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The hyporheic zone is the volume of the streambed sediment mostly saturated with stream water. It is
the transitional zone between stream and shallow-ground waters and an important ecotone for benthic
species, including macro-invertebrates, microorganisms, and some fish species that dwell in the hypor-
heic zone for parts of their lives. Most hyporheic analyses are limited in scope, performed at the reach
scale with hyporheic exchange mainly driven by one mechanism, such as interaction between flow
Corradini, Editor-in-Chief, with the and ripples or dunes. This research investigates hyporheic flow induced by the interaction of flow and
assistance of Gokmen Tayfur, Associate streambed topography at the valley-scale under different discharges. We apply a pumping based hypor-
Editor heic model along a 37 km long reach of the Deadwood River for different flow releases from Deadwood
Reservoir and at different discharges of its tributaries. We account for dynamic head variations, induced
by interactions of small-scale topography and flow, and piezometric head variations, caused by reach-
scale bathymetry-flow interactions. We model the dynamic head variations as those caused by dune-like
bedforms and piezometric heads with the water surface elevation predicted with a 1-dimensional, 1D,
hydraulic model supported by close-spaced cross-sections extracted every channel width from high-
resolution bathymetry. Superposition of these two energy-head components provides the boundary
condition at the water-sediment interface for the hyporheic model. Our results show that small- and
large-scale streambed features induce fluxes of comparable magnitude but the former and the latter
dominate fluxes with short and long residence times, respectively. In our setting, stream discharge and
alluvium thickness have limited effects on hyporheic processes including the thermal regime of the hyp-
orheic zone. Bed topography is a strong predictor of hyporheic exchange and the 1D wavelet is a conve-
nient way to describe the bed topography quantitatively. Thus wavelet power could be a good index for
hyporheic potential, with areas of high and low wavelet power coinciding with high and low hyporheic
fluxes, respectively.
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1. Introduction

Stream waters downwell into the streambed sediment and then
reemerge into the stream after some residence time within the
sediment (Vaux, 1962, 1968). These fluxes stem from spatial and
temporal variations of near-bed energy heads, sediment hydraulic
conductivity, alluvial area, turbulence, sediment transport and the
density gradient between stream and pore waters (Boano et al.,
2009, 2014; Tonina and Buffington, 2009a). They create hyporheic
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flow, which is the main mechanism that brings oxygen-rich and
solute-laden surface water into the streambed sediment (Elliott
and Brooks, 1997a,b; Tonina and Buffington, 2009a; Tonina et al.,
2011). Hyporheic flows also bring low-oxygen concentration
reduced-element laden pore waters back to the stream from the
streambed sediment (Marzadri et al., 2011, 2012b; Zarnetske
et al.,, 2011). Hyporheic residence time and fluxes influence water
quality in the sediment interstices (Boano et al., 2010; Marzadri
et al., 2011; Zarnetske et al., 2012). They affect the distribution of
aerobic and anaerobic conditions within the streambed, because
hyporheic exchange controls the amount of surface water mixed
with the pore water and the available reaction time within the sed-
iment (Harvey et al.,, 2013; Marzadri et al., 2011; Tonina et al,,
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2011; Zarnetske et al., 2011). Residence time distribution has also a
strong influence on the thermal regime of the hyporheic zone
(Marzadri et al., 2013a,b; Sawyer et al., 2012). Temperature is
one of the most important water quality indices because of its
influence on aquatic biogeochemical processes, such as those
involving dissolved oxygen, nutrient and contaminants, aquatic
organism metabolism, plant photosynthesis rate and timing, and
the timing of fish migration (Allan, 1995; Bjornn and Reiser,
1991; Goode et al., 2013; Jonsson et al., 2004). Because of the
chemical and physical gradients generated by hyporheic exchange,
the hyporheic zone sustains a rich ecotone (Edwards, 1998;
Stanford and Ward, 1988). Consequently, mapping hyporheic
fluxes and residence time distributions is an important part of
quantifying the impact of flow discharge, especially in regulated
streams, on benthic and streambed environment (Kasahara et al.,
2009; Kasahara and Hill, 2006a,b; Kasahara and Hill, 2007).

Hyporheic fluxes can extend vertically and laterally, depending
on stream sinuosity, alluvial sediment stratification, alluvial bed
thickness, bedrock outcrops and channel gradient (Bencala and
Walters, 1983; Boano et al., 2007; Cardenas, 2009; Marion et al.,
2008a; Stonedahl et al., 2013). They can be classified as fluvial hyp-
orheic fluxes, which extend vertically and laterally within the
channel wetted areas, parafluvial fluxes, which mainly flow below
dry bars within the active channel, and floodplain fluxes, which
include inter-meander fluxes and preferential flow paths along
paleochannels (Buffington and Tonina, 2009; Edwards, 1998;
Tonina and Buffington, 2009a).

In gravel bed rivers, the main mechanism driving hyporheic
exchange is the presence of near-bed pressure gradients (Gooseff
et al., 2006, 2007; Marzadri et al., 2013a; Tonina and Buffington,
2007, 2011). Its distribution depends on the interaction between
surface flow and streambed topography (Elliott and Brooks,
1997a,b) at different spatial scales (Stonedahl et al., 2010). Small-
scale topography, such as dune-like bed forms, logs and boulders,
causes mainly dynamic head variations, which generate high and
low-pressure areas upstream and downstream of irregularities,
respectively (Sawyer et al., 2011; Tonina and Buffington, 2009a).
For instance, low-pressure areas are present downstream of dune
crests, where flow detaches, and high-pressure zones upstream
of dune crests, where flow reattaches (Cardenas and Wilson,
2007d; Gualtieri, 2012; Savant et al, 1987; Thibodeaux and
Boyle, 1987; Vittal et al., 1977). Conversely, large-scale topogra-
phies, such as pool-riffle sequences, generate water surface pro-
files and thus spatial variations of piezometric head, which is the
sum of the pressure and elevation heads (Tonina, 2012). Large
bed forms are typically gradually varying features that have rela-
tively small effects on dynamic head, at least at high and moderate
flows (Marzadri et al., 2013a; Tonina and Buffington, 2007).

Most hyporheic research has focused on hyporheic exchange
induced by small bed forms, which may include ripples and
dune-like features (Boano et al., 2007; Cardenas and Wilson,
2007a; Elliott and Brooks, 1997a; Marion et al., 2002; Packman
et al., 2004; Salehin et al., 2004), whose scale is a fraction of chan-
nel width. Other studies have focused on large bed forms, such as
pool-riffles (Marzadri et al., 2010; Tonina and Buffington, 2007,
2009b, 2011; Trauth et al., 2013), whose scale are several channel
widths. Only recently, models have been proposed to superpose
the effects of multiple topographic scales (Stonedahl et al., 2010,
2012, 2013; Tonina and Buffington, 2009b; Wérman et al., 2006).

Hyporheic exchange models that include effects of both large-
and small-scale topographies are important, because they provide
tools to study hyporheic exchange properties at the scale of the
stream network (Marzadri et al., 2014; Stewart et al., 2011). Along
stream segments we do not know how discharge, alluvial thickness
and topographic variations affect hyporheic exchange induced by
flow-topography interactions at multiple length-scales. The effect

of multiple scale interaction on hyporheic exchange may be mod-
ulated by stream discharge (Cardenas and Wilson, 2007d; Elliott
and Brooks, 1997a; Tonina and Buffington, 2011). This impact
could be very important for hyporheic processes in streams whose
flow regimes are regulated by dam operations (Bruno et al., 2009;
Sawyer et al., 2009). Streambed thickness, which often changes
along stream segments, may also affect hyporheic processes
(Tonina and Buffington, 2011). We know the alluvial thickness
effect on hyporheic hydraulics induced by one single length-scale
interaction, but its effect on hyporheic exchange caused by multi-
ple potentially conflicting mechanisms is less known. For instance,
the influence of alluvial sediment thickness is negligible when it is
thicker than one wavelength of the small-scale topography, e.g.
dunes (Cardenas and Wilson, 2007a,d), or one channel width in
case of large-scale topographies, like pool-riffles (Marzadri et al.,
2010; Tonina and Buffington, 2011). However, we do not know
which of the two mechanisms dominates and thus which of the
two thresholds is more important. Furthermore, most hyporheic
research focuses at the morphological unit (10~'-10 times the
channel width) and at the channel-reach scale (10-10? times the
channel width) (Cardenas et al., 2004; Kasahara and Hill, 2007;
Marion et al., 2002, 2008b; Woérman et al., 2002). At the network
scale, both small- and large-scale topographies may vary spatially
causing a distribution of hyporheic exchange. Wondzell (2011)
suggested that topographic variations may provide an index of
potential hyporheic exchange. This approach, which has not been
tested, could be extremely useful in studying hyporheic exchange
at the network scale because it would provide a tool to identify
areas of high and low hyporheic exchange from relatively simple
analyses of streambed topography.

Thus, here we investigate the spatial distribution of hyporheic
exchange at the valley scale (10>°-10* times the channel width)
along a 37 km long river segment of the Deadwood River (Central
Idaho, USA) (Benjankar et al., 2013, 2014; Tiedemann, 2013;
Tranmer et al., 2013) (Fig. 1). Different from previous analyses,
where dynamic head variation models were adapted to account
for the interaction between flow and topography at multiple scales
(e.g., Stonedahl et al., 2013) and applied on synthetic streambeds
(Stonedahl et al., 2010, 2012), here we account for both dynamic
and piezometric heads by superimposing the contribution of the
interaction of stream flow with small and large topographic fea-
tures, measured in a natural stream.

The objectives of this study are: (i) to quantify the effects of
flow discharge on hyporheic exchange at the valley scale, (ii) to
understand the role of small and large scale topography in
inducing hyporheic exchange, (iii) to investigate the longitudinal
variation of hyporheic flow and its correlation with topographic
variations, (iv) to analyze the effect of alluvium depth on the
relative importance of hyporheic flow induced by small
(dynamic head) and large (piezometric head) scale topography
and (v) to study the effect of hyporheic flows on hyporheic ther-
mal regime.

To reach our goals we use a hyporheic hydraulic model that
couples dynamic and piezometric heads. The dynamic head is
modeled as velocity head losses due to flow separation at dune-like
bed forms (Elliott and Brooks, 1997b; Stonedahl et al., 2010, 2012;
Vittal et al., 1977), whose amplitude and wavelength is derived
from wavelet analysis of the small-scale topography along the
streambed centerline. The piezometric head is quantified from
the stream water surface elevations (Gooseff et al., 2006; Lautz
and Siegel, 2006; Marzadri et al., 2010; Tonina and Buffington,
2007, 2011; Vaux, 1968; Zarnetske et al., 2008). Stream flow prop-
erties, including water depth, velocity and water surface elevations
are predicted with a 1-dimensional, 1D, hydraulic model supported
by close-spaced cross-sections, 1 channel width apart, extracted
from a high-resolution digital elevation model (DEM) of the stream
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Fig. 1. (a) Deadwood River, Central Idaho, USA, between Deadwood Reservoir and the South Fork Payette River with its 7 major tributaries: Wilson Creek, Warmsprings Creek,
Whitehawk Creek, No Man Creek, Scott Creek, Lorenzo Creek and Stevens Creek modeled in the simulations. The scale bar is in miles. (b) Overview of the hyporheic
instrumented site sections along the Deadwood River, the positions of temperature sensors and pressure transducers are shown with red and sky-blue lines, respectively.
Inset figures show the details of the PVC pipe installation for temperature sensors and pressure transducers.

bathymetry. We apply a process based model that solves the heat
transport equation along any streamline connecting downwelling
and upwelling areas to analyze the effects on pore-water temper-
ature and predict temperature distributions within the hyporheic
zone (Marzadri et al., 2013a).

2. Study site

The study reach is a 37 km-long section of the Deadwood River
between Deadwood Reservoir and the confluence with the South
Fork Payette River (Idaho, USA) (Fig. 1). Deadwood Dam was con-
structed for irrigation purposes in the 1930s and it regulates the
stream discharge, which is augmented by 7 large and several small
tributaries (Fig. 1). Dam releases dominate the stream discharge
during the irrigation period, which spans early June to early Sep-
tember, while tributary discharge dominates during spring snow-
melt, April-June, and tributary contributions equal reservoir
discharges in the rest of the year. We measured tributary dis-
charge, dam releases and water surface elevation at the end of
our study site during the 2009 water year (October 1, 2008 to Sep-
tember 30, 2009) to use as input parameters for the 1D hydraulic
model.

The river has a mean channel width at high flow of 30 m and
minimum and maximum flow releases of 0 and 39.64 m>s!,
respectively from the reservoir. The streambed has localized deep
pools, mostly forced at bends, separated by long runs with coarse
large material randomly placed along the streambed. Riffle crests
are typically subdued and few cascade bedforms are localized in
short areas where slope is steep.

Coarse substrate dominated by cobbles and large gravel armors
the streambed with fine sediment, mainly pea gravel and sand
with traces of clay, filling the voids among large particles below
the coarse armor layer. Fine sediment covers the streambed only
in limited patches within a few kilometers downstream of the con-
fluence with one tributary which recently experienced debris
flows.

The studied portion of the Deadwood River flows in a narrow
and deep canyon with the relatively impervious canyon walls lim-
iting the river sinuosity and restricting inter-meander groundwa-
ter connectivity. The floodplains are also quite restricted with a
few small exceptions near large tributaries, which may sustain a
limited floodplain and parafluvial hyporheic flows (Tiedemann,
2013; Tranmer et al., 2013). Consequently, the major component
of the hyporheic flux is the fluvial hyporheic flow with negligible
parafluvial and floodplain hyporheic exchanges in this system.
Fluvial hyporheic exchange can be driven by clusters of sediment
particles that form smaller streambed irregularities, which we
modeled as dune-like bedforms, and by the larger topographic
features such as pool-riffle-run-pool sequences.

3. Method
3.1. Field data

The stream bathymetry was derived from bed topography data
collected with the aquatic-terrestrial Experimental Advanced Air-
borne Research Lidar (EAARL) system in 2007 (McKean et al,
2009). The EAARL data density is approximately 0.6 points per
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square meter and the data have a vertical error around 15 cm
(McKean et al., 2009, 2014). These point cloud data were used to
generate a 1 m grid digital elevation model (DEM) of the stream
with a 10-20 cm vertical resolution. This is extensive high-resolu-
tion data set, allows a unique opportunity to study hyporheic
exchange over a long stream segment (Tonina and Jorde, 2013).
The DEM was used to extract cross-sections every 30 m, approxi-
mately every channel width, for a 1D hydraulic model of stream
flow and to characterize the wavelengths and amplitudes of the
small-scale topography.

We used a 1D wavelet analysis applied along the stream center-
line of the 1 m grid to quantify the amplitude and wavelength of
the streambed small-scale topography for the hyporheic model
(Fig. 2) (McKean et al., 2009). We selected a 3 m-scale 2nd deriva-
tive Gaussian reference wavelet. We used the 3 m because it was
small enough to detect the micro topography formed by particle
clusters on the streambed. We correlated the wavelet coefficient
instead of wavelet power with micro-topography amplitude and
positive coefficients correspond to convex-upward topography
and negative to concave-upward. We also used the wavelet coeffi-
cient values to divide the stream in reaches with homogenous
small-scale amplitude to facilitate interpretation of results. This
frequency domain topographic analysis predicted 15 reaches with
relatively homogeneous morphology (Fig. 2). We used these
reaches to investigate the effect of stream topography on hypor-
heic response at different stream water discharges.

A. Marzadri et al. /Journal of Hydrology 519 (2014) 1997-2011

A pool-riffle-run sequence was selected near the confluence
with the South Fork Payette River to measure hyporheic tempera-
tures for comparison with model predictions. The site was chosen
because it represents a typical pool-riffle-run sequence of the
Deadwood system and it offers an easy access for sensor deploy-
ment, maintenance and retrieval. It was instrumented with 16
temperature sensors (Onset StowAwayTidBiT, Table 2) located at
4 different cross-sections along the centerline, 4 pressure trans-
ducer sensors (HOBO water level 13') located in 2 different cross-
sections along the centerline (Fig. 1b), and 1 pressure transducer
sensor left in the open air to measure barometric pressure. Both
temperature and pressure sensors were housed in PVC pipe
(Fig. 1b) as done in previous field works (e.g., Gariglio et al.,
2013; Tonina et al., 2014).

At each location, temperatures were recorded every 15 min by
nesting four TidBiT sensors in PVC pipe (see Fig. 1b) (Table 2).
The upper end of the vertical array was located at the streambed
to provide data within the hyporheic sediment at 10, 20 and
50 cm below the streambed, respectively. Near to the temperature
probes, two pressure transducer sensors were installed that
recorded both pressure and temperature every 15 min. This was
accomplished by nesting two Onset HOBO U20 Water Level Log-
gers in a PVC pipe (Fig. 1b) (Table 2). The topmost water level indi-
cator was located at the streambed water interface while the other
was placed within the hyporheic sediments at 50 cm below the
streambed.
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Fig. 2. Wavelet analysis of the streambed topography along the river centerline. Panel (a) shows the wavelet power for the 3 m scale wavelet along the Deadwood River and
(b) the relationship between bed amplitude and wavelet coefficient. This information was used to quantify the averaged small-topography amplitude over channel lengths
corresponding to about 1 channel width. Panel (c) shows the longitudinal profile of the stream.
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Table 1
Discharge scenarios modeled in the analysis.

Scenario Reservoir releases (m®s~!) Date range

1. Winter 0 5-1-2009 — 24-2-2009
2. Winter 0.05 5-1-2009 — 24-2-2009
3. Winter 1.42 5-1-2009 — 24-2-2009

20-6-2009 — 5-7-2009
15-7-2009 — 20-7-
2009

4-8-2009 — 27-8-2009

4, Spring: pre ramping 11.33
5. Spring: ramping 16.42

6. Summer: high flow 27.18

Table 2

Main characteristics of Onset HOBO pressure and temperature sensors.
Sensor type Measurements range  Resolution  Accuracy
Oneset HOBO pressure 0-145 kPa 0.02 kPa +0.14 kPa
Oneset HOBO temperature  —20-50 °C 0.1°C 0.1°C

The PVC pipes were perforated at each sensor location to allow
direct contact with streambed sediments and seepage water
(Gariglio et al., 2013). In order to prevent vertically preferential
flow paths within the PVC pipe, disks of Styrofoam material and
fine stream bed sediments were inserted in between sensors. Both
pressure and temperature sensors were checked prior to and fol-
lowing deployment for temporal or thermal drift by testing their
measurements in a temperature-controlled water bath. Data
collection began on 10/02/2011 and ended on 09/28/2012 for the
TidBit temperature sensors; while the Onset HOBO U20 Water
Level Logger data collection began on 10/02/2011 and ended on
05/15/2012.

3.2. Surface flow modeling

Surface water hydraulics was modeled with a 1D hydraulic
model (MIKE11®). Time series of measured outflows from the
reservoir and discharges measured at the major tributaries were
used as inflow boundary conditions and the downstream boundary
was set as a discharge-stage rating curve (Tiedemann, 2013).
Cross-sections were extracted from the stream DEM every 30 m,
which corresponds to the averaged bankfull width, along the cen-
terline to define the channel flow geometry. This provided an
unprecedented high-resolution stream network for a 1D model
and the ability to have mean flow velocity, depth and water surface
elevation to drive the hyporheic models (small and large scale)
every 30 m (Pasternack and Senter, 2011; Tonina and Jorde, 2013).

The inaccessibility of the stream during high flows and for most
of its course even at low flows, coupled with poor reception for
obtaining precise ground Global Position System (GPS) locations
and elevation measurements, reduced the possibility to gather
data for thorough model calibration. Thus, we selected a value of
Manning’s n equal to 0.06 for the entire reach (Tiedemann, 2013)
based on literature review of roughness coefficients for similar
types of streams (Barnes, 1967; Rosgen, 1994, 1996). Because it
was not feasible to measure water surface elevation along the
entire reach at different flows, we validated the selected value with
two tests comparing: (a) predicted and observed water surface ele-
vations collected at low flow conditions (1.42 m®s~') at two 100 m
long accessible reaches near the two ends of the study site and (b)
predicted and observed flood wave hydrographs in a 100 m long
reach near the confluence with the South Fork Payette River. The
latter allowed us to check the uncertainty caused by n on the water
surface elevation over a range of discharges simulated in the reach.
The first test resulted in root mean square error of 20 cm between
measured and predicted water. The error is large, but not unusual

for 1D modeling at this large scale (Parkinson, 2003). It is compa-
rable to the uncertainty on the measured water surface elevations
due to poor GPS accuracy within the canyon. The second test
showed that the model captures the timing of flood waves well
moving through the system. Comparison between predicted and
measured discharges have an R? of 0.98 and a root mean square
error of 1.48 m® s~! (Tiedemann, 2013). This last test checked the
quality of the model over a range of discharges between 1.42 and
27.18 m>s~!. Manning’s n values typically decrease with increas-
ing discharge. The decrease is large at low flows and small at high
flows. Because of the limited information at high flows along the
stream, we were not able to rigorously test whether the Manning’s
n decreased with flow. However, our check based on the timing of
the flood wave suggests that the chosen value is adequate for the
studied range of flows.

The model was run for six discharge scenarios from base to high
flows (Table 1). These scenarios are representative of the annual
pattern of reservoir releases and of the flow regime of the tributar-
ies. The 0, 0.05 and 1.42 m> s~ are three winter flow releases from
the reservoir. The 0 discharge means that only tributaries are effec-
tively providing flow. The 11.33 and 16.42 are spring flow releases
and the 27.18 is the summer flow release from the reservoir. Dis-
charge increases downstream as tributaries enter the main stem
of the Deadwood River and their contributions vary during the
year.

3.3. Hyporheic flow modeling

The entire study site is located in a narrow canyon with limited
depositional material and bedrock walls shaping the plan form of
the stream (Fig. 1). Consequently, the system can be schematized
with non-erodible banks, without any hyporheic exchange
between meanders and a thin alluvium layer. We accounted for
both small and large topographical variations by superposing the
effects of small and large topographic features (Fig. 3). We used a
two-dimensional, 2D, hyporheic model developed from those pro-
posed by Stonedahl et al. (2010), Elliott and Brooks (1997a, 1997b)
and Tonina and Buffington (2007, 2011) (Appendix A.1). Stonedahl
et al. (2013) adopted Elliott and Brooks dune-generated near-bed
pressure distribution for both small and large bedforms. For the
latter, they used the bar amplitude and wavelength to approximate
the head profile induced by the large-scale topography; effectively
they associated the hyporheic exchange induced by the interaction
between flow and large-scale topography with dynamic instead of
piezometric heads. Here, we used the water surface elevation pre-
dicted with a 1D hydraulic model to defined the piezometric head
gradient due to the interaction between stream flow and large-
scale topography (Gooseff et al., 2006; Vaux, 1968; Zarnetske
et al., 2008). We studied the effect of each head gradient separately
to understand the relative importance of each mechanism and then
combined the two scales of processes.

+ -Large scale - 5
Water surface

Topography h ——

Fig. 3. Sketch showing the effects of small, hy, and large, h; scale topography on
near-bed pressure heads hr= hs + hy.
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Groundwater basal flow, longitudinal flow chiefly induced by
valley slope, which modulates the hyporheic flow vertical extension
(Cardenas and Wilson, 2007c; Marzadri et al., 2010), was modeled
as the product between sediment hydraulic conductivity and reach
mean streambed slope. We neglected the interaction between
stream and ambient groundwater, the vertical groundwater flow
responsible for gaining or losing conditions (Fox et al., 2014;
Hester et al., 2013), by assuming no net discharge between these
two systems, which is reasonable due to the thin alluvial depth.

The developed model was coupled with a temperature model,
which accounts for conduction, advection and longitudinal diffu-
sion (Marzadri et al., 2013a) (Appendix A.2). The details of both
model developments are reported in the Appendix section. The
hyporheic hydraulic model assumes constant and isotropic
hydraulic conductivity, which was selected equal to 0.005 ms™'.
This value was verified by comparing model simulated and mea-
sured hyporheic temperatures. We set the impervious layer at 1,
5 and 30 m below the streambed surface to investigate the influ-
ence of alluvium thickness on the relative importance of dynamic
(small topography) and piezometric (large topography) heads.

Residence time and hyporheic flux were quantified with a par-
ticle tracking technique (e.g., Tonina and Bellin, 2007). Particles
were spaced 2cm apart along the longitudinal direction and
released at the water sediment interface. We tracked and counted
only those particles that re-entered the stream after flowing within
the streambed sediment for calculating flux and median residence
time. These last two values were quantified by averaging the hyp-
orheic fluxes and calculating the median of the residence times
over a 300 m section to set the average local mean hyporheic flux.
Flux and residence times were then calculated over each reach to
quantify the global exchange at the reach scale. We selected a
300 m section for our local exchange because most large topo-
graphic features such as pool-riffle extend over several channel
widths, which may range between 5 and 10 (Leopold and
Wolman, 1957; Montgomery and Buffington, 1998). Thus, a section
of 10 channel widths should provide a representative section of
stream with enough topographic variation.

In order to quantify the role of the hyporheic zone on in-stream
water temperature, the following parameter 44, was introduced
to represent the ratio between the mean amplitude of upwelling
temperature over 30 m (T4 30) and the amplitude of the in-stream
water temperature (T4) (Sawyer et al., 2012):

Aamp(3) = 1220 1)
A

Values of Aqny, close to 0 represents zones where the mean ampli-

tude of upwelling temperature is much lower than the amplitude of

the in-stream water temperature. We then averaged this value over

each channel reach to provide an average response of the hyporheic

zone.

3.4. Hyporheic model validation

The PVC pipe with the TidBit sensors in Section 2, the uppermost
TidBit in Section 3 and the TidBits at —20 and —50 cm in Section 4
were found at the end of the irrigation season (Fig. 1b), the others
were lost or damaged during the field experiment. High flows prob-
ably removed or buried the probes at Sections 1 and 3. The probe at
Section 4 was found with the upper part of the PVC pipe broken,
which could have been caused by sediment transport. The sensors
left in the stream were found buried at the time of retrieval. We
assume that sediment transport deposited sediment on top of the
sensors during high flows. Inspection of the flow hydrographs
shows that high flows started during the end of April at the begin-
ning of the snowmelt period. Consequently, we were not able to use
the late spring data for checking model performance. Analysis of the

temperature data during the fall and winter times showed limited
or subdued stream water daily temperature oscillations. During
the recorded period with well-defined stream water daily temper-
ature fluctuations, we selected a 3-day period between 04/13/2012
and 04/15/2012 to compare the predicted and measured data
because the hyporheic mean daily temperatures did not differ from
that of the surface water and therefore it was suitable for interpre-
tation within the temperature model (Marzadri et al., 2013a,b). We
used MIKE 11 hydraulic predictions to inform the hyporheic model
at the water-sediment boundary and an impervious layer at the
bottom of the alluvium set at 1 m below the streambed surface
elevation. The mean measured temperature at 50 cm below the
sediment was used as the groundwater temperature. The thermo-
dynamic parameters used in the simulations are reported in Table 3.
According to the data reported by Niswonger et al. (2005) and con-
sidering that the streambed sediment is characterized mainly as
surface cobbles with gravel and sand beneath, it was assumed that
the heat capacity of the soil was C;=1.6-10°] m—3°C~! (Table 3).
The temperatures predicted by the temperature model and
those measured in the hyporheic zone of the Lower Deadwood
River, were generally in good agreement (Fig. 4). Measured and
modeled signals are in phase and usually have comparable maxi-
mums and minimums with the largest amplitude differences in
the deepest probe in Section 4 (Fig. 4f). The small disagreements
in amplitude between the modeled and the measured values are
probably due to the fact that the model neglects thermal disequi-
librium between solids and water, lateral diffusion and mixing
with the groundwater, which may have caused the subdued sensor
response at 42 cm depth in Section 4 (Marzadri et al., 2013a,b; Rau
et al.,, 2012). The modeled timing of the maximum and minimum is
generally near that of the measured value, although in some cases
it is slightly earlier than the measured. Because the timing of highs
and lows mostly depends on hyporheic velocity, this confirms that
the selected hydraulic conductivity is adequate or slightly larger.

4. Results and discussion
4.1. Effects of small and large scale topography on hyporheic flow

We ran the hyporheic model separately with only dynamic
(small-scale topography) and piezometric (large-scale topography)
heads to quantify the relative importance of small (Fig. 5a and c) and
large (Fig. 5b and d) scale topographic features on the median hyp-
orheic residence time, 750, and upwelling hyporheic flux, q,, for the
6 different discharge scenarios along the 15 reaches. The reaches are
arranged by progressive downstream distance from Deadwood
Reservoir. The median hyporheic residence time represents the time
at which 50% of the downwelled particles exited the hyporheic
zone.

The reach-averaged median hyporheic residence time, 75, for
the two flow-topography interactions are one order of magnitude
different. Whereas the small topography induces 750 on the order
of a fraction of day to a day, the latter is on the order of several
days. The 75 of hyporheic solely induced by piezometric head vari-
ations is associated with long hyporheic flow lines, which are com-
parable to several channel widths (Marzadri et al., 2010; Trauth
et al., 2013). Consequently, it results in longer residence times
compared to those caused by the small topography. This latter
topography causes hyporheic flow paths of length scale of the
order of a fraction of one channel width. This finding is comparable
to the analysis of Stonedahl et al. (2013), who showed that bars
cause residence times longer than those of dunes in a set of syn-
thetic river reaches. Our analysis shows that both large and small
topographies have the potential to generate comparable hyporheic
fluxes (c.f. Fig. 5¢c and d).
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Values of thermodynamic parameters used in the simulation for modeling temperature measurements along the Deadwood River, Idaho. C, is the heat capacity of the water, G,
the heat capacity of the sediment, C is the effective volumetric heat capacity of the sediment-water matrix (C= ¢C,, + (1 — ¢)Cs), Ke is the average bulk thermal diffusivity, Ky is
the effective thermal conductivity, ¢ is the porosity of the sediment, o; is the longitudinal component of the dispersivity, Ty is the mean in-stream water temperature, Tgy is the
ground water temperature, T, is the amplitude of the sinusoidal variation of the in-stream temperature and td is the period of the temperature oscillations.

Co(m?2°C!) Cc(m?3C') GUm?3°C") C(-) KWm'C') Ke(m*d') ¢(-) o(m) ts(day) To(°C) Tow(°C) Ta(°C)
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Fig. 4. Comparison between model-predicted and the field-measured temperatures in Section 2 at depths (a) z; = —10 cm and (b) z; = —20 cm, Section 3 at (c) z; = —10 cm
and (d) z; = —20 cm and Section 4 at (e) z; = —12 cm and (f) z, = —42 cm.
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Fig. 5. Effects of discharge over small scale (left panels) and large scale topography (right panels) on median hyporheic residence time (7s0) (top panels) and upwelling flux

(lower panels).

These results show that the two scales of flow-topography
interactions induce comparable hyporheic fluxes but with 2 differ-
ent time scales in this system. The small scale interaction causes
shorter residence time than the large scale interaction (Stonedahl
et al., 2010; Tonina and Buffington, 2009a). The former is nested
over the latter as it develops over one or few small features (less
than a channel width) whereas the latter extends over one or more
channel widths (Woessner, 2000). Thus, the two mechanisms may
affect the type of biogeochemical transformations that occur
within the streambed sediment. The hyporheic zone of the small
scale topography may be potentially dominated by aerobic condi-
tions because of the short residence times whereas that of the
large-scale topography by anaerobic (Kennedy et al., 2009;
Marzadri et al., 2011, 2012b; Zarnetske et al., 2011). Alternatively,
high microbial activity in the streambed may create strong
chemically reducing conditions in these short flow paths beneath
small streambed geomorphic features (Harvey et al., 2013).

4.2. Effects of discharge on small-scale and large-scale topography
interaction

As the flow discharge increases, passing from scenario 1
(Q=0m3s~") to scenario 6 (Q=27.18 m>s~!), the median hypor-
heic residence time induced by either small or large topography

generally decreases. The impact is much larger in the small-scale
topography (Fig. 5a, and c), more in response to the larger increase
in flow velocity than flow depth in this channel with a steep
streambed slope. Their combined effect is to increase the ampli-
tude of near-bed head distribution, h,,, and thus the mechanisms
driving hyporheic flow at the small scale (see Eq. (A1.3)). The
dynamic-head model for small scale-topography shows that hyp-
orheic residence time should increase with flow depth but
decrease with increasing mean flow velocity (Elliott and Brooks,
1997b). Conversely, Fig. 5b shows that the s solely due to the
large-scale-topography flow interaction is less dependent on
stream discharge. The negligible dependence on discharge is due
to the fact that modeled water surface elevation profiles at differ-
ent discharges are almost parallel to one another, which causes
constant piezometric heads. Contrarily to tso, hyporheic fluxes
induced by the small topography increase with stream discharge,
whereas those caused by the large topography show negligible
dependence with stream flow.

4.3. Effects of discharge on hyporheic flow

Fig. 6a shows the distribution of the reach-averaged upwelling
hyporheic flux induced by superposing all the hyporheic
mechanisms over each reach for the 6 different flow scenarios
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along with the averaged small-topography head amplitude (h,).
Downwelling fluxes have similar values to upwelling but with
the opposite sign and therefore are not reported. For each scenario,
the distribution of the reach-averaged upwelling flux changes from
upstream to downstream reaching the maximum value in reach 7.
This maximum value stems from the presence of the largest head
amplitude for both small and large-scale topographies (Fig. 6a).
This reach is the steepest and has large topographic changes
(Fig. 2), which cause large hyporheic exchange at both small and
large topographies.

Interestingly, the trend of the h,,, tracks very well the trend of
hyporheic fluxes generated by small topography (Fig. 5c), large
topography (Fig. 5d) and their combination (Fig. 6a). Consequently,
the spatial trend of the total reach-averaged hyporheic flux is sim-
ilar to that of the hyporheic flow induced by the large and small
topography (c.f., Fig. 5¢, d and Fig. 6a). However, similar to the
large-topography induced hyporheic fluxes (Fig. 5), the reach-
averaged flux has only a small dependence on stream discharge
(Fig. 6). The smaller dependence on discharge of the total flux than
the small-topography induced flux could be because the small-
scale hyporheic flow is enveloped within the flow generated by
the large-topography and its intensity is modulated by the large
topography. Conversely, 759 averaged over each reach of the Dead-
wood River decreases as discharge gets larger (Fig. 6b). T50 varies
with reach and presents its minimum value in reach 7, because
of the largest fluxes in this section of the river.

4.4. Effects of alluvium thickness on reach-averaged hyporheic flow

As the thickness of the hyporheic zone increases, the reach-
averaged upwelling flux remains almost constant, whereas the
median hyporheic residence time undergoes some, but limited,
increase with thickness. Alluvium thicknesses of 1 and 5 m, which
are reasonable for this stream, cause only small differences in hyp-
orheic exchange and a deep alluvium of 30 m is required to have
visible effects on the hyporheic residence time. As observed by
Zijl (1999), the flow field generated by the small scale head varia-
tions dominate the shallow depth hyporheic fluxes, whereas the
deep streamlines are almost entirely governed by the large scale
head variations (Fig. 7). The former are linked with the bed-form
wavelength, which is 3 m in our case. Thus variations between 1
and 5 m do not affect the influence of the small scale topography.
However, the vertical influence of the large scale topography is
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linked with the channel width. Thus the influence of the flow-large
topography interaction increases as alluvial thickness approaches
the channel width.

4.5. Streambed topography as an index of hyporheic flows

Fig. 8a shows the reach-averaged hyporheic upwelling flux for
the two extreme flow scenarios versus the normalized wavelet
power of each reach. The latter is an index of the amplitude and
spatial scale of streambed topography and also head variation at
the small scale. The wavelet power tracks the areas of high and
low fluxes as hyporheic flux increases with wavelet power reason-
ably well (Fig. 8a). Similarly it tracks also the locations of high and
low residence times but with an inverse relationship: areas with
small wavelet power have long residence times and those with
high wavelet power have short residence times. This highlights
the importance of the streambed topography. Although, the wave-
let power was run at the wavelength of the small bed topography,
it also well represents the total (small and large topography
induced) hyporheic exchange. Because wavelet power analysis
does not directly depend on hydraulic modeling but only on
streambed morphology, it could be used as an index of relative
hyporheic potential (Boano et al.,, 2014; Wondzell, 2011). This
approach could be quite useful to efficiently map areas of high
and low potential hyporheic exchange throughout stream net-
works as extensive streambed bathymetry becomes more com-
mon. However, it is important to remember that hyporheic
exchange is not solely determined by bed topography, but can be
modulated also by the interaction with the larger groundwater
system, which may inhibit or limit the exchange (Cardenas and
Wilson, 2007c; Fox et al., 2014; Hester et al., 2013).

4.6. Effects of discharge on temperature regime

Fig. 9a shows the temperature attenuation (4gy,) for the two
extreme discharge scenarios versus wavelet power. Discharge
appears to have only a weak effect on the hyporheic temperature
attenuation, similar to the observation for the hyporheic flux and
residence time. A4y also has the same trend with wavelet power,
although the relationship is much weaker than for hyporheic flux.
Areas of the channel with higher amplitude bed topography have
greater spectral power and correspond to reaches with smaller
temperature attenuations (Fig. 9a), which is consistent with their
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Fig. 6. Comparison between the distribution of mean hyporheic upwelling flux (q.w) and the reach average dynamic head fluctuation (hy,) and the distribution of median
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longer hyporheic residence times and higher hyporheic flux (Fig. 8)
Moreover, Fig. 9b shows that hyporheic hydraulics induced limited
changes in the temperature attenuation during the three winter
flow scenarios.

The value of A4y, is very small in this system. This suggests that
daily temperature fluctuations may be less important than the
daily mean temperature on hyporheic processes. Consequently,
hyporheos habitat may mostly depend on daily average tempera-
ture rather than on temperature oscillation (Marzadri et al.,
2013b). This result and the small dependence of hyporheic thermal
response on stream discharge suggest that the hyporheic zone of
this stream is thermally stable at the daily time scale.

5. Conclusion

We analyzed the hyporheic exchange induced by stream flow
interaction with both small and large spatial scale topographies
at multiple discharges and for multiple alluvium thicknesses along
a 37 km long confined stream. We used a simplified 2D hyporheic
model with homogeneous and isotropic hydraulic properties of the
sediment. The model neglected ambient groundwater and any lat-
eral flows. This last assumption is reasonable because the alluvial
depth is thin and ground water most likely forms basal flow, which
is accounted for in the model. The model is modified from that pro-
posed by (Stonedahl et al., 2010) to account for both small and
large scale processes. Near-bed pressure distributions were defined
by superimposing the dynamic head variations induced by small
topographies, whose length scale was about 3 m, and the static
head profile due to the interaction between flow and large scale
topography, e.g., pool-riffle bedforms. The temperature model is
2D and accounts for longitudinal, but not transversal, dispersion.
It assumes thermal equilibrium between the sediment and the
water. We anticipate that model performance could be somewhat
improved in the future by removing this assumption.

Our results show that hyporheic exchange induced by only
small-scale topography (mainly dynamic head variations) depends
on stream discharge whereas that due to large-scale topography
(mainly piezometric head variations) has little discharge depen-
dence. When these spatial scales are combined in the analysis,
the larger scale dominates. This result could be different in uncon-
fined streams where parafluvial and floodplain hyporheic zones are
active.

Alluvium depth is typically limited in this type of mountainous
stream (0-5 m) and moderate changes of its thickness (within a

few meters) have negligible effects on the hyporheic exchange.
Some effects of the alluvium thickness are visible on the residence
time distribution, while they have minimal impact on flux
magnitude.

The thermal regime of the hyporheic flow in this system appears
to be quite stable. It depends only weakly on stream discharge, that
varied over several cubic meters-per-second. Likewise, variations in
alluvium thickness, within the range of 1-5 m, had little effect on
temperature. The primary control on the hyporheic thermal regime
appears to be the daily mean stream water temperature. Thus
hyporheos and other streambed sediment dwelling organisms are
able to live in a very stable temperature environment.

Bed topography is a good predictor of hyporheic exchange and
the 1D wavelet is a convenient way to quantitatively describe the
bed topography. Thus, wavelet power could be a good index for
hyporheic potential of streams.
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Appendix A:. Hyporheic model
A.1. Hyporheic flow modeling

We assumed impermeable river banks in this confined
mountain river with limited alluvial depth, z;. We assumed that
in-channel transversal head variations are negligible because of
limited lateral exchange and head varies mostly longitudinally
along the streambed. Consequently, hyporheic exchange chiefly
varies longitudinally such that we can simplify the hyporheic flow
as a 2D problem, considering just the vertical and longitudinal
directions. We assumed a homogenous and isotropic hydraulic
conductivity and steady-state conditions, such that the governing
equation of the hyporheic flow is the Laplace equation:
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V2hr =0 (A1.1)

where hr is the energy head. To solve this equation, we set the bot-
tom boundary as impervious at a depth z; and the upstream and
downstream boundary as an energy drop equal to the streambed
slope. The water-sediment boundary was set along the mean
streambed elevation and equal to the near-bed total head distribu-
tion hr. The following system of equations summarizes these
boundary conditions:

h(0,2z) = h(max(x), z)

hr(x,0) = hs(x,0) + hi(x,0) + Agope (X)

oh (A1.2)

— =0

oz z=-24

The total energy is the sum of: (a) the energy head induced by
small-scale topography, hs, i.e. boulders and/or pebble clusters,
which are modeled as dune-like head loses, (b) large-scale topog-
raphy, h;, which is modeled as water surface elevation variations,
and (c) the streambed mean slope hgqp. calculated at the reach
scale.

A.1.1. Head variation induced by small scale topography

The near-bed head variations due to small scale topography are
modeled as dynamic head losses due to dune-like bed forms
following the model of Stonedahl et al. (2010). They propose the
following equation for the amplitude of head distributions, h,

Wi\ i 2z
V2 (0.34%) if Tgb <034

hm = 0.28 (A1.3)

2g\/§0b (2ﬁ0b>3/2 if 2\</§ab > 0.34
o

0.34Y,

where g is the gravitational acceleration, V is the mean stream
velocity, Yo is the mean flow depth, and 23/26, is the mean ampli-
tude of the small-scale topography, with ¢}, the standard deviation
of the small-scale topography variations. The 1D hydraulic model of
the surface flow provides the local values of V and Y, for the 6 dis-
charges at each cross-section with cross-section spacing every
channel width, which is 30 m. The head distributions induced by
the small-scale topography at the streambed interface are then
represented in terms of a Fourier series of the bed amplitude
oscillations modulated by h,:

N 2mi
hs(x,0) = hyn > as;sin (TX - (ps,i> (A1.4)
i=1

where as; and @s; are the amplitudes and the phases of the topog-
raphy data of Fourier harmonics, respectively. N is the number of
harmonics considered in the expansion along the longitudinal
direction, L is the reach length and x is the longitudinal direction.
The number of harmonics considered in the expansion along the
longitudinal direction is set to be one less than half of the number
of data points to comply with the Nyquist frequency cutoff.

A.1.2. Head variations induced by large scale topography

The near-bed head distribution induced by large-scale topogra-
phy was modeled in terms of the Fourier series of the water surface
elevation:

M . (27
hi(x,0) = ;am sin (Tx - @L.i)

where qa;; and ¢, ; are the amplitudes and the phases of the water
surface elevation of Fourier harmonicas, respectively, and M is
the number of harmonics considered in the expansion along the
longitudinal direction.

(A1.5)

Because the Laplace equation is linear, we can superpose the
contribution of each factor independently:

hr(x,0) = hs(x,0) + hy(x,0) + hgigpe (X) (A1.6)

where hgope is the head distribution due to the mean streambed
slope (So).

The solution for Eq. (A1.1) with the boundary and initial condi-
tions expressed by Eqs. (A1.2), (A1.3) and (A1.6) is:

N . (2mi 2mi . (2w
h(x,z) = hm;as_,,‘ sin (L—sx - qos_j> {tanh (T2d> sinh (TZ)
+cosh 2—m‘z +2M2a i sin @x—
L - Li L (pLj

X {tanh <%Za> sinh <@z> + cosh (ﬁzﬂ + XSo
L L L
(A1.7)

Once the pressure distribution is known within the hyporheic
zone, we compute the velocity field with Darcy’s equation (Eq
(A1.8)), which relates velocity with the gradient of the pressure
head:

K oh

u(u,w) = _$5’

K 6h

5 (A1.8)

where ¢ is the sediment porosity, which we set equal to 0.34.
Because of the coarse material and low percent of fine grains, we
set the hydraulic conductivity, K= 0.005 m/s.

Once the flow field is known, the hyporheic residence time and
the mean upwelling fluxes are predicted with the particle tracking
technique (Tonina and Bellin, 2007). The mean upwelling flux for
each stream reach is calculated with the following integral:

_ 1
Quw = A Uy pdAyy (A1.9)
uw JA
The equation was applied to calculate the weighted means of
the fluxes for each reach.

A.2. Heat transport model

We assumed that the stream water temperature is well-mixed,
spatially constant over one morphological unit (e.g. bed feature),
and varies temporally following daily temperature oscillations
(Marzadri et al., 2012a, 2013a,b). No lateral or bottom heat
exchange is specified in the model because of the presence of bed-
rock. The streambed material was considered to be in local thermal
equilibrium. The assumption of local thermal equilibrium implies
that at each point the sediment and water temperatures are similar
and the effective volumetric heat capacity of the sediment, C, and
effective thermal conductivity, Ky, characterize the composite
medium of sediment and water (Cardenas and Wilson, 2007b).
Under these assumptions, the transport equation for advection,
conduction, and dispersion is:

ar o (, aT
Cor=x (KTa_x,-

1s] oT oT
) + 7% <¢CwDik —> - Cw¢>uia—xi

o (A2.1)

where T is the temperature, C,, is the volumetric heat capacity of
water, x; (i =1, 2, 3) are Cartesian coordinates, D;; is the mechanical
dispersion coefficient tensor, and u; (i = 1, 2, 3) are the components
of the hyporheic flow velocity u. Dy depends mainly on the longitu-
dinal component o; of the dispersivity because the transversal is
typically an order of magnitude smaller (thus o= 0 and Dy = o u).
Eq. (A2.1) can be written in a more convenient way for the following
analytical treatment by applying mass conservation along a stream
tube (Bellin and Rubin, 2004; Gelhar and Collins, 1971). The
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advective, convective and dispersive terms are represented by
means of a travel time, t:

1
o -1
= / u(é) 'de

where the integration is performed for any particle along its
streamline of length . Moreover, heat conduction, which stems
from the velocity gradient along the trajectories and which is
important only deep in the sediment (Cardenas and Wilson,
2007b) is considered to be negligible because velocity gradients
are small within the alluvium except near the streambed
(Marzadri et al., 2012a). Thus, the heat transport equation along
any streamline simplifies to:

2
oT DBT C8T

(A2.2)

=P Gyt (A2.3)
where
¢ Cy  Krp C
= : Cr=¢— A2.4
cul epp 0%, (A24)

We assume the groundwater temperature (Tgy) as an initial
condition within the sediment T(z,0) for Eq. (A2.3), that downwel-
ling fluxes have stream temperature Tyt) and that temperature
gradients are negligible at the upwelling end of any streamline:

T(T, 0) = TGW(Tv 0)7

T(0,t) = Ts(t);

aT (A2.5)
ot|, ..

The in-stream temperature daily variations can be represented
in terms of the Fourier series as a superposition of a constant mean
(To) and a periodic fluctuation:

NT NT
To(t) =To + ZZTM sin(w;t) + ZZTM cos(wt)

(A2.6)
i=1 i=1
with
To = arpsin(—@yp);
Tain = ar;jcos(—@r;); (A2.7)

Tapp = ar;sin(—@r;)

where ar; and ¢r; (i=0...NT) are the amplitude and the phase of
the temperature data of the NT Fourier harmonics, respectively.

Following the approach proposed by Alshawabkeh and Adrian
(1997) and considering that along the Lower Deadwood River the
pertinent temperature oscillations were at the same period of fluc-
tuation of the in-stream water (1 day), the simplified solution of
Eq. (A2.3) (Marzadri et al., 2013a,b) with initial and boundary con-
ditions of Eqs. (A2.6) and (A2.7), is:

o) )
+ZTA'1 exp (——a)sm (wit = b ZTAIZ

CrT
x exp (ZD ai) cos(wit — b;) + Tow
(A2.8)

This simplified solution was used for predicting the hyporheic
water temperature at the probe locations at the study site (Reach
15). The analysis showed that the first six harmonics suffice to rep-
resent the temperature fluctuations with the Fourier series; there-
fore in the simulations NT = 5. On the other hand, for analyzing the
effects of small and large scales on the hyporheic thermal response

along the whole course of the Lower Deadwood River, it was
assumed that in any reach T(t) can be represented as the sum of
a constant component Ty and a dial sinusoidal component given
by the following equation:

Ts(t) =To+ Ty sin <2t—7r t) (A29)
d

where T, is the daily temperature amplitude, and t; is the fluctua-
tion period (1 day). In this case, the solution of Eq. (A2.3), with
the other two boundary conditions (A2.4) remaining unaltered, is:

To-Tew I: <CT ) (T + C'[t) (T — Crt):|
Ta(T,t) = —— |€x erfc| ——— | +erfc| —=
+ Tew + Taexp (%r - a> sin(wt — b)
(A2.10)
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