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Abstract: A coupled model integrating MODFLOW and TOPNET with the models interacting
through the exchange of recharge and baseflow and river-aquifer interactions was developed and
applied to the Big Darby Watershed in Ohio, USA. Calibration and validation results show that
there is generally good agreement between measured streamflow and simulated results from the
coupled model. At two gauging stations, average goodness of fit ( R 2 ), percent bias ( PB ), and
Nash Sutcliffe efficiency ( ENS ) values of 0.83, 11.15%, and 0.83, respectively, were obtained for
simulation of streamflow during calibration, and values of 0.84, 8.75%, and 0.85, respectively,
were obtained for validation. The simulated water table depths yielded average R 2 values of 0.77
and 0.76 for calibration and validation, respectively. The good match between measured and
simulated streamflows and water table depths demonstrates that the model is capable of adequately
simulating streamflows and water table depths in the watershed and also capturing the influence of
spatial and temporal variation in recharge.
Key words: hydrological modeling; model coupling; streamflow; groundwater; TOPNET model;
MODFLOW model; Big Darby Watershed

1 Introduction
In recent years, integrated surface-subsurface modeling tools have evolved rapidly and
are now being applied in various watershed hydrology studies in different parts of the world.
Studies include those by Markstrom et al. (2008), Panday and Huyakorn (2004), Jones et al.
(2006), and Werner et al. (2006). The application of coupled models provides evidence of the
capacity of these models to produce realistic catchment behavior. However, as stated by
Nemeth and Solo-Gabriele (2003), linking groundwater and surface water models is
frequently problematic because the models use different sets of governing equations.
Additionally, the time scale is usually longer for groundwater modeling than for surface
water modeling.
Considerable effort has been expended to characterize the physical, chemical, and biological
processes affecting groundwater and surface water resources in river basins. This is because it has
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become apparent in hydrological studies that processes must be perceived in an integrated way.
Many of the impacts of land use changes on surface water systems cannot be evaluated
meaningfully without considering the dynamics in subsurface flow systems. As the development
of fully integrated model concepts for this purpose is still in its early stages, one means of
integration is the coupling of existing models. This leads to other problems, however, because
most models have been designed to simulate specific aspects of the water cycle. Coupling of two
or more models can also result in inconsistencies because the individual models may describe the
same processes in different ways. In various studies, the coupling of surface and subsurface flow
models has begun with the setup of relationships between river stages and groundwater storage
(Pinder and Sauer 1971). Early attempts at coupling hydrological models included
MODBRANCH (Swain and Wexler 1993), which couples the groundwater flow model
MODFLOW and the river network program BRANCH. More recently, Smits and Hemker (2004)
modeled the interaction of surface water and groundwater flow by linking Duflow to Microflow.
Ellingson and Schwartzman (2004) integrated an unsaturated zone flow model and a groundwater
model in the regional HSPF Model.
In 2008, the U. S. Geological Survey released another coupled model, GSFLOW
(Markstrom et al. 2008), which integrates MODFLOW and the precipitation-runoff modeling
system (PRMS). This approach of coupling already existing models will likely reduce costs in
development of new integrated model codes. In most cases where model integration has been
attempted, it is very costly to build a single predictive model that adequately represents all
hydrological processes, and it is therefore important to link models of individual processes.
This research was inspired by the need to improve tools for simulating interactions between
groundwater and surface water to quantify the effects of human activity and natural phenomena
on watershed hydrological responses. The research was carried out using the TOPNET and
MODFLOW models with application to the Big Darby Watershed in central Ohio. Dynamic
interaction was achieved by running the two models individually with an intermediate
interchange of information between the surface and subsurface compartments. The main
objective of this research was therefore to take advantage of TOPNET and MODFLOW, which
are effective tools for detailed surface water modeling and groundwater modeling, respectively,
and integrate them into a single model that can adequately simulate watershed hydrology.
Models that simulate surface hydrology usually oversimplify the impact of groundwater flow
processes, while groundwater models often simplify surface water flow processes. In order to
overcome this simplification, there is a need for methods that can effectively simulate water
flow through the unsaturated and saturated zones in large-scale hydrological models.

2 Overview of TOPNET model
MODFLOW is a standard groundwater simulation model; a detailed description can be
found in McDonald and Harbaugh (1988) and will therefore not be given in this paper.
TOPNET, on the other hand, is a relatively new concept in simulating rainfall-runoff processes.
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A brief outline of the main components is given here. The hydrological model TOPNET (Ibbitt
et al. 2001; Bandaraogoda et al. 2004) is a distributed rainfall-runoff routing model based on
the TOPMODEL concepts (Beven and Kirkby 1979; Beven et al. 1995) and kinematic wave
routing in a river network. The major modifications to TOPMODEL are the addition of a
potential evapotranspiration (ET) component, a canopy storage component, and a soil zone
component that provides the capacity of infiltration excess runoff generation using the
Green-Ampt equation. There is also an additional kinematic wave channel-routing algorithm
(Goring 1994). TOPNET uses a digital elevation model (DEM)-based system to delineate river
channels. Most of the model components are geo-referenced and processed in ArcGIS, which is
used to pre-process distributed data of watersheds and sub-watersheds and assign points of
interest, such as stream gauging stations. TOPNET keeps daily accounts of the water balance
components of a catchment. The water balance is monitored by observation of root zone water,
which can be lost to groundwater and to ET if the groundwater level is close to the ground
surface. Water in each sub-watershed flows into a river network and subsequently flows out
through the end point of the watershed.
In TOPNET, all precipitation becomes either surface runoff or infiltration, according to
infiltration parameters of the watershed. If the water table depth is shallow, the catchment can
become saturated to the surface, resulting in saturation excess runoff generation. In addition, if
the soil in the root zone is dry, then more water can infiltrate. ET is calculated by first
estimating a potential ET based on temperature and day length using the Priestley-Taylor
equation, and then adjusting for the increase or decrease in evaporation due to vegetation and
canopy cover characteristics. If the soil in the root zone is wet enough, then the actual value of
ET is the potential ET, and if the soil moisture is below the field capacity, then the actual value
of ET is proportionately less than the potential value. If the soil is wet with the soil moisture in
excess of the field capacity, then water drains to the shallow groundwater system. Water flows
from the groundwater zone into streams as baseflow. The more water there is in the
groundwater system, the faster it flows into the streams. The flow in streams is routed through
the river network using kinematic wave modeling.

2.1 TOPNET model inputs
The following description of the main inputs to TOPNET is adopted from Bandaragoda et
al. (2004). The main model inputs are precipitation and meteorological parameters such as
wind speed and minimum and maximum temperatures. Precipitation provides input to the
canopy interception, and interception storage SI is obtained by the following equation:
dSI
= P ⎣⎡1 − f ( SI ) ⎦⎤ − ECr f ( S I )
(1)
dt
where P is the precipitation rate, Cr is an interception adjustment factor, E is the reference
evapotranspiration rate, and f ( SI ) is a function providing throughfall, estimated as
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SI ⎛
SI ⎞
⎜2− ⎟
Cc ⎝
Cc ⎠
where Cc is the canopy capacity. The throughfall is
T = Pf ( SI )
f ( SI ) =

Reference ET demand unsatisfied by evaporation of intercepted water is
Ep = E ⎡⎣1 − f ( SI ) ⎤⎦

(2)

(3)

(4)

2.2 Root zone storage component
The main parameters that describe the root zone storage processes are the depth of the
root zone ( d ), unsaturated hydraulic conductivity ( K ), Green-Ampt wetting front suction
(ψ f ), soil drainage parameter (c), drainable moisture ( ∆θ1 ), available plant moisture ( ∆θ 2 ),
and the impervious surface fraction ( f I ). Infiltration excess runoff and drainage to the
saturated zone are influenced by the root zone storage. All the soil parameters except the
impervious surface fraction are estimated using the Clapp and Hornberger (1978) soil textural
relationships. The impervious surface fraction is determined from land cover and land use.
There is no infiltration in impervious areas, and therefore infiltration is zero in these areas
while surface runoff is at its maximum. In the pervious areas, the state variable Sr defines
the amount of water held in the root zone, and it is obtained from the following equation:
dSr
= I − Es − R
(5)
dt
where I is the infiltration rate, Es is the soil evapotranspiration rate, and R is the soil
zone drainage rate or recharge to the saturated zone. I is assumed to be less than the
infiltration capacity ( I c ), which is modeled using the Green-Ampt equation:
Z +ψ f
Ic = K f
(6)
Zf
where Z f is the depth of the wetting front and is estimated by assuming that all water in the
root zone occupies a saturated zone above the wetting front. It is obtained as follows:
Sr
Zf =
(7)
∆θ1 + ∆θ 2
When there is surface water, unsatisfied ET demand is given first priority and infiltration
occurs only when there is excess surface water after ET demand has been met. When this
excess water exceeds I c , infiltration excess surface runoff is generated. When the moisture
content is greater than the field capacity, there is drainage from the soil zone. The relative
drainable saturation Srd is defined as
max ( 0, Sr − d ∆θ2 )
Srd =
(8)
d ∆θ1
Recharge to the saturated zone is
R = K ′Srd
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(9)

where K ′ is saturated hydraulic conductivity. Soil ET is unlimited when soil moisture
content is in excess of field capacity. However, between field capacity and the permanent
wilting point, ET decreases linearly, arriving at zero when the wilting point is reached.

2.3 Saturated zone component
The saturated zone component is modeled using the TOPMODEL assumptions of
saturated hydraulic conductivity decreasing exponentially with soil profile depth and saturated
lateral flow being driven by topographic gradients (Beven and Kirkby 1979; Beven et al.
1995). Two parameters, the soil profile lateral transmissivity T0 and the sensitivity parameter
f , characterize the decrease of hydraulic conductivity with soil profile depth. Using these
TOPMODEL assumptions, a state variable, the average soil moisture deficit z∆θ1 , is obtained
as follows:
d(z∆θ1 )
= − R + T0 e− λ e− fz
(10)
dt
where z is the average water table depth and λ is the spatial average of the topographic
wetness index, given by the equation
⎛ α ⎞
λ = ln ⎜
(11)
⎟
⎝ tan β ⎠

where α is the specific catchment area, and tan β is the topographic slope. The parameters
T0 and f are estimated by means of soil textural relationships at different depths. The

topographic variables α and tan β are obtained using the TauDEM terrain analysis method
developed by Tarboton (1997). As in TOPMODEL, the local water table depth z is a
function of the topographic wetness index:

z=z+

⎛ a ⎞⎤
1⎡
⎢ λ − ln ⎜
⎟⎥
f ⎣
⎝ tan β ⎠ ⎦

(12)

The distribution of wetness index is represented using a histogram of wetness index
classes with the proportion of area falling within each class recorded and water table depth
calculated for each class. The water table depth is used for determining areas of surface
saturation, and the excess surface water input becomes saturation excess surface runoff. The
water table depth in each class is also used to determine the parts of the model element where
the groundwater saturated zone upwells into the soil zone, which represents loss of water from
the groundwater saturated zone.

3 Study methodology
3.1 Study area and climate
The Big Darby Watershed is located 40 km west of downtown Columbus, Ohio, and
covers 1 440 km2. Fig. 1 shows the location of the Big Darby Watershed, the topography, the
major stream network, and the location of the two main stream gauging stations in the
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watershed. The watershed covers parts of Logan, Clark, Union, Champaign, Madison,
Franklin, and Pickaway counties. The general terrain of the watershed varies from rolling hills
at the headwaters in Logan County, to flat plains in the middle section, to floodplains near the
mouth where the Big Darby Creek meets the Scioto River. The main tributaries of the Big
Darby Creek are Flat Branch, Spain Creek, Buck Run, Treacle Creek, Sugar Run, Little Darby
Creek, Hellbranch Run, Spring Fork, and Robinson Run.

Fig. 1 Location of Big Darby Watershed, major streams, gauging stations, and topography

The Big Darby Watershed lies in the temperate climate of central Ohio. It can be divided
into three sub-watersheds: the Upper Big Darby, the Lower Big Darby, and the Little Darby
sub-watersheds (Fig. 1). The Midwestern Regional Climate Center (MRCC) collects
historical climate data for the Big Darby Watershed at stations located in Irwin, Marysville,
and Circleville. Generally, summers are hot and humid while winters are cold and cloudy.
There is usually little variation in average seasonal temperatures. Relative humidity ranges
from 60% mid-afternoon to 80% in the pre-dawn hours. Average wind speed ranges from
20.9 km/h to 29.0 km/h. Thunderstorms are common from April to August. Weather data
obtained from 1991 to 1997 at the Ohio weather station in Irwin are as follows: the mean
monthly temperature ranged from –3℃ in January to 23.4℃ in July, with the annual mean
temperature being 11.2℃; the mean monthly precipitation ranged from 49.5 mm in February to
118 mm in July, with the mean annual precipitation being 969 mm.

3.2 Model coupling methodology and governing equations
The coupled model was developed in three stages: (1) study area conceptual model and
coupling model design, (2) model coupling and testing, and (3) application and evaluation. The
watershed model TOPNET, a networked version of TOPMODEL, and the groundwater flow
model MODFLOW-96 were selected to simulate the surface water and groundwater dynamics.
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The coupling process was designed to address three major aspects: coupling components,
spatial discretization and coupling, and temporal discretization and coupling. Performance of
the coupled model was tested by comparing model outputs (streamflow and water table depth)
with measured data for the Big Darby Watershed. As outlined by Panday and Huyakorn (2004),
coupling of surface and subsurface flow models can be achieved by (1) a full coupling or fully
implicit approach, (2) a sequential coupling approach in which the interaction flux is applied as
a boundary condition to each model, or (3) a sequential coupling approach in which the
groundwater head for one system acts as a general head boundary for the other system. This
model coupling approach is based on the potential coupling interface tool developed by
Bulatewicz (2006). It is a sequentially coupling approach in which the output from one model
is used as the input to the other models while they run sequentially. An advantage of this
sequential coupling approach is that many sub-time steps can be used for the surface model
(due to the rapid surface water wave propagation speeds) before solving for the longer time
steps in the subsurface flow model (Fairbanks et al. 2001).
In the coupling of TOPNET with MODFLOW, instead of measuring water table depth
based on the TOPNET wetness index, the water table depth for each groundwater model cell is
passed from MODFLOW to TOPNET. As a result of this modification, water table depth
calculations are done for each model node, instead of the wetness index class. Recharge is an
output of TOPNET and is lumped over a model element (sub-watershed).
The interactions between MODFLOW and TOPNET proceed as follows:
(1) MODFLOW provides the baseflow and water table depth at each node to TOPNET;
(2) TOPNET uses the water table depth, root zone depth, precipitation, evapotranspiration,
and snowmelt to determine streamflow;
(3) TOPNET determines the net recharge to the saturated zone and passes it to MODFLOW;
(4) MODFLOW uses the recharge to calculate the water table depth.
In the coupled model, the vertical water flux from the saturated zone is calculated by
TOPNET at every time step and forms the groundwater recharge to all active cells of
MODFLOW. This method uses the mass conservation approach in which the leakage flux
(recharge) from the surface water model is applied to the groundwater model. For each stress
period in MODFLOW, hydraulic stresses are assumed to be constant.
In TOPNET, the amount of water held in the soil zone for each model element at time step
∆ti is calculated with Eq. (5). The recharge of each time step is summed up according to the
following equation (Langevin et al. 2005) to obtain an average recharge estimate, R j , for the
jth stress period in MODFLOW:
n

Rj =

∑ ∆t R
i

i =1

i, j

n

∑ ∆t
i =1

j =1, 2," , m

(13)

i
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where Ri, j is the recharge to the saturated zone for the ith time step in the jth stress period of
MODFLOW, and n is the number of time steps used in TOPNET in a stress period.

3.3 Temporal and spatial discretization
(1) Temporal discretization:
The two models use different temporal discretization schemes. Generally, surface water
models use smaller time steps in the order of hours or days, while groundwater models use
larger time steps. The smallest time step for groundwater modeling would be days, but use of
monthly time steps is common because of the low velocities of water movement in the
subsurface compared to water movement in streams. Therefore, in coupled groundwatersurface water models it is important to synchronize the time steps in order to obtain reasonable
results. In this study, a monthly time step was used for the groundwater model and a daily time
step for the surface water model.
(2) Spatial discretization:
An important component of the coupling of the TOPNET and MODFLOW models is the
spatial linkage of the sub-watersheds used by TOPNET with the finite-difference cells used by
MODFLOW. Two spatial conversions must be performed. Recharge calculated by TOPNET in a
sub-watershed must be distributed over the corresponding MODFLOW cells, and water table
depths for the MODFLOW cells must be combined to produce a water table elevation for each
sub-watershed. GIS technology was used to join TOPNET sub-watersheds to MODFLOW grid
cells by areally averaging the grid cells that fell within a particular sub-watershed. ArcMap was
used to determine which MODFLOW cells fell within each sub-watershed and to areally average
the water table depth in the sub-watershed for each time step.

3.4 Coupled model
Initially, the TOPNET and MODFLOW models are set up and run individually. The
surface and subsurface boundaries of the coupled model are defined to be identical to those of
the individual models. During the coupling development, the surface and subsurface
compartments of the Big Darby Watershed are connected to each other through the three
TOPNET sub-watersheds.
During the operation of the coupled model, the major rivers contribute water to the
aquifers, as modeled by the River Package in MODFLOW, and the three sub-watersheds
provide recharge to the groundwater, as regulated by the infiltration function of TOPNET. Both
surface water and groundwater models are linked through groundwater recharge and
river-aquifer interaction, using an interface program to exchange input and output parameters.
The coupled parameters are transferred back and forth with the time-series output of the
TOPNET-modeled percolation and sent as an input to the groundwater model. Then, the
groundwater model is run again with these new input parameters and the river-groundwater
interaction terms to recalculate the streamflow computed earlier with the surface water model.
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The final output of the coupled model represents the results of the individual hydrological
components of the original TOPNET and MODFLOW model as well as the dynamic
interaction in their interface zones.

3.5 Calibration and verification
A trial and error calibration approach was used. Calibration targets were streamflow
measured at the Darbyville gauging station in the Big Darby sub-watershed and at the Jefferson
gauging station in the Little Darby sub-watershed, and water table depths measured with
piezometers within the watershed. Daily streamflow at the two gauging stations for the period
from October 1992 to September 1996 was used for model calibration. The subsequent
verification of the surface water model was then performed with data from October 1996 to
September 1999. Calibration and verification of
MODFLOW was done for a steady state as well as
a transient state. Model calibration was
accomplished by varying the model input
parameters within plausible ranges to produce the
best fit between simulated and observed water
table depths in the watershed. Water level
measurements for nine wells that were used for
estimation of potentiometric surfaces of the
watershed aquifer were considered for calibration
of the steady state model. Fig. 2 shows the location
of the wells. Data from nine wells was used
because of the unavailability of data for the period
under consideration for the other three wells. The
hydraulic head surface from the steady state
Fig. 2 Location of monitoring wells in
simulation provided initial conditions for the
study area
transient simulation.

3.6 Evaluation criteria
There are several criteria for model calibration that have been proposed and discussed
(Green and Stephenson 1986; Martinec and Rango 1989; Loague and Green 1991; Refsgaard
1997; Weglarczyk 1998; Legates and McCabe 1999). A judicious combination of several
techniques should be employed for a thorough model assessment. We used the Nash Sutcliff
Index ENS , goodness of fit R 2 , and percent bias PB to evaluate the utility of the coupled
model. The performance of the model in simulating water table depths was also evaluated using
the mean absolute error ( ∆z ) statistic. PB is a measure of the average tendency of simulated
flows to be smaller or larger than the measured or observed values. Therefore, an optimum
value of PB is zero. A positive PB represents model underestimation, while a negative value
indicates model over-prediction (Gupta et al. 1999). For calibration and validation, PB values
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have been considered very good when they are less than 10%, good in the range 10% to 15%,
and fair between 15% to 25% (Donigian et al. 1983). The same criteria were therefore adopted
in this study. PB values greater than 25% were considered unsatisfactory. Servat and Dezetter
(1991) found ENS to be the best objective function for reflecting the overall fit of a
hydrograph. In this study, ENS values greater than 0.75 were considered good. R 2 can be
used to compare the model prediction and observation. The deviation of R 2 from unity is a
useful indicator of model data agreement.

4 Results and discussion
4.1 Streamflow
In order to evaluate the performance of the coupled model, daily streamflows were
simulated for the period from 1992 to 1999. Fig. 3(a) shows the time series comparison of
streamflow predicted using the coupled model and the measured values at the Darbyville
gauging station for the period from October 1992 to September 1996. The satisfactory match
can be observed in the figure, except for over-prediction which is most notable in summer of
1995. Although it is apparent that further model calibration may improve the results,
over-prediction of streamflows could be attributed to a non-representative land use
parameter file used in this study, due to unavailability of accurate land use maps. Errors in
land use lead to inaccuracies in quantified surface runoff and ET. Simplified assumptions on
aquifer hydrogeology in the groundwater model may also have resulted in over estimation of
baseflow contribution to streamflow, leading to over-prediction of streamflow. However, in
general, the model adequately matches the time series trend in streamflow. Close agreement
between the observed streamflow and streamflow simulated with the coupled model was
also achieved during the verification period from October 1996 to September 1999, shown
in Fig. 3(b).

Fig. 3 Measured and simulated streamflows at Darbyville gauging station

The figures show that there is underestimation of high streamflows. A possible reason could
be that the effect of snow is not simulated in this model. Some other reasons for underestimation
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of streamflow during these high rainfall periods are the effects of localized storm events which
cannot be captured by the weather stations in the watershed and probable contribution of flow
from areas considered non-contributing by the model. However, the coupled model is capable of
simulating the consistent overall trend for both the calibration and verification periods. A
summary of statistical evaluation of streamflow for the coupled model and TOPNET is shown in
Table 1.
Table 1 Statistical evaluation of streamflow for calibration and validation periods
Period

Gauging station

Calibration
(Oct.
1992-Sep.
1996)
Validation
(Oct.
1996-Sep.
1999)

Q (m3/s)

PB (%)

R2

ENS

QO

QT

QC

RT2

RC2

PBT

PBC

Darbyville

25.50

20.2

19.6

0.85

0.83

11.6

West Jefferson

12.10

9.6

10.2

0.78

0.82

Darbyville

61.80

57.4

55.5

0.89

West Jefferson

30.20

22.8

24.7

0.83

T
ENS

C
ENS

12.2

0.85

0.81

14.0

10.1

0.81

0.84

0.81

10.9

13.3

0.86

0.84

0.86

7.7

4.2

0.83

0.86

Note: QO , QT , and QC are mean daily streamflow Q obtained from observation, TOPNET, and the coupled model,
respectively; RT2 and RC2 are average goodness of fit for TOPNET and the coupled model; PBT and PBC are percent bias for
T
C
and ENS
are Nash Sutcliffe efficiency for TOPNET and the coupled model.
TOPNET and the coupled model; and ENS

The PB , R 2 , and ENS values show that the coupled model is able to satisfactorily
simulate streamflow in the watershed. The differences between the simulations of the
coupled model and TOPNET may be due to the effect of baseflow. Quantification of
baseflow in MODFLOW, which was better than quantification of baseflow in TOPNET,
likely resulted in better streamflow simulation by the coupled model. Spatial and temporal
changes in baseflow contributions to streamflow are mainly determined by the river-aquifer
flow exchange rate in the coupled model. This exchange is affected by aquifer properties
such as hydraulic conductivity, storativity, initial water table depth, and aquifer depth.
However, the effects of these parameters are not captured in the TOPNET model and this
affects the streamflow simulated by TOPNET. In comparison to TOPNET, the coupled
model performed relatively well. For the calibration period, average ENS and R 2 values of
0.83 for the two gauging stations were obtained for the coupled model, while TOPNET
yielded average ENS and R 2 values of 0.83 and 0.82 for the two gauging stations,
respectively. During the validation period, the coupled model yielded average ENS and R 2
values of 0.85 and 0.84 for the two gauging stations, respectively, while TOPNET yielded
0.85 and 0.86. PB also showed marginal differences between the coupled model and
TOPNET. An average bias of 12.9% was obtained for TOPNET during the calibration period,
while the coupled model yielded a bias of 11.2% during the same period. For the validation
period the coupled model yielded an average bias of 8.8%, while TOPNET yielded an
average bias of 9.3%. The modest improvement in streamflow simulation using the coupled
model is most likely the effect of improved baseflow simulation using MODFLOW. This
modest improvement may be further enhanced if such a model is applied in a watershed
where surface water-groundwater interactions are more pronounced.
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4.2 Water table depth
Fig. 4 shows the contours for the mean values of simulated and measured water table
depths in the wet season in 1998.

Fig. 4 Contour maps of measured and simulated water table depths in wet season of 1998 in
Big Darby Watershed

The spatial pattern of the contours shows how well the coupled model is able to simulate
water table depths. Figs. 5(a) through (c) are representative figures showing measured and
simulated water table depths in three piezometers.

Fig. 5 Measured and simulated water table depths
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The coupled model is able to effectively capture the general trend of groundwater
dynamics. Anomalies may be due to the effect of the recharge, which is averaged for the longer
time step used in MODFLOW. However, in general, the coupled model is capable of describing
the average water table depth and the amplitude of its fluctuations in the Big Darby Watershed.
Table 2 shows the mean absolute error ∆z and R 2 values for simulated water table depths at
nine monitoring wells in the watershed. Generally, the simulated depths were shallower than
observed values.
Table 2 Mean absolute errors and goodness of fit for simulated water table depths
at nine observation wells
Stage

Calibration

Validation

Period

R2

∆z (m)
Coupled model

MODFLOW

Coupled model

MODFLOW

Oct. 1992- Sep. 1993

1.1

1.58

0.76

0.74

Oct. 1993-Sep. 1994

0.5

0.94

0.81

0.75

Oct. 1994-Sep. 1995

1.6

1.65

0.77

0.71

Oct. 1995-Sep. 1996

2.3

1.77

0.74

0.68

Oct. 1996-Sep. 1997

1.7

1.28

0.77

0.67

Oct. 1997-Sep. 1998

0.9

1.16

0.78

0.71

Oct. 1998-Sep. 1999

1.5

2.07

0.74

0.69

The influence of the tile drains in the watershed, which is not accounted for either in the
coupled model or in MODFLOW, is the likely cause of this trend. The watershed is
predominantly used for agriculture and there is an extensive network of irrigation tile drains.
The drains were not included in the model due to lack of data on drain configuration. Table 2
shows that the mean absolute error of the simulated water table depth ∆z varies from 0.5 m to
2.3 m for the coupled model and from 0.94 m to 2.07 m for MODFLOW. The overall ∆z for
the coupled model was 1.38 m, compared to 1.49 m for MODFLOW, during the calibration
period, while the overall ∆z for the coupled model was 1.37 m, compared to 1.50 m for
MODFLOW during the validation period. From the values of goodness of fit in Table 2, we can
obtain that the coupled model was superior to MODFLOW in water table depth simulation.
The higher errors for MODFLOW are most likely due to the influence of groundwater
recharge, which is considered to vary spatially and temporarily in the coupled model.
However, water table depths simulated by the coupled model reproduce the annual variations
in water table depths more accurately than MODFLOW. Although there is no consideration
of spatial variation in recharge rates within a sub-watershed, the use of different recharge
rates in each sub-watershed likely caused the obvious improvement in the coupled
model-simulated water table depths compared to MODFLOW alone, which utilizes a single
recharge rate for the entire watershed.

5 Conclusions
A model was developed by coupling TOPNET and MODFLOW using data exchange at
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specified locations, and the model was applied to the Big Darby Watershed. This study
evaluated the potential of using model coupling interfaces as an alternative to expensive new
integrated model code writing. In this approach, data are exchanged between MODFLOW cells
and TOPNET sub-watersheds (model elements). Main parameters in this approach are recharge
to groundwater and water table depth. This approach replaces the wetness index-based water
table depths used by TOPNET with the water table depths calculated by MODFLOW, while the
average groundwater recharge per stress period used in MODFLOW is replaced with
time-varying recharge simulated by TOPNET. The model was calibrated and validated with
observed streamflow at two gauging stations in the watershed and measured water table depths
for the period from 1992 to 1999. The coupled model was able to consistently predict annual
streamflow variations at the two gauging stations, and resulted in modest improvements in
streamflow simulation compared to TOPNET. Meanwhile, in comparison to MODFLOW, the
coupled model consistently predicted the water table depths at the selected groundwater
monitoring wells with reasonable accuracy. This research shows that the simplified model
coupling approach of coordinating data transfer between models is a promising tool and can be
useful whenever groundwater-surface water interaction is of concern. This study presents a
methodology that can be used to assess impacts of different stresses, such as climate change
and land use, on surface water and groundwater reserves. The methodology combines the
advantages of a spatially distributed surface water model and a widely proven modular finite
difference groundwater model. The modeling approach likely better represents the
interdependency between recharge processes of surface and subsurface systems. As outlined by
Goderniaux et al. (2009), using such integrated models also enables better identification of the
origin of model inaccuracies in the interpretation of the results of simulations. Application of
this coupled model in areas with high levels of groundwater-surface water interaction, such as
wetlands and floodplains, will most likely result in much improved results of both streamflow
and water table depth simulation. As stated by Markstrom et al. (2008), these coupled models
should not be evaluated solely on the basis of their ability to predict streamflow at a basin
outlet, but also, using different measures, on their ability to reproduce changes in surface and
subsurface flows and storage in the modeled areas. Such analyses and evaluations are critical to
today’s scientific inquiry of and debate on sustainability of water resources.
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