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ABSTRACT / Biological, chemical, and physical attributes of
aquatic ecosystems are often strongly influenced by ground-
water sources. Nonetheless, widespread access to predic-
tions of subsurface contributions to rivers, lakes, and wetlands
at a scale useful to environmental managers is generally lack-

ing. In this paper, we describe a “neighborhood analysis” ap-
proach for estimating topographic constraints on spatial pat-
tems of recharge and discharge and discuss how this index
has proven useful in research, management, and conservation
contexts. The Michigan Rivers Inventory subsurface flux model
(MRI-DARCY) used digital elevation and hydraulic conductivity
inferred from mapped surficial geology to estimate spatial pat-
terns of hydraulic potential. Model predictions were calculated
in units of specific discharge (meters per diay) for a 30-m-cell
raster map and interpreted as an index of potential subsurface
water flux (shallow groundwater and event through-flow). The
model was evaluated by comparison with measurements of
groundwater-related attributes at watershed, stream segment,
and local spatial scales throughout Lower Michigan (USA).
Map-based predictions using MRI-DARCY accounted for 85%
of the observed variation in base flow from 128 USGS
gauges, 69% of the observed variation in discharge accrual
from 48 river segments, and 29% of the residual variation in
local groundwater fiux from 33 locations as measured by hy-
porheic temperature profiles after factoring out the effects of
climate. Although it does not incorporate any information
about the actual water table surface, by quantifying spatial
variation of key constraints on groundwater-related attributes,
the model provides strata for more intensive study, as well as
a useful spatial tool for regional and local conservation plan-
ning, fisheries management, wetland characterization, and
stream assessment.

River, lake, and wetland ecosystems are strongly influ-
enced by routing of source waters because relative contri-
butions of precipitation, runoff, through-flow, and
groundwater shape seasonal hydrography, chemical prop-
erties, thermal characteristics, and ultimately, the charac-
ter of aquatic biota (Dunne and Leopold 1978, Wiley and
others 1997, Winter 2001). Subsurface water inputs in
particular can have strong influences on local biology due
to their relatively cold summer temperatures, high dis-
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solved mineral content, and stabilizing influence on water
levels during periods of reduced precipitation (Hendrick-
son and Doonan 1972a, Brunke and Gonser 1997, Wiley
and others 1997, Winter 2001). Thus, accounting for spa-
tial variation in subsurface water sources is a fundamental
requisite for science-based resource management of
aquatic ecosystems.

Although groundwater modeling has been an excep-
tionally active field of study since the US Federal Clean
Water Act of 1972, the ability to predict groundwater
contributions to local surface water ecosystems at the
multiple scales useful for ecological study and routine
resource assessment has lagged behind. One reason is
that results based on local or point-scale implementa-
tions of fully dynamic groundwater flux models are
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often difficult to generalize to broader landscapes.
Most methods for estimating or predicting groundwa-
ter flow are based in whole or in part on the principles
of Darcy’s Law. Darcy’s Law states that flow through a
porous medium is proportional to the difference in
hydraulic head over some flow path length (hydraulic
slope), the area of flow, and the hydraulic conductivity
of the medium (Darcy 1856, Freeze and Cherry 1979).
In common practice, the conservation of energy de-
scribed by Darcy’s Law is combined with the principle
of continuity, or conservation of mass, in order to re-
duce the characterization of groundwater flow to a
partial differential equation. Finite-element or finite-
difference models (e.g., MODFLOW) predict distrib-
uted groundwater flow patterns from a series of known
conductivity or head data points within a specific,
bounded area (e.g., McDonald and Harbaugh 1988,
Molson and Frind 1995, Harbaugh and McDonald
1996a,b). Models of this type require calibration in
order to generate accurate predictions through time as
well as space, and thus are typically restricted to local
geographic areas due to computational constraints dur-
ing validation (e.g., Christensen and others 1998, Mar-
tin and Frind 1998, Anderton and others 2002, Molenat
and Gascuel-Odoux 2002, Beven 2002).

Environmental researchers, managers, and policy-
makers increasingly require location-specific informa-
tion over broad geographic areas (e.g., whole river
basins, states, ecoregions). Various important ecologi-
cal phenomena occur at the scale of specific stream
segments, lake subbasins, or wetland vegetative units,
yet resource management decisions are often made
with little hydrologic context. Therefore, there exists a
very practical need for explicit, yet extensive, predic-
tions of spatial variation in subsurface water sources
across broad regions. It is not clear that such predic-
tions must be absolute, but some relative characteriza-
tion of flux is needed at multiple scales. Numerical
groundwater flux models can be implemented across
broad spatial scales, but because existing head and/or
conductivity information tends to be sparse, and be-
cause acquiring such information at sufficient density
can be cost-prohibitive, cell-to-cell error propagation
and assumptions of isotropy across broad areas can add
uncertainty to numerical groundwater solutions. As a
result, regional predictions tend to be fairly coarse and
are frequently underutilized in local or site-level envi-
ronmental management. Moreover, estimates at broad
spatial scales tend to focus on the dynamics of deep
aquifers and regional flow rather than more local pat-
terns of shallow subsurface flux (e.g., Mandle and West-
John 1989, Holtchlag and others 1996, Hoaglund and
others 2002).
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Our approach was to explore whether a simple, yet
specific, interpretation of Darcy’s Law could be effectively
applied using a geographic information system (GIS) to
predict spatial variation in potential subsurface water flux
at scales useful for resource inventory and assessment. As
ecologists, we are interested in a subset of the dynamics
typically addressed by groundwater hydrologists, and we
see a distinction between predicting dynamics of the water
table surface (that may lead to discharge or recharge) and
characterizing potential flux from one surface locality to
another. Using a GIS integration and spatial averaging of
a digital elevation model (DEM) to estimate hydraulic
head and a surficial geology map to estimate hydraulic
conductivity, we developed a model (MRI-DARCY) and
produced a map of local potential subsurface water flux to
surface locations throughout the Lower Peninsula of
Michigan. In this paper, we describe our relatively simple
“neighborhood analysis” approach for estimating con-
straints on spatial patterns of subsurface flow and discuss
how this index has proven useful in several research,
management, and conservation planning contexts.

Study Area

The Lower Peninsula of Michigan, USA, has a very
diverse surficial geology composed of glacial and perigla-
cial deposits (Farrand and Bell 1982, Dorr and Eschmann
1990). Approximately 20 major river basins as well as
many lakes and wetlands, display nearly the full spectrum
of possible groundwater deliveries as a result of this het-
erogeneous landscape. For example, base flows in these
rivers range from 5% to 95% of annual flow (Hendrick-
son and Doonan 1972a) and make Lower Michigan an
ideal natural laboratory for the study of spatial variation in
subsurface water movement. In addition, the Michigan
Department of Natural Resources and the University of
Michigan’s School of Natural Resources and Environ-
ment cooperatively maintain extensive data records for
aquatic resources (river flow, water temperatures, stream
chemistry, channel surveys, riparian communities, macro-
invertebrates, fish) in an existing digital database as part
of the Michigan Rivers Inventory (MRI; Seelbach and
Wiley 1997, Wiley and Seelbach 1997). The spatial extent
of this data record was important for iterative model
development and evaluation.

MRI-DARCY Model Description

Assumptions and Approach

MRI-DARCY is a topographically based model (e.g.,
TOPMODEL; Beven and Kirkby 1979) that estimates
whether a particular DEM raster cell is likely to be
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Figure 1. Diagram of (A) neighborhood analysis using a
“regional” window and (B) a transect template for integrating
digital elevation model (two-tone) and hydraulic conductivity
(gray) cell values at 100-m intervals along 12 radial 4km
transects.

either a discharge point for subsurface flows (shallow
groundwater or event through-flow) or a recharge
point for subsurface flows likely to provide a hydrologic
source for nearby surfaces. It is a spatial model of
topographically constrained (hydraulic) energy gradi-
ents relevant to the hydrology of surface water systems.
Thus, unlike fully dynamic groundwater flux models,
MRI-DARCY does not require information about con-
tinuity constraints or boundary conditions.

Our approach assumes that local subsurface flow
vectors can be inferred from the topographic position
of a focal DEM raster cell within a regional landscape
context. We estimate the conductivity and hydraulic
slopes through a “neighborhood” surrounding the fo-
cal cell rather than relying upon topographic slopes
calculated to and from adjacent raster cells, and this
process is repeated for every cell in the landscape ex-
tent of interest. This “moving window” analysis uses a
unique regional landscape to determine the local val-
ues computed for each focal cell (Figure 1A).

A key feature of the MRI-DARCY approach is the
areal neighborhood (region) used to predict local con-
ditions. We utilized a 4km, radial sample of the sur-
rounding landscape to generate distinct flux values for
every focal cell in a raster grid (Figure 1B). Four-kilo-
meter neighborhoods were a relatively arbitrary, effec-
tive regional scale that we believe may require further
exploration in Michigan and which we expect to vary in
other regions with climate, landscape physiography, or
stratigraphy.

Table 1. Inferred hydraulic conductivity (K) values
used in the MRI-DARCY model

Deposit K (m/day)
Lacustrine clay 0.001
Fine textured till 0.005
Medium textured till 0.500
Organic deposits 1.000
Thin till over bedrock 1.000
Lacustrine sand 10.000
Dunes 20.000
Glacial outwash 20.000
Coarse textured till 30.000
Ice-contact terrain 100.000

Within each regional neighborhood, our approach
relies upon a topographic approximation of potential
energy gradients from a smoothed DEM surface. These
gradients are not measured across the surface, but
through the landscape between a pair of surface local-
ities. At this scale of landscape interpretation, we were
primarily concerned with subsurface flow occurring as
a direct result of elevation head rather than pressure
head. Similarly, instead of using in situ conductivity
measurements, we estimated hydraulic conductivity
from a surficial geology map. While this was perhaps a
gross oversimplification of conductivity at local scales, it
provides a generalized estimate of shallow subsurface
water conduction related to soil or geologic formations
across broad landscapes.

The MRI-DARCY Algorithm

We employed a 30-m raster DEM from the 1:24,000
National Elevation Dataset (NED) (USGS 1997) to de-
scribe landscape topography. The hydraulic conductiv-
ity grid was derived from a map of surficial geology
(1:250,000) (Farrand and Bell 1982) and published
conductivity values for glacial drift (Davis and DeWiest
1966, Todd 1976, Freeze and Cherry 1979, Bedient and
Huber 1989, Dorr and Eschmann 1990). Maximum
hydraulic conductivity was assigned based on the tex-
ture inferred from the composition of each geologic
formation (Table 1). Rare areas of relatively shallow
drift (< 5 m) or exposed bedrock were assigned aver-
age conductivity values based on the particular bedrock
at or near the surface. The following algorithm was
implemented as an executable for use either within or
independent of commonly available GIS software.

Within a regional neighborhood, we utilized a
“transect template” to sample the surrounding land-
scape. The template consisted of 12 transects oriented
30 degrees apart (like the hours on a clock) for 4 km
away from the centroid of a given focal grid cell (Figure



Figure 2. (A) The transect template and sample locations
(black dots) over a grid of land surface slope and aspect
combined topographic and geologic information. Arrows in-
dicate the direction and magnitude of transect contributions
relative to the central, focal grid cell. (B) Transect profiles
assumed to contribute to the focal cell and (C) transect
profiles assumed to withdraw from the focal cell.

1B). Along each transect, elevation and hydraulic con-
ductivity values were sampled at 100-m intervals. At
each interval, slope to the focal cell was calculated
(positive or negative), mean conductivity of the flow
path was estimated, and the two were multiplied by
each other to derive a potential flux estimate. Transect
profiles that increased in elevation relative to the focal
cell were assumed to have the potential to contribute
water to the focal cell (Figure 2A, B). Transect profiles
that dropped below the elevation of the focal cell were
assumed to have the potential to draw water away from
the focal cell (Figure 2A, C). If a particular transect
profile first rose above, then dropped below the eleva-
tion of the focal cell, we assumed the potential for both
contributions and withdrawals (Figure 2B). If a partic-
ular transect profile first dropped below, then rose
above the elevation of a focal cell, we assumed the
resulting depression was a sink with the potential to
withdraw from, but not to contribute to, the focal cell
(Figure 2C). The overall value of a particular transect,
positive or negative, was determined by averaging all of
the relevant interval flux values. Unlike distributed hy-
drologic models that generate flow estimates to and
from proximal cells, each of the 12 transects repre-
sented multiple potential routes of contribution and/or
withdrawal between the focal cell and the surrounding
landscape. Individual transect values were further aver-
aged across the entire template to determine the over-
all value of the focal cell.

Analytical Methods

In the absence of an area term, the values produced
by the model, while dimensionally correct (velocity =
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length/time), are meant to represent Darcian velocities
to a surface location. Velocity in this sense is not meant
to describe the true velocity of flow; rather it is analo-
gous to specific discharge or average velocity along a flow
path (Freeze and Cherry 1979). Since the model is
“topographic” (see Beven and Kirkby 1979) and con-
tains no information about the actual distribution or
transport of water, values should be treated principally
as an index of potential subsurface water flux. Because
these potential Darcian velocities are not directly mea-
surable in the field, validation was necessarily indirect.
To the extent that the model successfully identifies
locations where subsurface water flux to surface systems
can occur, it is possible to use groundwater-related
attributes of surface water systems to test model predic-
tions. Likewise, we expected that model predictions
should correspond to general trends in spatial (rather
than temporal) patterns of instantaneous groundwater
discharge rates.

Quantitative evaluation of model predictions was
performed at three spatial scales. Therefore, mapped
raster cell values were summarized three ways for com-
parison with field measurements. At broad spatial
scales, we assessed the model’s ability to predict stream
base flow from 128 USGS stream gauges. Mapped wa-
tershed boundaries were used to identify the surface
landscape draining to gauge locations, and model val-
ues from this areal landscape were summed and re-
gressed against average annual base flow, defined here
as the 90% exceedance flow. Because all watershed
sums were negative, they required a sign change prior
to transformation using the natural logarithm. At inter-
mediate spatial scales, we compared sums of positive
mapped values (discharge locations) within 100 m of
the river channel with local discharge accrual estimates
from 48 river reaches in a second evaluation effort.
Suream discharge accrual (downstream flow increases
in the absence of tributary streams) in this context was
interpreted as a relatively direct measure of instanta-
neous groundwater delivery rates to the channel. Up-
stream—downstream discharge measurements were ob-
tained through various descriptive publications of
Michigan’s river resources (Tody and others 1954,
Wicklund and Dean 1957, 1958, Spaulding and others
1961, Knutilla 1970, Hendrickson and Doonan 1971a,
b, 1972b, Nowlin 1973, Coopes 1974, Knutilla and Allen
1975, Larson and others 1975).

At local scales, we compared the mean of mapped
values within 100 m of pointbased measures of hypo-
rheic temperature profiles. We used temperature pro-
files below stream channels as a general estimate of
local groundwater flux (see Stallman 1963, Lapham
1989, Taniguchi 1993, Hunt and others 1996, Bartolino
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and Niswonger 1999, Constantz and others 2002).
Stream temperatures and hyporheic temperature pro-
files were measured over 10-cm depth intervals up to 80
cm at 33 locations across a gradient of model predic-
tions in July, August, and September of 2001. Profile
measurements were made at 5-12 points within 15-m
stream reaches (depending upon the ability of the
temperature probe to penetrate the sediment), and all
measurements were made in the afternoon to maxi-
mize the solar heating temperature differential be-
tween air and groundwater. We averaged these point
measures and estimated groundwater temperatures at
500 cm using published local average air temperatures
(Heath and Trainer 1968) to derive a single groundwa-
ter-to-stream temperature profile for each site. Then we
employed these profiles in simplified models of one-
dimensional heat and fluid flux using exponential de-
cay functions as well as a published heat flux equation.

In the exponential decay approach, an expected
profile was estimated using stream temperatures and
groundwater temperatures as boundary conditions.
The equation is as follows:

t,= tye ™ (1)

where t_is the temperature at depth x (degrees centi-
grade), % is the temperature at the surface (degrees
centigrade), b is the dimensionless exponential decay
constant, and x is the depth (centimeters). The expo-
nential decay constant, b, was calculated for each pro-
file by inputting a depth of 500 cm for x, groundwater
temperature for t,, and surface water temperature for
t- The expected temperature profile was then gener-
ated using corresponding temperatures and depths in
the measured profile (Figure 3). At each depth, the
deviation from expected temperature value was calcu-
lated. Two types of flux estimates issued from this ap-
proach: finite depth estimates and estimates from the
average of all deviations.

A second type of analysis made use of an equation
developed by Bredehoeft and Papadopulos (1965) for
calculating velocity from measured temperature pro-
files in semi-confined aquifers:

V.= kB/ copolL (2)

where V, is fluid velocity in the vertical (z) direction
(meters per second), k is the thermal conductivity of
the sediment and pore water (calories per second per
meter per degree centigrade), B is a dimensionless
parameter dependent on temperature, ¢, is the specific
heat of water (calories per gram per degree centi-
grade), p, is the density of water (grams per cubic
centimeter), and L is the length in the z direction over
the extent of temperature measurements (meters). Fol-

Depth (cm)
|

Figure 3. Schematic diagram of an expected hyporheic tem-
perature profile generated from an exponential decay func-
tion (dashed line) and an observed profile (solid line). The
deviation value (d, shown here at 40-cm depth) was calculated
by subtracting the observed profile value from the expected
profile value at each depth increment.

lowing their conceptual approach, we determined
and calculated velocity values for each site with and
without unique values of thermal conductivity (k) (Carl-
son 2002). In estimates where thermal conductivity was
held constant, its value was set to 0.004 cal/s/m/°C. In
estimates where we employed unique values of thermal
conductivity, values were inferred for the substrate at
each site from Birch (1942) and Clark (1966).

Because it was unclear which heat/fluid flux predic-
tion method (finite depth, average deviation, or flux with
or without unique k values) resulted in the most accurate
groundwater delivery estimate, we combined the esti-
mates into a single groundwater flux index by taking the
first axis from a principal components analysis (PCA).
Values from the first PCA axis were regressed against the
mean of MRI-DARCY cell values within 100 m of the
measurement location, as well as against other indepen-
dent variables, to control for amongsite and among-mea-
surement differences in time of day, time of year, and a
north—south climatic gradient. Temporal and climatic
variables were employed in one regression to account for
variation in the groundwater flux index, and in another
regression to account for variation in model predictions.
The residual variation from each of these analyses (ie.,
the portion of amongsite variation not associated with
climate) was used to assess the ability of the model to
account explicitly for spatial patterns in local groundwater
flux.

Results of Model Evaluation

The product of the MRI-DARCY modeling approach
consists of a raster map of potential subsurface flux
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Figure 4. MRI-DARCY map of subsurface hydraulic potential for (A) the Lower Peninsula of Michigan and (B) a local landscape

along the Huron River valley near Ann Arbor, Michigan, USA.

values (Figure 4). In practice, we have found it helpful
to view the map values standardized relative to a net
flux of zero for qualitative visual comparisons. Initially,
MRI-DARCY was used as a watershed-scale qualitative
indicator of catchment hydrology, distinguishing sur-
face-water dominated from groundwater-dominated
streams as strata for statistical classification and predic-
tion of flow exceedance throughout Lower Michigan
(see Seelbach and others 1997, Wiley and others 1997,
Baker and others 2003). It was in this context that base
flow data from USGS stream gauges were employed to
assess model predictions. In regressions with a single
independent predictor, watershed size accounted for
62% of the total variation of stream base flow, whereas
MRI-DARCY values increased this value to 85% (Figure
5). Thus, model predictions improved upon our ability
to account for spatial variation in stream base flow by
more than 23%. Moreover, when standardized for wa-
tershed size, model predictions accounted for over 68%
of the variability in base-flow yield. Inspection of the
scatter plot in Figure b revealed greater deviations from
the predictions at lower values of base flow, indicating

R?=0.854, p < 0.001

Base Flow Discharge (m%/sec)

T T T

8 10 12 14 16
Watershed-Scale Predictions (m/day)

Figure 5. Scatter plot of watershed-scale sums of MRI-DARCY
model predictions and base flow discharge from 128 USGS
stream gauges in Lower Michigan, USA. Model sums were
multiplied by —1, and both axes were transformed using the
natural logarithm. Letters indicate outliers mentioned in text.

18

the model was far better at predicting base flow when
subsurface water sources were important.
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Figure 6. Scatter plot of segmentscale sums of MRI-DARCY
model discharge predictions (positive values) and stream dis-
charge accrual from 48 river reaches across Lower Michigan,
USA. Letters indicate outliers mentioned in text.

At segment scales, we compared MRI-DARCY predic-
tions within 100 m of the river channel with local
discharge accrual measurements from 48 river reaches
as an additional evaluation. The reaches ranged from
1.5 to 30 km in length. In regressions using a single
independent predictor, reach length accounted for
17% of the total variation of discharge accrual, whereas
MRI-DARCY increased this value to 69% (Figure 6).
Thus, model predictions improved upon our ability to
account for spatial variation in stream discharge accrual
by approximately 52%. Moreover, when standardized
for reach length, model predictions accounted for 57%
of the variability in discharge increases per unit length.
Inspection of the outliers in Figure 6 revealed that the
model appeared to under-predict discharge accrual
more often and to a greater degree than it over-pre-
dicted accrual.

At local or point scales, we used hyporheic temper-
ature differentials at 33 sites to estimate variation in
groundwater flux at a scale of 15-100 m. The sites were
highly variable spatially, ranging from small, headwater
streams to large, main channels. One-dimensional
models of heat and fluid flux were all significantly
correlated; loadings on the first PCA axis ranged from
0.96 to 0.64, and the first two PCA axes explained 71%
and 95% of the cumulative variance, respectively. Esti-
mates of groundwater flux were significantly correlated
with MRI-DARCY model predictions (Pearson R =
0.527, P < 0.01). A regression using time of day, Julian
day, latitude, and MRI-DARCY predictions within
100-m of the measuring point accounted for 74% of the
variation in groundwater flux. After statistically remov-
ing the effects of climatic variables, MRI-DARCY model

R2=0.294, p < 0.001

Groundwater Flux (residual)

Local-Scale Predictions (residual)

Figure 7. Partial plot of localscale MRI-DARCY model pre-
dictions and hyporheic groundwater flux from 33 sites across
western Lower Michigan, USA after accounting for the effects
of climatic variation on hyporheic temperature differentals.
The overall multiple regression also included time of day,
Julian day, latitude, and explained 74% of the observed vari-
ation in estimated groundwater flux. Residuals were com-
puted by employing these variables in regressions with
groundwater flux as well as model values.

predictions accounted for nearly 30% of the local vari-
ation in groundwater flux estimates (Figure 7).

Discussion

Model Evaluation

Base flow data from USGS stream gauges were em-
ployed in early indirect validation efforts because we
expected the model to correspond to hydrologic varia-
tion among watersheds, despite the fact that MRI-
DARCY was not specifically designed for stream dis-
charge prediction per se. Larger inputs of subsurface
water generally result in greater, more stable stream
base flows in Michigan, although stable base flows do
not always result from subsurface water sources. One
might expect the predictive ability of the model to be
confounded by effects that likely increase with water-
shed size such as the evapotranspirative drag of lakes
and wetlands, network channel storage, or reservoirs.
Thus, a key component of our evaluation analysis was to
compare the model while both implicitly including and
explicitly excluding the effects of watershed size. By
employing model cell values summed across water-
sheds, we were implicitly including a measure of water-
shed size in our predictions of base flow. Although
analogous to adding an areal term to our Darcian
predictions so as to facilitate comparison with a familiar
response variable (i.e., base flow rather than base-flow



yield), it had the effect of inflating our correlation
coefficient. However, the additional explanatory power
of the model over watershed size alone and the ability
of the model to account for base-flow yield (when size
effects were removed) are clear evidence for the effec-
tiveness of MRI-DARCY predictions at the watershed
scale.

One clear pattern that emerged from our explora-
tion of base flow data was that the model resulted in
greater error in low base-flow watersheds. This was not
surprising since other confounding factors are likely to
have a greater impact on base flow as subsurface water
sources become less important. For example, two of the
outliers in Figure 5 (watersheds A and D) drain agri-
cultural watersheds of relatively impermeable
lacustrine deposits. Whereas watershed A in the Erie
Lakeplain contains channelized streams that may tap
the water table or receive regional groundwater dis-
charge (Hoaglund and others 2002), watershed D in
the Saginaw Lakeplain simply has an extremely low
base flow (0.2 m®/sec from 277 km?). Watershed B in
the headwaters of the Rifle River and C on the Platte
River drain more coarse-textured glacial outwash, yet
the Rifle “steals” regional groundwater from a neigh-
boring watershed (MRI, unpublished data; see Hoag-
lund and others 2002) and the Platte contains a num-
ber of in-line lakes. As another example, watershed E
drains a mixture of till and glacial outwash near Detroit.
However, as much as 45% of this watershed is devel-
oped, so human-driven alterations such as impervious
surfaces and storm sewers may have influenced our
results. Thus, the model is an excellent predictor of
groundwater-driven patterns of high base flow across
Lower Michigan. In low base-flow streams, the model
also appears to be an excellent predictor of constraints
on local patterns of subsurface flux, yet in these streams
the influence of other factors on base flow can lead to
greater predictive error.

Our initial coarse-scale predictions worked well be-
cause rivers are perhaps the ultimate landscape integra-
tors due to their linear configuration and high rates of
advective transport, and because rivers are relatively
large physical systems. As we explored more fine-scale
uses of MRI-DARCY (e.g., understanding subsurface
water contributions to stream reaches, lakes, or wet-
lands), we found that such assessments were subject to
inherent error in the resolution of the DEM, mapped
features (i.e., streams and geologic boundaries), as well
as their alignment. Moreover, the nature of the topo-
graphic and conductive generalizations inherent in the
model makes it unlikely that specific cell values will
correspond exactly to local flux measures. Therefore,
we deemed it entirely appropriate to average our pre-
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dictions across a local landscape in fine-scale assess-
ments.

Measures of stream discharge accrual in the absence
of tributary streams are a more direct estimate of
groundwater flux than base flow data. Yet because of
time-scale differences between model predictions,
groundwater flow, and observed data, we might expect
our analyses to be confounded by temporal variation in
local water tables, especially over larger reaches. In fact,
predicting accrual with reach length resulted in in-
creasing error with longer reaches. Yet despite such
potential effects, we observed no such trend in the
strong relationship between model predictions and dis-
charge accrual (Figure 6). In cases where the model was
less than accurate at segment scales, deviations high-
light some important shortcomings of our approach.
For segments F near Lake Michigan and H in the
Manistee River headwaters, regional flow patterns
(Hoaglund and others 2002) suggest high segment ac-
crual results from upwelling due to proximity to the
lake in the case of segment F and from “stealing”
groundwater from underneath neighboring watersheds
in the case of segment H. Segment G lies in a valley
bordered on one side by a large conductive hill and on
the other by a flat sand plain. When we summarized
model discharge predictions within 100 m of the chan-
nel, half the values were quite large and the others
quite low, and the computed prediction for the seg-
ment was apparently half that of actual accrual. This
was initially surprising because we expected overesti-
mates to be more common due to the topographic
origin of our head parameter. Segments I and J both lie
in valleys bordered by large ice-contact hills, although
head estimates are much greater for segment I and
valley-bottom wetlands may compete for water in seg-
ment J. In these cases, overpredictions may also result
from overestimating the relative conduction of ice-con-
tact terrain (Table 1). Thus, regional groundwater flow
patterns, strong contrasts in bank delivery rates or vol-
umes, wetlands, and inadequate conductivity specifica-
tion can all lead to error in segment-scale model pre-
dictions.

Our point-based temperature profile approach was
conceived as a relatively efficient method for capturing
local spatial patterns of groundwater delivery along
local sections of stream channel. A more detailed ex-
ploration of this method is described by Carlson
(2002). We located sites along gradients of model pre-
dictions to capture patterns of groundwater flux across
a range of local values, yet we treated each site mea-
surement as an independent test of the model. Because
MRI-DARCY predictions are meant to highlight general
spatial patterns across a landscape, they are insensitive
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to the temporal variation that inherently constitutes a
large portion of the variance in instantaneous ground-
water measurements. Therefore, we expected that
model predictions at this local scale were likely influ-
enced by climatic variation at the time of measurement,
day of measurement, and along the strong north-south
climatic gradient in Lower Michigan (see Albert and
others 1986). Moreover, north-south climatic differ-
ences during the period of measurement may have
confounded greater MRI-DARCY predictions (due to
coarse glacial deposits) in northern Lower Michigan.
Despite our preconceptions, the model was signifi-
cantly correlated with flux rates and a significant pre-
dictor of the residual spatial variation in groundwater
flux once we removed the effects of temporal and
spatial patterns of climate. While we suspect it is un-
likely that such pointscale predictions will compare
accurately across large regions without proxy variables
for subregional climatic variation (gradients), our re-
sults suggest the model is useful at capturing the rela-
tive magnitude of spatial variation at local scales both
among and within stream reaches.

Model Limitations

Following Beven (2002), we consider MRI-DARCY to
be “physically based” because it relies upon a funda-
mental physical principle (the conservation of energy)
and it represents known physical relationships (e.g.,
that the topographic surface is a constraint on shallow
subsurface water flow). More importantly, its predic-
tions are consistent with observed spatial patterns (to
the extent that potential subsurface water flux is observ-
able). Although the model clearly estimates the relative
magnitude of local potential subsurface flow paths, it
does not account for actual water movement, nor, in
fact, does it account for deeper, regional groundwater
flows or the magnitude of down-valley hyporheic trans-
port. A key assumption of our approach is that surface
topography, as represented by a DEM, may be used to
estimate the likelihood and direction of subsurface wa-
ter flux. Unlike distributed groundwater models and
other topographic indices like TOPMODEL, which
compute slope from proximal raster cells (e.g., Quinn
and others 1991), MRI-DARCY incorporates a topo-
graphic smoothing algorithm to compute a spatially aver-
aged estimate of slope from a broad characterization of
the surrounding landscape. It is the topographic posi-
tion of focal cells relative to a large averaged landscape
that produces variation in “local” model predictions,
rather than reliance on local, or proximal, information
alone. In Michigan, surface topography is the most
important factor driving patterns of regional ground-
water flow (Hoaglund and others 2002). Elsewhere,

research suggests that surface topography can be an
important predictor of groundwater flux (Gerhart
1984, Hinton and others 1993, Dawes and Short 1994,
Gerla 1999). Thus, this assumption is not at all uncom-
mon in conceptualizations of water table dynamics,
although it is clear that it does not hold equally well in
all climates or in all stratigraphies (Heath 1987, Winter
and others 1998, Winter 2001).

As a model of flux potential, MRI-DARCY does not
incorporate any information about actual hydraulic
slopes, and therefore it is likely to predict high flux
potential in places where actual water delivery is infre-
quent or unlikely. This limitation could be evaluated
and accounted for in certain areas using interpolations
from direct observations of the water table surface.
However, water table interpolation at broad spatial
scales has more intensive data requirements and its own
set of potential errors. We believe that the regions
where an assumed relationship between the land sur-
face and the water table tends to hold are also regions
where subsurface water sources can make important
contributions to the condition of surface water systems
(e.g., in the United States: northern glaciated regions,
the Pacific Northwest, Florida, portions of the Atlantic
Slope). In many of these areas, assuming some relation-
ship between the surface topography and the water
table is reasonable, physically sound, and a practical
necessity for managers and researchers alike. Although
Lower Michigan is likely an ideal conductive landscape
for the development of our simple spatial approach, we
believe that the empirical relationships it describes can
and should be applied and evaluated in other regions.

Another attribute of MRI-DARCY related to topog-
raphy is the implicit assumption that a 4-km radius
adequately describes the most effective scale for linking
regional landscapes to patterns of subsurface water
flux. “Regional” in this context is simply a concept; we
do not know what the effective regional scale is except
that it is also likely to vary with climate, physiography,
and stratigraphy. We consider the matter of appropri-
ate scale for interpreting the landscape in this manner
to be an open research question; thus we designed
MRI-DARCY to allow rapid adjustment of its scaling
parameters to better address this issue.

In addition to general interpretations of topogra-
phy, the model takes only inferred conductivity derived
from relatively coarse-resolution (1:250,000) surficial
geology and very limited stratigraphy into account. In
glaciated landscapes, complexities in drift deposition
can lead to exponential variation of in situ conductivity
within a single geologic formation (Holtschlag 1996).
This is particularly problematic in landscapes with lay-
ered stratigraphy because estimates of recharge and



subsurface flow paths may be still further influenced by
variation in belowground conductivity (Engelen and
Jones 1986, Dunne 1990, Toth 1995). Thus, flux under-
estimates can occur as the result of local meltwater
splays, buried outwash deposits, and/or relict channel
systems. Despite this fact, the apparent success of our
analyses suggests that the potential for error from
highly variable, layered permeability is probably less
important across entire catchments than at very local
scales. Future models might incorporate more specific
modifications to adjust for known variation in conduc-
tivity or restrict flow path estimates to minimum con-
ductance values rather than the average. In any case, we
believe such limitations underscore the need for devel-
opment of more high-resolution maps of shallow sub-
surface stratigraphy and its conductive properties.

MRI-DARCY map values should be interpreted as an
index of long-term averages in hydrologic conditions,
such as those considered in environmental planning
and management. In addition, we have frequently used
areal summaries of model predictions rather than indi-
vidual pixel values to describe local landscapes. In the
context of this further smoothing and areal averaging,
the magnitude of specific point-scale prediction errors
was less of a concern than the correct identification of
a more general spatial pattern. Because the model is an
index in units of specific discharge, predictive error
may also result from different volumes of flow with
similar Darcian velocities. Thus the model should be
considered a powerful but imperfect predictive tool.
There is still considerable room for refinement and
improvement of the model algorithm and its applica-
tion in different landscapes.

Regional Applications

In the upper Midwest, spatial variation in both flow
and thermal regime is maintained primarily by differ-
ences in river size, regional climate, and groundwater
accrual among catchments and stream segments (Meis-
ner and others 1988, Wehrly and others 2002). Heuris-
tic understanding of local and upstream physiographic
controls on groundwater can provide insight into both
local and landscape level controls of the spatial and
temporal variability of environmental conditions and
aquatic communities (Wiley and others 1997). For ex-
ample, summer stream temperature is a well-estab-
lished correlate of groundwater input in Michigan
streams (Hendrickson and Doonan 1972a, Wiley and
others 1997). Larger inputs of groundwater typically
result in cooler summer stream temperatures, all else
being equal. Not surprisingly, Wehrly and others
(1998} found that the MRI-DARCY model was a signif-
icant predictor of spatial patterns in stream tempera-
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ture. Their regressions accounted for 60% of observed
suminer temperature variation at 171 stream locations
(70% when outliers were removed). Evaluation of stan-
dardized regression coefficients revealed that only volu-
metric surrogates such as channel crosssectional area
and stream width eclipsed the total predictive power of
the MRI-DARCY model (Wehrly and others 1998).

Spatial indices such as MRI-DARCY were instrumen-
tal in the development of a stream classification system
for Lower Michigan (Seelbach and others 1997), and
this approach became the basis for conservation plan-
ning across the Great Lakes Basin (Higgins and others
1998, Seelbach and others 2001). Quantifying the spa-
tial variation of key habitat features such as flow and
temperature is critical to understanding mechanisms
regulating species assemblage structure and to evaluat-
ing the potential impacts of environmental perturba-
tions (Poff and Ward 1990, Schlosser 1990). Insight
from MRI-DARCY has informed predictions of fish
community structure in Michigan (Zorn and others
2002), as well as in South Dakota, where the model was
a key predictor of potential habitat for the endangered
Topeka shiner ( Notropis topeka) (Wall and others 2001).
Wiley and others (2001) used model predictions to
standardize comparisons of fish index of biotic integrity
(IBI) reference communities throughout Lower Mich-
igan, whereas Baker and others (2002) used model
predictions across the entire Northern Lakes and For-
est Ecoregion (northern portions of Michigan, Wiscon-
sin, and Minnesota) to adjust reference conditions in a
regional aquatic assessment. Furthermore, the model
has been employed by the Michigan Department of
Natural Resources to define ecological strata for design
of a statewide, long-term fish monitoring program, and
to guide release locations for hatchery trout.

Local Applications

As a key component of local habitat predictions, the
spatially explicit estimates of MRI-DARCY were useful
in a variety of more localized and application-specific
studies. For example, Horne (2001) used the model to
predict thermal regime changes habitat availability and
to evaluate salmonid population responses resulting
from projected dam removals along the Manistee River
in northwestern Lower Michigan. Beside rivers, the
hydrology of wetlands and riparian areas is considered
an essential attribute of their ecological function in a
landscape context. Baker and others (2001) used
model predictions to classify the riparian hydrology of
upstream river networks for 290 locations throughout
Lower Michigan in a nutrient export study. By adding
estimates of riparian hydrology to those of agricultural
land use and drainage area, they improved their pre-
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dictions of nutrient export by up to 20%. Moreover,
map-based predictions of wetlands further informed
aerial photo-based wetland estimates by distinguishing
between saturated and seasonally inundated wetland
types. Merkey (2002) used the model to develop a
map-based hydrogeomorphic classification of 59 wet-
lands in southeastern Lower Michigan. The classifica-
tion successfully identified subsurface water-dominated
depressional wetlands with significantly higher average
water levels (P < 0.001) and significantly lower water
level fluctuation (P < 0.001) than wetlands fed by
surface-water sources.

MRI-DARCY has also informed conservation plan-
ning, threat assessment, and strategy development
where groundwater plays a key role in maintaining the
unique biological character of focus areas. The Grand
Traverse Regional Land Conservancy (GTRLC) used
the model to evaluate the relative conservation value of
land parcels and to prioritize protection efforts in the
Upper Manistee watershed (Kazmierski and others
2002). The Nature Conservancy (TNC) has also used
the model to delineate boundaries for conservation
planning, so as to include important local recharge
areas for fens within focal landscapes of concern (P.
Marangelo, TNC Michigan Chapter Planning Ecologist,
personal communication). Because MRI-DARCY maps
provide a qualitative visualization of places in the land-
scape likely to receive shallow subsurface water as well
as those locations likely to deliver pollutants rapidly to
surface ecosystems, the maps are able to identify spatial
variation in sensitive recharge areas along river valleys
and lake margins. In contrast to fixed-width environ-
mental buffers, which prescribe a standard zone of
protection around rivers and streams regardless of local
conditions, the model offers a landscape-specific esti-

mate of the relative risk associated with different site
locations.

A Hydrologic Context for Different Management
Questions

We have described a number of scales and applica-
tions for the MRI-DARCY approach. While not a re-
placement for numerical groundwater models, the util-
ity of MRI-DARCY lies in its ability to identify places
where subsurface connectivity is likely to exist and
where researchers, managers, and planners might be
interested in obtaining more explicit estimates of
groundwater flux. For many management problems,
precise, localized estimates from numerical models
with high data requirements and temporal detail may
provide the “right” answer to the “wrong,” or at least
different, question (see Holling 1998). An ecologist or
manager working along a single river reach may be

concerned with detailed groundwater dynamics such as
those resulting from pressure head and complex stra-
tigraphy, but those working across broader spatial
scales do not require the same kind of information and
may not be concerned with local water table dynamics.
In such cases, even relative predictions of spatial pat-
terning of subsurface water sources can prove useful. As
an extreme example, a map of soil texture implies a
model with relevance to the hydrologic character of
watersheds.

The MRI-DARCY map clearly highlights variation in
a landscape—it creates detailed pictures of subsurface
energy potential across broad areas that have hereto-
fore been largely unavailable to many environmental
managers Although many aquatic ecologists acknowl-
edge that hydrologic setting is an important determi-
nant of aquatic ecosystem function, there is still an
urgent need to accumulate, synthesize, and communi-
cate the extent and implications of hydrologic variation
to researchers, environmental managers, conservation
planners, and the general public. Across broad regions,
GIS-based modeling approaches such as described here
can be a cost-effective and eminently practical alterna-
tive for understanding complex spatial phenomena
(Levine and Jones 1990, O’Neill and others 1997). Asa
visual tool, MRI-DARCY maps emphasize variation in
subsurface water potential throughout the land-
scape—a simple, yet powerful illustration of what is
typically obscure or abstract information in environ-
mental planning. As a quantitative tool, the model
provides estimates of the relative potential for dis-
charge from or recharge to a surrounding surface land-
scape realized at a focal surface location. We believe the
model represents an important addition to any envi-
ronmental manager’s spatial toolbox. In the absence of
such hydrologic context, the importance of variation in
subsurface water sources to streams, lakes, and wetlands
is easily overlooked by decision-makers.
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