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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
Length

inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer

Area
square mile (mi?) 2.590 square kilometer

Flow
foot per day (ft/d) 0.3048 meter per day
cubic foot per second (ft/s) 0.02832 cubic meter per second
cubic foot per second per square mile 0.01093 cubic meter per second per

[(f%/s)mi?] square kilometer

million gallons per day (Mgal/d) 0.04381 cubic meter per second

Specific capaci

gallon per minute per foot 0.2070 liter per second per meter
[(gal/min)/ft]

foot per day (ft/d) 0.3048 meter per day

iSSivi
square foot per day (f%/d)! 0.09290 square meter per day
Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929-- a

geodetic datum derived from a general adjustment of the first-order level nets of the United
States and Canada, formerly called Sea Level Datum of 1929,

1 This unit is used to express transmissivity, the capacity of an aquifer to transmit water.
Conceptually, transmissivity is cubic feet (of water) per day per square foot ( of aquifer area) times
feet (of gquifer thickness), or (ft*/d)/ft® x fi. In this report, this expression is reduced to its simplest
form, ft“/d.
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SIMULATION OF GROUND-WATER FLOW IN THE UNCONFINED
AQUIFER SYSTEM OF THE TOMS RIVER, METEDECONK RIVER, AND
KETTLE CREEK BASINS, NEW JERSEY

By Robert S. Nicholson and Martha K. Watt

ABSTRACT

The unconfined Kirkwood-Cohansey aquifer system is a major source of water for coastal
communities in Ocean and Monmouth Counties, New Jersey. Recent (1989-92) ground-water
withdrawals from the Kirkwood-Cohansey aquifer system in the study area average about 15.5
million gallons per day. If present allocations were fully utilized, average withdrawals could
increase to 25.6 million gallons per day, which could lower ground-water levels and reduce
streamflows. In order to address concern about these effects, the U.S. Geological Survey, in coop-
eration with the New Jersey Department of Environmental Protection, conducted a study to
describe and characterize the aquifer system, its interaction with surface water, and its responsc to
withdrawals. Steady-state and transient numerical modeling techniques were applied to compare
predevelopment and recent ground-water-flow patterns and to cstimate average and seasonal
hydrologic effects of projected increases in ground-water withdrawals.

Simulation results indicate that ground-water withdrawals during the 1980’s reduced
average base flow in some streams as much as 11 pcrcent from predevelopment basce flow.
Projected withdrawals at full-allocation levels would further reduce the average base flow of the
Toms River, Metedeconk River, and Kettle Creck by about 2, 8, and 15 percent, respectively.
Seasonal variations in base-flow reduction are controlled by seasonal variations in withdrawal
rates and aquifer-storage effects. Scasonal reduction of basc flow in the Toms River, Mctedeconk
River, and Kettie Creek with withdrawals at full-allocation levels would reach about 3, 14, and 26
percent, respectively. Increases in withdrawals projected to the year 2010 would result in smaller
reductions in base flow.

Ground-water withdrawals during the 1980’s shifted flow pattemns in the Kirkwood-
Cohansey aquifer system, causing average water-level declines of up to about 20 feet ncar
pumping centers. Projected increases in withdrawals under conditions of full utilization of present
allocations would result in additional declines of up to about 20 fect. Increases in withdrawals
projected to the year 2010 would result in smaller water-level declines.

INTRODUCTION

.

The unconfined Kirkwood-Cohansey aquifer system is a major source of water supply for
coastal communities in Ocean and Monmouth Counties, New Jersey (fig. 1). Ground-water
discharge from this aquifer system to the Toms River, the Metedeconk River, Kettle Creek, and
other tributaries is the largest source of freshwater inflow to northern Barnegat Bay and associated
estuaries (fig. 2). Rapid population growth in Ocean and Monmouth Counties, coupled with
restrictions on withdrawals from underlying confined aquifers (New Jersey Department of Envi-
ronmental Protection, 1986), have resulted in increased demand for water from the unconfined
aquifer system. As a result of the increase in withdrawals from shallow wells, water levels in the
surficial aquifer have declined, reducing the discharge of fresh ground water to streams, wet-
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lands, Barnegat Bay, the associated estuaries, and the ocean. Changes in land use have contributed
to declines in ground-water levels and reductions in the base-flow of streams by reducing the net
rate of ground-water recharge in areas where land surfaces have been altered. The consequences
of base-flow reduction can be most severe during periods of seasonally low flow. Water-level
declines near the zone of saltwater in the aquifer system near the coast have resulted in the pres-
ence of elevated concentrations of chloride in some public-supply wells. Effective water-resource
management aims to minimize these hydrologic effects of human activities and requires a detailed
understanding of the ground-water-flow system under both average and seasonal conditions, its
‘iinteracl:tions with surface-water systems, and the changes that can result from additional with-
rawals.

The U.S. Geological Survey (USGS), in cooperation with the New Jersey Department of
Environmental Protection (NJDEP), compiled a summary of hydrologic information about the
study area (Watt and others, 1994). This information provided the basis for the development of a
three-dimensional numerical model of ground-water flow through the Kirkwood-Cohansey
aquifer system. The model was used to refine the flow-system analysis presented in the previous
report and to estimate the possible hydrologic effects of additional withdrawals. Simulated base
flows can provide information useful for the study of surface-water flow and quality in the bay
and estuaries.

Purpose and Scope

This report presents the results of three-dimensional numerical simulations of the uncon-
fined ground-water-flow system in the Toms River, Metedeconk River, and Kettle Creek drainage
basins. Results of numerical simulations are used to estimate aquifer-system properties, determine
the hydrologic budget, determine ground-water-flow patterns, describe transient-flow characteris-
tics, and estimate the hydrologic effects of recent and projected ground-water withdrawals. Esti-
mates of changes in (1) the overall hydrologic budget, (2) average and seasonal base flow of
streams, (3) average and seasonal ground-water levels, (4) the location of ground-water divides,
and (5) leakage to underlying confined aquifers are included.

Previous Investieati

Watt and others (1994) provide information on the hydrogeologic framework, water
levels, water use, geochemistry, and base flow in the study area and present a general hydrologic
budget. Martin (in press) includes a conceptual model and analysis of ground-water flow in the
New Jersey Coastal Plain that was used in the present investigation to determine the extent of the
modeled area. An updated Coastal Plain model (D.A. Pope, U.S. Geological Survey, written
commun., 1992) provides estimates of vertical leakances and lateral flows that were used in
assigning boundary conditions.

Well-Numbering System

The well-numbering system used in this report is based on the system used by the USGS
in New Jersey since 1978. It consists of a county code number followed by a sequence number of
the well within the county. County codes used in this report are 25 for Monmouth County, 29 for
Ocean County, and 5 for Burlington County. For example, well number 25-451 represents the
451st well inventoried in Monmouth County. Construction details for wells with this type of iden-
tifier are stored in the USGS Ground-Water Site Inventory data base.
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GEOHYDROLOGIC SETTING

The Kirkwood-Cohansey aquifer system in the study area consists of a southeastward-
dipping wedge of unconsolidated sediments that include gravel, sand, silt, and clay. The geohy-
drologic units that comprise the aquifer system are the Kirkwood Formation, Cohansey Sand,
and, depending on location, the Beacon Hill Gravel, Bridgeton Formation, and Cape May Forma-
tion (table 1). Underlying the Kirkwood-Cohansey aquifer system is the composite confining unit,
a complex series of geologic units that, depending on location, can include as many as nine
distinct units. The part of the composite confining unit of interest in this study ranges in age from
Paleocene to early Miocene and is made up of the Vincentown Formation, Manasquan Formation,
Shark River Formation, Piney Point Formation, and basal clay of the Kirkwood Formation. Two
minor aquifers are present in this part of the composite confining unit. The Vincentown aquifer
consists of the Vincentown Formation, which is composed of moderately permeable quartz sand.
The Vincentown aquifer is used as a source of water only in and near the outcrop areas, in the
northwestern part of the study area. The other minor aquifer, the Piney Point aquifer, is confined
and is composed of fine- to coarse-grained glauconitic quartz sand and shell beds. The Kirkwood
Formation is the youngest unit included in the composite confining unit. The basal part of the
Kirkwood Formation, which makes up the upper part of the composite confining unit, contains
regionally extensive clay layers. The upper part of the Kirkwood Formation, which is hydrauli-
cally connected to the overlying Cohansey Sand, is composed primarily of fine sand to fine
gravel, and silty clay containing shell and organic matter. The Cohansey Sand is predominantly a
very fine- to coarse-grained sand, with interbedded layers of clay and silty and clayey sand
(Zapecza, 1989, p. B19). Near the coast, where the aquifer system is thickest, clay lenses up to
many tens of feet thick are present, resulting in semiconfined conditions in the deep part of the
aquifer system. The Beacon Hill Gravel is present in only a small part of the study area (Watt and
others, 1994, fig. 1-4). It consists of sand and gravel, and is present below the water table only
locally and near streams (Anderson and Appel, 1969, p. 54). The geology of the study area,
including the stratigraphy and lithology of the sediments, is described in greater detail by
Anderson and Appel (1969), Jablonski (1968), and Watt and others (1994).

The upper part of the Kirkwood Formation and the Cohansey Sand are hydraulically well
connected and together function as an aquifer system. The aquifer system thins to the north and
west and is underlain by a confining unit, the basal clay of the Kirkwood Formation, which sepa-
rates it from underlying confined aquifers (fig. 3). The Vincentown aquifer and the Kirkwood-
Cohansey aquifer system are well connected in areas where the intervening confining unit is thin
or absent. The Kirkwood-Cohansey aquifer system is less well connected with the Piney Point
aquifer. The Kirkwood-Cohansey aquifer system thins to a featheredge at its northwestern limit,
where land-surface elevations exceed 200 ft in some areas. The aquifer system thickens downdip
to about 250 ft at the southeastern limit of the study area in Seaside Park Borough on the barrier
island, where land-surface elevations are at or near sea level. The shallow part of the flow system



Table 1. Stratigraphy and hydrologic characteristics of late Paleocene to Holocene units in the New Jersey
Coastal Plain

[Modified from Zapecza, 1989, table 2]

HYDRO- HYDROLOGIC
GEOLOGIC CHARAC-
SYSTEM| SERIES | GEOLOGIC UNIT LITHOLOGY UNIT TERISTICS
: . Sand, silt, and black Surficial material,
Alluvial deposits mud. typically hydrauli-
- cally connected to
Quater- Holocene Salnd a;’d qu;rtz, light- underlying aqui-
colored, medium- to fers. Locally some
nary Beach sand and gravel coarse-grained, peb- | Undifferentiated |units may act as
bly. confining units.
- - Thicker sand units
Pleistocene | Cape May Formation Sand, quartz, light- are ‘l;apable oft)i::ield.
- N ing large quantities
Pensauken Formation ;oe},(::;déll;;g(;%% of water.
Bridgeton Formation pebbly.
. Gravel, quartz, light- Major aquifer sys-
Beacon Hill Gravel | 015104 sandy. Kirkwood- tem. Ground water
- Cohansey generally is present
Mi Sa;ld, g’uanz gﬁht- aquifer system  |under unconfined
iocene colored, very fine- to conditions.
Cohansey Sand coarse-grained, peb-
bly, local clay layers.
Sand, quartz, gray, tan,
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Kirkwood Formation |grained, micaceous .
and dark diatoma- Low-permeability
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Paleocene |Vincentown Formation|onitic; and brown, Vinceg;own of water in and near
clayey, very fossilifer- aqUIET  lits outcrop area.
ous glauconite and
quartz calcarenite.
































































Vincentown Aquifer

Data on the hydraulic characteristics of the Vincentown aquifer are limited. In a study of
ground-water mounding beneath the Manasquan Reservoir, Koury and others (1989) estimated
the K, of the Vincentown aquifer to be 14 ft/d from field and laboratory data and used this value
to simulate ground-water flow in the aquifer over a 12-mi? area surrounding the reservoir. A labo-
ratory analysis of sediments from Burlington County by Rush (1968) resulted in an estimated
hydraulic conductivity of 21 ft/d. For this study, a uniform value of 20 ft/d was used in simula-
tions.

Composite Confining Unit

The composite confining unit between the Kirkwood-Cohansey aquifer system and the
Piney Point aquifer is represented by boundary leakances (fig. 12), which were determined from
leakances used in an update of the New Jersey Coastal Plain Regional Aquifer Simulation Anal-
ysis (RASA) model (D.A. Pope, U.S. Geological Survey, written commun., 1992). Vertlcal
leakance values between model layer 2 and the Piney Point aquifer range from 2x107to
1 x 10 (frd)/ft.

Steadv-State Calibrati

The model was calibrated by trial-and-error adjustment of input parameters and bound-
aries within reasonable ranges such that simulated head and base-flow distributions matched
reasonably well with those determined from field measurements. Model parameters adjusted
through steady-state calibration include hydraulic conductivity, vertical leakance, streamn stage,
streambed conductance, boundary conductance, and boundary heads. The sensitivity of simulated
heads and base flows to various model parameters and boundaries was tested and evaluated. Tests
of model sensitivity provide a limited indication of model reliability. The following sections
describe the calibration and sensitivity analysis of the steady-state-flow model.

The period 1980-89 was selected for steady-state calibration on the basis of several
factors. The hydrologic system during that time was similar to the system in its current (1997)
state. Also, the period is sufficiently long that average base flows for the period were not affected
to any large extent by individual dry or wet periods. Most of the data needed for the analysis of
this period were compiled and are reported by Watt and others (1994).

Water Levels

Simulated water levels were compared with water levels measured in wells and surface-
water bodies during a synoptic water-level survey in October-November 1987. Water levels in the
Crammer observation well (29-486) (within the study-area boundary) and the Lebanon State
Forest observation well (5-689) (just beyond the study-area boundary)(see fig. 2 for well loca-
tions) during October-November 1987 were within 0.5 and 1.3 ft of their respective averages for
1980-89. Water levels throughout the study area were assumed to have been near their respective
1980-89 averages during October-November 1987.
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The locations of wells used to calibrate the steady-state model are shown in figure 13.
Water-level contours interpreted from measured water levels and simulated water-level contours
are shown in figure 14. Simulated water levels correspond closely with water levels interpreted
from field data.

The model reproduces the higher hydraulic gradient in the Metedeconk than in the Toms
River drainage area. The gradient in the Metedeconk River drainage area is higher because the
permeability of aquifer materials is lower than that in most of the Toms River drainage area.
Differences between measured and simulated water levels (water-level residuals) tend to be
greater at well locations where gradients are relatively steep than at well locations where they are
relatively shallow. Simulated water levels also tend to be lower than interpreted water levels in
some areas between stream channels. These minor discrepancies are considered to be acceptable
consequences of the scale of horizontal and vertical discretization.

Simulated and observed water levels (table 4) were compared at 80 well locations
(fig. 13). Statistics summarizing the differences between simulated and observed water levels are
listed in table 5. Simulated water levels at well locations were calculated by linear interpolation
between the simulated water levels at the three nearest model nodes. The mean difference
between simulated and observed layer-1 water levels (mean water-level residual) is -0.5 ft, an
indication that any overall bias in simulated water levels is small--that is, the model does not tend
to over- or underpredict water levels. The mean absolute water-level residual is 4.5 ft and the root-
mean-square error is 6.3 ft. These errors are small in comparison with the range of observed water
levels (4-172 ft) in the study area. These statistics are indications of the close match between
simulated and observed water levels. A similarly close match was achieved for model layer 2.

Table 5. Statistics for water-level residuals, model layers 1 and 2, Toms River, Metedeconk
River and Kettle Creek Basins, New Jersey

Mean water-level Mean absolute water- Root-mean-square

Number of difference level difference error

Model layer wells (feet) (feet) (feet)
1 63 0.5 4.5 6.3
2 17 -1.8 53 6.3
1 and 2 80 -8 4.7 6.3

Many of the larger water-level residuals can be explained partly by the representation of
streams in the ground-water-flow model. The largest positive residual (simulated water level is
higher than observed) (20.3 ft) resulted in an area where a small unmapped tributary to the South
Branch Metedeconk River drains part of the aquifer. Because the stream was not represented in
the model, simulated water levels are higher than interpreted water levels in this area. In areas
where the aquifer is drained by other unmapped tributaries, simulated water levels probably also
are slightly overestimated. Many of the larger negative water-level residuals (simulated water
levels are lower than observed) resulted in areas where wells are in model cells that contain a
stream reach. These differences are commonly a consequence of the scale of horizontal discretiza-
tion; the simulated water level in the cell is commonly controlled by and is similar to the
boundary water level representing stream stage, so that the simulated water level at a nearby well
is slightly underestimated. If the model were discretized more finely, the water levels at wells near
streams could be reproduced more accurately.
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Figure 13. Locations of wells used in steady-state-model calibration, Toms River, Metedeconk River,
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Water-level residuals were analyzed to determine whether any distributional biases are
evident. Distributional biases can indicate inappropriate boundaries or values of hydraulic param-
eters. Simulated and observed water levels are compared graphically in figure 15 to show the rela-
tion between water-level residuals and water-table altitude. The good fit between the data points
and the line of equality is an indication that the model reproduced observed water levels with
similar accuracy at different water-table altitudes. The areal distribution of water-level residuals is
shown in figure 13. The generally random spatial distribution of water-level residuals is an indica-
tion that the model simulates water levels with similar accuracy in different geographic areas.
This analysis indicates that distributional biases are negligible.

Base Flow

An objective of model calibration was to achieve a reasonable match between the simu-
lated distribution of base flow and the distribution of base flow at all streamflow-measurement
stations for which estimates of average 1980-89 base flow were available. Ten streamflow-
measurement stations were available for this comparison; their locations are shown in figure 2,
and estimates of average 1980-89 base flow at each station are listed in table 6.

Continuous streamflow data for 1980-89 are available for two of the stations—Toms River
near Toms River, N.J. (01408500), and North Branch Metedeconk River near Lakewood, N.J.
(01408120). Reliable estimates of average 1980-89 base flow at these two stations were obtained
by hydrograph-separation analysis, as discussed by Watt and others (1994, sheet 3). These two
base-flow estimates are considered primary calibration targets, and matching simulated base flows
with these estimates was a high priority.

Streamflow data for the other eight low-flow partial-record stations are limited to a few
measurements each, collected over different time periods. Average 1980-89 base-flow values for
these stations were estimated by low-flow-correlation analysis and are listed in table 6. The value
of average 1980-89 base flow for Toms River near Toms River (163.2 ft3/s) was substituted as
index-station flow (QI) into the respective correlation equations determined by Watt and others
(1994, sheet 3) for six of these sites. Correlation equations for the remaining two sites (01408600,
01408630) were developed from analysis of recent streamflow data, and similarly used to esti-
mate average 1980-89 base flow as listed in table 6. Correlation equations for these two sites were
determined by using the Maintenance of Variance Extension, Type 1 (MOVE.1) method used by
Watt and others (1994). Estimates of base flow for the eight partial-record sites are considered less
reliable than those for the two continuous-streamflow-gaging stations. Watt and others (1994,
sheet 3) discuss the uncertainty of flows predicted by using this methodology, and determined
standard errors of estimation (indicators of reliability of estimates) ranging from 2 to 8 percent for
estimates of 7-day 10-year low-flow discharge for six of these sites (Watt and others, 1994, table
3-2). Because of this statistical uncertainty, base-flow estimates for partial-record sites were
considered secondary targets in model calibration. Larger discrepancies between simulated and
estimated base flow (up to 20 percent for small streams) at partial-record stations were considered
acceptable.

Table 6 also lists simulated base flow at each station and the differences between simu-
lated and estimated base flow. Simulated base flows for Toms River near Toms River, N.J.
(01408500), and for North Branch Metedeconk River near Lakewood, N.J. (01408100), are each
within 1 percent of estimated base flows. Base flow at these two stations accounts for about 67
percent of the combined estimated base flows of the Toms and Metedeconk Rivers at their respec-
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SIMULATED WATER LEVEL, IN FEET ABOVE SEA LEVEL
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Table 6. Correlation equations used to estimate average 1980-89 base flow at 8 low-flow partial-record
stations; estimated and simulated base flows at 10 streamflow-gaging stations; and differences between
estimated and simulated base flows, Toms River, Metedeconk River, and Kettle Creek Basins, New Jersey

[ft%/s, cubic feet per second; QPp, predicted discharge; QI, index-station discharge; --, continuous-record streamflow-gaging-
station base flow estimated by using hydrograph-separation technique (Sloto and Crouse, 1996).]

Simulated
minus
UsS. estimated
Geological base flow
Survey Estimated Simulated Simulated (percent
streamflow- Drainage average average  minus of
gaging-  Streamflow-gaging-  area Correlation equation  1980-89 1980-89 estimated estimated
station station (square (low-flow partial-  base flow base flow base flow average
number name miles)  record stations only)  (f%/s) ®fs) (f/s)  base flow)
North Branch Mete- -
01408100  deconk River at 194 Pr=007125Q1 201 2238 27 134
Lakewood, N.J. (1.1075)
North Branch Mete-
01408120 deconk River near 349 - 40.6 40.9 3 i
Lakewood, N.J.
South Branch Mete-
01408140 deconk River at 260 QPg= .17072Q1 (106 3738 35.4 2.4 6.3
Lakewood, N.J.
Toms River at QPR = .26249 QI
01408300 Whitesville, N.J. 452 o) 46.8 54.1 6.3 13.5
Union Branch at QPg = 24391 QI
01408440 Lakehurst, N.J. 190 (09633 33.0 345 1.5 45
Manapaqua Brook QPg = .00977 QI
01408460 Lakehurst, N.J. 63 (12579 5.9 7.1 1.2 203
Ridgeway Branch, QP = .01608 QI
01408490 .- Lakehurst, N.J. 282 (14751 29.5 348 5.3 18.0
Toms River near
01408500 < River, N.J. 123 -- 163.2 162.5 -7 -4
Pg = 1.44418 QI
01408600 Wrangel Brook 19.5 (QMI]{S‘“) 8Q 33.2 309 -2.3 -6.9
QPR = .61457QI
01408630 Davenport Branch 121 (6a44) 16.4 142 -2.2 -13.4

tive heads of tide. Therefore, the close match between estimated and simulated base flow at these
two locations demonstrates that the model accurately accounts for most of the base flow to these
rivers. (In this report, “flow of the Toms River” refers to flow above the confluence with Jakes
Branch, and “flow of the Metedeconk River” refers to flow at the ungaged head of tide.)
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Among partial-record stations, the largest difference between simulated and estimated
base flow (20.3 percent} is that for Manapaqua Branch, a small tributary to the Toms River. Simu-
lated base flow is 1.2 ft°/s higher than estimated base flow, a difference considered acceptable at
the regional scale of the model. The other high residual (18.0 percent), for Ridgeway Branch, may
be partly the result of underestimation of the rate of grecund-water ET from wetland areas. A
higher rate of ground-water ET from wetlands than the 10.2 in/yr assumed in simulations would
result in a lower average base flow, but it also would result in a larger difference between simu-
lated and estimated base flow at other locations. Alternatively, the Ridgeway Branch subbasin
may receive less recharge in wetland areas than was simulated. Saturated conditions near land
surface in wetlands can increase rates of direct runoff or rejected recharge that would otherwise
infiltrate the land surface. An analysis of the few available measurements of Ridgeway Branch
streamflow indicates that historical flows during summer have been particularly low in relation to
those in other streams in the study area. Ground-water ET, therefore, appears to be an important
component of the ground-water budget in this subbasin.

Sensitivity Analysis

The results of the steady-state-model calibration demonstrate that the model, with its
particular combination of values of hydraulic parameters, boundary conditions, and hydrogeo-
logic-unit geometries, reproduces historical water-level and base-flow distributions in the study
area reasonably accurately. Alternative models that use different combinations of parameter
values and geometries could similarly reproduce water levels and base flows with reasonable
accuracy--in other words, the problem of model calibration does not have a unique solution.
Simulation results can be evaluated by using the results of sensitivity analyses, through which the
calibrated-model response to changes in values of various model parameters and boundary condi-
tions is tested. The results of this evaluation provide information on the hydrologic controls on the
flow system and a limited indication of model reliability. The results can also be used to guide
future data-collection activities for the purpose of improving the model calibration.

Calibrated values of hydraulic conductivity, recharge, ground-water ET, leakance, stre-
ambed conductance, and stream-boundary stage were systematically changed independently
within a plausible range. The model’s sensitivity to reduction in recharge in urban areas also was
evaluated. The magnitude of change in simulated water levels or base flow resulting from a
change in a parameter’s value is a measure of the sensitivity of the model solution to that partic-
ular parameter. If the solution is highly sensitive to a particular parameter, then the model can be
useful in estimating the value of the parameter. High sensitivity does not guarantee high accuracy
of parameter estimates, however. If the solution is insensitive to the parameter, then the model is
not useful in estimating the parameter.

Hydraulic gradients are highly sensitive to changes in horizontal hydraulic conductivity

(Ky,). Simulated transverse head profiles along model column 36 resulting from three simulations
in which proportional but different distributions of Ky, were used for model layer 1 are shown in
figure 16. All other model inputs remained identical to calibrated values. When K, is increased by
a factor of two, hydraulic gradients are lower (the profile is flatter). If values of K}, are decreased,
gradients are steeper and relief in the water-table profile is greater. Sensitivity is greatest in areas
between stream boundaries. Simulated heads near streams are relatively insensitive to K;, because
they are tightly controlled by boundaries representing stream stage.
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Figure 16. Transverse water-table profiles along model column 36 simulated by using
calibrated values of layer 1 horizontal hydraulic conductivity and values of layer 1
horizontal hydraulic conductivity multiplied by factors of 0.2 and 2, Toms River,
Metedeconk River, and Kettle Creek Basins, New Jersey. (Location of model column
36 shown in fig. 7)
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The effect on water levels of increasing recharge proportionately over the entire model
area is opposite to that of increasing Ky,. An increase in recharge increases hydraulic gradients,
and a decrease in recharge decreases hydraulic gradients. The opposite effect of increases in the
values of these two parameters illustrates the nonuniqueness of the calibration. Many possible
simulations in which higher rates of recharge were used in conjunction with higher values of Ky,
would result in water-table profiles similar to those simulated with the calibrated model. Simula-
tions in which combinations of lower rates of recharge and lower values of Ky, were used would
likewise result in similar profiles.

The sensitivity of simulated base flows to various model parameters was evaluated exten-
sively. Results of base-flow-sensitivity analyses for several stream reaches are summarized in
table 7. Base flow is highly sensitive to recharge rate. In contrast, the base flow of streams
draining large areas, such as Toms River near Toms River, N.J. (01408500), is relatively insensi-
tive to Ky, (table 7, simulations 1-4). Although different combinations of recharge and Kj, could
result in reasonable head distributions, they would result in a larger discrepancy between simu-
lated and observed base flow.

Base flow of the Davenport Branch, tributary to the Toms River, is highly sensitive to Ky,
as well as to recharge (table 7, simulations 1-4). Sensitivity to Kj, in this part of the study area is a
consequence of high headwater-channel elevation in relation to the elevation of nearby stream
channels; surrounding streams capture much of the recharge that enters the uppermost part of the
Davenport Branch surface-drainage area. If Ky, is increased, simulated heads are below head-
water-channel elevations, and more of the ground-water flow near these headwaters is lost to
surrounding streams. If Ky, is decreased, heads rise above headwater channels that otherwise
would be dry, so that the Davenport Branch captures more of the recharge. Therefore, from a
modeling standpoint, neither recharge nor K, is estimated as reliably within the Davenport
Branch drainage area as they are in other areas. Additional water-level measurements in the
uppermost part of the Davenport Branch surface-drainage area would provide the control needed
to improve estimates of recharge and K, in this area.

The sensitivity of simulated base flows to reduction in recharge in urban areas was evalu-
ated in a similar way. Recharge in urban areas was decreased an additional 20 percent and
increased 25 percent from values used in the calibrated model, resulting in changes in base flow
that ranged from -2 to 2 ft3/s, respectively (table 7, simulations 5 and 6). On a percentage basis,
the base flows of small tributary streams draining partly urban areas were most affected.

The effect of changes in rates of ground-water ET on base flow also was investigated
(table 7, simulation 7). An increase in the rate of ground-water ET resulted in a decrease in the
base flow of streams draining areas that include wetlands, whereas a decrease in the rate of
ground-water ET had the opposite effect. Because a large percentage of the drainage area of the
Ridgeway Branch tributary to the Toms River is wetlands, the assumed rate of ground-water ET
has a substantial effect on the simulated base flow of that stream. Additionally, because the
drainage area of the South Branch Metedeconk River includes a smaller percentage of wetlands,
the simulated base flow of that stream is less sensitive to rates of ground-water ET. By including
ground-water ET in simulations, a closer match between simulated and observed base flows was
achieved than otherwise would have been possible.
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Table 7. Results of base-flow-sensitivity amilyses in the Toms River, Metedeconk River, and Kettle

Creek Basins, New Jersey
[f%/s, cubic feet per second)
Simulation Change made to calibrated
number model Stream reach Resulting change in base flow
1 100-percent increase in Davenport Branch, tributary to  Reduce base flow 5.1 ft%/s

hydraulic conductivity, layer 1

80-percent decrease in hydrau-
lic conductivity, layer 1

20-percent increase in
recharge

20-percent decrease in
recharge

20-percent additional decrease
in recharge in urban areas

25-percent increase in

recharge in urban areas

100-percent increase in rate of

ground-water evapotranspira-
tion in wetland areas

the Toms River

Toms River near Toms River,
N.J.

Davenport Branch, tributary to
the Toms River

Toms River near Toms River,
NJ.

Davenport Branch, tributary to
the Toms River

Toms River near Toms River,
NJ.

Davenport Branch, tributary to
the Toms River

Toms River near Toms River,
NJ.

Toms River near Toms River,
NJ.

North Branch Metedeconk
River

South Branch Metedeconk
River

Toms River near Toms River,
NJ.

North Branch Metedeconk
River

South Branch Metedeconk
River

Ridgeway Branch, tributary to
the Toms River

Toms River

South Branch Metedeconk
River

(36 percent)

Reduce base flow 4.0 ft’/s
(2 percent)

Increase base flow 3.1 ft'/s
(22 percent)

Increase base flow 0.2 f°/s
(0.3 percent)

Increase base flow 4.6 f%/s
(32 percent)

Increase base flow 37.8 ft'¥/s
(23 percent)

Decrease base flow 4.7 ft’/s
(33 percent)

Decrease base flow 38.2 ft¥/s
(24 percent)

Decrease base flow 1.6 ft¥/s
(1 percent)
Decrease base flow 2.1 f*/s
(5 percent)
Decrease base flow 1.3 ft’/s
(4 percent)

Increase base flow 1.7 ft'/s
(1 percent)
Increase base flow 2.2 ft¥/s
(5 percent)
Increase base flow 1.3 ft%/s
(4 percent)

Decrease base flow 8.3 ft’/s
(24 percent)

Decrease base flow 15.4 ft’/s
(9 percent)

Decrease base flow 1 ft%/s
(3 percent)
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In contrast with other model parameters, simulated water levels and base flows were less
sensitive to values of vertical leakance and streambed conductance within plausible ranges.
Lower values of vertical leakance resulted in slightly higher water levels and hydraulic gradients.
Base flows were essentially unaffected by changes in leakance. Lower values of streambed
conductance resulted in slightly higher water levels, uniformly, with little change in hydrauhc
gradients; base flows in some tributaries decreased slightly, and base flow increased 1.2 ft/s in
the Davenport Branch. In downstream reaches base flows were essentially unaffected by changes
in streambed-conductance values. Slight increases or decreases in effective stream stages slightly
raised or lowered ground-water levels in areas where they are controlled by streams. Base-flow
distribution was unaffected by stream stage in most areas, with the exception of the Davenport
Branch tributary to the Toms River, where an increase in stream stages lowered base flow slightly.

Results of these sensitivity tests provide a limited indication of the accuracy of the model
calibration and the relations among data availability, data interpretation, and model accuracy.
They also illustrate the way in which the range in plausible values of model parameters are
constrained by the amount of available data. Collection of additional key data would further
constrain the calibrated parameter values and improve the accuracy of the model calibration.

Iransient Calibrati

An analysis of transient conditions was used to quantify changes that occur in the flow
system as a result of seasonal variations in recharge rates and hydrologic stresses. The role of
aquifer storage in the flow system was examined and quantified by calibrating the flow model to
transient conditions and evaluating simulation results. Other model parameters in addition to
storage properties were adjusted during transient-model calibration in order to obtain an accept-
able match between simulated and observed transient water levels and base flows. Because some
of the model parameters adjusted in the transient calibration affect the steady-state simulations,
the transient and steady-state models were calibrated simultaneously.

The objective of the transient calibration and subsequent predictive transient simulations
is the accurate estimation of monthly water-level fluctuations and base flows, so that the effects of
ground-water withdrawals during seasonally dry conditions can be resolved. The ground-water-
flow model was calibrated to transient conditions observed during the 12-month period from June
1992 through May 1993; this process resulted in refined estimates of aquifer-system properties,
including aquifer storage. During this period, stream discharge was measured continuously at
three streamflow-gaging stations (01408500, 01408120, and 01408 150—locations shown in
fig. 2). Water levels were measured continuously at four observation wells (29-1059, 29-1060,
25-716, and 29-1056--locations shown in fig. 2). From the measurements made during this period,
water-table fluctuations in response to seasonal variations in recharge rates at each well location
were determined. Hydrograph-separation techniques were used to determine mean monthly base
flow at each of the continuous streamflow-gaging stations. Simulated and observed water levels at
the four wells were compared. Simulated and observed mean monthly base flows at two of the
continuous streamflow-gaging stations were compared. Streamflow measurements of the South
Branch Metedeconk River near Lakewood, N.J. (01408150), were not used for model calibration
because flow above this station is heavily regulated. The transient-calibration procedure resulted
in an acceptable match between simulated and observed water levels and base flows. The
following section describes the results of the transient-model calibration and the results of an
analysis of the sensitivity of transient-system behavior to changes in selected model parameters.
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Simulation of transient flow requires definition of initial conditions. Because available
field data were insufficient to define hydrologic conditions at the beginning of the 12-month cali-
bration period, initial conditions were determined by simulation. A long (41-month) period prior
to the calibration period was simulated in order to account for the effects of gradually increasing
pumping rates and thus generate appropriate initial conditions. Initial-conditions for this precali-
bration period were defined with reasonable accuracy by heads simulated with the calibrated
steady-state model.

The 53-month simulation period (41-month precalibration period plus 12-month calibra-
tion period) was discretized into 53 stress periods corresponding to each respective month. Each
monthly stress period was represented by 10 time steps, with time-step lengths increasing by a
factor of 1.5 through each stress period. Tests on the time-step length demonstrated that this time-
stepping procedure was adequate to describe the early-time response for each successive stress
period. Depending on the length of the particular month, initial time-step lengths ranged from
0.25 to 0.29 days, and final time-step lengths ranged from 9.5 to 10.5 days.

Ground-water withdrawals, ground-water ET, and recharge were defined for each month
and are shown in figure 17. Ground-water withdrawals from each well for each month were
compiled from the U.S. Geological Survey Site-Specific Water Use Data System (SSWUDS) data
base and from data provided by the NJDEP, Bureau of Water Allocation. Withdrawals from 58 to
85 wells were simulated during a given stress period. The largest withdrawals are generally within
10 mi of the coast, near high-density population centers. The rate of ground-water ET over the
model area exceeds withdrawals during summer months and is negligible during December-

February.

Leakage to and from the Piney Point aquifer was represented in transient simulations by
using the same boundary heads and boundary conductances that were used in the steady-state
simulation of average 1980-89 conditions. Leakage to and from the Piney Point aquifer within the
study area is minor and affects only the ground-water budgets of small subbasins.

Recharge

The hydrologic stress that has the greatest effect on monthly variations in water levels in
the Kirkwood-Cohansey aquifer system and base flow of streams in the study area is recharge.
The accuracy with which historical water levels and base flows can be reproduced by simulation
is highly dependent on the accuracy with which recharge to the aquifer system can be defined.
This section describes various factors that affect the spatial distribution and temporal variability
of recharge. Also discussed are alternative methods that were explored to determine recharge.

Recharge is usually low or zero during summer, when precipitation is low and potential
ET is high. Even large summer storms, such as the storm on July 31, 1992, that are intense but
short in duration usually do not contribute substantially to recharging the aquifer (fig. 18). No rain
fell during the week before this storm. Because water levels fluctuated little after this storm, it is
assumed that the precipitation that fell first satisfied the soil moisture deficit and ET, leaving little
for recharge. Occasionally, periods of intense or extended rainfall during summer months can
result in significant recharge. During winter and early spring, when the rate of ET is low and soil
moisture is above field capacity [the quantity of water that can be permanently retained in the soil
in opposition to the downward pull of gravity (Horton, 1935, p. 3)], recharge can be much higher
than the average annual rate.
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MONTHLY RECHARGE, GROUND-WATER WITHDRAWALS, AND GROUND-WATER
EVAPOTRANSPIRATION, IN MILLION GALLONS PER DAY
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Figure 17. Recharge, ground-water withdrawals, and ground-water evapotranspiration
as represented in simulation of transient conditions, June 1992-May 1993, Toms River,
Metedeconk River, and Kettle Creek Basins, New Jersey.
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The spatial distribution of precipitation can be highly irregular, as illustrated by patterns of
precipitation at three weather stations in and near the study area and by patterns of water-level
fluctuations in the four observations wells shown in figure 18. During August 7-19, 1992, a series
of major storms passed through southern New Jersey, resulting in total precipitation of 6.3, 2.3,
and 2.3 inches at the Toms River, Pemberton, and Hightstown weather stations, respectively
(locations shown in fig. 2). The water level in the D and S observation well (29-1056) near the
Toms River rose more than 3 fit, whereas the level in the Herbert Sand observation well (25-716),
in the northemn part of the study area, continued to decline. Water levels in the other two observa-
tion wells to the west, the Ft. Dix observation well (29-1059) and the Lakehurst observation well
(29-1060), rose less than 0.7 ft. Although factors other than recharge affect water-level fluctua-
tions, recharge from this August 1992 storm was clearly greater in the southeastern part of the
study area than in the northern and western parts.

The time between infiltration and recharge also varies spatially as a function of conditions
in the unsaturated zone. Where the water table is near the land surface, recharge occurs shortly
after infiltration. Where the water table is tens of feet below land surface, recharge lags behind
infiltration by days or even weeks, as shown in figure 18. The presence of low-permeability layers
in the unsaturated zone also delays recharge to the water table. Following major storms in June
and August 1992, the water level in the Lakehurst observation well (29-1060—average depth to
water 26.8 ft) began to rise promptly, whereas the water level in the Ft. Dix observation well (29-
1059--average depth to water 53 ft) did not begin to rise for more than 7 days. Recharge to the
water table was delayed as water passed through the unsaturated zone. Alley (1984) discusses the
relation between depth to water and the time between minimum streamflow and minimum water
levels in four other wells tapping the Kirkwood-Cohansey aquifer system. Alley concludes that as
depth to water increases, the time between minimum streamflow and minimum water level
increases. This time lag can be attributed in part to the time between infiltration and recharge to
the water table. The effect of this time lag on recharge was addressed in simulations in a spatially
uniform manner; the spatial variability of the time lag was beyond the scope of the study.

In order to simulate monthly variations in base flow and water levels, monthly recharge
values must be estimated. Uncertainty in the spatial distribution of recharge and in the timing of
recharge following storms limits the accuracy with which monthly water levels and base flows
can be simulated. However, several methods of estimating recharge over smaller time increments
were considered, and one method was selected as appropriate for defining recharge stresses in
transient simulations.

Considerable research has been directed toward the determination of recharge by direct
measurement and by indirect methods. Direct measurements of recharge by using lysimeter or
tensiometer techniques, as described by Bouwer (1978, p. 266-267), are highly site-specific and,
consequently, these techniques would be impractical for the determination of recharge over the
entire study area. Therefore, recharge must be estimated by using indirect methods. Three alterna-
tive indirect methods were considered and are presented below.

The physical basis for a method of estimating recharge from the analysis of streamflow
recession is described by Rorabaugh (1960). This method, known as the “recession-curve
displacement method,” is expanded upon and automated by Rutledge (1992, 1993) and Rutledge
and Daniel (1994). As described by Rutledge (1993), “The recession-curve displacement method
is based on the upward shift in the streamflow-recession curve that occurs as a result of a recharge
event.” Computer programs by Rutledge (1993) were used to develop one set of monthly recharge
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estimates for the study area for January 1989 through May 1993. Monthly recharge estimates for
the calibration period (June 1992-May 1993) are shown in figure 19a, along with results of the
other methods discussed below. Figure 19a also shows the average total monthly precipitation at
the Toms River, Pemberton, and Hightstown, N.J., weather stations. Water levels in the Lakehurst
observation well (29-1060) and base flow at the Toms River near Toms River, N.J., streamflow-
gaging station (01408500) are shown in figure 19b. The water-level and base-flow hydrographs
illustrate the actual behavior of the flow system during the time period shown and therefore can be
used to evaluate the alternative recharge-estimation methods. '

Another common approach to recharge estimation is the land-surface water-budget approach.
Simply stated, the land-surface water budget is an accounting of the fate of water that reaches the
land surface as precipitation. In this study, the land-surface water-budget equation takes the fol-
lowing form:

P = Q4 + ET + R + ASM, V)

where

= precipitation, in inches;

= direct runoff, in inches (determined through hydrograph-separation techniques);
ET = evapotranspiration, in inches (determined by the Thornthwaite method);

= recharge, in inches; and

ASM = change in soil-moisture storage, in inches.

Rearranged to solve for recharge, the equation becomes
R =P - Qg4 - ET- ASM. ' 6))

If, prior to the period of interest, soil moisture is less than the maximum soil-moisture

capacity, then a soil-moisture deficit (SMD) exists. Recharge can occur only after the SMD is
satisfied.

The period over which water-budget components are estimated can greatly affect the value
of calculated recharge. For example, ET for a typical summer month exceeds the sum of precipi-
tation plus the SMD for the previous month. Therefore, if each budget component is estimated on
a monthly basis, then recharge tends to be nearly zero for summer months. Recharge calculated
from water-budget terms estimated on a monthly basis for June 1992-May 1993 is shown in figure
19a. A maximum SMD of 1.5 inches was assumed.

In reality, however, recharge does occur during summer; major summer storms result in
significant infiltration that exceeds the sum of ET and the SMD over short (less than 1-month)
periods. This results in recharge, as illustrated by distinct periods of rising ground-water levels
during June and August 1992 (fig. 19b).
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Figure 19. (a) Average total monthly precipitation at Toms River, Hightstown, and Pemberton, N.J.,
weather stations, and monthly recharge estimated from streamflow data by Rorabaugh (1964) method,
by monthly water-budget method, and by adjusted daily water-budget method, June 1992-May 1993; and
(b) hydrographs of water levels in well 29-1060 and monthly base flow of Toms River near Toms River,
N.J., streamflow-gaging station (01408500), June 1992-May 1993.
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In order to determine recharge more accurately, a modified water-budget approach was
applied on a daily basis with more realistic results, and this approach was selected for use in the
transient calibration. Daily estimates of water surplus (P - ET - SMD) were calculated and
summed over a given month. Daily precipitation was calculated as the average of daily precipita-
tion measured at the Toms River, Hightstown, and Pemberton, N.J., weather stations. Daily ET
was interpolated from monthly estimates of potential ET determined by Watt and others (1994) by
using the Thornthwaite method. The calculated value of water surplus includes both deep infiltra-
tion and direct runoff for a given month. Estimated direct runoff for the month (as determined by
hydrograph-separation techniques) was then subtracted, netting an estimate of deep infiltration,
which eventually becomes recharge. In order to account for the delaying effect of the unsaturated
zone, 25 percent of the amount of deep infiltration for a given month was assumed to recharge the
saturated zone during the following month. The procedure is summarized by the equation:

d("')
Rm= 0.75 [[ Z (P(m,n) —ET(m,n) _SMD(m,n—l))] —Qdf'(m)] +

n=1

d("‘—l)
0‘25[[ 2 (P(m—l,n)“ET(m—l,m‘SMD(m—n,n-n)]’er(m_n] > @

n=1
where
d(m) = number of days in month m;
R(m) = recharge for month m, in inches;
Pinn) = precipitation on day n in month m, in inches;
ETm,n) = evapotranspiration on day n in month m, in inches;
SNf])(m_l) = soil-moisture deficit from the day preceding day n in month m, in inches; and
Qudr (m) = direct runoff for month m, in inches.

The resulting monthly recharge estimates are shown in figure 19a. This.method of esti-
mating recharge resulted in the most realistic values, so it was selected for use in generating
monthly recharge time series for purposes of transient simulation history-matching.

Water Levels

Simulated and observed water-level changes in the four water-table observation wells are
shown in figure 20. In response to recharge during November 1992-March 1993, observed water
levels rose several feet. The difference between the minimum water level during November-
December 1992 and the maximum water level during April-May 1993 was used to characterize
the seasonal water-level fluctuation. For example, the observed water-level change during this
time in the D and S observation well (29-1056) was 4.92 ft (table 8). A statistical measure of the
closeness of the match between simulated and observed water-level fluctuations was calculated as
the difference between simulated and observed water-level changes during this period. The simu-
lated water-level change in the D and S observation well (29-1056) was 5.18 ft; therefore, the
difference between simulated and observed water-level changes was 0.26 ft. The mean difference
between simulated and observed water-level fluctuations was 0.71 ft (table 8). The model overes-
timated water-level changes in three of the wells and underestimated the change in the fourth

well.
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WATER-LEVEL CHANGE, IN FEET
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Figure 20. Observed and simulated water-level changes in four observation wells,
June 1992-May 1993, Toms River, Metedeconk River, and Kettle Creek Basins,
New Jersey.
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Table 8. Simulated and observed water-level fluctuations in four observation
wells, Toms River, Metedeconk River, and Kettle Creek Basins, New Jersey

[--, not applicable]

Simulated Observed Difference

water-level water-level between

fluctuation, fluctuation, simulated
U.S. Model cell November November and

Geological coordinates 1992-M?rch 1992-M'(}rch observed

Survey (layer, row, 1993 1993 fluctuation
well number column) (feet) (feet) (feet)
29-1056 (1, 52, 58) 5.18 492 0.26
29-1059 (1, 39, 16) 5.57 424 1.33
29-1060 (1, 33,28) 5.14 3.54 1.60
25-716 (1, 6,41) 5.02 5.36 -34
Mean - - - 71

1 Water-level fluctuation is the difference between the minimum water level
during November-December 1992 and the maximum water level during April-
May 1993.

Base Flow

Simulated mean monthly base flows and base flows determined by hydrograph separation
for the Toms River near Toms River, N.J. (01408500), and North Branch Metedeconk River near
Lakewood, N.J. (01408120) streamflow-gaging stations are shown in figure 21. Statistics summa-
rizing the match between simulated and observed base flows are listed in table 9. The mean differ-
ence between simulated and determined mean monthly base flow during the calibration period is -
4.6 ft’/s for the Toms River (01408500) and 1.0 ft%/s for the North Branch Metedeconk River
(01408120). These residual values are small in comparison with average base flows, and indicate
that any bias in simulated mean monthly base flow is small. The mean absolute difference
between simulated and determined base flow for both rivers is less than 16 percent of the respec-
tive observed mean base flow, which is considered acceptable. The simulated range in mean
monthly base flow for the calibration period was close to the observed base-flow range for both
rivers. The close agreement between simulated and determined mean monthly base flows indi-
cates that the transient model represents transient ground-water flow to streams reasonably well.
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Figure 21. Observed and simulated average monthly base flow of the (a) Toms River near
Toms River, N.J. (01408500), and (b) North Branch Metedeconk River near Lakewood, N.J.
(01408120).
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Table 9. Simulated base flows and base flows determined by hydrograph separation, June
1992-May 1993, Toms River, Metedeconk River, and Kettle Creek Basins, New Jersey

Mean
Mean absolute
difference difference
between between
Mean base simulated simulated
Streamflow- flow and and
gaging- determined determined determined
station Simulated by mean mean
number mean base hydrograph monthly monthly
Streamflow- (location flow separation base flows base flows
gaging- shown in (cubic feet (cubic feet (cubic feet (cubic feet
station name fig. 2) persecond)  persecond)  per second) per second)
Toms River
near Toms 01408500 168.1 172.7 4.6 26.4
River, N.J.
NorthBranch
Metedeconk
River near 01408120 41.5 40.5 1.0 4.9
Lakewood,
N.J.
Sensitivity Analysis

The results of the transient-model calibration demonstrate that the model reproduces
historical water-level and base-flow fluctuations with reasonable accuracy. Alternative models
that use different combinations of parameter values could similarly reproduce historical fluctua-
tions reasonably well. The transient-model calibration, like the steady-state-model calibration, is
not a unique solution. Consequently, the sensitivity of the calibrated-transient-model response to
various model parameters such as aquifer-storage properties, streambed conductance, and
recharge also needs to be tested. The results of this evaluation provide a semiquantitative relation
between the model parameters tested and fluctuations in water levels and base flows. The results
also can be useful in guiding future data-collection efforts for the purpose of improving the model

calibration.

In model layer 1, aquifer-storage properties control the water-level response to the addi-
tion or release of water to or from storage. Therefore, simulated water-level fluctuations are
expected to be sensitive to aquifer-storage properties. Calibrated values of specific yield (Sy)
(fig. 10) were increased or decreased by a factor of 1.5 to test model sensitivity to this parameter.
Lower values of S, resulted in a larger range in water levels, and higher values resulted in a
smaller range, or a flatter hydrograph. When the lower values were used, the simulated water
table at the location of well 25-716, for example, fluctuated over a range that is 3 ft larger than
that shown for the calibration run in figure 20. Base-flow fluctuations are similarly affected by
specific yield; when the lower values of S, were used, the simulated base flow of the Toms River
fluctuated over a range that is 29 ft3/s larger than that shown for the calibration run in figure 21.
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The effects of varying streambed conductance on base flow are inverse to the effects of
varying aquifer-storage characteristics; if other aquifer-system characteristics remain the same,
then lower values of streambed conductance result in less base-flow fluctuation, and higher values
of streambed conductance result in more base-flow fluctuation. If streambed conductance is high,
hydraulic head in the aquifer beneath streams is near stream stage. Therefore, as ground-water
levels in interstream areas rise and fall through time, the aquifer head beneath the stream remains
near stream stage. The hydraulic gradient toward streams, therefore, changes significantly through
time, resulting in large fluctuations in base flow. If streambed conductance is low, however, the
hydraulic head beneath streams rises and falls with the water table and, consequently, both the
hydraulic gradient and base flow fluctuate less.

Seasonal variations in recharge rate greatly affect the magnitude of water-level and base-
flow fluctuations. As discussed previously, different methods of estimating monthly rates of
recharge yield different results (fig. 19). Transient models in which different combinations of
aquifer-storage characteristics, streambed conductance, and monthly recharge are used could
respond similarly. Among these three model parameters, the model error associated with uncer-
tainty in estimates of monthly recharge is greatest. Improved estimates of monthly recharge
would be most useful in improving the transient-model calibration.

GROUND-WATER FLOW UNDER PREDEVELOPMENT
AND RECENT CONDITIONS

The calibrated steady-state and transient models were used to determine conditions that
prevailed prior to development. This analysis highlights the natural features of the system that
control ground-water flow. The system under recent conditions also was analyzed, and changes to
the flow system that have occurred as a result of human activities were estimated. Changes in flow
patterns, water levels, base flow, and water budgets were quantified, and the uncertainty inherent
in these estimates was investigated. The analysis of past changes provides a context for predicting
likely future changes.

Predevel  Conditi

Before the New Jersey Coastal Plain was developed, ground-water flow in the study area
was controlled by natural rates of recharge and discharge to surface waters. Patterns of ground-
water flow in many areas have remained virtually unchanged; in other areas, however, flow
patterns and water budgets have changed in response to human activities. Although available data
are insufficient to define the predevelopment flow system as thoroughly as the current system, an
investigation of predevelopment conditions is useful for the purpose of estimating the location
and magnitude of hydrologic changes that have resulted from recent human activities. Average
predevelopment flow conditions were simulated by using the same parameters used in the cali-
brated steady-state-flow model, with boundaries and stresses adjusted to represent conditions that
prevailed prior to development.

Recharge rates were set to rates that are thought to have prevailed prior to urbanization.
All withdrawal stresses were removed. Piney Point aquifer boundary heads were determined from
the prepumping potentiometric surface interpreted by Zapecza and others (1987, fig. 8). The
boundaries representing the Point Pleasant Canal and Manasquan Reservoir in the calibrated
model were removed and replaced by boundaries representing predevelopment drainage features.
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Average Ground-Water-Flow Patterns

The simulation of predevelopment conditions demonstrates patterns of ground-water flow
that are typical of shallow, unconsolidated aquifers in the New Jersey Coastal Plain. Most
recharge occurs in interstream upland areas, and most ground water flows toward surface-water-
discharge boundaries. Simulated water-table contours and flow directions are shown in figure 22.
Flow vectors indicate the magnitude and direction of horizontal ground-water flow. Flow vectors
are notably shorter in the Metedeconk River Basin and in the upper part of the Toms River Basin
than in other areas for two reasons. The first is that these areas receive less recharge than the rest
of the model area, so flow from one model cell to another is less overall; the second is that the
lengths of the flow vectors shown are proportional to the horizontal component of total flow, so
that projected vectors representing a large flow rate that is mostly vertical appear short. Vectors
appearing as mere arrowheads indicate that flow is predominantly vertical.

In the Metedeconk River Basin and the upper part of the Toms River Basin, where hori-
zontal hydraulic conductivity is lower and ground-water gradients are higher than in other parts of
the study area, ground water flows along paths that are nearly perpendicular to the general stream-
channel orientation. The Metedeconk River generally flows from northwest to southeast; ground
water in many parts of this basin flows toward the northeast or southwest. As a result of this flow
pattern, subregional ground-water divides separating ground-water subbasins are fairly distinct,
and their locations can be determined roughly from the examination of flow vectors. In contrast,
ground-water-flow directions in areas where horizontal hydraulic conductivity is higher and
hydraulic gradients are lower, such as the lower part of the Toms River Basin, more closely
parallel stream-channel orientation. Subregional ground-water divides in these areas are less
evident from the examination of flow vectors.

The simulated predevelopment potentiometric surface of model layer 2 is similar to that of
model layer 1, except near the coast. In the deep part of the system near the coast, simulated water
levels are 2 to S ft above sea level, which is consistent with reports of historically flowing coastal
wells and other coastal wells in which predevelopment water levels were several feet above sea
level (Zapecza and others, 1987, fig. 10, p. 116; Seaber, 1963, p. 113, 160, 163).

Vertical flow directions in the Kirkwood-Cohansey aquifer system under predevelopment
conditions generally are downward in interstream areas and upward near surface-water bound-
aries (fig. 23). Flow is upward near streams, except near headwater streams that are not directly
connected to the ground-water system. Streamflow in these channels probably consists of storm
runoff and interflow. Several examples of these disconnected stream channels are the headwaters
of Davenport Branch and Union Branch in Manchester Township. Flow is generally upward near
the embayments.

Predevelopment vertical flow directions across the bottom of the Kirkwood-Cohansey
aquifer system (model layer 2) are shown in figure 24. Ground water flows downward into the
Vincentown aquifer (shown at the top of the figure) in interstream areas, and upward near streams.
Ground water flows downward to the Piney Point aquifer (shown at the bottom of the figure) only
in the southwestern part of the study area. Ground water flows upward in other areas where the
Piney Point aquifer is present in the study area.
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Figure 26. (a) Average monthly recharge; (b) simulated predevelopment base flow

of the Toms River during a typical annual cycle; (c) water levels at model node

(layer, row, column) = (1, 26, 15) near the headwaters of Ridgeway Branch tributary

to the Toms River; and (d) water levels at model node (layer, row, column) = (1, 24, 12)
near the topographic high between the Toms River and Crosswicks Creek, N.J. (Model-
cell locations shown in fig. 2)
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Budget equation:
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Figure 27. Typical ground-water budgets for the Toms River Basin, N.J., March and

October, under predevelopment conditions.
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flow trends in an unconfined aquifer system is further complicated by natural seasonal fluctua-
tions. Meaningful trends may go undetected if natural fluctuations are relatively large. Further-
more, the hydrologic data collected in the study area over the years are sparse and the locations of
data-collection stations are not optimal for the detection of trends in water levels and base flows.
In light of these difficulties, the historical record was examined by using a variety of techniques in
an attempt to characterize the measurable hydrologic changes that have occurred as a result of
human activities. The simulation of the recent flow system is an integral part of this analysis.

Historical Trends

The long period of record (1932-94) for the continuous streamflow-gaging station, Toms
River near Toms River, N.J. (01408500), provides the best opportunity to detect trends in base
flow in the study area. The other continuous streamflow-gaging stations, North Branch
Metedeconk River near Lakewood, N.J. (01408120), and South Branch Metedeconk River near
Lakewood, N.J. (01408150), have been operated for only 22 and 2 years, respectively, and
provide insufficient data to evaluate trends in base flow. Base flow of the Toms River near Toms
River, N.J., as a percentage of total streamflow during 1932-90 is shown in figure 28. Annual base
flow was determined by using the hydrograph-separation techniques described earlier. The 3-year
moving average of this statistic declined slightly, from about 86 percent in the 1930’s to about 84
percent, during 1980-90. This decline could be the result of slightly decreased base flow, slightly
increased direct runoff, or both. Nevertheless, the change in mean annual base flow relative to
mean annual flow of the Toms River since the early 1930’s is small.

Water levels are expected to have declined in the vicinity of major pumping centers.
However, few data are available to quantify these effects. Anderson and Appel (1969, p. 48, 87)
discusses declining water levels in the Kirkwood Formation in Ocean County, and notes that a
few wells in the Kirkwood Formation that flowed at one time no longer flowed in 1969. Water
levels in the Crammer observation well (29-486), a water-table well in Manchester Township,
N.J. (location in fig. 2), recorded continuously from May 1952 through mid-September 1990,
present an opportunity to estimate the change in water-table altitude at that location during that
time period. Withdrawals from public-supply wells in Manchester Township, N.J., increased from
419 Mgal/yr in 1975 to 1,019 Mgal/yr in 1988. Many of these public-supply wells are located
within 2 mi of the Crammer observation well, and this additional stress could have resulted in a
water-table decline of observable magnitude. Watt and others (1994) discuss the relation between
water-level fluctuations in this well and variations in annual precipitation, and conclude that the
water level in the well declined about 2 ft during 1974-90.

In order to test the hypothesis that periods of lower-than-normal precipitation caused the
water level to decline, the hydrographs of the Crammer observation well (29-486) and a second
well were examined. The second well, Lebanon State Forest observation well (5-689), is outside
the study area, about 8 mi southwest of the Crammer observation well, in an undeveloped,
forested area where water levels are essentially unaffected by human activities (well location in
fig. 2). The two wells are in areas expected to receive similar rates of recharge. When concurrent
minimum monthly water levels were compared, a clear relation between the water levels was
apparent; both water levels fluctuated in the same cyclic manner in response to changing seasonal
conditions (fig. 29). An empirical relation determined by trial-and-error was used to predict the
early (1955-75) water-level history of the Crammer observation well from the observed early
water-level history of the Lebanon State Forest observation well with a high level of accuracy.
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The relation is

C = 375 + 075L, )

where
C = minimum monthly water level in the Crammer observation well (29-486), in feet
below land surface, and
L = minimum monthly water level in the Lebanon State Forest observation well (5-689),
in feet below land surface.

Observed minimum monthly water levels for the Crammer observation well (29-486) and
the Lebanon State Forest observation well (5-689), and the minimum monthly water levels for the
Crammer observation well as predicted by the above relation, are shown in figure 29. From 1955
to about 1975, observed and predicted water levels in the Crammer observation well agree
closely, although the equation slightly overpredicts for some months and slighlitly underpredicts
for others. During 1975-90, however, the relation between the water levels in these two wells
changed, such that the equation no longer predicts the water level in the Crammer observation
well with equally high accuracy. It is concluded from this analysis that the water table declined
about 2 ft in the area near the Crammer observation well during 1975-90 relative to the area near
the Lebanon State Forest observation well and that the relative decline is not solely the result of
periods of lower-than-normal precipitation.

Average Ground-Water-Flow Patterns

Ground-water-flow patterns in the aquifer system are the result of the effects and interac-
tions of many natural and human-induced stresses on the flow system. The following discussion
describes the application of the steady-state ground-water-flow model to the analysis of the flow
system under average 1980-89 conditions.

Results of simulations of average 1980-89 conditions were compared with those of prede-
velopment conditions. The locations and average pumping rates of public-supply wells tapping
the Kirkwood-Cohansey aquifer system are shown in figure 30. Most of the large withdrawals are
near the main stems of the Toms and Metedeconk Rivers. These withdrawals are 100-percent
consumptive; most of the study-area population is served by a regional sewage-collection system
with an ocean outfall. Changes in water levels resulting from human activities are shown in figure
31. These changes are the result of the combined effects of ground-water withdrawals from the
Kirkwood-Cohansey aquifer system, reduced recharge, lowered heads in underlying confined
aquifers, and the presence of the Point Pleasant Canal and the Manasquan Reservoir. Water levels
declined by 1 ft or more over several large developed areas and near pumping centers. Maximum
declines exceeded 10 ft in Point Pleasant Borough near the Point Pleasant Canal and near the
major Toms River Water Company wells. Ground-water levels in a small area in the north-central
part of the study area rose several feet in response to the filling of the Manasquan Reservoir.

Water-level changes in layer 2 (fig. 32) are similar to those in layer 1 except near the coast,
where the deep part of the system is confined and the effects of withdrawals are more pronounced;
leakage from shallow water-bearing strata is restricted by overlying silt and clay layers so that
withdrawals cause an increased gradient that induces lateral and vertical flow to production wells.
A large area of water-level declines of up to 20 ft is centered at Seaside Heights Borough.
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WATER LEVEL, IN FEET BELOW LAND SURFACE
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Figure 29. Water levels in observation wells 5-689 and 29-486, and the relation between
observed and statistically predicted water levels in observation well 29-486, Toms River,
Metedeconk River, and Kettle Creek Basins, New Jersey. (Well locations shown in fig. 2)
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