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Abstract
A process-based preferential flow transport model was implemented in a geographic information system to locate areas

in the landscape with high risk of contamination by agrochemicals, especially pesticides. Protecting ground water resources
necessitates a reliable ground water quality monitoring strategy. It is valuable to be able to focus monitoring on areas with
the highest risk of contamination because monitoring ground water is an expensive activity, especially at the landscape scale.
The objective of this project was to develop a tool that quantifiably estimates distributed ground water contamination risk in
order to develop reliable, cost-effective ground water observation networks. The tool is based on a mechanistic model of
chemical movement via preferential flow and uses land cover data, information about chemical properties, and modeled
recharge to estimate the concentration of chemical reaching the ground water at each point in the landscape. The distributed
risk assessment tool was tested by comparing the model-predicted risk with observed concentrations from 40 sampling wells
in Cortland County, New York, for atrazine (pesticide) and nitrate, the latter assumed to be an indicator of agricultural pollu-
tion. The tool predictions agreed well with observed nitrate concentrations and pesticide detections. An Internet-based ver-
sion of this tool is currently being developed for ready application to New York State.

Introduction
Ground water is an important natural resource that

should provide drinking water for future generations. How-
ever, in recent decades ground water pesticide contamina-
tion from agriculture has become a problem that requires
monitoring. Because such monitoring is expensive—
especially for ground water over large areas of agricultur-
ally dominated landscapes—reliable and flexible tools are
needed to identify potential hazard areas in the landscape
so that monitoring strategies can focus on the highest risk
areas. By focusing monitoring activities on the highest risk
areas, fewer observation wells are needed and the potential
cost and detection effectiveness of the monitoring is
improved. The goal of this project was to develop a distrib-
uted landscape-scale, physically based ground water risk
assessment tool that can be implemented with readily
available open-access data.

While landscape-scale water quality risk assessment
has been revolutionized by the advent of geographic infor-
mation systems (GIS), most, if not all, risk assessment
tools regularly used by water quality professionals employ
logical factor- or index-based rubrics for assessing risk
that are only loosely linked to physical processes and fail

to predict actual chemical concentrations. This is espe-
cially true for ground water (e.g., Grayman 1977; Hamlett
et al. 1992; Nizeyimama et al. 1996; Peterson et al. 1996).
Traditional mechanistic predictions of ground water risk
are generally only applied at a single point in the landscape
and assume that pesticide leaching through soils is accu-
rately characterized by the convective-dispersive equation,
which neglects preferential flow phenomena. The reliable,
mechanistic or physically based models developed to pre-
dict the ground water contamination from land-applied
chemicals that meaningfully consider preferential flow
(e.g., Wagenet and Hutson 1986; Ramos and Carbonell
1991; Steenhuis et al. 1987; Steenhuis and Parlange 1991;
Nguyen et al. 1998; Kim et al. 2005) have not been incor-
porated into GIS to assess contamination risks at a land-
scape scale, probably because they require either a copious
amount of input data or data that are not readily available.

Perhaps the most important transport process to be
included in ground water risk assessment is preferential
flow, the rapid nonuniform transport of solutes via these
flowpaths, which can result in contaminants reaching the
ground water before they degrade or can be adsorbed by
the soil (e.g., Stagnitti et al. 1994; Camobreco et al. 1996).
Indeed, the surprise discovery of pesticide contamination
of the Long Island aquifers in the early 1980s clarified that
ground water contamination by toxic chemicals cannot be

Copyright ª 2005 The Author(s).
Journal Compilationª 2005 National Ground Water Association.

82 Ground Water Monitoring & Remediation 25, no. 4/ Fall 2005/pages 82–91



reliably characterized by the convective-dispersive equa-
tion, which assumes relatively uniform water flow through-
out the soil matrix (Parlange et al. 1988). The Long Island
findings stimulated interest in preferential flow; since then,
the occurrence and effect of preferred flowpaths on water
quality have been widely researched (e.g., Steenhuis et al.
1990; Steenhuis et al. 1994; Pivetz and Steenhuis 1995;
Geohring et al. 1999; Logsdon 2002; Gazis and Feng
2004). Several preferential flow mechanisms have been
identified: (1) macropore flow, which is common in well-
structured soils (e.g., Quisenberry and Phillips 1976; Beven
and Germann 1982); (2) fingered flow, which generally
occurs in unstructured soils and water repellent soils due
to unstable wetting fronts (e.g., Hill and Parlange 1972;
Bauters et al. 1998); and (3) funnel flow, which occurs at
some textural interfaces in the soil profile (Kung 1990;
Walter et al. 2000; Heilig et al. 2003). It is widely accepted
that preferential flow is not an exception but a rule when
dealing with solute flow through field soils (Dekker and
Ritsema 1994, Vanclooster et al. 2000), and therefore it is
extremely important that it be included when trying to
accurately model the distribution of potential well water
contamination.

The objective of this project was to employ a mechanis-
tic model of preferential flow within a GIS to generate
maps of distributed ground water contamination risk. We
modified the Generalized Preferential Flow Model
(GPFM) proposed by Kim et al. (in press) that is based
on work by Darnault et al. (2004) and field tested by
Peranginangin (2003); modifications included including
chemical degradation factors appropriate for the deeper soil
profile and incorporating the model into a GIS. As an
example, we applied the distributed model to Cortland
County, New York, and compared model-generated risk
predictions to field observations for atrazine and nitrate.
We cannot report specific sample locations and concen-
trations due to a confidentiality agreement signed at the
beginning of this study, and therefore data will be pre-
sented in a generalized fashion through graphical methods.

Model Description

The Generalized Preferential Flow Transport Model
The GPFM describes solute transport between the land

surface and the ground water. Figure 1 shows the concep-
tualization of the soil profile used to develop the GPFM,
which is divided into two zones: a near-surface distribution
zone and a deeper transmission zone (Jarvis et al. 1991;
Steenhuis et al. 1994; Ritsema and Dekker 1995; Shalit and
Steenhuis 1996; Kim et al. 2003; Steenhuis et al. 2001). In
the distribution zone, water and solutes are funneled into
preferential flowpaths, which transport the solutes through
the transmission zone. The thickness of this distribution
zone depends on land use or geomorphology, e.g., plow
depth in cultivated land. The model uses the assumption
that percolating water and solutes mix uniformly in the dis-
tribution zone and the zone behaves as a linear reservoir,
resulting in an exponential loss of solutes (Steenhuis et al.

1994; Shalit and Steenhuis 1996). At t ¼ 0, Cd ¼ Co (e.g.,
Kim et al. in press):

Cd 5 Co exp½�ðk1 bÞt� (1)

where Cd is the solute concentration in the distribution
layer, k and b represent the rates of loss due to leaching
and biochemical degradation, respectively [T�1], and t is
time [T]. Co is the initial dissolved chemical concentration
[ML�3] and can be written as:

Co 5
M

W
(2)

and M ¼ the mass of pollutant applied per unit area of land
[ML�2] and W is the apparent water content of the distri-
bution zone and incorporates chemical adsorption and is
calculated (Shalit and Steenhuis 1996) as:

W 5 dðhS 1 qbkÞ (3)

where d [L] is the depth of the distribution zone, hS
[L3L�3] is the saturated moisture content, qb [ML�3] is the
soil dry bulk density, and k [L3M�1] is the sorption parti-
tion coefficient.

Solute degradation in the distribution zone (b) due to
chemical and microbial breakdown is characterized by the
chemical half-life, t1/2 [T]:

b 5 ln

�
2

t1=2

�
(4)

Half-life values are widely available in the literature
for common pollutants, e.g., DelVecchio and Haith (1993).
The leaching of solute from the distribution zone is
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Figure 1. Schematic diagram of the preferential solute trans-
port process in the vadose zone.
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characterized by the ratio of the average percolation rate,
R [LT�1], to apparent soil water content, W [L], i.e.,

k 5
R

W
(5)

Water and pesticides are released to the transmission
zone via preferential and matrix flows. Because preferen-
tial flowpaths are the most relevant with respect to water
quality, we assume that all water moves through the prefer-
ential flowpaths at an average characteristic velocity, v
(Kim et al. in press), through the transmission zone. This
transport via the preferential flowpaths of the transmis-
sion zone can be described with the convective-dispersive
equation with a sink term for pesticide degradation (e.g.,
Peranginangin 2003):

D
@2C

@x2
� v

@C

@x
5

@C

@t
� b�C (6)

where C [ML�3] is the chemical concentration in the prefer-
ential flowpaths at depth x and time t, D [L2T�1] is the dis-
persion coefficient, v [LT�1] is the velocity of the solute, x
[L] is the vertical axis with the origin at bottom of the distri-
bution layer (positive downwards), and b* [T�1] is the first-
order chemical degradation rate in the transmission zone.
D/v is assumed to be constant with values in the range of
1 to 4 (Walter 1974). Pesticide degradation in the trans-
mission zone is lower than in the more microbially and bio-
geochemically active distribution zone (Federle et al. 1986;
Brockman et al. 1992; Kruger et al. 1997; Van der Heyden
et al. 1997; Shaw and Burns 1998; Accinelli et al. 2001;
Mbuya et al. 2001). Integrating Equation 6 using Laplace
transforms with the initial condition C ¼ 0 for x > 0 and t ¼
0 and a solute concentration at upper boundary condition at
x ¼ 0 for t > 0 is given by Equation 1, the concentration in
the distribution zone can be written as for 4D(k 1 b � b*)/
v2 < 1, (Toride et al. 1995; Darnault et al. 2004):
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r

At x ¼ L, the depth of the ground water, Equation 7
gives a value for pollutant concentration in the ground
water at time t after the application of the chemical. When
x or t is sufficiently large, such that (x 1 vta)/(4Dt)1/2 > 3,
then the last term of Equation 7 is negligible, i.e.,
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GPFM (Equation 7) has been successfully tested with
both lab and field experiments; e.g., Figure 2 shows the

agreement between model predictions and field obser-
vations of chloride and atrazine collected below the root
zone (Peranginangin 2003), and Figure 3 shows results
comparing model predictions and time-series field mea-
sures of tritium (H3) radiation in picocuries (Aburime et al.
2002) collected at 60 and 120 cm over an ~1-year period.
Tritium differs from most agrochemicals in that it has
a long half-life (12.5 years) and a sorption partition coeffi-
cient, k, of zero.

Landscape-Scale Risk Assessment Model
To develop a ground water contamination risk assess-

ment tool, we implemented the GPFM in a GIS using spa-
tially distributed estimates of average percolation velocity,
v, and depth to the ground water, x. Ground water depth
typically varies throughout the year, but for the purposes of
risk assessment, the soil survey or SURRGO/STATSGO
minimum ground water depths sufficiently capture the dis-
tributed water table depths for the purposes of pollutant
risk assessment. The percolation or transport velocity de-
pends on the propensity for preferential flow; we used
a conservative estimate for the fraction of area participating
in preferential solute transport, Af, proposed by Selker et al.
(1996):

Af 5
Imax

KS
(8)

where Imax is the maximum annual daily precipitation
[LT�1] and KS is the saturated hydraulic conductivity of the
soil [LT�1], usually the surface layer. The velocity of the
solute can be expressed as:

v 5
R

ðhS 1 kqbÞðAfÞ
(9)

where R is the ground water recharge, same as in Equation
5 [LT�1], hS is the saturated moisture content [L3L�3], k is
the sorption partition coefficient [L3M�1], and qb is the
bulk density [ML�3]. The inclusion of the sorption in
Equation 9 retards the velocity of chemicals prone to soil
adsorption relative to the water velocity. This is similar to
the equation that would be used in traditional matrix flow
situations except for the fractional area term in the denomi-
nator, which makes the preferential flow velocity typically
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Figure 2. Predicted relative concentrations compared to
observed relative concentrations taken from field data
(Peranginangin 2003), with R2 = 0.6. Chloride is represented
with the open circles, and atrazine with the dark circles.
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>1 order of magnitude greater than that of matrix flow. The
saturated moisture content hS in Equation (9) can be ob-
tained through open-access soil data or, when unavailable,
can be estimated from other commonly available soil data
as follows (Fetter 2001):

hS 5 1�
�

qb
ðqmð1� OmÞÞ1 ðqoðOmÞÞ

�
(10)

where Om is the percent organic matter content in the soil,
qm is the mineral particle density (’2.65 g/cm3), and qo is
the organic soil particle density (’1.00 g/cm3) (Boelter
1969; Boelter and Blake 1964). Adsorption/desorption
partition coefficients for many pollutants are published
(e.g., Bailey et al. 1974; Baker et al. 1978; Davidson et al.
1975; Haan 1971; Helling et al. 1971; Smith et al. 1978);
for pesticides, k can be estimated using the percent organic
carbon, Oc, and the pesticide organic carbon adsorption
coefficient, Koc (DelVecchio and Haith 1993):

k 5 Koc

�
Oc

100

�
(11)

Little organic matter exists in the subsoil, and k tends
toward zero in the transmission zone. Although ground
water recharge, R in Equations 5 and 9, may be spatially
variable, for small areas with reasonably homogenous
climate it is commonly calculated as an average distri-
buted flux using a Thornthwaite-Mather (1955) water bal-
ance (e.g., Steenhuis and Van der Molen 1986; Varni and
Usunoff 1999). This procedure uses soil available water

capacity data, precipitation data, and estimated potential
evapotranspiration (PET) to estimate recharge (see Steenhuis
and van der Molen (1986) for a complete description).

The health risk of ground water contamination due
to pesticides can be estimated using the hazard ratio
(Steenhuis and Naylor 1987):

H 5
C�

h
(12a)

C� 5

R t
0
CRdt�R t
0
Rdt�

(12b)

where C is the pesticide concentration at depth L as esti-
mated by the distributed GPFM (Equation 7) [ML�3], C*is
the average concentration of pollutant in the ground water
[ML�3] over time t, R is the percolation rate or, alterna-
tively, the ground water recharge [LT�1], and h is the maxi-
mum safe drinking water concentration as determined by
the U.S. EPA [ML�3]. Values of H near or greater than 1
indicate potential concern for drinking water safety.

Model Application

Site Description
We applied our risk assessment model to Cortland

County in central New York State because much of the
area relies on ground water from the region’s glacial aqui-
fers and because its range of different soils types and land
uses provided substantial spatial distribution for this case
study. Additionally, a GIS-based assessment done within
our research group in 2003 (Richards and Sinkevich, un-
published data) found that Cortland County had the great-
est relative risk of pesticide contamination of ground
water, based on land use, population ground water use, and
aquifer characteristics. The shallow depth to the water
table and the high permeability of these aquifers make
them highly vulnerable to contamination. The aquifer sys-
tem in Cortland County consists of an unconfined sand
and gravel aquifer 10 to 25 m thick and a lower confined
sand and gravel aquifer that is 1 to 50 m thick. The two
aquifer systems are separated by a lacustrine and till stra-
tum that is anywhere from 1 to 50 m thick. The two aqui-
fers are hydraulically connected in some areas near valley
walls where the confining layer is thin or absent (Miller
et al. 1998). Land cover types in Cortland County are pri-
marily agriculture (28%), forest (62%), and urban (8%)
(Figure 4). Agriculture is fairly evenly distributed through-
out the rural parts of the county. Cortland County has
diverse topography that ranges from flat valley bottoms to
steep valley walls and hillsides; elevations range from
~1100 to 2000 feet above mean sea level.

Cold winters, with an average temperature of 1�C, and
dry summers, with an average temperature of 17�C, climati-
cally characterize Cortland County, as well as much of
upstate New York. Lake Ontario, which is 70 km north,
moderates air temperatures and supplies moisture to the cold
air masses during the winter. The average annual precipita-
tion is 100 cm, and the average annual temperature is 9�C.
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Figure 3. Comparison of the generalized preferential flow
predictions (lines) to field data (symbols) for tritium at depths
of (a) 60 cm and (b) 120 cm (Abumine et al. 2002).
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Ground Water Quality Data Collection
During the spring and summer of 2003, we collected

ground water samples at 40 locations throughout the
county from private residences, farms, small businesses,
monitoring wells, and public water supplies. This data col-
lection was done during model development, i.e., prior to
generating any risk predictions, and thus sampling bias
was avoided. Permission to sample was granted volun-
tarily. The Cortland County Soil and Water Conservation
District (CCSWCD) and USGS cooperated in selecting the
sampling sites. Approximately 60 locations were initially
identified, selected in part based on the CCSWCD’s intu-
itions about where there might be an elevated risk of pesti-
cide contamination due to factors such as proximity to
likely pesticide application, areas down slope of pesticide
application, presence of a high water table, permeable soils
that allow leaching, and cooperative land owners. The
ground water samples were tested for atrazine and nitrate;
the latter was included because elevated NO3-N concen-
trations in ground water have been used as an indicator of
the presence of pesticides (e.g., Panno et al. 2002; Panno
and Kelly 2004).

The nitrate was analyzed at the Cornell Nutrient Anal-
ysis Laboratory by ion chromatography (Dionex DX-100
with AS4A-SC anion column, minimum detection limit
(mdl) ¼ 1 3 10�3 lg/L). Atrazine was analyzed at the
Cornell Soil and Water Laboratory using Strategic Diag-
nostics Inc.’s RaPID Assay Atrazine Test Kit, which uses
an enzyme-linked immunosorbent assay for the determina-
tion of atrazine (mdl ¼ 0.01 lg/L).

Model Parameterization

Land Use
Land use influences the spatial distribution of pesticide

or other potential contaminant use. We used Land Use and
Land Cover (LULC) data files (www.webgis.com), which
describe the vegetation, water, natural surface, and cultural
features on the land surface. These were obtained from the
USGS’ National Mapping Program and from the EPA.
Land use is always changing, especially in upstate New
York where farms are constantly going out of business and
residential areas are rapidly expanding; thus, the most cur-
rent data were used, i.e., 1995 (Figure 4). Because it con-
stitutes such a large amount of the area, agricultural land
use is the primary concern with respect to pesticide con-
tamination. We assumed for risk assessment purposes that
all agricultural lands are in use and that these cropped
fields receive the pesticide for which risk predictions are to
be determined.

Pesticide Parameters
This study focused on atrazine and assumed pesticide

application rates recommendations posted by the USDA
(www.usda.gov/nass/). For this study, we followed one
complete pesticide pulse, which is 1 year’s worth of pesti-
cide application because atrazine is generally applied only
once in the early spring. Table 1 summarizes the atrazine
parameters used in this study.

Soils
Currently, all of New York State’s soil information is

compiled in the soil survey database, STATSGO
(www.essc.psu.edu). This database contains digitized maps
of soil parameters needed to implement the GPFM in
a GIS, namely, bulk density, organic matter content, and
saturated moisture content. It also provides estimated aver-
age high water table information, which was used to

Table 1
Pesticide Parameters for Atrazine

Parameter Value Source

Pesticide organic adsorption coefficient (Koc
1) 160 cm3/g DelVecchio and Haith (1993)

Half-life (t1/2) 60 d DelVecchio and Haith (1993)
EPA drinking water standard (H) 3 mg/L http://www.epa.gov/safewater/mcl.html#mcls
Application rate (M) 1.45 3 10�4 g/cm2 http://www.usda.gov/nass/

1Koc is used in Equation 11 to solve for k with Om from STATSGO (see Soils section).

Figure 4. Land use (LULC) broken up into the three major
land cover types in Cortland County, New York (forested,
urban, and crop land).
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parameterize ground water depth for our model. These
data were compared to USGS field measurements of water
table depth over a small portion of Cortland County, and
the relative distributions of STATSGO water table depth
compared well with the field measurements (Sinkevich
2004).

Ground Water Recharge
The Thornthwaite-Mather (1955, 1957) method, as

described by Steenhuis and van der Molen (1986), was
used to estimate annual ground water recharge, R. This
procedure for calculating recharge was chosen because of
its modest data requirements and ease of calculation. The
Thornthwaite-Mather method requires the soil available
water capacity, daily precipitation, and daily PET. PET was
estimated using the Priestly-Taylor (1972) equation. We
used average daily precipitation and temperature over >30
years with data obtained from the weather station in Cort-
land, New York. Using these weather data, average annual
ground water recharge, R, was calculated as 40.4 cm/year.

The Preferential Flow Parameter
The fraction of soil participating in preferential solute

transport, Af, is not well known. We used Af ¼ 0.3 based on
field studies in which we dyed macropores, images avail-
able at the Cornell Soil and Water Lab Web site (SWL—
Preferential Flow Website 2005). We checked this value
against Equation 8 using Imax equal to average intensity of
the 1-year 24-h rainfall in Cortland (Imax ¼ 2 cm/h—
United States Department of Commerce, Weather Bureau
1961) and an average KS from the local soil survey. Values
of KS ranged over several orders of magnitude, but

reasonable ‘‘average’’ values yielded Af ¼ 0.2 to 0.4, which
agreed with our own field studies.

Hazard Index Mapping
The hazard index map was created using the spatial da-

tasets for land use (LULC) and soils (STATSGO), as well
as the nonspatial aspects solved for in Equations 2 through
12. Using ESRI’s ArcGIS (any GIS that allows vector and
raster processing would work), the LULC data were joined
with the STATSGO data. An attribute table containing the
necessary land use and soils data was imported to a spread-
sheet program to solve Equations 7 through 12, and the re-
sults were imported back into a GIS to display a map of H.
For a step-by-step procedure using ArcGIS, see Sinkevich
(2004). Although Equation 12 is shown for a general case,
here we used long-term average R and replaced the in-
tegrals with monthly summations. For simplicity, we
assumed no temporal variation in R.

Results and Discussion
Figure 5 shows the atrazine hazard index map for

Cortland County, New York, divided up into four major
risk groups: negligible, low, moderate, and high. Negligi-
ble-risk areas, H ¼ 0, correlate almost exclusively to areas
that do not receive pesticides, i.e., areas that are not crop-
land, and/or areas with deep water tables, generally >8 m

Figure 5. This is a risk assessment map for potential ground
water contamination due to the pesticide atrazine leaching
through the soil in Cortland County, New York. Light blue,
dark blue, yellow, and red correspond to negligible, low, mod-
erate, and high risk for that specific area, respectively.
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Figure 6. Comparisons between predicted atrazine hazard
indices (H) and observed ground water quality with respect to
(a) atrazine and (b) nitrate. Graph a shows the percent of
samples ‘‘N’’ collected within each hazard class (negligible,
low, moderate, and high) that had detectable concentrations of
atrazine. Graph b shows the average nitrate concentration in
groundwater for each hazard class; the error bars represent
the 90% confidence interval of the observed values, and
the line is a linear regression (R2 = 0.90) emphasizing the
relationship.
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deep. The low-risk areas indicate some potential pesticide
leaching, 0 < H < 0.05, but at concentrations well below
the EPA standard. The moderate areas were predicted to
have concentrations up to 1.5 lg/L, i.e., 0.05 < H < 0.5,
which indicates substantial potential pesticide leaching that
is nevertheless still below the EPA standard for ground
water contamination by atrazine. The high-risk areas are all
locations with a potential atrazine leaching risk index of H
> 0.5. Note that the high-risk areas constitute only a small
portion (5%) of the watershed; focusing ground water mon-
itoring on these areas would be substantially more cost
effective than implementing an evenly distributed county-
wide program. Most of the areas are actually at negligible
to low risk, >70%, which corresponds to the fact that 70%
of the county is forest or urban areas that do not typically
receive atrazine and for which a low intensity monitoring
strategy would probably suffice.

Figures 6a and 6b show the comparison between our
atrazine hazard indices and field measurements of atrazine
and nitrate, respectively. Because the scope of sampling
was limited, our sample set unfortunately only included
one well from a high-risk area, although this sample con-
tained atrazine and the highest-observed concentration of
nitrate. Out of the 40 samples, 14 had detectable levels of
atrazine (i.e., >0.005 lg/L); all samples had low concentra-
tion (<0.2 lg/L). Assuming that the propensity of atrazine
detection is a good indicator of pesticide contamination
risk, we found a good correlation between atrazine detec-
tion frequency and our risk predictions (Figure 6a). We
used nitrate as a general agrochemical tracer for which we
could detect a larger range of concentrations than we found
for atrazine, and, as shown in Figure 6b, the concentration

of nitrate correlated well with the atrazine risk indexes, i.e.,
higher-risk areas correlated to higher nitrate concen-
trations. Although nitrate is a better indicator of overall
ground water recharge from agricultural areas than prefer-
ential flow per se, these tests corroborate the reliability of
our risk assessment tool’s ability to predict ground water
contaminant hot spots.

To illustrate the importance of considering preferential
flow in ground water risk assessment, Figure 7 shows the
risk predictions with preferential flow removed, i.e., Af ¼ 1
(Equation 8). Interestingly, in the absence of preferential
flow, there is very little predicted risk of ground water
contamination by atrazine. Traditional leaching models
typically ignore preferential flow and assume uniform,
convective-dispersive transport like that used to gener-
ate Figure 7. Figure 8 replicates the analyses shown in
Figure 6 but without preferential flow transport; note the
propensity for detectable levels of atrazine in negligible-
risk and low-risk areas (Figure 8b) as well as high nitrate
concentrations for negligible-risk and low-risk areas.

To evaluate the role of chemical degradation in con-
taminant risk, we used our tool to create a hazard index
map for Cortland County, New York, with respect to 2,4-D
(Figure 9), which has a decay rate four to eight times faster
than that of atrazine (Hamaker 1972). For 2,4-D, the maxi-
mum contaminant levels in drinking water are 70 lg/L
(EPA), the sorption partition coefficient is spatially distrib-
uted but remains around 20 cm3/g, the application rate is
2.24 3 10�5 g/cm2, and t1/2 is 10 d. The hazard map is
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Figure 8. Comparisons between predicted atrazine hazard
indices (H) ignoring preferential flow and observed ground-
water quality with respect to (a) atrazine and (b) nitrate.
Graph a shows the percent of samples ‘‘N’’ collected within
each hazard class (negligible, low, moderate, and high) that
had detectable concentrations of atrazine. Graph b shows the
average nitrate concentration in ground water for each hazard
class; the error bars represent the 90% confidence interval of
the observed values.

Figure 7. This is a risk assessment map for potential ground
water contamination due to the pesticide atrazine leaching
through the soil in Cortland Country, New York, neglect-
ing preferential flow (Af = 1). Color scheme is the same as
Figure 5.
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scaled proportionally the same as for the atrazine analysis,
e.g., high risk corresponds to H > 0.5. Notice that the risk
of 2,4-D contamination is considerably less than for atra-
zine (Figures 9 and 5, respectively). Most of the areas are
negligible to low risk, 70% and 25% of the county, respec-
tively. Because of the fast degradation rate of 2,4-D, there
are actually no areas of high risk for water contamination
in Cortland County, and the moderate-risk areas only repre-
sent ~5% of the county. This is in agreement with many
survey studies that find atrazine concentrations in drink-
ing water wells but find little to no 2,4-D concentrations
(Tindall and Vencill 1995; Franklin et al. 1994).

Summary and Conclusions
We developed and tested a risk assessment tool to assist

in developing reliable and cost-effective well sampling strat-
egies. Our tool is based on a spatially distributed version of
the GPFM that accounts for the preferential flow of pesti-
cides downward through the soil, acknowledging that degra-
dation rates may be lower at depth than in the root zone,
i.e., the distribution and transmission zones, respectively.
Our risk assessment tool translates the GPFM-predicted
concentrations into hazard indexes that show the degree of
potential ground water contamination by pesticides across
a landscape. We applied our model to Cortland County,
New York, and found good agreement between risk predic-
tions and field measurements of atrazine and nitrate. Our
GIS-based risk assessment tool can be parameterized
entirely with open-access data and published information on
agrochemical characteristics. The next goal of this project is
to implement our tool on the Internet so that water quality
professionals have easy access to it.
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