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ABSTRACT. Imparting knowledge of the physical processes of a system to a model and determining a set of parameter
values for a hydrologic or water quality model application (i.e., parameterization) are important and difficult tasks. An
exponential increase in the literature has been devoted to the use and development of these models over the years. Few
articles, however, have been devoted to developing general parameterization guidelines to assist in hydrologic model ap-
plication, which is the main objective of this article along with discussing a few important parameters and extracting sev-
eral case studies from the literature. The following guidelines were extracted from reviewing a special collection of
22 articles along with other relevant literature: (1) use site-specific measured or estimated parameter values where possi-
ble, (2) focus on the most uncertain and sensitive parameters, (3) minimize the number of optimized parameters, (4) con-
strain parameter values to within justified ranges, (5) use multiple criteria to help optimize parameter values, (6) use
“soft” data to optimize parameters, and (7) use a warm-up period to reduce model dependence on initial condition state
variables. A few soil and hydrology related parameters common to many models are briefly described along with a dis-
cussion of measurement and estimation methods and parameter sensitivity (curve number, Manning’s “n”, soil bulk densi-
ty and porosity, soil hydraulic conductivity, soil field capacity and wilting point, and leaf area index). Weather and man-
agement inputs are also discussed, as they are critical hydrologic system information that must be imparted to the model.
Several case studies from previously reported research illustrate implementation of the parameterization guidelines. This
research will help improve model parameterization, resulting in more consistency, better representation of the field or
watershed, and a reduced range of parameter value sets resulting in acceptable model simulations.
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odel input includes variables and parameters,
but the distinction between them is not al-
ways clear and can depend on the context
(Bard, 1974). A parameter can be defined as
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“a distinguishing or defining characteristic or feature, espe-
cially one that may be measured or quantified” or “a con-
stant element or aspect, especially serving as a limit or
boundary” (Barber, 2005). Parameters are typically integral
coefficients built into the structure of models to “define the
characteristics of the catchment area or flow domain”
(Beven, 2001). James (2005) describes parameters as mod-
el inputs that “generally remain invariable through all or
part of the simulation run” and as constants that “control
independent component processes.” Model input can also
be in the form of time-series variables such as precipitation,
radiation, wind speed, and temperature. Model users are
responsible for assembling the necessary time-series data
and for assigning values to parameters. While model user
manuals often provide value ranges for many parameters,
this guidance is often inadequate to assign values for many
specific applications.

Arnold et al. (2012) referred to parameterization as “pa-
rameter assignment” and “imparting the analyst’s
knowledge of the physical processes of the watershed to the
model.” Zeckoski et al. (2015) defined model parameteriza-
tion as the process of determining a set of parameter values
deemed suitable for model use in a specific study area. The
hydrologic and other processes modeled by the 25 hydro-
logic and water quality models in the ASABE special col-
lection (Moriasi et al., 2012) include rainfall interception
and evapotranspiration, unsaturated zone flow, overland
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flow, saturated zone flow, erosion and sediment transport,
channel flow, carbon/nitrogen (C/N) cycling, plant growth,
and soil and water quality (e.g., pesticides and phosphorus).
Each of these processes has many associated parameters. In
fact, referring to the model MIKE SHE, Jaber and Shukla
(2012) stated that “using all of its components, the number
of parameters to adjust and input can be staggering.” This
is especially true when modeling a large area where meas-
ured or estimated parameter values can change significantly
within small spatial scales vertically and horizontally. A
further complication is that many of the measured or esti-
mated parameter values for a given field condition can in-
clude considerable uncertainty (e.g., Baroni et al., 2010).
Therefore, determining a suitable set of parameter values
(i.e., parameterization) for hydrologic and water quality
models is both a difficult and important task.

From the beginning of hydrologic modeling in the
1960s, parameterization has been problematic. For exam-
ple, Huggins and Monke (1968) reported that parameter
optimization for watershed models was not desirable, partly
because the vast number of adjustable parameters results in
a parameter set that lack “uniqueness.” More recently, Park
et al. (2014) reported that although using a single watershed
model output variable, such as streamflow, is a common
target for optimizing parameters, this approach has prob-
lems in generating consistent (or unique) parameter sets.
Developing general parameterization guidelines for hydro-
logic models could help in this regard.

Highly detailed mathematical modeling of hydrologic
processes began to be published in the 1960s due to the
rapid development of the computer (e.g., Crawford and
Linsley, 1962; Huggins and Monke, 1968). After the 1960s,
the continued growth in scientific publishing over the 20th
century (e.g., Larsen and von Ins, 2010) contributed to an
exponential increase in published journal articles across the
agricultural and hydrological sciences. Between 1960 and
1969, only three journal articles can be found with Web of
Science using the terms [(hydrolo* or agricul*) and (simu-
lat* or computer*) and model*]. Figure 1 shows an expo-
nential increase in published research on the subject over
the years, based on conducting the same search for each
decade between 1970 and 2009. The number of citations
for the year following the respective decade for these arti-
cles increased in a similar pattern (fig. 1). For example,
between 2000 and 2009, more than 8700 articles were pub-
lished on the subject, with more than 25,000 citations of
these articles in 2010.

Despite the vast quantity of published research over the
last few decades and the long history of parameterization
issues, such as lack of parameter set uniqueness, relatively
little has been published that focuses specifically on devel-
oping general guidelines for parameterization practice us-
ing hydrologic and agricultural models. The summary
chapter of a recent book focusing on parameterization and
calibration of selected models concluded that standard pro-
tocols for parameterizing agricultural system models should
be developed (Ahuja and Ma, 2011).
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Figure 1. Research articles, reviews, and citations on agricultural or
hydrologic modeling after 1960. Decade 1 is 1960-1969, and decade 5
is 2000-2009. Articles are totals per decade. Citations are number of
citations at the end of each decade (e.g., the number of citations for
modeling in the 1990s is reported as citations in 2000).

Our main objective is to develop general guidelines for
hydrologic model parameterization. Thus, the model pa-
rameterization discussions from the 22 articles in the spe-
cial collection on calibration and validation (Moriasi et al.,
2012) were reviewed along with other selected articles on
the subject. A few of the most common or important soil
and hydrology related parameters for the models contained
in the special collection (Moriasi et al., 2012) are discussed.
Additionally, weather and management input are discussed
because they are critical for accurate model simulations,
representation of the system, and parameterization. Finally,
several case studies from the literature are included to illus-
trate specific parameterization guidelines.

To limit the scope and more strongly focus this article
on developing parameterization guidelines, we do not dis-
cuss in detail important subjects associated with parameter-
ization, such as model performance measures and criteria,
scale, uncertainty, and sensitivity. These are covered in the
current special collection, respectively, by Moriasi et al.
(2007), Baffaut et al. (2015), Moriasi et al. (2015), Guzman
et al. (2015), and Yuan et al. (2015). In this current special
collection on model calibration and validation, each article
addresses in detail a different aspect of calibration and val-
idation, such as strategies, processes, and parameterization.

PARAMETERIZATION GUIDELINES

In general, model applications often use a combination
of measured, estimated, and optimized parameter values.
Refsgaard and Storm (1996) recommended that parameter
values should be determined from available field data to the
highest possible degree, that optimized parameter values
should be assessed relative to physically acceptable ranges,
and that the number of real optimized parameters should be
kept low. Engel et al. (2007) presented a procedure for
standard application of hydrologic and water quality mod-
els and repeated the parameterization recommendations of
Refsgaard and Storm (1996). Engel et al. (2007) also re-
ported that the most sensitive parameters and those with the
greatest uncertainty are the ones typically optimized.
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Even detailed field-measured parameter values are
sometimes only the starting point, and parameters may
need to be optimized, as reported for WEPP and DAISY
(Flanagan et al., 2012; Hansen et al., 2012). Fields are often
heterogeneous even at small scales (e.g., meter), and effec-
tive parameters may need to be used (Hansen et al., 2012).
Models discussed in the special collection (Moriasi et al.,
2012) other than DAISY and WEPP also use the concept of
effective parameters (e.g., DRAINMOD; Skaggs et al.,
2012). Interpreting the field as a single unit with effective
parameters is a common approach to simplify heterogeneity
(Djurhuus et al., 1999).

Madsen (2003) stated that physically based catchment-
scale models need to be optimized because determination
of parameter values for each grid point is not possible due
to experimental constraints and scaling problems, such as
differences between the measurement scale and model grid
scale. In addition, model parameters are often a conceptual
representation of abstract watershed characteristics and
must be determined through trial and error (Gupta et al.,
1998). Furthermore, existing methods to estimate parame-
ters a priori for hydrologic models without optimization are
problematic and need improvement because of estimated
parameter uncertainty (Duan et al., 2006). For example, soil
parameters such as saturated hydraulic conductivity may
need to be optimized even though they can be estimated
from existing databases if soil texture is known. Duan et al.
(2006) had eight participating modelers run eight models
on 12 basins using a priori parameters and then perform a
second set of model runs after parameter optimization for
selected calibration periods. The results showed that pa-
rameter optimization improved the simulations. Qi et al.

(2013) reported that use of water retention parameters esti-
mated from soil texture (Rawls et al., 1982) for RZWQM
input and simulation resulted in overestimated soil water
content for a field near Sidney, Montana. Other than inher-
ent errors in parameter estimation techniques, parameters
need adjustment from initial values (default, measurement,
estimate, literature, etc.) because of several factors, includ-
ing cost and time constraints to obtain accurate a priori
estimates, uncertainty due to spatial and temporal variabil-
ity, microclimate heterogeneity, and management effects
(Maetal., 2011).

The guidelines discussed in the following sections and
listed in table 1 all contribute to good parameterization
practice, where parameterization is defined as the process
of imparting the analyst’s knowledge of the physical pro-
cesses of a system to a model and determining a set of suit-
able parameter values for use in the model (Arnold et al.,
2012; Zeckoski et al., 2015). These guidelines were ex-
tracted from the previous special collection of 22 articles
on calibration and validation of hydrologic and water quali-
ty models (Moriasi et al., 2012) and other relevant litera-
ture.

MEASUREMENT AND ESTIMATION (GUIDELINE 1)
Parameter values should be measured when possible.
Reasons include helping constrain parameter values by
defining initial distributions (e.g., minimum and maximum
values) and minimizing parameter and prediction uncertain-
ty, as reported for MACRO (Jarvis and Larsbo, 2012). In
the absence of direct measurements, initial estimates of
parameters such as soil-water related parameters can be
determined through literature and databases (e.g., estimated

Table 1. Parameterization guidelines and associated references.

Parameterization Guideline

Reference from Special Issuel®

Other Relevant Literature Case Study References

MACRO, WARMF,
HYDRUS, SHAW,
MIKE SHE, DRAINMOD

1. Use site-specific measurements where
possible or estimate parameters based
on knowledge of the site.

Refsgaard and Storm (1996),
Engel et al. (2007)

Malone et al. (2004),
Thorp et al. (2007),
Abaci and Papanicolaou (2009),
Meng et al. (2010)

2. Optimize and focus on uncertain or MACRO, SWAT, SHAW, Yan and Haan (1991), Santhi et al. (2001),

sensitive parameters. EPIC/APEX, ADAPT, Engel et al. (2007), Scorza et al. (2007)
RZWQM, MIKE SHE Wang and Chen (2012)

3. Minimize the number of optimized MIKE SHE Yan and Haan (1991), Thompson et al. (2004)

parameters. Refsgaard (1997),
Wallach et al. (2001)

4. Constrain optimized or estimated ADAPT, SWAT, Refsgaard and Storm (1996), Santhi et al. (2001),
parameter values within accepted EPIC/APEX, Engel et al. (2007) Malone et al. (2004),
ranges and justify values, especially COUPMODEL, Thompson et al. (2004),
those that fall outside expected BASINS/HSPF Thorp et al. (2007),
intervals. Abaci and Papanicolaou (2009),

Tian et al. (2012)

5. Use multiple criteria to optimize MT3DMS, SHAW Boyle et al. (2000), Santhi et al. (2001),
parameter values (more than one Dobherty and Johnston (2003), Scorza et al. (2007),
model output or target is compared Raat et al. (2004), Thorp et al. (2007)
with observed data). Dai et al. (2010)

6. Use hard and soft data to optimize BASINS/HSPF Seibert and McDonnell (2002) Thorp et al. (2007)
parameters (soft data are qualitative
knowledge from experimentalists,
such as estimated ET).

7. Use warm-up period to reduce model MIKE SHE, DAISY, Yang et al. (2012) Meng et al. (2010)

dependence on estimates of initial
condition state variables.

ADAPT

[a]

Listed by model name for clarity: ADAPT = Gowda et al. (2012), BASINS/HSPF = Duda et al. (2012), COUPMODEL = Jansson (2012), DAISY =
Hansen et al. (2012), DRAINMOD = Skaggs et al. (2012), EPIC/APEX = Wang et al. (2012), HYDRUS = Simunek et al. (2012), MACRO = Jarvis
and Larsbo et al. (2012), MIKE SHE = Jaber and Shukla (2012), MT3DMS = Zheng et al. (2012), RZWQM= Ma et al. (2012), SHAW = Flerchinger
etal. (2012), SWAT = Arnold et al. (2012), and WARMF = Herr and Chen (2012).
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values based on readily available soil survey data such as
soil texture and bulk density; Jarvis and Larsbo, 2012).
Many input parameter values that represent site-specific
conditions in each of the 25 models can be determined
through measurements or derived from GIS spatial data
related to elevation, soils, and land use (e.g., WARMF,
HYDRUS, SHAW, MIKE SHE, DRAINMOD). Methods
to estimate important parameter values are discussed in the
“Important Parameters” section. Effort devoted to deter-
mining and/or measuring parameter values should focus on
parameters that display the highest sensitivities to the mod-
el output of interest, as reported for VS2DI (Healy and Es-
said, 2012).

OPTIMIZING THE MOST SENSITIVE AND UNCERTAIN
PARAMETERS AND MINIMIZING THE NUMBER OF
OPTIMIZED PARAMETERS (GUIDELINES 2 AND 3)

Parameters selected for optimization are typically those
that are most sensitive and/or uncertain, as reported for
MACRO, SWAT, SHAW, EPIC/APEX, ADAPT,
RZWQM, and MIKE SHE (Jarvis and Larsbo, 2012; Wang
et al., 2012; Gowda et al., 2012; Ma et al., 2012; Jaber and
Shukla, 2012). In addition to spatial variability and the
measurement and estimation uncertainty associated with
parameter values that was discussed in the preceding sec-
tions, uncertainty can result from parameters that are diffi-
cult to measure or define physically, as illustrated in the
“Case Studies” section (e.g., kinematic exponent and runoff
curve number; Santhi et al., 2001; Scorza et al., 2007).

In some cases, optimization should be performed with
the fewest number of parameters possible, as reported for
MIKE SHE (Jaber and Shukla, 2012). In one of the earlier
and most cited articles focusing on hydrologic model pa-
rameterization, Refsgaard (1997) emphasized that good
parameterization practice included optimizing as few pa-
rameters as possible and stressed the importance of main-
taining a reasonably low ratio of the number of adjusted
parameters to the amount of field data. In one of the case
studies discussed in the “Case Studies” section, Thompson
et al. (2004) specified that a goal of parameterization was
to minimize the number of optimized parameters in con-
formance with the recommendation of Refsgaard and
Storm (1996). Wallach et al. (2001) built on this concept
and proposed a formal method to rank potential parameters
to be adjusted during optimization according to model im-
provement and reduced the number of adjusted parameters
to minimize the prediction error. Wang and Chen (2012)
reviewed parameterization techniques for models of green-
house gas emission from soils. Their recommendations
included adjusting the most important or sensitive parame-
ters. Yan and Haan (1991) also optimized only the four
most sensitive parameters for the PRMS hydrologic model.

Model predictions for many processes are often very
sensitive to soil and hydrology related parameters. This is
partly because parameterization of some processes depends
on other processes. For example, correct parameterization
of sediment and crop growth processes depends on correct
simulation of runoff and infiltration processes. Therefore,
parameter optimization should often proceed in a sequential
fashion, focusing initially on the most independent parame-
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ters or processes and then the more dependent ones. Soil-
water or hydrology related parameters are typically opti-
mized first, followed by sediment, and then nutrients, plant
growth, and other constituents, as reported for RZWQM,
SWAT, and BASINS/HSPF (Ma et al., 2012; Arnold et al.,
2012; Duda et al., 2012). Several iterations of this sequence
may be required to obtain an acceptable set of parameters
for RZWQM (Ma et al., 2012).

JUSTIFYING PARAMETER VALUES (GUIDELINE 4)

Except under extenuating circumstances that should be
discussed and justified, optimized parameter values are
typically constrained to within published or physically real-
istic ranges, as reported for ADAPT, SWAT, EPIC/APEX,
COUPMODEL, and HSPF (Gowda et al., 2012; Arnold et
al., 2012; Wang et al., 2012; Jansson, 2012). As illustrated
in the “Case Studies” section, optimized parameter values
can be justified by constraining the parameters close to
literature values, previous research or measurements within
the site, or the physical characteristics of the site (e.g.,
curve number, soil hydraulic parameters; Santhi et al.,
2001; Malone et al., 2004; Thorp et al., 2007; Abaci and
Papanicolaou, 2009; Tian et al., 2012). Where realistic pa-
rameter ranges are not available through literature or field
measurements (e.g., denitrification rate coefficients), an
alternative technique illustrated in the case studies is to
compare the primary model process affected (e.g., denitrifi-
cation) with literature values of the process under similar
conditions (Thorp et al., 2007).

MULTIPLE-CRITERIA OPTIMIZATION (GUIDELINE 5)

One issue with adjusting many parameters is the non-
uniqueness of parameter sets. For MT3DMS, Zheng et al.
(2012) reported that non-uniqueness issues can be reduced
by keeping the number of adjusted parameters to a mini-
mum and by including multiple and independent targets to
constrain the model. Flerchinger et al. (2012) also reported
that a multi-objective framework avoids subjectivity and
information loss in model acceptability criteria by simulta-
neously minimizing observed and simulated differences of
multiple functions for SHAW. Flerchinger et al. (2012)
reported that the key characteristic of the multi-objective
framework is that the optimization does not rely on a single
criterion (e.g., average soil water content through the pro-
file) but considers the performance of other criteria as well
(soil water content at multiple depths).

The use of multiple-criteria optimization (i.e., using
more than one aspect of the observed target data) is dis-
cussed considerably in the literature. In one of the earlier
and most cited articles concerning this approach, Boyle et
al. (2000) partitioned streamflow into rainfall-driven, quick
non-driven, and slow non-driven components. The slow
non-driven streamflow was considered baseflow, while the
fast non-driven streamflow was dominated by interflow.
Boyle et al. (2000) reported that adjusting parameters to
optimize for a single criterion may bias the model toward
high flow events while producing poor simulations for
baseflow or hydrograph recession.

While modeling nitrogen fate using the catchment model
INCA, Raat et al. (2004) found that using multiple criteria
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related stream NO3; and NH4 concentrations resulted in ac-
ceptable simulations. This method reduced the model un-
certainty associated with parameter equifinality. Equifinali-
ty in hydrologic modeling suggests that an acceptable mod-
el prediction can be achieved with many different parame-
ter sets (Beven, 1993). Using the distributed hydrologic
model MIKE SHE, Dai et al. (2010) also reported that the
multiple-criteria approach should be advantageous for con-
structing uncertainty bounds around model inputs. Doherty
and Johnston (2003) suggested that using multiple criteria
reduces the problems associated with calibrating to local
objective function minima. Local objective function mini-
ma occur when small changes in selected individual param-
eters do not improve predictions while larger changes or
interactions between parameters could significantly im-
prove predictions. The “Case Studies” section illustrates the
multiple-criteria approach (e.g., baseflow and total flow;
nitrate concentration in drain flow, denitrification, and
mineralization; soil moisture profiles, cumulative subsur-
face drain flow, soil bromide concentration profiles, and
bromide concentrations in drain water; Santhi et al., 2001;
Scorza et al., 2007; Thorp et al., 2007).

SOFT DATA (GUIDELINE 6)

Seibert and McDonnell (2002) introduced the concept of
parameter optimization based on using soft data in addition
to hard data, which is discussed in detail by Arnold et al.
(2015). Hard data are field measurements, while soft data
are qualitative knowledge from experimentalists (e.g.,
evapotranspiration may not be measured but will have es-
timated values under the conditions of the study). This ap-
proach may reduce the model fit somewhat for the ob-
served data but model the behavior of the study catchment
or field more realistically and more fully utilize available
information. Although none of the 22 articles in the special
collection explicitly discussed using soft data for parameter
optimization, Duda et al. (2012) reported that annual water
balances simulated by BASINS/HSPF should be consistent
with expected values for the region, such as ET, even when
observed values are not available. In the “Case Studies”
section, use of soft data is illustrated through use of litera-
ture values for denitrification, net mineralization, and ET
(Thorp et al., 2007).

WARM-UP PERIOD (GUIDELINE 7)

Parameterization often requires discretization schemes
in time and space. When temporal input variables are in-
volved, parameterization may require initial estimates of
various state variables, such as initial soil water content,
water table elevation, or soil carbon/nitrogen pools. While
these inputs can be uncertain and depend on other parame-
ters, such as soil hydraulic conductivity and bulk density,
the influence of these initial conditions diminishes over
time, as they are frequently updated during a model simula-
tion. Consequently, parameterization may require simula-
tion of an initialization period (or warm-up period) before
the output is compared with observed data, as reported for
MIKE SHE, DAISY, and ADAPT (Jaber and Shukla, 2012;
Hansen et al., 2012; Gowda et al., 2012). When a single
storm event (runoff or erosion) is simulated by a model
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such as WEPP, parameterization of the initial conditions is
especially critical (Flanagan et al., 2012). Previously pub-
lished applications of the models described in the special
collection edited by Moriasi et al. (2012), such as SWAT,
have included an initial warm-up period (e.g., Meng et al.,
2010; see the “Case Studies” section). Using the distributed
hydrologic model WetSpa, Yang et al. (2012) reported that
a warm-up period for distributed hydrologic modeling is
essential to reduce the sensitivity of model predictions to
the initial state variables, such as initial soil water content
and groundwater storage. In applying the WEPP model,
Abaci and Papanicolaou (2009) reported that it is common
to run model simulations for long periods to remove the
effects of the initial conditions on the model predictions.

IMPORTANT PARAMETERS

Many of the 25 models in the special collection include
hundreds of adjustable parameters, so even a brief discus-
sion for the majority of these is not possible. We limit our
discussion to a few of the most common and sensitive soil
and hydrology related parameters because they affect other
processes such as chemical and sediment transport and crop
growth, and because several of the models recommend op-
timizing the parameters associated with the hydrology
component first (e.g., Ma et al., 2012; Arnold et al., 2012;
Duda et al., 2012).

The following parameters will be discussed: basic hy-
drology-related parameters (curve number and Manning’s
“n”), basic soil properties (porosity and dry bulk density),
hydraulic conductivity and its interaction with soil water
retention in unsaturated soils, field capacity and wilting
point, and leaf area index. A brief description of each pa-
rameter along with examples of measurement and estima-
tion methods is presented in table 2. The discussions asso-
ciated with each important parameter include a brief de-
scription of the parameter, its sensitivity, and measurement
and estimation methods.

NRCS CURVE NUMBER (CN)
For any given land use/cover and soil hydrologic condi-
tions (hydrologic soil-cover complex; USDA-NRCS,

2004), the CN is an indicator of the potential for runoff
generation. The key strength of this parameter lies in its
simplicity, which accounts for its widespread use in hydro-
logic and water resources applications. In theory, the CN
could range between 0 (no runoff) and 100 (all rainfall is
runoff). However, values typically range between 30 and
98 (e.g., USDA-NRCS, 1986). For example, depending on
the soil type and land use conditions, CN values for paved
roads and parking lots usually range from 83 to 98, while
those for forest lands range from 30 to 83, CN values for
cropland usually range from 74 to 83 (Parajuli et al., 2009a,
2009b). For any land use, CN values are not static but vary
based on a variety of antecedent factors including rainfall
(amounts, intensity, duration), soil moisture conditions,
cover, and temperature (USDA-NRCS, 2004; Kannan et
al., 2007; D’Asaro and Grillone, 2012; Epps et al., 2013;
Banasik et al., 2014).
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Table 2. Parameter description with examples of measurement and estimation methods.

Parameter Name (symbol and units)
and Description

Examples of Measurement and Estimation Methods

Curve number (CN, unitless):
A non-dimensional indicator of runoff
generation considering non-frozen soils.

Estimated based on land use and hydrologic soil group (e.g., USDA-NRCS, 1986; Hawkins, 1993;
USDA-NRCS, 2004; Hawkins et al., 2009).

Manning’s roughness coefficient (“n”, s m'"):
A measure of surface roughness.

Originally based on field studies related to discharge, surface water profile, and hydraulic reach char-
acteristics for channel coefficients (Chow, 1959) and surface runoff characteristics for overland flow
coefficients (Woolhiser, 1975). Values are typically assessed based on channel and surface cover
characteristics or through a visual comparison with reference sites (Barnes, 1967; Engman, 1986).

Porosity and bulk density (m* m™ and g cm™):
Soil void volume per total soil volume and
mass of dry soil per volume of soil.

Measured by weighing a dried soil core of known volume (Jury et al., 1991). Estimated based on soil
texture (Rawls et al., 1982) and based on soil type (e.g., USDA-NRCS, 2004, 1995).

Saturated hydraulic conductivity (K, m s™):
The rate at which water moves through a
porous medium when saturated under a
unit hydraulic gradient.

Measured in the laboratory using constant head (for coarse soils) and falling head (for clayey soils)
methods (Klute and Dirksen, 1986). Measured in the field using slug tests and pumping tests (Fetter,
2000). Estimated based on soil texture and other more easily determined soil properties (Rawls et al.,
1982; Schaap et al., 2001) and based on soil type (e.g., USDA-NRCS, 1995, 2004).

Field capacity and wilting point (6, m* m™):
Volumetric soil water content under a soil
matric potential of -1/3 and -15 bar.

Measured by applying suction of -1/3 or -15 bar to a saturated soil sample (Klute and Dirksen, 1986).
Estimated based on electrical conductivity (Jung et al., 2007; Jiang et al., 2007), based on soil texture
and other more easily determined soil properties (Rawls et al., 1982; Schaap et al., 2001; Givi et al.,
2004; Saxton and Rawls, 2006; Nemes et al., 2009; Srivastava et al., 2013), based on k-nearest neigh-
bor technique (Nemes et al., 2006, 2008), and based on soil type (e.g., USDA-NRCS, 1995, 2004).

Leaf area index (LAI, m® m~):
Area of one side of crop or vegetation
leaves per unit soil surface area.

Measured using an LAI-2000 Plant Canopy Analyzer (Amatya et al., 1996; Breda, 2003; Haboudene
et al., 2004; Jonkheere et al., 2004; Weiss et al., 2004; Behera et al., 2010; Irmak and Mutiibwa, 2010;
Brauman et al., 2012; Domec et al., 2012). Estimated using NDVI index from remote sensing data
(Breda, 2003; Haboudene et al., 2004; Weiss et al., 2004; Jonkheere et al., 2004; Behera et al., 2010;

Panda et al., 2014).

The simulated water budget is particularly sensitive to
the CN in hydrologic modeling applications, and thus CN is
often a key -calibration parameter (SWAT, SWIM,
CREAMS/GLEAMS, AnnAGNPS, EPIC/APEX). Early in
the development of the ADAPT model, CN was reported as
the most sensitive parameter for simulated surface runoff
(Chung et al., 1992). More recently, Bonuma et al. (2013)
reported that CN was among the most sensitive parameters
for SWAT-simulated watershed discharge in southern Bra-
zil. In addition to the sensitivity of surface runoff to CN
(e.g., Ponce and Hawkins, 1996), the parameter influences
a number of other hydrology components, including total
flow, groundwater flow, and soil water, among others
(Gitau, 2003; White and Chaubey, 2005).

CN values for various land use types and hydrologic soil
groups in average antecedent moisture conditions (often
termed as CN-II, CN-AMC II, or CN2) are available (e.g.,
USDA-NRCS, 1986; Hawkins, 1993; USDA-NRCS, 2004;
Hawkins et al., 2009).

MANNING’S ROUGHNESS COEFFICIENT (“n”)

Manning’s “n” quantifies the resistance to flow (Arce-
ment and Schneider, 1989; Shih and Rahi, 1982). It is a
measure of surface roughness in units of s m™'’3 that can be
applied to overland flow, flow in hydraulic conduits such as
culverts, simple open-channel flow, floodplains, and
marshes. Manning’s coefficient is typically used in the em-
pirical Manning’s equation to estimate average flow veloci-
ty in stream channels as a function of cross-sectional hy-
draulic radius, slope of the water surface, and surface
roughness. The equation is often used to estimate average
velocity of open channel and closed conduit flow where it
is not practical to measure flow by other means. Manning’s
“n” values, often cited without units, can range from 0.016
to 0.150 for channel flow and from 0.008 to 0.500 for over-
land flow (Chow, 1959; Engman, 1986).

Manning’s “n” influences the time of concentration,
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time to peak, baseflow, peak runoff, and the shape of runoff
hydrographs. Because Manning’s “n” is inversely related to
sediment transport capacity, it is often used to calibrate
both hydrologic and sediment components in models. Man-
ning’s “n” was considered to be a sensitive parameter for
calibrating erosion in CREAMS/GLEAMS but was not
explicitly listed as a sensitive parameter for calibrating hy-
drology (Knisel and Douglas-Mankin, 2012). Manning’s
“n” has been recommended as a useful parameter for cali-
brating peak flow timing in several models (SWAT, EPIC,
KINEROS2/AGWA). Watershed-wide multipliers have
been recommended for calibrating Manning’s “n” in
KINEROS2 (Renard et al., 1993; Goodrich et al., 2012).
Both overland and channel Manning’s “n” are listed as key
parameters for calibrating the shape and timing of event
hydrographs in WARMF (Herr and Chen, 2012). Man-
ning’s “n” is often used for calibrating erosion in the WEPP
model (Flanagan et al., 2012). The MIKE SHE documenta-
tion mentions Manning’s values as principle calibration
parameters for both overland and channel flow but does not
specify which hydrologic components are directly affected
(Jaber and Shukla, 2012). Using the DRAINMOD-based
watershed-scale model, Kim et al. (2012) found that Man-
ning’s roughness had less effect on simulating drainage
flow in forested streams than other parameters related to
depressional storage and ET.

Manning’s “n” values were originally developed from
field studies conducted in the late 1950s through the early
1980s (Chow, 1959; Woolhiser, 1975; Engman, 1986).
Field studies (e.g., Barnes, 1967; Benson and Dalrymple,
1967; Schaffner et al., 2010) provide reference values of
Manning’s “n”. Many models assign default values or pre-
sent users with a menu of values from internal databases.
As with the other parameters discussed here, this parameter
is not static but exhibits seasonal variability (Shih and Rahi,
1982) and is affected by a variety of in-channel factors such
as vegetation, geometric and surface irregularities, water
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depth, and the presence of obstructions (Shih and Rahi,
1982; Arcement and Schneider, 1989). Procedures have
been used in some models to quantify Manning’s “n” by
incorporating spatial and/or temporal variations, including
changes in stream levels; provisions for representing
monthly values by land use or source in the HSPF model
(Bicknell et al., 2005); spatially variable roughness coeffi-
cients based on regional regressions with drainage area,
longitudinal bed slope, and mean annual flow (Mohamoud
and Parner, 2006); and the XSECT program used to gener-
ate cross-sectional hydraulic tables in HSPF (Moyer and
Bennett, 2007). MIKE SHE also requires Manning’s “n” to
be input as a spatial layer (Jaber and Shukla, 2012). This
natural variability helps explain the wide range of observed
values, for example, in the Piedmont floodplain, where
values range from 0.033 to 0.243 (Moyer and Bennett,
2007). Thus, where possible, it is best to use field-based
values that are computed from known channel conditions,
including cross-sectional geometry, discharge, and bed and
bank material (Arcement and Schneider, 1989). In addition,
given the complex nature of channels, these values should
be assessed for individual stream reaches (as in SWAT).

POROSITY AND BULK DENSITY

Porosity (¢) is an indicator of soil pore space (Hillel,
1998; Delleur, 2010; Yu et al., 1993), i.e., the maximum
space available in the soil body that can be occupied by
water and/or air. By definition, it is the ratio of pore vol-
ume in a soil sample to the total sample volume including
both soil and pore spaces. Thus, it is measured in vol-
ume/volume (m? m) and is often presented as a percentage
(Domenico and Schwartz, 1997) or as a decimal (Yu et al.,
1993). Porosity also provides some indication of compac-
tion. Porosity is related to bulk density (ps), which is itself
an indicator of soil compaction. Ideally, the volumetric
water content at saturation (6;) is equivalent to the porosity.
In field conditions, however, air is often trapped in soils
such that the field-saturated water content is less than 6;.

In general, porosity is determined indirectly based on the
soil bulk density and soil particle density. Dry soil bulk
density (ps) is determined directly based on the mass of
oven-dry soil obtained using an undisturbed soil sample
mass (M;) and the total volume of that sample (V) as fol-
lows: pp = M; V!, Porosity (¢) is related to V; and the vol-
ume of oven-dry soil (V) from the same sample as follows:
o0=1-V;V:Yorl—(pspst), where py is the particle den-
sity. For most mineral soils, the value of py is typically as-
sumed equal to the value for silica, 2.65 g cm™.

Porosity and bulk density can also be determined indi-
rectly using non-destructive or non-invasive methods such
as neutron scattering (Gardner et al., 2001), gamma ray
attenuation (Hillel, 1998; Campbell and Henshall, 2001),
and x-ray tomography (Corwin et al., 1997). These meth-
ods, however, are usually more costly and often less effi-
cient.

Soil porosity typically ranges between 0.25 and 0.75
(Yu et al., 1993), with coarse-particle soils having a lower
porosity than soils with finer particles (Yu et al., 1993; Hil-
lel, 1998; Delleur, 2010). A number of references provide
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soil porosity values for a variety of soils types (e.g., Freeze
and Cherry, 1979; Rawls et al.,, 1982; Domenico and
Schwartz, 1997). Soil bulk density typically ranges be-
tween 1.1 and 1.6 g cm™ for most soils (Yu et al., 1993).
For some models, these (typical) parameter values are pre-
sented with the model documentation. Often, model appli-
cations use tabulated and/or literature values as a means of
initially estimating parameter values and for obtaining
ranges within which parameter adjustments can be made.
Where available, site-specific values have been used (e.g.,
Gitau, 2003; Mutiti and Levy, 2010). In model applications,
parameter values are obtained (e.g., Geza et al., 2009)
and/or refined (e.g., Gowda and Mulla, 2005) through pa-
rameter optimization.

Soil physical properties such as bulk density, available
water capacity (defined in the “Field Capacity and Wilting
Point” section), and hydraulic conductivity were reported
as the most sensitive parameters for SWAT-G for hydrolo-
gy-related predictions (Lenhart et al., 2002). Another study
showed that soil bulk density, curve number, and available
soil water content were the most sensitive parameters for
streamflow prediction using SWAT (Feyereisen et al.,
2007). Soil porosity was found to be one of the most sensi-
tive parameters governing water hydrology processes in
GLEAMS (Cryer and Havens, 1999). For the water quality
model RISK-N, nitrate flux and concentration were both
influenced by soil porosity along with initial nitrate content
and water input (Oyarzun et al., 2007).

The porosity can affect model-simulated subsurface
flow and runoff. For example, WARMF (Geza et al., 2009)
and KINEROS2 (Goodrich et al., 2012) simulate runoff
when the topsoil layer is saturated; in this case, saturation is
indicated when the simulated water content equals the po-
rosity. Although the two properties are related, soil bulk
density is often used when there is interest in simulating
hydrologic processes within different soil layers (Chaudhari
et al., 2013). Porosity and bulk density have an influence
on the hydraulic conductivity (Rawls et al., 1998), which in
turn affects subsurface flow (Rawls et al., 1998; Geza et al.,
2009). However, factors affecting porosity and/or bulk den-
sity are not always accounted for within models. Porosity
and bulk density are generally not constant (Yu et al., 1993;
Corwin et al., 1997; Hillel, 1998) but are affected by fac-
tors such as compaction, tillage and reconsolidation (Green
et al., 2003), organic matter content, cracking, and shrink-
ing and swelling (Yu et al., 1993; Hillel, 1998). The ideal
would be to use site-specific values, as these would capture
the spatial variability within a simulated area. Unfortunate-
ly, such data are not always available, and thus tabular val-
ues and/or parameter optimization are needed (Hansen et
al., 2012).

HYDRAULIC CONDUCTIVITY

We discuss hydraulic conductivity and its interaction
with soil water retention because soils store and transmit
water and associated chemicals at rates and amounts con-
trolled by these parameters in constitutive relationships
between state variables. In the models with more physically
based unsaturated soil processes (e.g., RZWQM, HY-
DRUS), the primary state variables for soil water are the
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volumetric water content 6 (m* m~) and matric potential
(m) or negative pressure head.

Hydraulic conductivity is the rate at which water moves
through a porous medium under a unit hydraulic gradient
(Dingman, 2002). The rate when pores are full of water is
defined as saturated hydraulic conductivity (Ky). Although
hydraulic conductivity varies with soil water content, K is
usually incorporated in models as an input parameter be-
cause unsaturated hydraulic conductivity can be mathemat-
ically expressed as a function of saturated conductivity and
additional parameters. Soil capillary forces work against
gravity to retain water in the root zone and to moderate the
rate of vertical drainage of water and leaching of associated
chemicals. As soils drain, smaller pores hold the remaining
water, which can reduce the unsaturated hydraulic conduc-
tivity (K) dramatically from its saturated value (Kj).

K, may be measured in a laboratory using constant head
(for coarse soils) and falling head (for clayey soils) meth-
ods (Klute and Dirksen, 1986). In these methods, undis-
turbed soil cores are extracted, usually using a 76.2 mm
diameter X 76.2 mm length sampler. In saturated porous
media, slug tests and pumping tests are widely accepted
approaches for in situ estimation of K, from pressure or
water level measurements (Fetter, 2000). In unsaturated
surface soils, an infiltrometer is used to measure in situ
unsaturated or field-saturated K (Evett et al., 1999). Un-
saturated K can also be determined through indirect meth-
ods such as soil electrical conductivity (Doussan and Ruy,
2009). K; can be estimated using texture, bulk density, and
organic matter information through pedotransfer functions
(Nemes et al., 2005). An example of software that estimates
K, through easier-to-determine soil properties is Rosetta
(Schaap et al., 2001). Rawls et al. (1982) listed typical satu-
rated hydraulic conductivity values for different soil types.
The K values can range from >50 ¢cm h'! for sand to
<0.01 cm h'! for clay (e.g., Clapp and Hornberger, 1978;
Rawls et al., 1982).

Hydraulic conductivity is implemented differently in
different models, which affects parameter sensitivity. For
example, some models such as RZWQM simulate water
infiltration into the soil matrix using the Green-Ampt equa-
tion where K is one of the variables (e.g., Malone et al.,
2003). In other models such as SWAT, surface runoff is
driven by the NRCS curve number (CN) method where K,
is not a variable. However, CN is adjusted based on the
surface soil water content, and in SWAT K affects the time
for soil water in excess of field capacity to drain from one
layer to the next (Anand et al., 2007). The K; influences
other components in the hydrology budget in addition to
runoff because it drives the rate of water movement
through the soil profile. Several of the models include both
vertical K and lateral K, which affect subsurface drainage
(e.g., RZWQM and DRAINMOD).

Mapfumo et al. (2004) found that SWAT-simulated soil
water content was less sensitive to K than available water
capacity (defined below), bulk density, CN, and field ca-
pacity (defined below). Other research has found K; to be
one of the more sensitive parameters for SWAT-simulated
water balance (e.g., Stratton et al., 2009). With a similar
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runoff routine as SWAT, APEX-simulated corn yield,
streamflow, and herbicide loss were sensitive to K in an
agricultural watershed in Missouri (Mudgal et al., 2012).
For the WEPP model, effective K; is one of the four typical
parameters that were adjusted against measured data in
model calibration (Flanagan et al., 2012). Sensitivity analy-
sis showed that an increase of K, by 100% can result in a
25% increase in WEPP-simulated runoff for claypan soils
in Missouri (Blanco-Canqui et al., 2002). Model-simulated
subsurface drainage has been reported to be sensitive to
lateral K, (e.g., Haan and Skaggs, 2003; Ma et al., 2007).

Haan and Skaggs (2003) found that K, was one of the
most sensitive parameters in simulating drainage flux, but
estimates of K, may be very uncertain and often biased. For
example, Skaggs et al. (2006) found 20 to 30 times higher
effective K for the top 90 cm of a fine sandy loam soil at a
harvested forest site compared with the published NRCS
Soil Survey data. The difference was primarily due to site
preparation for regeneration of pine stands rather than due
to the harvesting itself. Skaggs et al. (2011) reported two
orders of magnitude higher effective K; for the top 70 cm of
forest soil layers compared with the corresponding agricul-
tural site.

Relationships Between Soil Water Storage
and Unsaturated Hydraulic Conductivity

Mualem (1976) developed a mathematical model for K,
using the analogy of a bundle of capillary tubes, in which K
was a function of effective saturation (S.), and S, was a
function of matric potential (). Mualem (1976) derived his
relationship by assuming that an incremental change in soil
water content is related to a pore-water distribution func-
tion in which y is inversely proportional to the pore radii.
Mualem (1976) explored a dataset of 45 soils to estimate an
optimal value of the saturation exponent of 0.5 in a general
range of values (-1.0 to 2.5). However, subsequent studies
recommended an optimal value of -1, and the range may be
broader than Mualem (1976) indicated.

Subsequently, van Genuchten (1980) developed the
commonly used S-shaped equation for soil water retention
characteristics with empirically fitted parameters. He com-
bined this water retention (storage) function with Mualem’s
model to predict unsaturated soil hydraulic conductivity
relative to K. Many investigators have measured soil water
retention data and fit their experimental data to closed-form
functions, including those of van Genuchten (1980) and
Brooks and Cory (1964). However, soil water flux data for
estimating unsaturated hydraulic conductivity are rarely
measured. Green (1994) gave an example using the van
Genuchten (vG) equation, which fits the water retention
data well. However, the combined Mualem-van Genuchten
(MvQ) equation with a saturation exponent of 0.5 overes-
timated measured values of K at high values of soil-water
suction. The MvG equation fit K very well over six orders
of magnitude, but only by using an exponent value of 4.7,
which exceeds the upper value explored by Mualem
(1976). A simpler exponential equation by Gardner (1958),
K(y) = e, did not fit those data well over the full range of
K, and the fit could not be improved by further parameter
adjustment. Gardner’s equation is used in analytical equa-
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tions (e.g., Green and Freyberg, 1995) for its log-linearity.
Rucker et al. (2005) presented a method for improved pa-
rameter equivalence between the MvG and Gardner equa-
tions, given the utility of Gardner’s exponential form.

Salas et al. (2014) used the same unsaturated soil K data
(Green et al., 1964) to illustrate potential time scales asso-
ciated with soil hydraulic properties at different saturations.
Assuming gravity drainage (no capillary gradient), a range
of six orders of magnitude in K from saturation to an ex-
pected wilting point (15 bar) indicates a potential range of
temporal responses in soils. For example, one year is 31.5 X
10 s, so the same amount of water draining in about half a
minute at saturation would take a full year at 15 bar, illus-
trating how capillarity holds water in soils against gravity.
Another impressive contrast is the change in K going from
saturation to 1 m of suction. In this example, very little
water is drained (approx. 0.05 m® m3), but K decreases by a
factor of approximately 20. Thus, water is stored in the root
zone for plant extraction at a maximum daily rate (e.g.,
potential evapotranspiration of 0.01 m d-!), which is similar
to drainage rates of wet soils.

FIELD CAPACITY AND WILTING POINT

The term “field capacity” is commonly used but often
not well defined or even incorrectly defined as the water
content below which there is no soil water drainage. Soils
drain under gravitational force (no capillary gradient)
throughout the range of possible soil water contents at rates
determined by K(y). However, drastically reduced rates of
drainage allow soil water to be stored over a range of time
scales (minutes to years). Even so, field capacity is often a
key parameter in many of the 25 hydrologic models report-
ed in the special collection edited by Moriasi et al. (2012).

Available water capacity is the soil water that is availa-
ble to plants for growth. In many models (e.g., MACRO,
MIKE SHE, SWAT, SWIM, WARMF, EPIC, APEX,
CREAMS/GLEAMS, HSPF, KINEROS), it is defined by
two points: the field capacity, which is the amount of water
held in the root zone of the soil profile once gravity drain-
age has become negligible (Jury et al., 1991), and the per-
manent wilting point, which is defined as the root-zone
water content at which the plant wilts and cannot recover
(Hillel, 1998). The available water capacity is then the dif-
ference between these two points. However, these defini-
tions are far from universal. First, in fine-textured soils,
drainage progressively decreases with time after rainfall,
and it is difficult to determine when drainage becomes neg-
ligible. Second, wilting depends on several factors, includ-
ing the plant itself, soil wetness, and evaporative demand.
As a result, more specific definitions have been used. The
USDA-NRCS defines the two points as the amount of wa-
ter held in the root zone as a function of pressure potential:
-1/3 bar for field capacity and -15 bar for permanent wilting
point. In other models (e.g., TOUGH, ADAPT, SHAW,
COUPMODEL, RZWQM, HYDRUS, DRAINMOD,
VS2DI), water held in the soil is characterized by the soil
water retention curve and parameterized differently.

Soil water content and available water capacity are
closely related through several hydrological processes. Soil
water is a critical variable for many hydrologic and soil-
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plant-air exchange processes: evapotranspiration, plant
growth, infiltration, and surface runoff, to name a few.
Chopart and Vauclin (1990) emphasized the importance of
correctly estimating soil water content among other needed
components to achieve good predictions of actual evapo-
transpiration. In shrink-swell clays, Kazemi et al. (2008)
showed that low soil water allowed deeper and faster
transport of herbicides through cracks in the soil profile.
Thus, correct estimation of soil water content in these soils
is also critical for pollutant transport. Fiener et al. (2006)
showed how low soil water content increases grass water-
way effectiveness during heavy summer rainfall events.

Numerous sensitivity analyses of hydrologic models
have verified that field capacity and wilting point, and the
available water capacity, are very sensitive parameters af-
fecting water balance and model performance (Murty et al.,
2014); Jha, 2011; Faramarzi et al., 2010; Mapfumo et al.,
2004) and crop yields (Faramarzi et al., 2010). Faramarzi et
al. (2010) showed that available water capacity can be so
sensitive that improving soil water capacity by appropriate
soil management practices could be considered a way to
address water scarcity. McGechan and Vinten (2004) found
that E. coli losses estimated with MACRO were influenced
primarily by soil water content at the time of grazing. As
indicated by Shao et al. (2013), it is important that these
parameters are kept within an acceptable range, given the
soil texture and soil type. The sensitivity of the parameter
makes it tempting to assign values outside this acceptable
range, thus improving model performance for the wrong
reasons.

Field capacity and wilting point can be determined ex-
perimentally in the laboratory by applying suctions of -1/3
and -15 bar, respectively, to a saturated soil sample (Klute
and Dirksen, 1986). When water drainage has stopped, the
remaining gravimetric moisture content of the soil sample
is determined. Field capacity (not precisely at -1/3 bar) can
also be measured in the field by saturating an area, cover-
ing the area with a tarp that prevents evaporation and pro-
tects the area from rain, and measuring soil moisture every
day until there is very little change from one day to the next
(Dane and Toppe, 2002). If soil moisture cannot be meas-
ured in the field (e.g., with a neutron probe), a typical num-
ber of days after a saturating rainfall can be used, after
which a soil sample can be collected to measure gravimet-
ric soil water content in the laboratory. The number of days
depends on the soil texture; typically, drainage rates de-
crease dramatically after one day for sandy soils, after two
days for silt loams, and after three days for silty clay loams.
However, other factors also affect the number of days, such
as type of clay, organic matter, soil structure, antecedent
moisture, and impeding layers (Hillel, 1998), and should be
considered when developing a sampling protocol.

Alternatively, indirect field methods of measuring avail-
able water capacity have been developed. For example,
Jung et al. (2007) and Jiang et al. (2007) used apparent
electrical conductivity to estimate this parameter in soils
that have a restrictive layer of dense clays. This technique
provides the ability to estimate soil water capacity in a field
on a very dense grid, thus providing a sense of the range of
values that exist within a field. For larger watersheds, mod-
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elers rely on soil surveys and soil maps, and the associated
soil physical and hydraulic properties (e.g., the SSURGO
map and associated database; USDA-NRCS, 1995). For
each soil type, ranges of values can be found for field ca-
pacity and wilting point, or for available water capacity.

Relationships between field capacity, wilting point, and
soil texture have been proposed based on texture, organic
matter, and soil water content from thousands of soil sam-
ples. Rawls et al. (1982) provided pedotransfer functions
and associated nomographs to estimate field capacity and
wilting point as a function of soil texture and organic mat-
ter. These relationships were recently revised (Saxton and
Rawls, 2006; Nemes et al., 2009) because the original anal-
ysis included only 18 U.S. states from which soil samples
were initially collected with little representation and some-
times exclusion of major U.S. cropland areas. These rela-
tionships can be useful in areas where characterization of
soil hydraulic properties does not exist but soil textures are
known. They also reflect the effect of organic matter, and
thus of management, on these soil properties, as verified by
other authors (Rachman et al., 2004; Seobi et al., 2005;
Jiang et al., 2007; Mudgal et al., 2010). The Rosetta soft-
ware (Schaap et al., 2001) has also been used to determine
soil field capacity and wilting point based on more easily
determined properties, such as bulk density and soil texture
(e.g., Givi et al., 2004; Srivastava et al., 2013).

An alternative to these empirical relationships is the
non-parametric k-nearest neighbor technique (Nemes et al.,
2006, 2008). This technique consists of searching a soil
database for a small number of soils that are most similar to
the target soil, according to preselected soil attributes. The
soil parameter value (field capacity or wilting point) is then
calculated as a weighted average of the values for this small
number of soils, each weight being a function of the degree
of similarity between the target soil and the selected soil.
This technique was implemented in APEX and EPIC
(Wang et al., 2012), has the advantage that the soil database
can be updated as additional data become available, and
does not require any revision of the relationships between
the soil properties.

LEAF AREA INDEX

The leaf area index (LAI) is defined as the area of one
side of leaves per unit soil surface area (Vose and Allen,
1988; Neitsch et al., 2005). LAI is a seasonal parameter, an
indicator of crop growth, and it correlates well with evapo-
transpiration (ET) (Jensen et al., 1990; Sun et al., 2011),
which is a major component of the hydrologic water bal-
ance. Once the maximum LAI is reached, LAI remains
constant until leaf senescence begins to exceed leaf growth
(Jensen et al., 1990; Amatya and Skaggs, 2001; Neitsch et
al., 2005). LAI is an indication of the biophysical capacity
for energy acquisition by the vegetation canopy (Jensen et
al., 1990; Fisher et al., 2008) and is a key parameter of eco-
system structure (Sun et al., 2011). LAI is used for global
and regional models of biosphere/atmosphere exchange of
carbon dioxide and water vapor, including the energy bal-
ance of the land surface (Scurlock et al., 2001), and it is
scalable as it correlates well with the normalized difference
vegetation index (NDVI) derived from remote sensing im-
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ages (Hwang et al., 2009). LAI is a widely used parameter
in simulating potential evapotranspiration (PET) using
physically based energy-balance models, as well as canopy
and soil evaporation, transpiration, and plant growth (Mon-
teith, 1965; Jensen et al., 1990; McKenney and Rosenberg,
1993; Amatya et al., 1996; Amatya et al., 1997; Watson et
al,, 1999; Amatya and Skaggs, 2001; Jonkheere et al.,
2004; Neitsch et al., 2005; Rao et al., 2006; Irmak and Mut-
tiba, 2010; Sun et al., 2011; Brauman et al., 2012; Domec
et al., 2012; Hansen et al., 2012; Jaber and Shukla, 2012;
Tian et al., 2012; Irmak et al., 2013a, 2013b). LAI is used
in estimating vegetation or crop surface canopy resistance
as a function of stomatal conductance in the physically
based ET routines (Monteith, 1965; Jensen et al., 1990;
Neitsch et al., 2005; Irmak and Mutiibwa, 2010; Domec et
al., 2012; Irmak et al., 2013b) of hydrologic and water bal-
ance models (Amatya et al.,, 1996, 2002; Arnold et al.,
2012; Caldwell et al., 2012). Canopy storage capacity and
soil evaporation are frequently calculated as a function of
LAI in water balance models (Jensen et al., 1990; Amatya
et al., 1996; Gowda et al., 2012).

Of the models reported in the special collection (Moriasi
et al., 2012), at least five (Hansen et al., 2012; Jaber and
Shukla, 2012; Arnold et al., 2012; Ma et al., 2012; Gowda
et al., 2012) can use LAI for the simulation of crops and
vegetation. In DAISY (Hansen et al., 2012), LAI was an
input for canopy interception and storage and also for plant
growth and ET. Although Arnold et al. (2012) did not spec-
ify LAI explicitly in their article, other than noting it as a
parameter in the case study, LAI is an input variable in
SWAT if the Penman-Monteith PET option (Monteith,
1965) is used and for the plant growth component (Eck-
hardt and Arnold, 2001; Neitsche et al., 2005). LAI was
mentioned as a time-series variable for estimating intercep-
tion and ET and as a calibration parameter in MIKE SHE
(Jaber and Shukla, 2012). Ma et al. (2012) reported that
RZWQM2 simulates LAI rather than using it as an input
variable to calibrate and validate crop growth. LAI was
used in simulating evaporation and plant growth in ADAPT
(Gowda et al., 2012). Although the standard version of
DRAINMOD (Skaggs et al., 2012) does not use LAI daily
LAI was a direct input parameter in the physically based
Penman-Monteith (P-M) canopy evaporation and transpira-
tion modules of the extended forestry version of DRAIN-
MOD (Amatya and Skaggs, 2001). Daily LAI was an input
variable for estimating daily P-M-based PET input in the
watershed-scale versions of DRAINMOD (Amatya et al.,
1997, 2004; Kim et al., 2012, 2013). Most recently, LAI
was simulated as a physically based daily input variable to
simulate potential transpiration using the P-M method as
well as tree growth within the comprehensive DRAIN-
MOD-FOREST model integrated for simulating hydrology,
nutrients, and productivity of forests (Tian et al., 2012).

LAI can be measured either using an LAI-2000 Plant
Canopy Analyzer (Li-COR, Inc., Lincoln, Neb.) using two
sensors simultaneously above and below the canopy during
overcast sky conditions or using litter biomass and specific
leaf area values (Amatya et al., 1996; Hwang et al., 2009;
Behera et al., 2010; Brauman et al., 2012; Domec et al.,
2012). In some cases, LAI is estimated as a modification of
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the LAI-2000 measurements. The LAI in matured vegeta-
tion (e.g., loblolly pine, Pinus taeda L.) was measured as
total all-sided LAI of the pine needle and used for estimates
of transpiration that required a conversion factor of 2.84
(Vose and Allen, 1988; Amatya et al., 1996). Similarly,
Sampson et al. (2011) used a factor of 1.436 to represent
the actual LAI of needles of young pine (one to four years
old) from LAI obtained using the LAI-2000. LAI can also
be estimated using the ground-measured reflectance of ag-
ricultural crops (Haboudene et al., 2004). Jensen et al.
(1990) developed procedures for approximating LAI of
grass and alfalfa reference crops as a function of canopy
height. The authors recommended calculating LAI of
12 cm standard grass as 0.24 X canopy height and the LAI
of alfalfa as 1.5 X In(canopy height) — 1.4. This procedure
yields LAI values of approximately 2.9 m?> m? for grass
and 4.5 m> m? for alfalfa. An LAI of 2.9 is used for the
standard grass within the standard FAO-Penman-Monteith
method, yielding a canopy resistance of 70 s m™' (Sumner
and Jacobs, 2005). LAI was also calculated from total frac-
tional vegetation cover by inverting Beer’s law (Fisher et
al., 2008). In other cases, LAI was estimated as a simple
function of leaf biomass and specific leaf area obtained
from litterfall data or destructive sampling and measuring
leaf area (Amatya et al., 1996; Sampson et al., 2011;
Domec et al., 2012). In SWAT, daily LAI is estimated as a
function of the maximum LAI and fraction of potential heat
units accumulated for a plant on a given day (Neitsch et al.,
2005).

Haboudene et al. (2004) found good correlations be-
tween field-measured LAI and the LAI obtained from re-
mote sensing based hyperspectral images over agricultural
crops of corn, wheat, and soybean near Montreal in Cana-
da. Rao et al. (2006) found that the narrow-band NDVI
derived from Hyperion showed better results than those
from the broadband LISS-III for crops such as cotton, sug-
arcane, and rice in India, although the potential to overfit
models using the large number of Hyperion bands is a con-
cern for future research. Similar approaches using the
NDVI index from remote sensing data were used to obtain
the LAI used for estimates of crop coefficients and ET for
wheat crop (Duchemin et al., 2006) and more recently for
managed pine forests (Panda et al., 2014).

Scurlock et al. (2001) compiled approximately 1000
published estimates of LAI from nearly 400 unique field
sites covering the period 1932-2000. These data provided a
benchmark of typical values and ranges of LAI for a variety
of land cover types using nearly 300 original references
that would be useful for estimates of PET and ET, and de-
velopment of several other biophysical models. These data
covered natural and managed ecosystems including some
agricultural croplands. Mean LAI covering 15 different
biomes and land cover types varied from 1.31 +0.85 for
deserts to 8.72 +4.32 for tree plantations, with the highest
values for evergreen forests. Sun et al. (2011) reported LAI
values ranging from 7.1 (peak) for the coniferous Coweeta
forest in western North Carolina with a temperate climate
(precipitation >2000 mm) to as low as <0.4 for a poplar
plantation site in a desert environment of China’s Inner
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Mongolia (precipitation <300 mm).

Estimates of the net radiation parameters, P-M PE, crop
coefficients, and water balance outputs such as drainage
flows and ET are generally found to be sensitive to LAI
(Amatya, 1993; Irmak and Mutiibwa, 2010; Tian et al.,
2013).

Breda (2003) reviewed the direct and indirect methods
for measuring LAI, the required instruments, their ad-
vantages and disadvantages, and the accuracy of the results.
The authors noted that there was a significant underestima-
tion of LAI associated with the latter techniques. This was
particularly so in forest stands. The authors concluded that
there was a need for quality assurance with regard to the
accuracy, sampling strategy, and spatial validity of LAI
measurements for both the measurement and modeling of
all LAI-dependent ecosystems. Jonkheere at al. (2004) also
reviewed various direct and indirect methods for in situ
measurements of LAI using theories, sensors, and hemi-
spherical photography. In a companion article, Weiss et al.
(2004) discussed associated assumptions and limitations,
such as the clumping effect and the distinction between
green and non-green elements within the vegetation canopy.

OTHER PARAMETERIZATION

CONSIDERATIONS
PRECIPITATION AND WEATHER

The magnitude and variability of weather elements con-
sist of deterministic and random components that drive
runoff and chemical load responses in watersheds. Deter-
ministic components are generally expected magnitudes
that can be cyclical (e.g., seasonal, decadal) and vary in
space horizontally and vertically. The two components are
quantified by direct observation or by frequency distribu-
tion parameters of weather elements. Parameterization of
models is affected by many factors including (1) assigning
representative weather inputs that include components that
are deterministic, random, and temporally and spatially
representative, and (2) consideration of biases in measure-
ments. The most spatially and temporally varying weather
input is precipitation, which is subject to numerous meas-
urement errors. These errors are embedded in existing long-
term precipitation records and must be recognized and con-
sidered when parameterizing a model. For example,
Malone et al. (2011) reported that actual historical weather
records can show measurement errors in rain, solar radia-
tion, and humidity of 10% or more. They then use
RZWQM to show that data bias of 10% in humidity, rain-
fall, and solar radiation results in long-term simulation er-
rors of more than 50% for drainage loss in tile drains, 30%
of which was due to rainfall bias. Thus, this section dis-
cusses precipitation considerations, and to a lesser extent
general weather inputs, for watershed modeling. Temporal
and spatial variability of precipitation inputs to watershed
modeling studies are discussed by Baffaut et al. (2015).

Precipitation plays an important role in water distribu-
tion in the hydrological cycle and thus in the parameteriza-
tion of watershed models. Under natural conditions during
passage of a storm over an area, the land surface receives
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precipitation that varies spatially and temporally depending
on storm intensity, wind, topography, wind obstacles, air
temperature, and aspect. Precipitation affects hydrological
processes on the landscape during storms, recharging soil
water and groundwater storage and producing runoff.
Evapotranspiration is partially a function of weather varia-
bles (e.g., air temperature, dew point, wind speed, and solar
radiation), all of which affect the soil-water state of the
landscape between precipitation events. Precipitation has
the added complexity of being in solid form (e.g., snow) at
times, with more solid precipitation at higher latitudes and
in mountainous areas (Marks et al., 2001; Hanson, 2001).
Furthermore, amounts of snowfall and rainfall vary with
elevation from the same storm passing over high and low
relief areas. Even in areas of lower topographic relief, pre-
cipitation on leeward slopes is generally larger than on
windward slopes (Lentz et al., 1995). Accumulated snow
on the landscape stores water, acting as a reservoir for later
release to soil water, groundwater, and runoff as the tem-
perature increases. Clearly, if weather input biases and
complexities to watershed models are not adequately con-
sidered, the distribution of water in the hydrological cycle,
water quality, and the final set of “optimized” model pa-
rameters will be suboptimal and non-representative of the
watershed.

Most historical precipitation data are point measure-
ments; however, precipitation intensities within a storm are
spatially and temporally correlated (“coherence,” i.e., there
is a tendency for precipitation amounts for a given time
interval to have similar magnitudes at close distances; Baf-
faut et al., 2015). This temporal and spatial variability is
only grossly met by our current spatially inconsistent dis-
tributed rain gauge networks (Cho et al., 2009; Sexton et
al., 2010). This available network of gauges often inade-
quately represents ground-level precipitation. Even though
NEXRAD radar data incorporate coherence, when rain-
gauge networks are used for model input parameter optimi-
zation the model results can be influenced by the associated
biases and errors (Sexton et al., 2010).

Standard procedures for accurate and representative
measurement of weather elements are available from WMO
(2008) and are not presented here. However, precipitation
measurements have uncertainties and systemic biases in the
data. It is well known that standard precipitation gauges
typically underestimate true ground-level precipitation
(e.g., McGuinness, 1966; Sieck et al., 2007; Kampf and
Burges, 2010). McGuinness (1966) reported that a ground-
level lysimeter in Ohio caught 1.09 times more annual pre-
cipitation than an adjacent recording rain gauge. Average
monthly errors ranged from 1.02 times gauge catch during
May through July to 1.20 times in February when snowfall
was greatest. The largest ratio was underestimated due to
blowing and drifting snow across the lysimeters. Gauge
catch deficiencies can be as large as 100% (Goodison et al.,
1998). The errors in precipitation measurements are due to
wind diverting many smaller diameter raindrops over the
top of the gauge orifice, and to vulnerable low-density
snowflakes carried by the wind (Wagner, 2009). As wind
speed increases, the ratio of ground-level precipitation to
gauge catch increases. Terrain slope and other obstacles in
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the vicinity of precipitation gauges, gauge type (tipping vs.
weighing bucket), and gauge shielding also affect the rep-
resentativeness of measurements. Air temperatures are pro-
jected to increase over the 21st century due to global cli-
mate changes (IPCC, 2013), and thus winter temperatures
may increase. This temperature increase suggests less snow
and an increase in precipitation in the form of rain. Howev-
er, future trends detected in annual and especially winter
precipitation could be due to decreased bias of rain gauge
measurements with less annual snow rather than an actual
increase in ground-level precipitation.

Many studies have shown that rain gauge shielding in-
creases the catch of precipitation to varying degrees
(Goodison et al., 1998). Yang et al. (2001) noted that pre-
cipitation measurements across country borders can result
in discontinuities, and Groisman et al. (2013) found that
recording methods and measurement technology affect
U.S.-Canada extreme precipitation measurements. Since
about 2007, a network of 114 weather stations with im-
proved ground-level, short-time-increment precipitation
instrumentation has been installed in the U.S.
(https://www.ncdc.noaa.gov/crn), which will deliver high-
quality, representative, point, short-time-increment data.

The undercatch of precipitation and exposure of gauges
is a major source of modeling input error that, if corrected,
would improve model results. Groisman and Legates
(1994) suggested that adjustments can be made to precipita-
tion measurements to minimize bias in the data. Wagner
(2009) reported that corrections for wind speed and precipi-
tation-form effects are dependent on gauge type, tempera-
ture, and exposure; involve much empiricism; and are char-
acterized by wide variability. In a Danish watershed study,
Stisen et al. (2012) compared the hydrological performance
of a model using an average monthly precipitation gauge
correction and a dynamic (daily) correction based on air
temperature and wind speed. Their study showed improved
simulations by using dynamic correction for their water-
sheds with more realistic parameters representing rooting
depths, groundwater recharge, and streamflows.

An alternative to measured precipitation inputs to mod-
els is the stochastic simulation of synthesized data. The
measured precipitation data are statistically characterized
without consideration of underlying meteorological pro-
cesses by computing statistical parameters of frequency
distributions from the measured data. The advantage of
stochastically generated data is that a data sequence can be
generated for as many years as required and can incorpo-
rate seasonal variability. The disadvantage is that statistics
developed from a historical data set can include data that
have measurement errors and biases, may be trending (e.g.,
climate change), or may include periods of changes in re-
cording methods (Groisman et al., 2013). Data analyzed
may also be weighted by periodic or decadal atmospheric
forcings (e.g., El Nino-Southern Oscillation) that include
periods of persistent weather in the form of drought or large
precipitation (e.g., Garbrecht and Starks, 2009). If inappro-
priately characterized, a generated sequence will not be
statistically representative of long-term ground-level char-
acteristics, leading to misleading watershed model outputs.
Although synthetic data may be representative of general
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weather conditions in a watershed, such data should not be
used for calibration purposes as they lack direct temporal
correspondence to observed data.

Weather data elements often exhibit serial and cross cor-
relation and, if not accounted for, will yield non-
representative model outputs. Serial correlation occurs
when the weather on the current day is dependent on the
weather of a previous day. Because model inputs often re-
quire daily data, serial correlation is quantified using a dai-
ly time step. Cross correlation between weather variables
occurs when a weather element is dependent on another
weather element. For example, precipitation days have re-
duced solar radiation compared to sunny days. Consequent-
ly, a stochastic weather generator must include conditional
probability statistics for “wet” and “dry” days and other
possible cross-element correlations. Two often-used weath-
er generators for watershed modeling are GEM (Harmel et
al., 2002) and CLIGEN (Nicks et al., 1995). GEM incorpo-
rates serial and cross correlations. Both models require pa-
rameters describing the frequency distributions of weather
elements that are often based on biased precipitation data.
The temporal and spatial coherence of weather data across
a watershed should also be considered when generating
weather data, but unfortunately rarely are (Baffaut et al.,
2015). The PRISM data set shows promise (e.g., PRISM;
Baffaut et al., 2015); however, these data sets include mea-
sured historical precipitation inaccuracies.

With the high likelihood of annual and seasonal un-
derrepresentation of ground-level precipitation in measured
historical data, watershed parameterization will be biased,
suboptimal, and non-representative, resulting in modeling
outputs that may be misleading. Future research is needed
to develop promising methods to synthesize representative
precipitation inputs to models. Dynamic adjustments to
historical precipitation data show promise, but expansion of
historical data sets and stochastic generation that includes
temporal and spatial synthesis of records are in their infan-
cy. Parameter optimization and use of “effective” parame-
ters can compensate for temporal and spatial non-
representativeness of precipitation over an area, but bias in
precipitation measurements can still result in non-
representative parameter values and simulated distribution
of water in the hydrologic cycle.

MANAGEMENT

Long-term simulation requires land management infor-
mation such as tillage and planting type and timing for the
simulated production of crops, cattle, or wood. That infor-
mation is critical when calibrating, validating, and applying
a model because it includes details that strongly affect wa-
ter balance, erosion, and transport of agro-chemicals. For
example, crop distribution in a watershed affects evapo-
transpiration and the water balance, erosion caused by rain-
fall is affected by the timing and intensity of tillage opera-
tions, and nutrient or pesticide transport is affected by the
timing of storms in relation to fertilizer or pesticide appli-
cation. Management includes specifying successive crops
and vegetation in the field (organized in a rotation or not),
grazing intensities, and field operations (e.g., tillage, fertili-
zation, herbicide application, planting, harvesting, thinning,
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irrigation, etc.). Field operations are typically defined by
their characteristics (e.g., application rate or tillage/harvest
intensity) and by their timing. Timing can be defined by
fixed dates or, for some models, by the heat unit index,
which allows spatial or temporal variation of operation
timing according to temperature.

For research fields or plots, management is often prede-
fined, follows a protocol, and is well recorded. For private-
ly owned and managed fields, the characteristics of the
cropping or grazing system (e.g., crop sequence, grazing
intensity, type of tillage) are highly diverse and require
consultation with individual producers. In the farm-scale
watershed study by Gitau et al. (2008), for example, de-
tailed management data were available on a field-by-field
basis, allowing a fairly accurate representation of manage-
ment during the simulation periods. There may be more
uncertainty about the dates on which operations were per-
formed if careful records were not kept. The best approach
is to have a one-on-one conversation with the farm operator
and obtain information that is as precise as possible (e.g.,
Pennington et al., 2008). Anticipation is best, and asking
producers to record their management at the beginning of a
study is recommended.

As the size of the simulated area or the length of the
simulation period increases, uncertainties increase. Land
management varies in space and time because the decision-
making process varies from producer to producer and is
typically based on many factors, including land suitability,
weather, agricultural policy, economics, seed availability,
conservation programs, and specific circumstances (Os-
mond et al., 2012). When detailed management records
exist, using these records to their full extent might necessi-
tate a finer watershed discretization (e.g., Gitau, 2003;
Chaubey et al., 2010), which has implications on model
computational efficiency. Because individual producers
may not be willing to share detailed management records,
existing management data are typically either aggregated or
generalized for use with larger-scale model parameteriza-
tion, or used indirectly to derive representative model pa-
rameters (e.g., Gitau, 2003; Tolson et al., 2007). When de-
tailed management information is not available, data col-
lected at local or national levels can provide useful infor-
mation. In these cases, several strategies can be used alone
or in combination to define crop distribution and land man-
agement in a watershed, including:

e U.S. Farm Service Agency data collected on crops
planted in each field enrolled in a conservation pro-
gram prior to 2000.

e Watershed inventories conducted by stakeholder
groups can be used to define major cropping systems,
grazing systems, and management scenarios. The
groups should be composed of people familiar with
farming practices, such as district conservationists,
individual producers, extension personnel, etc. Alt-
hough this strategy carries the risk for the results to
be influenced by the committee members, if members
are selected carefully this strategy has the advantage
of increasing buy-in to the model results. This is es-
pecially true if the modelers are directly and actively
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involved with these stakeholder groups, as this allows
continuous dialog on the modeling process, parame-
ter selection and/or determination, review of the pre-
liminary results, etc., making the effort a stakeholder-
guided process (e.g., Baffaut, 2004; Benham et al.,
2006; Bryant et al., 2008; Pennington et al., 2008;
Hoag et al., 2012).

e Use of dominant crop rotations and management sys-
tems.

e County statistics on crop distribution (no rotation in-
formation) (USDA-NASS, 2013).

e The USDA-NASS cropland data layer (Han et al.,
2014), annual since 2008, contains 136 agricultural
land use categories and sixteen 2006 NLCD catego-
ries of non-agricultural land uses.

e USDA-NASS county statistics on pastures, hay land,
and number of cattle can be combined to estimate
grazing densities. Local technical field personnel can
then provide information to redistribute combined
pasture/hay acreage into overgrazed (poor), non-
managed (fair), and managed (good) subcategories.

e Total maximum daily load (TMDL) studies in the re-
gion often include detailed agricultural management
data from a variety of sources (Baffaut, 2006; Ben-
ham et al., 2005).

e Annual National Survey Data (1989-2004) from the
Conservation Tillage Information Center (CTIC) on
tillage (www.ctic.purdue.edu/crm/).

e County statistics on fertilizer and pesticide sales.

e Surveys.

e Data on wildlife may be more difficult to obtain, yet
they may be critical when assessing nutrient and bac-
terial loads in mostly forested watersheds (Benham et
al., 2005).

Analysis of model sensitivity to management is difficult
because changing one management input (e.g., crop grown)
can affect a number of input variables. For example, crop
parameters and the timing and type of field operations vary
from one crop to another (corn requires fertilizer applica-
tion but soybean does not, corn is often planted earlier than
soybean and harvest is later, etc.). Crop-specific manage-
ment, such as planting date, fertilization date and amount,
herbicide type and amount, and harvest date, is generally
not fully automated in models. Thus, automated sensitivity
analysis methods cannot be applied. Manual methods have
been applied, such as by Huang et al. (2009), who investi-
gated SWIM model sensitivity to crop distribution and op-
eration timing. They concluded that optimal agricultural
land use and management are essential for reduction of
excess nutrient loads and improvement in water quality.

CASE STUDIES ILLUSTRATING
PARAMETERIZATION GUIDELINES

As discussed earlier, parameterization guidelines were
extracted from the special collection of articles (Moriasi et
al., 2012) and other relevant literature. Each guideline is
illustrated with at least one example of a published model
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application case study (table 1). Guidelines from table 1 are
specifically identified in each case study for the associated
important parameters discussed earlier (e.g., bulk density,
saturated hydraulic conductivity).

Santhi et al. (2001) parameterized SWAT for application
at Hico and Valley Mills along the North Bosque River in
Texas. A few important parameters that were not well de-
fined physically, such as runoff curve number, were adjust-
ed to fit the model output to observed data (Guideline 2).
For flow calibration, the runoff curve numbers were main-
tained close to literature values by constraining adjustments
to within 10% of tabulated curve numbers (Guideline 4).
Flow-related parameters were optimized so that the simu-
lated baseflow and total flow were both within 15% of ob-
served flows at Hico and Valley Mills (Guideline 5). Satu-
rated hydraulic conductivity and bulk density were estimat-
ed from USDA-NRCS databases (Guideline 1).

Thorp et al. (2007) parameterized RZWQM for applica-
tion at Story City, lowa. Multiple criteria were used by
adjusting parameters to reduce the error in targets that in-
cluded RZWQM-simulated nitrate concentrations in sub-
surface drain flow, evapotranspiration, denitrification, and
net mineralization (Guideline 5). Adjusted parameters in-
cluded the denitrification reaction rate coefficient, the rate
coefficient for decay of the slow organic matter pool, and
the water retention parameters. The final parameter values
were reported as reasonable through comparison of the
unmeasured denitrification, net mineralization, and ET with
literature values (Guideline 6). The annual simulated deni-
trification was reported as between 3 and 17 kg ha™! year™,
which was similar to Svensson et al. (1991). The annual net
N mineralization was between 69 and 149 kg N ha™! year™,
which was reasonable compared to values reported by Vigil
et al. (2002). The annual simulated evapotranspiration was
between 43 and 50 cm year”!, comparable to values report-
ed by Hatfield and Prueger (2004) for a nearby field. These
techniques may be comparable to using soft data for pa-
rameter optimization to more fully utilize the information
content from experimental sites (Seibert and McDonnell,
2002). The soil saturated hydraulic conductivity and bulk
density were set equal to values from previous modeling
research at the site (Guideline 1). Soil hydraulic parameters
affecting the model-simulated field capacity and subsurface
drainage were optimized within values reported by Rawls
et al. (1982) (Guideline 4).

Thompson et al. (2004) reported a coupled MIKE
SHE/MIKE 11 model application for a lowland wet grass-
land, the Elmley Marshes, in southeast England where the
number of optimized parameters were minimized (Guide-
line 3). Relevant literature and previous research within the
North Kent marshes supported the final optimized parame-
ter values (Guideline 4). Seven parameters were optimized,
including saturated hydraulic conductivity, maximum by-
pass ratio within the macropore and preferential flow com-
ponent, and the Manning’s roughness coefficient for over-
land flow.

Malone et al. (2004) used RZWQM to investigate pesti-
cide transport near Frankfort, Kentucky. The most im-
portant and sensitive measured parameters for simulating
pesticide transport through soil included saturated hydraulic
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conductivity, water retention parameters (affecting model-
simulated field capacity and wilting point), and coefficients
of pesticide sorption to soil (Guideline 1). Sensitive esti-
mated parameters such as the number of macropore and
preferential flow paths per unit area were derived from sim-
ilar modeling efforts (Guideline 1). Sensitive optimized
parameters were comparable to literature values, such as
macropore radius and surface crust saturated hydraulic
conductivity (Guideline 4). Soil bulk density was also di-
rectly measured using field soil samples, although this was
not reported as part of the sensitivity analysis (Guideline 1).

Scorza et al. (2007) applied MACRO in a subsurface
tile-drained cracked clay soil with measurements of water
flow and bromide. Three parameters that were difficult to
measure were optimized: the parameter controlling percola-
tion to groundwater, the aggregate half-width, and the kin-
ematic exponent (Guideline 2). The saturated hydraulic
conductivity and the hydraulic conductivity of the mi-
cropores were optimized because of the large uncertainty
from variable measured data (Guideline 2). In addition,
multiple criteria were used for model optimization: soil
moisture profiles, cumulative subsurface drain flow, soil
bromide concentration profiles, and bromide concentrations
in drain water (Guideline 5). The soil bulk density was di-
rectly measured (Guideline 1).

Tian et al. (2012) evaluated the performance of
DRAINMOD-FOREST using a 21-year data set collected
from an artificially drained loblolly pine plantation in east-
ern North Carolina. Optimized parameters were reported as
reasonable compared to literature sources, and justification
was provided for parameters not conforming to the ex-
pected range (Guideline 4). Many parameters were opti-
mized, most of which were comparable to literature values
(e.g., soil hydraulic conductivity, PET-related, Michaelis-
Menten related, decomposition rates of soil organic matter
pools, C allocation parameters). A few parameters that did
not correspond to literature values were justified according
to the physical characteristics of the site (distribution coef-
ficients for C/N transformations). Drainable porosity,
which is associated with field capacity and porosity, was
optimized but not discussed in relation to expected values.
Soil bulk density was measured at the site (Guideline 1).

Meng et al. (2010) tested SWAT for the Rappahannock
River basin, which is one of the major components of the
Chesapeake Bay watershed. They used available databases
to determine the majority of watershed and management
parameters related to elevation, land use/cover, and soils
(Guideline 1). Additionally, reservoir data and point source
data were obtained from national databases, while man-
agement data were obtained from a variety of federal, state,
and local sources to characterize crop rotations and their
planting, harvesting, and fertilization schedules (Guide-
line 1). Thirteen parameters were adjusted to balance the
water budget during hydrologic calibration, while other
parameters were adjusted by applying multipliers to the
default values. The model was run for a two-year initializa-
tion (warm-up) period preceding the actual simulation peri-
ods for calibration, validation, and applications in order to
stabilize internal storages (Guideline 7). Optimized pa-
rameters included saturated hydraulic conductivity, availa-
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ble water capacity of soil (related to wilting point and field
capacity), Manning’s “n”, and curve number.

Abaci and Papanicolaou (2009) used WEPP to examine
the effects of land management practices on soil erosion in
the South Amana subwatershed (SASW), a catchment of
about 26 km? that drains to Clear Creek in east central lo-
wa. Key optimized parameters such as soil hydraulic con-
ductivity were constrained to within their physical ranges
based on in situ measurements within SASW, critical litera-
ture review, and assessment by local USDA-NRCS person-
nel (Guideline 4). GIS was used to extract needed elevation
and soils attributes from spatial data layers, while land use
and management practices were obtained from local
USDA-NRCS and SWCD representatives (Guideline 1).

SUMMARY

Despite more than five decades of hydrologic computer
model development and application and the continuing
difficulty and importance of parameterization, few articles
have focused on developing general hydrologic parameteri-
zation guidelines. One persistent difficulty is that many
different parameter sets may produce acceptable model
predictions (equifinality). Each of the guidelines presented
in table 1, discussed in the “Parameterization Guidelines”
section, and illustrated in the “Case Studies” section can
help reduce the acceptable parameter space. Use of multi-
criteria model targets such as measured total streamflow,
stream baseflow, nitrate concentrations, and soil water con-
tent at different depths tends to constrain the optimized
range of parameter values. Likewise, including soft data
(non-measured qualitative or estimated data such as evapo-
transpiration for model output comparison) can further con-
strain parameter values. Additionally, the range of accepta-
ble parameter values is constrained through the use of
measured values where possible, maintaining optimized
parameter values to within justified ranges for the field or
watershed conditions, and reducing the number of opti-
mized parameters by optimizing only the most sensitive or
uncertain parameters. Finally, including an initialization
period can reduce the importance of accurately determining
initial values of critical model storage variables, such as
initial soil water and groundwater level.

Determining a set of parameter values that produce ac-
ceptable model predictions includes measurement and es-
timation of the most sensitive or uncertain parameters. Sev-
eral soil parameters common to many hydrologic models
are porosity or bulk density, saturated hydraulic conductivi-
ty, field capacity, and wilting point. These can all be de-
termined in the laboratory from field samples and can be
estimated based on more easily determined soil texture. Oth-
er model input parameters, such as curve number, Manning’s
“n”, and leaf area index, can also be determined based on
more easily determined field and watershed conditions. The
spatial variability inherent in watershed-scale models is rep-
resented by readily available data in digital layers of land
use, soils, and elevation using GIS techniques.

Parameterization includes imparting knowledge of the
simulated field or watershed processes to the model and
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determining a set of acceptable parameter values for a
model application, which is affected by the associated
weather and management. Measurements of precipitation
as an input variable from rain gauges are often lower than
ground-level precipitation because of factors such as wind
and snow, which must be considered in hydrologic model
applications. Using “effective” model parameters can com-
pensate for temporal and spatial physical characteristics
such as precipitation over an area, but parameterization will
be biased if precipitation measurements are biased, which
can affect the simulated distribution of water in the hydro-
logic cycle. Management considerations include the timing
and spatial distribution of crop or vegetation planting and
harvesting, and operations such as tillage and fertilizer ap-
plication, as well as structural hydrological controls such as
filter strips and terracing, which can be determined through
field notes from local operators or national and local data-
bases.

In summary, parameterization guidelines for hydrologic
model application were extracted from reviewing the spe-
cial collection of 22 articles previously assembled along
with other relevant literature. Common soil and hydrology
related parameters were briefly described along with dis-
cussion of measurement and estimation methods and pa-
rameter sensitivity. Weather and management considera-
tions were also discussed because they are critical to model
parameterization. Finally, case studies were used to illus-
trate the hydrologic model parameterization guidelines and
the determination of a few important parameters. The mod-
el parameterization guidelines will help model users more
consistently parameterize agricultural system hydrologic
models, which will result in more accurate model simula-
tions that are more representative of the field or watershed
conditions.

REFERENCES

Abaci, O., & Papanicolaou, A. N. (2009). Long-term effects of
management practices on water-driven soil erosion in an intense
agricultural subwatershed: Monitoring and modelling. Hydrol.
Proc., 23(19), 2818-2837. http://dx.doi.org/10.1002/hyp.7380.

Ahuyja, L. R., & Ma, L. (2011). A synthesis of current
parameterization approaches and needs for further
improvements. In L. R. Ahuja, & L. Ma (Eds.), Methods of
Introducing System Models into Agricultural Research (pp. 427-
440). Madison, Wisc.: ASA-CSSA-SSSA.
http://dx.doi.org/10.2134/advagricsystmodel2.c15.

Amatya, D. M. (1993). Hydrologic modeling of forested lands. PhD
diss. Raleigh, N.C.: North Carolina State University.

Amatya, D. M., & Skaggs, R. W. (2001). Hydrologic modeling of
pine plantations on poorly drained soils. Forest Sci., 47(1), 103-
114.

Amatya, D. M., Skaggs, R. W., & Gregory, J. D. (1996). Effects of
controlled drainage on the hydrology of a drained pine
plantation in the North Carolina coastal plains. J. Hydrol.,
181(1-4), 211-232. http://dx.doi.org/10.1016/0022-
1694(95)02905-2.

Amatya, D. M., Skaggs, R. W., & Gregory, J. D. (1997). Evaluation
of a watershed-scale forest hydrologic model. Agric. Water
Mgmt., 32(3), 239-258. http://dx.doi.org/10.1016/S0378-
3774(96)01274-7.

Amatya, D. M., Chescheir, G. M., Skaggs, R. W., & Fernandez, G.

1696

P. (2002). Hydrology of poorly drained coastal watersheds in
eastern North Carolina. ASAE Paper 022034. St. Joseph, Mich.:
ASAE.

Amatya, D. M., Chescheir, G. M., Fernandez, G. P., Skaggs, R. W.,
& Gilliam, J. W. (2004). DRAINWAT-based methods for
estimating nitrogen transport in poorly drained watersheds.
Trans. ASAE, 43(3), 677-687.
http://dx.doi.org/10.13031/2013.16100.

Anand, S., Mankin, K. R., McVay, K. A., Janssen, K. A., Barnes, P.
L., & Pierzynski, G. M. (2007). Calibration and validation of
ADAPT and SWAT for field-scale runoff prediction. JAWRA,
43(4), 899-910. http://dx.doi.org/10.1111/j.1752-
1688.2007.00061.x.

Arcement, J. G., & Schneider, V. R. (1989). Guide for selecting
Manning’s roughness coefficients for natural channels and
floodplains. USGS Water Supply Paper 2339. Reston, Va.: U.S.
Geological Survey. Retrieved from
http://pubs.usgs.gov/wsp/2339/report.pdf.

Armold, J. G., Moriasi, D. N., Gassman, P. W., Abbaspour, K. C.,
White, M. J., Srinivasan, R., Santhi, C., Harmel, R. D., van
Griensvan, A., Van Liew, M. W., Kannan, N., & Jha, M. K.
(2012). SWAT: Model use, calibration, and validation. Trans.
ASABE, 55(4), 1491-1508.
http://dx.doi.org/10.13031/2013.42256.

Amold, J. G., Youssef, M. A., Yen, H., White, M. J., Sheshukov, A.
Y., Sadeghi, A. M., Moriasi, D. N., Steiner, J. L., Amatya, D.
M., Skaggs, R. W., Haney, E. B., Jeong, J., Arabi, M., &
Gowda, P. H. (2015). Hydrological processes and model
representation: Impact of soft data on calibration. Trans. ASABE,
58(6), 1637-1660. http://dx.doi.org/10.13031/trans.58.10726.

Baffaut, C. (2004). Upper Shoal Creek watershed: Water quality
analysis. FAPRI-UMC Report 01-04. Columbia, Mo.:
University of Missouri, Food and Agricultural Policy Research
Institute. Retrieved from www.fapri.missouri.edu/wp-
content/uploads/2015/03/FAPRI-MU-Report-01-04.pdf.

Baffaut, C. (2006). Little Sac River watershed: Fecal coliform total
maximum daily load. FAPRI-UMC Report 11-06. Columbia,
Mo.: University of Missouri, Food and Agricultural Policy
Research Institute. Retrieved from www.fapri.missouri.edu/wp-
content/uploads/2015/02/F APRI-MU-Report-11-06.pdf.

Baffaut, C., Dabney, S. M., Smolen, M. D., Youssef, M. A., Bonta,
J. V., Chu, M. L., Guzman, J. A., Shedekar, V., Jha, M. K., &
Arnold, J. G. (2015). Hydrologic and water quality modeling:
Spatial and temporal considerations. Trans. ASABE, 58(6),
1661-1680. http://dx.doi.org/10.13031/trans.58.10714.

Banasik, K., Rutkowska, A., & Kohnova, S. (2014). Retention and
curve number variability in a small agricultural catchment: The
probablistic approach. Water, 6(5), 1118-1133. http://dx.
10.3390/w6051108.

Barber, K. (Ed.). (2005). Canadian Oxford Dictionary (2nd ed.).
Don Mills, Ontario, Canada: Oxford University Press.

Bard, Y. (1974). Nonlinear Parameter Estimation. New York,
N.Y.: Academic Press.

Barnes, H. J. (1967). Roughness characteristics of natural channels.
USGS Water Supply Paper 1849. Reston, Va.: U.S. Geological
Survey. Retrieved from http:/pubs.usgs.gov/wsp/wsp_1849).

Baroni, G., Facchi, A., Gandolfi, C., Ortuani, B., Horeschi, D., &
van Dam, J. C. (2010). Uncertainty in the determination of soil
hydraulic parameters and its influence on the performance of
two hydrological models of different complexity. Hydrol. Earth
Syst. Sci., 14,251-270. http://dx.doi.org/10.5194/hess-14-251-
2010.

Behera, S. K., Srivastava, P., Pathre, U. V., & Tule, R. (2010). An
indirect method of estimating leaf area index in Jatropha curcas
(L.) using LAI-2000 Plant Canopy Analyzer. Agric. Forest
Meteorol., 150(2),307-311.

TRANSACTIONS OF THE ASABE


http://dx.10.3390/w6051108
http://dx.doi.org/10.1016/S0378-3774(96)01274-7
http://dx.doi.org/10.1016/0022-1694(95)02905-2

http://dx.doi.org/10.1016/j.agrformet.2009.11.009.

Benham, B. L., Brannan, K. M., Yagow, G., Zeckoski, R. W.,
Dillaha, T. A., Mostaghimi, S., & Wynn, J. W. (2005).
Development of bacteria and benthic total maximum daily loads:
A case study. J. Environ Qual., 34(5), 1860-1872.
http://dx.doi.org/10.2134/jeq2004.0414.

Benham, B. L., Baffaut, C., Zeckoski, R. W., Mankin, K. R.,
Pachepsky, Y. A., Sadeghi, A. M., Brannan, K. M., Soupir, M.
L., & Habersack, M. J. (2006). Modeling bacteria fate and
transport in watershed to support TMDLSs. Trans. ASABE, 49(4),
987-1002. http://dx.doi.org/10.13031/2013.21739.

Benson, M. A., & Dalrymple, T. (1967). General field and office
procedures for indirect discharge measurements. USGS
Techniques Water-Resources Investigations, 03-A1. Reston,
Va.: U.S. Geological Survey.

Beven, K. J. (1993). Prophecy, reality, and uncertainty in distributed
hydrologic modeling. Adv. Water Resources, 16(1), 41-51.
http://dx.doi.org/10.1016/0309-1708(93)90028-E.

Beven, K. J. (2001). Rainfall-Runoff Modelling: The Primer. New
York, N.Y.: John Wiley and Sons.

Bicknell, B. R., Imhoff, J. C., Kittle, J. L., Jobes, T. H., & Donigian
Jr., A. S. (2005). HSPF Version 12.2 User’s Manual. Reston,
Va.: U.S. Geological Survey.

Blanco-Canqui, H., Gantzer, C. J., Anderson, S. H., Alberts, E. E.,
& Ghidey, F. (2002). Saturated hydraulic conductivity and its
impact on simulated runoff for claypan soils. SSS4 J., 66(5),
1596-1602. http://dx.doi.org/10.2136/s552j2002.1596.

Bonuma, N. B., Rossi, C. G., Amold, J. G., Reichert, J. M., &
Paiva, E. M. C. D. (2013). Hydrology evaluation of the soil and
water assessment tool considering measurement uncertainty for
a small watershed in southern Brazil. Appl. Eng. Agric., 29(2),
189-200. http://dx.doi.org/10.13031/2013.42651.

Boyle, D. P., Gupta, H. V., & Sorooshian, S. (2000). Toward
improved calibration of hydrologic models: Combining the
strengths of manual and automatic methods. Water Resources
Res., 36(12), 3663-3674.
http://dx.doi.org/10.1029/2000WR900207.

Brauman, K. A., Freyberg, D. L., & Daily, G. C. (2012). Potential
evapotranspiration from forest and pasture in the tropics: A case
study in Kona, Hawaii. J. Hydrol., 440-441, 52-61.
http://dx.doi.org/10.1016/j.jhydrol.2012.03.014.

Breda, N. J. J. (2003). Ground-based measurements of leaf area
index: A review of methods, instruments, and current
controversies. J. Exp. Botany, 54(392), 2403-2417.
http://dx.doi.org/10.1093/jxb/erg263.

Brooks, R. H., & Corey, A. T. (1964). Hydraulic properties of
porous media. Hydrology Paper No. 3. Fort Collins, Colo.:
Colorado State University.

Bryant, R., Veith, T., Kleinman, P., & Gburek, W. (2008).
Cannonsville reservoir and Town Brook watersheds:
Documenting conservation efforts to protect New York City’s
drinking water. J. Soil Water Cons., 63(6), 339-344.
http://dx.doi.org/10.2489/jswc.63.6.339.

Caldwell, P. V., Sun, G., McNulty, S. G., Cohen, E. C., & Moore
Myers, J. A. (2012). Impacts of impervious cover, water
withdrawals, and climate change on river flows in the
conterminuous U.S. Hydrol. Earth Syst. Sci., 16,2839-2857.
http://dx.doi.org/10.5194/hess-16-2839-2012.

Campbell, D. J., & Henshall, J. K. (2001). Chapter 8: Bulk density.
In K. A. Smith, & C. E. Mullins (Eds.), Soil and Environmental
Analysis: Physical Methods (2nd ed., pp. 315-348). New York,
N.Y.: Marcel Dekker.

Chaubey, 1., Chiang, L., Gitau, M. W., & Mohamed, S. (2010).
Effectiveness of best management practices in improving water
quality in a pasture-dominated watershed. J. Soil Water Cons.,
65(6), 424-437. http://dx.doi.org/10.2489/jswc.65.6.424.

58(6): 1681-1703

Chaudhari, P. R., Ahire, D. V., Ahire, V. D., Chkravarty, M., &
Maity, S. (2013). Soil bulk density as related to soil texture,
organic matter content, and available total nutrients of
Coimbatore soil. Intl. J. Sci. Res. Publ., 3(2), 1-8.

Cho, J., Bosch, D., Lowrance, R., Strickland, T., & Vellidis, G.
(2009). Effect of spatial distribution of rainfall on temporal and
spatial uncertainty of SWAT output. Trans. ASABE, 52(5),
1545-1555. http://dx.doi.org/10.13031/2013.29143.

Chopart, J. L., & Vauclin, M. (1990). Water balance estimation
model: Field test and sensitivity analysis. SSS4 J., 54(5), 1377-
1384.
http://dx.doi.org/10.2136/ss52j1990.03615995005400050029x.

Chow, V. T. (1959). Open Channel Hydraulics. New York, N.Y.:
McGraw-Hill.

Chung, S., Ward, A., & Schalk, C. (1992). Evaluation of the
hydrologic component of the ADAPT water table management
model. Trans. ASAE, 35(2), 571-579.
http://dx.doi.org/10.13031/2013.28635.

Clapp, R. B., & Hornberger, G. M. (1978). Empirical equations for
some soil hydraulic properties. Water Resources Res., 14(4),
601-604. http://dx.doi.org/10.1029/WR014i004p00601.

Corwin, D. L., Vaughan, P. J., & Loague, K. (1997). Modeling
nonpoint-source pollutants in the vadose zone with GIS.
Environ. Sci. Tech., 31(8), 2157-2175.
http://dx.doi.org/10.1021/es960796v.

Crawford, N. H., & Linsley, R. K. (1962). The synthesis of
continuous streamflow hydrographs on a digital computer. Tech.
Report No. 12. Palo Alto, Cal.: Stanford University, Department
of Civil Engineering.

Cryer, S. A., & Havens, P. L. (1999). Regional sensitivity analysis
using a fractional factorial method for the USDA model
GLEAMS. Environ. Model. Software, 14(6), 613-624.
http://dx.doi.org/10.1016/S1364-8152(99)00003-1.

Dai, Z., Li, C., Trettin, C., Sun, G., Amatya, D., & Li, H. (2010).
Bi-criteria evaluation of the MIKE SHE model for a forested
watershed on the South Carolina coastal plain. Hydrol. Earth
Syst. Sci., 14, 1033-1046. http://dx.doi.org/10.5194/hess-14-
1033-2010.

Dane, J. H., & Toppe, G. C. (Eds.). (2002). Methods of Soil
Analysis: Part 4. Physical Methods. Madison, Wisc.: SSSA.

D’Asaro, F., & Grillone, G. (2012). Empirical investigation of curve
number method parameters in the Mediterranean area. J. Hydrol.
Eng., 17(10), 1141-1152.
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000570.

Delleur, J. W. (2010). The Handbook of Groundwater Engineering
(2nd ed.). Boca Raton, Fla.: CRC Press.

Dingman, S. L. (2002). Physical Hydrology (2nd ed.). Upper Saddle
River, N.J.: Prentice-Hall.

Djurhuus, J., Hansen, S., Schelde, K., & Jacobsen, O. H. (1999).
Modelling mean nitrate leaching from spatial variable fields
using effective parameters. Geoderma, 87(3-4), 261-279.
http://dx.doi.org/10.1016/S0016-7061(98)00057-3.

Doherty, J., & Johnston, J. M. (2003). Methodologies for calibration
and predictive analysis of a watershed model. JAWRA, 39(2),
251-265. http://dx.doi.org/10.1111/j.1752-1688.2003.tb04381.x.

Domec, J.-C., Sun, G., Noormets, A., Gavazzi, M. J., Treasure, E.
A., Cohen, E., Swenson, J. J., McNulty, S. G. & King, J. S.
(2012). A comparison of three methods to estimate
evapotranspiration in two contrasting loblolly pine plantations:
Age-related changes in water use and drought sensitivity of
evapotranspiration components. Forest Sci., 58(5), 497-512.

Domenico, P. A., & Schwartz, F. W. (1997). Physical and
Chemical Hydrogeology (2nd ed.). New York, N.Y.: Wiley.

Doussan, C., & Ruy, S. (2009). Prediction of unsaturated soil
hydraulic conductivity with electrical conductivity. Water
Resources Res., 45(10), W10408.

1697


http://dx.doi.org/10.1016/S0016-7061(98)00057-3
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000570
http://dx.doi.org/10.1016/S1364-8152(99)00003-1
http://dx.doi.org/10.1016/0309-1708(93)90028-E

Duan, Q., Schaake, J., & Andreassian, V., Franks, S., Goteti, G.,
Gupta, H. V., Gusev, Y. M., Habets, F., Hall, A., Hay, L.,
Hogue, T., Huang, M., Leavesly, G., Liang, X., Nasonova, O.
N., Noilhan, J., Oudin, L., Sorooshian, S., Wagener, T., Wood,
E. F. (2006). Model Parameter Estimation Experiment
(MOPEX): An overview of science strategy and major results
from the second and third workshops. J. Hydrol., 320(1-2), 3-17.
http://dx.doi.org/10.1016/j.jhydrol.2005.07.031.

Duchemin, B., Hadria, R., Erraki, S., Boulet, G., Maisongrande, P.,
Chehbouni, A., Escadafal, R., Ezzahar, J., Hoedjes, J. C. B,
Karrou, M. H., Khabba, S., Mougenot, B., Olioso, A.,
Rodriguez, J.-C. & Simonneaux, V. (2006). Monitoring wheat
phenology and irrigation in central Morocco: On the use of
relationships between evapotranspiration, crops coefficients, leaf
area index, and remotely sensed vegetation indices. Agric. Water
Mgmt., 79(1), 1-27.
http://dx.doi.org/10.1016/j.agwat.2005.02.013.

Duda, P. B., Hummel, P. R., Donigian Jr., A. S., & Imhoff, J. C.
(2012). BASINS/HSPF: Model use, calibration, and validation.
Trans ASABE, 55(4), 1523-1547.
http://dx.doi.org/10.13031/2013.42261.

Eckhardt, K., & Arnold, J. G. (2001). Technical note: Automatic
calibration of a distributed catchment model. J. Hydrol., 251(1-
2), 103-109. http://dx.doi.org/10.1016/S0022-1694(01)00429-2.

Engel, B., Storm, D., White, M., Arnold, J., & Arabi, M. (2007). A
hydrologic/water quality model application protocol. JAWRA,
43(5), 1223-1236. http://dx.doi.org/10.1111/}.1752-
1688.2007.00105 .x.

Engman, E. T. (1986). Roughness coefficients for routing surface
runoff. J. Irrig. Drain. Eng., 112(1), 39-53.
http://dx.doi.org/10.1061/(ASCE)0733-9437(1986)112:1(39).

Epps, T., Hitchcock, D. R., Jayakaran, A., Loflin, D. R., Williams,
T. M., & Amatya, D. M. (2013). Curve number method
assessment for watersheds draining two headwater streams in
lower coastal plain of South Carolina. JAWRA, 49(6), 1284-
1295. http://dx.doi.org/10.1111/jawr.12084.

Evett, S. R., Peters, F. H., Jones, O. R., & Unger, P. W. (1999). Soil
hydraulic conductivity and retention curves from tension
infiltrometer and laboratory data. In M. T. van Genuchten, F. J.
Leij, & L. Wu (Eds.), Proc. Intl. Workshop on Characterization
and Measurement of the Hydraulic Properties of Unsaturated
Porous Media (pp. 541-551). Riverside, Cal.: University of
California.

Faramarzi, M., Yang, H., Schulin, R., & Abbaspour, K. C. (2010).
Modeling wheat yield and crop water productivity in Iran:
Implications of agricultural water management for wheat
production. Agric. Water Mgmt., 97(11), 1861-1875.
http://dx.doi.org/10.1016/j.agwat.2010.07.002.

Fetter, C. W. (2000). Applied Hydrogeology (4th ed.). New York,
N.Y.: Merrill Publishing.

Feyereisen, G. W., Strickland, T. C., Bosch, D. D., & Sullivan, D.
G. (2007). Evaluation of SWAT manual calibration and input
parameter sensitivity in the Little River watershed. Trans.
ASABE, 50(3), 843-855. http://dx.doi.org/10.13031/2013.23149.

Fiener, P., & Auerswald, K. (2006). Seasonal variation of grassed
waterway effectiveness in reducing runoff and sediment delivery
from agricultural watersheds in temperate Europe. Soil Tillage
Res., 87(1), 48-58. http://dx.doi.org/10.1016/.still.2005.02.035.

Fisher, J. B., Tu, K. P., & Baldocchi, D. D. (2008). Global estimates
of the land-atmosphere water flux based on monthly AVHRR
and ISLSCP-II data, validated at 16 FLUXNET sites. Remote
Sensing Environ., 112(3), 901-919.
http://dx.doi.org/10.1016/j.rse.2007.06.025.

Flanagan, D. C., Frankenburger, J. R., & Ascough II, J. C. (2012).
WEPP: Model use, calibration, and validation. Trans. ASABE,
55(4), 1463-1477. http://dx.doi.org/10.13031/2013.42254.

1698

Flerchinger, G. N., Caldwell, T. G., Cho, J., & Hardegree, S. P.
(2012). Simultaneous Heat and Water (SHAW) model: Model
use, calibration, and validation. Trans ASABE, 55(4), 1395-
1411. http://dx.doi.org/10.13031/2013.42250.

Freeze, R. A., & Cherry, J. A. (1979). Groundwater. Upper Saddle
River, N.J.: Prentice-Hall.

Garbrecht, J. D., & Starks, P. J. (2009). Watershed sediment yield
reduction through soil conservation in a west-central Oklahoma
watershed. Ecohydrology, 2(3), 313-320.
http://dx.doi.org/10.1002/eco.55.

Gardner, C. M. K., Robinson, D., Blyth, K., & Cooper, J. D. (2001).
Chapter 1: Soil water content. In K. A. Smith, & C. E. Mullins
(Eds.), Soil and Environmental Analysis: Physical Methods (2nd
ed., pp. 1-64). New York, N.Y.: Marcel Dekker.

Gardner, W. R. (1958). Some steady-state solutions of the
unsaturated moisture flow equation with application to
evaporation from a water table. Soil Sci., §5(4), 228-232.
http://dx.doi.org/10.1097/00010694-195804000-00006.

Geza, M., Poeter, E. P., & McCray, J. E. (2009). Quantifying
predictive uncertainty for a mountain-watershed model. J.
Hydrol., 376(1), 170-181.
http://dx.doi.org/10.1016/j.jhydrol.2009.07.025.

Gitau, M. W. (2003). A quantitative assessment of BMP
effectiveness for phosphorus pollution control: The Town Brook
watershed, N.Y. PhD diss. University Park, Pa.: Pennsylvania
State University, Department of Agricultural and Biological
Engineering.

Gitau, M., Gburek, W., & Bishop, P. (2008). Use of the SWAT
model to quantify water quality effects of agricultural BMPs at
the farm-scale level. Trans. ASABE, 51(6), 1925-1936.
http://dx.doi.org/10.13031/2013.25398.

Givi, J., Prasher, S. O., & Patel, R. M. (2004). Evaluation of
pedotransfer functions in predicting the soil water contents at
field capacity and wilting point. Agric. Water Mgmt., 70(2), 83-
96. http://dx.doi.org/10.1016/j.agwat.2004.06.009.

Goodison, B. E., Louie, P. Y., & Yang, D. (1998). WMO solid
precipitation measurement intercomparison: Final report.
WMO/TD 872. Instruments and Observing Methods Report No.
67. Geneva, Switzerland: World Meteorological Organization.
Retrieved from https://www.wmo.int/pages/prog/www/IMOP/
publications/IOM-67-solid-precip/ WMOtd872.pdf.

Goodrich, D. C., Burns, 1. S., Unkrich, C. L., Semmens, D. J.,
Guertin, D. P., Hernandez, M., Yatheendradas, D., Kennedy, J.
R., & Levick, L. R. (2012). KINEROS2/AGWA: Model use,
calibration, and validation. Trans. ASABE, 55(4), 1561-1574.
http://dx.doi.org/10.13031/2013.42264.

Gowda, P. H., & Mulla, D. J. (2005). Environmental benefits of
precision farming: A modeling case study. ASAE Paper No.
051042. St. Joseph, Mich.: ASAE.

Gowda, P. H., Mulla, D. J., Desmond, E. D., Ward, A. D., &
Moriasi, D. N. (2012). ADAPT: Model use, calibration, and
validation. Trans. ASABE, 55(4), 1345-1352.
http://dx.doi.org/10.13031/2013.42246.

Green, R. E., Hanks, R. J., & Larson, W. E. (1964). Estimates of
field infiltration by numerical solution of the moisture flow
equation. SSS4 J., 28(1), 15-19.
http://dx.doi.org/10.2136/ss52j1964.03615995002800010018x.

Green, T. R. (1994). The roles of moisture-dependent anisotropy
and landscape topography in soil-water flow and groundwater
recharge. PhD diss. Stanford, Cal.: Stanford University.

Green, T. R., & Freyberg, D. L. (1995). State-dependent anisotropy:
Comparisons of quasi-analytical solutions with stochastic results
for steady gravity drainage. Water Resources Res., 31(9), 2201-
2211. http://dx.doi.org/10.1029/95WR00790.

Green, T. R., Ahuja, L. R., & Benjamin, J. G. (2003). Advances and
challenges in predicting agricultural management effects on soil

TRANSACTIONS OF THE ASABE


https://www.wmo.int/pages/prog/www/IMOP/publications/IOM-67-solid-precip/WMOtd872.pdf
http://dx.doi.org/10.1061/(ASCE)0733-9437(1986)112:1(39)
http://dx.doi.org/10.1016/S0022-1694(01)00429-2

hydraulic properties. Geoderma, 116(1-2), 3-27.
http://dx.doi.org/10.1016/S0016-7061(03)00091-0.

Groisman, P. Y., & Legates, D. R. (1994). The accuracy of United
States precipitation data. Bull. American Meteorol. Soc., 75(2),
215-227. http://dx.doi.org/10.1175/1520-
0477(1994)075<0215: TAOUSP>2.0.CO;2.

Groisman, P. Y., Knight, R. W., & Zolina, O. G. (2013). Recent
trends in regional and global intense precipitation patterns. In
Climate Vulnerability: Understanding and Addressing Threats
to Essential Resources; Vol. 5: Vulnerability of Water Resources
to Climate (pp. 25-55). Amsterdam, The Netherlands, Elsevier.

Gupta, H. V., Sorooshian, S., & Yapo, P. O. (1998). Toward
improved calibration of hydrologic models: Multiple and
noncommensurable measures of information. Water Resources
Res., 34(4), 751-763. http://dx.doi.org/10.1029/97WR03495.

Guzman, J. A., Shirmohammadi, A., Sadeghi, A. M., Wang, X.,
Chu, M. L., Jha, M. K., Parajuli, P. B., Harmel, R. D., Khare, Y.,
& Hernandez, J. (2015). Uncertainty considerations in
calibration and validation of hydrologic and water quality
models. Trans. ASABE, 58(6), 1745-1762.
http://dx.doi.org/10.13031/trans.58.10710.

Haan, P. K., & Skaggs, R. W. (2003). Effect of parameter
uncertainty on DRAINMOD predictions: 1. Hydrology and
yield. Trans. ASAE, 46(4), 1061-1067.
http://dx.doi.org/10.13031/2013.13968.

Haboudene, D., Miller, J. R., Tremblay, N., Pattey, E., & Vigneault,
P. (2004). Estimation of leaf area index using ground spectral
measurements over agricultural crops: Predicting capability
assessment of optical indices. In O. Altan (Ed.), Proc. XXth
ISPRS Congress. International Society for Photogrammetry
Remote Sensing. Retrieved from www.isprs.org/proceedings/
xxxv/congress/comm7/papers/21.pdf.

Han, W., Yang, Z., Di, L., Yagci, A. L., & Han, S. (2014). Making
cropland data layer data accessible and actionable in GIS
education. J. Geography, 113(3), 129-138.
http://dx.doi.org/10.1080/00221341.2013.838286.

Hansen, S., Abrahamsen, P., Petersen, C. T., & Styczen, M. (2012).
Daisy: Model use, calibration, and validation. Trans. ASABE,
55(4), 1317-1335. http://dx.doi.org/10.13031/2013.42244.

Hanson, C. L. (2001). Long-term precipitation database, Reynolds
Creek experimental watershed, Idaho. Water Resources Res.,
37(11), 831-2834.

Harmel, R. D., Johnson, G., & Richardson, C. W. (2002). The GEM
experience: Weather generator technology development in the
USDA. Bull. American Meteorol. Soc., 83(7), 954-957.
http://dx.doi.org/10.1175/1520-
0477(2002)083<0954: TGEWGT>2.3.CO;2.

Hatfield, J. L., & Prueger, J. H. (2004). Impacts of changing
precipitation patterns on water quality. J. Soil Water Cons.,
59(1), 51-58.

Hawkins, R. H. (1993). Asymptotic determination of runoff curve
numbers from data. J. Irrig. Drain. Eng., 119(2), 334-345.
http://dx.doi.org/10.1061/(ASCE)0733-9437(1993)119:2(334).

Hawkins, R. H., Ward, T. J., Woodward, D. E., & Van Mullem, J.
A. (Eds.). (2009). Curve Number Hydrology: State of the
Practice. Reston, Va.: ASCE.

Healy, R. W., & Essaid, H. 1. (2012). VS2DI: Model use,
calibration, and validation. Trans. ASABE, 55(4), 1249-1260.
http://dx.doi.org/10.13031/2013.42238.

Herr, J. W., & Chen, C. W. (2012). WARMEF: Model use,
calibration, and validation. Trans. ASABE, 55(4), 1387-1396.
http://dx.doi.org/10.13031/2013.42249.

Hillel, D. (1998). Environmental Soil Physics: Fundamentals,
Applications, and Environmental Considerations. (1st ed.). San
Diego, Cal.: Academic Press.

Hoag, D. L. K., Chaubey, ., Popp, J., Gitau, M., Chiang, L.,

58(6): 1681-1703

Pennington, J., Rodriguez, G., Gbur, E., Nelson, M., &
Sharpley, A. (2012). Chapter 9: Lincoln Lake watershed,
Arkansas. In How to Build Better Agricultural Conservation
Programs to Protect Water Quality: The National Institute for
Food and Agriculture - Conservation Effects Assessment Project
Experience (pp 171-186). Ankeny, lowa: Soil and Water
Conservation Society.

Huang, S., Hesse, C., Krysanova, V., & Hattermann, F. (2009).
From meso- to macro-scale dynamic water quality modelling for
the assessment of land use change scenarios. Ecol. Model.,
220(19), 2543-2558.
http://dx.doi.org/10.1016/j.ecolmodel.2009.06.043.

Huggins, L. F., & Monke, E. J. (1968). A mathematical model for
simulating the hydrologic response of a watershed. Water
Resources Res., 4(3), 529-539.
http://dx.doi.org/10.1029/WR004i003p00529.

Hwang, T., Band, L., & Hales, T. C. (2009). Ecosystem processes at
the watershed scale: Extending optimality theory from plot to
catchment. Water Resources Res., 45(11), W11425.
http://dx.doi.org/10.1029/2009WR007775.

IPCC. (2013). Summary for policymakers. In Climate Change
2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmenal
Panel on Climate Change. Geneva, Switzerland: IPCC.
Retrieved from www.ipcc.ch/pdf/assessment-
report/ar5/wgl/WG1ARS_SPM_FINAL.pdf.

Irmak, S., & Mutiibwa, D. (2010). On the dynamics of canopy
resistance: Generalized linear estimation and relationships with
micrometeorological variables. Water Resources Res., 46(8),
W08526. http://dx.doi.org/10.1029/2009WR008484.

Irmak, S., Kabenge, 1., Rudnick, D., Knezevic, S., Woodward, D.,
& Moravec, M. (2013a). Evapotranspiration crop coefficients
for mixed riparian plant community and transpiration crop
coefficients for common reed, cottonwood, and peach-leaf
willow in the Platte River basin, Nebraska, USA. J. Hydrol, 481,
177-190. http://dx.doi.org/10.1016/j.jhydrol.2012.12.032.

Irmak, S., Odhiambo, L. O., Specht, J. E., & Djaman, K. (2013b).
Hourly and daily single and basal evapotranspiration coefficients
as a function of growing degree days, days after emergence, leaf
area index, fractional green canopy cover, and plant phenology
for soybean. Trans. ASABE, 56(5), 1785-1803.
http://dx.doi.org/10.13031/trans.56.10219.

Jaber, F. H., & Shukla, S. (2012). MIKE SHE: Model use,
calibration, and validation. Trans. ASABE, 55(4), 1479-1489.
http://dx.doi.org/10.13031/2013.42255.

James, W. (2005). Rules for Responsible Modeling (4th ed.).
Guelph, Ontario, Canada: Computational Hydraulics
International (CHI).

Jansson, P. E. (2012). CoupModel: Model use, calibration, and
validation. Trans. ASABE, 55(4), 1337-1346.
http://dx.doi.org/10.13031/2013.42245.

Jarvis, N., & Larsbo, M. (2012). MACRO (v5.2): Model use,
calibration, and validation. Trans. ASABE, 55(4), 1413-1423.
http://dx.doi.org/10.13031/2013.42251.

Jensen, M. E., Burman, R. D., & Allen, R. G. (1990).
Evapotranspiration and irrigation water requirements. ASCE
Engineering Report No. 70. Reston, Va.: ASCE.

Jha, M. K. (2011). Evaluating hydrologic response of an agricultural
watershed for watershed analysis. Water, 3(2), 604-617.
http://dx.doi.org/10.3390/w3020604.

Jiang, P., Anderson, S. H., Kitchen, N. R., Sudduth, K. A., &
Sadler, E. J. (2007). Estimating plant-available water capacity
for claypan landscapes using apparent electrical conductivity.
SSSA4 J., 71(6), 1902-1908.
http://dx.doi.org/10.2136/ss52j2007.0011.

Jonckheere, 1., Fleck, S., Nackaerts, K., Muys, B., Coppin, P.,

1699


http://dx.doi.org/10.1061/(ASCE)0733-9437(1993)119:2(334)
http://dx.doi.org/10.1175/1520-0477(2002)083<0954:TGEWGT>2.3.CO;2
www.isprs.org/proceedings/xxxv/congress/comm7/papers/21.pdf
http://dx.doi.org/10.1175/1520-0477(1994)075<0215:TAOUSP>2.0.CO;2
http://dx.doi.org/10.1016/S0016-7061(03)00091-0

Weiss, M., & Baret, F. (2004). Review of methods for in situ
leaf area index determination: Part I. Theories, sensors, and
hemispherical photography. Agric. Forest Meterol., 121(1-2),
19-35. http://dx.doi.org/10.1016/j.agrformet.2003.08.027.

Jung, W. K., Kitchen, N. R., Anderson, S. H., & Sadler, E. J.
(2007). Crop management effects on water infiltration for
claypan soils. J. Soil Water Cons., 61(1), 55-63.

Jury, W. A., Gardner, W. R., & Gardner, W. H. (1991). Soil
Physics. New York, N.Y.: John Wiley and Sons.

Kampf, S. K., & Burges, S. J. (2010). Quantifying the water balance
in a planar hillslope plot: Effects of measurement errors on flow
prediction. J. Hydrol., 380(1-2), 191-202.
http://dx.doi.org/10.1016/j.jhydrol.2009.10.036.

Kannan, N., Santhi, C., William, J. R., & Arnold, J. G. (2007).
Development of a continuous soil moisture accounting
procedure for curve number methodology and its behaviour with
different evapotranspiration methods. Hydrol. Proc., 22(13),
2114-2121. http://dx.doi.org/10.1002/hyp.6811.

Kazemi, H. V., Anderson, S. H., Goyne, K. W., & Gantzer, C. J.
(2008). Atrazine and alachlor transport in claypan soils as
influenced by differential antecedent soil water content. J.
Environ. Qual., 37(4), 1599-1607.
http://dx.doi.org/10.2134/jeq2007.0470.

Kim, H. W., Amatya, D. M., Broome, S., Hesterberg, D., & Choi,
M. (2012). Sensitivity analysis of the DRAINWAT model
applied to an agricultural watershed in the lower coastal plain,
N.C. Water Environ. J., 26(1), 130-145.
http://dx.doi.org/10.1111/j.1747-6593.2011.00283 .x.

Kim, H. W., Amatya, D. M., Chescheir, G. M., Skaggs, R. W., &
Nettles, J. E. (2013). Hydrologic effects of size and location of
fields converted from drained pine forest to agricultural
cropland. J. Hydrol. Eng., 18(5), 552-566.
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000566.

Klute, A., & Dirksen, C. (1986). Hydraulic conductivity and
diffusivity: Laboratory methods. In A. Klute (Ed.), Methods of
Soil Analysis, Part 1. Physical and Mineralogical Methods (pp.
687-734). Madison, Wisc.: ASA-CSSA-SSSA.

Kanisel, W. G., & Douglas-Mankin, K. R. (2012).
CREAMS/GLEAMS: Model use, calibration, and validation.
Trans. ASABE, 55(4), 1291-1302.
http://dx.doi.org/10.13031/2013.42241.

Larsen, P. O., & von Ins, M. (2010). The rate of growth in scientific
publication and the decline in coverage provided by science
citation index. Scientometrics, 84(3), 575-603.

Lenhart, T., Eckhardt, K., Fohrer, N., & Frede, H. G. (2002).
Comparison of two different approaches of sensitivity analysis.
Physics Chem. Earth, 27(9-10), 645-654.
http://dx.doi.org/10.1016/S1474-7065(02)00049-9.

Lentz, R. D., Dowdy, R. H., & Rust, R. H. (1995). Measuring wind
and low-relief topographic effects on rainfall distribution. Appl.
Eng. Agric., 11(2),241-248.
http://dx.doi.org/10.13031/2013.25735.

Ma, L., Malone, R. W., Heilman, P., Ahuja, L. R., Meade, T.,
Saseendran, S. A., & Ascough, J. C. (2007). Sensitivity of tile
drainage flow and crop yield on measured and calibrated soil
hydraulic properties. Geoderma, 140(3), 284-296.
http://dx.doi.org/10.1016/j.geoderma.2007.04.012.

Ma, L., Ahuja, L. R., Sassendran, S. A., Malone, R. W., Green, T.
R., Nolan, B. T., Flerchinger, G. N., Boote, K. J., Hoogenboom,
G. & Bartling, P. N. (2011). A protocol for parameterization and
calibration of RZWQM2 in field research. In L. R. Ahuja, & L.
Ma (Eds.), Methods of Introducing System Models into
Agricultural Research. (2nd ed., pp. 1-64). Madison, Wisc.:
ASA-CSSA-SSSA.
http://dx.doi.org/10.2134/advagricsystmodel2.c1.

Ma, L., Ahuja, L. R., Nolan, B. T., Malone, R. W., Trout, T. J., &

1700

Qi, Z. (2012). Root zone water quality model (RZWQM2):
Model use, calibration, and validation. Trans. ASABE., 55(4),
1425-1446. http://dx.doi.org/10.13031/2013.42252.

Madsen, H. (2003). Parameter estimation in distributed hydrological
catchment modelling using automatic calibration with multiple
objectives. Adv. Water Resources, 26(2), 205-216.
http://dx.doi.org/10.1016/S0309-1708(02)00092-1.

Malone, R. W., Logsdon, S., Shipitalo, M. J., Weatherington Rice,
J., Ahuja, L., & Ma, L. (2003). Tillage effect on macroporosity
and herbicide transport in percolate. Geoderma, 116(1-2), 191-
215. http://dx.doi.org/10.1016/S0016-7061(03)00101-0.

Malone, R. W., Ma, L., Wauchope, R. D., Ahuja, L., Rojas, K., Ma,
Q., Warner, R., & Byers, M. (2004). Modeling hydrology,
metribuzin degradation, and metribuzin transport in
macroporous tilled and no-till silt loam soil using RZWQM.
Pest Mgmt. Sci., 60(3), 253-266.
http://dx.doi.org/10.1002/ps.738.

Malone, R. W., Meek, D. W., Ma, L., Jaynes, D. B., Nolan, B. T., &
Karlen, D. L. (2011). Quality assurance of weather data for
agricultural system model input: A case study using the Walnut
Creek watershed in central lowa. In L. Ahuja, & L. Ma (Eds.),
Methods of Introducing System Models into Agricultural
Research (pp. 283-294). Madison, Wisc.: ASA-CSSA-SSSA.
http://dx.doi.org/10.2134/advagricsystmodel2.c10.

Mapfumo, E., Chanasyk, D. S., & Willms, W. D. (2004).
Simulating daily soil water under foothills fescue grazing with
the soil and water assessment toll model (Alberta, Canada).
Hydrol. Proc., 18(15), 2787-2800.
http://dx.doi.org/10.1002/hyp.1493.

Marks, D., Cooley, K. R., Robertson, D. C., & Winstral, A. (2001).
Long-term snow database, Reynolds Creek experimental
watershed, Idaho. Water Resources Res., 37(11), 2835-2838.
http://dx.doi.org/10.1029/2001 WR000416.

McGechan, M. B., & Vinten, A. J. A. (2004). Simulating transport
of E. coli derived from faeces of grazing livestock using the
MACRO model. Soil Use Mgmt., 20(2), 195-202.
http://dx.doi.org/10.1079/SUM2004254.

McGuinness, J. L. (1966). A comparison of lysimeter catch and rain
gauge catch. Misc. Pub. 41-124. Washington. D.C.: USDA-
ARS.

McKenney, M. S., & Rosenberg, N. J. (1993). Sensitivity of some
potential evapotranspiration estimation methods to climate
change. Agric. Forest Meteorol., 64(1-2), 81-110.
http://dx.doi.org/10.1016/0168-1923(93)90095-Y.

Meng, H., Sexton, A. M., Maddox, M. C., Sood, A., Brown, C. W.,
Ferraro, R. R., & Murtugudde, R. (2010). Modeling
Rappahannock River basin using SWAT-Pilot for Chesapeake
Bay watershed. Appl. Eng. Agric., 26(5), 795-805.
http://dx.doi.org/10.13031/2013.34948.

Mohamoud, Y. M., & Parmar, R. S. (2006). Estimating streamflow
and associated hydraulic geometry, the mid-Atlantic region, U.S.
JAWRA, 42(3), 755-768.

Monteith, J. L. (1965). Evaporation and environment. In G. Fogg
(Ed.), Symp. Society for Experimental Biology, The State and
Movement of Water in Living Organisms (Vol. 19, pp. 205-234).
New York, N.Y.: Academic Press.

Moriasi, D. N., Wilson, B. N., Douglas-Mankin, K. R., Arnold, J.
G., & Gowda, P. H. (2012). Hydrologic and water quality
models: Use, calibration, and validation. Trans. ASABE, 55(4),
1241-1247. http://dx.doi.org/10.13031/2013.42265.

Moyer, D. L., & Bennett, M. R. (2007). Development of relations of
stream stage to channel geometry and discharge for stream
segments simulated with Hydrologic Simulation Program-
Fortran (HSPF), Chesapeake Bay watershed and adjacent parts
of Virginia, Maryland, and Delaware. USGS Scientific
Investigations Report 2007-5135. Reston, Va.: U.S. Geological

TRANSACTIONS OF THE ASABE


http://dx.doi.org/10.1016/0168-1923(93)90095-Y
http://dx.doi.org/10.1016/S0016-7061(03)00101-0
http://dx.doi.org/10.1016/S0309-1708(02)00092-1
http://dx.doi.org/10.1016/S1474-7065(02)00049-9
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000566

Survey. Retrieved from http://pubs.usgs.gov/sir/2007/5135/.

Mualem, Y. (1976). New model for predicting hydraulic
conductivity of unsaturated porous media. Water Resources
Res., 12(3), 513-522.
http://dx.doi.org/10.1029/WR012i003p00513.

Mudgal, A., Anderson, S. H., Baffaut, C., Kitchen, N. R., & Sadler,
E. J. (2010). Effects of long-term soil and crop management on
soil hydraulic properties for claypan soils. J. Soil Water Cons.,
65(6), 393-403. http://dx.doi.org/10.2489/jswc.65.6.393.

Mudgal, A., Baffaut, C., Anderson, S. H., Sadler, E. J., Kitchen, N.
R., Sudduth, A., & Lerch, R. N. (2012). Using the Agricultural
Policy/Environmental eXtender to develop and validate
physically based indices for the delineation of critical
management areas. J. Soil Water Cons, 67(4), 284-299.
http://dx.doi.org/10.2489/jswc.67.4.284.

Murty, P. S., Pandey, A., & Suryavanshi, S. (2014). Application of
semi-distributed hydrological model for basin level water
balance of the Ken basin of central India. Hydrol. Proc., 28(13),
4119-4129. http://dx.doi.org/10.1002/hyp.9950.

Mutiti, S., & Levy, J. (2010). Using temperature modeling to
investigate the temporal variability of riverbed hydraulic
conductivity during storm events. J. Hydrol., 388(3), 321-334.
http://dx.doi.org/10.1016/j.jhydrol.2010.05.011.

Neitsch, S. L., Arnold, J. G., Kiniry, J. R., & Williams, J. R. (2005).
Soil and water assessment tool: Theoretical documentation,
Version 2005. College Station, Tex.: USDA-ARS Grassland,
Soil Water Research Laboratory, and Blackland Research
Center. Retrieved from
http://swat.tamu.edu/media/1292/swat2005theory.pdf.

Nemes, A., Rawls, W. J., & Pachepsky, Y. A. (2005). Influence of
organic matter on the estimation of saturated hydraulic
conductivity. SSS4 J., 69(4), 1330-1337.
http://dx.doi.org/10.2136/sssaj2004.0055.

Nemes, A., Rawls, W. J., & Pachepsky, Y. A. (2006). Use of a non-
parametric nearest-neighbor technique to estimate soil water
retention. SSSA J., 70(2), 327-336.
http://dx.doi.org/10.2136/sssaj2005.0128.

Nemes, A., Roberts, R. T., Rawls, W. J., Pachepsky, A., Y., & van
Genuchten, M. T. (2008). Software to estimate -33 and -1500
kPa soil water retention using the non-parametric k-nearest
neighbor technique. Environ. Model. Software, 23(2), 254-255.
http://dx.doi.org/10.1016/j.envsoft.2007.05.018.

Nemes, A., Timlin, D. J., Pachepsky, Y. A., & Rawls, W. J. (2009).
Revision of the Rawls et al. (1982) pedotransfer functions for
their applicability to U.S. croplands. SSSA J., 73(5), 1638-1645.
http://dx.doi.org/10.2136/sss2j2008.0298.

Nicks, A. D., Lane, L. J., & Gander, G. A. (1995). Chapter 2:
Weather generator. In D. C. Flanagan, & M. A. Nearing (Eds.),
USDA Water Erosion Prediction Project Hillslope and
Watershed Model Documentation. NSERL Report No. 10. West
Lafayette, Ind.: USDA-ARS National Soil Erosion Research
Laboratory.

Osmond, D. L., Meals, D. W., Hoag, D. L., & Arabi, M. (Eds.).
(2012). How to Build Better Agricultural Conservation
Programs toProtect Water Quality: The National Institute for
Food and Agriculture - Conservation Effects Assessment Project
Experience. Ankeny, lowa: Soil Water Conservation Society.

Oyarzun, R., Arumi, J., & Marino, M. (2007). Sensitivity analysis
and field testing of the RISK-N model in the Central Valley of
Chile. Agric. Water Mgmt., 87(3), 251-260.
http://dx.doi.org/10.1016/j.agwat.2006.07.008.

Panda, S., Amatya, D. M., & Hoogenboom, G. (2014). Stomatal
conductance, canopy temperature, and leaf area index estimation
using remote sensing and OBIA techniques. J. Spatial Hydrol.,
12(1). Retrieved from
www.spatialhydrology.net/index.php/JOSH/article/view/200.

58(6): 1681-1703

Parajuli, P. B., Mankin, K. R., & Barnes, P. L. (2009a). Source-
specific fecal bacteria modeling using soil and water assessment
tool model. Biores. Tech., 100(2), 953-963.
http://dx.doi.org/10.1016/j.biortech.2008.06.045.

Parajuli, P. B., Nelson, N. O., Frees, L. D., & Mankin, K. R.
(2009b). Comparison of AnnAGNPS and SWAT model
simulation results in USDA-CEAP agricultural watersheds in
south-central Kansas. Hydrol. Proc., 23(5), 748-763.
http://dx.doi.org/10.1002/hyp.7174.

Park, G. A., Park, J. Y., Joh, H. K., Lee, J. W., Ahn, S. R., & Kim,
S.J. (2014). Evaluation of mixed forest evapotranspiration and
soil moisture using measured and SWAT-simulated results in a
hillslope watershed. KSCE J. Civil Eng., 18(1), 315-322.

Pennington, J. H., Steele, M. A., Teague, K. A., Kurz, B., Gbur, E.,
Popp, J., Rodriguez, G., Chaubey, ., Gitau, M. & Nelson, M. A.
(2008). Breaking ground: A cooperative approach to collecting
information on conservation practices from an initially
uncooperative population. J. Soil Water Cons., 63(6), 208 A-
211A. http://dx.doi.org/10.2489/jswc.63.6.208A.

Ponce, V. M., & Hawkins, R. H. (1996). Runoff curve number: Has
it reached maturity? J. Hydrol. Eng., 1(1), 11-19.
http://dx.doi.org/10.1061/(ASCE)1084-0699(1996)1:1(11).

Qi, Z., Bartling, P. N, S., Jabro, J. D., Lenssen, A. W., Iversen, W.
M., Ahuja, L. R., Ma, L., Allen, B. L. & Evans, R. G. (2013).
Simulating dryland water availability and spring wheat
production in the northern Great Plains. Agron. J., 105(1), 37-
50. http://dx.doi.org/10.2134/agronj2012.0203.

Raat, K. J., Vrugt, J. A., Bouten, W., & Tietema, A. (2004).
Towards reduced uncertainty in catchment nitrogen modelling:
Quantifying the effect of field observation uncertainty on model
calibration. Hydrol. Earth Syst. Sci., 8(4), 751-763.
http://dx.doi.org/10.5194/hess-8-751-2004.

Rachman, A., Anderson, S. H., Gantzer, C. J., & Alberts, E. E.
(2004). Soil hydraulic properties influenced by stiff-stemmed
grass hedge systems. SSSA4 J., 68(4), 1386-1393.
http://dx.doi.org/10.2136/sssaj2004.1386.

Rao, N. R., Garg, P. K., & Ghosh, S. K. (2006). Estimation and
comparison of leaf area index of agricultural crops using IRS
LISS-IIT and EO-1 Hyperion images. J. Indian Soc. Remote
Sensing, 34(1), 69-78. http://dx.doi.org/10.1007/BF029907438.

Rawls, W. J., Brakensiek, D. L., & Saxtonn, K. E. (1982).
Estimation of soil water properties. Trans. ASAE, 25(5), 1316-
1320. http://dx.doi.org/10.13031/2013.33720.

Rawls, W., Gimenez, D., & Grossman, R. (1998). Use of soil
texture, bulk density, and slope of the water retention curve to
predict saturated hydraulic conductivity. Trans. ASAE, 41(4),
983-988. http://dx.doi.org/10.13031/2013.17270.

Refsgaard, J. C. (1997). Parameterisation, calibration, and
validation of distributed hydrological models. J. Hydrol., 198(1-
4), 69-97. http://dx.doi.org/10.1016/S0022-1694(96)03329-X.

Refsgaard, J. C., & Storm, B. (1996). Construction, calibration, and
validation of hydrological models. In M. Abbott, & J. Refsgaard
(Eds.), Distributed Hydrological Modeling (pp. 41-54).
Dordrecht, The Netherlands: Kluwer Academic.

Renard, K. G., Lane, L. J., Simanton, J. R., Emmerich, W. E.,
Stone, J. J., Weltz, M. A., Goodrich, D. C. & Yakowitz, D. S.
(1993). Agricultural impacts in an arid environment: Walnut
Gulch studies. Hydrol. Sci. Tech., 9(1-4), 149-159.

Rucker, D. F., Warrick, A. W., & Ferre, T. P. A. (2005). Parameter
equivalence for the Gardner and van Genuchten soil hydraulic
conductivity functions for steady vertical flow with inclusions.
Adv. Water Res., 28(7), 689-699.
http://dx.doi.org/10.1016/j.advwatres.2005.01.004.

Salas, J. D., Govindaraju, R. S., Anderson, M., Arabi, M., Francés,
F., Suarez, W., Lavado-Casimiro, W. S. & Green, T. R. (2014).
Introduction to hydrology. In L. K. Wang, & C. T. Yang (Eds.),

1701


http://dx.doi.org/10.1016/S0022-1694(96)03329-X
http://dx.doi.org/10.1061/(ASCE)1084-0699(1996)1:1(11

Modern Water Resources Engineering (pp. 1-126). New York,
N.Y.: Humana Press. http://dx.doi.org/10.1007/978-1-62703-
595-8 1.

Sampson, D. A., Amatya, D. M., Blanton, C. D., & Skaggs, R. W.
(2011). Leaf area index (LAI) of loblolly pine and emergent
vegetation following a harvest. Trans. ASABE, 54(6), 2057-
2066. http://dx.doi.org/10.13031/2013.40664.

Santhi, C., Arnold, J. G., & Williams, J. R. (2001). Validation of the
SWAT model on a large river basin with point and nonpoint
sources. JAWRA, 37(5), 1169-1188.
http://dx.doi.org/10.1111/j.1752-1688.2001.tb03630.x.

Saxton, K. E., & Rawls, W. J. (2006). Soil water characteristic
estimates by texture and organic matter for hydrologic solutions.
SSSA4 J., 70(5), 1569-1578.
http://dx.doi.org/10.2136/sssaj2005.0117.

Schaap, M. G., Leij, F. J., & van Genuchten, M. T. (2001). Rosetta:
A computer program for estimating soil hydraulic parameters
with hierarchical pedotransfer functions. J. Hydrol., 251(3-4),
163-176. http://dx.doi.org/10.1016/50022-1694(01)00466-8.

Schaffner, M., Unkrich, C. L., & Goodrich, D. C. (2010).
Application of the KINEROS? site-specific model to south
central NY and northeast PA: Forecasting gauged and ungauged
fast-responding watersheds. Eastern Region Technical
Attachment No. 2010-01. Binghamton, N.Y.: National Weather
Service, Eastern Region.

Scorza, J., Romulo, P., Jarvis, N. J., & Boesten, J. J. (2007). Testing
MACRO (version 5.1) for pesticide leaching in a Dutch clay
soil. Pest Mgmt. Sci., 63(10), 1011-1025.
http://dx.doi.org/10.1002/ps.1434.

Scurlock, J. M. O., Asner, G. P., & Gower, S. T. (2001). Worldwide
historical estimates of leaf area index, 1932-2000. ORNL/TM-
2001/268. Oak Ridge, Tenn.: Oakridge National Laboratory.
Retrieved from www.daac.ornl.gov/data/global vegetation/
HistoricalLai/comp/LAI_TM.pdf.

Seibert, J., & McDonnell, J. J. (2002). On the dialog between
experimentalist and modeler in catchment hydrology: Use of
soft data for multicriteria model calibration. Water Resources
Res., 38(11), 23-1-23-14.
http://dx.doi.org/10.1029/2001 WR000978.

Seobi, T., Anderson, S. H., Udawatta, R. P., & Gantzer, C. J.
(2005). Influence of grass and agroforestry buffer strips on soil
hydraulic properties for an albaqualf. SSS4 J., 69(3), 893-901.
http://dx.doi.org/10.2136/sssaj2004.0280.

Sexton, A. M., Sadeghi, A. M., Zhang, X., Srinivasan, R., &
Shirmohammadi, A. (2010). Using NEXRAD and rain gauge
precipitation data for hydrologic calibration of SWAT in a
northeastern watershed. Trans. ASABE, 53(5), 1501-1510.
http://dx.doi.org/10.13031/2013.34900.

Shao, H., Baffaut, C., Gao, J. E., Nelson, N. O., Janssen, K. A.,
Pierzynski, G. M., & Barnes, P. L. (2013). Development and
application of algorithms for simulating terraces within SWAT.
Trans. ASABE, 56(5), 1715-1730.
http://dx.doi.org/10.13031/trans.56.10047.

Shih, S., & Rahi, G. (1982). Seasonal variations of Manning’s
roughness coefficient in a subtropical marsh. Trans. ASAE,
25(1), 116-119. http://dx.doi.org/10.13031/2013.33488.

Sieck, L. C., Burges, S. J., & Steiner, M. (2007). Challenges in
obtaining reliable measurements of point rainfall. Water
Resources Res., 43(1), W01420.
http://dx.doi.org/10.1029/2005WR004519.

Simunek, J., van Genuchten, M. T., & Sejna, M. (2012). HYDRUS:
Model use, calibration, and validation. Trans ASABE, 55(4),
1263-1276. http://dx.doi.org/10.13031/2013.42239.

Skaggs, R. W., Amatya, D. M., Chescheir, G. M., & Blanton, C. D.
(2006). Soil property changes during loblolly pine production.
ASABE Paper No. 068206. St. Joseph, Mich.: ASABE.

1702

Skaggs, R. W., Chescheir, G. M., Fernandez, G. P., Amatya, D. M.,
& Diggs, J. (2011). Effects of 1and use on soil properties and
hydrology of drained coastal plain watersheds. Trans. ASABE,
54(4), 1357-1365. http://dx.doi.org/10.13031/2013.39037.

Skaggs, R. W., Youssef, M. A., & Chescheir, G. M. (2012).
DRAINMOD: Model use, calibration, and validation. Trans.
ASABE, 55(4), 1509-1522.
http://dx.doi.org/10.13031/2013.42259.

Srivastava, P. K., Han, D., Ramirez, M., & Islam, T. (2013).
Appraisal of SMOS soil moisture at a catchment scale in a
temperate maritime climate. J. Hydrol., 498, 292-304.
http://dx.doi.org/10.1016/j.jhydrol.2013.06.021.

Stisen, S., Hajberg, A. L., Troldborg, L., Refsgaard, J. C.,
Christensen, B. S. B., Olsen, M., & Henriksen, H. J. (2012). On
the importance of appropriate rain-gauge catch correction for
hydrological modeling at mid to high latitudes. Hydrol. Earth
Syst. Sci., 16,4157-4176. http://dx.doi.org/10.5194/hess-16-
4157-2012.

Stratton, B. T., Sridhar, V., Gribb, M. M., McNamara, J. P., &
Narasimhan, B. (2009). Modeling the spatially varying water
balance processes in a semiarid mountainous watershed of
Idaho. JAWRA, 45(6), 1390-1408.
http://dx.doi.org/10.1111/j.1752-1688.2009.00371 .x.

Sumner, D. M., & Jacobs, J. M. (2005). Utility of Penman-
Monteith, Priestlay-Taylor, reference evapotranspiration, and
pan evaporation methods to estimate pasture evapotranspiration.
J. Hydrol., 308(1-4), 81-104.
http://dx.doi.org/10.1016/j.jhydrol.2004.10.023.

Sun, G., Alstad, K., Chen, J., Chen, S., Ford, C.R., Lin, G., Lu, N,
McNulty, S. G., Noormets, A., Vose, J. M., Wilske, B., Zeppel,
M., Zhang, Y. & Zhang, Z. (2011). A general predictive model
for estimating monthly ecosystem evapotranspiration.
Ecohydrol., 4(2),245-255. http://dx.doi.org/10.1002/eco.194.

Svensson, B. H., Klemedtsson, L., Simkins, S., Paustian, K., &
Rosswall, T. (1991). Soil denitrification in three cropping
systems characterized by differences in nitrogen and carbon
supply. Plant Soil, 138(2),257-271.
http://dx.doi.org/10.1007/BF00012253.

Thompson, J. R., Serenson, H. R., Gavin, H., & Refsgaard, A.
(2004). Application of the coupled MIKE SHE/MIKE modelling
system to a lowland wet grassland in southeast England. J.
Hydrol., 293(1-4), 151-179.
http://dx.doi.org/10.1016/j.jhydrol.2004.01.017.

Thorp, K. R., Malone, R. W., & Jaynes, D. B. (2007). Simulating
long-term effects of nitrogen fertilizer application rates on corn
yield and nitrogen dynamics. Trans. ASABE, 50(4), 1287-1303.
http://dx.doi.org/10.13031/2013.23640.

Tian, S., Youssef, M. A., Skaggs, R. W., Amatya, D. M., &
Chescheir, G. M. (2012). DRAINMOD-FOREST: Integrated
modeling of hydrology, soil carbon, and nitrogen dynamics, and
plant growth for drained forest. J. Environ. Qual., 41(3), 764-
782. http://dx.doi.org/10.2134/jeq2011.0388.

Tian, S., Youssef, M. A., Amatya, D. M., & Vance, E. D. (2013).
Global sensitivity analysis of DRAINMOD-FOREST, an
integrated forest ecosystem model. Hydrol. Proc., 28(15), 4389-
4410. http://dx.doi.org/10.1002/hyp.9948.

Tolson, B. A., & Shoemaker, C. A. (2007). Cannonsville Reservoir
watershed SWAT2000 model development, calibration, and
validation. J. Hydrol., 337(1), 68-86.
http://dx.doi.org/10.1016/j.jhydrol.2007.01.017.

USDA-NASS. (2013). County crop yield data. Washington, D.C.:
USDA-NASS. Retrieved from http://quickstats.nass.usda.gov/.

USDA-NRCS. (1986). Urban hydrology for small watersheds.
Tech. Release 55. Washington, D.C.: USDA-NRCS.

USDA-NRCS. (1995). Soil Survey Geographic (SSURGO)
database: Data use information. Miscellaneous Publ. No. 1527.

TRANSACTIONS OF THE ASABE


www.daac.ornl.gov/data/global_vegetation/HistoricalLai/comp/LAI_TM.pdf
http://dx.doi.org/10.1016/S0022-1694(01)00466-8

Fort Worth, Tex.: USDA-NRCS National Soil Survey Center.

USDA-NRCS. (2004). Chapter 9: Hydrologic soil-cover
complexes; Chapter 10: Estimation of direct runoff from storm
rainfall. In National Engineering Handbook: Part 630.
Hydrology. Washington, D.C.: USDA-NRCS.

van Genuchten, M. T. (1980). A closed-form equation for
predicting the hydraulic conductivity of unsaturated soils. SSSA4
J., 44(5), 892-898.
http://dx.doi.org/10.2136/sss2j1980.03615995004400050002x.

Vigil, M. F., Eghball, B., Cabrera, M. L., Jakubowski, B. R., &
Davis, J. G. (2002). Accounting for seasonal nitrogen
mineralization: An overview. J. Soil Water Cons., 57(6), 464-
469.

Vose, J. M., & Allen, H. L. (1988). Leaf area, stemwood growth,
and nutrition relationships in loblolly pine. Forest Sci., 34(3),
547-563.

Wagner, A. (2009). Literature study on the correction of
precipitation measurements. FutMon C1-Met-29(BY). Freising,
Germany: Bayerische Landesanstalt fiir Wald und
Forstwirtschaft (LWF). Retrieved from
www.futmon.org/sites/default/files/documenten/Correction_of
precipitation_measurements.pdf.

Wallach, D., Goffinet, B., & Bergez, J. E. (2001). Parameter
estimation for crop models: A new approach and application to a
corn model. Agron. J., 93(4), 757-766.
http://dx.doi.org/10.2134/agronj2001.934757x.

Wang, G., & Chen, S. (2012). A review on parameterization and
uncertainty in modeling greenhouse gas emissions from soil.
Geoderma, 170, 206-216.
http://dx.doi.org/10.1016/j.geoderma.2011.11.009.

Wang, X., Williams, J. R., Gassman, P. W., Baffaut, C., [zaurralde,
R. C., Jeong, J., & Kiniry, J. R. (2012). EPIC and APEX: Model
use, calibration, and validation. Trans. ASABE, 55(4), 1447-
1462. http://dx.doi.org/10.13031/2013.42253.

Watson, F. G. R., Vertessey, R. A., & Grayson, R. B. (1999).
Large-scale modeling of forest hydrological processes and their
long-term effect on water yield. Hydrol. Proc, 13(5), 689-700.
http://dx.doi.org/10.1002/(SICI)1099-
1085(19990415)13:5<689::AID-HYP773>3.0.CO;2-D.

Weiss, M., Baret, F., Smith, G. J., Jonkheere, 1., & Coppin, P.
(2004). Review of methods for in situ leaf area index (LAI)
determination: Part II. Estimation of LAI, errors, and sampling.
Agric. Forest Meteorol., 121(1-2), 37-53.

58(6): 1681-1703

http://dx.doi.org/10.1016/j.agrformet.2003.08.001.

White, K. L., & Chaubey, 1. (2005). Sensitivity analysis, calibration,
and validation for a multisite and multivariable SWAT model.
JAWRA, 41(5), 1077-1089. http://dx.doi.org/10.1111/j.1752-
1688.2005.tb03786.x.

Woolhiser, D. A. (1975). Simulation of unsteady overland flow. In
K. Mahmood, & V. Yevjevich (Eds.), Unsteady Flow in Open
Channels (vol. 11, pp. 485-508). Fort Collins, Colo.: Water
Resources Publications.

WMO. (2008). Guide to Meteorological Instruments and Methods
of Observation. (7th ed.). WMO-No. 8. Geneva, Switzerland:
World Meteorological Organization. Retrieved from
https://www.wmo.int/pages/prog/gcos/documents/gruanmanuals
/CIMO/CIMO_ Guide-7th_Edition-2008.pdf.

Yan, J., & Haan, C. T. (1991). Multiobjective parameter estimation
for hydrologic models: Weighting of errors. Trans ASAE, 34(1),
135-141. http://dx.doi.org/10.13031/2013.31635.

Yang, D., Goodison, B., Metcalfe, J., Louie, P., Elomaa, E.,
Hanson, C., Golubev, V., Gunther, T., Milkovic, J., & Lapin, M.
(2001). Compatibility evaluation of national precipitation gauge
measurements. J. Geophys. Res, 106(D2), 1481-1491.
http://dx.doi.org/10.1029/2000JD900612.

Yang, J., Liu, Y., Yang, W., & Chen, Y. N. (2012). Multi-objective
sensitivity analysis of a fully distributed hydrologic model
wetspa. Water Resources Mgmt., 26(), 109-128.
http://dx.doi.org/10.1007/s11269-011-9908-9.

Yu, C., Loureiro, C., Cheng, J., Jones, L., Wang, Y., Chia, Y., &
Faillace, E. (1993). Data collection handbook to support
modeling the impacts of radioactive material in soil. Argonne,
I11.: Argonne National Laboratory.
http://dx.doi.org/10.2172/10162250.

Yuan, Y., Khare, Y., Wang, X., Parajuli, P. B., Kisekka, ., &
Finsterle, S. (2015). Hydrologic and water quality models:
Sensitivity. Trans. ASABE, 58(6), 1721-1744.
http://dx.doi.org/10.13031/trans.58.10611.

Zeckoski, R. W., Smolen, M. D., Moriasi, D. N., Frankenberger, J.
R., & Feyereisen, G. W. (2015). Hydrologic and water quality
terminology as applied to modeling. Trans. ASABE, 58(6), 1619-
1635. http://dx.doi.org/10.13031/trans.58.10713.

Zheng, C., Hill, M. C., Cao, G., & Ma, R. (2012). MT3DMS:
Model use, calibration, and validation. Trans. ASABE, 55(4),
1549-1559. http://dx.doi.org/10.13031/2013.42263.

1703


https://www.wmo.int/pages/prog/gcos/documents/gruanmanuals/CIMO/CIMO_Guide-7th_Edition-2008.pdf
http://dx.doi.org/10.1002/(SICI)1099-1085(19990415)13:5<689::AID-HYP773>3.0.CO;2-D
www.futmon.org/sites/default/files/documenten/Correction_of_precipitation_measurements.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


