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INTRODUCTION

The water table is defined as the surface on which the
water pressure in the pores of a porous medium is exactly
atmospheric (Freeze and Cherry, 1979). In practice, the posi-
tion of the water table is measured in wells constructed with
openings along their lengths and penetrating just deep enough
to encounter standing water. Water located at or beneath the
water table is ground water. Given the climate and relatively
permeable subsurface materials in Delaware, the water table
often occurs at depths less than 10 ft below land surface
(Andres and Martin, 2005; Martin and Andres, 2005a, b, c).

The first efforts to map the water-table for the state of
Delaware were undertaken in the 1950s and were a coopera-
tive effort between the United States Geological Survey
(USGS), the Delaware Division of Highways, and the
Delaware Geological Survey (DGS). Maps from this project
were published as paper maps in the Hydrologic Atlas series
at a scale of 1:24,000 and depicted the water table with con-
tour lines at a 10-ft interval. These water-table maps have
been widely used by both the public and private sectors
(Andres and Martin, 2005). Despite the usefulness of these
paper maps, more data are now available and recent advances
in computer technology and the expanding use of Geographic
Information Systems (GIS) have made it necessary to update
water-table maps into a digital format.

The configuration of the water table is one of the major
factors that controls regional ground-water flow patterns
(Freeze and Witherspoon, 1967). Ground water moves slow-
ly underground in the down-gradient direction and eventual-
ly discharges into streams, lakes, and oceans (Perlman, 2005).
Because ground water is such an integral part of the water
cycle, planners and developers often need to have a strategic
plan when dealing with water resources. Excess pumping of
wells over extended periods of time can result in lowering the

water table leading to an increase in the cost of pumping from
greater depths, depletion of the amount of water available for
important wetland habitats, and salt-water intrusion into
domestic water supplies (Dunne and Leopold, 1998). In addi-
tion, the practice of well drilling to extract ground water is
dependent upon an understanding of the depth to the water
table. Wells must be finished below the water table, and the
depth of the water table determines the final specifications of
the well.

Obtaining an accurate representation of the water table is
also crucial to the success of many hydrologic modeling
efforts (Williams and Williamson, 1989). Estimated water-
table elevation can be used to specify heads in the surficial
aquifer for a ground-water flow model, to estimate depths to
areas of potential ground-water contamination, or to simulate
recharge and discharge rates of the surficial aquifer
(Sepulveda, 2003).

In many areas throughout Delaware, the depth to the
water table has a direct effect on how people utilize the land.
For instance, based on depth to the water table, it can be
determined whether or not a site is suitable for a standard sub-
surface wastewater-disposal system. Water-table depth is a
key facet in many engineering, hydrogeologic, environmental
management, and regulatory decisions. Depth to water is an
important factor in risk assessments, site assessments, evalu-
ation of permit compliance data, registration of pesticides and
determining acceptable application rates. Shallow depth to
ground water has been the principal motive for constructing
the extensive ditch networks that can be found in many
watersheds in Delaware. In many areas, the water table is also
the top of the aquifer that provides water for potable, agricul-
tural, commercial, and industrial uses. The thickness of this
aquifer is one factor that controls the amount of water that is
available to wells (Andres and Martin, 2005).
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ANALYSIS AND SUMMARY OFWATER-TABLE MAPS

FOR THE DELAWARE COASTAL PLAIN

ABSTRACT

A multiple linear regression method was used to estimate water-table elevations under dry, normal, and wet conditions
for the Coastal Plain of Delaware. The variables used in the regression are elevation of an initial water table and depth to the
initial water table from land surface. The initial water table is computed from a local polynomial regression of elevations of
surface-water features. Correlation coefficients from the multiple linear regression estimation account for more than 90 per-
cent of the variability observed in ground-water level data. The estimated water table is presented in raster format as GIS-
ready grids with 30-m horizontal (~98 ft) and 0.305-m (1 ft) vertical resolutions.

Water-table elevation and depth are key facets in many engineering, hydrogeologic, and environmental management and
regulatory decisions. Depth to water is an important factor in risk assessments, site assessments, evaluation of permit com-
pliance data, registration of pesticides, and determining acceptable pesticide application rates. Water-table elevations are used
to compute ground-water flow directions and, along with information about aquifer properties (e.g., hydraulic conductivity
and porosity), are used to compute ground-water flow velocities. Therefore, obtaining an accurate representation of the water
table is also crucial to the success of many hydrologic modeling efforts.

Water-table elevations can also be estimated from simple linear regression on elevations of either land surface or initial
water table. The goodness-of-fits of elevations estimated from these surfaces are similar to that of multiple linear regression.
Visual analysis of the distributions of the differences between observed and estimated water elevations (residuals) shows that
the multiple linear regression-derived surfaces better fit observations than do surfaces estimated by simple linear regression.



Depth to the water table is a prevailing factor in deter-
mining the ecological function of a landscape. For example,
many wetlands are found where the water table is at or near
land surface for portions of the year. The duration of stand-
ing water in large part prescribes the plant and animal com-
munities that can live at that site. Under fair or “normal”
weather conditions, the surfaces of Coastal Plain streams and
ponds represent the intersection of the water table with land
surface (Winter, 1999; Andres and Martin, 2005).

Purpose and Scope

The purpose of this report is to provide both a brief
review of the pilot project, the Inland Bays Watershed Water-
Table Mapping Project, and a detailed summary and analysis
of the results of mapping the water table for the Delaware
Coastal Plain. The goals of the Delaware Coastal Plain pro-
ject were to use the methodology and procedures established
during the pilot project to map the water table for the remain-
der of Sussex County, as well as Kent County and New
Castle County.

Appropriate methodologies and procedures for calculat-
ing the water table for the Coastal Plain of Delaware were
established in the Inland Bays Watershed Water-Table
Mapping Project. Water-table elevation maps were produced
for dry, normal, and wet conditions using a variety of esti-
mation methods, making qualitative comparisons between
the different methods and pre-existing water-table maps, and
determining which of the estimation methods could be used
to map the Coastal Plain of Delaware in a cost-effective and
timely manner. One crucial constraint in choosing a suitable
estimation method for mapping the entire state was that it
had to rely on existing data because available funding was
not sufficient to construct new wells or to support collection
of additional water-level measurements.

The Inland Bays watershed (Fig. 1) was selected as the
pilot project by the Delaware Geological Survey and the
Delaware Department of Natural Resources and
Environmental Control (DNREC) Water Supply Section
(WSS) because of the readily available pre-existing water-
level data from previous hydrologic studies conducted in this
region. In addition, the watershed was identified as a high
priority area for a number of regulatory and environmental
restoration efforts that can use the resultant information.

After creating and analyzing water-table maps for dry,
normal, and wet conditions using various statistical estima-
tors, it was determined that the method which produced the
most desirable results was an algorithm based on a multiple
linear regression (MLR) equation to estimate the water table.
Water-table elevation and depth-to-water maps for the
remainder of Sussex County, Kent County, and New Castle
County were then produced using this algorithm (Martin and
Andres, 2005a, b, c).

The map products created by this work are being uti-
lized to support various public environmental programs and
private site reviews that require hydrologic assessment.
These map products will be an important tool in the assess-
ment process; however, they depict estimates of water-table
elevation and are, therefore, not intended to supplant on-site
data collection efforts. The water-table maps will not

be published paper maps; however, they are published
as GIS-ready products and are available for
download from the Delaware Geological Survey’s website
(http://www.udel.edu/dgs).
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METHODS

This work has three primary components: data compila-
tion, statistical evaluation and model development, and
estimation of the water-table elevation. Water level and well
data were extracted from a DGS, Oracle-based database.
Spatial data management and processing were done with
desktop and workstation components of ArcGIS v9.0 (ESRI,
2003), ArcGIS v9.1 (ESRI, 2005) and Surfer v8 (Golden
Software, 2002) software. Horizontal coordinates of all data
are in meters, using the Universal Transverse Mercator
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Figure 1. Depth to water under normal conditions for the Inland
Bays watershed in Sussex County, Delaware.
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projection and North American Datum of 1983 (NAD83).
Elevations are reported relative to the NorthAmerican Vertical
Datum of 1988 (NAVD88). Statistics were computed with
functions and procedures contained in Oracle, ArcGIS, and
Microsoft Excel.

Data Compilation and Statistical Evaluation

Land-surface elevation (LSE) data that were used
throughout the estimation process are from a 30-m digital
elevation model (DEM) created by John Mackenzie of the
University of Delaware’s Spatial Analysis Lab, and from
USGS 1:24,000-scale topographic maps.

Depth-to-water data

Depth-to-water (DTW) and well data were acquired from
the files and electronic databases of the DGS, DNREC,
USGS, and the University of Delaware Department of
Bioresources Engineering. DNREC data were extracted from
the files and electronic databases of the Site Investigation and
Restoration Branch, Water Supply Section, Ground-Water
Discharges Section, Spray Irrigation Program, and Tank
Management Branch of the DNREC. Additional monitoring-
well and water-level data were obtained for New Castle
County from the USGS (1996). The data gathered were of two
types: one type consisting of time-series depth-to-water mea-
surements from monitoring wells, the other type from single
static depth-to-water measurements reported by well drillers
on well completion reports. Prior to analysis, all depth-to-
water data were converted to depth relative to ground-surface
datum. Depth-to-water data from monitoring wells typically
are reported to the nearest 0.01 ft; data from well completion
reports usually are reported to the nearest foot. The accuracy
of measurements from individual wells was evaluated by
comparison to measurements in nearby wells and by convert-
ing depth-to-water to water-table elevation. Because the ele-
vation of the water table is above 0 ft under static conditions,
water elevations less than 0 ft and greater than LSE are gener-
ally considered to be non-representative of local conditions
or inaccurate and were removed from the dataset.

Depth-to-water and well data were managed and ana-
lyzed in a relational database format. Structured Query
Language (SQL) queries were assembled to create tables in
Oracle that contained well locations, land surface elevations,
water-level observations, and computed statistics (mean, min-
imum, maximum, standard deviation, and number of observa-
tions) of observations made in the months and years of nor-
mal, dry, and wet conditions. Each of Delaware’s counties
(Sussex, Kent and New Castle) had its own well-information
dataset.

Surface-water features

In the Coastal Plain of Delaware, topographic relief is
small and aquifers consist of unconsolidated sediments. In this
type of hydrogeologic setting, the surfaces of streams, ponds,
and swamps can be assumed to be the water table under fair
weather conditions (Freeze and Cherry, 1979). This assump-
tion also was used in the production of the 1960s hydrologic
atlases and other regional evaluations of the water table in
Delaware (Johnston, 1973, 1976).

Streams, ponds, and swamps have a direct correspon-
dence to the water table; therefore, acquiring the elevations
and maintaining the spatial configuration of these surface-
water features is an important part of modeling the water table.
Locations of surface-water features are from the 1992 USGS
1:24,000 hydrography digital line graph (DLG) dataset
obtained from DataMIL (datamil.delaware.gov). These data
are stored in an ArcGIS personal geodatabase. DLG hydro-
graphic data were converted into 30-m gridded raster datasets
with each grid node set to a value of zero. The grid geometries
were set to correspond to the 30-m land surface DEM. Two
30-m grids were created: one for shorelines and fringing tidal
marshes, and one for fresh-water streams. Two 90-m grids
were created from DLG hydrographic polygons: one for fresh-
water ponds and swamps, and one for tidal marshes and the
ocean (Andres and Martin, 2005) For the grids representing
fresh-water features, the elevation of each grid node was set
equal to the elevation from the corresponding land-surface
DEM. The raster calculator was also used to set elevations of
nodes representing salt-water marshes to 1 ft, and to set the
elevations of nodes representing the shorelines to 0 ft. These
grids were converted to point datasets and merged (Andres
and Martin, 2005).

Surface-water feature point data were modified to
reduce noise in the dataset. Areas of steep land slope near
streams produced some data points with anomalous eleva-
tion values. The number of these anomalous values was min-
imized by removing points occurring more than 15 m from
surface-water features.

Model Development

Hydrologic conditions

For this work, dry, normal, and wet conditions were
determined from time-series measurements of depth-to-water.
Depth-to-water measurements have been collected at approx-
imately monthly intervals for more than 30 years in a number
of observation wells located throughout the state. A set of
observation wells was chosen for each county to define the
hydrologic conditions for that particular area (Table 1). A
multi-step procedure was used to identify dry, normal, and wet
conditions from observations made in those wells.

Ideally, comparison of long-term water-level observa-
tions made at different locations should use data measured on
the same days and at regular intervals (e.g., monthly measure-
ments should be made on the same day of the month in the
wells being compared). To correct for the fact that this did not
occur, the observed water levels were used to interpolate water
levels on the 15τη of each month for each month that a water
level was measured. For some months when water levels were
not measured, levels were interpolated from measurements
made within 25 days of the 15τη day of the unmeasured month.
Interpolation was done by on-screen digitizing of hydro-
graphs. No estimates were made if water levels were not
observed within 25 days of the 15τη day of the unmeasured
month

Statistical measures of the water-level observations were
computed and the corresponding dates that those water levels
occurred were identified. From these statistics (Table 1), dry,

datamil.delaware.gov
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normal, and wet hydrologic conditions were defined.
Normal conditions were defined as the months with DTW
levels falling between the 40τη and 60τη percentiles (Fig. 2) in
the wells that were compared. Dry conditions (lowest water
levels) were defined as months where the DTW levels fell
between the 75τη and 95τη percentiles (Fig. 2) and wet condi-
tions (highest water levels) were defined as months where
the DTW levels fell between the 5τη and 25τη percentiles
(Fig. 2). These percentile values were chosen as a balance
between having an adequate number of dates to identify
wells for estimating the water table and minimizing the
differences in water levels within a particular group
compared to differences between dry, normal, and wet
groups. Extreme values (< 5τη and > 95τη percentiles) were
excluded from the analysis.

Multiple linear regression and the initial water table

Sepulveda (2003) reported that estimation of the water-
table elevation by linear regression (LR) on LSE could be
improved by a multiple linear regression (MLR) procedure

that used a “minimum water table” along with land surface
elevation to estimate the water-table elevation. A key
assumption used in many water-table estimation projects is
that streams, ponds, and swamps represent the intersection of
the water table with land surface (Winter, 1999) (Fig. 3).
Thus, the land-surface DEM was used to assign elevations to
the surface-water features.

The minimum water table was then estimated by com-
puting a grid from the elevations of surface-water features
(Sepulveda, 2003). In this process, the minimum and maxi-
mum elevations of the minimum water table are 0 ft (e.g.,
tidal-water elevation) and land-surface elevation, respective-
ly. For clarity, Sepulveda’s term “minimum water table” is
replaced by “initial water table” (INITWT) for application to
Delaware. For Sussex County and Kent County, estimates of
the INITWT were created by a 5th-order local polynomial
regression method.A kriging algorithm was used to calculate
the INITWT for New Castle County. Three separate initial
water-table grids were created for Sussex, three for Kent,
and two for New Castle Counties.

The second variable in the MLR equation is a depth to
the initial water table, which was calculated by subtracting
the initial water-table elevation from the land surface eleva-
tion DEM. Thus, the general form of the multiple linear
regression equation is:

Est WTi = β1 * INITWTi + β2 * (LSEi-INITWTi) (1)

where:

Est WTi = estimated water-table elevation at point i
β1 = regression coefficient 1
INITWTi = initial water-table at point i
β2 = regression coefficient 2
LSEi = land-surface elevation at point i
(LSEi-INITWTi) = depth to the initial water table at
point i

The regression coefficients, β1 and β2, were calculated
from the depth-to-water and well datasets. INITWT and
depth to INITWT were converted into point feature class for-
mat in ArcGIS and then exported into Microsoft Excel for
the regression analysis. The dry, normal, and wet well
datasets for each county produce their own unique sets of
regression coefficients. The effectiveness of MLR was com-
pared to simple LRs on LSE and the INITWT by comparing

Table 1. Long-period observation wells used for each county. Values are depth to water measured in feet below land surface.

Figure 2. Hydrograph for well Qe44-01 showing monthly depth to
water (DTW) below the land surface. Data points are estimated for
the 15th of each month. Statistics derived from estimated data. Lines
represent 25τη, 40τη, 60τη, and 75τη percentiles of data distribution.
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statistical measures of observed and predicted WTEs.

Estimation of Water-Table Elevation

The elevation of the water table is the distance of the
water-table surface from a vertical datum, in this case the
NAVD88, which is approximately sea level. The two variables
(the initial water table and the depth to the initial water table)
and the two coefficients (coefficient β1 and coefficient β2)
were computed and applied to the multiple linear regression
equation. The resultant water-table elevation maps for each
county are continuous surfaces; however, observations of the
surface exist at irregularly spaced locations. The multiple lin-
ear regression equation interpolates water-table elevations
between these surface observations to produce the continuous
surface. The water-table elevation grids are in the form of GIS
grids with 30-m horizontal and 1-ft vertical resolution.

The water-table grids were completed as a series of
sub-grids that were subsequently merged into single county-
wide grids. For example, a water-table DEM for normal
conditions for eastern Sussex County was merged with a
water-table DEM for normal conditions for western Sussex
County.

There are several different methods that can be used to
mosaic raster datasets, and because the grids overlapped in
some areas, a weighted average algorithm was used followed
by a filtering step. The weight-based algorithm is dependent
on the distance from the pixel to the edge within the over-
lapping area. As an example of a filter, the different sections
of Sussex County were separated based upon hydrography,
so the merged Sussex County WTE grids were put through a
3x3 Gaussian low-pass filter that removes higher frequency
variations in grid values and smooths the artifacts along the
seams.

Merging the county DEMs into a statewide grid was
explored; however, the large size of the resultant grid severe-
ly taxes the performance of even high-end PC workstations.
In addition, the merge process resulted in unwanted grid arti-
facts because the DEMs are regular grids and the county

boundaries are in part formed by meandering streams. These
artifacts are a problem because when the statewide grid is
cut into county grids, there are no-value nodes located in the
interior of the resultant county grids. To work around these
issues, the grids are completed by county and include an
overlap of 200 m into the adjacent county. If a user needs
a simple map covering more than one county for display
purposes, then the county grids are adequate. Any analytical
work (i.e., slope and aspect, hillshade, etc.) that requires
a seamless grid across county boundaries will require the
user to merge the grids and develop the appropriate smooth-
ing procedures most suited to the location and scale of
investigation.

Potential Improvements to Water-Table DEM from

LIDAR-Derived DEM

DEMs of land surface produced from aircraft-borne
LIDAR (Light Detection And Ranging) data offer the poten-
tial for increasing the horizontal and vertical resolutions of
the elevations of surface-water features and water-table
DEMs. Compared to the 30-m horizontal and 1-ft vertical
resolution DEMs derived from 1:24,000 DLG data, experi-
mental DEMs produced from LIDAR data collected by air-
craft-borne sensors in the past few years typically result in
DEMs with 2-m horizontal and approximately 0.328-ft
vertical resolutions.

A simple experiment was conducted with experimental
LIDAR-derived DEMs produced by the USGS for two ran-
domly selected small watersheds located in Sussex County. In
the same way that the elevations of surface-water features
were determined from existing DLG hydrography data
(USGS, 1992) and 30-m DEMs (Mackenzie, 1999), LIDAR-
derived DEMs and the USGS (1992) hydrography DLG data
were used to determine elevations of surface-water features.
The resulting point elevation data were visually compared to
the LIDAR-derived DEM to determine if the DLG-derived
points were aligned with the local elevation minima on the

Figure 3. Illustration showing the initial water table including graphical representation of water-table terms and vertical datums.
Illustration modified from Sepulveda (2003).
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RESULTS AND DISCUSSION

Water-table elevations were estimated as a series of
overlapping grids (Table 2). For each grid area, a set of long-
term observation wells was used to define dry, normal, and
wet periods (Table 1). This enabled collection of water-level
observations made in additional wells during those periods.
Separate INITWT and MLR estimations (Tables 3 and 4)
were run for each grid area.

Two interesting observations can be made regarding the
coefficients of the MLR equations and of the coefficient for
the regression on INITWT. First, β1 values (weighting factor
for INITWT), except for one grid, are slightly less than 1. In
Sepulveda’s analysis of the water-table elevation in Florida
(Sepulveda, 2003), the regression coefficients of the initial
water table were all ≥ 1 in all but one of his study groups.
This indicates that the data (i.e., elevations of surface-water
features) and methods (polynomial surface fit) used to esti-
mate the INITWT in Delaware slightly overestimate
observed water-table elevation (WTE) rather than underesti-
mate WTE as in Florida. Spatially, the INITWT elevations,
regardless of hydrologic condition, are less than the estimat-
ed WTEs in low-lying areas along the shorelines and around
the streams and bays. In addition, INITWT elevations for
eastern Sussex County are less than the estimated WTEs in
all areas under wet conditions. These conditions also can be
partially due to artifacts from estimating elevations of sur-
face-water features from DLGs and DEMs. Second, the
magnitude of β2 (weighting factor for depth to INITWT) is
largest in New Castle County, and lowest in Sussex County.
This is likely due to deeper incision of streams and greater
topographic relief in New Castle and Kent counties, and
resultant greater depth to the INITWT.

Simple linear regressions were performed with the nor-
mal condition water-level data on both LSE and the INITWT
for statistical comparison to the multiple linear regression
method (Tables 3 and 4). The coefficients of determination
(R2), which show the proportions of sample variances
accounted for by the regression equations, are very similar

between the MLR and both LR models. Root mean square
error (RMS), a statistical measure of the magnitude of the
total estimation error, were also calculated for the MLR and
both LR methods. The RMS value for the MLR method is
smaller than the RMS values produced from the LSE LR and
the INITWT LR analyses. These statistical measures indicate
that the MLR method is a slightly more accurate predictor of
water-table elevation than a simple LR on LSE or INITWT.
It is important to note that a statewide analysis by simple LR
on LSE fairly accurately predicts the normal WTE, and that
WTE is approximately 80 percent of LSE (Table 4).

A second way of assessing the goodness of fit between
the different estimation methods is to evaluate the individual
residuals, or observed minus predicted WTE values. In gen-
eral, differences between the 2νδ and 3ρδ quartiles and 5τη and
95τη percentiles of residuals from the MLR method are less
than similar differences from both of the LR methods. This
indicates that the MLR method better estimates 90 percent of
water-level observations than do the LR methods. However,
the MLR method did produce a higher range (maximum-
minimum) of residuals in Kent County and New Castle
County than did the LSE LR; this is likely a result of increas-
ing LSE values and ranges in these two counties.

On closer inspection, many of the largest residuals are
located near areas of steepest topography, and some are
located near bodies of tidal surface water. In the cases of
steep topography, errors in coordinates of measurement loca-
tion can result in significant changes in LSE and observed
WTE. In cases of measurements made in northern New
Castle County, where topographic contours have 10 ft inter-
vals, an error in horizontal position of just 60 m can easily
result in a change in LSE and of the observed WTE of 10 to
20 ft. Larger residuals associated with measurement points
located near bodies of tidal surface water indicate that those
measurement points may not be indicative of WTE of the
water-table aquifer. It is also possible that some of the large
residuals are artifacts from estimating the elevations of sur-
face-water features from DLGs and DEMs.

Table 2. Grid dimensions and numbers of ground-water points used to estimate water-table elevation and depth to water table. Surface
water points were used to estimate the initial water table. Ground-water points were used in the multiple linear regression estimation
procedure.
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Sussex County Water-Table Elevation

Creating the water-table elevation maps for Sussex
County, Delaware, was a multi-step process that involved
dividing the county into three separate geographic sections
(east, west, and north). In large part, the geographic sections
of Sussex County were delineated based on watershed
boundaries and DLG lines representing hydrography (e.g.,
streams) in the area. Each geographic region of Sussex
County has its own unique well data set, and thus its own
unique set of regression coefficients for dry, normal, and wet
conditions. Water-table elevation grids for each hydrologic
condition were created for eastern, western, and northern
Sussex County and were then merged to create a unified,
county-wide water-table elevation grid for dry (Fig. 4A),
normal (Fig. 4B), and wet (Fig. 4C) conditions (Martin and
Andres, 2005a).

Hydrologic conditions for the area identified as eastern
Sussex County were determined by comparing the long-term
water-level measurements in monitoring wells Ng11-01 and
Qe44-01. The observation well dataset used to compute the
regression coefficients in this area included water-levels
from 1,320 wells (Table 2). Locations of these measurements
are not spread evenly across the study area.

Long-term water-level measurements from monitoring
wells Nc45-01 and Qe44-01 were compared in order to
define the time periods for dry, normal, and wet conditions
for western Sussex County. The water-level observation
datasets for this area included data from 728 water-level
observation points (Table 2) that were unevenly distributed
across the study area.

Dry, normal, and wet conditions for the area defined as
northern Sussex County were determined from the compari-
son of long-term water-level measurements in monitoring
wells Nc45-01 and Ng11-01. A total of 1,114 wells was
included in the water-level observation data set (Table 2).

In all three areas, MLR equations and weighing factors
(Table 3) were used to calculate water-table elevation grids.
The final water-table elevation maps for Sussex County had
elevations ranging from 0 to 66 ft. Because land-surface ele-
vation was a component of the multiple linear regression, the
water-table elevation maps resemble the land surface eleva-
tion DEM maps. Water-table elevations, in general, increase
with increasing land surface elevations. This is true for Kent
and New Castle counties as well.
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Table 4. Statistical comparison of residuals from water-table elevation (WTE) estimation residuals for normal conditions. Residuals were
calculated using multiple linear regression (MLR), linear regression on land surface elevation (LSE), and linear regression on the initial
water table (INITWT).

Kent County Water-Table Elevation

Initially, the process for calculating the water-table ele-
vation maps for Kent County was going to be consistent with
that for Sussex County. Long-term water-level measure-
ments from monitoring wells Mc51-01, Md22-01, and Jd42-
03 were compared in order to define the time periods for dry,
normal, and wet hydrologic conditions. Kent County was
divided into three geographical sections (south, central, and
north) based on watershed boundaries and hydrography.
However, the water-level observation point data sets for cen-
tral and northern Kent County were not adequate calculate
accurate water-table elevation grids. The regression analysis
produced poor R2 values for each condition due to an insuf-
ficient number of water-level observation points. Therefore,
the water-level points were incorporated together to form a
single data set and the water table was estimated for the
entire county as a whole entity. As a result, the initial water-
table grids for southern, central, and northern Kent County
were also merged together to form a unified Kent County
initial water-table grid. The water-level observation point
data set for Kent County consisted of 2,176 wells (Table 2).
The regression analysis performed on these data sets yielded
the regression equations (Table 3) for each hydrologic con-
dition and the resulting water-table elevation grids for dry
(Fig. 5A), normal (Fig. 5B), and wet (Fig. 5C) conditions in
Kent County (Martin and Andres, 2005b).

New Castle County Water-Table Elevation

Calculating the water-table elevation maps for New
Castle County also involved applying the same concepts that
were established in Sussex County by dividing New Castle
County into two separate sections (north and south) with the
C&D Canal acting as the hydrologic boundary. Long-term

water-level measurements from monitoring wells Jd42-03,
Hb14-01, and Db24-10 were compared in order to define the
time periods for dry, normal, and wet conditions. However,
as was the case in Kent County, the regression analysis per-
formed on the water-level point data sets for these areas
failed to produce useable correlation coefficients; therefore,
the water-level points for the north and south sections were
joined to produce a single data set for the entire county.
INITWT grids for New Castle County were created with an
ordinary kriging algorithm because grid elevations comput-
ed by local polynomial regression were too high at low LSE
and too low at high LSE. It is likely that local polynomial
regression could not adequately reproduce the greater relief
of land surface and the water table in New Castle County.
The INITWT grids for southern, and northern New Castle
County were also merged together to form a unified New
Castle County INITWT grid. The water-level point data set
for New Castle County contained an uneven distribution of
812 wells (Table 2). The regression analysis performed on
these wells produced the regression equations (Table 3) that
were used to create the water-table elevation maps for dry
(Fig. 6A), normal (Fig. 6B), and wet (Fig. 6C) conditions in
the Coastal Plain of New Castle County (Martin and Andres,
2005c). When using the water-table elevation and subse-
quent depth-to-water maps for New Castle County it is
important to note that the Piedmont region of Delaware was
excluded from this work due to the sparse availability and
inaccuracy of water-level data for this area.

Depth to Water

The water-table DEMs for dry, normal, and wet condi-
tions for Sussex (Figs. 7A, B, and C), Kent (Figs. 8A, B, and
C), and New Castle (Figs. 9A, B, and C) counties were
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subtracted from the land surface DEM to produce depth-to-
water grids. When comparing depth to water to the percentage
of land area (Table 5) it becomes apparent that a significant
portion of the Coastal Plain of Delaware can be classified as
having a shallow water table. Under normal conditions, 71
percent of the land area has a depth to water of less than 10 ft
and 21 percent of the land area has a depth to water of less than
5 ft, with these percentages being significantly higher in
Sussex and Kent counties.

When dealing with depths to water of less than 10 ft there
will likely be significant environmental issues with larger
wastewater disposal facilities such as rapid infiltration basins
and community disposal systems (USEPA, 1999, 2003).
When dealing with depths to water of less than 5 ft, sites
become high risk for individual standard domestic subsurface
wastewater disposal systems (DNREC, 2005) and for any
excavations, building foundations, and basements.

Comparison of Existing DLG Hydrography to
LIDAR-Derived DEM

Utilizing existing DEMs, DLGs, water level data, and
GIS tools to estimate the water-table elevation was cost effi-
cient and effective; however, the potential still exists for
greater precision and accuracy through the use of LIDAR-
derived DEMs of land surface and elevations of surface-water
features. It is not unreasonable to expect that water-table grid
resolutions could be increased to the 2-m horizontal and
0.328-ft levels of the LIDAR-derived DEMs. However,
improvements to the water-table DEMs from LIDAR DEMs
will require significant additional efforts as visual comparison
indicate that there are inaccuracies in the DLG locations of
surface-water features. There also are data processing artifacts

that result from the procedures used to estimate elevations of
surface features from land surface DEMs.

Locational inaccuracies in the 1:24,000 hydrography
DLGs were evident where DLG locations of surface-water
features did not align with the local minimum land surface ele-
vations on the 30-m DEMs; data processing artifacts are evi-
dent where the elevations of stream features do not decrease in
the downstream direction (Andres and Martin, 2005). These
issues become even more apparent when comparing the
1:24,000 hydrography DLGs with LIDAR-derived DEMS
(Fig. 10). Reducing the effects of these problems will require
work to locate the streams within the areas of local topo-
graphic minima and to mitigate any other artifacts in the
LIDAR DEMs that result from bridges, culverts, channel
obstructions, and/or data processing problems.

CONCLUSIONS

Water-table depth is a key facet in many engineering,
hydrogeologic, and environmental management and regulato-
ry decisions. Depth to water is an important factor in risk
assessments, site assessments, evaluation of permit compli-
ance data, and registration of pesticides and determining
acceptable application rates. Obtaining an accurate represen-
tation of the water table is also crucial to the success of many
hydrologic modeling efforts.

An extensive cooperative effort to produce readily avail-
able water-table elevation maps for the state of Delaware was
undertaken in the 1950s. However, despite the usefulness of
these paper contour maps, contemporary advances in comput-
er technology and the expanding utilization of GIS has made
it necessary to update these maps and has brought about the
demand to have them published in a suitable digital format.

Table 5. Comparisons of depth to water (∆ΤΩ) and percentage of land area.
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Mapping the water-table elevation of the Delaware
Coastal Plain was accomplished by using pre-existing data
such as long-term hydrographs to determine dry, normal, and
wet hydrologic conditions, a 30-m DEM to assign elevations
to surface-water features, and well completion reports used to
obtain static water levels of shallow domestic wells to produce
the regression coefficients that were inserted into the multiple
linear regression equation. The resultant products are GIS
ready grids with a horizontal spacing of 30 m and a vertical
resolution of 1 ft.

Existing DEMs, DLGs, water-level data, and GIS tools
provided a cost efficient and relatively accurate means to esti-
mate the water-table elevation; however newer technology
offers potential for greater precision and accuracy. LIDAR
measured DEMS offer the potential for increasing the hori-
zontal and vertical resolutions of the water-table grids. Use of
LIDAR DEM data to estimate higher resolution grids of
water-table elevation will require more accurate locational
data for surface-water features as well as more powerful and
efficient computers and software.
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Figure 10. Illustration showing stream segment elevation artifacts
caused by misalignment of 1:24,000 hydrography DLG with
LIDAR DEM and road crossings.
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