to frozen soils
(Flerchinger et al., 2000).

IRRIGATION MANAGEMENT
Studies on applying RZWQM for irrigation management

were focused on crop yield (Ma et al., 2003; Nielsen et al.,
2002), N leaching (Ma et al., 1998a, 1998b), and pesticide 
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Figure 2. Simulated and measured annual tile flow and annual N loading in tile flow from a long‐term study in Nashua, Iowa, for the corn years with
UAN, spring manure, and fall manure applications (Ma et al., 2007b).

leaching (Ellerbroek et al., 1998; Azevedo et al., 2002). Fig‐
ure 3 shows an example of RZWQM‐simulated soybean
yield under four irrigation scenarios in eastern Colorado (Ma
et al., 2000). RZWQM provided better simulation results for
both years (1985 and 1986), as compared to a regression
equation based on evapotranspiration (Nielsen, 1990), which
only provided reasonable results for 1986.

PESTICIDE MANAGEMENT

In RZWQM, we also allow express transport of pesticide
into tile drains directly via a small fraction of macropores
(Fox et al., 2004, 2007). Although there is a pesticide uptake
routine in RZWQM, the uptake mechanism has not been fully
tested (Sabbagh et al., 2007). Evaluation of RZWQM for pes‐
ticide management has been focused on residual soil pesti‐
cide (Ma et al., 1995), pesticide leaching (Ellerbroek et al.,
1998), pesticide in runoff (Ma et al., 1996, 2004a), and pesti‐

cide in tile flow (Bakhsh et al., 2004a). Recently, RZWQM
has been used to simulate the fate and transport of pesticides
and their metabolites from pesticide‐treated seeds (Sabbagh
et al., 2007; Fox et al., 2007) and under different tillage sys‐
tems (Malone et al., 2003). Description of the pesticide com‐
ponents of RZWQM is available from Wauchope et al. (2004)
along with several other applications and analyses (Ma et al.,
2004a, 2004b; Malone et al., 2004a, 2004b, 2004c). Howev‐
er, simiulation of macropore dynamics is needed for pesticide
transport in shrink‐swollen soils.

OTHER APPLICATIONS

Coupling RZWQM with remotely sensed soil moisture
was done by Mattikalli et al. (1998) to estimate soil hydraulic
conductivities  for spatially distributed soils. Heathman et al.
(2003) was able to simulate surface soil moisture better when
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Figure 3. Measured and predicted soybean grain yield in 1985 and 1986
at four irrigation levels (from Ma et al., 2000). Seasonal irrigation for the
four levels was 0.28, 3.38, 8.86, and 12.92 cm in 1985 and 1.15, 7.22, 17.11,
and 24.98 cm in 1986. Regression equation to estimated soybean yield
from ET was from Nielsen (1990).

remotely sensed data were used along with RZWQM.
RZWQM was also used to evaluate alternative management
practices (Ma et al., 2007a, 2007b; Malone et al., 2007; Sa‐
seendran et al., 2005b), to search for best management prac‐
tices (Stulina et al., 2005) and to study the interactions
between water and N management to recommend best man‐
agement practices (Ma et al., 1998b; Hu et al., 2006). One im‐
portant application of RZWQM was to help register a
pesticide with the U.S. EPA when data collection in the field
was incomplete (Fox et al., 2004). Other useful examples are
the probability and risk analysis of crop production under dif‐
ferent crop rotations and planting windows using historical
weather data (Saseendran et al., 2004, 2005a, 2005b). Fig‐
ure�4 shows the probabilities of obtaining break‐even yield in
eastern Colorado when corn was planted at different dates us‐
ing historical weather data (Saseendran et al., 2005a).

LESSONS LEARNED FROM RZWQM
DEVELOPMENT AND APPLICATIONS

As with other system models, RZWQM is constantly be‐
ing enhanced to address new problems in agricultural sys‐
tems. The lessons learned from RZWQM have general
implications for the modeling community, especially as the
RZWQM team is collaborating with system modelers world‐
wide. Valuable lessons include:
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Figure 4. Probabilities of achieving break‐even corn yield (7000 kg ha-1) under irrigated conditions for plantings from 1 April through 15 July, derived
from the long‐term (1912‐1999) simulations of hybrids PI 3902, PI 3732, and PI 3540 using RZWQM (Saseendran et al., 2005a).
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� It is important to understand the system to be simulated
and to obtain first‐hand information on the major sys‐
tem components and their interactions. For example, is
runoff important? If it is, then rainfall intensities need
to be accurate. Otherwise, the user does not need to
work hard to find out exact rainfall intensity for each
day. What are the major agronomic factors affecting
plant growth and are they well represented in the mod‐
el? Can we treat the whole field as a single simulation
unit? If not, how many simulation units are needed and
what are the interactions among them, or is a model at
different scale needed? It is a constant challenge to de‐
fine the physical‐chemical‐biological system being
simulated, especially in terms of temporal and spatial
variability.

� An easy‐to‐use interface is important for model users.
When a Windows user interface was developed in
1998, use of RZWQM increased tremendously in the
literature.  From 1992 to 1998, the total number of peer-
reviewed journal publications using RZWQM was 26;
that increased to 68 from 1999 to 2006.

� It is important to provide standard scenarios of applica‐
tions to be released with the model, so that users can be
guided correctly in model parameterization and evalu‐
ation. It is equally important to provide a good help sys‐
tem (or user manual) and person‐to‐person technical
support. A small unresolved problem can be a big
hurdle for users and may discourage them. A frustrated
or unhappy user also damages the reputation of a mod‐
el.

� Correct parameterization and use of the model is fun‐
damentally important. Misuse of models is inevitable
if a component of the model is not correctly parameter‐
ized. Finding representative parameters for field re‐
search is a challenge (Ma et al., 2007c). Users have a
tendency to pay more attention to the model compo‐
nents that they are more familiar with and rely on de‐
fault parameters for others. It is also equally important
to have balanced experimental measurements to make
sure that all the system components are reasonably val‐
idated, including soil, water, nutrient, and plant vari‐
ables (Ma et al., 2007a, 2007b).

� It is a challenge to balance simplicity of model use and
complexity of model representation. On one hand, it is
necessary to represent the processes in as much detail
as possible for the model to be applicable to a wide
range of conditions. On the other hand, it is equally im‐
portant for a model to be not too complicated so as to
discourage its use. It is necessary to find a compromise
to meet both objectives, such as by building custom‐
ized modules for specific purposes or locations from a
library of stand‐alone components.

� Simulating relative effects between management prac‐
tices may be more important than matching exactly the
absolute experimental measurements. Users are also
more interested in simulation results with a confidence
interval rather than a single number (Ma et al., 2007a,
2007b), just as with experimental data.

� Long‐term and well balanced data are important in
quantifying management effects. When RZWQM was
applied to the Nashua, Iowa, study, tillage effects on
tile flow and tile water quality could be different de‐

pending on the year and other management practices
(Ma et al., 2007a, 2007b). Without long‐term data,
model evaluation can only be partially done, and model
improvement based on partial data may be misleading.
In addition, improvements to a model need to be evalu‐
ated using several different datasets to make sure that
such improvements are valid under all the conditions.
Therefore, it is advisable to preserve all the simulations
of a model along with experimental data for future val‐
idation.

� It is a common practice to compare multiple models for
the same set of experimental data to show which model
is better in describing the data. However, the compari‐
son may be biased unless the models are compared us‐
ing large datasets across different management systems
and soil/climate conditions. In addition, goodness of
model performance varies depending on data type
(e.g., soil water, soil N, yield, etc.) and resolution (dai‐
ly, monthly, or yearly) (Chinkuyu et al., 2006).

� Development of hybrid models from existing models is
a common practice in agricultural system studies be‐
cause it saves time and brings in the best science from
other disciplines. RZWQM‐SHAW was developed to
provide detailed surface energy balance simulation in
RZWQM (Yu et al., 2007), and RZWQM‐CERES and
RZWQM‐CROPGRO were developed to provide an
option for plant growth in RZWQM (Ma et al., 2005,
2006). Caution should be taken when using a compo‐
nent from another model with a different level of com‐
plexity because the component may not function as
expected in the new system environment (Smith et al.,
1997).

� It is important that a model produce new knowledge
that the experimentalists cannot otherwise obtain easi‐
ly, so that the model is not just used to reproduce experi‐
mental results. Model applications need to go beyond
the experiments and create new insight and knowledge
about the system. This can be achieved by synthesizing
the piecemeal information collected in the field experi‐
ments at different locations and times, and then extrap‐
olating it to other locations and over longer time
periods, and filling in information (knowledge gaps) on
interactions among system components and missing
data.

� When a model fails to perform for a particular field study,
it is usually difficult to zoom in and find out which part
of the model does not work correctly without adequate
experimental data to verify each system component
independently. This is especially true when multiple
models are compared and only a few field measurements
are used to verify their performance, which leaves a
great deal of freedom in model parameterization to
compensate for errors among system components.

FUTURE NEEDS AND DIRECTIONS IN SYSTEM

MODEL EVALUATIONS AND APPLICATIONS
Ahuja et al. (2006, 2007) provide a good summary of fu‐

ture needs for enhancing applications and further enhance‐
ment of agricultural systems models:

� System models need to be more thoroughly tested and
validated for scientific defensibility under a variety of
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soil, climate, and management conditions, with experi‐
mental data of high resolution in time and space.

� There is a need to build comprehensive and common
shared experimental databases based on existing stan‐
dard experimental protocols, and relate measured val‐
ues to modeling variables, so that conceptual model
parameters can be experimentally verified.

� There is a need for better methods of determining pa‐
rameters for different spatial and temporal scales, and
for aggregating simulation results from plots to fields
and larger scales.

� There is a need for better communication and coordina‐
tion among model developers in the areas of model de‐
velopment,  parameterization, and evaluation. It is
important to take into account spatial and temporal
variability and the uncertainty of model parameters,
and weather, to provide a confidence interval for simu‐
lation results.

� There is a need for better collaboration between model
developers and field scientists for appropriate experi‐
mental data collection and for evaluation and applica‐
tion of models. Many times, the involvement of field
scientists in modeling exercises is limited to providing
experimental data for model testing. Instead, field sci‐
entists should be involved in model development from
the beginning.

� There is an urgent need for filling the most important
knowledge gaps: improving quantification of agricul‐
tural management effects on soil‐plant‐atmosphere
properties and processes; effects and dynamics of com‐
paction, soil cracks, bio‐channels, and root growth;
plant response to water, nutrients, and temperature
stresses and CO2; and effects of natural hazards like
hail, frost, insects, and diseases (see Ahuja et al., 2006
for more details).

� Finally, we need to improve upon the methods and
structure of model building so that: (1) the models are
modular, with each model component (module) clearly
defined, documented, and assigned a degree of uncer‐
tainty; (2) each model component can be independent‐
ly tested and improved, and can be easily substituted;
(3) the world community can contribute to developing,
testing, and improving components; (4) the compo‐
nents may vary with the scale of application; (5) hierar‐
chical parameter estimation from varying degrees of
input information is a component of the model; (6) the
assembled models of the system are kept compact and
easy to use by customizing them to agro‐ecosystem re‐
gions; (7) a user‐friendly interface is provided for easy
input of data and output of results; and (8) a well‐
illustrated user manual is provided to illustrate a step‐
by‐step procedure for running the model and some
examples of model application that demonstrate the
benefits of using the model as well as the uncertainty
in results.

In summary, model developers need to work together to
address the seven problem areas described above, and then
train and work with field scientists to improve model visibili‐
ty and applicability in solving real‐world problems. In addi‐
tion, there is a need to better document system models and
simulated processes so that field scientists will be able to un‐
derstand these processes without too much difficulty. We also

need to document good case studies on model applications to
serve as guides for field users. Any improvements to an exist‐
ing model could be checked against these documented cases
to see if these improvements are applicable to all situations.
Since most field data are not collected for the purpose of eval‐
uating them with a system model, some good system‐
oriented experiments may be needed. International efforts
are needed to coordinate system modeling and to encourage
model developers and field scientists to work on identified
knowledge gaps and research priorities. The above actions
will prepare the models for their important roles in the 21st
century, and take agricultural research and technology to the
next plateau. System modelers should take advantage of
computer technology to advance agricultural science, rather
than becoming lost or overwhelmed by chasing after this
technology.

REFERENCES
Ahuja, L. R., K. W. Rojas, J. D. Hanson, M. J. Shaffer, and L. Ma,

eds. 2000. The Root Zone Water Quality Model. Highlands
Ranch, Colo.: Water Resources Publications.

Ahuja, L. R., J. C. Ascough II, and O. David. 2005. Developing
natural resource models using the Object Modeling System:
Feasibility and challenges. Advs. Geos. 4: 29‐36.

Ahuja, L. R., L. Ma, and D. Timlin. 2006. Trans‐disciplinary soil
physics research critical to synthesis and modeling of
agricultural systems. SSSA J. 70(2): 311‐326.

Ahuja, L. R., A. A. Andales, L. Ma, and S. A. Saseendran. 2007.
Whole system integration and modeling essential to agricultural
science and technology for the 21st century. J. Crop
Improvement 19: 73‐103.

Ascough II, J. C., T. R. Green, L. R. Ahuja, L. Ma, and B. C.
Vandenberg, 2005. Spatial water quality modeling framework
development using ArcGIS9. ASABE Paper No. 052082. St.
Joseph, Mich.: ASABE.

Azevedo, A. S., L. S. Pereira, and R. S. Kanwar. 2002. Assessment
and simulation of atrazine in irrigated soils. Irrig. and Drain.
51(3): 257‐264.

Bakhsh, A., and R. S. Kanwar. 2001. Simulating tillage effects on
nonpoint‐source pollution from agricultural lands using
GLEAMS. Trans. ASAE 44(4): 891‐898.

Bakhsh, A., R. S. Kanwar, and L. R. Ahuja. 1999. Simulating the
effect of swine manure application on NO3‐N transport to
subsurface drainage water. Trans. ASAE 42(3): 657‐664.

Bakhsh, A., L. Ma, L. R. Ahuja, J. L. Hatfield, and R. S. Kanwar.
2004a. Using RZWQM to predict herbicide leaching losses in
subsurface drainage water. Trans. ASAE 47(5): 1415‐1426.

Bakhsh, A., J. L. Hatfield, R. S. Kanwar, L. Ma, and L. R. Ahuja.
2004b. Simulating nitrate drainage losses from a Walnut Creek
watershed field. J. Environ. Qual. 33(1): 114‐123.

Braga, R. P., and J. W. Jones. 2004. Using optimization to estimate
soil inputs of crop models for use in site‐specific management.
Trans. ASAE  47(5): 1821‐1831.

Chinkuyu, A., T. Meixner, T. Gish, and A. P. Nejadhashemi. 2006.
Prediction of NO3-N losses in surface runoff from agricultural
fields using GLEAMS and RZWQM. Trans. ASABE 49(6):
1779‐1790.

Desmond, E. D., A. D. Ward, N. R. Fausey, and S. R. Workman.
1996. Comparison of daily water table depth prediction by four
simulation models. Trans. ASAE 39(1): 111‐118.

Dinnes, D. L., D. L Karlen, D. B. Jaynes, T. C. Kaspar, J. L.
Hatfield, T. S. Colvin, and C. A. Cambardella. 2002. Nitrogen
management strategies to reduce nitrate leaching in tile‐drained
Midwestern soils. Agron. J. 94(1): 153‐171.

Edwards, D. R., V. W. Benson, J. R. Williams, T. C. Daniel, J.
Lemunyon, and R. G. Gilbert. 1994. Use of the EPIC model to



1712 TRANSACTIONS OF THE ASABE

predict runoff transport of surface‐applied inorganic fertilizer
and poultry manure constituents. Trans. ASAE 37(2): 403‐409.

Ellerbroek, D. A., D. S. Durnford, and J. C. Loftis. 1998. Modeling
pesticide transport in an irrigated field with variable water
application and hydraulic conductivity. J. Environ. Qual. 27(3):
495‐504.

Flerchinger, G. N., R. M. Aiken, K. W. Rojas, and L. R. Ahuja.
2000. Development of the Root Zone Water Quality Model
(RZWQM) for over‐winter conditions. Trans. ASAE 43(1):
59‐68.

Fox, G. A., R. W. Malone, G. J. Sabbagh, K. Rojas. 2004.
Interrelationship of macropores and subsurface drainage for
conservative tracer and pesticide transport. J. Environ. Qual.
33(6): 2281‐2289.

Fox, G. A., G. J. Sabbagh, K. W. Rojas, and R. Malone. 2007.
Modeling parent and metabolite fate and transport in subsurface
drained fields with directly connected macropores. J. American
Water Resources Assoc. (in press).

Hansen, S., C. Thirup, J. C. Refsgaard, and L. S. Jensen. 2001.
Modeling nitrate leaching at different scales: Application of the
Daisy model. In Modeling Carbon and Nitrogen Dynamics for
Soil Management, 511‐547. M. J. Shaffer, L. Ma, and S. Hansen,
eds. Boca Raton, Fla.: CRC Press.

Heathman, G. C., P. J. Starks, L. R. Ahuja, and T. J. Jackson. 2003.
Assimilation of surface soil moisture to estimate profile soil
water content. J. Hydrol. 279: 1‐17.

Heilman, P., R. W. Malone, L. Ma, J. L. Hatfield, L. R. Ahuja, J.
Ayen, K. Boyle, and R. S. Kanwar. 2006. Decision support for
nitrogen management in tile‐drained agriculture. In Proc. iEMSs
Third Biennial Meeting: “Summit on Environmental Modelling
and Software”. A. Voinov, A. J. Jakeman, and A. E. Rizzoli, eds.
International Environmental Modelling and Software Society.
Available at:
www.iemss.org/iemss2006/papers/s2/139_Heilman_1.pdf.

Hu, C., S. A. Saseendran, T. R. Green, L. Ma, X. Li, and L. R.
Ahuja. 2006. Evaluation of RZWQM for irrigated wheat‐corn
double cropping systems in north China plain. Vadose Zone J.
5(1): 493‐505.

Irmak, A., J. W. Jones, W. D. Batchelor, and J. O. Paz. 2001.
Estimating spatially variable soil properties for application of
crop models in precision farming. Trans. ASAE 44(5):
1343‐1353.

Irmak, A., S. S. Jagtap, and J. W. Jones. 2005. Evaluation of the
CROPGRO‐Soybean model for assessing climate impacts on
regional soybean yields. Trans ASAE 48(6): 2343‐2353.

Jones, J. W., G. Hoogenboom, C. H. Porter, K. J. Boote, W. D.
Batchelor, L. A. Hunt, P. W. Wilkens, U. Singh, A. J. Gijsman,
and J. T. Ritchie. 2003. DSSAT cropping system model.
European J. Agron. 18(3): 235‐265.

Kersebaum, K. C., and A. J. Beblik. 2001. Performance of a
nitrogen dynamics model applied to evaluate agricultural
management practices. In Modeling Carbon and Nitrogen
Dynamics for Soil Management, 549‐569. M. J. Shaffer, L. Ma,
and S. Hansen, eds. Boca Raton, Fla.: CRC Press.

Knisel, W. G., D. C. Moffitt, and T. A. Dumper. 1985. Representing
seasonally frozen soil with the CREAMS model. Trans. ASAE
28(5): 1487‐1493.

Kozak, J. A., and L. R. Ahuja. 2005. Scaling of infiltration and
redistribution across soil textural classes. SSSA J. 69(3): 816‐827.

Kozak, J. A., L. R. Ahuja, L. Ma, and T. R. Green. 2005. Scaling
and estimation of evaporation and transpiration of water across
soil texture classes. Vadose Zone J. 4(2): 418‐427.

Kozak, J. A., L. Ma, L. R. Ahuja, G. N. Flerchinger, and D. C.
Nielsen. 2006. Evaluating various water stress calculations in
RZWQM and RZ‐SHAW for corn and soybean production.
Agron. J. 98(4): 1146‐1155.

Kozak, J. A., R. Aiken, G. N. Flerchinger, D. C. Nielsen, L. Ma, and
L. R. Ahuja. 2007a. Quantifying residue architecture effects on
soil temperature and water. Soil Tillage Res. (in press).

Kozak, J. A., L. R. Ahuja, T. R. Green, and L. Ma. 2007b.
Modelling crop canopy and residue rainfall interception effects
on soil hydrological components for semi‐arid agriculture.
Hydrol. Processes 21(2): 229‐241.

Kurien, V. M., R. A. Cooke, M. C. Hirschi, and J. K. Mitchell.
1997. Estimating drain spacing of incomplete drainage systems.
Trans. ASAE 40(2): 377‐382.

Lal, H., G. Hoogenboom, J. P. Calixte, J. W. Jones, and F. H.
Beinroth. 1993. Using crop simulation models and GIS for
regional productivity analysis. Trans. ASAE 36(1): 175‐184.

Larson, W. E., F. J. Pierce, and R. H. Dowdy. 1983. The threat of
soil erosion to long‐term crop production. Science 219(4584):
458‐465.

Ma, L., H. D. Scott, M. J. Shaffer, and L. R. Ahuja. 1998a.
RZWQM simulations of water and nitrate movement in a
manured tall fescue field. Soil Sci. 163(4): 259‐270.

Ma, L., M. J. Shaffer, J. K. Boyd, R. Waskom, L. R. Ahuja, K. W.
Rojas, and C. Xu. 1998b. Manure management in an irrigated
silage corn field: Experiment and modeling. SSSA J. 62(4):
1006‐1017.

Ma, L., G. A. Peterson, L. R. Ahuja, L. Sherrod, M. J. Shaffer, and
K. W. Rojas. 1999. Decomposition of surface crop residues in
long‐term studies of dryland agroecosystems. Agronomy J.
91(3): 401‐409.

Ma, L., L. R. Ahuja, J. C. Ascough II, M. J. Shaffer, K. W. Rojas, R.
W. Malone, and M. R. Cameira. 2000. Integrating system
modeling with field research in agriculture: Applications of Root
Zone Water Quality Model (RZWQM). Adv. Agron. 71:
233‐292.

Ma, L., D. C. Nielsen, L. R. Ahuja, R. M. Malone, S. S. Anapalli,
K. W. Rojas, J. D. Hanson, and J. G. Benjamin. 2003.
Evaluation of the RZWQM under various irrigation levels in
eastern Colorado. Trans. ASAE 46(1): 39‐49.

Ma, L., G. Hoogenboom, L. R. Ahuja, D. C. Nielsen, and J. C.
Ascough II. 2005. Development and evaluation of
RZWQM‐CROPGRO hybrid for soybean production. Agron. J.
97(4): 1172‐1182.

Ma, L., G. Hoogenboom, L. R. Ahuja, J. C. Ascough II, and S. S.
Anapalli. 2006. Evaluation of RZWQM‐CERES‐maize hybrid
for corn production. Agric. Systems 87(3): 274‐295.

Ma, L., R. W. Malone, P. Heilman, D. Jaynes, L. R. Ahuja, S. A.
Saseendran, R. S. Kanwar, and J. C. Ascough II. 2007a.
RZWQM‐simulated management effects of crop rotation, tillage,
and controlled drainage on crop production and nitrate-N loss in
drain flow. Geoderma 140(3): 297‐309.

Ma, L., R. W. Malone, P. Heilman, L. R. Ahuja, R. S. Kanwar, D. L.
Karlen, C. A. Cambardella, and S. A. Saseendran. 2007b.
RZWQM simulation of long‐term crop production, water, and
nitrogen balances in northeast Iowa. Geoderma 140(3):
247‐259.

Ma, L., R. W. Malone, P. Heilman, L. R. Ahuja, T. Meade, S. A.
Saseendran, J. C. Ascough II, and R. S. Kanwar. 2007c.
Sensitivity of tile drainage flow and crop yield on measured and
calibrated soil hydraulic properties. Geoderma 140(3): 284‐296.

Ma, Q. L., L. R. Ahuja, K. W. Rojas, V. F. Ferreira, and D. G.
DeCoursey. 1995. Measured and RZWQM‐predicted atrazine
dissipation and movement in a field soil. Trans. ASAE 38(2):
471‐479.

Ma, Q. L., L. R. Ahuja, R. D. Wauchope, J. G. Benjamin, and B.
Burgoa. 1996. Comparison of instantaneous equilibrium and
equilibrium‐kinetic sorption models for simulating simultaneous
leaching and runoff of pesticides. Soil Sci. 161(10): 646‐655.

Ma, Q. L., R. D. Wauchope, L. Ma, K. W. Rojas, R. W. Malone, and
L. R. Ahuja. 2004a. Test of the Root Zone Water Quality Model
(RZWQM) for predicting runoff of atrazine, alachlor, and
fenamiphos species from conventional‐tillage corn mesoplots.
Pesticide Manag. Sci. 60(3): 267‐276.

Ma, Q. L., R. D. Wauchope, K. W. Rojas, L. R. Ahuja, L. Ma, and
R. W. Malone. 2004b. The pesticide module of the Root Zone



1713Vol. 50(5): 1705-1713

Water Quality Model (RZWQM): Testing and sensitivity
analysis of selected algorithms for pesticide fate and surface
runoff. Pest Manag. Sci. 60(3): 240‐252.

Malone, R. W., R. C. Warner, S. R. Workman, and M. E. Byers.
1999. Modeling surface and subsurface pesticide transport under
three field conditions using PRZM‐3 and GLEAMS. Trans.
ASAE 42(5): 1275‐1287.

Malone, R. W., M. J. Shipitalo, L. Ma, L. R. Ahuja, and K. W.
Rojas. 2001. Macropore component assessment of the Root
Zone Water Quality Model (RZWQM) using no‐till soil blocks.
Trans. ASAE 44(4): 843‐852.

Malone, R. W., S. Logsdon, M. J. Shipitalo, J. Weatherington‐Rice, L.
R. Ahuja, and L. Ma. 2003. Tillage effect on macroporosity and
herbicide transport in percolate. Geoderma 116(1‐2): 191‐215.

Malone, R. W., L. Ma, R. D. Wauchope, L. R. Ahuja, K. W. Rojas,
Q. L. Ma, R. Warner, and M. Byers. 2004a. Modeling
hydrology, metribuzin degradation, and metribuzin transport in
macroporous tilled and no‐till silt loam soil using RZWQM.
Pest Manag. Sci. 60(3): 253‐266.

Malone, R. W., L. R. Ahuja, L. Ma, R. D. Wauchope, Q. L. Ma, and
K. W. Rojas. 2004b. Application of the Root Zone Water
Quality Model (RZWQM) to pesticide fate and transport: An
overview. Pest Manag. Sci. 60(3): 205‐221.

Malone, R., J. Weatherington‐Rice, M. J. Shipitalo, N. Fausey, L.
Ma, L. R. Ahuja, R. D. Wauchope, and Q. L. Ma. 2004c.
Herbicide leaching as affected by macropore flow and
within‐storm rainfall intensity variation: A RZWQM simulation.
Pest Manag. Sci. 60(3): 277‐285.

Malone, R. W., L. Ma, P. Heilman, D. L. Karlen, R. S. Kanwar, and
J. L. Hatfield. 2007. Simulated N management effects on corn
yield and tile‐drainage N loss. Geoderma 140(3): 272‐283.

Mattikalli, N. M., E. T. Engman, L. R. Ahuja, and T. J. Jackson. 1998.
Microwave remote sensing of soil moisture for estimation of profile
soil property. Intl. J. Remote Sensing 19(9): 1751‐1767.

Nielsen, D. C. 1990. Scheduling irrigations for soybeans with the crop
water stress index (CWSI). Field Crops Res. 23(2): 103‐116.

Nielsen, D. C., L. Ma, L. R. Ahuja, and G. Hoogenboom. 2002.
Simulating soybean water stress effects with RZWQM and
CROPGRO models. Agron. J. 94(6): 1234‐1243.

Northcott, W. J.; R. A. Cooke, S. E. Walker, J. K. Mitchell, and M.
C. Hirschi. 2001. Application of DRAINMOD-N to fields with
irregular drainage systems. Trans. ASAE 44(2): 241‐249.

Paz, J. O., W. D. Batchelor, and G. L. Tylka. 2001a. Method to use
crop growth models to estimate potential return for variable‐rate
management in soybeans. Trans. ASAE 44(5): 1335‐1341.

Paz, J. O., W. D. Batchelor, G. L. Tylka, and R. G. Hartzler. 2001b.
A modeling approach to quantify the effects of spatial soybean
yield limiting factors. Trans. ASAE 44(5): 1329‐1334.

Perry, C. D., D. L. Thomas, M. C. Smith, and R. W. McClendon.
1990. Expert system‐based coupling of SOYGRO and
DRAINMOD. Trans. ASAE 33(3): 991‐997.

Randall, G. W., and D. J. Mulla. 2001. Nitrate nitrogen in surface
waters as influenced by climatic conditions and agricultural
practices. J. Environ. Qual. 30(2): 337‐344.

Reyes, M. R., R. L. Bengston, J. L. Fouss, and J. S. Rogers. 1993.
GLEAMS hydrology submodel modified for shallow water
table conditions. Trans. ASAE 36(6): 1771‐1778.

Reyes, M. R., R. L. Bengtson, J. L. Fouss, and C. E. Carter. 1995.
Comparison of erosion predictions with GLEAMS,
GLEAMS‐WT, and GLEAMS‐SWAT models for alluvial soils.
Trans. ASAE 38(3): 791‐796.

Reyes, M. R, C. W. Raczkowski, G. A. Gayle, and G. B. Reddy.
2004a. Comparing the soil loss predictions of GLEAMS,
RUSLE, EPIC, and WEPP. Trans. ASAE 47(2): 489‐493.

Reyes, M. R, R. W. Skaggs, and R. L. Bengtson. 2004b.
GLEAMS‐SWT with nutrients. Trans. ASAE 47(1): 129‐132.

Rosenthal, W. D., and D. W. Hoffman. 1999. Hydrologic
modelings/GIS and an aid in locating monitoring sites. Trans.
ASAE 42(6): 1591‐1598.

Royce, F. S., J. W. Jones, and J. W. Hansen. 2001. Model‐based
optimization of crop management for climate forecast
applications. Trans. ASAE 44(5): 1319‐1327.

Sabbagh, G. J., R. L. Bengtson, and J. L. Fouss. 1991a.
Modification of EPIC to incorporate drainage systems. Trans.
ASAE 34(2): 467‐472.

Sabbagh, G. J., S. Geleta, R. L. Elliott, J. R. Williams, and R. H.
Griggs. 1991b. Modification of EPIC to simulate pesticide
activities: EPIC‐PST. Trans. ASAE 34(4): 1683‐1692.

Sabbagh, G. J., G. A. Fox, L. Ma, R. W. Malone, E. L. Arthur, and
D. G. Dyer. 2007. Modeling pesticide fate and nonideal
transport from a slow‐release pesticide treated seed in a
laboratory soil column. Trans. ASABE 50(2): 523‐532.

Saleh, A. R., R. L. Bengston, and J. L. Fouss. 1994. Performance of
the DRAINMOD‐CREAMS model with an incorporated
nutrient submodel. Trans. ASAE 37(4): 1109‐1114.

Saseendran, S. A., D. C. Nielsen, L. Ma, L. R. Ahuja, and A. D.
Halvorson. 2004. Modeling nitrogen management effects on
winter wheat production using RZWQM and CERES‐wheat.
Agron. J. 96(3): 615‐630.

Saseendran, S. A., L. Ma, D. C. Nielsen, M. F. Vigil, and L. R. Ahuja.
2005a. Simulating planting date effects on crop production using
RZWQM and CERES‐maize models. Agron. J. 97(1): 58‐71.

Saseendran, S. A., D. C. Nielsen, L. Ma, L. R. Ahuja, M. F. Vigil, J.
G. Benjamin, and A. D. Harvorson. 2005b. Effectiveness of
RZWQM for simulating alternative Great Plains cropping
systems. Agron. J. 97(4): 1183‐1193.

Schwartz, L., and L. M. Shuman. 2005. Predicting runoff associated
nitrogen losses from turfgrass using the Root Zone Water
Quality Model (RZWQM). J. Environ. Qual. 34(1): 350‐358.

Skaggs, R. W., J. W. Gilliam, G. M. Chescheir, and M. A. Youssef.
2005. Effect of drainage intensity on nitrogen losses from
drained lands. Trans. ASABE 48(6): 2169‐2177.

Smerdon, E. T. 1967. A useful compilation of computer
technology: An introduction. Trans. ASAE 10(6): 805.

Smith, P., J. U. Smith, D. S. Powlson, W. B. McGill, J. R. M. Arah,
O. G. Chertov, K. Coleman, U. Franko, S. Frolking, D. S.
Jenkinsov, L. S. Jensen, R. H. Kelly, H. Klein‐Gunnewiek, A. S.
Komarov, C. Li, J. A. E. Molina, T. Mueller, W. J. Parton, J. H.
M. Thornley, and A. P. Whitmore. 1997. A comparison of the
performance of nine soil organic matter models using datasets
from seven long‐term experiments. Geoderma 81(1): 153‐225.

Stulina, G., M. R. Cameira, and L. S. Pereira. 2005. Using
RZWQM to search improved practices for irrigated maize in
Fergana, Uzbekistan. Agric. Water Mgmt. 77(1‐3): 263‐281.

Tucker, M. A., D. L. Thomas, D. D. Bosch, and G. Vellidis. 2000.
GIS‐based coupling of GLEAMS and REMM hydrology: I.
Development and sensitivity. Trans. ASAE 43(6): 1525‐1534.

Vörösmarty, C. J., P. Green, J. Salisbury, and R. B. Lammers. 2000.
Global water resources: Vulnerability from climate change and
population growth. Science 289(5477): 284‐287.

Wang, X., and P. Cui. Linkage of ArcView GIS with the RZWQM.
2004. J. Spatial Hydrol. 4(2): 1‐15.

Wang, X, R. C. Izaurralde, J. D. Atwood, X. He, and J. R. Williams.
2005. Sensitivity and uncertainty analyses of crop yields and soil
organic carbon simulated with EPIC. Trans. ASABE 48(3):
1041‐1054.

Wauchope, R. D., K. W. Rojas, L. R. Ahuja, Q. L. Ma, R. W.
Malone, and L. Ma. 2004. Documenting the pesticide processes
module of the ARS RZWQM agroecosystem model. Pest
Manag. Sci. 60(3): 222‐239.

Wu, L., M. B. McGechan, N. McRoberts, J. A. Baddeley, and C. A.
Watson. 2007. SPACSYS: Integration of a 3D root architecture
component to carbon, nitrogen and water cycling: Model
description. Ecological Modelling 200(3‐4): 343‐359.

Yu, Q., G. N. Flerchinger, S. Xu, J. Kozak, L. Ma, and L. Ahuja.
2007. Energy balance simulation of a wheat canopy using the
RZ‐SHAW (RZWQM‐SHAW) model. Trans. ASABE 50(5):
1507-1516.



1714 TRANSACTIONS OF THE ASABE


