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W�ã�Ù ¥½Êó through the variably saturated (vadose) 

zone is an important part of the hydrologic cycle 

because it infl uences partitioning of water among various fl ow 

components. Depending on hydrologic, geologic, and soil char-

acteristics, rain and snowmelt are partitioned at the land surface 

into runoff , infi ltration, evapotranspiration (ET), groundwater 

recharge, and vadose zone storage (Fig. 1). Water fl ow in the 

vadose zone especially aff ects the transfer rates between the land 

surface and the groundwater table, which are two key hydro-

logic boundaries. Evaluation of almost any hydrologic process, 

therefore, requires that water fl ow through the vadose zone is 

appropriately taken into account. Modeling of vadose zone fl ow 

processes, however, is a complex and computationally demanding 

task that is often handicapped by the lack of data necessary to 

characterize the hydraulic properties of the subsurface environ-

ment. Consequently, vadose zone fl ow processes have rarely been 

properly represented in hydrologic models (Ward, 2002; Scanlon, 

2002; Keese et al., 2005). For example, models that simulate sur-

face and near-surface hydrology usually oversimplify the impact of 

vadose zone fl ow processes and rarely consider three-dimensional 

regional groundwater fl ow. Similarly, regional-scale groundwater 

models often simplify vadose zone fl ow processes by calculating 

groundwater recharge externally without proper consideration 

of changes in groundwater levels (e.g., Lorenz and Delin, 2007; 

Shah et al., 2007; Uddameri and Kuchanur, 2007). To overcome 

this frequent simplifi cation, there is an urgent need for methods 

that can eff ectively simulate water fl ow through the vadose zone 

in large-scale hydrologic models (Winter et al., 1998). Th is issue 

is especially important for groundwater models.
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In the past, vadose zone processes in groundwater fl ow models were dramaƟ cally simplifi ed (or even neglected) due to 
constraints on computaƟ onal resources. The one-dimensional unsaturated fl ow package HYDRUS, recently developed 
for the groundwater model MODFLOW, was evaluated and compared with other contemporary modeling approaches 
used to characterize vadose zone eff ects in groundwater models. Being fully incorporated into the MODFLOW program, 
the HYDRUS package provides MODFLOW with recharge fl uxes at the water table, while MODFLOW provides HYDRUS with 
the posiƟ on of the groundwater table that is used as the boƩ om boundary condiƟ on in the package. The performance of 
the HYDRUS package was analyzed for three case studies of increasing complexity: (i) a one-dimensional infi ltraƟ on experi-
ment; (ii) a two-dimensional water table recharge experiment; and (iii) a hypotheƟ cal regional-scale groundwater fl ow 
problem. The computaƟ onal need and modeling effi  ciency of the HYDRUS package was compared with other relevant 
MODFLOW packages (VSF, UZF1, and REC-ET). For smaller scale problems (up to two dimensions), the VSF process and 
the HYDRUS and UZF1 packages performed comparably well in terms of modeling effi  ciency and simulaƟ on Ɵ mes. 
Because of the high computaƟ onal demand, it was not feasible to use the VSF process on a typical personal computer 
for the hypotheƟ cal large-scale groundwater problem. The HYDRUS package provided a much more effi  cient alterna-
Ɵ ve to VSF for this large-scale groundwater problem and could beƩ er account for vadose zone processes than the UZF1 
and REC-ET packages. For large-scale groundwater problems, the HYDRUS package provides an opƟ mal tradeoff  between 
computaƟ onal eff ort and accuracy of model simulaƟ ons for coupled vadose zone–groundwater problems.

F®¦. 1. A schemaƟ c showing the processes (including the key 
vadose zone processes) aff ecƟ ng subsurface hydrology.
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Most traditional attempts at characterizing vadose zone 

fl ow processes in groundwater models follow the water budget 

or “residual” approach (Scanlon, 2002). Water budget methods 

are based on the water budget equation. Th e water budget equa-

tion is a mathematical representation of the fact that all water 

arriving at the water table leaves the system as groundwater fl ow, 

is discharged through sinks such as surface water bodies, is evapo-

transpirated, or is retained as storage (Scanlon, 2002). One may 

indirectly estimate the water table recharge from the water budget 

equation by measuring or estimating all other components in the 

water budget. An example of the water budget approach is the use 

of the Recharge and Evapotranspiration (REC-ET) packages in 

MODFLOW (Harbaugh et al., 2000), a modular three-dimen-

sional fi nite-diff erence groundwater fl ow model. MODFLOW 

was developed by the U.S. Geological Survey and is one of the 

most widely used groundwater fl ow models. It is obvious that 

the REC-ET package tends to oversimplify and underestimate 

the eff ects of vadose zone fl ow on groundwater. In spite of its 

widespread use, the REC-ET approach suff ers from the following 

major limitations: (i) the method is not reliable for deeper water 

tables; and (ii) the applicability of this approach is questionable 

for arid and semiarid regions where soil capillary pressures play a 

dominant role in vadose zone fl ow (Gee and Hillel, 1988; Lerner 

et al., 1990; Hendrickx and Walker, 1997).

A more promising approach to properly represent vadose 

zone fl ow processes in groundwater models involves coupling 

groundwater and vadose zone models. A coupled model simulates 

the eff ects of near-surface hydrologic processes on groundwater 

fl ow by linking a groundwater model with a selected vadose zone 

model in space and time. Th e majority of currently available 

vadose zone models are based on either the Richards equation 

(Richards, 1931) or the kinematic wave equation (Colbeck, 1972; 

Smith, 1983; Smith and Hebbert, 1983). While the Richards 

equation considers fl ow due to both capillary and gravity forces, 

the kinematic wave equation neglects capillarity and consid-

ers only gravity. In coupled models, the groundwater recharge 

is calculated internally in the model based on existing surface 

hydrologic conditions and water table levels. By simultaneously 

considering surface meteorological conditions, water table levels, 

and the hydraulic properties of the vadose zone, coupled models 

represent reality better than traditional approaches such as the 

REC-ET package; however, evaluation of interactions between 

the near-surface and groundwater fl ow processes using coupled 

models has been a desirable but diffi  cult goal.

It is desirable to develop MODFLOW packages other than 

REC-ET that would better account for processes in the vadose 

zone. By combining these packages with MODFLOW, not only 

can the vast groundwater modeling capabilities of MODFLOW 

be harnessed, but these new numerical packages can be quickly 

distributed among the large number of MODFLOW users. Th e 

virtues of a coupled vadose zone–groundwater model should be 

evaluated based on the following criteria: (i) accuracy in repre-

sentation of the physical processes that drive vadose zone fl ow, 

(ii) usability for diff erent groundwater modeling scenarios, (iii) 

applicability to diff erent spatial and temporal scales, i.e., from lab 

or fi eld to regional spatial scales and from hourly to decadal tem-

poral scales, and (iv) applicability to diff erent meteorological and 

climactic conditions, such as humid, arid, and semiarid regions. 

Th ree MODFLOW packages accounting for processes in the 

vadose zone have been recently developed: the Variably Saturated 

Flow (VSF) process (Thoms et al., 2006), the Unsaturated 

Zone Flow (UZF1) package (Niswonger et al., 2006), and the 

HYDRUS package (Seo et al., 2007). Table 1 lists the strengths 

and weaknesses of selected currently available approaches that 

incorporate vadose zone fl ow into MODFLOW. It may be noted 

that all currently available coupled modeling techniques have 

some weaknesses and some strengths.

Among the available packages for MODFLOW, the VSF 

process most robustly represents the vadose zone processes, as it 

can consider all major variably saturated fl ow processes as well 

as their three dimensionality. Th e thorough consideration of the 

vadose zone fl ow processes in the VSF process, however, makes it 

computationally very demanding. On the other hand, the UZF1 

and REC-ET packages radically simplify vadose zone processes. 

As a result, these packages are computationally effi  cient but may 

T��½� 1. A comparison of the Recharge–EvapotranspiraƟ on (REC-ET), Unsaturated Zone Flow (UZF1), and Variably Saturated Flow (VSF) 
packages for MODFLOW that incorporate the eff ects of water fl ow in the vadose zone.

CharacterisƟ c REC-ET UZF1 VSF HYDRUS
DescripƟ on of vadose zone 

processes
water balance at the land 

surface
one-dimensional kinemaƟ c 

wave equaƟ on
three-dimensional Richards 

equaƟ on
one-dimensional Richards 

equaƟ on
CharacterizaƟ on of vadose 

zone fl ow processes
poor beƩ er best beƩ er than UZF1, not as good 

as VSF
Vadose zone fl ow modeling 

capabiliƟ es
REC and ET only ET, root water uptake, and 

infi ltraƟ on
ET, root water uptake, 

surface ponding, and 
infi ltraƟ on

many capabiliƟ es as available 
in HYDRUS-1D

Applicability across larger 
spaƟ al domains

yes yes diffi  cult due to computaƟ onal 
eff ort

yes

ComputaƟ onal eff ort low moderate very high moderate
Range of groundwater 

modeling scenarios
large† large† large† large†

Applicability to arid and 
semiarid areas

not very applicable; needs 
extensive calibraƟ on

very applicable for deep 
water tables, less 
applicable for shallow 
water tables where 
capillary rise may become 
a signifi cant process

highly applicable highly applicable

† Since it is based on MODFLOW.
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not necessarily provide an accurate characterization of vadose 

zone fl ow processes.

Th e objective of this study was to briefl y review the afore-

mentioned approaches (i.e., the VSF process and the UZF1 

and REC-ET packages) used to account for vadose zone fl ow 

in MODFLOW and then to compare them, using case stud-

ies of increasing complexity, with the HYDRUS package. Th e 

HYDRUS package for MODFLOW was developed to provide 

a balance between computational effi  ciency and accuracy. Being 

one dimensional, the HYDRUS package signifi cantly simplifi es 

the calculations but cannot consider water fl ow in the vadose 

zone in multiple dimensions.

It is important to note that when calibrated against collected 

fi eld data, one may expect the REC-ET and UZF1 packages 

to perform relatively well for many practical applications. Th is 

study looked only at how accurately these approaches (i.e., VSF, 

HYDRUS, UZF1, and REC-ET) perform relative to each other 

when fi eld-estimated soil hydraulic parameters or their literature 

values are given. Calibration, which is not considered here, may 

lead to estimates of soil hydraulic parameters that do not always 

correspond to fi eld-estimated values.

MODFLOW Packages Accoun  ng for Vadose 
Zone Processes

The Recharge–EvapotranspiraƟ on Package

Th e Recharge (REC) and Evapotranspiration (ET) packages 

can be used together to provide a simplistic characterization of 

vadose zone processes in MODFLOW. Th e REC package is used 

to simulate a specifi ed downward recharge fl ux across the top of 

the model domain. Th e recharge fl ux can be varied spatially and 

with time. To estimate the volumetric fl ow rates at the water table, 

these fl uxes are simply multiplied by the horizontal area of the 

cells. Th e REC package is a simplifi ed representation of vadose 

zone fl ow and does not consider vadose zone fl ow processes such 

as storage and runoff . Th e ET package in MODFLOW is used to 

simulate the discharge of water to evaporation and transpiration. 

In the ET package, a maximum evapotranspiration rate is sup-

plied to the model as a function of space and time. To consider 

the infl uence of the groundwater depth on evapotranspiration 

rates, the ET package uses a user-defi ned extinction depth. While 

the ET package may be simple to use and understand, it may 

tend to oversimplify the impact of vadose zone processes. Also, 

the necessity to supply several rather empirical parameters (e.g., 

the extinction depth and maximum evapotranspiration rates) 

increases the uncertainty of modeling results.

The Variably Saturated Flow Process

Incorporating the numerical solution of the three-dimen-

sional Richards equation into the groundwater fl ow model is the 

most accurate way to represent the complex nature of physical 

processes in the unsaturated part of the subsurface. An example 

of such an approach is the VSF process (Th oms et al., 2006) for 

MODFLOW. Th e VSF process solves the three-dimensional form 

of the Richards equation for the entire MODFLOW domain. 

In the VSF process, the fi nite-diff erence MODFLOW domain 

is expanded to include the variably saturated zone, and the 

“mixed form” of the Richards equation is used as the governing 

equation. Th e VSF process thus off ers more rigorous but much 

more computationally demanding treatment of water fl ow in 

both the unsaturated and saturated zones. Th e large computa-

tional demand stems from the fact that the numerical solution 

of the Richards equation requires much fi ner discretization of 

three spatial dimensions and smaller time steps than traditional 

groundwater models. Th is seriously limits the applicability of 

the VSF process for regional-scale groundwater fl ow problems 

(domains >100 km2) (Th oms et al., 2006).

The Unsaturated Zone Flow Package

A number of researchers (e.g., Pikul et al., 1974; Refsgaard 

and Storm, 1995; Niswonger et al., 2006) have proposed a sim-

pler methodology that signifi cantly decreases the computational 

demand without greatly compromising the effi  ciency of the 

coupled modeling approach. Th e proposed approach involves 

coupling a one-dimensional vadose zone fl ow model with a three-

dimensional groundwater fl ow model (such as MODFLOW). 

Pikul et al. (1974) and Niswonger et al. (2006) noted that this 

approach probably provides the most efficient solution for 

groundwater fl ow models, especially for large-scale applications. 

Th is approach, i.e., consideration of only one-dimensional vertical 

fl ow in the unsaturated zone and fully three-dimensional ground-

water fl ow, has been used, for example, in the MIKE SHE model 

(Refsgaard and Storm, 1995) and the UZF1 package (Niswonger 

et al., 2006) for MODFLOW.

Th e UZF1 package couples a vadose zone fl ow model based 

on the numerical solution of the one-dimensional kinematic 

wave equation with MODFLOW. Unlike the Richards equation, 

which considers both gravity and capillarity as driving forces for 

fl ow in the vadose zone, the kinematic wave equation considers 

only gravity-driven fl ow. Th e model, based on the kinematic wave 

equation, relates water fl uxes directly to the degree of saturation. 

Th e Brooks and Corey model (Brooks and Corey, 1964), one of 

the commonly used models relating the moisture content, θ, to 

the unsaturated hydraulic conductivity, K(θ), (and the fl ux, q), is 

used in the UZF1 package:

( ) r
s

s r

ε⎛ ⎞θ−θ ⎟⎜ ⎟= θ = ⎜ ⎟⎜ ⎟⎜ θ −θ⎝ ⎠
q K K  [1]

where q is the water flux [L T−1], K(θ) is the unsaturated 

hydraulic conductivity [L T−1] expressed as a function of the 

water content θ (dimensionless), Ks is the saturated hydraulic 

conductivity (L T−1), ε is the Brooks–Corey exponent (dimen-

sionless), and θs and θr are the saturated (porosity) and residual 

water contents (dimensionless), respectively. Th e UZF1 package 

considers evaporation and root water uptake (transpiration) by 

assuming that the water loss occurs instantaneously in the soil 

profi le between the soil surface and a user-specifi ed depth called 

the ET extinction depth (see Fig. 1).

Application of the kinematic wave equation for vadose 

zone modeling has its own advantages and disadvantages. Many 

researchers have debated whether or not variably saturated fl ow 

can be treated using the kinematic wave approach (e.g., Singh, 

2002). Th e applicability of the kinematic wave equation (such as 

in the UZF1 package) to simulate vadose zone fl ow depends in 

large part on the soil hydraulic properties, climatic conditions, and 

the depth to the groundwater table. Th e UZF1 package requires 

that the unsaturated zone is homogeneous, which can signifi -

cantly limit applicability of the package. While in coarse-textured 
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soils, deep vadose zone profi les, or humid climates gravity usually 

dominates fl ow in the unsaturated zone and thus the kinematic 

wave approach is applicable, in fi ne-textured soils, profi les with 

shallow groundwater levels, or arid climates, neglecting capillary 

forces may lead to signifi cant errors. Under such conditions, the 

kinematic wave equation may fail to describe the dominant fl ow 

processes. Th e UZF1 package can thus be applied mainly in situ-

ations where gravity-dominated water fl ow occurs.

The HYDRUS Package

Th e HYDRUS package (Seo et al., 2007) was developed for 

the MODFLOW-2000 (Harbaugh et al., 2000) environment 

to combine extensive modeling capabilities of both HYDRUS 

and MODFLOW. Th e HYDRUS package incorporates into 

the MODFLOW suite a vadose zone fl ow model based on the 

one-dimensional Richards equation. Th e package was developed 

to consider the eff ects of precipitation, infi ltration, evaporation, 

plant water uptake, soil moisture storage, and water accumula-

tion at the ground surface and in the vadose zone. It is based 

on the HYDRUS-1D program (Šimůnek et al., 2005, 2008), 

which simulates one-dimensional water movement in the vari-

ably saturated zone.

In the coupled HYDRUS–MODFLOW system, vadose zone 

and groundwater fl ows are modeled using two separate governing 

equations. Similarly to the UZF1 package, groundwater fl ow in 

MODFLOW is modeled by solving the following mass-conserva-

tion equation using a fi nite-diff erence approximation:

s

x y z

h h h
K K K W

x x y y z z

h
S

t

⎛ ⎞⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂⎟⎜⎟ ⎟⎜ ⎜⎟+ + −⎜⎟ ⎟⎜ ⎜⎟⎟ ⎟⎜ ⎜⎜ ⎟⎜⎝ ⎠ ⎝ ⎠∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠
∂

=
∂

 [2]

where Kx, Ky, and Kz are hydraulic conductivities [L T−1] in the 

direction of the x, y, and z coordinates, respectively; h is the pres-

sure head [L], W is the volumetric fl ux per unit volume through 

sources or sinks [T−1], Ss is the specifi c storage of the porous 

material [L−1], and t is time [T].

In the HYDRUS package, vadose zone water fl ow is described 

mathematically using the modifi ed Richards equation:

( ) ( )
h

K h K h S
t z z

⎡ ⎤∂θ ∂ ∂
= − −⎢ ⎥

⎢ ⎥∂ ∂ ∂⎣ ⎦
 [3]

where θ is the volumetric water content (dimensionless), h is the 

soil water pressure head [L], t is time [T], z is the vertical coor-

dinate [L], S is the sink term usually accounting for root water 

uptake [T−1], and K(h) is the unsaturated hydraulic conductivity 

[L T−1] as a function of h or θ. Note that the Richards equation 

is highly nonlinear due to the dependence of the unsaturated 

hydraulic conductivity, K(h), and the water content, θ(h), on the 

capillary pressure head, h. Th e two most widely used approaches 

representing these nonlinear relationships are the Brooks and 

Corey (Brooks and Corey, 1964) and van Genuchten–Mualem 

(van Genuchten, 1980) models. Both models are available in the 

HYDRUS package.

Th e computer program HYDRUS-1D (Šimůnek et al., 2005) 

was adapted and simplifi ed for the HYDRUS package. Th e sim-

plifi cation involved removal of subroutines simulating solute 

and heat transport, hysteresis in the soil hydraulic functions, and 

boundary conditions that were irrelevant for the coupled model. 

Th e fi nal HYDRUS package thus simulates only one-dimen-

sional water movement in variably saturated porous media. Th e 

Galerkin-type linear fi nite-element scheme is used in HYDRUS 

to numerically solve the Richards equation.

Water uptake by plant roots has a great eff ect on water in 

the root zone. Root water uptake is represented in HYDRUS as 

an extraction or sink term, S(h), that distributes the potential 

transpiration across the root zone. Feddes et al. (1978) described 

the sink term as

( ) ( ) pS h h S=α  [4]

suggesting that the root extraction, S, depends on the pressure 

head, h, the potential root water uptake rate, Sp [T−1], and the 

stress response function α(h), which characterizes plant response 

to water stresses.

Th e HYDRUS package for MODFLOW, similarly to the 

UZF1 and REC-ET packages, does not take into account subsur-

face runoff  because of the one-dimensional nature of the package. 

Th e impact of subsurface runoff  needs to be considered indepen-

dently when these packages for MODFLOW are used. On the 

other hand, the HYDRUS package can consider surface runoff . 

Th e HYDRUS package for MODFLOW has an option wherein any 

excess water on the soil surface can either accumulate there or be 

immediately removed by surface runoff  (Šimůnek et al., 2005).

SpaƟ al DiscreƟ zaƟ on

Th e effi  ciency of a coupled vadose zone–groundwater model 

depends to a large extent on how these two submodels inter-

act with each other in space and time. Th e MODFLOW model 

uses the fi nite-diff erence approximation of the mass conservation 

equation to simulate groundwater fl ow. Th e groundwater model-

ing domain for MODFLOW is discretized into grids or blocks as 

described in Harbaugh et al. (2000) and the number of vadose 

zone profi les may be as large as the number of rows and columns 

of this fi nite-diff erence grid. Based on similarities in soil hydrol-

ogy, topographical characteristics, and depth to groundwater, 

the discretized MODFLOW domain can be divided into zones, 

which comprise one or more cells of the MODFLOW model (Fig. 

2). One HYDRUS soil profi le is then assigned to each of these 

F®¦. 2. A discreƟ zed aquifer system in MODFLOW and two associ-
ated HYDRUS soil profi les. One HYDRUS soil profi le is assigned to 
each MODFLOW zone. Note that the discreƟ zaƟ on of HYDRUS soil 
profi les is much fi ner than that of the MODFLOW domain.
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zones (Fig. 2). It is assumed that the HYDRUS 

soil profi le adequately represents vadose zone fl ow 

for the entire zone.

Created vertical soil profiles are then dis-

cretized vertically into finite elements. The 

fi nite-element mesh is constructed by splitting 

the soil profi le into one-dimensional elements 

that are connected to each other at nodal points. 

Once the fi nite elements are constructed, they 

may not be changed during the simulation. Care 

should therefore be taken to ensure that the depth 

of the soil profi le extends from the soil surface 

to the deepest possible water table that may be 

expected during the simulation. To ensure con-

vergence of the numerical solution, fi nite-element 

dimensions should be relatively small at locations 

where sharp pressure head gradients are expected. 

Such smaller elements are usually needed close to 

the soil surface where meteorological factors can 

cause rapid changes in water content and pressure 

head gradients, and at interfaces between diff er-

ent soil horizons. Soil texture also needs to be 

considered during the discretization process. For 

example, coarse-textured soils generally require 

fi ner discretization than fi ne-textured soils due 

to the higher nonlinearity of their soil hydrau-

lic properties. Once the spatial discretization of 

the soil profi le is performed, the distribution of 

diff erent soil materials in the profi le needs to be 

described (Fig. 2) (Seo et al., 2007).

Time DiscreƟ zaƟ on

Th e computational effi  ciency of the coupled 

HYDRUS–MODFLOW system is enhanced by 

simulating vadose zone and groundwater fl ows 

at their own, often diff erent, time steps. Th is 

is needed because a proper treatment of the 

Richards equation requires smaller time steps than those usually 

used in MODFLOW simulations. Figure 3 describes the cou-

pling procedure used in the HYDRUS package. Th e two models 

(HYDRUS and MODFLOW) interact, i.e., exchange informa-

tion about the groundwater recharge and the groundwater level, 

only at the end of each MODFLOW time step, during which 

HYDRUS may perform multiple time steps to simulate unsatu-

rated zone fl ow. MODFLOW receives the recharge fl ux from 

HYDRUS and calculates a new water table depth for the next 

time step. A new water table depth is calculated and assigned as 

the pressure head bottom boundary condition in the HYDRUS 

package for the next MODFLOW time step. Th e iteration proce-

dure in the HYDRUS package is similar to that described in the 

HYDRUS-1D manual (Šimůnek et al., 2005). See this reference 

and Seo et al. (2007) for more details.

Case Studies
Th e performance of the HYDRUS package was analyzed 

and compared with other vadose zone fl ow packages in three case 

studies: (i) the Las Cruces one-dimensional infi ltration experi-

ment (Wierenga et al., 1991), (ii) the two-dimensional water table 

recharge experiment (Vauclin et al., 1979), and (iii) a hypothetical 

regional-scale groundwater fl ow problem. While the HYDRUS, 

UZF1, and VSF packages were used in the fi rst case study, only 

the HYDRUS and UZF1 packages were applied in the second 

case study since results for the VSF process for this application 

can be found in the literature. Finally, the REC-ET, UZF1, and 

HYDRUS packages were used in the third case study.

Th e one-dimensional Las Cruces infi ltration experiment of 

Wierenga et al. (1991) was used fi rst to evaluate the eff ectiveness 

of the HYDRUS, VSF, and UZF1 packages to simulate fl ow 

in the vadose zone without considering groundwater fl ow. Th e 

water table recharge experiment of Vauclin et al. (1979) was then 

used to evaluate whether a combination of a one-dimensional 

vadose zone module with a groundwater model can approximate 

this obviously two-dimensional problem. Finally, a complex 

regional-scale groundwater fl ow problem was used to evaluate 

the eff ectiveness of diff erent vadose zone packages in accounting 

for various processes in the vadose zone.

Case Study 1: One-Dimensional Infi ltraƟ on Experiment

Th e fi rst case study involved the one-dimensional infi ltration 

experiment at the Las Cruces trench site (Wierenga et al., 1991). 

Th e experiment involved a comprehensive fi eld study, conducted 

F®¦. 3. Flowchart describing the coupled modeling approach used in the HYDRUS pack-
age for MODFLOW: (a) steps shown in gray correspond to the treatment of variably 
saturated water fl ow (i, stress period; j, Ɵ me step; k, soil profi le number; nt, number of 
Ɵ me steps; ns; number of stress periods; np, number of HYDRUS profi les); (b) calcula-
Ɵ ons carried out by the HYDRUS package during one MODFLOW Ɵ me step.
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in southern New Mexico, the primary purpose of which was to 

develop a data set for validating and testing numerical models. 

For this purpose, the study site was heavily instrumented with 

neutron probes, tensiometers, and solute samplers for measur-

ing water contents, pressure heads, and solute concentrations 

(Wierenga et al., 1991), respectively. More than 500 soil samples 

(undisturbed and disturbed) were taken at the experimental site 

and analyzed in the laboratory for bulk density and to fi nd the 

saturated hydraulic conductivity and the soil water retention 

curve. Th e infi ltration study involved application of water to a 

4-m-wide area using closely spaced drips with an average surface 

fl ux of 1.82 cm d−1 for 86 d of the experiment. To reduce the 

disruption of the experimental conditions by rain and evapora-

tion, the irrigated area and its surroundings were covered by a 

pond liner.

Wierenga et al. (1991) performed a one-dimensional simula-

tion of the infi ltration experiment using a numerical model based 

on the fi nite-diff erence approximation of the Richards equation. 

Th ey considered a uniform soil profi le with an equivalent satu-

rated hydraulic conductivity Ks of 270.1 cm d−1. Th e RETC code 

(van Genuchten et al., 1991) was used to analyze the retention 

curve data for undisturbed and disturbed soils (>500 soil samples), 

resulting in the following retention curve parameter values (van 

Genuchten, 1980): θs = 0.321, θr = 0.083, α = 0.055 cm−1, and 

n = 1.51. Th ese values were then used by the HYDRUS package 

and VSF process. A zero extinction depth was used in the UZF1 

package, as no evaporation losses were considered. Morel-Seytoux 

et al. (1996) developed equations describing the parameter equiv-

alence between the Brooks–Corey exponent and van Genuchten 

parameters. From these equations, the Brooks–Corey exponent 

for the UZF1 package was estimated to be 6.92.

Th e one-dimensional simulation of the infi ltration experi-

ment was performed using MODFLOW with the HYDRUS, VSF, 

and UZF1 packages. Th e fi nite diff erence mesh for MODFLOW 

consisted of a one-cell grid. Initial pressure heads (hi = −100 cm) 

in the soil profi le were the same as those used by Wierenga et 

al. (1991). While a constant water fl ux was used as the upper 

boundary condition (q0 = 1.82 cm d−1), free 

drainage was considered at the lower bound-

ary. Th e implicit assumption in this boundary 

condition is that the groundwater table is deep 

enough so that it does not aff ect fl ow in the soil 

profi le. Th e initial and boundary conditions in 

terms of the water content, θ(z, t), are described 

as follows:

( ) ( ) ( )[ ]init init,0z z h zθ = θ = θ  [5a]

( ) 10, 1.82 cm dq z t −= =  [5b]

( ) ( )init,b t bθ = θ  [5c]

where b is the depth of the soil profi le, which 

must be large enough so that the wetting front 

does not aff ect the water content at the bottom 

of the soil profi le during the simulation, θinit(z) 

and hinit(z) are initial water contents and pres-

sure heads at depth z, respectively. A soil profi le depth of 600 cm 

was used and the simulation was run for 35 d.

Experimental results of the Las Cruces trench infi ltration 

experiment (Wierenga et al., 1991) are compared with results 

simulated using the HYDRUS, VSF, and UZF1 packages in Fig. 

4. Figure 4 shows the soil water content profi les for diff erent days 

of the experiment and compares model predictions of the VSF, 

UZF1, and HYDRUS packages with the experimental data. As 

expected, the HYDRUS package and the VSF process performed 

similarly as they both solve the same Richards equation for 

one-dimensional problems. Th e UZF1 package only slightly over-

predicted water contents behind the wetting front. A comparison 

of the time needed for the simulations by the VSF process and 

the UZF1 and HYDRUS packages was done. It was noted that 

the computational demand of the VSF, UZF1, and HYDRUS 

packages was similar for the one-dimensional case study.

Th e UZF1, HYDRUS, and VSF packages provided simi-

lar results for this one-dimensional infi ltration experiment and 

needed comparable computational times.

Case Study 2: Two-Dimensional Water Table Recharge Experiment

Th e HYDRUS and UZF1 packages were used to model the 

two-dimensional transient water table experiment of Vauclin et 

al. (1979). Th e same data set was used previously by Th oms et 

al. (2006) to evaluate the VSF process. See these references for 

their results.

Th e experimental setup consisted of a 6.0- by 2.0-m box 

containing sandy soil. Th e initial water table elevation was 0.65 m 

from the bottom. A constant fl ux of q = 3.55 m d−1 was applied 

across the center 1.0 m of the soil surface while the rest of the 

surface was covered to prevent evaporation. Due to the symmetry 

of the experiment, only one half of the experiment was mod-

eled and the model domain was thus 3.0 by 2.0 m. Th e initial 

total head was set equal to 0.65 and the right boundary cells 

were constrained to the initial water table position throughout 

the 8-h simulation. Th e grid was discretized into uniform cells 

of 0.1-m width and 0.05-m depth. For comparison purposes, 

F®¦. 4. A comparison of measured water contents and corresponding esƟ mates calcu-
lated using the HYDRUS, Variably Saturated Flow (VSF), and Unsaturated Zone Flow 
(UZF1) packages for (a) Day 19 and (b) Day 35 for the Las Cruces trench experiment (data 
from Wierenga et al., 1991).
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simulations were performed using the exact setup described in 

the documentation of the VSF process. Only two soil profi les 

representing the soil directly below the recharge zone and the 

rest of the transport domain were used in calculations with the 

HYDRUS and UZF1 packages. Th e saturated hydraulic conductiv-

ity of 840 cm d−1 was used. Th e initial and boundary conditions 

are described as follows:

Domain

0 3 m,  0 2 m,  0 8 h

0.1 m,  0.05 m,  1 min

x z t

x z t

≤ ≤ ≤ ≤ ≤ ≤

Δ = Δ = Δ =
Initial condition

( ), ,0 0.65  [in meters]h x z z= −  [6]

Boundary condition

( )

( )

( )

( )

1

1

1

0 0.5,2, 3.55 m d

0.5,0, 0.00 m d

0, , 0.00 m d

3, , 0.65

q x t

q x t

q z t

h z t z

−

−

−

≤ ≤ =

> =

=

= −

where q(x,z,t) is the fl ux at spatial coordinates x and z at time t. 
Th e Brooks–Corey exponent ε was set equal to 6.37 in the UZF1 

model, based on the estimate from Carsel and Parrish (1988). A 

zero ET extinction depth was assumed, as the experiment was 

designed to minimize all evaporative losses. Th e HYDRUS pack-

age used retention curve parameters similar to those used for the 

VSF process (Th oms et al., 2006; Vauclin et al., 1979), i.e., θs = 

0.30, θr = 0.01, α = 0.033 cm−1, and n = 4.1.

Figure 5 compares water tables simulated using the HYDRUS 

and UZF1 packages with the experimental data. One may also 

compare the performance of the VSF process by referring to 

Th oms et al. (2006). Water tables calculated using the HYDRUS 

package are similar to those simulated using the VSF process 

even though the numerical solution of the Richards equation in 

the HYDRUS package is limited to only the vertical direction. It 

was observed that the one-dimensional nature of the vadose zone 

modeling used in the HYDRUS package did not signifi cantly 

aff ect the correspondence of simulated results with experimen-

tal data. Note that while only vertical fl ow was allowed in the 

vadose zone, horizontal fl ow below the water table redistributed 

recharged water and resulted in smooth water tables; however, a 

comparison of results calculated with the UZF1 package (Fig. 

5b) with those obtained using the VSF and HYDRUS packages 

shows that the UZF1 package marginally underestimated the 

depth of the water table. Th is may be attributed to the kinematic 

wave approximation used in the UZF1. Also, the uncertainty in 

soil hydraulic parameters may be responsible for the diff erences. 

Th e underprediction of the water table depth by the UZF1 pack-

age is relatively larger at later times (i.e., 8 h). Th e calibrated 

UZF1 package would probably provide similar results to those 

by HYDRUS and VSF.

A comparison of computational times needed for the VSF, 

HYDRUS, and UZF1 showed that the UZF1 package required 

the least computational eff ort, followed by HYDRUS and VSF. 

Simulation times required by the HYDRUS and UZF packages were, 

however, signifi cantly smaller than required by the VSF process.

It can be concluded that for small-scale groundwater prob-

lems (up to two dimensions, such as in Case Studies 1 and 2) 

with downward fl ow in the vadose zone, the UZF1 package has 

accuracy similar to the HYDRUS package and the VSF process, 

at least for certain cases such as those considered here. Th e third 

case study was designed to test the performance of the HYDRUS 

package for a regional-scale groundwater fl ow problem.

Case Study 3: HypotheƟ cal Regional-Scale Groundwater Problem

Th e third case study involved a hypothetical large-scale 

groundwater fl ow problem in a semiarid to arid region. Th e 

geometry of the modeling domain (Fig. 6) was based on the 

test example described in Prudic et al. (2004) and Niswonger et 

al. (2006). In this case study, we compared the eff ectiveness of 

the REC-ET, UZF1, and HYDRUS packages in characterizing 

vadose zone processes at a regional scale. Th e VSF process was 

not used here because of its extraordinary computational demand 

(Th oms et al., 2006) for such large-scale applications.

Th e model domain was designed to represent an alluvial basin 

with loamy soils. Figure 6 shows the model domain and other key 

characteristics for this hypothetical regional-scale groundwater 

fl ow problem. Th e fl ow domain was divided into uniform grids 

of 1524- by 1524-m size. Two cells were assigned a general head 

boundary condition to simulate head-dependent fl ux boundaries 

to allow fl ow in and out of the system. At the head-dependent 

F®¦. 5. A comparison of water table posiƟ ons calculated using the 
(a) HYDRUS and (b) Unsaturated Zone Flow (UZF1) packages with 
the experimental data of Vauclin et al. (1979).
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fl ux boundary, water enters the model domain if the head in the 

cell is less than a certain user-defi ned reference head and leaves 

the model domain otherwise. Th e alluvium valley aquifer was 

assumed to have greater hydraulic conductivity than the upland 

areas. Figure 7 shows surface elevations, bedrock depth, and initial 

water table depths in the study area. Th e geologic settings were 

varied spatially to present a complex three-dimensional case.

Th e modeling time was divided into 12 equal stress periods, 

each of which lasted 30.42 d. Except for the fi rst stress period, 

they were modeled in MODFLOW in the transient mode with 

15 time steps for each stress period. Th e fi rst stress period was 

modeled as steady state. Th e meteorological conditions were 

assigned to represent a semiarid climate where potential evapo-

ration rates are substantially higher than precipitation rates. Such 

meteorological settings require consideration of both downward 

and upward water fl uxes in the soil profi le and provide, therefore, 

a good case study to compare the HYDRUS package to the UZF1 

package. While Table 2 provides the base precipitation, potential 

evaporation, and well pumping rates for the 12 stress periods, 

Fig. 8 shows precipitation rate factors that were used to vary 

precipitation rates throughout the fl ow domain. While diff erent 

precipitation rates were assigned for each stress period, the spatial 

distribution of precipitation rates was considered to be the same 

for all stress periods.

We assumed that the vadose zone consisted of loamy soils 

throughout the model domain. Th e following Brooks–Corey 

(Brooks and Corey, 1964) model parameters were used in the 

UZF1 package, as suggested for loam by Carsel and Parrish 

(1988): θs = 0.30, θr = 0.00, Ks = 3 × 10−5 cm s−1, inverse of the 

air entry pressure α = 0.0897 cm−1, the pore size distribution 

index n = 0.22, and the pore-connectivity parameter l = 1. An ET 

extinction depth of 2.65 m (Shah et al., 2007) was used and the 

Brooks–Corey exponent, ε, was calculated to be 12.09.

The HYDRUS package offers a variety of models for 

characterizing the water retention and unsaturated hydraulic 

F®¦. 6. Model domain, spaƟ al distribuƟ on of hydraulic conducƟ viƟ es 
and specifi c yields, wells (red circles), and general head boundaries 
for the hypotheƟ cal regional-scale groundwater fl ow problem.

F®¦. 7. (a) Land surface elevaƟ on, (b) depth to bedrock, and (c) 
water table depth at the beginning of the simulaƟ on for the hypo-
theƟ cal regional-scale groundwater fl ow problem.

T��½� 2. PrecipitaƟ on, potenƟ al evaporaƟ on, and pumping rates 
for a hypotheƟ cal regional-scale groundwater fl ow problem.

Stress period PrecipitaƟ on rate Pumping rate
PotenƟ al 

evaporaƟ on rate

mm d−1 m3 s−1 mm d−1

1 0.03 −0.06 1.32
2 0.21 −0.06 1.32
3 0.26 −0.03 1.32
4 0.53 −0.03 1.32
5 0.13 −0.08 1.32
6 0.26 0.00 1.32
7 0.08 −0.06 1.32
8 0.13 0.00 1.32
9 0.08 −0.03 1.32
10 0.05 0.00 1.32
11 0.03 −0.08 1.32
12 0.03 0.00 1.32
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conductivity of the soil. Th e van Genuchten–Mualem model 

(van Genuchten, 1980) was used in the HYDRUS package to 

represent the unsaturated hydraulic conductivity and water con-

tent dependency on the capillary pressure. As suggested by Carsel 

and Parrish (1988), the following van Genuchten parameters for 

loam were used: θs = 0.30, θr = 0.00, Ks = 3 × 10−5 cm s−1, α = 

0.036 cm−1, n = 1.56, and l = 0.5.

For both HYDRUS and UZF1 packages, it was essential to 

fi rst create zones that represented relatively homogeneous units 

with similar soil and hydrogeologic properties so that one soil pro-

fi le could be assigned to each zone. To create the zones, the fuzzy 

c-means clustering algorithm of Dunn (1973) was used. Th e fuzzy 

c-means algorithm is a method of clustering that allows one piece 

of data to be split into a user-defi ned number of clusters such that 

the data points in each cluster are as similar as possible. Th e fuzzy 

c-means method was used independently of the MODFLOW–

HYDRUS environment as it is not a part of it. Th e zones were 

created based on surface elevations, hydraulic conductivities, 

initial water table heads, and locations of cells. Th e number of 

clusters was chosen to be 20 since additional clusters did not sig-

nifi cantly improve uniformity within each cluster (MODFLOW 

zone). Figure 9 shows the zones used in the HYDRUS package 

for the hypothetical vadose zone–aquifer interaction problem. Th e 

same zones were used for the UZF1 package.

Th e HYDRUS soil profi les corresponding to each of these 

zones were then created and discretized vertically into fi nite ele-

ments. Figure 10 shows initial soil water contents for selected 

soil profi les. One may note a large variation of initial soil water 

contents between diff erent soil profi les even though the same soil 

texture was used throughout the transport domain (i.e., loamy 

soils). Th is was due to diff erences in other variables, such as the 

water table depth and the elevation of the land surface. In other 

packages, such as REC-ET and UZF1, it is diffi  cult to take into 

account the variability of soil profi les.

One of the benefi ts of the HYDRUS package is its ability 

to estimate transient fl uxes in the groundwater table based on 

the hydrologic conditions and water residence time in the soil 

column without signifi cantly compromising the computational 

requirements. Changes in the magnitude and direction of the 

fl ux can be caused by changes in water contents in the HYDRUS 

soil profi les as a result of time-variable surface meteorological 

conditions and the position of the water table. Figure 11 shows 

the groundwater fl ux zones estimated for diff erent stress periods. 

Note that, depending on various hydrologic and topological con-

ditions, the HYDRUS package predicts both positive (downward) 

recharge and negative (upward, capillary rise) discharge fl uxes. 

Water table fl uxes at any cell are directly infl uenced by surface 

infi ltration, evaporation, and transpiration, as well as pumping 

rates in and around a particular cell. During the initial stress 

periods, the HYDRUS package predicted considerable upward 

fl uxes, especially in cells where the precipitation rates were lower 

F®¦. 8. ZonaƟ on showing the spaƟ al distribuƟ on of precipitaƟ on 
for the study area of the hypotheƟ cal groundwater fl ow problem. 
For any stress period, the actual precipitaƟ on rate in the zone is 
obtained by mulƟ plying the precipitaƟ on rates given in Table 2 by 
the zone precipitaƟ on rate factors.

F®¦. 9. MODFLOW zones used to defi ne HYDRUS soil profi les in the 
hypotheƟ cal groundwater fl ow problem.

F®¦. 10. IniƟ al 
water contents 
as a funcƟ on of 
depth in HYDRUS 
soil profi les repre-
senƟ ng selected 
MODFLOW zones 
(colors correspond 
to zones in Fig. 9) 
in the hypotheƟ cal 
groundwater fl ow 
problem.
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(compare Fig. 11 with Fig. 8). Cells with deeper initial water 

tables were less aff ected by evaporation than those with shallow 

initial water tables. As the simulation time proceeded, the number 

of cells with upward fl uxes decreased because of the infi ltration 

front movement toward the water table.

Figure 12 compares the fi nal water table depths estimated 

by the three packages. Water table depths estimated by the 

UZF1 and HYDRUS packages were comparable except that the 

HYDRUS package consistently predicted marginally deeper water 

tables. Water table depths predicted using HYDRUS at the end of 

the simulation were deeper by between 0 and 1.31 m than those 

calculated with the UZF1 package. Th is is probably due to a more 

accurate characterization of capillary pressures and fl uxes in the 

vadose zone by HYDRUS. Th e HYDRUS package can consider 

upward pressure gradients that cannot be simulated by either the 

UZF1 or the REC-ET packages, both of which tend to predict 

greater downward water table fl uxes.

Figure 13 shows water table depths at the end of diff erent 

stress periods as a function of initial water table depths. Th is 

fi gure indicates the impact of vadose zone fl ow on model predic-

tions of groundwater tables. Low capillary pressures in soil profi les 

of arid zones often lead to slow upward water movement. Final 

water table depths predicted using the HYDRUS package deviate 

from those predicted by the other packages, especially for cells 

with deep initial water tables. One may attribute these diff erences 

to the infl uence of capillary forces on vadose zone fl ow, which 

are fully considered only in the HYDRUS package. Groundwater 

table depths calculated using the UZF1 package also deviate from 

those calculated using the REC-ET package, albeit in some cells 

to a lesser extent than those predicted using the HYDRUS pack-

age. Th is is due to the delay in groundwater table fl uxes resulting 

from the gravity-driven fl ow considered by the UZF1 package 

and neglected by the REC-ET package. One can infer that vadose 

zone processes resulting from diff erent soil hydraulic characteris-

tics can be better represented using the HYDRUS package than 

the REC-ET and UZF1 packages, especially for soils, such as 

medium- and fi ne-textured soils, where capillary forces play an 

important role in determining water fl uxes.

Th e computational time needed to perform calculations with 

these vadose zone packages is of paramount importance because it 

seriously aff ects their applicability to regional-scale problems. Th e 

UZF1, REC-ET, and HYDRUS packages were run on a 1 GB 

RAM, 3.40 GHz Intel Pentium based personal computer. Th e 

simulation of the hypothetical regional-scale groundwater model 

(Case Study 3) using the REC-ET package needed, as expected, 

the least amount of time (5 s). Th e MODFLOW simulations with 

the UZF1 and HYDRUS packages took approximately 20 and 

26 s, respectively. While the computational demand of the UZF1 

and HYDRUS packages is comparable, the HYDRUS package 

provides a more comprehensive characterization of vadose zone 

fl ow processes.

F®¦. 11. Groundwater table fl uxes (recharge vs. discharge) as pre-
dicted by the HYDRUS package at the end of Stress Periods (a) 3, 
(b) 6, and (c) 12 for the hypotheƟ cal groundwater fl ow problem.

F®¦. 12. Depths to the water table for the groundwater fl ow 
problem at the end of Stress Period 12 as esƟ mated by the (a) 
Recharge–EvapotranspiraƟ on (REC-ET), (b) Unsaturated Zone Flow 
(UZF1), and (c) HYDRUS packages.
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Summary and Conclusions

We evaluated the recently developed HYDRUS package 

for MODFLOW and compared its performance with other 

MODFLOW packages (REC-ET, UZF1, and VSF) that account 

for processes in the vadose zone. Based on the HYDRUS-1D 

software, the HYDRUS package considers the eff ects of infi l-

tration, soil moisture storage, evaporation, plant water uptake, 

precipitation, runoff , and water accumulation at the ground sur-

face. Th e HYDRUS package was compared with other currently 

available packages (VSF and UZF1) for case studies of varying 

complexities. For smaller scale problems (up to two dimensions), 

the VSF process and the UZF1 and HYDRUS packages perform 

similarly. Th e VSF process provides the best accuracy due to its 

thorough consideration of vadose zone processes and is most suit-

able for smaller scale problems. For three-dimensional models, 

the HYDRUS package demonstrated a signifi cant improvement 

in modeling accuracy compared with the UZF1 package and a 

signifi cant decrease in computational demand compared with 

the VSF process. Th is new package represents a promising tool 

accounting for the eff ects of vadose zone processes on ground-

water levels and fl uxes.

Even though the UZF1 package provides comparable results 

to the HYDRUS package, a number of diffi  culties arise during its 

application. Although previous research (e.g., Shah et al., 2007) 

provides ET extinction depths for diff erent textural classes, deter-

mination of the ET extinction depth for practical cases can be 

cumbersome. Th e presence of vegetation further complicates 

the determination of the ET extinction depth. In contrast, the 

HYDRUS package and the VSF process use soil hydraulic and 

plant parameters, such as the van Genuchten and Feddes parame-

ters, respectively, that are readily available for a wide variety of soil 

textures and plants (Leij et al., 1996; Lilly, 1997). Th e HYDRUS 

package also off ers a variety of models for describing soil hydrau-

lic properties. Th e necessary parameter values required for these 

models in HYDRUS may be estimated experimentally or using 

pedotransfer functions (e.g., Schaap et al., 2001).

Another weakness of the current UZF1 package is that it sim-

ulates unsaturated fl ow only for homogeneous vadose zones and 

it cannot consider multiple soil horizons with varying hydraulic 

properties. User-specifi ed layering can be easily accommodated 

when using the HYDRUS package. Th e HYDRUS package thus 

off ers a good alternative to the UZF1 package when these factors, 

e.g.., vegetation or multiple horizons, are signifi cant for a par-

ticular application. Th e HYDRUS package thus may be expected 

to perform better for regional-scale groundwater problems 

F®¦. 13. Depth to the water table esƟ mated using the Recharge–EvapotranspiraƟ on (REC-ET), Unsaturated Zone Flow (UZF1), and HYDRUS 
packages at the end of Stress Periods (a) 3, (b) 6, (c) 9, and (d) 12 as a funcƟ on of the iniƟ al water table.
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with complex layering in the vadose zone and with alternating 

recharge–discharge fl uxes.

Th e HYDRUS package currently simulates only water fl ow 

and is distributed as an open-source code. We intend to expand 

the HYDRUS package to also simulate solute transport so that 

the MODFLOW–HYDRUS code will produce concentrations 

as a function of time that can be incorporated into the source 

function for MT3D. Th is is expected to be especially useful for 

regional-scale studies involving nonpoint-source pollution.
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