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Abstract. Elevated levels of nitrate (NO3) in groundwater
systems pose a serious risk to human populations and natural
ecosystems. As part of an effort to remediate NO3 contam-
ination in irrigated stream-aquifer systems, this study elu-
cidates agricultural and environmental parameters and pro-
cesses that govern NO3 fate and transport at the regional
(500 km?), local (50 km?), and field scales (< 1 km?). Specif-
ically, 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 anthropogenic activities
and natural chemical processes on NO3 groundwater con-
centration, NO3 mass leaching, and NO3 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 NO3 fate and transport
for the majority of the study area, although their order of in-
fluence on NO3 groundwater concentration and mass leach-
ing varies according to crop type and command area. Canal
NOj3 concentration and rates of autotrophic denitrification,
nitrification, and humus decomposition also dominate or par-
tially dominate in other locations. Each factor, with the ex-
ception of Oy reduction rate, is the dominating influence on
NO3 groundwater concentration at one or more locations
within the study area. Results can be used to determine crit-
ical 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, an elevated concentration of nitrate
(NO3)Cno; (expressed as equivalent N concentration in this
paper) in groundwater systems and at points of groundwa-
ter discharge to surface water bodies has become a serious
environmental issue due to its adverse effects on human pop-
ulations and natural ecosystems (Spalding and Exner, 1993).
Specific problems associated with high Cno, include methe-
moglobinemia for infants (Fan and Steinberg, 1996) and eu-
trophication in aquatic systems, which induces depletion of
dissolved oxygen (O2) (hypoxia) due to increased biolog-
ical activity. In addition, high Cno, can lead to elevated
concentrations of sulfate and selenium (Se) via oxidation of
pyrite (FeS,) and seleno-pyrite (FeSey) from marine shale
(Frind et al., 1990; Jargensen et al., 2009; Bailey et al., 2012).
NOj3 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 va-
riety of biogeochemical processes (Holloway and Dahlgren,
2002; Montross et al., 2013). In most cases, however, ele-
vated concentrations result from excessive loadings of or-
ganic or inorganic N fertilizer, inducing NO3 leaching to the
saturated zone of the aquifer (Korom, 1992; Spalding and
Exner, 1993).
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To combat NO3 contamination, numerous field and mod-
eling studies have been performed to quantify NO3 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 lat-
ter, simulation models typically are used to predict the effect
of land use and best-management practices such as reduc-
tion in fertilizer 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 implementing or enhancing riparian buffer zones (Heft-
ing and de Klein, 1998; Spruill, 2000; Vaché et al., 2002;
Sahu and Gu, 2009) on overall Cno, and on NO3 mass load-
ing 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 (Birkin-
shaw 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 Kalu-
arachchi, 2007; Bailey et al., 2015), 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 spatial concentrations and loadings,
numerical models also can be used in NO3 remediation to
determine the system inputs, parameters, and processes (i.e.,
model factors) that govern these concentrations and loadings.
In general, identifying the most influential processes on re-
sulting Cno, and mass loading can assist in establishing op-
timal remediation strategies. Additional benefits of the anal-
ysis include guiding effective field sampling strategies by fo-
cusing 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 research 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 analysis (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 NO3 fate and transport in groundwater
systems using physically based spatially distributed ground-
water models, sensitivity analysis typically is performed in
a simple fashion due to model complexity and computa-
tional cost. For example, Almasri and Kaluarachchi (2007)
increased values of selected parameters (e.g., denitrification
rate, longitudinal dispersivity, initial concentration, soil min-
eralization rate, soil nitrification rate, fertilizer loading) by
50% to determine their influence on simulated Cno, in a
watershed in Washington, USA, and Ehteshami et al. (2013),
using the LEACHN (N module of the Leaching Estimation
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and Chemistry Model) model, investigated the influence of
low and high values of rainfall and initial Cno, for two soil
types on soil Cno,. In a field study using the nitrate trans-
port model RISK-N (nitrate transport) model, Oyarzun et
al. (2007) modified values of soil initial N, Cno, in irrigation
water, fertilizer, N crop uptake, crop evapotranspiration (ET),
and soil properties by 50, 70, 100, 125, and 150 % to investi-
gate their influence on NO3 vadose zone mass flux and Cno,
in the groundwater. Also, Hartmann et al. (2013) used SA to
estimate the influence of model parameters on the time lag
between spring discharge and NO3 at several karst aquifer
sites across Europe. Whereas global effects of the model fac-
tor on system-response variables can be assessed, local and
interaction effects cannot be quantified using this approach.

A more rigorous SA method is global sensitivity anal-
ysis (GSA), which searches the entire parameter space to
identify the importance of model parameters and interactions
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 methods that quantitatively decompose
the variance of model output into fractions that are attributed
to model factors (Saltelli et al., 2008). A number of hydro-
logic modeling studies have used GSA methods for assess-
ing model factor influence on overall watershed 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), in-stream
water quality (Cox and Whitehead, 2005; Deflandre et al.,
2006; Liu and Zou, 2012; Bailey and Ahmadi, 2014), and
in-stream solute transport (Kelleher et al., 2013).

Sensitivity analysis is commonly used in hydrologic and
water quality modeling to identify the influence of model pa-
rameters on an aggregated measure of model responses 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 catch-
ment models to investigate the temporal-varying influence
of model factors on a variety of watershed response vari-
ables 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 in-
formation could be valuable in terms of implementing site-
specific remediation strategies, facilitating model calibration
for specific model domain regions, and identifying system
variables that require additional field data collection, partic-
ularly for NO3 due to its ubiquitous presence in groundwater
systems worldwide.

This study aims to identify the spatially varying influence
of system factors on NO3 fate and transport in a regional-
scale (506 km?) irrigated hydro-agricultural system. Specifi-
cally, the factors’ influence on NO3 groundwater concentra-
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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).

tions, NOg3 leaching below root zone, and NO3 groundwater
mass loading to the stream network will be quantified for a
variety of scales (cultivated field, canal command area, re-
gion). A calibrated and tested N fate and transport ground-
water 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 southeastern Col-
orado to identify the spatially varying influence of system
factors on NOs concentrations in groundwater, NO3 mass
leaching in the shallow soil zone, and NO3 mass loading
to the Arkansas River. The model used is UZF-RT3D (Re-
active Transport in 3 Dimensions in saturated and Unsatu-
rated Zone Flow systems) (Bailey et al., 2013a, b), a MOD-
FLOW(Harbaugh, 2005)-based (Niswonger et al., 2011),
finite-difference model designed for N fate and transport at
the regional scale and recently applied to the study area (Bai-
ley et al., 2014). The model accounts for major agricultural
inputs (fertilizer, canal seepage, and irrigation water), pro-
cesses (N cycling in the root and soil zone, leaching, three-
dimensional transport, heterotrophic and autotrophic denitri-
fication), and outputs (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 3.5h for a single simulation using
an Intel® Core™ i7-3770 CPU @ 3.40 GHz desktop com-
puter), the SA method used is an improved variant (Cam-
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polongo et al., 2007) of the Morris method (Morris, 1991)
rather than variance-based SA methods such as Sobol (Sobol,
1993) or FAST (Fourier amplitude sensitivity test) (Cukier et
al., 1973). Nine model factors are included in the assessment,
with their overall influence on NOg3 fate and transport evi-
denced in a previous study in the region (Bailey et al., 2014).
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 irriga-
tion canal command area, for each crop type (i.e., the set of
model grid cells associated 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 sensitivity to individual model factors are shown. Due
to the dependence of N fate and transport on the presence of
Oy, the influence of the nine model input factors on Co, also
is calculated and presented.

2.1 Study area

The semi-arid 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. In to-
tal, the valley supports approximately 109,000 irrigated ha
(2700004ac), and is one of Colorado’s most productive agri-
cultural areas. Approximately 14000 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, melons, and onions.
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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.

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
(1250004ac), of which 26400ha (65300ac) are irrigated.
The fields receiving water from each of six main irrigation
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 table elevations have been established in recent
decades, with water table depth below ground surface of-
ten between 1 and 3m (Morway and Gates, 2012). These
high water tables have resulted in salinization and waterlog-
ging, in addition to substantial rates of groundwater return
flows (i.e., discharge) to the Arkansas River and its tribu-
taries (Morway et al., 2013). The thickness of the alluvial
aquifer ranges from 4 to 34 m (Fig. 4a), and is underlain by
Cretaceous 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 ground-
water Cno, 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 51°N isotopic signatures to conclude that
NO3z was derived primarily from fertilizer and crop waste,
not from proximate geologic sources. To assess the Cno,
in the study region, groundwater and surface water samples
were collected (see locations in Fig. 2a) during 10 sampling
events over the period 2006-2009 (Gates et al., 2009). For
groundwater, samples were taken routinely from 52 observa-
tion wells, with groundwater from 37 additional observation
wells sampled non-routinely (aperiodic). Surface water sam-
ples were taken from 10 locations along the Arkansas River
and 5 locations in tributaries. Detailed results of the moni-
toring scheme are shown in the Supplement. In summary, for
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groundwater the 85th percentile values of Cno,—N Were at
or in excess of the 10 mg L~ (85th percentile) EPA drinking
water standard for the first three sample trips. The maximum
measured value was 66 mg L—1. The means for the samples
gathered from the Arkansas River and its tributaries were
1.53 and 1.95mg L1, respectively. The annual median val-
ues of the Arkansas River samples were 0.95, 1.20, 1.10, and
2.20mg L~ for each of the successive years within the pe-
riod 2006—-2009, compared to the Colorado interim standard
of 2mg L~ (CDPHE, 2012) for total inorganic N concen-
tration (Cnos—N + CNo,—N + CNHa—N) CNos-N- The concen-
tration of Cno;-NCNos-N eXceeded 2 mg L1 in about 25%
of the samples gathered in the river over this period and ex-
ceeded 2.5mg L~ in about 12 % of the samples, signifying
the growing concern about N pollution in the river. Analysis
of 22 river samples and 15 tributary samples in 2013 revealed
that Cno,-N CNo,-n Made up greater than 80 % of total dis-
solved N in the river and about 76 % of total dissolved N in
the tributaries.

2.2 UZF-RT3D N reaction module and baseline
application

UZF-RT3D simulates the reactive transport of multiple in-
teracting chemical species in variably saturated porous me-
dia using groundwater flow rates, water content, and a vari-
ety of groundwater sources and sinks (e.g., applied irrigation
water, pumping, canal seepage, or groundwater—surface wa-
ter interactions) simulated by a MODFLOW-NWT (Newton)
model using the UZF1 package. The N cycling and reaction
module add-on package (Bailey et al., 2013b) was designed
for model application in an irrigated agricultural groundwa-
ter system, and accounts for the major hydrologic, chemical,
and land management processes that govern N fate and trans-
port in an irrigated stream-aquifer system. Also, due to the
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Figure 3. 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 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. NHy4 fertilizer has a split loading, with 40 % of the loading occurring 2 weeks

before planting, and the remainder applied 6 weeks after planting.

dependence of N cycling and transport on the presence of Oy,
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 de-
picted in Fig. 3a. N mass (NOs 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 seepage 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 (manure My,
fast-decomposing litter Ly, flow-decomposing humus Hy)
via after-harvest plowing or decaying root mass and subse-
quently mineralized to NHg4, which can be volatilized, nitri-
fied to NOgs, or taken up with NOgs into crop roots during
the growing season. The timing of land management actions,
e.g., fertilizer loading (40 %, 60 % split application), irriga-
tion events, harvesting, and plowing, adopted in the module
is shown in Fig. 3b. NHy is sorbed readily to soil surface
sites, whereas NOjs is transported by one-dimensional trans-
port in the unsaturated zone and three-dimensional transport
in the saturated zone, subject to heterotrophic denitrification
in near-surface areas and autotrophic denitrification in the
presence of FeS,-bearing marine shale (see Fig. 1). O is also
subject to heterotrophic and autotrophic chemical reduction.
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UZF-RT3D solves a system of advection—dispersion—
reaction (ADR) equations for interacting dissolved-phase
and solid-phase species using the finite-difference approach.
Including ADR processes and source/sink terms as depicted,
the following mass conservation equations are written for the
dissolved-phase species (NOs, NHy4, O2) in the N reaction
module:

3 (CnH,0) R d 9 (eD 'aCNH4)

= (0v;Cnny) + — (0D
ar R =g (OuiCun) + 5o\ 0D ax;

+qfCtyn, + FNHy — UNH,

+e (rsmn - rsmm) +6 (—rfnit - erOI) , (D

9 (Cnost) 3 d dCNo
———= ) = (9viCnos) + — (0D —=2
o 7y (iCnos) + 52\ 0D ox;
+qfCtNno; + Fnog — UNog
+0 (" = rfflo, ik, ) @
3 (Co,0) 9 3 dCo
——2 — ___(6v;Co,) + — (0D, —2
o1 o OiCor) + 50 ( U ox;
h
+4iCio, +6 (—rff)tz - r?‘(‘)t;’) , (3)

where C is solute concentration [MsL; 3], with “f” de-
noting fluid phase; v is the pore velocity [LoT~1], pro-
vided by MODFLOW-UZF1; 6 is the volumetric water con-
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tent [Lf3 Lb‘3], also provided by MODFLOW-UZF1; D;;
is the hydrodynamic dispersion coefficient [L2 T~1]; g5 is
the volumetric flux of water representing sources and sinks
[Lf3 T-1 Lb_3] such as irrigation water, canal and river seep-
age, groundwater discharge to the river, or pumped ground-
water, with b denoting the bulk phase; Ct is the concentra-
tion of the source or sink [Ms L{?’]; F is the inorganic fertil-
izer application [Ms Lg3 T~1]; U is the potential crop uptake
rate [Mr L, T~2; & is the volumetric solid content [L3 L]
with s denoting the solid phase, and is equal to 1 — ¢, where
¢ is porosity [L? L, 3]; r represents the rate of all reactions
that occur in the dissolved-phase [M¢ Lf‘3 T-11; min, imm,
nit, and vol signify mineralization, immobilization, nitrifica-
tion, and volatilization, respectively; and auto and het rep-
resent autotrophic and heterotrophic chemical reduction, re-
spectively. ¢ is included for the min and imm reactions to de-
note a mass transfer between the solid and dissolved phases.
For NH4, which is subject to sorption, R is the retardation
factor and is equal to 1 4 (on Kd,NH,) /6, Where pp is the bulk
density of the porous media [Mp Lg?’] and KgnH, is the par-
titioning coefficient [Lf‘3 Mp]. 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. Mass conservation equations (not shown) for solid-
phase organic N (and C) species Ly, Hn, and My also are
implemented.

The rate of chemical reactions r¢ included in Eqgs. (1)—(3) is
governed by the dependence of the chemical reaction on soil
temperature 7', 6, and the presence of O, and C. These rates
are simulated using first-order Monod kinetics. For example,
the following rate law expression represents the process of
heterotrophic denitrification, with others contained in Bailey
et al. (2015):

CNo; ) ( COZ,prod )
KNo; + Cnos / \ Kco, + CO2,prod

1
IOZ + C02

where A is the base rate constant for the reaction [T~1]; K ;
is the Monod half-saturation constant for species j [M¢ L 3];
Io, is the Oz inhibition constant [Ms L;3] signifying the
species concentration at which lower-redox species can un-
dergo appreciable rates of reduction; COpprog is the total
mass of CO2 produced during organic matter decomposi-
tion and is used as an indicator of available organic car-
bon (OC) for microbial consumption (Birkinshaw and Ewen,
2000); and E [-] is an environmental reduction factor that ac-
counts for 6 and T and acts to temper microbial activity rates
(Birkinshaw and Ewen, 2000; Bailey et al., 2013b). Nitrifica-
tion, mineralization, and denitrification each have uniquely
specified relationships between 6 and microbial activity.

het _ 4 het
riNOs =AN0; CNOg (
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The UZF-RT3D model used in this study is the same as
that described in Bailey et al. (2014). The model uses output
from a calibrated and tested MODFLOW-NWT (Niswonger
et al., 2011) model of the study region (Morway et al., 2013),
which uses the UZF1 unsaturated-zone flow package (Nis-
wonger et al., 2006). The flow model uses weekly estimates
of irrigation water, precipitation, canal seepage, and crop ET
to estimate groundwater level and groundwater—surface wa-
ter interactions for the 1999-2009 time period. Figure 4b—d
show the finite-difference grid, the simulated water content
of the soil in June 2006, and the average simulated water ta-
ble elevation (m) during the 1999-2009 time period, respec-
tively.

The UZF-RT3D model uses the same model domain and
finite-difference grid as the flow model (see Fig. 4b). The
model has seven vertical layers, with layers 1-2 (0.5 m each)
corresponding to the root zone, layer 3 (1.0 m) correspond-
ing to the leaching zone, layers 4-6 to the saturated zone, and
layer 7 to the shale bedrock formation. Thickness of layers 4,
5, and 6 varies according to saturated thickness, with layer
thickness ranging from 2.8 to 12.6 m. Each vertical column
of cells in the three-dimensional 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 Ta-
ble 1 for each crop type in the study area, include planting
day; harvest day; plowing day; mass of stover plowed into
the soil Ps; (kgha~1) after harvest; maximum rooting depth
drtmax (M), which controls N uptake; C-N ratio of root mass
CNRr; fertilizer loading Fyp, (kg ha—1); maximum seasonal
uptake values of N Nyp (kg ha=1); depth of plowing dpw (M);
mass of decaying roots Pg; (kgha=1); C-N ratio of stover
mass CNst; and constants defining root growth and daily up-
take rate U. Chemical reaction parameter values are shown
in Table 2, with an asterisk (*) indicating the mean value of
all the grid cells. Cno, and Co, of canal water and irrigation
water were based on observed data. The model was run for
the 2006—2009 and tested against spatiotemporal averages of
groundwater Cno, and NOz mass loadings from the aquifer
to the Arkansas River.

2.3 Assessing major controls on NOj3 fate and
transport

2.3.1 Morris SA methodology

The Morris screening method for global SA is based on an in-
dividually randomized one-at-a-time (OAT) design that pro-
vides information regarding (i) the main effect of each input
parameter on model output responses and (ii) the overall ef-
fects including interactions between parameters. For exam-
ple, consider a model M with a vector of k parameters (w;,
i =1, ..., k) within the feasible parameter space, €2, that sim-
ulates m response vectors of the system (S; ; =1, ..., m):

[S1,...8u] =M (w1, ..., ). (5)

www.hydrol-earth-syst-sci.net/19/4859/2015/
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Table 1. Baseline agricultural management and crop parameter values for the model simulations.

Crop Planting Harvest Plow Pst  ditmax CNRT FNH, Nup
type day day day (kgha=1)  (m) (kgha=1) (kgha™1)
Alfalfa 30 Apr 30Sep  200Oct 561.6  1.83 25 22.4 22.4
Bean 20May 30Sep 20 Oct 561.6 0.91 25 140 84.2
Corn 1 May 250ct 14 Nov 5616  1.22 70 252 224.6
Melon 15May 10Aug 30 Aug 561.6  1.22 25 112 112.3
Onion 20 Mar 15Sep  50ct 561.6 0.46 25 140 78.6
Pasture 30Aug 30Sep 20 Oct 0 0.91 70 140 112.3
Pumpkin 1Jun 30Sep 20 Oct 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 1Jun 10 Oct 30 Oct 561.6 0.91 25 140 84.2
Vegetable 25 Apr 30 Aug 19 Sep 561.6 0.91 25 140 84.2
Winter wheat 30 Sep 5 Jul 25 Jul 1684.8  0.91 70 112 112.3

dpw (depth of plowing) is 1.0 m for all crops except beans (0.8 m); PRy (seasonal mass of root mass) is 500 kg ha—! for all crop types; and

CNgT (carbon : nitrogen ratio in stover mass) is 50 for all crop types.

4225000+ (a)
4220000
4215000

4210000+

Northing (m)

4205000~

4200000~

T T T T T T T T T T T
600000 605000 610000 615000 620000 625000 630000 635000 640000 645000 650000
Easting (m)

(©

Aquifer thickness

(m) 32
28
24
> 20
16
12

Water content ! !

June 2006

m

Water table elevation

1999-2009 average 1320

1295

1270

1245

1220

1195

Figure 4. (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, (c) spatial distribution of soil water
content simulated by the MODFLOW-UZF1 model, for June 2006, and (d) average-simulated water table elevation for the 1999-2009 time

period.

Similar to any standard SA practice, parameters are drawn
from their predefined probability distributions, with each
model input parameter w; varied across p discrete values
(Saltelli et al., 2008). Generally, results of SA are not sensi-
tive to the choice of distribution from which values are sam-
pled. After running model M for the given parameter sets, the
local sensitivity measure (also referred to as the elementary
effect, EE) is then computed for each parameter i for model
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response j as follows:

EE. | () = (Sj (w1, .

..,a)i_l,a),-A—}— A, .. .wp) —Sj(a)))7 (©)

where A is a value in the predefined increments (i.e.,
[/(p—=1),....1=U(p-DI1/(p—-1),....1=1/(p—1)])

and w=wi, ..., wr IS a random sample in the
parameter space so that the transformed point
01,...,0i—16; + A, ... O(w1, ..., wi—1, Wi + A, ... wi) IS

still within the parameter space 2 (Saltelli et al., 2008). The
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Table 2. Parameters and values for chemical reactions involving organic matter decomposition, dissolved oxygen, and nitrogen species for

the baseline simulation model.

Org. matter decomp. Dissolved oxygen Nitrogen
Param. Value Unit Param. Value Unit Param. Value Unit
AL 025 day! Age{ 2.0 day—! Hen o 120 -
AH 0.003 day?! 2o+ 0.58 day—1 Bon 80 -
fe 05 - Ko, 10 gmg? Io, 10 gmg?
i 0.2 - At 098 day!
Kco, 075 gmg3 Avol 01  day!
het -1
AN?a 0.1 day .
autox —
ANO, 022 day
Kno, 100 gmg3
KonH, 35 -

* Indicates mean value, with specific values assigned to each command area according to the values reported in Bailey et

al. (2014).

resulting distribution EE; associated with each parameter w;
is then analyzed to determine ., the mean of the distribution
that assesses the overall importance of the parameter on the
model output, and o, the standard deviation of the distribu-
tion, which indicates nonlinear effects and/or interactions
(Campolongo et al., 2007).

To determine sensitive and insensitive values, it is recom-
mended to evaluate a graphical representation of o vs. w.
However, for non-monotonic models, some EE values with
opposite signs may cancel out when . is calculated, and
hence Campolongo and Saltelli (1997) proposed the use of
w*, the sample mean of the distribution of absolute values
of EE. u* includes all types of effects that parameters can
have on output responses and, therefore, is a global measure
of output sensitivity to the parameters (Campolongo et al.,
2007). ,u;"’j 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 de-
termine the most influential model input parameters. Hence,
it is important to measure the level of agreement between re-
sults 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 Sav-
age score is defined as follows (Iman and Conover, 1987):

k
SSi=>
h=i

where i is the rank assigned to the ith model parameter
based on the Morris p*; for example, the highest ranked vari-
able would have a score of 1/1+1/2+1/3+ ... +1/k,
the second ranked variable would have a score of
1/2+1/3+ ... +1/k, etc. Savage scores typically are pre-

: ()

S
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ferred because they place higher emphasis on the agreement
of the key drivers (i.e., higher ranked parameters), rather than
the overall agreement. The Savage score can be used in ag-
gregating 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, nine model input factors were analyzed for impact
on model results: Fnn,, Nup, CNo, in canal water Canalyo,,
rate of litter pool decomposition A, rate of humus pool de-
composition Ay, rate of autotrophic reduction of O, in the
presence of shale k%”zto, rate of autotrophic reduction of NO3

in the presence of shale AaN“g’s, rate of nitrification Apj;, and
rate of heterotrophic denitrification )J,l,%s. Canalno, conveys
NO3 mass into the subsurface system via applied irrigation
water as well as seeped canal water. For each simulation,
separate values of Fyn, and Ny, were generated for each
crop type, separate values of Canalyo, were generated for
each of the six canal command areas, and separate values of
A%“z“’, Aﬁ,“éog, and Anjt were generated for each command area.
The mean of each parameter value is derived from the base-
line simulation (see Tables 1 and 2), with the mean values of
agro, )LaN“g;, and Anit for each command area estimated during
the calibration phase (Bailey 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 sim-
ulations were run. Parameter values were perturbed using a
coefficient of variation (CV) of 0.2 for all parameters except
for Canalno,, which was perturbed with a CV of 0.1 based
on variance in observed canal water concentrations. Pertur-
bation for the reaction rates (AL, An, A51°, ARt M,l,%3, Anit)
was performed using log values since statisticalfy these rates
typically conform to a lognormal distribution (Parkin and
Robinson, 1989; McNab Jr. and Dooher, 1998). CV values

were selected by comparing the resulting spread of parame-
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ter values to values found in the literature and from field data
in the study area. The values of Fyp,, k‘,"\,”ég, and Canalno,
for each of the 280 simulations are shown in Fig. 5, with av-
erages of 250kgha~1, 1.055 x 10~*day—1, and 2.6 gm—2,
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 com-
mand area (canal feeding the gray-shaded fields in Fig. 2a).

For each of the 280 simulations, the model was run for
a 2-year spin-up period, followed by the 2006-2009 pe-
riod. Model results were processed to determine the influ-
ence of the nine targeted model input factors on groundwa-
ter Cnoz, NO3 mass leached from the root zone, and total
NO3 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., averag-
ing 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 NO3 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 Cnos,,
concentration values were taken from layer 4 of the model,
which corresponds to the depth of observation well screens
in the study area. For NOg3 leaching, values were taken from
layer 3 (i.e., the mass leached from layer 3 to layer 4). For pa-
rameter influence on Cno, for individual grid cells (item iv),
the Savage score as calculated by Eq. (7) was used for pre-
sentation of results. Also for (iv), the parameter influence on
Co, was presented.

3 Results and discussion
3.1 General model results

Model results from 1 of the 280 simulations is shown in
Fig. 6, with spatial distribution of Co, and Cno, shown in
Fig. 6a and b, respectively for 22 July 2009, and the spatial
distribution of NO3 mass loading shown for 1 week during
the winter (2 December 2006, Fig. 6¢) and 1 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 0.0t0 10.3mg L1,
with an average value of 2.7 gm~2 for the 7776 active grid
cells. Values of Cno, range from 0.0 to 78.3 mg L1, withan
average value of 1.84mg L1,

Hotspots occur for both Co, and Cno,, with those of Cno,
typically occurring in locations of corn cultivation due to
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Figure 5. Values of (a) fertilizer loading Fnn, (kg ha—1) for corn,
and (b) first-order rate constant of autotrophic denitrification AaN“éos
(1/day) and (c) nitrate concentration of canal water Canalno,
(mgL~1) for the Rocky Ford Highline canal command area, for
each of the 280 simulations in the revised Morris SA scheme.

the higher loading of Fyn, as compared to other crop types.
NO3 mass loadings 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
spatiotemporal average value of Cno, in groundwater for
each command area during the entire 2006-2009 time pe-
riod is shown in Fig. 7 for each of the 280 simulations.
The average value for all grid cells in non-cultivated areas
is also shown. Average Cno, across all simulations for each
command area are (average of observed field values are in
parentheses) Rocky Ford Highline: 2.0mg L1 (3.1 mg L~1);
Catlin: 1.4mgL~! (6.1mgL~1); Rocky Ford: 1.5mgL~?
(3.8mgL~1); Fort Lyon: 3.7mgL~! (1.6mgL~1); Hol-
brook: 1.9mgL~1 (3.5mgL~1); and non-cultivated areas:
3.5mgL~1 (4.2mgL~1). Average values correspond closely
to results from the tested baseline model (Bailey et al., 2014).

3.2 Parameter influence on global concentration,
leaching and loading of NO3

The global influence of the nine model input factors on NO3
fate and transport in the study area is shown in Fig. 8. Global
sensitivity plots are used, with nonlinear effects and/or in-
teractions o plotted against mean w*. The influence of the
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Figure 6. Summary of typical UZF-RT3D model results for the study region, showing spatial distribution of (a) Co, and (b) Cno, in
shallow groundwater, and spatial distribution of mass loadings of nitrate to the Arkansas River system (main stem and tributaries) for
(c) 2 December 2006, and (d) 10 August 2008, showing the contrast between the winter and summer seasons.
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Figure 7. Spatiotemporal average value of Cno, in groundwater during the 2006-2009 simulation period for each canal command area for
each of the 280 UZF-RT3D model simulations. The spatiotemporal average for the non-cultivated areas also is shown (small black crosses).

factors on Cno, in layer 1 (top 0.5 m of the root zone), Cno;,
in layer 4 (shallow saturated zone), NOj3 leaching from lay-
ers 3 t0 4 Lno,Lay3—4 (generally from the unsaturated zone
to the saturated zone), and total NO3 mass loading to the
Arkansas River Loadno, are shown in Fig. 8a—d, respec-
tively. As seen in Fig. 8a, Cno, in the root zone is governed
principally by fertilizer loading (FnH,) and seasonal Nyp and
to a smaller degree by AhEt and Anit. In the shallow satu-
rated zone (Fig. 8b), Where N03 mass is received from the
upper soil zone via leaching, Fnn, and Nyp still are domi-
nant, but the concentration of NO3 in the canals (Canalno,)
has a stronger direct impact than Ahe‘ The rate of humus de-
composition (An) and autotrophic denltrlflcatlon (xa”to) also
have a slight impact. NO3 leaching is also governed by FNHy.

Hydrol. Earth Syst. Sci., 19, 4859-4876, 2015

Nup, AR,% , Canalno,, and A (Fig. 8c), as higher Fyn,, lower

Nyp, lower AR,% , and higher Canalno, increase the mass of
NO3 leached, and vice versa. LoadNo3 is governed by Fnh,,
Nup, and AR (Fig. 8d), with A% influencing not only how
much N03 |s 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 Nyp, Fnh,, x*,lfct)s and Canalyo,
shown in Fig. 8 signify the large spread in EE values for
these parameters, indicating that their influence on Cno,,
NO3 leaching, and NO3 mass loading is strongly dependent
on the values of other parameters. For example, in reference
to Cno, in the shallow saturated zone (Fig. 8b), the value
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Figure 8. Global sensitivity plots (o vs. 1*) showing influence of the nine targeted model input factors on (a) Cno, in layer 1 of the model
(top 0.5 m of the root zone), (b) Cno, in layer 4 of the model (shallow saturated zone of the aquifer), (c) NO3 mass leaching from layer 3 to
layer 4 (unsaturated zone to saturated zone), and (d) total mass loading of NO3 from the aquifer to the Arkansas River.

of u* for Nyp signifies the average effect of Nyp on Cno,,
but some values of EE for Np are much smaller and larger
than w*. Smaller values of EE indicate that the combined in-
fluence of other parameter values produced a small effect of
crop uptake on Cno,, such as a lower N fertilizer loading and
higher rates of denitrification, whereas larger values indicate
that other parameters produced a larger effect of crop uptake
on Cno,, such as a higher N fertilizer loading and lower rates
of denitrification. Also, higher values of Canalno, increase
the influence of crop uptake on Cnos, as more NO3 mass is
brought into the soil zone via canal seepage and infiltrating
irrigation water.

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

The influence of each of the nine parameters on Cno, in
the shallow groundwater zone and on NO3 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 three
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most influential parameters for each crop type are in bold.
For the majority of crop types, Cno, the shallow ground-
water zone is governed by N fertilizer loading (Fiw,), sea-
sonal crop N uptake (Nyp), and heterotrophic denitrification
A',l%s (Table 3), similar to the global analysis of Cno, in the
shallow soil layers as presented in Section 3.2. For example,
w* for Fn,, Nyp, and )J,l,%a is 0.94, 0.72, and 0.30, respec-
tively, for corn-cultivated areas, and 0.84, 0.81, and 0.28 for
sorghum-cultivated areas. The exception is areas that culti-
vate onion, in which Canalno, (1* = 0.45) ranks in the top
three behind Fn, (1.21) and Nyp (0.99). This is due to the
fact that onions receive irrigation water (from the canals)
more frequently than do the other crop types. Hence, the
Cno, of the canal water has a stronger influence on ground-
water Cno, underlying onion-cultivated fields than for the
other crop types. For many of the crops, Ay and Apjt have
a small to moderate influence, whereas litter pool decom-

position rate (A ), autotrophic reduction of O, (A%”zto), and
autotrophic denitrification (Aﬁl”g;) have a negligible to small

influence on Cnos,.
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Table 3. Sensitivity index (.*) for each of the model input factors investigated, indicating the degree of parameter influence on Cnoj, in the
shallow saturated zone of the aquifer (in layer 4 of the grid) 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 in bold.

N fert. N Litter Humus 0, Nitrif. Het. Auto. NO3 canal

loading uptake decomp. decomp. reduction denitrif.  denitrif. conc.

Fnv,  Nup AL AH aglo i M, MG Canalyo,

Crop
Alfalfa 0.46 0.56 0.03 0.09 0.00 0.06 0.23 0.04 0.11
Bean 0.70 0.43 0.04 0.09 0.00 0.03 0.34 0.00 0.06
Corn 0.94 0.72 0.04 0.10 0.00 0.03 0.30 0.03 0.09
Melon 5.46 3.02 0.10 0.15 0.00 0.23 0.92 0.00 0.47
Onion 1.21 0.99 0.02 0.14 0.00 0.03 0.19 0.01 0.45
Pasture 0.66 0.63 0.03 0.12 0.01 0.04 0.32 0.07 0.14
Sorghum 0.84 0.81 0.03 0.12 0.00 0.08 0.28 0.04 0.13
Spring grain 0.79 0.70 0.04 0.13 0.00 0.02 0.32 0.02 0.06
Command area

Catlin 0.12 0.26 0.00 0.03 0.01 0.16 0.04 0.01 0.11
Fort Lyon 0.92 0.81 0.05 0.17 0.00 0.04 0.42 0.08 0.12
Highline 0.69 0.51 0.03 0.06 0.00 0.02 0.23 0.01 0.26
Holbrook 0.28 0.29 0.02 0.03 0.00 0.01 0.08 0.11 0.10
Otero 1.21 1.16 0.05 0.14 0.00 0.04 0.49 0.04 0.59
RF (Rocky Ford) Ditch 0.14 0.15 0.01 0.03 0.02 0.01 0.14 0.20 0.51

Table 4. Sensitivity index (u«*) for each of the model input factors investigated, indicating the degree of parameter influence on NO3 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 in bold.

N fert. N Litter Humus 0y Nitrif.  Het. Auto. NO3 canal
loading uptake decomp. decomp. reduction denitrif.  denitrif.  conc.
h
FnHye  Nup AL AH AWEC kit Mg, Mo, Canalnog
Crop type
Alfalfa 396 614 19 73 0.8 39 176 13 108
Bean 43 26 2.7 7.6 0.0 2.3 22 0.0 3.6
Corn 486 367 26 51 0.2 15 172 1.0 41
Melon 7.0 45 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 0.4 1.1 0.0 1.6
Pasture 431 382 16 76 0.4 9.0 162 12 49
Sorghum 271 221 11 29 0.1 11 94 2.1 26
Spring grain 213 179 11 31 0.2 2.9 82 1.3 14
Command area

Catlin 35 63 0.9 5.3 0.1 38 7.5 0.3 9.2
Fort Lyon 852 77 35 140 1.0 33 335 13 70
Highline 125 103 4.2 12 0.0 2.7 41 0.1 37
Holbrook 70 71 3.6 5.7 0.1 2.6 21 3.6 10
Otero 196 176 8.4 21 0.0 4.7 85 2.0 62
RF (Rocky Ford) Ditch 3.6 3.9 0.1 1.2 0.2 0.5 1.9 3.3 30

The influence of the nine parameters on NO3 mass leach-
ing to the shallow saturated zone (Table 4) follows the same
pattern as for their influence on Cno,, with fertilizer N load-
ing, uptake, and denitrification dictating the amount of NO3
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leached to the water table (values in boxes) and canal con-
centration, nitrification, and humus and litter pool decom-
position having small to moderate values of p*. For corn-
cultivated areas, the average effect u* of Fyn,, Nyp, and
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)J,l,%s is 486.3, 366.8, and 172.3, respectively, compared
to 51.3 for An, 41.3 for Canalno,, and 26.4 for A, with 15.2,
1.0, and 0.2 for Apit, Aﬁ,”g;, and A3, respectively. Again,
Canalno, is the third most influential parameter for onion-
cultivated areas, with u* =1.6, compared to 9.7 and 7.2 for
FNH, and Nyp, respectively.

3.4 Parameter influence on Cno, and leaching in
individual canal command areas

Summaries of the influence of each of the nine parameters
on Cno, in the shallow groundwater zone and on NOgz leach-
ing for each canal command area also are provided in Ta-
bles 3 and 4. The results show important differences be-
tween the command areas, with a mixture of Fn,, Nup, Anit,
A',Leés, 0, and Canalno, providing noteworthy impacts
on Cno, and NO3z mass leaching. For influence on Cno,
(Table 3), the top three influential parameters within the
Catlin command area are Nyp (u* =0.26), Anit (0.16), and
Fnh, (0.12), whereas the top three for the Rocky Ford com-
mand area are Canalno, (0.51), A;‘\,“g’s (0.20), and Nyp (0.15),

with the strong influence of xaNugg due to the presence of out-
cropped shale in the command area and hence locations of
autotrophic denitrification. Aﬁ,”é% also has a strong influence
in the Holbrook command area, with the third highest value
of u* (0.11). Canalno, is ranked third or higher in terms of
w* in three of the six command areas (Rocky Ford, Otero,
Rocky Ford Highline). Fnn,, Nup, and A',{,%s govern NOj3
mass leaching for each of the command areas (Table 4) ex-
cept for the Catlin command area, in which Anjt is ranked
second (u* = 38.0) and the Rocky Ford, in which Canalno,
is ranked first (** =30.3).

3.5 Spatial distribution of parameter influence on
CNQ3 and C02

Cell-by-cell plots of Savage scores for the parameters ac-
cording to their ranking in influencing Cno, in shallow
groundwater are shown in Fig. 9. Plots are presented for each
of the targeted nine parameters except for A?)”Zt" due to the
negligible influence of O, autotrophic reduction on Cno;.
The value for each cell represents the ranking (1-9) and as-
sociated Savage score for the given parameter. High rank-
ing is displayed in maroon-red coloring, whereas low rank-
ing is displayed in blue. As seen in the plots, the ranking
of each parameter in its influence on groundwater Cno, is
highly spatially variable. For example, the locations where
canal NOs concentration (Canalno,) has the strongest in-
fluence (maroon coloring) (Fig. 9b) are scattered through-
out the region, with entire local areas (encompassed by cir-
cles in Fig. 9b) governed by this parameter. For the culti-
vated areas, the dominant inputs/processes are fertilizer load-
ing (Fig. 9a), crop N uptake (Fig. 9d), and heterotrophic
denitrification (A*,l,e&) (Fig. 9e), with humus decomposition
(Fig. 9g) having a moderate influence and litter decompo-
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sition (Fig. 9h) having a small influence. Whereas fertilizer
loading and N uptake have the most influence on Cng, in
most of the cultivated areas, some areas are governed prin-
cipally by heterotrophic denitrification and humus decompo-
sition (cells colored in maroon in Fig. 9e and g). Denitrifi-
cation is particularly important in riparian areas along trib-
utaries and the Arkansas River (Fig. 9e), where dense veg-
etation provides a natural filter of NO3 before being loaded
to surface water. Values of humus decomposition (i) and
litter decomposition (1) control the rate of organic C and
organic N decomposition and hence the availability of C for
heterotrophic denitrification to proceed.

No area has A being the dominant influence on Cno,. Ni-
trification rate has a strong impact on Cno, in the Holbrook
command area (red-pink cell coloring in Fig. 9c), with small
impact elsewhere in the study area. Autotrophic denitrifica-
tion is the dominant parameter in areas 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 locations in the study area adjacent
to outcropped shale in which Aﬁl”é‘; is not the dominant pa-
rameter. These locations are indicated by circles in Fig. 9f. In
these areas, other system inputs and processes such as FH,,
Nup, A*,‘fé3, and An are the governing influences on Cno,,
demonstrating that knowledge of shale locations alone can-
not be used to determine where Cno, will be affected the
most by autotrophic denitrification.

Similar cell-by-cell plots of parameter Savage scores are
shown in Fig. 10 for influence on Co, in shallow groundwa-
ter. Ay and AL govern Co, in the cultivated areas (Fig. 10c
and d), with Fyn, (Fig. 10b), Nyp (Fig. 10e) and Canalno,
(Fig. 10a) exhibiting small to moderate influence on Co, in
the cultivated areas. The strong influence of Ay 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 O, (/\%“;0) is dom-
inant in localized areas where shale is present (see maroon-
shaded cells in Fig. 10f) with small influences in other ar-
eas of the study region, mainly in areas down gradient of the
shale areas.

4 Discussion of results

Results provide information regarding the system inputs
and processes that control NOg3 fate and transport generally
(across the entire study region), by crop type, by canal com-
mand area, and by local regions. For the entire study region,
detailed field sampling and observation of N fertilizer load-
ing, N crop uptake, heterotrophic denitrification in the shal-
low soil layers, and concentration of NO3 in canal water must
be performed as often as possible to provide accurate model
input data. NOgz in canal water not only seeps through the
perimeter of the earthen irrigation canals into the aquifer, but
also is loaded to cultivated fields via applied irrigation wa-

Hydrol. Earth Syst. Sci., 19, 4859-4876, 2015



4872 R. T. Bailey et al.: Environmental factors governing nitrate transport

E
N Fertilizer ~ NH,
loading

- \%—Ql
Rate of ™

nitrification _.

het
}"NO

Denitrification
heterotr.)

Canal,,,
Canal NO; 3
concent.
2
1
0

Seasonal N
uptake g
o

Denitrification
(autotr.)

Litter
decomp.

Figure 9. Cell-by-cell (250 m by 250 m) plots of Savage scores for (a) Fin,, (b) Canalno,, (€) Anit, (d) Nup, (€) Ar,ll%s, ® AaNué"a, (@) AH,
and (h) AL, indicating the ranking of influence of that parameter on Co, in groundwater for each of the 7776 cells in the study region.

ter. In addition, results indicate these inputs and processes
must be controlled via implemented management practices
if NO3 groundwater concentration, NO3 leaching, and NO3
mass loading to the river network are expected to decline in
future decades, whereas other processes (rates of organic N
decomposition, nitrification of NH4) are not critical target
factors.

These results agree with other previous studies from re-
gions worldwide, which indicated that key controls on NO3
fate and transport in groundwater and watershed systems,
and hence targets for management action, include N fertil-
izer application (Chaplot et al., 2004; Botter et al., 2006; Al-
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masri and Kaluarachchi, 2007; Arabi et al., 2007; Bailey et
al., 2015) and rate of denitrification (Wriedt and Rode, 2006;
Almasri and Kaluarachchi, 2007; Schilling et al., 2007), with
the order of their influence varied depending on the study re-
gion. However, these studies did not analyze the influence of
NOs in canal irrigation water or the influence of crop N up-
take. Molénat and Gascuel-Odoux (2002) demonstrated the
strong influence of NO3 leaching on in-stream NOg3 concen-
tration, similar to our assessment of N uptake and denitrifi-
cation (which influence NOj3 leaching) on NO3 loading from
the aquifer to the stream network.

www.hydrol-earth-syst-sci.net/19/4859/2015/
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The same system parameters that govern NOj3 fate and
transport at the regional scale also govern NOj3 for each indi-
vidual crop type. N fertilizer loading (less), N crop uptake
(more), and heterotrophic denitrification (more) typically
must be controlled to decrease groundwater NO3 concen-
tration and NO3 leaching, with NO3 concentration in canal
water controlled to lower these values for onion-cultivated
areas. For canal command areas, N fertilizer loading and N
uptake must be managed to decrease groundwater NO3 con-
centration and NO3 mass leaching in the majority of com-
mand areas. However, nitrification of NH, is an important
control for the Catlin command area, NO3 concentration in
canal water is important for the Rocky Ford Highline, Otero,
and Rocky Ford command areas, heterotrophic denitrifica-
tion is important for each command area except Catlin and
Rocky Ford Ditch, and autotrophic denitrification is impor-
tant for only the Holbrook and Rocky Ford command ar-
eas. These reaction rate parameters must be focused on in
field data monitoring schemes and in model parameter esti-
mation. Results demonstrate that targeted inputs/outputs and
processes vary depending on command area.

Similarly, different targets are required for controlling
NO;3 fate and transport in localized areas throughout the

www.hydrol-earth-syst-sci.net/19/4859/2015/

study region. In reference to Fig. 9, each system parame-
ter, with the exception of litter pool decomposition, is the
most influential in controlling NO3 fate and transport in at
least several areas within the study region. N fertilizer load-
ing is the dominant parameter in the majority of cultivated
areas, although N uptake, heterotrophic denitrification, and
NOj3 concentration in canal water also are the most influen-
tial in much of the study area. The rate of autotrophic deni-
trification (A?\,”g’g) is influential in many of the areas adjacent
to outcropped marine shale. However, it is interesting to note
that there are many locations in the study area adjacent to
outcropped shale in which A?\,“g’g is not the dominant param-
eter. These locations are indicated by circles in Fig. 9f. In
these areas, other system inputs and processes are dominant,
demonstrating that knowledge of shale locations alone can-
not be used to determine where groundwater NO3 concentra-
tion will be affected the most by autotrophic denitrification.
Whereas other studies (Chaplot et al., 2004; Botter et al.,
2006; Wriedt and Rode, 2006; Almasri and Kaluarachchi,
2007; Arabi et al., 2007; Schilling et al., 2007; Bailey et al.,
2015) have focused on the response of the entire groundwa-
ter and/or watershed system, the novelty of this study is the
assessment of NO3 transport control in localized areas within
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aregion. Almasri and Kaluarachchi (2007) stated that the im-
portance of denitrification in controlling NOs in groundwater
may differ from location to location. In this study we quan-
tify this difference spatially for denitrification and for each
of the other eight targeted parameters (see Fig. 9).

5 Summary and concluding remarks

This study used a 506 km? regional-scale N fate and transport
numerical model to examine the influence of forcing terms
(fertilizer loading, crop N uptake, N concentration of applied
irrigation water and canal seepage Canalno,) and chemical
processes (litter and humus organic N decomposition; nitri-
fication of NH,4 to NOgs; heterotrophic and autotrophic re-
duction of NOgs, with the latter occurring in the presence of
pyrite-bearing marine shale; and autotrophic reduction of Oy,
also occurring in the presence of shale) on NO3 concentra-
tion in groundwater Cno,, NO3 leaching from the unsatu-
rated zone to the saturated zone of the aquifer, and NO3 mass
loading from the aquifer to the Arkansas River via groundwa-
ter discharge. The influence of each of the nine model factors
was computed using the revised Morris method for sensitiv-
ity 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 re-
ceiving irrigation water from a given canal), and individual
grid cells. For the latter, spatial plots of sensitivity indices are
presented to display the spatial distribution of influence for
each model factor.

Results indicate that, generally, fertilizer loading, crop N
uptake, and heterotrophic denitrification governed NO3 mass
transport, particularly in cultivated areas. However, their or-
der of influence on Cno, and NO3 mass leaching varies ac-
cording to crop type and command area, and several com-
mand areas are influenced more, or at least to a signifi-
cant degree, by nitrification, autotrophic denitrification, and
Canalno,. Spatial plots of cell-by-cell sensitivity indices fur-
ther enhance the understanding of localized model factor in-
fluence, with each factor except for rate of heterotrophic O,
reduction having the dominant influence over Cno, at one
or more locations within the study area. Results also indi-
cate that the concentration of O, in groundwater Co, is gov-
erned by rates of organic matter decomposition, which re-
leases CO, and hence enhances heterotrophic reduction of
0,.

In general, the procedure followed in this study pro-
vides key information regarding overall NO3 fate and trans-
port in an agricultural groundwater system, guidance for
future data collection and monitoring programs, an indica-
tion of which parameters should be targeted during model
parameter estimation, and guidance for implementing best-
management practices (BMPs) for NO3 remediation, i.e., de-
creasing groundwater concentrations and mass loading to the
stream network. For example, fertilizer loading, crop N up-
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take, and Canalno, should be targeted in field data collection
and observation, with Canalyo, monitored for each irriga-
tion canal as often as possible, whereas first-order kinetic rate
constants for nitrification, denitrification, and organic mat-
ter decomposition should be targeted during parameter esti-
mation 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 decreasing Canalno, or the amount of NO3 denitri-
fied in shale outcrop locations will help remediate NO3 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.

The Supplement related to this article is available online
at doi:10.5194/hess-19-4859-2015-supplement.
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