
Simulations of fully coupled lake-groundwater exchange

in a subhumid climate with an integrated hydrologic model

B. D. Smerdon,1 C. A. Mendoza,1 and K. J. Devito2

Received 1 May 2006; revised 13 August 2006; accepted 31 August 2006; published 23 January 2007.

[1] A fully coupled, integrated surface water/groundwater model was used to study
hydrologic controls on lake-groundwater interaction in the subhumid, Boreal Plains of
northern Alberta, Canada. Findings from a previous water budget study indicate that lakes
on the outwash landscape capture groundwater as a major source of water input and
function as evaporation windows. Transient hydrologic responses of a flow-through
style lake and outwash groundwater flow system were simulated for a three-dimensional
model. Hydraulic heads, surface water depth, and the corresponding exchange fluxes
between the surface and the subsurface were all simulated simultaneously and compared
to field observations for the summers of 2002 and 2003. Replication of the transient flow
regime required an anisotropy ratio of 10:1 for the outwash deposits and inclusion of
riparian peatlands, which control lake-groundwater interaction and maintain surface water
on permeable northern landscapes. Spatially and temporally variable evapotranspiration
governed the water table configuration and lake-groundwater seepage patterns.
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1. Introduction

[2] Effective management of water resources on all
landscapes requires an understanding of water cycling
processes, which are controlled by climate, geology, and
the interaction of surface water and groundwater [Devito et
al., 2005a]. Research at the Utikuma Research Study Area
(URSA), on the Boreal Plains region of northern Alberta,
Canada, reveals complex surface and groundwater interac-
tions [Ferone and Devito, 2004; Smerdon et al., 2005],
which are largely controlled by regional climate [York et al.,
2002; Winter et al., 2005] and a heterogeneous landscape.
Assessment of impacts to hydrologic systems on this
landscape, from the rapid expansion of oil and gas explo-
ration and production infrastructure, to exploitation from the
forestry industry, requires models that can adequately rep-
resent integrated surface water/groundwater flow; a land-
scape dominated by widely distributed lakes, ponds and
wetlands; and, a subhumid climate. To simulate water
cycling processes on the Boreal Plains, and to predict
changes to surface water bodies for scenarios of landscape
disturbance or variation in climate, spatially distributed
models must also be inclusive of the ubiquitous peatlands,
which greatly add to landscape heterogeneity and control
surface water/groundwater interaction [Ferone and Devito,
2004].
[3] The principles of simulating lake-groundwater inter-

action have been well documented by Winter [1976, 1983],

Townley and Trefry [2000], and Smith and Townley [2002],
and through development of the Lake Package for the
MODFLOW groundwater model (described by Hunt et al.
[2003]). In this study, we seek to enhance modeling of
lake-groundwater exchange further, by using a numerical
model capable of determining the location and depth of
surface water bodies (i.e., lakes and ponds) and surface-
subsurface exchange fluxes, without prior definition (i.e.,
fully coupled surface water/groundwater interaction). That
is, we do not want to specifically define water bodies as
hydraulic boundary conditions, but instead have lake loca-
tion and stage determined as part of the simulation. This
methodology is relatively new in hydrologic modeling, and
has not been done for a lake- and wetland-dominated area
with abundant peatlands and an irregular surface geometry.
This fully coupled approach allowed lake-groundwater
interaction to be investigated for a study lake at the URSA
without defining the study lake as a boundary condition,
thereby minimizing the amount of numerical intervention
reflected in the solution of governing flow equations
[Loague and VanderKwaak, 2004].
[4] The objectives of this study were to simulate lake-

groundwater interaction for a subhumid hydrologic system
on forested, glacial outwash terrain, and to determine the
degree of spatially distributed atmospheric flux data (i.e.,
evapotranspiration and throughfall) and landscape hetero-
geneity needed to replicate field observations. These objec-
tives were met through modeling groundwater conditions,
lake levels, and lakebed seepage fluxes for an instrumented
study lake at the URSA, for 2002 and 2003, and represent
an intermediate step toward modeling the effects of land
use, and climate change at a larger scale. A 3-year water
budget study, including the field observations used for
estimating parameter values and spatial distribution, and
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comparison of modeling results in the present study, has
been previously reported by Smerdon et al. [2005].

2. Study Area: URSA Lake 16

[5] The Boreal region containing the URSA is charac-
terized by a subhumid climate [Ecoregions Working Group,
1989], marine shale bedrock (Upper Cretaceous Smoky
Group [Hamilton et al., 1999]) that is covered by 80 to
240 m of heterogeneous glacial sediments [Pawlowicz and
Fenton, 2002], and low topographic relief. Average annual
precipitation (P) and potential evapotranspiration (PET) are
481 mm [Environment Canada, 2003] and 518 mm [Bothe
and Abraham, 1993], respectively; however, annual pre-
cipitation varies year to year (318 to 529 mm in 1997 to
2001 [Devito et al., 2005b]). The URSA is approximately
150 km south of the discontinuous permafrost zone [Woo
and Winter, 1993], and has average monthly temperature
that ranges from �14.6�C to 15.6�C [Environment Canada,
2003], with the winter season occurring from approximately
November to April.
[6] Lake 16 (39 ha) is located within the URSA, 370 km

north of Edmonton, Alberta, Canada (56�60 N, 116�320 W;
Figure 1), on a 200 km2 coarse-textured glacial outwash
plain, which is bounded by fine-textured sediments of a
disintegration moraine [Fenton et al., 2003]. In the vicinity
of the study area, the outwash landscape is hummocky, with
remnants of an east to west trending esker, and a maximum
topographic relief of 20 m. Surface drainage is poorly
developed, with no evidence of surface inflow to lake 16,
and ephemeral outflow through a narrow channel to a fen

on the west side of lake 16. The study area contains three
lakes that exist in a series of ‘‘steps’’, where lake 16 was
1.8 m higher than lake 5, and 2.4 m lower than lake 17 in
early 2002 (Figure 1). Groundwater springs occur along the
southeast shore, adjacent to a small gravel pit, which was
constructed by removing part of the esker deposit.
[7] Measurements of hydraulic head at 70 piezometers,

lake level at each of the 3 lakes, and groundwater seepage
estimates from 8 lakeshore segments were made from April
2001 to October 2003 [Smerdon et al., 2005]. Hydraulic
conductivity (K) was found to vary over six orders of
magnitude (10�3 to 10�8 m s�1), for 8 soil types (Figures 2
and 3). Annual P was 283mm and 345mm (including 44 mm
and 83 mm of snow water equivalent), and annual lake
evaporation was 336 mm and 455 mm for 2002 and 2003,
respectively (Figure 4a). Over the summer of 2002, lake
levels declined by 0.26 m, 0.18 m, and 0.34 m for Lakes 5,
16, and 17. Throughout 2003, lake 5 increased by 0.14 m,
and Lakes 16 and 17 remained at nearly a constant elevation.
[8] Groundwater moved from southeast to northwest at

an average horizontal hydraulic head gradient of 0.002, with
the formation of small water table mounds (from snowmelt
recharge) downgradient of the lake in spring months of each
year [e.g., Anderson and Munter, 1981]. Evaporation from
the lake was the largest hydrologic flux each year, exposing
captured groundwater to the atmosphere via evaporation
windows (i.e., lakes), and causing water table hinge lines to
be located downgradient from the lake [Smerdon et al.,
2005]. This dynamic relationship between precipitation,
groundwater interaction, and evaporation controls the degree
of lake-groundwater exchange, and is expected to be very

Figure 1. Lake 16 study site with selected field instrumentation, numerical model domain, and
boundary conditions. Arrows indicate groundwater flow direction. URSA and Boreal Plains region in
Alberta, Canada, is shown on inset.
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sensitive to regional climate conditions, which may be
altered under future land use and climate change scenarios.

3. Numerical Simulations

[9] Lake-groundwater exchange was simulated for a three-
dimensional, 1800 m by 1800 m by 30 m (high) section of
the outwash landscape, including lake 16 (Figures 1 and 2).
Two separate timeframes were considered: March 22 to
November 2, 2002, when lake 16 declined by 0.18 m, and
April 25 to November 1, 2003, when the level of lake 16
remained nearly stable. These periods coincide with abun-
dant time series field data and the water budget analysis by
Smerdon et al. [2005], but exclude the winter season, which
would have additional cryospheric processes to consider.
Results of simulated hy heads, water table elevation,

lake 16 level, and seepage fluxes were compared to the field
data. For the 2002 timeframe, field measured and/or
assumed hydraulic input parameters were initially used,
and were then adjusted slightly to better match simulation
results with field observations (i.e., calibration); however,
for the 2003 timeframe only new boundary conditions
(based on field measurements) were specified to assess
applicability of the model to represent field conditions
without additional calibration (i.e., validation [Anderson
and Woessner, 1992]).

3.1. Lake 16 Flow Model

[10] The integrated hydrology model (InHM) [VanderKwaak,
1999],was used to solve fully coupled equations for variably
saturated porous media flow and overland flow, using a
first-order flux relationship, as given by

�rq� qb � qeps ¼
@fSw
@t

ð1Þ

�rqsys � asq
b � asq

e
sp ¼

@ Swshs þ ystore
s

� �

@t
ð2Þ

where q is Darcy flux, qb is a specified boundary condition
(i.e., source or sink within the porous medium or on the land
surface), f is porosity, Sw and Sws are water saturation for
the porous media and land surface, t is time, qs is overland
flow (implemented as a two-dimensional diffusive wave
equation approximated with Manning’s equation [see
VanderKwaak, 1999]), ys is depth of mobile surface water,
ys
store is depth of immobile surface water stored in

centimeter-scale microtopography hs. The exchange flux
between the porous media and land surface is given by qe,
where the subscripts ps and sp denote flux from the porous
media (p) to surface (s), or vice versa, and a water exchange
coefficient (as). Thus the model for the URSA lake 16 area
simulated fully coupled hydraulic head, water saturation,
lake depth, and lakebed seepage for a three-dimensional,
finite element mesh.
[11] The finite element mesh used in this study was

composed of 243,000 subsurface prism elements and
16,200 triangular surface elements (i.e., the top of the
prisms) that were uniformly spaced at 20 m horizontally,
and variably spaced in the vertical direction. Elements had
finer vertical spacing (0.25 m) to a depth of 1 m beneath the
lake basin and within the expected range of water table
depths. The topography of the surface of the mesh was
constructed from a 1 m horizontal resolution digital elevation
model of the land surface combined with lake bathymetry
measurements [Smerdon et al., 2005], which were smoothed
using a Spline algorithm, to 20 m horizontal resolution to
reduce the complexity of the surface features. The bottom
surface of the mesh sloped from east to west (Figure 2b),
corresponding to the base of the glacial outwash as deter-
mined from geophysical field investigations [Domes, 2004].
[12] Subsurface heterogeneity of the glacial outwash was

represented by 8 zones in the model, the parameters of
which were based on field investigation. Each zone was
specified with a hydraulic conductivity (K) value measured
in the field and estimates of specific storage (Ss), f, and
ratio of horizontal to vertical hydraulic conductivity (i.e.,
Kxy:Kz; Figure 3a). Within the lake basin, the bathymetry

Figure 2. (a) Plan view and (b) cross sections of model
domain, showing porous media zones (shaded), observation
points (circled), and boundary conditions from Figure 1.
Details of upper and lower gyttja and mineral lakebed zones
are shown on inset in Figure 2b.
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(i.e., top of model domain) corresponds to the top of the
gyttja, thereby allowing fluid flow, and more importantly,
lakebed seepage flux, to be simulated through organic and
mineral soil layers present in the lake basin [Squires et al.,
2006]. Gyttja and lakebed sediment K decreased with depth,
such that the gyttja more easily transmits water than lakebed
mineral sediments. Tabulated relationships for capillary
pressure, water saturation, and relative permeability were
required for 3 zones expected to be variably saturated
(Figures 3b and 3c), and were based on published data of
similar soil texture: outwash sand (Borden sand [Abdul,
1985]), silty sand [Carsel and Parrish, 1988], and peat
[Silins and Rothwell, 1998]. Manning’s n values used in
equation 2 were assumed 0.04 for the narrow stream

outlet on the west side of the lake [Dingman, 2002], and 0.4
for the remainder of the ground surface [Woolhiser, 1975].
Microtopography (hs) and mobile water depth were each
assumed to be 10�2 m, and the surface-coupling coefficient
(as) was set to 10�4.

3.2. Boundary Conditions

[13] Fluid flow boundary conditions include time-varying
specified hydraulic heads of Lakes 5 and 17 (Figures 1
and 4c) along the east and west edges of the mesh (mea-
sured by Smerdon et al. [2005]), and a specified hydraulic
head of 640 m within the lower sand zone (Figure 2b) to
allow subsurface connection with the larger-scale, regional
groundwater flow system existing beneath the west of the
study area. The mesh has been oriented in the direction of
groundwater flow; therefore the remaining edges parallel to
groundwater flow were specified as no-flow boundaries.
The bottom of the mesh has also been set as a no-flow
boundary because it corresponds with the base of the
outwash deposits, which were underlain by clay and have
significantly lower K than the outwash sand.
[14] Daily precipitation and evaporation was applied to

the top of the model domain as time series, net fluid fluxes
(i.e., the sum of positive precipitation fluxes and negative
evaporative fluxes). For areas of the ground surface that
were saturated or that had surface water, and were not
covered by a forest (e.g., fen and lake), specified net fluxes
corresponded to the precipitation and open water evapora-
tive fluxes (Figure 4a) measured by Smerdon et al. [2005].
Net fluxes specified for the gravel pit area were assumed to
consist of precipitation only (i.e., no evaporative flux),
because the area is unvegetated. For the remaining forested
land surfaces, daily net fluxes (Figure 4b) accounted for
interception and evapotranspiration, which were dependent
on the time of year. Forest interception and actual evapo-
transpiration were based on hydrologic research at another
site in the Western Boreal Forest [Price et al., 1997]. From
March to June 2002, and October 2002 in the first simulated
year, and April to June, and October 2003 in the second
simulated year, 100% of daily P measured at the URSAwas
assumed for the forested areas, to account for limited
interception and evapotranspiration. For the summer months
(i.e., June to August) the net flux was assumed to be 80% of
daily P greater than 15 mm, and for September net flux was
assumed to be 95% of daily P greater than 5 mm. These net
fluxes are lower than observed precipitation throughfall
rates at the URSA (85% to 95% of P (K. J. Devito,
unpublished data, 2005)), in order to account for canopy
interception and actual evapotranspiration, which could not
be simulated explicitly for unsaturated subsurface (i.e.,
porous media) nodes [Loague et al., 2005].

3.3. Initial Conditions

[15] Initial conditions were required for hydraulic head,
water saturation, and lake depth for each node in the model
domain, and were determined by assigning the initial
hydraulic heads of lake 5 and lake 17 to those measured
in the spring of either 2002 or 2003, and running the model
to steady state. For these steady state simulations, the
average sum of atmospheric fluxes (i.e., precipitation and
evapotranspiration) was assumed to be zero. The resulting
hydraulic heads and lake depths were compared to
22 March 2002 and 25 April 2003 field observations, and

Figure 3. (a) Hydraulic parameters for each porous media
zone and (b) pressure head and (c) relative permeability
relationships for variably saturated zones.
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subsequently input as initial conditions for the transient
simulations.

4. Results

4.1. Steady State Initial Conditions

[16] As the simulation converged from an initially satu-
rated condition, to the steady state solution, the lake level
came into equilibrium conditions with the simulated
groundwater flow field (Figure 5). At steady state, the water
table configuration, and level of lake 16, were similar to field
observations for March 2002. For 19 wells/piezometers
distributed around the study site and lake 16 (Figure 2a),
the root mean squared error (RMSE) was 0.29 m, which is
on the order of observed water table and lake level fluctua-
tions. Similar results were obtained for the initial conditions
of April 2003 (RMSE = 0.30 m).

[17] The simulated flow system adequately represented
the flow-through interaction between the lake and ground-
water, as well as the large groundwater capture zone
(Figure 5). These initial conditions were sensitive to K
and anisotropy of the outwash sand, the dominant zone of
porous media. For the field-measured outwash K, an as-
sumed anisotropy of 10:1 provided the most representative
results. Variation of the anisotropy ratio to 1:1 or 100:1
(Figure 6a), or variation of K by half an order of magnitude,
resulted in an incorrect regional water table gradient and
lake level.

4.2. Comparison of Transient Hydraulic Heads

[18] Simulated hydraulic head values for 19 observation
locations around the lake, and the computed elevation of
lake 16, matched most of the time series data from
corresponding field observation points (Figure 7). For the

Figure 4. (a) Specified daily precipitation (including snow water equivalent (SWE)) for open areas and
specified lake evaporation. (b) Net precipitation for forested areas. (c) Specified hydraulic heads for lakes
5 and 17. Specific output times for each year (May, July, and October) are shown with dashed lines.
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riparian peatland zone directly adjacent to lake 16 (2B, 14,
20, 23, 28, 29, 43 on Figure 7), the general trend in
hydraulic head response appears to mimic field observa-
tions, except during summer months when simulated and
observed hydraulic head data were out of phase. Consider-
ing that hydraulic heads are represented well for the spring
and autumn months, and that the general trend of hydraulic
head decrease is similar to field observations, we suspect
that an additional transient storage mechanism is operating
in the field that is not represented in the simulation. At a
location downgradient of lake 16, water table response was
not as well represented in the simulation as is observed in
the field (1; Figure 7), and improved characterization of the
unsaturated hydraulic parameters in this porous media zone
is likely warranted.
[19] The RMSE between simulated and observed hydrau-

lic heads were calculated for 3 times in each simulation
(May, July, and October). RMSE varied from 0.24 to 0.31 m
for the 2002 data, and from 0.21 to 0.42 m for the 2003 data
(Figure 8). In each simulation, the RMSE increased by
approximately 0.1 m for the July period, suggesting the
occurrence of a midsummer phenomenon occurring in the
field that might not be replicated suitably in the numerical
model.

4.3. Water Table Configuration

[20] Simulated water table contours in the vicinity of lake
16 were plotted for spring (May), summer (July), and
autumn (October) months of 2002 and 2003 (Figure 9).
As anticipated from the formulation of this boundary value
problem, groundwater flow is from southeast to northwest
(L17 to L5) across the model domain, with various degrees
of interaction between the surface water and groundwater.
Because of the dominance of evaporation from the lake, the
water table contours wrap more than halfway around
lake 16, resulting in hinge lines that point in the down-
gradient direction, indicative of the lake’s subsurface cap-
ture zone [Townley and Davidson, 1988; Gosselin and
Khisty, 2001]. The gen hape of the water table

compares favorably with the water table maps produced
by Smerdon et al. [2005] for the same time periods.
[21] In the 2002 simulation, the lakes on the model

domain boundary (Lakes 5 and 17) decline due to regional
drought conditions (Figure 4c). As expected, the simulated
water table configuration adjusts as the level of lake 16
decreased, shown by the position of the 643.5 m asl contour
on Figures 9a and 9b. In response to 2 days of heavy
precipitation, late in September 2002, the elevation of
lake 16 increased by 0.05 m, and the position of the
643.5 m asl contour was relocated downgradient of the
lake basin. In the 2003 simulation, the balance between
fluxes of groundwater discharge and evaporation maintain
the elevation of lake 16 to a more consistent level than
observed in 2002 (Figure 7), with nearly a steady water
table configuration (Figure 9).

4.4. Lake-Groundwater Seepage

[22] Simulated exchange fluxes, which were calculated
between the subsurface and surface elements in the numerical
model, represent lakebed seepage for the lake 16 area within
the model domain (Figure 9). Groundwater discharge meas-
urements from 3 seepage meters installed along the south-
east lakeshore varied from 2.4 	 10�6 to 5 	 10�8 m s�1,
with a geometric mean of 6.3 	 10�7 m s�1 for the summer
months of 2002 and 2003 [Smerdon et al., 2005]. Simulated
seepage fluxes at corresponding locations within the flow
model were 2.5 	 10�7 m s�1 (Figure 10). Although the
simulated seepage varied over a narrower range than either
of the seepage estimates reported by Smerdon et al. [2005],
the magnitude of groundwater discharge and spatial pattern
of groundwater recharge and discharge across the lakebed,
honor field observations.
[23] Shaded contours of lakebed seepage (Figure 9)

indicate that groundwater discharge occurs over at least
75% of the lakebed area. Throughout the summer of 2002,
and between 2002 and 2003, the fraction of the lakebed area
that discharged groundwater to the lake basin increased
from 0.75 to 0.83, and is associated with a noticeable

Figure 5. Three-dimensional shaded perspective of simulated water saturation overlain on model
topography, simulated water table contours (0.5 m asl dashed lines), and approximate groundwater flow
paths interacting with lake 16 (arrows) at model equilibrium for 2002.
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movement in the hinge line between discharge and recharge
fluxes across the lakebed (Figure 9).

5. Discussion

5.1. Landscape Heterogeneity

[24] Eight zones of heterogeneity were required to repre-
sent the hydrologic flow regime of lake 16. The broad-scale
flow system was adequately defined by the hydraulic
parameters of the most predominant zone of porous media
[Winter and Pfannkuch, 1984], which in these simulations
was the ‘‘bulk’’ outwash K. The outwash sediments at the
URSA were predominately well sorted fine sand, with a
narrow range in approximate pore throat diameter and
average grain size (d10 and d60 of 0.09 and 0.20 mm).

Replicating the field observations of initial conditions and
the transient response of lake 16 and hydraulic heads within
the surrounding outwash, required an anisotropy ratio of
10:1, which was an order of magnitude lower than values
reported by Winter and Pfannkuch [1984] for an outwash
field site. For the coupled lake-groundwater model developed
in this study, a higher anisotropy ratio for the outwash
sediments (100:1) resulted in an underestimate of hydraulic
heads in 2002, and isotropic conditions resulted in over-
prediction of hydraulic heads (Figure 6b). The narrow range
in grain size distributions reported for the URSA outwash
sediments [Smerdon et al., 2005], with low fractions of silt
and clay, corroborate the low anisotropy (10:1) used in this
study is representative of the predominant porous medium.
Furthermore, Weeks [1969] measured aquifer anisotropy at
an outwash deposit in Wisconsin, United States, and
found that it ranged from 5:1 to 40:1, providing additional
corroboration of the 10:1 anisotropy ratio determined from
this study.

5.2. Riparian Peatlands

[25] Lake-groundwater interaction is further controlled by
the presence of riparian peatlands at the margin of the lake
and the stratigraphic sequence of lakebed deposits (upper
and lower gyttja overlying fine grained mineral sediments).
These heterogeneous features on the outwash landscape
were required for the accurate simulation of lake 16’s
elevation and the surrounding hydraulic heads, especially
when transient responses were considered. The most sensi-
tive of these zones of porous medium were the riparian
peatlands. Variation of the peatland K by a factor of 5 had a
large influence on the transient response of the lake eleva-
tion, the water table configuration adjacent to the lake, and
nearshore lakebed seepage fluxes. In effect, riparian peat-
land K governs the hydraulic connection between the lake
and adjacent groundwater regime. If the peatland K were
increased slightly (i.e., having a lower contrast with the
adjacent outwash sediments), the flow system was more
efficiently connected laterally. The net effect was enhanced
lateral fluid exchange with groundwater at the lake margin,
which created more groundwater discharge along the lake-
shore than observed in the field. With a slightly lower
peatland K, the lake became more isolated from the tran-
sience of the outwash groundwater system, and began to
appear more hydraulically disconnected. Thus higher K
riparian peatlands provide lower buffering ability or hydraulic
storage capacity between the groundwater regime and the
lake. Limited hydraulic storage capacity will have signifi-
cant influence on biogeochemical reactions [Devito et al.,
2000; Gibbons, 2005]. High K riparian peatlands will
promote nutrient movement between aquatic (i.e., lake)
and groundwater zones, which are different biogeochemical
environments.
[26] When field observations of hydraulic head response

were compared with transient modeled response (observa-
tion points with shaded boxes on Figure 7), it appears that
the value of peatland K and Ss could be transient within a
seasonal timeframe, as the riparian peat material transitions
from a frozen to thawed state in the midsummer. Considering
that the riparian peatlands remain nearly water saturated
continuously, below freezing air temperatures in the winter
months (November to April) will cause these porous materials
to freeze in a solid form, with reduced permeability. Field

Figure 6. Effect of anisotropy (Kxy:Kz) on (a) steady state
solution of hydraulic heads and (b) transient response of
lake 16 elevation.
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Figure 7. Time series simulation output (solid lines) and field measurements (symbols) of hydraulic
head for observations points shown on Figure 2a. Observation points are grouped by spatial location
around lake 16 (L16). Shaded boxes denote observations points associated with riparian peatlands.

8 of 13

W01416 SMERDON ET AL.: FULLY COUPLED LAKE-GROUNDWATER MODEL W01416



observations and preliminary lab study of the peatland state
(B. D. Smerdon, unpublished data, 2004) corroborate the
timing of a transition from frozen to thawed states, and
further study of the effects of seasonal thermal effects on
water transmission properties [e.g.,McCauley et al., 2002] is
warranted.
[27] The peatland zones were parameterized with rela-

tively high water retention characteristics determined from a
different peatland in the same climatic region [Silins and
Rothwell, 1998]. These water retention characteristics, high
water saturation, shallow water table depth (i.e., nearly at
surface), and close proximity to the lake, allow the peatland
materials to retain wa ring regional water deficit

conditions. Although the peatland material has been simu-
lated as a traditional porous medium in this study, Price
[2003] showed that peatlands will maintain saturation
through a complex self-preservation feedback mechanism
that utilizes vertical compression during drought, and flo-
tation when conditions are more favorable for sphagnum
growth. The presence of peatland material around most of
lake 16 created a potential for water preservation on the
outwash landscape. When the subhumid climate is consid-
ered, these peatland features are responsible for buffering
lake-groundwater exchange, and are a critical feature for
maintenance of wetlands, ponds and lakes on a permeable
outwash landscape.

5.3. Lake-Groundwater Seepage

[28] Findings from other studies of lake-groundwater
interaction, including Winter [1976, 1983], Cheng and
Anderson [1994] and Townley and Trefry [2000], have
shown that lakebed seepage patterns are largely controlled
by position of a lake within a groundwater flow system,
lakebed slope, and lakebed sediment K. However, the
magnitude of seepage is more often controlled by regional
hydraulic head gradient [Smith and Townley, 2002] and
aquifer anisotropy [Winter and Pfannkuch, 1984]. In this
study, many of these controlling factors (such as the
groundwater flow system and lakebed sediment K) were
constrained by field data. Spatial distribution of seepage at
lake 16 is similar to the seepage patterns predicted by
Townley and Trefry [2000] for lakes in a flow-through
groundwater regime, and the magnitude of seepage flux
was limited by the stratigraphy of lakebed deposits (gyttja
overlying mineral sediments). Discrepancy between
groundwater discharge measured in the field, and seepage
flux predicted in the simulations (Figure 10), is within half
an order of magnitude, and any subtle difference is attributed
to the amount of spatial lakebed heterogeneity not repre-
sented in the model. Discrete field measurements capture
the range of seepage through the lakebed at specific loca-
tions, representing lateral heterogeneity [Kishel and Gerla,
2002; Rosenberry, 2005] not specified in the model, whereas
the numerical model produces an average result.
[29] Previous numerical studies of lake-groundwater

seepage have often described hypothetical, circular lakes,
in homogeneous aquifers [e.g., Townley and Trefry, 2000;
Genereux and Bandopadhyay, 2001], under steady state
flow conditions. Field observations at lake 16 [Smerdon et
al., 2005] and the present simulations illustrate that there is
a transient interaction between lakes and the outwash
groundwater flow system at the URSA, which is a common
hydrologic phenomenon for lake-groundwater settings [e.g.,
Anderson and Cheng, 1993; Gosselin and Khisty, 2001].
The fully coupled transient solution of hydraulic heads and
lakebed seepage fluxes were determined in these simulations
simultaneously, which allowed for a more realistic represen-
tation of the hydrodynamics of lake-groundwater exchange
than previously reported [e.g.,Genereux and Bandopadhyay,
2001]. The finite element formulation of the InHM is
suitable for areas of irregular topography that must be
considered in simulation, such as lakebed bathymetry, and
for areas of varying seepage face locations [Romano et al.,
1999], such as the dynamic lakeshore boundary. At the
interface of the lake and the land surface, groundwater,
surface water, and lakebed slope control the physics of

Figure 8. Root-mean-square error (RMSE) for specific
output times for (a) 2002 and (b) 2003.
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water flow, and thus lake-groundwater interaction [Winter,
1981]. These have all been explicitly considered in this
model.

5.4. Climatic Controls on Lake-Groundwater
Exchange

[30] Replication of the transient water table configuration,
lake level and lakebed see upports the hypothesis that

shallow lakes act as evaporation windows on the Boreal
Plains landscape. The observed lake level decline of 0.18 m
in 2002 was caused by water deficit conditions imposed by
the subhumid atmosphere. Although the 2002 drought
occurred only over one season, the rate of lake level decline
(0.2 m yr�1) was the same as observed during a severe (4 yr)
drought at the glacial outwash Williams Lake in Minnesota,

Figure 9. Simulated water table elevation (0.5 m asl contour interval) and shaded lakebed seepage flux.
Fraction of lakebed area contributing groundwater to lake 16 is shown by white text. Transition between
groundwater discharge areas and groundwater recharge areas is shown as a thick black line.
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United States [Winter et al., 2005]. The similarities in lake
level decline between lake 16 and Williams Lake offers the
opportunity to elucidate hydrodynamic response of the lake-
groundwater system at lake 16 to drought conditions that
could develop in many glaciated regions in North America.
With a reduction in the volume of lake 16, there was a
corresponding increase in lakebed area contributing ground-
water discharge (10% increase in seepage area) in the
following year, which contributed groundwater inflow to
the lake basin. Although simulated groundwater discharge
fluxes were nearly constant throughout the simulation time-
frames, the reconfiguration of the water table contours and
decrease in groundwater outflow from the lake illustrate the
role of regional climate on lake-groundwater interaction in
this subhumid climatic zone.
[31] The sensitivity analysis by Genereux and

Bandopadhyay [2001] of lakebed seepage suggests that
the seepage patterns observed for lake 16 (i.e., strong
exponential decrease with increased distance from shore)
are predominantly found in lakes with steeper lakebeds. The
shallow slope of lake 16’s bed (0.012) appears to have simi-
lar patterns as those lakes with moderate (0.013) to steep
(0.02) slopes in the work of Genereux and Bandopadhyay
[2001], suggesting that a large outflow of water from lake 16
exists, and that Lake 16 is being replenished by the ground-
water system. Simulation results and the corroborating
field data indicate that there is minimal to no surface out-
flow and diminished groundwater outflow from lake 16
(Figure 9) for 2002 and 2003. Therefore, given the shallow
lakebed slope, seepage pattern indicative of a lake that
would typically have a steeper slope, and field observations
of minimal fluid outflow, the seepage pattern also confirms
a dominance of summer evaporation (i.e., outflow via
evaporation) and that climate has a significant influence
on lake-groundwater interaction.
[32] Lenters et al. [2005] suggest that it is critical to

understand ‘‘why’’ lake levels change in response to climate
variation for effective water resource management. For
landscapes composed o -permeability lithology, lake

level changes will be an integrated response of atmospheric
conditions (precipitation and evaporation), groundwater
interaction, and overland flow. In this study, water cycling
for a coupled lake-groundwater system was simulated, and
results compared favorably with transient observations from
an instrumented field site. For coarse-textured landscapes in
subhumid climates, lake level changes are controlled by
regional climate, and are further maintained by an active
groundwater flow regime. The efficiency at which ground-
water can maintain lakes, ponds and wetlands on this
landscape, is controlled by the presence of landscape
features that have high water retention, such as riparian
peatlands, and by the duration of active lake evaporation
(i.e., length of season). For shallow lakes in Northern
Canada (which cover 37% of the landscape), Rouse et al.
[2005] found that the lake evaporation season was 22 weeks
per year, and that shallow lakes have a higher heat capacity
and can partition water to the atmosphere more readily than
wetlands. In these simulations, evaporation was applied to
areas where the water table is at the land surface (similar to
York et al. [2002]), for 22.8 and 23.3 weeks in 2002 and
2003, respectively. Although the lake level decline occurred
in 2002, due largely to a regional drought that also lowered
adjacent Lakes 5 and 17, it appears that a lowered lake level
and increased water deficit condition (110 mm for 2003,
compared to 53 mm for 2002) caused increased
groundwater inflow.

5.5. Representing Atmospheric Boundary Conditions

[33] Lake level and hydraulic head response of the
outwash groundwater flow systems were sensitive to the
timing of the net atmospheric fluxes (described in
section 3.2). Although actual evapotranspiration fluxes
from the forested uplands were not explicitly simulated in
this work, distinct periods of assumed boundary condition
data (i.e., net fluxes that accounted for interception and
evapotranspiration) had to be specified to accurately match
field observations. The timing of these periods correspond
to: spring (prior to June), when accumulated snowfall would
melt and recharge the subsurface; summer (June to
September), when only relatively large precipitation events
(80% of daily P greater than 15 mm) were assumed to enter
the subsurface; and, fall (from September to the end of each
simulation), when reduced forest evapotranspiration and the
loss of leaves would allow for more precipitation to reach
the subsurface than summer months (95% of daily P greater
than 5 mm). Although a good transient water table and lake
level response was simulated, based on reasonable assump-
tions of upland forest water partitioning, future work should
explicitly consider throughfall (as net precipitation reaching
the ground surface) and actual evapotranspiration fluxes in a
subhumid climate, and is presently being studied by the
Western Boreal Hydrology Group at the University of
Alberta. Improved representation of the atmospheric bound-
ary conditions could be applied to a larger-scale model that
extends to natural watershed boundaries, and be used to
investigate scenario simulations of landscape disturbances
and changes in climate.

6. Conclusions

[34] For lake-dominated hydrologic systems, many dif-
ferent styles of models have been developed to investigate

Figure 10. Simulated and observed groundwater dis-
charge fluxes along southeast shore of lake 16. Values
observed from individual seepage meter measurements or
calculated using Darcy’s Law are from Smerdon et al.
[2005].
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lake-groundwater interaction. This study investigated sim-
ulation of lake-groundwater interaction through use of a
fully coupled, finite element, surface water/groundwater
model to represent the hydrologic regime of a glacial
outwash setting in a subhumid environment. Formulation
of the numerical model allowed simultaneous simulation of
subsurface hydraulic heads and surface water depths, and
the corresponding exchange fluxes between the surface and
the subsurface, without assuming any explicit hydraulic
exchange fluxes a priori. Replication of three-dimensional,
transient fluid flow, for a study area in northern Alberta,
Canada, relied on accurately representing the ‘‘bulk’’ porous
media with anisotropy that suitably represented structure of
the porous media, and two key landscape heterogeneities
that control lake-groundwater interaction: riparian peatlands
and stratified lakebed deposits. To mimic time series field
measurements, a lower anisotropy ratio (10:1) for glacial
outwash was required than previously suggested for ground-
water flow-through lake environments. The inclusion of
riparian peatlands was found to govern lake-groundwater
fluid exchange, and the peatlands appear to have seasonally
transient hydraulic parameters. We hypothesize seasonal
variation of peatland K values (i.e., higher K when thawed
and lower K when frozen) as a mechanism for maintaining
water in the subhumid, Boreal environment. Field observa-
tions and preliminary lab study of the peatland state (B. D.
Smerdon, unpublished data, 2004) corroborate the timing of
such a transition (i.e., from frozen to thawed states), and
further study of the effects of seasonal thermal effects [e.g.,
McCauley et al., 2002] on lake-groundwater exchange is
warranted.
[35] Simulated patterns of lakebed seepage for lake 16

confirm predictions made by others, for hypothetical lakes
of more simplified geometry. The magnitude and spatial
distribution of seepage fluxes computed in these simulations
compare favorably with field observations and, when com-
bined with calibrated hydraulic head data, provide further
corroboration that the model for the lake in this study
represented the hydrologic regime adequately. The transient
flow system is largely driven by high summer lake evapo-
ration, which caused reconfiguration of water table contours
around the lake basin and increased lakebed seepage follow-
ing lake level decline. Simplified atmospheric boundary
conditions were assumed for the forested upland areas,
indicating that three distinct timeframes (spring, summer
and fall) are required in simulations, which correspond to
seasonal variation of throughfall and evapotranspiration.
Considering the dominance of evaporation from lakes and
shallow water table areas in this landscape, further investi-
gation into the relationship between temporal throughfall
and evapotranspiration fluid fluxes is needed, to establish
the rate and timing of groundwater recharge. In a lake-
dominated landscape that appears to be controlled by
evaporation in summer months, the timing of groundwater
recharge is likely also an important controlling factor for
maintenance of lakes and wetlands, which requires further
investigation to more fully understand water cycling pro-
cesses in this region.
[36] This study illustrated that InHM can be applied to

lake-dominated hydrologic systems, and used to investigate
landscape and atmospheric controls on hydrologic processes.
For larger areas, specific hydrologic landscapes [Winter,

2001], and longer-term applications (i.e., landscape manage-
ment and reclamation), the modeling framework presented
here would be appropriate, because it is not hampered by
excessive numerical intervention (i.e., minimizing a priori
assumptions). The physical boundaries of the model domain
need not be surface catchments or watersheds [Winter et al.,
2003; Devito et al., 2005a]; however, successful application
will depend greatly on the ability to define spatially vari-
able, subsurface hydraulic properties. Thus robust models
such as this will provide insight for investigating response
of hydrologic systems in areas where anthropogenic
changes (imposed by landscape disturbance or variation in
climate) might be masked or subdued by natural variation in
water cycling.
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