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7  Groundwater Model

Groundwater flow modeling of the Oneida site was accomplished using MODFLOW

within the Groundwater Modeling System (GMS) version 2.1.  The groundwater flow model will

be used to determine the rate of water consumption by the poplar trees.  This will be

accomplished by matching the groundwater recession curves observed in Figure 3.2 for P4, P6,

and MW6.  This process will result in:  1)  a steady state groundwater flow model of the entire

site based on discrete water level measurements 2)   a transient flow model that reflects the

magnitude of poplar tree water consumption calibrated to the P4, P6, and MW6 pressure

transducer data.  Calibration of the steady state groundwater flow model will be used to set the

relative heads throughout the site before looking specifically at P4, P6, and MW6 and the

transient simulation.

MODFLOW uses a 3D finite difference scheme and the governing water balance

equation in MODFLOW allowing for 3D flow for an unconfined aquifer (Anderson and

Woessner, 1992, pg. 15):
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where:

Kx, Ky = are directional components of hydraulic conductivity
Sy = specific yield
R = general sink/source term
h = head
t = time

Specific yield represents the “volume of water released from storage per unit change in head (h)

per unit volume of aquifer” (Anderson and Woessner, 1992, pg. 17):
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7.1  Model Grid and Parameters

7.1.1  Model Grid

The model grid measures 520 feet in the i direction by 400 feet in the j direction.  The

origin of the grid is at x = 410 ft and y = 80 ft from the lower left hand corner of the map, and it

is rotated 50º counterclockwise to match the direction of the tree rows and approximate

groundwater flow direction as is shown in Figure 7.1.  Each grid cell measures 10 ft x 10 ft

resulting in 52 cells in the i direction and 40 cells in the j direction. The 10 ft x 10 ft

discretization is chosen to give enough detail to accurately model the poplar trees and the

interception trench.  It is a single layer model because there is not enough information known

about the subsurface in the k direction to accurately model it.  Finally, the model is assumed to

be heterogeneous and isotropic.

7.1.2  Initial Conditions and Recharge

Water levels of the aquifer at Oneida are always either rising immediately after a rainfall

event or dropping between rainfall events (See Figure 3.2).  Because the aquifer is shallow, it is

extremely sensitive to rainfall recharge events.  The rainfall recharge events can cause significant

changes in the water levels.  Rainfall of one inch can result in a rise of the water table by more

than one foot.  Therefore, the aquifer never truly exhibits the behavior of a steady state condition

due to the variability of rainfall.

Transient simulations are used to examine the behavior of the aquifer over time.  Before

beginning a transient simulation, a steady state simulation is run using rainfall recharge to set the

initial starting heads.  Then, with starting heads set, the simulation is change to transient and

rainfall recharge is set equal to zero for the duration of the run.  The rainfall recharge was

adjusted in the steady state simulation so water levels approximately match those observed in the

field.  There was no attempt to correlate a given rain event to the amount of recharge because of

lack of data concerning soil moisture conditions and rainfall intensity.
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7.1.3  Boundaries

General head boundaries are used on the south and west borders of the model to give the

model the flexibility of a variable head boundary.  The general head boundary is described by the

equation (Anderson and Woessner, 1992, pg. 129):

)hh(CQ b −= (7.3)

where:

Q = flow through the boundary (ft3/day)
C = conductance of boundary (ft2/day)
hb = head at boundary (ft)
h = head of aquifer (ft)

General Head Boundary elevations were set to match available water level data.

River boundaries are used on the north and east borders of the model and represent Pine

Creek.  The river boundaries are described by the equations (Anderson and Woessner, 1992, pg.

126):

)hh(CQ rivrivriv −= when h > river bottom elevation    (7.4)

)Rh(CQ bottomrivrivriv −=   when h </= to river bottom elevation (7.5)

where:

Qriv = flow through the boundary (ft3/day)
Criv = conductance of boundary (ft2/day)
hriv = head at boundary (ft)
h = head of aquifer (ft)
Rbottom = river bottom elevation (ft)

The river boundaries allow for flow into and out of the aquifer depending on whether the aquifer

elevation is above or below the river bottom elevation.  Based on hydraulic heads, water is

always assumed to flow out of the aquifer and into the creek.  River boundary elevations are set

according to available survey data of the creek.  See Appendix D for all data relating to

boundaries and Figure 7.1 for boundary locations.
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7.1.4  Bedrock Elevations

Bedrock elevations were determined from available data of the drilled and hand augered

wells.  Bedrock elevations ranged from approximately 1418 ft near Pine Creek to 1428 ft at the

western end of the site.  There is much more data (many more wells) at the eastern end of the site

than the western end of the site.  See Appendix D for bedrock elevations used in the model.

7.1.5  Hydraulic Conductivity

Most of the calibration described in section 7.2 involved setting the hydraulic

conductivity.  The aquifer is assumed to be heterogeneous.  Loftis (1999) determined the average

hydraulic conductivity for the site to be 4 ft/day.  A typical hydraulic conductivity for a fine sand

(the site is considered a sandy/clay) is 8 ft/day (McWhorter and Sunada, 1977, pg. 82).

Soil samples and water level data indicate a relatively high hydraulic conductivity near

Pine Creek and then a decrease in hydraulic conductivity as one moves away from Pine Creek.

Soil samples taken at various depths in the vicinity of P3 have a sand fraction of 56.7% to 69.1%

(clay/silt = 30.4% to 43.1%).  In contrast, soil samples taken in the vicinity of P11 have a sand

fraction of 65.3% to 94.1% (clay/silt = 6.2% to 34.8%).  A higher sand fraction indicates a higher

hydraulic conductivity.  Further evidence as to relative hydraulic conductivity values is

contained in the water level/water contour plots (See Appendix C.).  Hydraulic gradients near

Pine Creek are lower than away from Pine Creek or as one nears the railroad tracks (indicated by

tighter water contours than when close to Pine Creek).  Lower hydraulic conductivities would

cause an elevated water table in these areas, resulting in larger hydraulic gradients since the

aquifer has a more difficult time draining.  The assumed higher hydraulic conductivities near

Pine Creek allow the aquifer to drain and results in small hydraulic gradients in that area.  See

Appendix D for calibrated hydraulic conductivity values.  The calibration procedure is described

in section 7.2.

7.1.6  Specific Yield

Specific yield must be defined for the transient simulation.  It is defined as the ratio of the

amount of water drained by gravity to the total volume of the medium (McWhorter and Sunada,

1977, pg. 28).  Anderson and Woessner (1992) report ranges of specific yield for a fine sand of

0.10 to 0.46 and for a clay to be 0.01 to 0.18.  Fetter (1994) reports that for a clay-sand soil,

specific yields range from approximately 0.05 to 0.10.
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7.1.7  Interception Trench

The interception trench activity is head dependent.  During relatively high water levels,

the trench pumps more water than when aquifer levels are low.  Because of its head dependent

nature, the interception trench is modeled by a series of drain cells.  Mathematically the drain

cells behave exactly like the river cells except that when the aquifer head elevations drop below

the elevation of the drain, the flow is set equal to zero.  Drain elevations and conductances are set

in the model so that outflow approximately represents outflow data obtained for the interception

trench.  The elevations for the drain cells are 1425 ft and the conductances are 50 ft2/day.

7.1.8  Poplar Trees

The poplar trees are modeled using the well package.  Each well represents the water

usage by trees contained within the 10 ft by 10 ft area of the cell (approximately 3.3 trees).  This

option was chosen over the ET package in MODFLOW for several reasons.  When recharge is

introduced to the site, it is assumed that evaporation from the land surface has already occurred.

Therefore, this water does not need to be accounted for in the model.  Also, the ET package

assumes that evapotranspiration declines by a linear rate as the water table declines to an

extinction depth where no ET occurs at all.  The pressure transducer data indicates that the trees

are able to use water at a reasonably consistent rate regardless of the elevation of the water table.

In the case where portions of the aquifer go dry due to outflow or ET, MODFLOW identifies

these as “dry” cells in the model grid.  A disadvantage of using the well package is that it only

models water withdrawn from the water table and not water that is taken from the vadose zone.

7.2  Model Calibration Procedure and Results

Initially the model must be calibrated.  Calibration refers to the procedure of adjusting

model parameters to match observed data.  The model is then verified.  Verification is the

process of taking the calibrated model and testing it against an independent set of data without

changing model parameters.

The discrete water level measurements taken at the site give the best overall picture of

water levels throughout the aquifer.  As mentioned before, water levels are always changing with

time at the site (no true steady state).  The discrete water level data serves as a good way to

initially set model parameters (hydraulic conductivity, recharge, boundaries, etc.) in a steady

state model to recreate relative water levels at the site during different seasons of the year.
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Figure 7.2 shows the steady state simulation for December 1997 (no trees) and Figure 7.3

shows the steady state simulation for August 1999 (with trees).  Table 7.1 gives results of the

steady state calibration.  Five data sets were used for the steady state calibration (Dec. 97, Aug.

99, Nov. 99, Jan. 00, and Mar. 00).  These numbers were computed after the final calibration of

the transient model that is described later in this chapter.  The steady state model calibrates best

in the middle of the model and accuracy declines as boundaries are approached.  This makes

sense because most of the data used in the calibration process was taken in the vicinity of P4, P6,

and MW6.

The steady state model water budget is shown in Table 7.2.  The drain was not modeled

in the December 1997 data because it was not yet operational.  Tree use of the August 1999 data

Table 7.1 was 166.25 ft3/day (1244 gal/day).  This correlates to about 1.2 gal/day/tree.

Maximum output of the trench is 95.76 ft3/day (21,490 gal/month) and occurs in the March 2000

data.  Transient simulation results are discussed below.

After initial calibration using steady state conditions, the transient data from P4, P6, and

MW6 is used for transient calibration.  The model is calibrated and verified to winter data

because the trees are dormant and have no effect on the water table.  The model is then applied to

summer data where the only parameter varied is the poplar trees’ pumping rates.  The most

important factor in choosing a set of data for model calibration or application is that there are no

rain events (<0.02 inches) which simplifies the modeling procedure.  The calibration procedure

has two steps:

1. Calibration based on 2/28/00 – 3/8/00 pressure transducer data

2. Verification based on 1/31/00 – 2/8/00 pressure transducer data

7.2.1  Calibration and results based on 2/28/00 – 3/8/00 pressure transducer data

Initial conditions were set by adjusting the recharge rate in a steady state situation so that

the simulation heads match the observed heads for P4, P6, and MW6 on 2/28/00.  These heads

are defined as the “starting heads” in MODFLOW.  A recharge value of 0.01 ft/day was required

during the steady state simulation so that hmodel = hobserved on 2/28/00.  After setting the initial

conditions, the transient simulation can be run.
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Drain Cond = 0 ft
2
/day Drain Cond = 50 ft

2
/day Drain Cond = 0 ft

2
/day

Tree Rates = 0 ft
3
/day Tree Rates = 0 ft

3
/day Tree Rates = (-.35 and -.70) ft

3
/day

Recharge = 0.006 ft/day Recharge = 0 ft/day Recharge = 0.002 ft/day

Wells
Observed 
Heads, Hc

Calculated 
Heads, Hc

Residual,      
Hc - Ho

Observed 
Heads, Hc

Calculated 
Heads, Hc

Residual,      
Hc - Ho

Observed 
Heads, Hc

Calculated 
Heads, Hc

Residual,      
Hc - Ho

P1 1433.46 1433.1 -0.36 1430.98 1431.3 0.32 1431.14 1431.70 0.56
P2 1432.3 1431.4 -0.9 1428.22 1428.9 0.68 1428.94 1429.00 0.06
P3 1430.29 1431.3 1.01 1427.55 1429.6 2.05 1427.79 1429.40 1.61
P4 1428.14 1428.3 0.16 1425.9 1426.5 0.60 1425.88 1425.55 -0.33
P5 1428.29 1427.2 -1.09 1425.66 1425.45 -0.21 1425.71 1425.60 -0.11
P6 1426.76 1426.9 0.14 1425.22 1425.4 0.18 1425.24 1424.90 -0.34
P7 1426.42 1426.05 -0.37 1425.08 1424.9 -0.18 1425.06 1424.70 -0.36
P10 1426.08 1425.1 -0.98 1424.8 1424.5 -0.30 1424.73 1424.45 -0.28
P11 1426.19 1426.25 0.06 1425.04 1425.1 0.06 1425.00 1425.00 0.00
P16 1431.06 1430.2 -0.86 1427.94 1427.8 -0.14 1428.24 1428.00 -0.24
P17 1432.84 1433 0.16 1429.37 1432.8 3.43 1430.86 1432.80 1.94
P18 1432.87 1433.1 0.23 1429.65 1432.9 3.25 1431.48 1432.95 1.47
MW6 1427.19 1427.25 0.06 1425.44 1425.75 0.31 ***** ***** *****

-0.21 0.77 0.33
0.49 0.90 0.61
0.63 1.46 0.88

Drain Cond = 50 ft
2
/day Drain Cond = 50 ft

2
/day

Tree Rates = 0 ft
3
/day Tree Rates = 0 ft

3
/day

Recharge = 0.0045 ft/day Recharge = 0.005 ft/day

Wells
Observed 
Heads, Hc

Calculated 
Heads, Hc

Residual,      
Hc - Ho

Observed 
Heads, Hc

Calculated 
Heads, Hc

Residual,      
Hc - Ho

P1 1433.39 1432.90 -0.49 1433.68 1433.05 -0.63
P2 1431.80 1431.00 -0.80 1431.97 1431.10 -0.87
P3 1430.31 1430.95 0.64 1430.70 1431.00 0.30
P4 1427.90 1427.85 -0.05 1428.26 1427.95 -0.31
P5 1427.65 1426.70 -0.95 1427.69 1426.75 -0.94
P6 1426.32 1426.40 0.08 1426.41 1426.50 0.09
P7 1425.74 1425.60 -0.14 1425.98 1425.65 -0.33
P10 1424.82 1424.80 -0.02 1424.86 1424.80 -0.06
P11 1425.47 1425.75 0.28 1425.48 1425.85 0.37
P16 1430.73 1429.70 -1.03 1431.05 1429.80 -1.25
P17 1432.59 1433.00 0.41 1432.67 1433.00 0.33
P18 1432.64 1433.05 0.41 1432.73 1433.05 0.32
MW6 1426.87 1426.75 -0.12 1427.01 1426.90 -0.11

-0.14 -0.24
0.42 0.45
0.53 0.57

mean error = mean error = mean error =

Dec-97

RMS = RMS =

RMS =
mean absolute error = mean absolute error =

mean absolute error = mean absolute error =
mean error = mean error =

Nov-99

Jan-00 Mar-00

Aug-99

mean absolute error =
RMS = RMS =

Model Data

Model DataModel Data Model Data

Model Data

Table 7.1 – Steady state model calibration statistics for Dec-97, Aug-99, Nov-99,
Jan-00, and Mar-00 simulations compared with observed water level
measurements
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River Boundary

Drains (Intercep. Trench)

General Head Boundary

Figure 7.2 – Steady state model results simulating December 1997 discrete water level
data without trees
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River Boundary

Drains (Intercep. Trench)

General Head Boundary

Figure 7.3 – Steady state model results simulating August 1999 discrete water level
data with trees and trench active
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IN (ft
3
/day) Dec-97 Aug-99 Nov-99 Jan-00 Mar-00

Storage 0.00 0.00 0.00 0.00 0.00
Constant Head 0.00 0.00 0.00 0.00 0.00
Wells 0.00 0.00 0.00 0.00 0.00
Drains 0.00 0.00 0.00 0.00 0.00
Recharge 972.58 324.20 0.00 729.46 810.50
River Leakage 0.00 0.00 0.00 0.00 0.00
Head Dependent Boundaries 159.70 275.90 332.70 193.01 182.71
Total In 1132.30 600.10 332.70 922.47 993.21

OUT (ft
3
/day) Dec-97 Aug-99 Nov-99 Jan-00 Mar-00

Storage 0.00 0.00 0.00 0.00 0.00
Constant Head 0.00 0.00 0.00 0.00 0.00
Wells 0.00 166.25 0.00 0.00 0.00
Drains 0.00 8.56 6.48 81.31 95.76
Recharge 0.00 0.00 0.00 0.00 0.00
River Leakage 975.51 384.32 299.93 734.36 776.02
Head Dependent Boundaries 156.75 40.89 26.30 106.74 121.02
Total Out 1132.30 600.03 332.71 922.41 993.20

Percent Discrepancy 0.00 0.01 0.00 0.01 0.00

Model Parameters Dec-97 Aug-99 Nov-99 Jan-00 Mar-00

Drain Conductance (ft
2
/day) 0 50 50 50 50

Tree Use? No Yes No No No
Recharge (ft/day) 0.0060 0.0020 0.0000 0.0045 0.0050

Table 7.2 – Steady state model water budget determined in
MODFLOW for Dec-97, Aug-99, Nov-99, Jan-00, and Mar-00
simulations
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For the transient simulation, the recharge is set to zero because no rainfall occurs during the

chosen period.  The stress periods must also be defined.  One time step per day was used in all

simulations and there are ten time steps for the 2/28/00 – 3/8/00 data.  A simulation was also run

using a time step of 6 hours and no significant change in head values was noticed from the 24

hour time step.

Parameters were adjusted through trial-and-error to achieve calibration.  The parameters

that have the greatest effect in the area of interest (vicinity of P4, P6, and MW6) are hydraulic

conductivity, specific yield, and bottom elevation.  Adjustments to the model’s transient results

(water heads vs. time) were made by adjusting hydraulic conductivity and specific yield to match

observed data.  Calibrated hydraulic conductivity values range from 1 to 25 ft/day (See

Appendix D.) and the calibrated specific yield is 0.06.

During the calibration procedure, specific yield had a large effect on the overall rate of

the groundwater decline in a transient simulation.  A lower specific yield resulted in a high rate

of decline of the groundwater levels and a higher specific yield had the opposite effect.

Calibration results for the 2/28/00 – 3/8/00 simulation can be found in Figure 7.4 and

Table 7.3.  Model results for P4 and P6 correlate very well with observed data.  MW6 calibration

does not appear to be nearly as successful.  Calibration is reasonably good when observed heads

are relatively low, but observed heads are much higher than model results for relatively high

observed heads (i.e. soon after recharge events).

The MW6 data does not appear consistent relative to the P4 and P6 data (See Figure

3.2.).  As time progresses after recharge events, relative trends in the MW6 data more closely

match P4 and P6 trends.  Eleven sets of data occur where water level measurements were made

of both P6 and MW6 using the water level indicator.  The maximum difference between these

two wells was 0.78 feet, the minimum was 0.12 feet, and the average difference is 0.40 feet.  The

differences between MW6 and P6 for several days following a recharge event are often greater

than 2 feet and can be as much as 3 ft (See Figure 3.2.).  The transducer is rated at 5 PSI which

corresponds to 11.55 feet of water.  Before installation in August 1999, the device was checked

for accuracy by placing it in a known depth of water.  Accurate results were obtained up to 1.5

feet.  The device was not tested in deeper water than this nor was it tested to see how it reacts as

water levels change over time.  Unfortunately, there is not any water level indicator data to

compare during the observed anomalous periods.
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P4 P6 MW6 P4 P6 MW6
Mean Error 0.01 0.08 -0.85 -0.17 0.03 -0.54
Absolute Mean Error 0.07 0.09 0.85 0.17 0.05 0.54
RMS 0.08 0.10 1.05 0.24 0.06 0.77

P4 P6 MW6 P4 P6 MW6
Mean Error 0.01 -0.22 0.12 -0.04 -0.13 *****
Absolute Mean Error 0.02 0.23 0.18 0.05 0.14 *****
RMS 0.03 0.25 0.20 0.07 0.17 *****

March 2000 Data February 2000 Data

September 1999 Data August 1999 Data

Table 7.3 – Transient model calibration statistics for simulations in Aug-99,
Sep-99, Feb-00, and Mar-00 compared with P4, P6, and MW6 pressure
transducer data
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Figure 7.4 – March 2000 (2/28/00 – 3/8/00) calculated heads compared with observed
heads for P4, P6, and MW6
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Figure 7.5 – February 2000 (1/31/00 – 2/8/00) calculated heads compared with
observed heads for P4, P6, and MW6
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 It is possible that there is a pocket of clay around MW6 causing the water table to mound

at this point due to a relatively low hydraulic conductivity.  The P15 elevation was checked

because of the mounding of the water table that occurs at this point.  The elevation is correct so

the high water table is likely due to a pocket of clay at this point.  Perhaps this is the same thing

that is happening at MW6.  The other data supporting this theory is the slug-test.  Hydraulic

conductivities from the test were 0.20 and 0.23 ft/day and the hydraulic conductivities in the

model ranged from 1 to 25 ft/day.

7.2.2  Verification and results based on 1/31/00 – 2/8/00 pressure transducer data

The calibrated model was then verified to a second, independent data set (1/31/00 –

2/28/00).  No changes in model parameters were made with the exception of changing the initial

conditions to match observed heads on 1/31/00.  A recharge value of 0.013 ft/day was used in the

model under steady state conditions to set the initial conditions.  See Figure 7.5 and Table 7.3 for

results of the 1/31/00 – 2/8/00 simulation.  Model results for P4 and P6 appear to match observed

data very well.  The same trends in the MW6 data are observed here as in the calibration

procedure above.  Observed values are much higher than model results when the water table is

relatively high and then begins to match better as the groundwater recession curve continues.

7.2.3  Application of model to 8/26/99 – 9/15/99 and  7/27/99 – 8/7/99 pressure
transducer data

The trees are represented by 325 wells in the GMS model with each well occupying 10

ft2.  The three pressure transducers are located within the tallest stand of trees and are expected to

consume the most water (Hinckley et. al., 1994).  It is assumed that the trees to the northwest and

southeast of this location will have smaller withdrawal rates than the monitored location.  The

trees at the northwest end of the site are significantly shorter despite the easiest access to water

due a relatively high water table in the location.  The trees in the southeastern end of the site are

slightly smaller than the monitored location but probably have less access to groundwater

because of the proximity of the creek and the interception trench resulting in consistently low

water levels.  Based on these two facts, pumping rates in these locations are set to half of the

monitored trees’ rates although this is only an estimate since there is not any data for the area.

The pumping rates for wells (trees) in model rows 47 through 39 were set to –0.325

ft/day, -0.65 ft/day for rows 38 through 25, and –0.325 ft/day for rows 24 through row 6.  See
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Figure 7.1 for the delineation of rates of tree water use.  A recharge value of 0.001 ft/day was

used under steady state conditions to set the initial conditions for the transient simulation.

See Figure 7.6 and Table 7.3 for 8/26/00 – 9/15/00 data results.  Adjustments to well rates was

primarily based on the P4 data.  MW6 model results do not match observed data well for the

reasons mentioned in previous sections.  The P6 model results also begin to deviate significantly

from the observed data.  This is attributed to the fact that the water table is very close to bedrock

and therefore difficult to accurately model as the bedrock begins to affect water levels.  Some of

the error in the MW6 calibration could also be attributed to the bedrock problem.  The water

table is significantly higher at the P4 location and therefore does not exhibit the error.  This is

going to be a consistent problem whenever trying to model the aquifer during summer months.

Water levels are at the lowest during the summer months due to the effect of increased ET.

The second range of data used was from 7/27/99 – 8/7/99.  During this time of the year,

evapotranspiration rates will be higher than for the 8/26/99 – 9/15/99 data.  Therefore, in

addition to adjusting the initial starting heads, the trees’ pumping rates must be increased slightly

(by the same proportion amongst the trees as used above).

The pumping rates for wells (trees) in model rows 47 through 39 were set to –0.35 ft/day,

-0.70 ft/day for rows 38 through 25, and –0.35 ft/day for rows 24 through row 6 (See Figure

7.1.).  A recharge value of 0.0045 ft/day was used under steady state conditions to set the initial

conditions.

See Figure 7.7 and Table 7.3 for results of the 7/27/99 – 8/7/99 simulation.  Model results

for P4 again match observed values quite well.  Model results for P6 exhibit the same low water

level/bedrock problem as encountered in the previous calibration.  The pressure transducer in

MW6 was not yet operational during these twelve days so the data can not be included.



62

1424

1424.5

1425

1425.5

1426

1426.5

1427

1424 1424.5 1425 1425.5 1426 1426.5 1427

Observed Heads (ft)

C
al

cu
la

te
d

 H
ea

d
s 

(f
t)

P4

P6

MW6

Equal Relation

Figure 7.6 – September 1999 (8/26/99 – 9/15/99) calculated heads compared with
observed heads for P4, P6, and MW6
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Figure 7.7 – August 1999 (7/27/99 – 8/7/99) calculated heads compared with
observed heads for P4 and P6


