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Abstract Recharge is a fundamental component of
groundwater systems, and in groundwater-modeling 
exercises recharge is either measured and specified or 
estimated during model calibration. The most appropri-
ate way to represent recharge in a groundwater model
depends upon both physical factors and study objectives.
Where the water table is close to the land surface, as in
humid climates or regions with low topographic relief, a
constant-head boundary condition is used. Conversely,
where the water table is relatively deep, as in drier cli-
mates or regions with high relief, a specified-flux bound-
ary condition is used. In most modeling applications,
mixed-type conditions are more effective, or a combina-
tion of the different types can be used. The relative dis-
tribution of recharge can be estimated from water-level
data only, but flux observations must be incorporated in
order to estimate rates of recharge. Flux measurements
are based on either Darcian velocities (e.g., stream base-
flow) or seepage velocities (e.g., groundwater age). In
order to estimate the effective porosity independently,
both types of flux measurements must be available. Re-
charge is often estimated more efficiently when automat-
ed inverse techniques are used. Other important applica-
tions are the delineation of areas contributing recharge to
wells and the estimation of paleorecharge rates using
carbon-14.

Résumé La recharge est une composante fondamentale
des systèmes aquifères, et dans les exercices de modéli-
sation de nappes la recharge est mesurée et déterminée
ou estimée lors de la calibration du modèle. La façon la
plus appropriée de représenter la recharge dans un modè-
le de nappe dépend à la fois de facteurs physiques et des
objectifs de l’étude. Lorsque la nappe est proche de la
surface, comme c’est le cas sous climats humides ou

dans les régions à topographie basse, une condition de li-
mite à charge constante est utilisée. Inversement, lorsque
la nappe est relativement profonde, comme c’est le cas
sous climats plus secs ou dans les régions à fort relief,
une condition de limite à flux spécifique est utilisée.
Dans la plupart des applications de modélisation, des
conditions de type mixte sont plus efficaces, ou bien une
combinaison de différents types peut être utilisée. La dis-
tribution relative de la recharge peut être estimée unique-
ment à partir des données de niveau piézométrique, mais
des observations sur les flux doivent être introduites
pour l’estimation des valeurs de la recharge. Les mesures
de flux sont basées soit sur des vitesses de Darcy, par ex-
emple le débit de base d’un cours d’eau, soit sur des vi-
tesses d’écoulement souterrain, par exemple des âges
d’eau souterraine. Dans le but d’estimer de manière in-
dépendante la porosité efficace, les deux types de mesu-
res doivent être pris en compte. La recharge est souvent
estimée de façon plus efficace lorsque l’on recourt à des
techniques d’inversion automatisée. D’autres applica-
tions importantes sont la délimitation des zones de re-
charge de puits et l’estimation des valeurs de paléore-
charge par le carbone-14.

Resumen La recarga es una componente fundamental
de los sistemas acuífferos. En los trabajos de modelación
de aguas subterráneas, la recarga es medida y especifica-
da o estimada durante la fase de calibración. La forma
más adecuada de representarla en un modelo depende
tanto de los factores físicos como de los objetivos del 
estudio. Cuando el nivel freático está cercano a la super-
ficie del terreno, como es el caso de climas húmedos o
de regiones con un relieve topográfico suave, se aplica
una condición de contorno de nivel prescrito. En cambio,
se especifica una condición de caudal prescrito cuando la
profundidad del nivel freático es grande, como sucede en
climas más secos o en regiones con relieves más acci-
dentados. En la mayoría de los casos, la condición de
contorno de tipo mixta es la más eficaz, o bien puede uti-
lizarse una combinación de los diversos tipos disponi-
bles. La distribución relativa de la recarga puede ser esti-
mada a partir de datos de nivel, pero se debe incorporar
datos de flujo para poder estimar los valores de recarga.
Las medidas de flujo se basan bien en velocidades de
Darcy (por ejemplo, flujo de base en arroyos), bien en
velocidades de filtración (por ejemplo, edad de las aguas
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subterráneas). De cara a la estimación independiente de
la porosidad efectiva, se debe disponer de ambos tipos de
medidas. A menudo, se estima la recarga de forma más
eficaz cuando se aplican técnicas de calibración automá-
tica. Otras aplicaciones importantes son la delimitación
de las áreas de recarga que son captadas por pozos y la
estimación de tasas de paleo-recarga por medio del car-
bono-14.

Keywords Groundwater recharge · Geologic fabric ·
Numerical modeling · Inverse modeling

Introduction

For many years, hydrologists have been trying to estimate
natural recharge rates to aquifer systems in order to esti-
mate the potential long-term yield of groundwater from
those systems (e.g., Theis 1937, 1940). The long-term
safe yield of an aquifer system, however, is related not so
much to the undisturbed recharge of the natural aquifer
system, but rather to the recharge of the disturbed system
and the proportion of the discharge that the groundwater
extraction centers are able to capture (Bredehoeft et al.
1982; Maddock and Vionnet 1998). In addition, hundreds
to thousands of years may be required for a newly dis-
turbed system to come to a new dynamic equilibrium. For
these reasons, numerical-modeling efforts were quickly
brought to bear upon the problems associated with re-
charge and the development of groundwater resources
(e.g., Taylor and Luckey 1972). The nonlinear interac-
tions among recharge, discharge, boundary conditions,
and changes in groundwater storage make solutions to
these problems difficult to resolve without the careful 
accounting of all of the system parameters and their geo-
graphical distribution – the very things that can be incor-
porated into a groundwater model.

Because recharge is an important component of most
groundwater models, and because models are frequently
used to estimate recharge rates, a careful review and
analysis of this topic should assess how recharge is rep-
resented in groundwater models and how recharge is es-
timated using groundwater models. This paper addresses
these issues of recharge and groundwater models for re-
gional-scale aquifer systems. Another situation where
analysis recharge and groundwater models is important
is in semi-arid and arid regions, where the unsaturated
zone is commonly relatively thick (e.g., Krishnamurthi 
et al. 1977; Vauclin et al. 1979; McCord et al. 1997; 
Tabbagh et al. 1999). In these analyses, the modeling
usually focuses on the unsaturated zone and the process-
es that cause water and solutes to move through the zone
(e.g., Russo et al. 2000). These studies are important, for
example, in the evaluation of the isolation of nuclear and
other toxic wastes. Likewise, the analyses of proposed
artificial-recharge schemes have been improved by
groundwater modeling exercises (e.g., Latinopoulos
1981; Peters 1998). Although modeling is an important
tool for analyses of these local types of studies, these

topics are outside the scope of this study, which focuses,
rather, on the role of recharge in regional modeling of
aquifer systems.

Representing Recharge in Groundwater Models

In order to represent recharge effectively in a ground-
water model, one must consider both the processes that
control the rate of recharge and the objectives of the
modeling study. The factors that control the rate of re-
charge are related to the hydrologic landscape of the
aquifer system (Winter 2001). The three main factors in
the hydrologic landscape that control water flow are
classified by Winter (2001) as climate, topography, and
the geologic framework. Rainfall supplies the land sur-
face with water, the soil allows the water to infiltrate to
the water table, and the deeper geologic framework pro-
vides the permeability necessary for deeper flow
(Fig. 1). Rainfall and soil infiltration are associated with
the land surface. If the climatic and soil conditions allow
recharge to reach the water table at a rate that is greater
than the saturated zone can transmit the recharge away,
then the permeability of the geologic framework controls
the recharge rate. This situation results in the condition
of a relatively shallow water table, because storage of
water underground backs up to the point that excess in-
filtration is diverted overland. On the other hand, if the
saturated zone can transmit more recharge than the cli-
mate and soil can provide, then the surface factors (cli-
mate and soil) are limiting and control the recharge rate.
This condition results in a relatively deep water table.
These surface or subsurface types of control on recharge
also can, in general, be correlated with a region’s rainfall
and topographic relief. In regions with relatively arid cli-
mates or high topographic relief, the climate controls the
rate of recharge, whereas in regions of relatively humid
climates or low topographic relief, the geologic frame-
work controls the rate of recharge. In areas of low topo-
graphy, the water-table gradient also may limit the rate at

Fig. 1 The dominant factors affecting recharge and groundwater
flow. (After Winter 2001)
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which the recharge is transmitted away, if the permeabil-
ity of the lithology is unusually large. Variability of the
topography (Fig. 1) or the geologic framework within
the flow system causes different controls to operate in
different regions. These various controls on recharge
translate directly into the type of mathematical boundary
condition that is most appropriate for representing re-
charge in a groundwater model.

Lithology-Controlled Recharge
Recharge that is controlled by the lithology of the sub-
surface, and, therefore, associated with conditions of rel-
atively shallow water tables, can be represented by a
constant-head boundary condition. The altitude of the
water table is known (it usually mimics the land surface
closely) with a relative degree of certainty and would not
be expected to change appreciably over time. These con-
ditions are difficult to meet in most modeling studies.
One situation where this type of boundary condition
might be useful is for steady-state models of regional
systems where the position of the water table can be esti-
mated fairly well. For example, in early modeling work
on understanding the locations and distributions of re-
charge and discharge areas in regional groundwater flow
systems (Tóth 1963; Freeze and Witherspoon 1966,

1967, 1968; Hitchon 1969), the water table was repre-
sented with constant-head boundary conditions (Fig. 2).
These groundwater models were used to help develop
the concepts of local and regional flow systems and how
they are related to the distribution of the recharge for
those systems. The advantage of this type of boundary
condition is that the recharge rate does not have to be es-
timated from the relatively uncertain hydrologic mea-
surements of evapotranspiration and rainfall/runoff ra-
tios. Rather, the model calculates implicitly the rate of
recharge based on the specified values of the other mod-
el parameters. The disadvantage of this type of boundary
condition is that it assumes the availability of a potential-
ly infinite supply of recharge from the land surface. Thus
if the modeler is not careful, erroneously high values of
recharge are calculated by the model if the hydraulic pa-
rameters are not accurately represented. This type of
boundary condition is usually not appropriate for sys-
tems where transient drawdowns occur at the water 
table. In spite of the problems associated with the 
method, some successful generic modeling studies have
used this type of boundary condition. Two classic exam-
ples are the interaction of groundwater with lakes 
(Winter 1978), and the analysis of the effect of ground-
water on the genesis of epithermal ore deposits (Garven
and Freeze 1984).

Climate-Controlled Recharge
More frequently, recharge is limited to some extent by
the amount of infiltration that is available at the land sur-
face. For this situation the boundary condition in a

Fig. 2 Early modeling studies of recharge in groundwater flow
systems based on a an analytical solution to a system with 
hummocky topography (after Tóth 1963), and b a numerical solu-
tion to a system with regional heterogeneity (after Freeze and
Witherspoon 1968)



models in mountainous terrains are another area where
this type of boundary condition is appropriate (Forster
and Smith 1988a, 1988b). In such terrains, where high
topographic relief results in high variability of the depth
of the water table, an even more accurate approach can
be used, in which constant-head conditions are assigned
in the valleys and specified flux conditions are assigned
in the uplands (Fig. 3). An iterative procedure also can
be used to determine the line between the two types of
boundary conditions. Abnormally high recharge or dis-
charge rates calculated by the model at the constant-head
nodes near the specified flux region indicate that the area
of the specified-flux zone should be increased or de-
creased, respectively. Estimates of recharge in ground-
water flow models that include mountainous terrains also
may need to take into consideration orographic effects
on rainfall (e.g., Manga 1997). Regional precipitation
patterns can also be incorporated (e.g., Caro and 
Eagleson 1981).

Variably Controlled Recharge
Although the two-end member approaches described
above fit well into a mathematical framework for repre-
senting recharge in groundwater models, both types of
control are often present at a single location. Also, a
shallow water-table condition may be present in some
part of the domain of interest, whereas deep water-table
conditions may be present in other parts of the modeled
domain. In addition, conditions may alternate temporari-
ly between the two types of control, or the investigator
may not be sure which type of control is present. For
these situations, the modeler can invoke mixed-boundary
conditions or some combination of the mixed and flux
boundary conditions.

Many widely used groundwater models, such as
MODFLOW (Harbaugh et al. 2000), offer the option of
choosing from a variety of mixed-type boundary condi-
tions. These boundary conditions link an external speci-
fied head through a hydraulic conductance to the head in
the model, which, in turn, affects the flux. These mixed-
boundary conditions are more effective at representing
many types of natural boundaries. A river, for example,
is represented by the head in the river and riverbed con-
ductance. A drain is represented by the land-surface ele-
vation and a drain conductance, where an outward flux is
calculated based on the head and the conductance; but
any inward flux is set automatically to zero if the head
falls below the land surface. Evapotranspiration is repre-
sented by two critical head levels, one at the land surface
and the other at a so-called extinction depth. The upward
flux is specified to a maximum value when the head is at
the land surface or above, to a value of zero when the
head is below the extinction depth, and to intermediate
values when the head is between the two levels. Other
conditions that lead to recharge from a surface-water
body also have been represented as model options. 
Examples of these are groundwater–lake interaction
(Merritt and Konikow 2000); groundwater–wetland in-
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groundwater model is more effectively represented by
specifying the recharge flux. In this case, the areal distri-
bution of recharge is not controlled by the locations of
the local and regional flow systems (Fig. 2), but rather
by the factors at the land surface that limit delivery of
the recharge. The advantage of a specified-flux boundary
condition is that, unlike the constant-head boundary con-
dition, the model never implicitly calculates erroneous
recharge rates; the best estimates of recharge are speci-
fied instead by the modeler. Also, recharge rates are of-
ten estimated with more certainty than subsurface per-
meabilities, thus leading to better-constrained model-
simulated fluxes. The difficulty with this method is that
an independent effort must be made to obtain an accurate
estimate of the recharge rate and distribution. Estimating
these rates is often limited by the accuracy of estimated
runoff, evapotranspiration, and the infiltration properties
of soils.

Modeling studies where transient drawdown cones
are developing at pumping centers are an example of
where this type of boundary condition is appropriate. In
this case, the objective of the study partially determines
the most appropriate boundary condition. Steady-state

Fig. 3 Representation of recharge in a groundwater model in
mountainous terrain where the flux is specified above the point of
detachment (POD) and a constant-head is specified below the
POD. Recharge occurs through the constant-head boundary be-
tween the POD and hinge point (HP). (After Forster and Smith
1988a)



over the area (Fig. 5b) and the resulting water-table con-
figuration (Fig. 5d). In this case, 300 water levels were
used to calibrate the model, and a close match with the
observed water table resulted (Fig. 5c). Furthermore, the
water-table configuration follows the land surface close-
ly, and the net discharges occur in the valleys, as expect-
ed. In addition, the water table beneath the hilltops is
deeper, and, accordingly, the evapotranspiration is zero
and the net recharge is equal to the ubiquitous specified
value of recharge.

Estimating Recharge with Models

Recharge measurements in the field still contain an appre-
ciable amount of uncertainty, and much study on the sub-
ject is ongoing, as evidenced by this theme issue. Along
with the variety of approaches used to make measurements
in the field, investigators have used groundwater models to
help estimate recharge. If the other model parameters are
known well enough, then the model could be used to con-
strain the recharge. This approach applies to constraining
not only the rate of the recharge, but also the distribution of
recharge and the fate of recharge when multiple points of
discharge are present in the aquifer system.

Estimating the Distribution of Recharge
The earliest regional groundwater modeling studies
(Fig. 2) indicated that models could be used to help esti-
mate the distribution of recharge. This model use applies
primarily to cases where the permeability distribution
and the position of the water table are well known. In or-
der to use a model to estimate a reliable rate of recharge,
the hydraulic conductivities of the aquifer system must
be well known. The recharge rate is indeterminate if only
water-level information is available (Darcy’s law states
that head gradients are a function of both fluid flux and
hydraulic conductivity). The best way to constrain the
rate of recharge is to obtain flux measurements of some
type (e.g., stream baseflows or groundwater ages). How-
ever, the distribution of the recharge can be estimated
without flux data if the distribution and degree of the
aquifer heterogeneity are known. In this situation, speci-
fication of the water-level conditions yields an estimate
of the distribution of recharge (Allison 1987). The study
in Hungary discussed earlier (Fig. 5) is an example of
specifying water-level conditions. The initial calibrations
for that study were done with only water-level data and
the assumption of a homogeneous but vertically aniso-
tropic permeability field. Initially, the estimates of the
rates of the recharge were indeterminate, but because the
water levels were well constrained (and linked closely to
the land surface), a good estimate of the net recharge/
discharge distribution for the system was obtained
(Fig. 5b). The magnitude of recharge was constrained 
later using groundwater ages.

One approach for the estimation of recharge in this
manner has been formalized to work with established
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teraction (Restrepo et al. 1998); and groundwater–stream
interaction (Prudic 1989), where the total flow in the
stream also is accounted for.

Although some of these mixed-boundary conditions
do not represent recharge directly, they are used in con-
junction with specified-flux recharge conditions to more
realistically represent the aquifer system. More than one
type of boundary condition can be included at the same
location in a model (Jorgensen et al. 1989). When the
water table is close to the land surface, for example, 
evapotranspiration and recharge occur simultaneously
(Kovacs 1986). The net flux from the combination of
these two controls is a function of the depth to the water
table (Fig. 4). The effects of both recharge and evapo-
transpiration are handled in this way when both bound-
ary condition types are specified over broad model re-
gions. The result is that the model implicitly calculates
the rates and distributions of both recharge and evapo-
transpiration, because they are linked to the land-surface
elevation. A drain condition could also be specified si-
multaneously, if desired, that would allow for discharge
to be a function of the calculated level of the water table
above the land surface.

An example of the approach described above was
used in a groundwater model of a region in south-central
Hungary (Sanford et al. 2001b). The topography of the
region (Fig. 5a) was used in specifying the evapotranspi-
ration boundary condition. A single value of recharge
also was assigned to the entire active model area. The
model then calculated the net recharge and discharge

Fig. 4 Example of the relation between recharge, evapotranspira-
tion (ET), and discharge as a function of the depth of the water ta-
ble below land surface. Total evapotranspiration includes infiltra-
tion that returns to the atmosphere without reaching the water 
table. The dashed line is a composite function obtained by super-
imposing the recharge and groundwater discharge by evapotran-
spiration curves. The positions of these curves would shift as a
function of local vegetation and climate. (After Simonffy and
Martin 1995)
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groundwater models (Stoertz and Bradbury 1989). The
approach can be thought of as a mass-balance calculation
at each model cell (Fig. 6). Fluxes between each model
cell (e.g., QBC and QCD) are calculated based on the
transmissivity and water-table values specified by the 
user. The difference between these fluxes must then be
the amount of recharge or discharge entering the cell.
This approach assumes a two-dimensional areal flow

system and that a value for the water-table is specified
for each cell. The limitations of this approach are that
small errors in water-table gradients or the transmissivity
distribution lead to appreciable errors in the recharge es-
timates (Weir 1989). In most cases, the uncertainties as-
sociated with knowing the transmissivity distribution
overwhelm the certainties in the recharge rates calculat-
ed using this method.

Estimating the Rate of Recharge
Darcy’s law states that fluid flux, such as recharge, in an
aquifer system can be calculated if both the head gradi-
ents and hydraulic conductivities are known. However,

Fig. 5 Numerical modeling results from the Danube-Tisza inter-
fluvial region of south-central Hungary (Sanford et al. 2001b),
showing a topographic relief, b model-calculated recharge and
discharge, c observed water-table configuration, and d simulated
water-table configuration
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the uncertainties that are usually associated with accurate
and scale-appropriate hydraulic-conductivity values leave
the hydrologist looking for other approaches to constrain
more accurately the recharge rates. Measuring the con-
centrations of environmental tracers that indicate ground-
water age has been one increasingly popular approach.
The most popular of these tracers include tritium 
(Schmalz and Polzer 1969), tritium/helium (Solomon et
al. 1993), chlorofluorocarbons (Plummer and Busenberg
1999), and carbon-14 (Kalin 1999). The ages determined
by the applications of techniques represent integrated
times of travel of the water and solutes within the aquifer
system from the recharge area to the precise point in the
aquifer system where the sample was collected. These 
ages are used to back-calculate regional recharge rates us-
ing a groundwater-modeling calibration procedure if an
independent estimate of effective porosity is available.
Groundwater models are used routinely to calculate seep-
age velocities as well as head distributions. These veloci-
ties are used to simulate travel paths and associated times
that are then compared directly with the groundwater 
ages (e.g., Reilly et al. 1994). Models that either neglect
or include hydrodynamic dispersion are used effectively
in these calibration procedures (Fig. 7). For short flow
paths and tracers with transient input signals, dispersion
is important to solute transport within the aquifer system.
However, for tracers with longer flow paths and relatively
continuous input signals (i.e., carbon-14), dispersion usu-
ally has a much smaller effect than radioactive decay has
on changes in concentration. During such calibration pro-
cedures, the model parameters (recharge and hydraulic
conductivities) are adjusted until an acceptable match
with both travel times and water levels is produced (e.g.,
Parkhurst et al. 1996; Sheets et al. 1998).

Determining the Fate of Recharge
Within the last 50 years, pollution of groundwater sys-
tems has become as important an issue as sustainable

water supply. This development has led to the use of
groundwater models to investigate the fate of groundwa-
ter recharge, with the focal point being the discharge at a
well or spring. The problem usually addressed is the de-
lineation of the area that contributes recharge to a well 
or well field (Lerner 1992; Reilly and Pollock 1993; 
Barlow 1995; Franke et al. 1998). The identified area is
then targeted for protection from future potential pollu-
tion, or potential polluters are identified for areas (such
as wells) already contaminated. The location and distri-
bution of such a source area is very sensitive to changes
in the model parameters, especially to aquifer heteroge-
neity, recharge, and the locations and nature of surface-
water bodies and their interactions with the groundwater.
Before groundwater models were used for this type of
analysis, oversimplified methods were used, such as
drawing circles around wells with radii that were based
on a single long-term estimated recharge rate. Ground-
water modeling efforts, and especially three-dimensional
investigations, have demonstrated how even relatively
simple subsurface hydrogeology can result in complex
shapes for the model-simulated source areas. Results
from a study at Cape Cod, Massachusetts, USA, illus-
trate the types of elongated and distorted shapes these

Fig. 6 An approach for calculating recharge from a groundwater
model based on specified values for the water-table depth and
transmissivities – for example, recharge at C (RC) is the difference
between the fluxes at QCD and QBC obtained by using Darcy’s law
at those points. (After Stoertz and Bradbury 1989)

Fig. 7 Results from a two-dimensional groundwater model on the
Delmarva peninsula, USA, where tritium is used as an age tracer
to calibrate a model a with and b without hydrodynamic disper-
sion. (After Reilly et al. 1994)



advantage of producing a mathematical best fit between
the observations and the model, but also produces infor-
mation on the sensitivities of the observations to the
model parameters. The sensitivities yield information on
the relative certainty with which the parameters are esti-
mated given the specific observations (e.g., water levels)
that are present and the uncertainties in their measure-
ments. This type of modeling approach has been incor-
porated into groundwater models (e.g., Hill 1992; Hill et
al. 2000), and guidelines are present for calibrating mod-
els using such approaches and tools (Hill 1998). During
inverse modeling exercises, recharge and hydraulic con-
ductivity values are usually estimated simultaneously,
because the investigator is usually trying to constrain the
values of both of these parameters. One problem that
arises is that only the ratio of recharge to hydraulic con-
ductivity can be estimated if only water levels are avail-
able as observations. Flux observations must be avail-
able in order to obtain a unique estimate of recharge,
and, even then, when the total number of observations is
dominated by water levels, the uncertainty in the re-
charge estimate is usually high. One common type of
flux observation used in inverse modeling is the base-
flow to streams (e.g., Jackson and Rushton 1987; Arnold
et al. 2000). The uncertainty typically associated with
baseflow observations, however, carries through to the
uncertainty in the recharge estimate.

As discussed earlier, another important source of flux
information is groundwater ages obtained from environ-
mental-tracer concentrations in samples from wells.
When these fluxes are included in inverse modeling ex-
ercises, the correlation between the parameters being es-
timated and the uncertainty in those parameter values is
usually reduced dramatically. Computer programs for in-
verse modeling are now available that incorporate these
types of observations. The most common are general
programs that are linked to any mathematical model 
that has adjustable parameters and produces simulated
observations that are compared with field observations
(Doherty 1994; Poeter and Hill 1998). Other models are
available that use advective travel paths as observations
(Anderman and Hill 1997). Investigations of inverse
modeling using chemical tracers reveal that such obser-
vations are important for estimating system fluxes, but
other parameters, like porosity, associated with the cal-
culation of the seepage velocity, are still indeterminate
with only chemical tracer and water-level observations
(Medina and Carrera 1996; Portniaguine and Solomon
1998). The ideal situation for estimating the most num-
ber of parameters is to be able to use both baseflow mea-
surements and groundwater travel times, because this al-
lows for an independent estimate of porosity. One alter-
native to the use of baseflow observations is the use of
temperature observations (Woodbury and Smith 1988),
which are another indicator of the Darcian flux. This ap-
proach works as long as the thermal regime is not con-
duction dominated. In granular porous media, the effec-
tive porosity is often measured directly from cores or es-
timated by grain-size analysis with some certainty, and
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projected areas can assume (Fig. 8). Some of the well lo-
cations do not fall within the projected recharge area for
that well. Further studies indicate that typical annual
transient fluctuations in recharge usually have only a
small effect on the locations of these projected areas
(Reilly and Pollock 1995), although such transients can
have an effect on the dispersion of contaminants and,
therefore, their concentration levels when they reach the
wells (Goode and Konikow 1990; Kim et al. 2000). Ad-
vective path-line codes linked to groundwater models
(e.g., Pollock 1994) have made these types of analyses a
fairly straightforward exercise.

Inverse Methods for Estimating Recharge

The ability to use groundwater models to estimate re-
charge has been made easier by the development of in-
verse modeling techniques, where nonlinear regression
algorithms are used to automatically obtain a best fit be-
tween observed data and simulated observations (Cooley
1977; Yeh 1986). This type of approach not only has the

Fig. 8 Results from a three-dimensional modeling study in Cape
Cod, Massachusetts, USA, where the delineated areas contributing
recharge to public-supply wells assume complicated shapes. (After
Barlow 1995)



the Middle Rio-Grande Basin of New Mexico, USA
(Sanford et al. 2001a), about 200 carbon-14 concentra-
tions from well samples were used along with 200 water-
level observations to calibrate a predevelopment ground-
water model of the Albuquerque Basin. In this area, re-
charge is predominantly along the mountain fronts flank-
ing the basin, and the recharge is specified at those 
model locations. An inverse modeling exercise was un-
dertaken using UCODE (Poeter and Hill 1998) to esti-
mate those recharge values. To estimate the variations in
recharge over time, a multiplier was assigned to all of
the recharge for each 5,000-year interval of a long-term
transient simulation (Fig. 9). Estimates of the multipliers
were calibrated to the carbon-14 and water-level data.
The optimal results suggest that the recharge was ap-
proximately five times higher during the last glacial
maximum about 20,000 years ago, and then it tapered off
to near present-day values by about 10,000 years ago.

Summary

The manner in which recharge is incorporated into
groundwater models depends upon the type of process
that is controlling the recharge and on the objectives of
the modeling study. In regions that tend to be arid or
have high topographic relief, the water table is usually
relatively deep, and the rate of recharge is controlled by
the amount of water that the climate provides and that
the soil then delivers to the water table. This type of re-
charge is often simulated using a specified-flux bound-
ary condition. At the other extreme, in regions that have
a relatively wet climate or have lower relief, the water
table is usually shallow, and the rate of recharge is con-
trolled by the amount of water that the aquifer system
can transmit to the discharge area. This transmission is
controlled by the permeability of the geologic frame-
work. This type of recharge is sometimes simulated us-
ing a constant-head boundary condition. In most situa-
tions, however, a combination of these boundary condi-
tions is required for accurate model simulation. In those
cases, mixed-type boundary conditions are included that
account for surface-water/groundwater interaction or 
evapotranspiration.

Groundwater models are used routinely to try to esti-
mate regional recharge rates. The distribution of re-
charge can be estimated using water-level information
(for example, a water-table map), but the accuracy of the
results depends greatly on the accuracy of the informa-
tion and the magnitude and distribution of the aquifer
permeability. The areas that contribute recharge to wells
can also be delineated using groundwater models that are
used in conjunction with path-line tracking software. The
rates of recharge are estimated only when some type of
flux measurements are available. One type of measure-
ment often used is groundwater baseflow to streams. An-
other type of flux measurement receiving increased use
is the travel time of water to wells based on age determi-
nation. Using groundwater ages increases greatly the cer-
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then the need for baseflow or temperature observations
in addition to travel times may not be as critical to the
investigation. In fractured rocks, however, the effective
porosity is much more difficult to characterize in the
field, and then having both seepage flux and Darcian
flux observations would be important for an effective es-
timation of the transport parameters.

Paleorecharge

For water-supply development problems where a current
hydrologic budget of the system is being assessed, a
steady-state recharge rate is usually assumed. On the
other hand, evidence is present from carbon-14 and other
environmental isotopes in aquifers studied throughout
the world (de Vries 1984; Heinl and Brinkmann 1989)
that recharge at some locations has varied appreciably
over tens of thousands of years, most notably during the
typically wetter climate of the most recent ice age. Such
variations in climate and recharge are of interest for
long-term recharge assessments for contaminant-trans-
port problems, such as the isolation of nuclear wastes in
arid regions (e.g., Czarnecki 1984). Groundwater models
are now starting to be applied in conjunction with envi-
ronmental tracers, especially carbon-14, to try to assess
the likelihood that the recharge in a regional aquifer
system has changed over the past approximately
30,000 years (van der Kemp et al. 2000; Zhu 2000). This
approach is more viable in systems where the recharge is
climate-controlled, typically in relatively arid regions
with high topographic relief.

In some cases, if enough carbon-14 data are available,
the change in recharge rates can be quantified over the
past few tens of thousands of years. In a recent study of

Fig. 9 Results from a three-dimensional groundwater model of
the Middle Rio Grande Basin, New Mexico, USA, where carbon-
14 ages are used to calibrate paleorecharge over the last
30,000 years. The recharge factor is the proportion of recharge re-
quired for a best fit to the data compared to present-day recharge.
(After Sanford et al. 2001a)
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tainty associated with estimates of recharge rates. Any of
these measurements can be included in automated in-
verse-modeling exercises. The baseflows are used to es-
timate the Darcian flux, whereas the travel times are
used to estimate the seepage flux. In order to estimate ef-
fective porosity independently, both types of flux data
must be included. In certain cases, paleorecharge rates
can also be estimated using carbon-14-based ages with
inverse modeling.
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