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CONVERSION FACTORS AND ABBREVIATIONS

Multiply By To obtain
Length

foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer
Area

acre 0.4047 hectares

square mile (mi?) 2.590 square kilometer
Vo Lume

gallon (gal) 3.785 liter
Mass

ton 0.9072 megagram

Hydraulic conductivity

foot per day (ft/d) 0.3048 meter per day
Gradient
foot per mile (ft/mi) 0.1894 meter per kilometer

Other abbreviations used in this report:

parts per million (ppm)
micrograms per liter (§g/L)



EVALUATION OF STATISTICAL MODELS TO PREDICT CHEMICAL QUALITY OF
SHALLOW GROUND WATER IN THE PINE BARRENS OF SUFFOLK COUNTY,
LONG ISLAND, NEW YORK

by Paul E. Stackelberg and Steven F. Siwiec

Abstract

Maximum-likelihood logistic-regression models were evaluated for
effectiveness in the prediction of ground-water contamination within
a study area in the Pine Barrens of Suffolk County. The models
relate the presence or absence of volatile organic compounds (VOC’s)
at concentrations equal to or exceeding 1 microgram per liter within
the shallow ground-water system to population density and land use.
The logistic function was used to develop models that quantify the
probability of VOC detection within the shallow ground-water system.
Population-density values and land-use percentages used by the models
were those computed for 1/4-square-mile grid cells of an overlay of
the study area by a geographical information system (GIS).

Results suggest that the predictive ability of the models is
governed primarily by the degree of resolution of explanatory data.
Increased data resolution gave improved model fits, as indicated by
the appropriate statistical diagnostics. The predictive ability of
the models also depends on the presence of appropriate ranges of
explanatory data in modeled areas. Application of models to areas
with differing land use and population density resulted in a decrease
in the ability of the models to predict the presence of VOC’s within
the shallow ground-water system, as indicated by an analysis of
model residuals.

The modeling technique evaluated in this study, used in conjunc-
tion with GIS techneology, proved useful in the examination of corre-
lations among shallow ground-water quality and variables related to
human activities and, thus, could help decisionmakers predict the
effects of proposed development on shallow ground-water quality in
areas where models are properly fitted to explanatory data. In
addition, the technique can provide maximum-likelihood estimates of
shallow ground-water quality at less cost than a ground-water-
sampling program in areas where such data are scarce or absent but
where explanatory variables can be quantified.

INTRODUCTION

The aquifer system of Long Island, N.Y., is the sole source of freshwater
for 2.8 million residents of Nassau and Suffolk Counties (fig. 1). The
surficial water-table aquifer, referred to as the upper glacial aquifer, is
highly susceptible to contamination by substances introduced at or near the



land surface because it is directly exposed at land surface and is highly
permeable. In recent decades, extensive development and urbanization have
resulted in ground-water contamination from a variety of sources, and this
contamination has, in some places, restricted the consumptive use of water
from the upper glacial aquifer. The effects of human activities on the
quality and quantity of Long Island’s ground water have, therefore, become a
major concern throughout Nassau and Suffolk Counties.
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Figure 1.--Location of study area and of Pine Barrens Special Ground
Water Protection Area (SGPA) in Suffolk County, N.Y.

Special Ground-Water-Protection Areas

In an effort to protect and maintain the quality of ground water on Long
Island, the State of New York, in 1987, appropriated funds for the preparation
and implementation of watershed-protection plans in "special ground-water-
protection areas" (SGPA’s) within federally designated sole-source aquifers in
counties with a population exceeding 1 million (Trunzo and others, 1987).
SGPA’s are defined as "significant, largely undeveloped or sparsely developed
geographic areas ... which recharge portions of the deep flow aquifer system"
(New York State Department of Environmental Conservation, 1986, p. IV-63).

The purpose of this action by the State of New York was to--

(1) Establish procedures for designating SGPA’s;

(2) delineate areas of vital importance in maintaining water quality in

sole-source aquifers and characterize the hydrogeology, water quality, and
land uses within these areas;



(3) ensure that these areas are protected and managed to maintain or improve
ground-water quality;

(4) establish procedures for the development and implementation of an
individual management team for each SGPA;

(5) implement a part of the State ground-water-management program on Long
Island to serve as a model for future statewide application; and

(6) establish guidelines for Federal-State cooperation in the planning,
funding, and implementation of SGPA-management plans.

An additional intent of this action was to strengthen controls on nonpoint-
source contamination to protect potable water beneath aquifer recharge areas.

The concept of SGPA’s was first introduced by the New York State
Department of Environmental Conservation (NYSDEC) in their 1983 Draft Long
Island Groundwater Management Program (NYSDEC, 1983). In this document, the
NYSDEC defined criteria for the delineation of SGPA’s and proposed nine such
areas in Nassau and Suffolk Counties. Some modification of boundaries has
resulted from detailed review of SGPA’s with regard to the established
criteria since the initial designation of these areas.

In 1987, as mandated in Article 55 of the New York State Environmental
Conservation Law, an advisory group known as the SGPA Advisory Council
(SGPAAC) was established to assist the Long Island Regional Planning Board
(LIRPB) in the development, review, and implementation of an SGPA management
plan. The SGPAAC includes representatives of State and local government
agencies with water-resource management responsibilities, and members of
conservation organizations that have property or other interests in one or
more of the SGPA’s on Long Island. The SGPAAC meets on a regular basis to
discuss issues related to management options, proposed zoning changes,
development activities, and pending legislation within Long Island’s SGPA’s.
In addition, the Council hears progress reports on special projects dealing
with specific issues relevant to their mission.

Background and Objective of this Study

In 1988, the U.S. Geological Survey (USGS), in cooperation with the
LIRPB, began a study to evaluate a statistical modeling technique that
describes the relations among variables representing human activities and
chemical quality of shallow ground water. The techniques used in this study
are largely based on work by Eckhardt and Helsel (1988), Eckhardt and others
(1989b), and S.J. Cauller (U.S. Geological Survey, written commun., 1991). The
study entailed evaluation of selected statistical models, developed by these
investigators, for effectiveness as predictive tools within a pilot SGPA in
Suffolk County. The models describe the correlation between variables
representing human activities (land use and population density) and the
occurrence of volatile organic compounds (VOC’s) in shallow ground water.

The study was limited to the water-table aquifer in a ground-water
recharge area where the primary direction of ground-water flow and associated
contaminant transport is assumed to be vertically downward to underlying



aquifers. Concentrations of VOC’s, as a group, were considered to be repre-
sentative of overall ground-water quality conditions because their presence
is generally considered to be indicative of human influences.

The objective of the present study was to evaluate statistical models
that relate land use and population density to the presence or absence of
VOC’s in shallow ground water as potential tools for decisionmaking regarding
future development within SGPA’s. This study consisted of four phases: (1)
examination of ways to improve the models through the use of fine-scale data
and a data-aggregation technique; (2) application of the models to a pilot
SGPA on Long Island; (3) verification of model predictions of VOC detection
within the study area; and (4) evaluation of the transferability of selected
models to areas of similar climatic and geohydrologic conditions.

Purpose and Scope

This report (1) describes the population distribution, land-use patterns,
hydrogeology, and ground-water quality in the study area; (2) summarizes results
of the statistical model evaluations, including methods used to develop, test,
and improve the models; (3) presents results of an analysis of residuals; and
(4) discusses model-verification results and model transferability. It also
discusses limitations of the models, data requirements, and scale considera-
ions. Results are presented as a series of computer-generated maps that
illustrate the probability of VOC detection within the shallow ground-water
system as a function of variables that represent human activities in the
overlying area.

Previous Studies

Several studies by the USGS have assessed the quality of the nation’s
ground-water reserves and the nature and extent of ground-water contamination.
The primary objective of these studies was the statistical evaluation of rela-
tions among variables representing human activities and the chemical quality
of underlying ground water (Helsel and Ragone, 1984). Results of a study com-
pleted on Long Island (Eckhardt and others, 1989a,b) indicate that the presence
of VOC’s in the water-table aquifer is statistically related to land-use pat-
terns and population density in the overlying area. Similar studies that have
related ground-water quality to land use and hydrogeology within the Potomac-
Raritan-Magothy aquifer system in New Jersey also found statistically signifi-
cant correlations between certain land-use categories and the presence of
nitrate-nitrogen and VOC’s (Vowinkel and Battaglin, 1989; Hay and Battaglin,
1990). Similar results from other studies to evaluate the correlation between
variables representing hydrogeology or human activities and shallow-ground-water
quality are described in S.J. Cauller (U.S. Geological Survey, written commun.,
1991), Grady and Weaver (1988), Barton and others (1987), Rutledge (1987),

Chen and Druliner (1987), and Cain and Edelmann (1986). Results of these
investigations provide the conceptual basis for the study described herein.
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Results of the 1:24,000-scale model application to the study area are
displayed in figure 8B. Comparison of these results with those of the
1:250,000~scale model (fig. 8A) shows increased probability of VOC detection
at the finer resolution of the 1:24,000 data. Most areas that show low detec-
tion probability in the 1:250,000-scale model results have higher probability
values in the 1:24,000 model results, in which the small parcels of industrial/
commercial land within the residential areas are identified. Areas of high
detection probability in the 1:250,000-scale model results also tend to be
high in the 1:24,000-scale model results, except in the northwest and south-
central parts of the study area, where the 1:250,000 model indicated high
detection probability and the 1:24,000 model indicated low detection probabil-
ity. These results are attributed primarily to the classification-~scheme
differences between the two land-use data sets. These areas are classified as
commercial and transportationfutilities in the 1:250,000 data set, but as
institutional and open spacef/recreational in the 1:24,000 data set (figs. 2A
and B).

Analysis of Residuals

Analysis of residuals provides a means of verifying model predictions
within the study area and evaluating the transferability of the models from the
five land-use areas described by Leamond and others (1992) (fig. 5) to other
areas with similar geohydrologic and climatic conditions.

Vervification of Model Predictions

An independent set of data from VOC analyses from 33 shallow wells
throughout the study area was compared with the predicted VOC detection to
verify model predictions. Models that are properly fitted to the explanatory
data within the study area should provide residuals with a median of zero, a
normal distribution, and no spatial trends.

Residuals from the population-density models are displayed as boxplots in
figure 9A and 9B. The smaller variability of residuals from the Thiessen-
polygon model than from the census-tract model, and the smaller departure of
the median from zero, indicates that the Thiessen-polygon model provided a
better fit to observed water quality within the study area than the census-
tract model. Residuals in both models are highly skewed and have medians less
than zero, however, which indicates that both models are systematically over-
predicting the probability of VOC detection within the shallow ground-water
system of the study area. Spatial trends were not discernible in residuals
from either population-density model.

Residuals from the land-use models are displayed in figures 9C and 9D.
Residuals from the 1:250,000 model show less variability than those from the
1:24,000 model and have a median of about zero, whereas those from the 1:24,000
model are more highly skewed and have a median less than zero. These results
indicate that the 1:24,000 model is systematically overpredicting the
probability of VOC detection within the shallow ground-water system. Spatial
trends were not discernible in residuals from either land-use model.
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Figure 9. Box plots of residuals resulting from models: A. Census-tract
population-density model. B. Thiessen-polygon population-
density model. C. 1:250,000 land-use model. D. 1:24,000
land-use model.

Transferability of Models

Application of the models developed within the five land-use areas
described by Leamond and others (1992) (fig. 5) to areas of similar land use,
population density, hydrogeology, and climate provides a means for evaluating
the transferability of these models to other regions with similar geohydrologic
and climatic conditions (Helsel and Ragone, 1984).

Residuals resulting from the application of the population-density and
land-use models to the SGPA (fig. 1) indicate systematic overprediction of the
probability of VOC detection within the shallow ground-water system, even though
the models are well fitted to the explanatory data within the five land-use
areas. This systematic overprediction is attributed to differences between
land-use percentages and population densities of the five land-use areas and
those of the SGPA. The models were developed for areas that have predominant
land-use patterns ranging from highly developed to relatively pristine and
population density ranging from less than 1 to more than 20 per acre, whereas
the SGPA is classified as predominantly vacant, open spacef/recreational, and
agricultural (table 1A), and its population rarely exceeds 5 per acre. These
differences in land-use and population-density characteristics make the models
poorly fitted to the explanatory data within the SGPA and, therefore, led to
systematic overprediction of the probability of VOC detection in the SGPA.

Land-use and population-density characteristics of the entire Nassau and
Suffolk Counties area parallel those of the five land-use areas more closely
than those of the SGPA do, therefore, application of the models to the entire
two-county area would likely result in improved model fits. Results from models
determined to be properly fit to explanatory data from the entire two-county
area can allow examination of results from a specific area of interest, such
as the SGPA. Alternatively, the logistic-regression models could be developed
and verified within specific areas of interest, provided that sufficient water-
quality and explanatory data are available, thereby avoiding the issue of
model transferability. If the models are properly fitted and verified, they
can be used to examine the relation between variables representing human
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activities and shallow ground-water quality and can provide maximum-likelihood
estimates of shallow ground-water-quality conditions at less cost than would

be required for a ground-water-sampling program. Additionally, the models can
be used by decisionmakers to predict areas in which ground-water contamination
is most likely to result from proposed development scenarios. In all applica-
tions, the reliability of the models depends on the availability of explanatory
data bases, a proper fit to explanatory data in the areas of application, and
accurate water-quality data for model development and verification.

SUMMARY

Logistic-regression modeling, coupled with geographical information system
technology, provides a promising technique for evaluation of the possible
effects of human activities and proposed development on the chemical quality of
shallow ground water. Models presented in this study relate the presence or
absence of volatile organic compounds within the shallow ground-water system to
population density and land use in overlying areas. Results presented herein
indicate that the predictive ability of the models is governed primarily by (1)
the degree of resolution of the original explanatory data, and (2) the presence
of appropriate ranges of explanatory data in areas of model application.

Increasing the degree of explanatory-data resolution consistently improved
the statistical correlations between variables that represent human activities
and shallow ground-water quality, as indicated by the appropriate statistical
diagnostics. Methods used to improve the resolution of explanatory data
included the use of (1) a GIS to generate Thiessen polygons for precise spatial
representation of census data, and (2) large-scale, recent maps of land use in
place of old, small-scale maps.

Application of models to areas with differing land-use and population-
density characteristics resulted in a decreased ability to predict VOC
detection within the shallow ground-water system, as indicated by an analysis
of model residuals.

This modeling technique can help decisionmakers to predict where ground-
water contamination is most probable and what the effects of proposed develop-
ment on the chemical quality of shallow ground water will be. The models
depend on (1) the availability of explanatory data bases at scales appropriate
for the intended use of model results, (2) proper fit to explanatory data in
areas of application, and (3) accurate water-quality data for model develop-
ment and verification. An additional value of these models is that they can
provide maximum-likelihood estimates of shallow ground-water quality at lower
cost than would be required for a ground-water sampling program in areas where
such data are scarce or absent, as long as explanatory variables can be
quantified accurately.
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