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Abstract: Numerical models are commonly used to support the management of diffuse
pollution sources in large agricultural landscapes. This paper investigates the suitability of
a three-dimensional groundwater streamline-based nonpoint source (NPS) assessment tool
for agricultural aquifers. The streamline approach is built on the assumption of steady-state
groundwater flow and neglects the effect of transverse dispersion but offers consider-
able computational efficiency. To test the practical applicability of these assumptions,
two groundwater transport models were developed using the standard three-dimensional
advection—dispersion equation (ADE): one with steady-state flow and the other with tran-
sient flow conditions. The streamline approach was compared with both ADE models,
under various nitrate management practice scenarios. The results show that the streamline
approach predictions are comparable to the steady-state ADE, but both steady-state meth-
ods tend to overestimate the concentrations across wells by up to 10% compared to the
transient ADE. The prediction of long-term attenuation of nitrate under alternative land
management scenarios is identical between the streamline and the transient ADE results.

Keywords: diffuse pollution; nitrate transport; land management; advection—dispersion;
streamline transport; unit response function

1. Introduction

Groundwater contamination from nonpoint sources (NPSs) is a leading environmental
issue, particularly in large agricultural regions including those in China [1], India [2], Aus-
tralia [3-5], and the United States [6]. Across the globe, several national policies [7-9] have
been established to address widespread nonpoint source contamination, e.g., the European
Union Nitrate and Water Framework Directives [10,11]. In California, the Sustainable
Groundwater Management Act [12,13] and the Central Valley Salinity Alternatives for
Long-term Sustainability [14,15] are key policy frameworks to address the salt and nitrate
management issue in the region.

A core element of these frameworks is the capacity to evaluate the effectiveness of
legislative and regulatory tools controlling land use management, land use changes [16],
Best Management Practices (BMPs), etc., to attenuate the contaminant level in ambient
groundwater, discharging wells, and streams interacting with groundwater [17-20]. To this
end, decision-making tools are frequently employed [21-26] by stakeholders, consultants,
and government agencies.
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Among the available decision tools, process-based numerical models that solve the
governing equations of groundwater flow and advection-dispersion are considered the
most accurate approach to simulate contaminant transport. While such models, imple-
mented in 3D and for fully transient conditions, have been extensively used in the point
source contamination arena [27-29], there is a relatively limited use for nonpoint source
transport in groundwater [19,20,30-33]. Due to the much larger spatial scale of NPS pol-
lution when compared to typical point source pollution cases, numerical methods may
require tens to hundreds of millions of simulation elements to properly solve the flow and
advection—dispersion equations (ADEs) in groundwater systems with hundreds to tens
of thousands of pollution-affected wells. Carle et al. [34] demonstrated that technologies
to model such large, heterogeneous problems are now available. But applications are
typically limited by computational resources [35], an obstacle in particular to the evaluation
of multiple alternative future land use management scenarios.

To alleviate these computational challenges in regional applications, the problem is
often simplified in one of two ways: The fully 3D transient application is implemented
for a relatively coarse resolution of the numerical grid (100s of meters to few kilometers).
Alternatively, the flow and transport problem is simplified in other ways while allowing
for sufficiently high resolution to capture flow dynamics around groundwater sources
and sinks and in heterogeneous aquifer environments, even over regional-scale applica-
tions. For the latter, transient but cyclical (e.g., annually re-occurring hydrologic seasons)
groundwater flow conditions have been approximated by steady-state, average flow condi-
tions [36-38]. Bastani and Harter [39] demonstrated that an average, steady-state flow field
approximation of cyclical transient flow conditions provides reasonably adequate informa-
tion about the dynamics and range of groundwater nitrate in an ensemble of domestic and
public supply wells. Using a steady-state flow solution allows for transport simulations to
be run on a time-invariable advective groundwater flow field.

Where advection can be reasonably assumed to be time-invariable, an alternative ap-
proach to simplifying the fully 3D transport simulation is to decompose it into multiple 1D
transport simulation [40—42]. In this approach, often known as quasi-3D, the contaminant
travel paths are identified in an averaged steady flow field using particle tracking. For each
streamline (travel path), a 1D advection—-dispersion(-reaction) equation (1D-ADE) is solved
to compute the breakthrough curve (BTC) at locations of interest along each 3D streamline,
often at the end of the streamline, corresponding, e.g., to a well, stream reach, or other
regulatory compliance location. The approximation of 3D transport with multiple 1D-ADE
solutions along streamlines intrinsically neglects transverse dispersivity. While transverse
dispersivity has been shown to be a relevant transport process, especially in simulating
the remediation of individual (point source-related) contaminant plumes [43], the diffuse
nature of nonpoint sources has been thought to render the effect of transverse dispersion
on the fate and transport of NPS pollutants negligible [44].

The use of 1D-ADE solutions along spatially fixed 3D streamlines lends itself to split-
ting the transport problem into computation of a unit input response function (URF)
and a convolution of the URF with specific source loading history scenarios [21,42].
A URF-based transport method has been used in the past for the simulation of nonpoint
source pollution over large aquifer basins [23,45,46]; nevertheless, the appropriateness of
the assumptions and its predictive ability have not been systematically evaluated in the
context of NPS. One of the difficulties of the evaluation is to design a sound comparison
between the URF-based and the classic full 3D advection—dispersion transient approach.
Kourakos et al. [21] performed a simplified comparison using a hypothetical example to
examine the effect of transverse dispersivity. Kourakos and Harter [45] validated the 1D
simulation against analytical and other numerical solutions.
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The main objective of this work is to assess the joint effect of these two key conceptual
simplifications in the URF-based transport framework, specifically for the purpose of non-
point source pollutant simulation. First, we evaluate the effect of neglecting the transverse
dispersivity by comparing the application of the fully 3D ADE-based simulation against
the URF-based transport simulation when simulating nonpoint source contamination over
a large agricultural groundwater basin overlying a heterogeneous aquifer system with
a large number of discrete compliance surfaces (here: well screens). The underlying hy-
pothesis that we are testing here is that transverse gradients of nonpoint source pollutant
concentrations in groundwater are small due to their spatially broad occurrence in recharge
and due to their concentration range varying by less than one to two orders of magnitude
(e.g., nitrate, salinity). We further hypothesize that—within the well screen (or gaining
stream reach)—mixing of water from spatially varying nonpoint sources dominates over
mixing effects from transverse dispersion in the transport process [47].

Secondly, we assess the assumption of the steady-state flow approximation by com-
paring the steady-state velocity versions of the 3D ADE simulation and of the quasi-3D
URF-based method against a transient velocity version of 3D ADE simulation over a limited
time horizon, where the latter is assumed to be the “ideal” solution (the solution with
the most reliable accuracy). Both steady-state flow representations of the regional aquifer
provide computational expediency, albeit at differing spatial discretization. Limited by
computational efficiency, the 3D ADE-based simulations use a much coarser grid than the
highly efficient quasi-3D URF-based simulations, particularly near compliance surfaces
of interest.

Nonpoint source (diffuse) pollution affects entire aquifer systems with hundreds to
tens of thousands of individual wells. We therefore focus this analysis on the accuracy of
statistical measures that describe nitrate breakthrough across an ensemble of compliance
surfaces (CSs), generally well intake screens and river reaches [47], rather than on the
accuracy of predicting breakthrough curves on specific compliance surfaces (e.g., [16]). By
considering ensembles, we hypothesize that the impact of uncertainty about local hetero-
geneity in hydraulic conductivity and the effect of seasonally transient flow conditions,
both of which are important for understanding pollution histories in a specific, single CS
(e.g., well) [48,49], do not significantly affect the statistical distribution of the CS ensemble
predictions. The statistical insights into ensemble CS pollutant behavior are critical for
decision-making in the diffuse pollution policy arena, where managers and regulators seek
solutions that will generally benefit an entire CS ensemble rather than protecting each
individual CS [50,51].

In the following, we provide an overview of the two numerical frameworks used
in this work and the development of their application to a case study area typical of
irrigated agricultural regions overlying unconsolidated sedimentary aquifer systems. We
then present and discuss the results of this study and conclude with key findings.

2. Materials and Methods
2.1. Description of the Study Area

The study site is the 2700 km? agricultural region in the northeastern San Joaquin
Valley straddling San Joaquin, Stanislaus, and Merced counties, California, and including
eight different irrigation and water districts. It is constrained by the Sierra Nevada foothills
to the northeast and the thalweg formed by the San Joaquin River to the southwest. The
Stanislaus, Tuolumne, and Merced Rivers extend across the study area from northeast to
southwest where they drain into the San Joaquin River (Figure 1). The ground surface
slopes downward from the foothills with a gradient range of 1 m/km near the thalweg
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and up to 5 m/km near the foothills. The average annual rainfall is about 315 mm with
a Mediterranean semi-arid climate. Rainfall is focused on the period from late fall to spring.
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Figure 1. (a) Study region in the Central Valley, California, and the steady-state equipotential contours
of water level (meters above sea level), (b) land use for 2005, (c) distribution of pumping.

Agriculture, urban, and natural vegetation are three major land uses in the study
area. More than 70% of the Modesto region is croplands, with almonds, walnuts, peaches,
grapes, grain, corn, pasture, and alfalfa as the primary crops. More than 10% of the region
is occupied by cities including Modesto and Turlock. The remainder is covered by natural
vegetation, mostly grasslands near the foothills. Historical changes in agricultural land
use have favored nitrate-demanding crop types (almond, corn; see Figure 2). Recharge
rates, irrigation pumping rates, and nitrate leaching vary from crop to crop in the region
and are also a function of soil type, management practices, and access to (less expensive)
surface water.
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Figure 2. Long-term changes in the major crops grown in the Modesto area.

The alluvial sediments of the eastern San Joaquin Valley form a heterogeneous semi-
confined aquifer constrained locally by fine grained layers. The pre-development, natural
pattern of groundwater recharge predominantly near the mountain front created a lateral
northeast-to-southwest groundwater flow toward the major drainage of the Valley, the
San Joaquin River [52]. Agricultural development and groundwater pumping in the
20th century added recharge in the form of irrigation return water (Figure 1b) and additional
discharge in the form of irrigation pumping (Figure 1c and Figure S1) to the existing
groundwater system, thus increasing the vertical component of groundwater flow [53,54].
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The Corcoran Clay layer with maximum thickness of about 58 m is present throughout the
western half of the study area at depths exceeding 26 m at its eastern boundary to 79 m
near the San Joaquin River. This semi-confining layer separates the upper shallow aquifer
from the lower confined aquifer. Nitrate contamination is a main concern in the study area,
especially in the shallow aquifer. Details on the stratigraphy are provided in Section 2.4.

2.2. Nitrate Loading to Groundwater

Major sources of nitrate leaching to the water table within the agricultural and ur-
ban areas in the study region are the synthetic nitrogen fertilizers applied through crop
irrigation, the vegetated urban landscapes, the leakage of sewer and septic systems, and
applications of biosolids and animal manure. Harter et al. [55] estimated the average an-
nual fluxes of nitrogen into and out of groundwater (nitrate load) for different land uses
in the Central Valley, using a mass balance approach, for 6 fifteen-year periods from the
mid-1940s to the mid-2000s (Table 1). The mass balance considers nitrogen in crop fertilizer,
biosolids, manure, and urban wastes as input to the agricultural landscape. Nitrogen in
harvested plants, atmospheric losses, runoff, and groundwater nitrate loading are outputs
from the landscape, with the latter term used as the closing term (i.e., estimated using the
mass balance).

Table 1. Estimated nitrate leaching to groundwater (“nitrate load”) as N for major land uses for the
period of 1960-2005 (modified from [55]).

Nitrate Load as N (kg/ha/yr)

Land Use 1960 1975 1990 2005
Urban 20 20 20 20
Natural vegetation 15 15 15 15

Almond 29 49 137 104
Alfalfa 30 30 30 30
Vineyard 41 46 23 22
Corn 61 64 153 87

Truck crops 83 134 186 124
Field crops 63 76 79 53
Rice 8 20 39 36
Pasture 0 0 0 0
Grain 73 49 89 57
Fallow 0 0 0 0

Two groundwater nitrate loading scenarios were defined in this study to compare
the performance of the full 3D finite difference ADE approach with the streamline-based
transport technique. The first scenario is a “business-as-usual” (BAU) scenario, in which
the estimated nitrate load from the mass balance method for 1960, 1975, 1990, and 2005 is
linearly interpolated for intermediate years to obtain parcel-by-parcel nitrate loading from
1960 to 2005. The associated annual leaching concentration is allocated to corresponding
modeling cells (Figure 3). The second scenario is a “best practice” scenario, in which the
annual nitrate load applied under the BAU scenario is decreased by 25% for all years,
representing a hypothetical agricultural Best Management Practice implementation in
the region. In both scenarios, the aquifer is considered void of nitrate at the start of the
simulation. Nitrate loading reduction may be due to a change in crop types or due to
a change in nutrient management practices. Either approach can lead to less nitrogen
fertilizer loading in the region.
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Figure 3. Percentiles of all the N-loading and associated leached concentrations to the groundwater
across the study area used in the “regular” scenario.

A significant increase occurs in the nitrate loading time-series after 15 years from
the start of the simulation period (Figure 3). After 30 years the loading input decreases
due to improved practices [55]. In our simulation, we extended the loading beyond the
45th year by assuming a steady loading at the same rate as in the last year (year 45) for
the remainder of a 200-year simulation period. The recharge concentration is a function of
the recharge rates employed by the transient and steady-state flow models. The median
recharge concentration ranged from 4 mg N/L to 8 mg N/L at the end of the 45 years.
However, 25% of the study area receives input concentration that is above 6 mg N/L at
the start of the simulation and above 20 mg N/L during the peak period. In this study, the
vadose zone travel time is neglected. We assume that the contaminants leaving the root
zone instantaneously arrive at the water table. We make this simplifying assumption here,
because vadose zone travel time does not affect our groundwater-focused comparative
analysis: the contaminant source loading at the water table is identical and consistent across
the scenarios.

2.3. Numerical Methods: Mathematical Problem

The governing equation of transient groundwater flow in all three spatial dimensions
in a saturated heterogeneous aquifer is as follows [56]:

0 oh 0 oh 0 oh oh

ax<Kxax> +By(Kyay) +aZ(KZaZ> :Ssg (1)
where Ky, Ky, and K; are saturated horizontal and vertical hydraulic conductivities at
x, Y, and z directions [L/T], & is hydraulic head [L], and S; is storage coefficient [L-1].
Numerical groundwater models usually solve (1) using a system of spatial and temporal
discretization through which topographic data, aquifer parameters, boundary conditions,
and sinks/sources of flow are represented. For steady-state groundwater flow, storage
change (right-hand side of (1)) is zero.

The governing equation of groundwater transport of a non-reactive contaminant is

expressed as follows [57]:

3(6C)
at

= —V.(0vC) + V.(0DVC) + q,Cs 2)
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where 0 is the porosity [unitless], C is the contaminant concentration [M/ L?], v is the
actual pore velocity (i.e., Darcy velocity divided by porosity) [L/T], D is the hydrody-
namic dispersion tensor [L?/T], q, is the source (e.g., recharge or losing streams) or sink
(e.g., discharging wells or gaining streams) volumetric flow rate per unit volume of aquifer
[T~1], and C; is the source or sink contaminant concentration [M/L3].

2.4. Numerical Methods: Transient and Steady-State Groundwater Flow Models

A transient groundwater flow model using the MODFLOW-2005 [56] platform was
developed [16] building on a previously calibrated 45-year transient flow model of the
Modesto study domain within the MODFLOW-OWHM platform [58,59]. Computed and
user input boundary fluxes were imported to the MODFLOW-2005 platform to allow
coupling with the MT3D transport model (not available for MODFLOW-OWHM, ibid.).
Flow model cells are 400 m by 400 m horizontally with 153 rows and 137 columns and
16 model layers with thickness from 0.5 to 16 m above the Corcoran Clay and from 20 to
74 m below the Corcoran Clay. The top of the first layer represents the land surface. Layer
thicknesses increase with depth.

No-flow boundary conditions were assigned to the northeastern side of the model
along the Sierra Nevada foothills and most of the other lateral boundary conditions are
classified as general-head based on the groundwater head data for the year 2000. The
southwestern edge of the model is along the San Joaquin River which was simulated as
a lateral general-head boundary condition. Cells west of the San Joaquin River are inactive
for this model. Recharge enters the system in the model through the highest active cell
and is defined by flow rate and concentration of nitrate. The study domain contains
3900 individual wells with different depths of screen categorized as shallow and deep
pumping wells (Figure S1). Shallow wells extract groundwater from the upper aquifer
above the Corcoran Clay layer.

Groundwater moves mainly from the northeastern foothill boundary toward the thal-
weg. The heterogeneous hydraulic conductivity distribution was calibrated through the
original model [53] and ranges from 0.002 to 77.4 m/day for the horizontal hydraulic con-
ductivity (Figure 4) and from 0.0018 to 19.38 m/day for the vertical hydraulic conductivity.

Land surface

0.002

Figure 4. Three-dimensional model grid network with green space representing the active model
cells (right) and distribution of the horizontal hydraulic conductivity (left).

A steady-state groundwater flow model representing time-average hydrogeological
stress conditions across the study area was developed in MODFLOW-2005 using water
budget data for the year 2000 (“scheme6” in [39]). The choice was based on year 2000 being
an average water year with stresses representative for the entire period. The ratio of storage
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change to the total pumped water is very small (1%, Figure 5), which makes the year
2000 an appropriate period for developing the steady-state model. The steady-state flow
model requires a balanced water budget. To eliminate the 1% storage change in the transient
model for application to the steady-state model, all outflows of the transient model water
budget in the year 2000 were proportionally scaled by 1% to exactly match their inflows
(Table S1). All other characteristics of the steady-state model (i.e., aquifer parameters
and spatial discretization) were the same as the original transient flow model [39]. The
same steady-state flow model boundary conditions and parameter distributions described
here are also used with a finite element flow model [21,60], at higher resolution than the
MODFLOW-2005 model, for coupling to the quasi-3D URF-based transport model (see
Section 2.6).
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Figure 5. Cumulative storage change in year 2000 from the transient flow model and the volumetric
water budget of the developed steady-state flow model.

2.5. Numerical Methods: Fully 3D ADE-Based Transport Model (MT3D)

A transient non-reactive transport model was developed using MT3D software [61] for
use with both the transient and steady-state MODFLOW-2005 flow model implementations.
Nitrate was the only solute considered in the system. The active transport model domain
is the same as the active flow model domain. Land use (Section 2.2), recharge rates
(m/d, Section 2.4), and nitrate load (kg/ha/yr, Section 2.2) distributions were known for
every model cell for each year of the simulation. The recharge concentration of nitrate-
nitrogen (mg N/L) was calculated for all upper active cells where recharge occurs into
the groundwater model. Initial nitrate concentrations in 1960 were approximated as being
negligibly small (zero) throughout the aquifer system [62]

The effective porosity distribution of the model was calculated from its correlation
to percentage of coarse materials at each model cell ranging from 25 to 35% [18,63]. The
longitudinal dispersivity (ar) was estimated as 11 m based on the scale of grid cells in the
model [64]. Transverse horizontal dispersivity (ary) and transverse vertical dispersivity
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(ary) were 1.1 and 0.11 m, respectively ([65]). Initial concentration of nitrate was assumed
to be zero everywhere in the system.

In this study, we are interested in the ensemble of concentration breakthrough curves
(BTCs) at individual wells. The 3D ADE contaminant transport model estimates the
concentration at every cell of the grid. However, the well screens span across multiple
layers. We first calculate a single BTC for each well using the weighted average of the
cell BTCs that intersect with each well. The contribution of each cell is assumed to be
proportional to the horizontal hydraulic conductivity ([66]).

2.6. Numerical Methods: High-Resolution Flow with Quasi-3D URF-Based Transport Simulation

In the quasi-3D transport simulation framework (nonpoint source assessment tool
“NPSAT”, [21]), the 3D transport process is decomposed into an ensemble of 1D transport
subproblems. The NPSAT framework consists of the following steps (Figure 6):

1.  Simulation of the groundwater flow field;

2. Backward particle tracking from the points of interest (compliance surfaces/well screens);

3. Streamline transport simulation with unit step/unit input loading to derive the
streamline unit response functions (URFs);

4. Convolution of the URFs with a nitrate loading history scenario.

@ . . . C [ML7] @
nonpoint source of the contaminant
7

Unit Input Pulse

Time [T]
dt

The source end of
the streamline

C [ML*]

7]
§
&
Unit Response Function &
&

Input contaminant load Time [T] -

L] o iod
cl ica 18
[

Time [T]

The well screen end
of the streamline

Response at the well
—_—

dt Time [T]

Figure 6. (a) Streamlines connecting contaminant sources to a well screen, (b) response of a streamline
to the unit input load, and (c) convolution of all streamlines responses at the well.

Steps 1-3 are implemented once (foundational). Step 4 can be repeated at exceedingly
high computational efficiency for each (spatiotemporally heterogeneous) nitrate loading
scenario of interest, which is, a critical attribute for decision-making support tools. For the
steady-state flow simulation, we used a finite element approach with local refinement of
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the MODFLOW-2005 grid described above: cells that intersect with wells are split in half in
each dimension, i.e., each MODFLOW well cell is divided into 8 cells [60]. This process
was repeated recursively 8 times resulting in a minimum horizontal resolution around
well screens of less than 2 m. Vertically, each well was discretized into a few hundred
layers. The total number of degrees of freedom for the finite element solution of the steady-
state flow equation is 32,127,378. While the parametrization of hydraulic properties and
boundary conditions is identical to that described for the steady MODFLOW-2005 model,
the location of the top boundary of the finite element mesh is explicitly simulated as the
water table boundary ([60]): the position of the water table is obtained iteratively such that
the hydraulic head of the top layer is equal to the node elevation of the top layer.

2.7. Statistical Analysis for Shallow and Deep Aquifer Model Comparison

We used standard correlation analysis to compare results between the different model-
ing approaches ([67]):

Cooxy | M () (i — )
R= oxoy n—1 f(oxev) ¥

where R is the correlation coefficient, both X and Y are random variables, oxy is the
covariance between X and Y, 0y is the standard deviation of X, oy is the standard deviation
of Y, n is the number of the population in the random variables, x; is the associated value to
each member of the population, and y, and y,, are the mean values of the random variables
X and Y, respectively. The ensemble of simulated wells is located with tops of well screens
at depths ranging from 10 to 70 m deep below the water table. Statistical comparisons
between model outcomes were grouped by the distance between the steady-state water
table and the well’s screen top.

3. Results
3.1. Business-as-Usual Simulations

Nitrogen loading from the landscape leads to low levels of nitrate arriving in some
wells within less than five years. Across the ensemble of wells, all concentration quantiles
increase monotonically over the simulation period. After rising for about 50 years, the
worsening nitrate pollution begins to level off (Figure 7). However, a slight upward trend
remains across all concentration quantiles over the remainder of the 200-year simulation
period, indicating that many wells pump older groundwater and continue to be impacted
by the initial 60-year rise in groundwater nitrate source loading, consistent, e.g., with the
findings of [47]. A comparison of individual wells and ensemble simulated and measured
nitrate concentrations over the historic period can be found for the fully 3D flow and
transport model in [16,39]. The latter also provides a detailed comparison of the steady-
state flow approximation results with fully transient flow and transport simulations.

For the nitrate (as nitrogen) concentration percentiles across the ensemble of study
area wells, the steady-state flow and URF-based transport model, NPSAT, generally follows
a similar predication pattern to the fully 3D, lower-spatial-resolution transport model
(“MT3D”). Over almost the entire simulation period, the highest concentrations (95th per-
centile) have the largest prediction discrepancy: from t = 10 years onward, they range from
5 to 15% higher with NPSAT, compared to MT3D, showing 15 mg/L instead of 13.5 mg/L
at t = 200 years. For the 70th percentile (not shown in the figure), the two models predict
almost identical concentration at the end of the simulation period. But the discrepancy for
the 80th, 90th, and 95th percentiles becomes 3.7, 7.8, and 10%, respectively.
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Figure 7. Statistical distribution of breakthrough curves resulting from the streamline and the full 3D
transport approaches for the regular nitrate loading scenario.

For the same time period (t = 10 years to 200 years), generally smaller discrepancies
(<1 mg/L) exist for lower percentiles. These discrepancies are much smaller than the
range of concentration quantiles observed, from less than 1 mg/L for the 5th percentile to
over 13 mg/L for the 95th percentile, indicating that both methods capture similar overall
concentration dynamics across the ensemble of wells of interest.

The discrepancy between median predictions at t > 100 is less than 10%, with NPSAT
predicting higher concentrations before year 45 and lower concentrations than MT3D after
this time. Similarly, the NPSAT model predicts the lower percentiles of breakthrough
curves (i.e., 5th and 25th percentiles) initially at higher concentrations than MT3D but at
lower concentrations than MT3D for t > 50 years (with differences less than 0.5 mg/L).

The relatively largest discrepancies are observed during the initial 10-year simulation
period: NPSAT generates much earlier arrival of nitrate in some wells than MT3D, leading
all concentration percentiles to be several-fold higher in NPSAT over the first one to
two decades. However, absolute differences between NPSAT and MT3D during this early
period are less than 2 mg/L (20% of the MCL concentration for nitrate-N).

For the most critical initial 45-year period, we also compare the percentile break-
through curve results of the two steady-state flow-based transport simulations with those
of the transient flow-based transport model [39]. Overall, the steady-state representations
(both NPSAT and MT3D) overestimate the concentrations obtained from the transient
simulation by as much as 1.7 mg/L for NPSAT and 0.7 mg/L for MT3D (Figure 8). Across
percentiles, similar differences in breakthrough curve dynamics are observed between
NPSAT and MT3D and between steady-state flow and transient flow simulations (Figure 8).
Transient simulations lead to a lower nitrate concentration in wells, with the relative dif-
ference being the largest for the lowest concentration percentile (5th), but with absolute
differences of less than 0.1 mg/L. Differences between the transient and steady-state-flow-
based MT3D simulations have been further discussed by [39]. They are thought to result
from the lack of some dilution effects introduced by the transient flow system (with most
groundwater pumping occurring only during late spring, summer, and early fall).
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Figure 8. Different BTCs’ percentiles for the study area wells using different simulation models.

3.2. Predicting Relative Future Changes

Stakeholders” and decision-makers’ primary use of models as a decision-support
tool involves evaluating future changes in nitrate concentration resulting from alternative
reduced loading scenarios on a regional scale. For the reduced loading scenario tested
here, all three models produced 25% lower nitrate concentrations at the targeted wells,
showing the potential improvement that may be achieved by reducing nitrate loading in
recharge (Figure 9). While the absolute values are different (as described above), the relative
attenuation of nitrate achieved in wells is predicted to be identical between all three models.
Hence, the application of the steady-state flow-based transport simulation is particularly
suitable for predicting relative (rather than absolute) changes in future scenario analyses.
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Figure 9. The median and 90th percentiles of the BTCs at the wells in response to the 25% nitrate
loading reduction (implemented here for the entire simulation period).
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3.3. Depth-Dependent Correlation of NPSAT and MT3D Results

The calculated well concentrations at the end of the simulation period are highly
correlated between NPSAT and MT3D simulations (Figure 10). When considering depth,
we find that the correlation coefficient (Figure 10) is highest at a shallow depth (nearly 1)
but decreases for a larger depth (to about 0.7). Hence, agreement between the two models is
stronger in shallow aquifers and gradually declines through deeper zones. This is the result
of larger differences in travel path length between NPSAT and MT3D as depth increases. It
can also be attributed to the source area of deeper wells often being larger than the source
area of shallow wells due to the often longer screen size [47].
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Figure 10. Correlation coefficient between results of NPSAT and the steady-state flow-based MT3D
at different depth intervals (depth is defined as the distance from water table to the top of the
well screen).

4. Discussion

The differences between the steady-state-flow-based NPSAT and MT3D simulations
result primarily from the different discretization, especially around the well screens (less
than 10 m in NPSAT but 400 m in MT3D) and from differences in accounting for transverse
dispersion—no transverse dispersion in NPSAT and small transverse dispersion in MT3D.
Accounting for transverse dispersion, given the spatial distribution of the source signal and
general shape of the ensemble percentile breakthrough curves, this affects the breakthrough
curve due to the lateral mass exchange between water flow paths. However, since the
source is laterally extensive, the influence of transverse dispersion is thought to be small,
even in high-resolution models. Henri and Harter [47] showed that mixing across the
compliance surface (here: well screen) dominates nitrate breakthrough dynamics relative
to dispersion. The dispersion signal itself is dominated by longitudinal dispersion, with
transverse dispersion contributing much less to the breakthrough dynamics than longitudi-
nal dispersion. Macro-scale transverse dispersion due to aquifer heterogeneity is taken into
account identically between the two approaches, through corresponding parametrization
of the hydraulic conductivity [34,68-70].

The main contribution to the difference between NPSAT and MT3D therefore origi-
nates from differences in discretization. The nearly 2-order-of-magnitude coarser discretiza-
tion around wells in MT3D limits the ability to simulate the converging flow field around
wells. This leads, in MT3D, to narrower and more elongated source areas [23], which in
turn may explain the delay in breakthrough: the finer lateral and vertical discretization
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around well screens in NPSAT would more accurately capture the convergent flow field
around pumping wells and the accelerated downward gradient above the well screen,
creating some shorter flow paths (shorter travel times) near the top of the well screen. Early
travel times of nitrate have been observed, e.g., by [71-73]. In these studies, the residence
time distributions of nitrate particles on the local and sub-regional scales are examined in
the same way as here using analytical and particle tracking numerical models.

Given NPSAT’s higher resolution, longer flow paths (longer travel times) would be
observed, relative to MT3D, at the downstream side of the well screen and near the bottom
of the well screen. The wider range of travel path lengths and, hence, wider spread in
travel time explains the wider range of concentrations in NPSAT. It also suggests that the
NPSAT solution is more accurate than the MT3D solution, due to the finer discretization
and despite the lack of simulating transverse dispersion.

Additionally, transverse dispersivity is very small (1.1 m) compared to the discretiza-
tion in MT3D (400 m). Not only are the effects of transverse dispersivity on this grid scale
very small, they are also numerically difficult to capture without significant numerical
dispersion (numerically induced dispersion). The MT3D solution has limited capacity to
accurately solve very small subgrid-scale transverse dispersion. Heterogeneity-induced,
macro-scale transverse dispersion is captured equally by both models due to the shared
underlying heterogeneous hydraulic conductivity distribution.

While there are small but significant differences between NPSAT and MT3D, and
somewhat more so between NPSAT and the fully transient flow MT3D, all three numerical
approaches provide similar statistical results across the ensemble of wells. In practice, the
differences in the statistical distribution of nitrate concentrations between the three simula-
tion tools appear sufficiently small to argue that any of these approaches would provide
similar orientation to decision-making processes.

Computational Efficiency of the URF-Based Transport Simulator

The study of basin-wide consequences of land use management practices for im-
proving the quality of groundwater resources requires using practical and computational
efficient modeling tools to perform long-term analysis of alternative future scenarios [74,75].
Fully 3D physical-based models have been the scientific standard to simulate groundwater
flow and advective-dispersive transport in groundwater. However, the computational cost
and parameter uncertainty of detailed processes in such models make them “impracticable”
for basin-scale problems [76]. Carle et al. [34] demonstrated that highly heterogeneous
basin-scale transport models can indeed be implemented through the use of advanced,
massively parallel software and hardware architectures, but there are obvious benefits to
attempting to achieve similar or adequate results with simpler and faster models.

A key feature of using a steady-state flow solution to define advection in the transport
equation is that it allows the development of URFs and the use of a convolution to solve
each of many (hundreds, thousands or more) individual spatio-temporally distributed
pollution source loading scenarios at very high computational speed. The total run time
of the land use change scenario in the current work was 90 min for the fully 3D steady
flow-based transient MT3D simulation. The prediction simulation time for the quasi-3D
URF-based streamline model is in the order of a few seconds, a three-order-of-magnitude
speed-up. Hence, the streamline approach offers opportunities for simulating a large
number of individual future loading scenarios after some computational investment into
preparing a high-resolution flow solution. The approach is useful for web-based scenario
simulators and as a decision-support tool.

For management scenarios that examine significant changes in the flow conditions,
e.g., managed aquifer recharge (MAR) projects, both modeling approaches require simu-
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lation of flow and transport. In the 3D ADE approach, it is possible to simulate the flow
changes using a single run, which would correspond to a single contaminant/land use man-
agement scenario, while in the URF-based method, a separate steady-state approximation
would be needed. However, it can be used to simulate multiple contaminant management
scenarios that correspond to similar flow conditions.

5. Conclusions

In this study, we compare two frameworks for the simulation of nonpoint source
(diffuse) pollution in large agricultural groundwater basins: the URF-based streamline
transport framework proposed by [21] was compared with the general 3D advection—
dispersion simulation framework focusing on the breakthrough curves of the nonpoint
source contaminant at discharging wells. We assessed the two major underlying assump-
tions of the URF-based method: (i) groundwater flow is well approximated by steady-state
conditions and (ii) the effect of transverse dispersivity is negligible. The investigation
of these assumptions focused on long-term scenario analysis applications. A fully three-
dimensional transient heterogeneous (at the scale of 400 by 400 m? cells) groundwater
flow and transport model was used as the basis of a comparison of results. In addition,
a steady-state version of the transient model was developed using both the fully 3D ADE
and the URF-based streamline approach. The following conclusions can be drawn from the
work presented:

e  Albeit lacking transverse dispersion, the URF-based method shows very good agree-
ment with the 3D ADE solution, when both are based on a steady-state flow field (max-
imum discrepancies are 10%, observed for the most contaminated fraction of wells).

e  Similarly, the 3D ADE solution based on a significantly coarser grid around wells than
the URF-based framework proposed has an only slightly reduced spread of concentra-
tion percentiles across the ensemble of wells, relative to the URF-based framework.

e  Using the steady-state approximation of the cyclically transient flow field yields similar
disagreements to the 3D-ADE-based solution with the transient flow field, whether
using the 3D-ADE- or the URF-based transport model. The 3D-ADE-based solution
for a steady flow field is closer to that for a transient flow field than the URF-based
solution, possibly due to the lack of difference in the discretization of the flow-field
between the 3-ADE solutions for steady and transient flow.

e  The URF-based transport solution in the case study (evaluation of nitrate BTCs at 3900 wells
over a 45-year simulation period) maintains at least three-order-of-magnitude gains in
computational efficiency for nitrate loading scenario evaluation.

e  The URF-based transport solution is applicable to a wide range of solutes as it retains
the ability to also account for reactive transport of contaminants or tracers subject to
retardation (sorption) and/or first-order degradation.

e  Model agreement was shown to depend on the vertical location of the well screen. The
correlation of the predictions between the models is higher between the URF-based
and 3D ADE models for the shallow wells. For deep wells, differences between travel
path length in the high-resolution, URF-based framework and the lower-resolution 3D
ADE framework lead to smaller spread of travel time in the latter approach.

o  The results suggest that diffusion, transverse dispersion, and cyclical transiency of
the velocity field have relatively small effects on the ensemble statistical outcome
of contaminant concentration across a large group of CSs (wells, stream reaches) in
a region with diverse, contiguous nonpoint sources of evolving strength. The observed
variability of concentration between CSs is predominantly driven by (i) the variability
among source concentrations emitted across the landscape to the water table and
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(ii) the variability across CSs with respect to the number and diversity of sources
mixed into the waters of an individual CS (e.g., within a well screen).

e  We are currently conducting additional research to more rigorously compare the
relative contributions of in-well (within CS) mixing, aquifer heterogeneity (macro-
dispersion), mechanical dispersion, and diffusion to nonpoint source pollutant/solute
transport in aquifer systems (e.g., [44,47]).

o  The efficiency of the URF-based approach makes it appropriate for decision-makers
and stakeholders. However, future research is needed to identify suitable methods
and tools to incorporate the modeling framework into a suitable tool, e.g., web-based
or server applications that can be used by policy makers and planners.

In this paper, we focused on the comparison between the different modeling ap-
proaches for both flow (steady-state versus transient) and transport (quasi-3D without
transverse dispersion versus full = 3D). Future research is needed to compare the predic-
tions of the URF-based approach against measured diffuse pollution such as nitrate and
salinity. In addition, the quasi-3D approach can be validated against measured age tracer
concentrations, another diffuse source of groundwater solute tracers.
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