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I. Overview

IV. Results

Improving our ability to predict subsurface fluid flow under streams is
important because it has a significant effect on solute transport and thus
water quality and the fate of contaminants. The region of the subsurface that
receives surface water is referred to as the hyporheic zone and the water
flowing in and out of this zone is termed hyporheic exchange. The hyporheic
zone has high biological activity, which makes it an important region for uptake
of nutrients and transformation of contaminants.
The stream channel morphology from large meanders to small bedforms is
a driving factor of flow into the hyporheic zone. There are modeling limitations
due to the large scale of these systems, which frequently prevent the entire
river network from being modeled simultaneously. As a result, many studies
attempt to characterize the bedform driven exchange as an isolated process, if
they consider this scale at all. In this work, we used the multi-scale model
presented in Stonedahl et al. (2010) to simulate idealized systems with varying
sinuosity and modeled them both with and without bedform scale features.
This allowed us to investigate the nonlinearity of the interactions between
these scales of topography in the hyporheic zone.

The interfacial flux patterns
illustrated in Figure 7 show vast
differences between the Meanders
case and the Bedforms & Meanders
case.
This
demonstrates
the
prominence of the bedform scale
topography in determining the flux
patterns. It also explains why the
bedform scale topography provides a
better prediction of hyporheic
exchange than do the meanders in the
45o, 90o, and 180o cases. Additionally
there is a strong influence of the
meander driven exchange in the
Bedforms & Meanders 270o case,
which is again reflected in the average
flux presented in Figure 8.

Figure 1: Scales of topography driving
hyporheic exchange (Stonedahl et. al. , 2010)

Figure 7: Interfacial flux into the subsurface with and without bedform scale topography.
Figure 8: The average interfacial flux into the subsurface for
individually Modeled Meanders (black), Modeled Bedforms
(purple), and for the combined Modeled Bedforms & Meanders
(striped) cases. The Predicted Bedforms & Meanders is the sum
of the components modeled individually. The standard error
for all average flux measurements was less than 2E-9 making
all differences statistically significant.

II. Channel Topography
The bathymetry of a system determines the flow of water and the flux into and
flow through the hyporheic zone. We generated artificial planforms using arcs as
the center of our stream channel. A fixed width was used to turn these arcs into
areas as is shown in Figure 2. Angles (φ) of 0o, 45o, 90o, 180o, and 270o were used to
create channels with five different sinuosities.
The channel cross-section was generated at the critical points of the stream’s
planform as two half parabolas which meet at their deepest points (Figure 3). The
space between these critical points was interpolated in order to create a 3D depth
Figure 2: Channel planform generation
function, whose deepest points (thalweg) oscillate with the stream channel. The
from tangent arcs.
channel bottom was given a fractal perturbation to represent bedforms commonly
found in rivers. Bedforms followed a power law spectrum with a slope of -3, as shown in Figure 4. The resulting topography
is shown in Figures 5 and 6. Each term in the Fourier series was
given a random phase shift in order to create bedform scale
topographies like the one shown in Figure 5.
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The residence time distributions were created by placing 1000 particles along the bed surface in a flux-weighted
manner and recording the time it takes for them to return to the surface. The normalized cumulative residence time
distributions, R ( ) , represent the fraction of residence times remaining in the bed at a particular time, . In order to
predict the multi-scale topography residence time distributions (Figure 9a) from the single scale components we used
Equation 1, which essentially flux weights the normalized single scale distributions. The volume weighted residence
time distributions (Equation 2, Figure 9b) show the volume of water remaining in the subsurface at time, , relative to
the amount that would enter in the largest case 270o Predicted. This form takes into account both the changes in
average flux, q, into the subsurface as well as the increased flux due to larger planform areas. The cumulative residence
time plots illustrate that that using only the predictions worked extremely well for the low sinuosity cases. The 180o
Predicted case did not predict the full extent of long residence times and the 270o Predicted case exaggerated the
number of short residence times.

Figure 4: Power spectrum for dune/ripple scale topography

Figure 3: Interpolation between asymmetrical
topographies at the critical points (a and c) yields
symmetrical topographies at the inflection points
and creates the thalweg (deepest path) shown above.

Figure 5: Segment of the bedform scale topography

Figure 6: Topography generated for each φ with only meanders (top) and
bedforms & meanders (bottom)

V. Conclusions & Future Work

III. Model and Input Parameters
Hyporheic exchange was simulated for specified sediment and flow parameters using the model presented in Stonedahl
et al. (2010 ). This model extrapolated an analytical solution for flow over a 2D bedform to calculate the head along the
channel boundary. The velocity fields were then calculated throughout the subsurface to be calculated using a finite
difference approach. Exchange was simulated in a straight stream with bedforms and four meandering streams without
bedforms with the same channel slope. Combining these isolated simulations allowed us to make predictions of hyporheic
exchange and to compare the relative effects of each scale of topography. We also simulated the system with both
bedforms and meanders and compared these simulations to those predicted from the isolated systems.
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Figure 10: (left) This cumulative residence time plot shows the fraction of residence times remaining in the subsurface at a given time.
(right) This cumulative residence time plot has been weighted by the volume of water entering the subsurface for each planform relative
to the largest case (270o Predicted).
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We modeled four planforms with and without bedform scale topography as well as a straight planform containing
bedforms. We attempted to predict the multi-scale results by combining the bedform topography found in the straight
case with the purely meandering bathymetries. Our investigation revealed that the relative effect of bedform
topography decreases as sinuosity increases and that the bedform scale features usually dominate hyporheic exchange.
The most apparent exception to this was the 270o case, where the flux due to meanders was significantly higher.
Discrepancies between multi-scale model results and predictions based on individual scales of topography show that the
interactions of flow between these scales of topography are complex. As a result interactions across scales need to be
considered in all hydrologic models of rivers both when collecting data to characterize a system and when constructing
models of hyporheic flow. In the future we intend to investigate the contributions of bar scale topography (an
intermediate scale between bedforms and meanders) to see under what conditions these are significant features. We
would also like to investigate how the presence of groundwater discharge levels, a common feature of natural systems,
affect these complex interactions.
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