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Abstract

Elevated levels of nitrate (NO3) in groundwater systems pose a serious risk to hu-
man populations and natural ecosystems. As part of an effort to remediate NO5 con-
tamination in irrigated stream-aquifer systems, this study elucidates agricultural and
environmental parameters and processes that govern NO; fate and transport at the
regional (500 kmz), local (50 kmz), and field scales (< 1 kmz). Specifically, the revised
Morris sensitivity analysis method was applied to a finite-difference nitrogen cycling
and reactive transport model of a regional-scale study site in the Lower Arkansas River
Valley in southeastern Colorado. The method was used to rank the influence of anthro-
pogenic activities and natural chemical processes on NO5; groundwater concentration,
NO; mass leaching, and NO; mass loading to the Arkansas River from the aquifer.
Sensitivity indices were computed for the entire study area in aggregate as well as
each canal command area, crop type, and individual grid cells. Results suggest that
fertilizer loading, crop uptake, and heterotrophic denitrification govern NO5 fate and
transport for the majority of the study area, while canal NO3 concentration and rates
of autotrophic denitrification, nitrification, and humus decomposition dominate or par-
tially dominate in several canal command areas. Also, NO; leaching and groundwater
concentration in adjacent cultivated fields often are governed by different processes
and mass inputs/outputs. Results can be used to determine critical processes and key
management actions for future data collection and remediation strategies, with efforts
able to be focused on localized areas.

1 Introduction

During recent decades, elevated concentration of nitrate (NO3) Cyo, in groundwater
systems and at points of groundwater discharge to surface water bodies has become
a serious environmental issue due to its adverse effects on human populations and nat-
ural ecosystems (Spalding and Exner, 1993). Specific problems associated with high
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Cno, include methemoglobinemia for infants (Fan and Steinberg, 1996) and eutrophi-
cation in aquatic systems, which induces depletion of dissolved oxygen (O,) (hypoxia)
due to increased biological activity. In addition, high CNO3 can lead to elevated concen-
trations of sulfate and selenium (Se) via oxidation of pyrite (FeS,) and seleno-pyrite
(FeSe,) from marine shale (Frind et al., 1990; Jorgensen et al., 2009; Bailey et al.,
2012). NO4 also has been shown to mobilize uranium via oxidation (Wu et al., 2010).
Recent studies have revealed that certain rock formations can yield nitrogen (N) in
response to a variety of biogeochemical processes (Holloway and Dahigren, 2002;
Montross et al., 2013). In most cases, however, elevated concentrations result from
excessive loadings of organic or inorganic N fertilizer, inducing NO; leaching to the
saturated zone of the aquifer (Korom, 1992; Spalding and Exner, 1993).

To combat NO5 contamination, numerous field and modeling studies have been per-
formed to quantify NO4 fate and transport processes in soil-groundwater systems, iden-
tify baseline conditions of N sources and transport patterns, and investigate potential
remediation strategies. For the latter, simulation models typically are used to predict the
effect of land use and best-managements practices (BMPs) such as reduction in fertil-
izer loading (Chaplot et al., 2004; Almasri and Kaluarachchi, 2007; Lee et al., 2010),
reduction in applied irrigation water (Ma et al.,1998; Rong and Xuefeng, 2011), and im-
plementing or enhancing riparian buffer zones (Hefting and Klein, 1998; Spruill, 2000;
Vache et al., 2002; Sahu and Gu, 2009) on overall Cyo, and on NOz mass loading to
and within streams. These studies have been conducted at various scales (Ocampo
et al., 2006), ranging from the soil profile and field scale (Johnsson et al., 1987; Ma
et al., 1998; Rong and Xuefeng, 2011), to the catchment scale (Birkinshaw and Ewen,
2000; Conan et al., 2003; Wriedt and Rode, 2006; Lee et al., 2010), to the regional-
scale watershed or river basin scale (Chaplot et al., 2004; Almasri and Kaluarachchi,
2007), and include a variety of fate and transport processes such as soil N cycling,
leaching, groundwater transport, and overland transport.

Besides assessing baseline conditions and predicting domain-scale effects on spa-
tial concentrations and loadings, numerical models also can be used in NO; remedi-
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ation to determine the system inputs, parameters, and processes (i.e., model factors)
that govern these concentrations and loadings. In general, identifying the most influen-
tial processes on resulting CNO3 and mass loading can assist in establishing optimal
remediation strategies. Additional benefits of the analysis include guiding effective field
sampling strategies by focusing on influential system variables or inputs; facilitating
model calibration and testing by focusing on the identified key factors (Sincock et al.,
2003; Almasri and Kaluarachchi, 2007); identifying factors that require additional re-
search to improve model performance (Hall et al., 2009); and detecting non-influential
parameters or processes that possibly could be eliminated to simplify the model (Saltelli
et al., 2008).

An appealing approach to determine the influence of model factors is sensitivity anal-
ysis (SA), which relates changes in model output variables (e.g., concentration, mass
loading) to prescribed changes in model factor input values (e.g., initial conditions,
system stresses, system parameters). For studies assessing NO4 fate and transport in
groundwater systems using physically-based spatially-distributed groundwater models,
sensitivity analysis typically is performed in a simple fashion due to model complex-
ity and computational cost. For example, Almasri and Kaluarachchi (2007) increased
values of selected parameters (e.g., denitrification rate, longitudinal dispersivity, initial
concentration, soil mineralization rate, soil nitrification rate, fertilizer loading) by 50 %
to determine their influence on simulated CNO3 in a watershed in Washington state,
USA; Ehteshami et al. (2013), using the LEACHN model, investigated the influence of
low and high values of rainfall and initial Cyo, for two soil types on soil Cyp, . In a field
study using the RISK-N model, Oyarzun et al. (2007) modified values of soil initial N,
C‘NO3 in irrigation water, fertilizer, N crop uptake, crop evapotranspiration (ET), and soil
properties by 50, 70, 100, 125, and 150 % to investigate their influence on NO4 vadose
zone mass flux and CNO3 in the groundwater. Whereas global effect of the model factor
on system-response variables can be assessed, local and interaction effects cannot be
quantified.
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A more rigorous SA method is global sensitivity analysis (GSA), which searches the
entire parameter space to identify the importance of model parameters and interac-
tions thereof. Such methods include the Elementary Effects (EE) method (Morris, 1991;
Cacuci, 2003), a screening method that identifies the most important model factors and
is well-suited for large models (Campolongo and Braddock, 1999), and variance-based
methodsthat quantitatively decomposes the variance of model output into fractions that
are attributed to model factors (Saltelli et al., 2008). A number of hydrologic modeling
studies have used GSA methods for assessing model factor influence on overall water-
shed nutrient and sediment processes (White and Chaubey, 2005; Arabi et al., 2007;
Sun et al., 2012; Ahmadi et al., 2014), flooding and hydraulic characteristics (Hall et al.,
2005, 2009), and in-stream water quality (Cox and Whitehead, 2005; Deflandre et al.,
2006; Liu and Zou, 2012; Bailey and Ahmadi, 2014).

Sensitivity analysis is commonly used in hydrologic and water quality modeling to
identify the influence of model parameters on an aggregated measure of model re-
sponses such as average annual stream discharge or contaminant loads. A few studies
have assessed how the results of SA vary in time. For example Reusser et al. (2011)
used hydrologic catchment models to investigate the temporal-varying influence of
model factors on a variety of watershed response variables for catchments in Ecuador
and Germany. However, the spatial variability of sensitivity indices has been largely ne-
glected. Specifically regarding this study, no studies have quantified the spatial-varying
influence of factors on solute concentrations in large-scale groundwater systems. Such
information could be valuable in terms of implementing site-specific remediation strate-
gies, facilitating model calibration for specific model domain regions, and identifying
system variables that require additional field data collection, particularly for NO; due to
its ubiquitous presence in groundwater systems worldwide.

This study aims to identify the spatially-varying influence of system factors on NOg
fate and transport in a regional-scale (506 km2) irrigated hydro-agricultural system.
Specifically, the factors’ influence on NO3 groundwater concentrations, NO5 leaching
below root zone, and NO3 groundwater mass loading to the stream network will be
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quantified for a variety of scales (cultivated field, canal command area, region). A cali-
brated and tested N fate and transport groundwater model is used for the assessment,
with the modified Morris method used for the sensitivity analysis.

2 Methods

A comprehensive SA method was applied to a regional-scale, intensively irrigated
506 km? groundwater system in the Lower Arkansas River Valley (LARV) in southeast-
ern Colorado to identify the spatially-varying influence of system factors on NO; con-
centrations in groundwater, NO; mass leaching in the shallow soil zone, and NOz; mass
loading to the Arkansas River. The model used is UZF-RT3D (Bailey et al., 2013a, b),
a MODFLOW (Niswonger et al., 2011) based, finite-difference model designed for N
fate and transport at the regional scale and recently calibrated and tested for the study
area (Bailey et al., 2014). The model accounts for major agricultural inputs (fertilizer,
canal seepage, irrigation water), processes (N cycling in the root and soil zone, leach-
ing, three-dimensional transport, heterotrophic and autotrophic denitrification), and out-
puts (mass loading to the stream network).

As identifying the relative importance of parameters and processes in space is the
objective of this study, and since computational costs of UZF-RT3D are extremely high
(run-time of approximately 3.5 h for a single simulation using an Intel® Core™ i7-3770
CPU @ 3.40GHz desktop computer), the SA method used is an improved variant
(Campolongo et al., 2007) of the Morris method (Morris, 1991) rather than variance-
based SA methods such as Sobol’ (Sobol’, 1993) or FAST (Fourier Amplitude Sensi-
tivity Test) (Cukier et al., 1973). Nine model factors are included in the assessment. In
conjunction with the SA methodology, model results are processed to determine the
dominant model factors globally (i.e., averaged for the entire model domain), for each
irrigation canal command area, for each crop type (i.e., the set of model grid cells as-
sociated with each crop type), and for each grid cell, thereby elucidating parameter
influence at varying spatial scales. For the latter, spatial contour maps depicting model
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sensitivity to individual model factors are shown. Due to the dependence of N fate and
transport on the presence of O,, the influence of the 9 model input factors on Cg,, also
is calculated and presented.

2.1 Study area

The LARV in Colorado extends from the outlet of the Arkansas River from Pueblo
Reservoir eastward across southeastern Colorado to the border with Kansas (Fig. 1),
with the Arkansas River fed primarily by snowmelt from the mountainous regions of
the upper Arkansas basin. The climate is semi-arid, with average monthly precipitation
and monthly temperatures ranging from 0.7 cm and —1°C during the winter months,
respectively, to 5.0cm and 25°C during the summer months. In total, the valley sup-
ports approximately 109 000 irrigated ha (270 000 ac), with more than 1600 km of main
earthen canals and 2400 pumping wells, and is one of the most productive agricultural
areas for the state of Colorado. The irrigation season begins in mid-March and ends
in early November, with water diverted from the Arkansas River into canals. Approxi-
mately 14 000 fields are cultivated, with the majority using flood irrigation methods and
a small minority using sprinklers or drip irrigation methods. Major crops include alfalfa,
corn, grass hay, wheat, sorghum, dry beans, cantaloupe, watermelon, and onions. Mel-
ons and onions are the principal cash crops.

The region of the LARV focused on in this study is shown in Fig. 1. The boundary
of the study area is shown with a black line, and encompasses an area of 50600 ha
(125000 ac), of which 26 400 ha (65300 ac) are irrigated. Irrigation water is derived
from the following six main canals: Rocky Ford Highline, Rocky Ford, Catlin, Fort Lyon,
Holbrook, and Otero. The fields receiving water from each of these canals (i.e. canal
command areas) are shown in Fig. 2a, with crop type cultivated in 2006 for each field
shown in Fig. 2b. Due to over-irrigation and poor subsurface drainage, high water ta-
ble elevations have been established in recent decades, with water table depth below
ground surface often between 1-3m (Morway and Gates, 2012). These high water
tables have resulted in salinization and waterlogging, in addition to substantial rates
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of groundwater return flows (i.e. discharge) to the Arkansas River and its tributaries
(Morway et al., 2013). Referring to Fig. 1, Timpas Creek and Crooked Arroyo, in the
southern portion of the region, are fed primarily from groundwater flow originating from
adjacent irrigated fields. The thickness of the alluvial aquifer ranges from 4 to 34m
(Fig. 3a), and is underlain by Cretaceous Shale (Pierre Shale, Niobrara Shale, Carlisle
Shale, Graneros Shale) (Scott, 1968; Sharps, 1976) in both solid and weathered form.

In addition to salinization and associated decrease in crop productivity (Morway and
Gates, 2012), elevated groundwater CNO3 has been observed, presumably due to over-
fertilization on cultivated fields. In a similar irrigated region of the LARV, located about
67 km upstream, Zielinski et al. (1997) examined 5N isotopic signatures to conclude
that NO5 was derived primarily from fertilizer and crop waste, not from proximate geo-
logic sources. To assess the CNO3 in space and time in the study region, groundwater
and surface water samples were collected from observation wells and surface water
monitoring points (see locations in Fig. 2a) during 10 sampling events over the period
2006—-2009, as described and summarized in Gates et al. (2009). For groundwater,
samples were taken routinely from 52 observation wells, with groundwater from 37 ad-
ditional observation wells sampled non-routinely (aperiodic). Surface water samples
were taken from 10 locations along the Arkansas River and 5 locations in tributaries.
Detailed results of the monitoring scheme are shown in Supplement. In summary, for
groundwater the 85th percentile values of Cyo _y Were at or in excess of the 10mg L~
(85th percentile) EPA drinking water standard for the first three sample trips. The max-
imum measured value was 66 mg L™'. The mean for the samples gathered from the
10 sites along the Arkansas River was 1.53 mg L™" and the mean for samples from
tributaries was 1.95mg L™". The annual median values of the Arkansas River samples
were 0.95, 1.20, 1.10, and 2.20mg L™" for each of the successive years within the
period 2006—2009, compared to the Colorado interim standard of 2mg L~ (CDPHE,
2012) for total N concentration (Cno,—n + Cno,—n + CnH,—n)in warm rivers and streams.

The concentration of Cyo,_n exceeded 2mg L~" in about 25 % of the samples gathered
in the river over this period and exceeded 2.5 mg L~" in about 12 % of the samples, sig-
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nifying the growing concern about N pollution in the river. Analysis of 22 river samples
and 15 tributary samples in 2013 revealed that Cyp,_y made up greater than 80 % of
total dissolved N in the river and about 76 % of total dissolved N in the tributaries.
Recently, an N cycling and reactive transport model (Bailey et al., 2014) was con-
structed, calibrated, and tested for the study region, in conjunction with Se cycling
and reactive transport. A detailed description of the finite-difference numerical model
is presented in Sect. 2.2. The model is linked with a MODFLOW-NWT (Niswonger
et al., 2011) model also recently calibrated and tested for the study region (Morway
et al., 2013), which uses the UZF1 unsaturated-zone flow package (Niswonger et al.,
2006). The model uses horizontal cell dimensions of 250 m by 250 m (Fig. 3b), com-
parable to dimensions of cultivated fields. Weekly infiltrated irrigation water, calculated
from estimated applied water volume and tail water runoff, is based on crop type and
the recorded volumes of diverted canal water from the Arkansas River (Morway et al.,
2013). Timing of water application to the fields is based on a hierarchy of crop de-
mand, according to the following order: onions, peppers and tomatoes, melons, pump-
kins and squash, alfalfa and corn, and so forth. Precipitation, canal seepage, crop ET,
and groundwater-surface water interactions are also included. The model was run for
the years 1999-2009 using weekly time steps, and was tested against observations of
water table elevation, groundwater return flow to the stream network, recharge to infil-
tration ratios, canal seepage, total ET, and irrigation flows. Figure 2b—d show the finite-
difference grid, the simulated water content of the soil in June 2006, and the average
simulated water table elevation (m) during the 1999-2009 time period, respectively.

2.2 UZF-RT3D N reaction module and baseline application

UZF-RT3D simulates the reactive transport of multiple interacting chemical species

in variably-saturated porous media using groundwater flow rates, water content, and

a variety of groundwater sources and sinks (e.g., applied irrigation water, pumping,

canal seepage, groundwater-surface water interactions) simulated by a MODFLOW-

NWT model using the UZF1 package. The N cycling and reaction module add-on
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package (Bailey et al., 2013b) was designed for model application in an irrigated agri-
cultural groundwater system, and accounts for the major hydrologic, chemical, and land
management processes that govern N fate and transport in an irrigated stream-aquifer
system. Also, due to the dependence of N cycling and transport on the presence of O,,
the fate and transport of O, is included.

A schematic of the fate and transport of N species and O, as simulated by the N
reaction module of UZF-RT3D is depicted in Fig. 4a. N mass (NO5 or NH,) enters the
subsurface via fertilizer loading (single application or split application), canal seepage,
infiltrating irrigation water (either from canal water or pumped groundwater), or seep-
age from the stream network (Arkansas River and its tributaries). N mass exits the
subsurface via groundwater discharge to the stream network. N cycling occurs in the
root and soil zone, with organic N and carbon (C) added to soil organic matter (ma-
nure My, fast-decomposing litter Ly, flow-decomposing humus Hy) via after-harvest
plowing or decaying root mass and subsequently mineralized to NH,, which can be
volatilized, nitrified to NO3, or take up with NO4 into crop roots during the growing sea-
son. The timing of land management actions, e.g. fertilizer loading (40, 60 % split ap-
plication), irrigation events, harvesting, and plowing, adopted in the module is shown in
Fig. 4b. NH, is sorbed readily to soil surface sites, whereas NOj is transported by one-
dimensional transport in the unsaturated zone and three-dimensional transport in the
saturated zone, subject to heterotrophic denitrification in near-surface areas and au-
totrophic denitrification in the presence of marine shale (see Fig. 1). O, also is subject
to heterotrophic and autotrophic chemical reduction. The stoichiometry of the reaction
for autotrophic reduction of O, and NOj in the presence of FeS,-bearing shale (see

Fig. 4a) are:
2FeS, + 70, + 2H,0 — 2Fe®* + 4803~ + 4H* (R1)
5FeS, + 14NOj +4H* — 5Fe®* + 10S0%™ + 7N, + 2H,0 (R2)

UZF-RT3D solves a system of advection-dispersion-reaction (ADR) equations for inter-
acting dissolved-phase and solid-phase species using the finite-difference approach.
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Including ADR processes and source/sink terms as depicted, the following mass con-
servation equations are written for the dissolved-phase species (NO3, NH,4, O,) in the
N reaction module:

0 (CNH49) 0 0 OC\H
— 7 W, = “ox, <9V/CNH4> * % (901'/67]“) +GiCry,, + Fnn, = Unn,
+e (r;‘]i\l” - r;”',‘\lm> +6 (—rf”” - rf"°'> (1)
0 (CNose) 9 9 0Cno
3
T = _a_)(l- <9V,’CN03) + a_XI <9DU—6X/ > + qufNOg +FN03 —UNO:3
+0 (17"~ rfNo, 1N, @
0 (Coze) P 5 aCo
- . . N 2 _,het _ Lauto
ot a ox; <9V'COZ) * ox; <6DU an > + qfcfoz + 9( rf,Oz rf,Oz) (3)

where C is solute concentration [M; Lf_s], with f denoting fluid phase; v is the pore veloc-
ity [L, '], provided by MODFLOW-UZF1; @ is the volumetric water content [L7 L;°],
also provided by MODFLOW-UZF1; D;; is the hydrodynamic dispersion coefficient
[L2 T'1]; gs is the volumetric flux of water representing sources and sinks [Lf’T'1 L;3]
such as irrigation water, canal and river seepage, groundwater discharge to the river,
or pumped groundwater, with b denoting the bulk phase; C; is the concentration of
the source or sink [M; Lf'3]; F is the inorganic fertilizer application [M; Lt‘)3 T'1]; U is the
potential crop uptake rate [M; L;ST_1]; ¢ is the volumetric solid content [Lg L;S] with s
denoting the solid phase, and is equal to 1 — ¢, where ¢ is porosity [L? L;S]; I; repre-
sents the rate of all reactions that occur in the dissolved-phase [Ms Lf'3 T'1]; min, imm,
nit, and vol signify mineralization, immobilization, nitrification, and volatilization of NH,,
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respectively; and auto and het represent autotrophic and heterotrophic chemical re-
duction, respectively. ¢ is included for the min and imm reactions to denote a mass
transfer between the solid and dissolved phases. For NH,, which is subject to sorption,
R is the retardation factor and is equal to 1 + (0,Ky nw,)/6, Where py, is the bulk den-
sity of the porous media [M,, Lgs] and Ky nh, is the partitioning coefficient [Lf'3 Mpl. The
daily mass of potential N crop uptake during the growing season is determined using
a logistic equation (Johnsson et al., 1987) and is distributed across the vertical column
of grid cells encompassing the crop rooting depth according to the mass density of the
root system.

The rate of chemical reactions r; included in Egs. (1)—(3) is governed by the depen-
dence of the chemical reaction on soil temperature T, 8, and the presence of O, and C.
These rates are simulated using first-order Monod kinetics, with the following rate law
expressions established for nitrification of NH,, volatilization of NH,, and heterotrophic
and autotrophic reduction of O, and NOg:

rfnit _ AnitCNH4E @
,.fnlt — /IVOICNH4E (5)
rhet ~ Ahetc 002 CO2,prod E (6)
0, ~ 70, 702 K02 + 002 K002 + COz,prod
het  _ jhet o~ Cno, CO2proq fo, E (7)
fNO; ~— "NOz; “NO;3 KNO3 + CNO3 Kco2 + CO2,prod /02 + Coz
Co
auto _ jauto -2
rfyoz -0, 002 <K02 + COz) N
CNO IO
auto auto 3 2
=8¢ °
"iNog = N0, “NOg <KNO3 +CN03> </02 +COz> .
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where 1 is the base rate constant for the reaction [T‘1]; K is the Monod half-saturation
constant for species j [M; Lf’s]; lo, is the O, inhibition constant [M Lf's] signifying the
species concentration at which lower-redox species can undergo appreciable rates of
reduction; CO, o4 is the total mass of CO, produced during organic matter decompo-
sition and is used as an indicator of available OC for microbial consumption (Birkinshaw
and Ewen, 2000); and £ [-] is an environmental reduction factor that accounts for 8
and T and acts to temper the reaction rates based on microbial activity (Birkinshaw and
Ewen, 2000; Bailey et al., 2013b).

Mass conservation equations (not shown) for solid-phase organic N (and C) species
Ly, Hy, and My also are implemented, following Johnsson et al. (1987) and Birkinshaw
and Ewen (2000) and the schematic in Fig. 4a, similar to the mass conservation equa-
tions shown for organic Se species in Bailey et al. (2013b). Root and stover mass is
added to the soil organic matter. Decomposed organic N mass is transferred to Hy and
Ly through incorporation of microbial biomass or, if there is any remaining, to NH, via
mineralization. If the requirement of N mass for microbial growth in soil organic matter
is not satisfied, NH, mass is immobilized to organic N.

The baseline N reactive transport model used in this study for sensitivity analysis
is the same as that described in Bailey et al. (2014), with the same model domain
and finite difference grid as the groundwater flow model (see Fig. 3b). The model has
7 vertical layers, with Layers 1—2 (0.5m each) corresponding to the root zone, Layer
3 (1.0m) corresponding to the leaching zone, Layers 4—6 to the saturated zone, and
Layer 7 to the shale bedrock formation. Each vertical column of cells in the 3-D grid
is assigned a set of crop parameter values according to the portions of fields within
the grid cell area. Crop parameters, with values shown in Table 1 for each crop type
in the study area, include: Planting Day; Harvest Day; Plowing Day; mass of stover
plowed into the soil Pg; (kg ha'1) after harvest; maximum rooting depth dyy nax (M),

which controls N uptake; C-N ratio of root mass CNgy; fertilizer loading Fyy, (kg ha‘1),
maximum seasonal uptake values of N N, (kg ha‘1), depth of plowing a,, (m); mass
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of decaying roots Pg; (kg ha‘1); C-N ratio of stover mass CNg7; and constants defining
root growth and daily uptake rate U. Chemical reaction parameter values are shown in
Table 2, with an asterisk * indicating the mean value of all the grid cells. Cyo, and Co,
of canal water and irrigation water were based on observed data. The model was run
for the 2006-2009 and tested against spatio-temporal averages of groundwater Cyo,
and NO5; mass loadings from the aquifer to the Arkansas River.

2.3 Application of the Morris Sensitivity Analysis method
2.3.1 Morris SA methodology

The Morris screening method for global SA is based on an individually randomized
one-at-a-time (OAT) design that provides information regarding (i) the main effect of
each input parameter on model output responses and (ii) the overall effects including
interactions between parameters. For example, consider a model M with a vector of k
parameters (6;, / =1, ..., k) within the feasible parameter space, O, that simulates m
response vectors of the system (S;, j=1,...,m):

[Sy,....S] = M(8,...,6,) (10)

Similar to any standard SA practice, parameters are drawn from their predefined dis-
tributions, with each model input parameter 8; varied across p discrete values (Saltelli
et al., 2008). After running model M for the given parameter sets, the local sensitiv-
ity measure (also referred to as the elementary effect, EE) is then computed for each
parameter / for model response j as follows:

e, 6) = <s,(91 01,0+, .0,) - s,(e)> )

A

where A is a value in the predefined increments (i.e. [1/(p—1),...,1-1/(p - 1)]) and
0 =204,...,0,is arandom sample in the parameter space so that the transformed point
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(64,...,0,_1,0; + A, ...0,) is still within the parameter space © (Saltelli et al., 2008).
The resulting distribution EE; associated with each parameter 6; is then analyzed to
determine u, the mean of the distribution which assesses the overall importance of the
parameter on the model output; and o, the SD of the distribution, which indicates non-
linear effects and/or interactions (Campolongo et al., 2007). A high value of ¢ for the
EE distribution signifies that the value of 8; chosen in a given simulation has a strong
influence on the resulting EE value, hence indicating that the effect of the parameter
on model output is strongly dependent on the values of the other parameters. A low
value of o signifies that the EE value is almost the same given any value of 8, in the
simulation, indicating a linear relationship between 8; and the model output and that
the effect of 6, is independent of the values assigned to other parameters.

To determine sensitive and insensitive values, it is recommended to evaluate
a graphical representation of o vs. u. However, for non-monotonic models, some EE
values with opposite signs may cancel out when u is calculated, and hence Campo-
longo and Saltelli (1997) proposed the use of i, the sample mean of distribution of
absolute values of EE. 4" includes all types of effects that parameters can have on
output responses and, therefore, is a global measure of output sensitivity to the pa-
rameters (Campolongo et al., 2007). /.t, ; is defined as the mean of absolute values
of the computed elementary effects EE; ;. The total computational cost of the Morris
experiment is n = r(k + 1) runs, where r is the selected size of each sample.

As noted above, an important objective of SA is to determine the most influential
model input parameters. Hence, it is important to measure the level of agreement be-
tween results of SA experiments with an emphasis on the high-ranked parameters.
Campolongo and Saltelli (1997) suggested the use of the Savage score to facilitate
comparison of results from different SA experiments (see next section). The Savage
score is defined as follows (Iman and Conover, 1987):

> |

1
SS;=> (12)
h=i
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where i is the rank assigned to the /th model parameter based on the Morris u*. The
Savage score can be used in aggregating the results from different SA methods.

2.3.2 Model input factors analyzed

In applying the SA method to the UZF-RT3D model of the study area, 9 model input
factors were analyzed for impact on model results: Fyy,, Ny, Cno, in canal water
Canalyp,, rate of litter pool decomposition 4, rate of humus pool decomposition A,

rate of autotrophic reduction of O, in the presence of shale /la“‘o rate of autotrophic

auto
NO3 ’

heterotrophic denitrification 1y . Canalyo, conveys NOz mass into the subsurface
system via applied irrigation water as well as seeped canal water. For each simulation,
separate values of Fyy, and N, were generated for each crop type, separate values
of Canalyo, were generated for each of the six canal command areas, and separate

reduction of NO3 in the presence of shale 1
het

rate of nltrlflcatlon Anit» and rate of

values of /la“m Aﬁ‘g°, and 1, were generated for each command area. The mean of
each parameter value is derived from the baseline simulation (see Tables 1 and 2), with
the mean values of /la“to Aﬁ,‘go, and A,,; for each command area estimated during the
calibration phase (Balley et al., 2014).

Setting the number of replications r and levels p of the Morris scheme to 20 and
10, respectively, a total of 280 simulations were run. Parameter values were perturbed
using a coefficient of variation (CV) of 0.2 for all parameters except for CanaINOS, which
was perturbed with a CV of 0.1 based on variance in observed canal water concentra-

t to et
tions. Perturbation for the reaction rates (4., A, 45", Ayo.» ANo,» Anit) Was performed

using log values since statistically these rates typically conform to a lognormal distribu-
tion (Parkin and Robinson, 1989; McNab and Dooher, 1998). CV values were selected
by comparing the resulting spread of parameter values to values found in the litera-
ture and from field data in the study area. The values of Fy,, Aﬁlg", and Canalyg

3 3
for each of the 280 simulations are shown in Fig. 5, with averages of 250 kg ha™,
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1.055 x 107 day‘1, and 2.6gm‘3, respectively. The values shown in Fig. 5a are for
grid cells that contain corn, and the values shown in Fig. 5b and c are for the grid cells
within the Rocky Ford Highline canal command area (canal feeding the gray-shaded
fields in Fig. 2a).

For each of the 280 simulations, the model was run for a 2year spin-up period,
followed by the 2006—2009 period. Model results were processed to determine the in-
fluence of the 9 targeted model input factors on groundwater Cyo,, NO3 mass leached
from the root zone, and total NO; mass loading to the Arkansas River from the aquifer.
Post-processing was implemented to determine this influence (i) globally for the entire
study area, i.e. averaging values from all grid cells; (ii) for individual crop types, i.e. av-
eraging values from all grid cells corresponding to a given crop type; (iii) for individual
canal command areas, i.e. averaging values from all grid cells within a given command
areas; and (iv) for individual grid cells. As total NO; mass loading to the Arkansas River
occurs along the entire reach of the river within the study area, parameter influence is
assessed only for (i). Values of average concentration, average leaching, and total
mass loading were processed from the final year of the model simulation (i.e. 2009).
For groundwater Cy,, concentration values were taken from Layer 4 of the model,
which corresponds to the depth of observation well screens. For NO3 leaching, values
are taken from Layer 3 (i.e. the mass leached from Layer 3 to Layer 4). For parameter
influence on CNO3 for individual grid cells (item iv), the Savage score as calculated by
Eq. (12) will be used for presentation of results. Also for (iv), the parameter influence
on Co, Will be presented.

3 Results and discussion

3.1 General model results

Model results from one of the 280 simulations is shown in Fig. 6, with spatial distribu-
tion of Cp, and Cyp, shown in Fig. 6a and b, respectively for 22 July 2009, and the
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spatial distribution of NO; mass loading shown for one week during the winter (2 De-
cember 2006, Fig. 6¢) and one week during the summer (10 August 2008, Fig. 6d).
Mass loadings from the aquifer to the stream network (discharge) are displayed in red,
whereas loadings from the stream network to the aquifer (seepage) are displayed in
green. For concentrations in groundwater, values of Co, range from 0.0 to 10.3mg L,

with an average value of 2.7 gm™ for the 7776 active grid cells. Values of Cno, range

from 0.0 to 78.3mg L™, with an average value of 1.84 mg L. Hotspots occur for both
Co, and Cyp,, With those of Cyo, typically occurring in locations of corn cultivation
due to the higher loading of Fnh, @s compared to other crop types. NO; mass load-
ings occur along the Arkansas River and the tributaries, with discharge and seepage
both occurring along the length of the canals during the summer (Fig. 6d). The spatio-
temporal average value of CNO3 in groundwater for each command area during the
entire 2006—2009 time period is shown in Fig. 7 for each of the 280 simulations. The
average value for all grid cells in non-cultivated area also is shown. For all simulations,
average CNO3 for the Highline, Otero, Catlin, Rocky Ford, Fort Lyon, Holbrook, and

non-cultivated areas is 2.0, 0.8, 1.4, 1.5, 3.7, 1.9, and 3.5mg L'1, respectively.
3.2 Parameter influence on global concentration, leaching, and loading of NO;

The global influence of the 9 model input factors on NOj fate and transport in the study
area is shown in Fig. 8. Global sensitivity plots are used, with non-linear effects and/or
interactions ¢ plotted against mean u". The influence of the factors on Cno, in Layer
1 (top 0.5m of the root zone), CNO3 in Layer 4 (shallow saturated zone), NO3 leaching
from Layers 3 t0 4 Lyo,1ay3—4 (generally from the unsaturated zone to the saturated
zone), and total NO3 mass loading to the Arkansas River Loadyo, are shownin Fig. 8a—

d, respectively. As seen in Fig. 8a, Cyo, in the root zone is governed principally by

Fnh, @and Ny, and to a smaller degree by /1',2%3 and A,;. In the shallow saturated zone

(Fig. 8b), where NO3 mass is received from the upper soil zone via leaching, Fyy,
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het

and N, still are dominant, but Canalyo, has a stronger direct impact than ’1NO3' The

rate of humus decomposition, 1y, and Aﬁl‘gz also have a slight impact. NO5 leaching

also is governed by Fyy,, N, /lr,:fots, Canalyp,, and 1y (Fig. 8c), as higher Fy,, lower

up’
Nyp: R‘gs, and higher Canalyo, increase the mass of NO; leached, and vice

versa. Loadyg, is governed by Fy , Ny, and AR& (Fig. 8d), with /1',2%3 influencing not
only how much NOj is leached to the water table and carried to the stream network
via groundwater flow, but also how much NO3 undergoes denitrification in the riparian
areas of the stream network.

The high o values for N, Fyp,, AR& and Canalyo, shown in Fig. 8 signify the large
spread in EE values for these parameters, indicating that their influence on Cyg,, NOj3
leaching, and NO3 mass loading is strongly dependent on the values of other parame-
ters. For example, in reference to Cy o, in the shallow saturated zone (Fig. 8b), the value
of u” for Ny, signified the average effect of N, on Cyo,, but some values of EE for N,
were much smaller and larger than y*. Smaller values of EE indicate that the combined

influence of other parameter values produced a small effect of N, on Cyg,, such as

a lower value of Fyy. and a higher value of AR% , Whereas larger values indicate that the
4 3

combined influence of other parameters produced a larger effect of N, on Cy,, such

as a higher value of Fyy, and a lower value of /1*,1%3. Larger values of Canalyg, also
would increase the influence of N, on Cyo,, as more NOg mass is brought into the soil
zone via canal seepage or infiltrating irrigation water. Results suggest that first, detailed
field sampling and observation of Fyy,, Nyp, /lr,:%s and Canalyo, must be performed as
often as possible to provide accurate model input data; and second, these input/output
factors must be controlled via implemented management practices if Cyp,, NO3 leach-
ing, and NO3 mass loading to the Arkansas River are expected to decline in future
decades, whereas other processes (organic N decomposition via 1, Ay; nitrification of
NH, via 1,;;) are not as important as target factors.

lower 1
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3.3 Parameter influence on Cno, and leaching for each crop type

The influence of each of the 9 parameters on CNO3 in the shallow groundwater zone
and on NOg leaching for each crop type in the study area is summarized in Tables 3 and
4, respectively using values of u*. The u" values of the 3 most influential parameters for
each crop type are bolded. For the majority of crop types, CNO3 in the shallow ground-

water zone is governed by Fyy,, N, and /lr,lleots (Table 3), similar to the global analysis

presented in Sect. 3.2. For example, u* for FNH4, Nup, and /1',2%3 is 0.94, 0.72, and 0.30,
respectively, for corn-cultivated areas, and 0.84, 0.81, and 0.28 for sorghum-cultivated
areas. The exception is areas that cultivate onion, in which CanaINo3 (1" = 0.45) ranks
in the top three behind Ay, (1.21) and N, (0.99). For many of the crops, A, and A;
have a small to moderate influence, whereas 1, /lguzm, and Aﬁ,‘gz have a negligible to
small influence on Cyo, .

The influence of the 9 parameters on NO5; mass leaching to the shallow saturated
zone (Table 4) follows the same pattern as for their influence on Cyo,, with Fyy,, Nyp,
and Ap%s dictating the amount of NO4 leached to the water table (values in boxes) and
Canalyp,, Ans Ani» @nd A, having small to moderate values of u”. For corn-cultivated
areas, the average effect u* of Fnh,» Nyp, @and /1*,1%3 is 486.3, 366.8, and 172.3, respec-
tively, compared to 51.3 for Ay, 41.3 for CanaINOS, and 26.4 for A, with 15.2, 1.0, and
0.2 for A, Aﬁ,‘g‘;, and Ag‘;t", respectively. Again, Canalyo, is the third most influential
parameter for onion-cultivated areas, with u" = 1.6, compared to 9.7 and 7.2 for FNH4
and N, respectively. Results suggest that Fyy,, N, and /1',2%3 must be controlled to

decrease Cyp, and NOg mass leaching for each crop type, with Canalyo, controlled to
lower these values for onion-cultivated areas.
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3.4 Parameter influence on Cno, and leaching in individual canal command ar-
eas

Summaries of the influence of each of the 9 parameters on Cyo, in the shallow ground-
water zone and on NOj leaching for each canal command area also are given in Ta-
bles 3 and 4. The results show importance differences between the command areas,
with a mixture of Ay, Nyp, Anit /1',1%3, Aoy and Canalyo, providing noteworthy im-
pacts on Cyp, and NO; mass leaching. For influence on Cy, (Table 3), the top three
influential parameters within the Catlin command area are N, (1" =0.26), A, (0.16),

and Fyy, (0.12), whereas the top three for the Rocky Ford command area are Canal,\,o3

(0.51), /lﬁg;’ (0.20), and N, (0.15), with the strong influence of /lﬁgz due to the pres-
ence of outcropped shale in the command area and hence locations of autotrophic

denitrification. Azlg: also has a strong influence in the Holbrook command area, with

the third highest value of u* (0.11). Canalyg, is ranked 3rd or higher in terms of u

in 3 of the 6 command areas (Rocky Ford, Otero, Highline). Fyy,, Ny,, and /1',:%3 gov-

ern NO3 mass leaching for each of the command areas (Table 4) except for the Catlin
command area, in which A, is ranked second (1" = 38.0) and the Rocky Ford Ditch, in
which CanaINo3 is ranked first (1" = 30.3). Thus, similar to the crop-specific influence,
Fnn, and N, must be managed to decrease decrease Cyo, and NO3 mass leaching
in the majority of command areas. However, nitrification of NH, is an important control
for the Catlin command area, Canalyo, is important for the Highline, Otero, and Rocky
Ford command areas, heterotrophic denitrification is important for each command area
except Catlin and Rocky Ford Ditch, and autotrophic denitrification is important for the
Holbrook and Rocky Ford Ditch command areas. These reaction rate parameters must
be focused on in field data monitoring scheme and in model parameter estimation.
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3.5 Spatial distribution of parameter influence on Cno, and Co,

Cell-by-cell plots of Savage scores for the parameters according to their ranking in
influencing Cyo, in shallow groundwater are shown in Fig. 9. Plots are presented for

each of the targeted 9 parameters except for /1?)‘;‘° due to the negligible influence of
O, autotrophic reduction on CNO3. The value for each cell represents the ranking (1-9)
and associated Savage score for the given parameter. High ranking in terms of influ-
ence is displayed in maroon-red coloring, whereas low ranking is displayed in blue. As
seen in the plots, the ranking of each parameter in its influence on groundwater CNO3 is
highly spatially-variable. For example, the locations where CanaINo3 has the strongest
influence (maroon coloring) (Fig. 9b) are scattered throughout the region, with in some
cases entire local areas, encompassed by circles in Fig. 9b, governed by this parame-
ter. For the cultivated areas, the dominant parameters (maroon-red coloring) are Fyy,

(Fig. 9a), N, (Fig. 9d), and ,1',3%3 (Fig. 9e), with Ay (Fig. 99) having a moderate influ-
ence and 4, (Fig. 9h) having a small influence. Whereas Fyy, and N, have the most
influence on CNO3 in most of the cultivated areas, some areas are governed principally

by AR%S and Ay (cells colored in maroon in Fig. 9e and g). Values of A and A, control
the rate of organic C and organic N decomposition and hence the availability of C for
heterotrophic denitrification to proceed.

No area has 4 being the dominant influence on Cyo,. Nitrification rate of NH,A;

has a strong impact on CNOs in the Holbrook command area (red-pink cell coloring),

with small impact elsewhere in the study area. A%ng is the dominant parameter in ar-

eas along the Arkansas River and several of the tributaries (Fig. 9f) that are adjacent to
shale formations (see Fig. 1). However, it is interesting to note that there are many loca-
tions in the study area adjacent to outcropped shale in which Aﬁ‘g‘; is not the dominant
parameter. These locations are indicated by circles in Fig. 9f. In these areas, other

het . .
parameters such as Fyy,, Nyp, AN03 and Ay are the governing influences on Cyo,,
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demonstrating that knowledge of shale locations alone cannot be used to determine
where CNO3 will be affected the most by autotrophic denitrification.

Similar cell-by-cell plots of parameter Savage scores are shown in Fig. 10 for in-
fluence on Co, in shallow groundwater. 1y and 4, govern Co, in the cultivated areas
(Fig. 10c and d), with Fyy, (Fig. 10b), N, (Fig. 10e) and Canalyo, (Fig. 10a) exhibiting
small to moderate influence on Cop, in the cultivated areas. The strong influence of 1
and A, occurs due to their control of the rate of organic C decomposition, and hence
the availability of C for heterotrophic reduction of O,. The rate of autotrophic reduction
of 02,1?)‘:° is dominant in localized areas where shale is present (see maroon-shaded
cells in Fig. 10f) with small influences in other areas of the study region, mainly in areas
down-gradient of the shale areas.

4 Summary and concluding remarks

This study used a 506 km? regional-scale N fate and transport numerical model to
assess the influence of major forcing terms and chemical processes on NO5 concen-
tration in groundwater, NO5 leaching from the unsaturated zone to the saturated zone
of the aquifer, and NO5; mass loading from the aquifer to the Arkansas River via ground-
water discharge. Forcing terms include fertilizer loading, crop N uptake, and NO4 con-
centration of applied irrigation water and canal seepage. Chemical processes include
litter and humus organic N decomposition, nitrification of NH, to NOg, heterotrophic
and autotrophic reduction of NO3, with the latter occurring in the presence of pyrite-
bearing marine shale, and autotrophic reduction of O,, also occurring in the presence
of shale. The influence of each of the 9 model factors was computed using the revised
Morris method for sensitivity analysis, with results processed to determine parameter
influence globally for the entire study region, and specific to crop type, canal command
area (i.e. the group of fields receiving irrigation water from a given canal), and individ-
ual grid cells. For the latter, spatial plots of sensitivity indices are presented to display
the spatial distribution of influence for each model factor.
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Results indicate that, generally, fertilizer loading, crop N uptake, and heterotrophic
denitrification govern NO3 mass transport, particularly in cultivated areas. However,
their order of influence onand NO5; mass leaching varies according to crop type and
command area, and several command areas are influenced more, or at least to a signif-
icant degree, by nitrification, autotrophic denitrification, and. Spatial plots of cell-by-cell
sensitivity indices further enhance the understanding of localized model factor influ-
ence, with each factor except for rate of heterotrophic O, reduction having the domi-
nant influence overat one or more locations within the study area. Results also indicate
that the concentration of O, in groundwater is governed by rates of organic matter
decomposition, which releases CO2 and hence enhances heterotrophic reduction of
O,.

In general, the procedure followed in this study provides key information regard-
ing overall NO4 fate and transport in an agricultural groundwater system, guidance
for future data collection and monitoring programs, an indication of which parameters
should be targeted during model parameter estimation, and guidance for implementing
best-management practices (BMPs) for NO; remediation, i.e. decreasing groundwater
concentrations and NO3 mass loading to the stream network. For example, fertilizer
loading, crop N uptake, andshould be targeted in field data collection and observation,
withmonitored for each irrigation canal as often as possible, whereas first-order kinetic
rate constants for nitrification, denitrification, and organic matter decomposition should
be targeted during parameter estimation efforts. Furthermore, the procedure followed
in this study also allows for data collection, management practice implementation, and
parameter estimation to be performed on location-specific basis. For example, results
suggest that a specific BMP (e.g., reduction in N fertilizer loading) may be optimal for
several of the command areas but not for others, or that decreasingor the amount of
NO8 denitrified in shale outcrop locations will help remediate NO4 only in a few specific
locations within the study area. Also, data collecting points for specific model factors
can be restricted to sub-region areas, either to a given command area or, with the use
of the spatial plots of sensitivity indices, to even more localized sites.
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The Supplement related to this article is available online at
doi:10.5194/hessd-12-1653-2015-supplement.
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Table 1. Baseline agricultural management and crop parameter values for the model simula-

tions.
Crop Type Planting Harvest Plow Pg O, max CNmr  Fun, Nyp
Day Day
Day
Units - - - kg ha' m - kg ha™’ kg ha™’
Alfalfa 30Apr 30Sep 200ct 561.6 1.83 25 224 22.4
Bean 20May 30Sep 200ct 561.6 0.91 25 140 84.2
Corn 1 May 25 Oct 14 Nov 5616 1.22 70 252 224.6
Melon 15May 10Aug 30Aug 561.6 1.22 25 112 112.3
Onion 20Mar 15Sep 50ct 561.6 0.46 25 140 78.6
Pasture 30Aug 30Sep 200ct O 0.91 70 140 112.3
Pumpkin 1 Jun 30Sep 200ct 561.6 0.91 25 140 84.2
Sorghum 20May 150ct 4 Nov 1684.8 0.91 70 112 112.3
Spring Grain 1 Apr 15 Jul 4 Aug 1684.8 0.91 70 112 112.3
Squash 20 May 25 Jul 14 Aug 561.6 0.91 25 140 84.2
Sunflower 1 Jun 100ct 300ct 561.6 0.91 25 140 84.2
Vegetable 25Apr 30Aug 19Sep 561.6 0.91 25 140 84.2
Winter Wheat 30 Sep 5 Jul 25 Jul 1684.8 0.91 70 112 112.3

dyw (depth of plowing) is 1.0 m for all crops except beans (0.8 m).

FPr: (seasonal mass of root mass) is 500 kg ha™" for all crop types.
CNgr (carbon: nitrogen ratio in stover mass) is 50 for all crop types.
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Table 2. Parameters and values for chemical reactions involving organic matter decomposition, agro-environmental
dissolved oxygen, and nitrogen species for the baseline simulation model. O .
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Table 3. Sensitivity index (u") for each of the model input factors investigated, indicating the
degree of parameter influence on CNO3 in the shallow saturated zone of the aquifer (in layer 4

Jaded uoissnosiq

Spatially-distributed

of the grid) for the grid cells associated with each crop type and command area, with the values influence of
of the top three influential parameters for each crop type and command area bolded. agro-environmental
% factors
Fai. Ny A A A2t . A 2% canal =
NA, we L “ O, Tt NO; NG, N 2 R. T. Bailey et al.
Crop <
Alfalfa 046 056 0.03 0.09 0.00 0.06 0.23 0.04 0.1 S
Bean 0.70 043 0.04 0.09 0.00 0.03 0.34 0.00 0.06 S _
Corn 094 072 0.04 0.10 0.00 0.03 0.30 0.03 0.09 -
Melon 546 3.02 0.10 0.15 0.00 023 0.92 0.00 047 ~ Abstract Introduction
Onion 1.21 099 0.02 0.14 0.00 0.03 0.19 0.01 0.45
Pasture 0.66 063 0.03 0.12 0.01 0.04 032 0.07 0.14 g - -
Sorghum 0.84 081 0.083 0.12 0.00 0.08 0.28 0.04 0.13 =
Spring Grain 079 070 0.04 0.13 0.00 0.02 0.32 0.02 0.06 %_ - -
Command Area %
Catlin 0.12 026 0.00 0.08 0.01 0.16 0.04 0.01 0.1 = - -
Fort Lyon 092 081 005 017 000 004 042 008 0.12 e 1N e
Highline 0.69 051 0.03 0.06 0.00 0.02 0.23 0.01 0.26 .
Holbrook 0.28 029 0.02 0.03 0.00 0.01 0.08 o0.11 o0.10 - -
Otero 1.21 116 0.05 0.14 0.00 0.04 049 0.04 0.59 % _
RF Ditch 0.14 0.15 0.01 0.03 0.02 0.01 0.14 0.20 0.51 Q
 Prnerendy Version
o
>
 Ineractve Discussion
Q
©
@
)
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Table 4. Sensitivity index (1) for each of the model input factors investigated, indicating the de-
gree of parameter influence on NO5; mass leaching from the shallow soil zone for the grid cells
associated with each crop type and command area, with the values of the top three influential
parameters for each crop type and command area bolded.

Am, N AL Ay B A Mo, AN Canalyo,
Crop Type
Alfalfa 3959 613.7 189 734 0.8 39.2 176.2 129 107.8
Bean 428 256 2.7 7.6 00 23 223 0.0 3.6
Corn 486.3 366.8 264 51.3 0.2 152 1723 1.0 41.3
Melon 7.0 4.5 0.2 0.2 0.0 0.2 1.9 0.0 0.6
Onion 9.7 7.2 0.2 0.4 0.0 04 1.1 0.0 1.6
Pasture 431.2 3815 157 76.2 0.4 9.0 162.2 11.6 49.0
Sorghum 2715 2214 10.6 28.8 0.1 10.9 93.9 2.1 26.2
Spring Grain 213.5 1793 107 310 02 29 81.7 1.3 13.8
Command Area
Catlin 35.1 634 0.9 5.3 0.1 380 75 0.3 9.2
Fort Lyon 852.3 776.7 345 1401 1.0 334 3354 13.1 70.0
Highline 1245 103.2 42 117 00 27 413 0.1 36.7
Holbrook 70.1 70.6 3.6 5.7 0.1 2.6 21.3 3.6 104
Otero 1956 1756 84 20.9 0.0 4.7 84.5 2.0 62.0
RF Ditch 3.6 3.9 0.1 1.2 02 05 1.9 3.3 303
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Figure 1. Location and hydrologic features of the study region in the Lower Arkansas River
Valley in southeastern Colorado, showing the Arkansas River and tributaries (red), cultivated
fields (yellow), irrigation canals (light blue), groundwater pumping wells (black dots), and the
extent of near-surface shale (within 2 m of the ground surface) (green).

1687

| Jadeq uoissnosigq | Jedeq uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

HESSD
12, 1653-1696, 2015

Spatially-distributed
influence of
agro-environmental
factors

R. T. Bailey et al.

(8
K ()


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/12/1653/2015/hessd-12-1653-2015-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/12/1653/2015/hessd-12-1653-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

Figure 2. Features of the cultivation and data collection of the study region, including (a) canal
command areas and location of groundwater observation wells, with a command area defined
as the collection of fields receiving irrigation water from the same canal, and (b) the spatial
distribution of crop cultivation during the 2006 growing season.
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Figure 3. (a) The spatial distribution of aquifer thickness (m) of the alluvium in the study region,
(b) the finite-difference grid used in the calibrated and tested MODFLOW-UZF1 groundwater
flow model, using 250 m by 250 m grid cells, (¢) spatial distribution of soil water content sim-
ulated by the MODFLOW-UZF1 model, for June 2006, and (d) average-simulated water table

elevation for the 1999-2009 time period.
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=
CROPS o
a Rainfall Irrigation Water é HESSD
Manure Plowing Stover Fertilizer NOs NHy o 12, 1653-1696, 2015
i i NH, 0, =) ’ ’
— v
Manure Roots o . . .
penue \ Flarvest CANAL ®  Spatially-distributed
C N c R
CO;=— Volatiizatio] ~ Uptake Seepage - influence of
LthteZ |\ Wiz 5 PORE WATER - agro-environmental
c_ — 2T HO 73 factors
Co, = 1} ™ NH,*— NOy —» N, (Heterotrophic) 2
Humus “Immobilz. = i
Ho Hy e Sorption 0, —= H,0 (Autotrophic)NO; — N, g R. T. Balley et al.
5
SOIL ORGANIC MATTER Reduced S (FeS,) Y
b NH4Fert. Root Mass Stover Mass - - -
(40%) (60%) \ \ = - -
Irrigation"l Irrigation* 8
| ] . e e
I -~ 1 | @,
Jan 1 Plant Harvest Plow Dec 31 g
* Irrigation Water contains all mobile solutes § - -
** Sources and Sinks of solutes during irrigation season include canal 8 - -
seepage, pumping, flows to and from rivers and tributaries, and crop uptake. -
Figure 4. Depiction of the main processes simulated by the N reaction module of the UZF-RT3D - -
model, with (a) conceptual model of the fate and transport of O, and N species in an irrigated =/ _
soil-aquifer system wherein fertilizer, irrigation, and canal seepage bring solute mass into the 2
subsurface environment, and (b) the annual cultivation schedule used in the N reaction module, & _
including timing of planting, fertilizer loading, irrigation application, harvest, and plowing. NH,  §
fertilizer has a split loading, with 40 % of the loading occurring 2 weeks before planting, andthe _
remainder applied 6 weeks after planting. 8
~

1690


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/12/1653/2015/hessd-12-1653-2015-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/12/1653/2015/hessd-12-1653-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

0

a 600
500
‘72 400
g’ 300
= 200
T
3 100
'
3.5E-04
3.0E-04
T 25E-04
T 2004
g . 15604
53
= 1.0E-04
—<
5.0E-05
0.0E+00
C 5.0
oo
: 4.0
S
2 30
S
= 2.0
2
& 1.0
O
0.0

Figure 5. Values of (a) fertilizer loading Fy, (kg ha™") for corn, and (b) first-order rate constant
of autotrophic denitrification /l",’\‘,‘g‘; (day'1) and (c) nitrate concentration of canal water CanaINo3
(mgL™") for the Rocky Ford Highline canal command area, for each of the 280 simulations in

the revised Morris SA scheme.
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Figure 6. Summary of typical UZF-RT3D model results for the study region, showing spatial
distribution of (a) Cp, and (b) CNO3 in shallow groundwater, and spatial distribution of mass
loadings of nitrate to the Arkansas River system (main stem and tributaries) for (¢) 2 Decem-
ber 2006, and (d) 10 August 2008, showing the contrast between the winter and summer sea-

sons.
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Figure 7. Spatio-temporal average value of Cyo, in groundwater during the 2006-2009 simu-
lation period for each canal command area for each of the 280 UZF-RT3D model simulations.
The spatio-temporal average for the non-cultivated areas also is shown (small black crosses).
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Figure 8. Global sensitivity plots (o vs. u*) showing influence of the 9 targeted model input
factors on (a) Cno, in Layer 1 of the model (top 0.5m of the root zone), (b) Cno, in Layer 4 of
the model (shallow saturated zone of the aquifer), (¢) NO; mass leaching from Layer 3 to Layer
4 (unsaturated zone to saturated zone), and (d) total mass loading of NO4 from the aquifer to
the Arkansas River.
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Figure 9. Cell-by-cell (250 m by 250 m) plots of Savage scores for (a) Fy,, (b) CanaINog, (c) L,its
(d) Ny, () /1',1%3, (f) Aﬁ,‘g‘:, (9) 14, and (h) A, indicating the ranking of influence of that parameter
on Cyp, in groundwater for each of the 7776 cells in the study region.
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Figure 10. Cell-by-cell (250 m by 250m) plots of Savage scores for (a) Canalyo,, (b) Ay,
(c) Ay, (d) A, (e) Ny, and (f) Aaoim, indicating the ranking of influence of that parameter on Cq,
in groundwater for each of the 7776 cells in the study region.

1696

Jladed uoissnosiq | Jadeq uoissnosiq | Jedeq uoissnosiq | Jaded uoissnosiqg

HESSD
12, 1653-1696, 2015

Spatially-distributed
influence of
agro-environmental
factors

R. T. Bailey et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/12/1653/2015/hessd-12-1653-2015-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/12/1653/2015/hessd-12-1653-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

	Introduction
	Methods
	Study area
	UZF-RT3D N reaction module and baseline application
	Application of the Morris Sensitivity Analysis method
	Morris SA methodology
	Model input factors analyzed


	Results and discussion
	General model results
	Parameter influence on global concentration, leaching, and loading of NO3
	Parameter influence on CNO3 and leaching for each crop type
	Parameter influence on CNO3 and leaching in individual canal command areas
	Spatial distribution of parameter influence on CNO3 and CO2

	Summary and concluding remarks

