SAND2017-2520J

This paper describes objective technical results and analysis. Any subjective views or opinions that might be
expressed in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government

10
11

12
13

14

15

16

17

18

19

Riverbed Hydrologic Exchange Dynamics in
a Large Regulated River Reach

Zhou T}, J. Bao!, M. Huang!, Z. Hou!, E. Arntzen!, R. Mackley!, S. Harding!, S.
Titzler!, C. Murray!, W. Perkins!, X. Chen!, J. Stegen!, G. Hammond?, P. Thorne!, J.

Zachara!

1. Pacific Northwest National Laboratory, Richland, WA, USA
2. Sandia National Laboratories, Albuquerque, NM, USA

To be submitted to Water Resources Research



20

21
22
23
24
25
26
27
28
29
30
31

32
33
34
35
36
37
38
39
40
41
42
43
44
45

Abstract

Hyporheic exchange is an important mechanism taking place in riverbanks and
riverbed sediments, where river water and shallow groundwater mix and interact with
each other. The direction, magnitude, and residence time of the hyporheic flux that
penetrates the river bed are critical for biogeochemical processes such as carbon and
nitrogen cycling, and biodegradation of organic contaminants. Many approaches
including field measurements and numerical methods have been developed to quantify
the hyporheic exchanges in relatively small rivers. However, the spatial and temporal
distributions of hyporheic exchanges in a large, regulated river reach remain less
explored due to the large spatial domains, complexity of geomorphologic features and
subsurface properties, and the great pressure gradient variations at the riverbed created

by dam operations.

In this study, we developed a method that combined numerical modeling and
tield measurements for estimating hyporheic fluxes across the river bed in a 7-km long
reach of the highly regulated Columbia River. The reach has a minimum width of about
800 meters and variations in river stage within a day could be up to two meters due to
the upstream dam operations. A high-resolution computational fluid dynamics (CFD)
modeling framework was developed and validated by the field measurements and
other modeling results to characterize the spatial distribution of flux rates across the
river bed at different river flow conditions. An empirical relationship was then
established between the reach-scale hyporheic flux rates and the flow conditions in
order to examine the hyporheic dynamics at any given flow conditions. We found that
the mean hyporheic exchange rate is about -0.6 m? s across the entire river reach from
2008 to 2014 with temporal variability at multiple scales. This approach is general and
extendable to other natural and managed river reaches for quantifying hyporheic

exchange dynamics by relating the estimated fluxes with river discharge through



46  simple relations, and combining with geomorphological and hydrogeological

47  characterizations of river reaches for watershed scale applications
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1. Introduction

The hyporheic zone is a critical component in the fluvial system, located in the
aquifer surrounding the river channel [Harvey et al., 1996; Gooseff, 2010]. Surface water
transfers through the hyporheic zone and mixes with groundwater via intrusion and
then returns to the river, making the hyporheic zone a critical spot for biogeochemical
processes such as carbon and nitrogen cycling, and biodegradation of organic
contaminants [Findlay et al., 1993; Valett et al., 1996; Sobczak and Findlay, 2002; Anderson et
al., 2005; Zarnetske et al., 2011a, 2011b]. Hyporheic exchange dynamics, including the
direction and magnitude of the hyporheic flux as well as the retention time of flow in
the hyporheic zone define where and when the biogeochemical processes occur and
residence time of species in the hyporheic zone [Morrice et al., 1997; Boulton et al., 1998;
Tonina and Buffington, 2007]. Hyporheic flows are controlled by channel geometry, basin
geology, and hydrology [Brunke et al., 1997; Winter, 1999], but essentially the governing
factors of the hyporheic flux rate are permeability and hydraulic gradients in the porous
media. In a highly regulated river, the hydraulic gradient not only reflects the
hydrometeorological characteristics in the catchment, more importantly, it is
determined by the river stage variations from upstream dam operations. The impacts of
dam operations on river flow and hydraulics could extend to a few hundred kilometers
downstream of a dam [Arntzen et al., 2006] with a wide spectrum of timescales from

hourly to monthly [Poff et al., 1997].

Hyporheic exchanges in regulated river systems have been studied via field
measurements or modeling tools in previous studies at the point [e.g. Arntzen et al.,
2006] or transect scales [e.g. Sawyer et al., 2009; Cardenas and Markowski, 2011; Gerecht et
al., 2011]. These fine-scale studies usually employed Darcy’s Law or heat transport
equations by monitoring head differences or temperature time series at different depths

[Kalbus et al., 2006]. They are important and necessary for understanding the
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fundamental physical and biological processes in the hyporheic zone [Harvey and
Gooseff, 2015]. These point measurements can be further interpolated to a 2D or 3D
domain to characterize the hyporheic exchange dynamics in both space and time at
reach scales [e.g. Gerecht et al., 2011; Anibas et al., 2015]. They could also be combined
with statistical methods to quantify hyporheic dynamics. For example, Conant [2004]
established an empirical relationship between simultaneously obtained flux data from
mini-piezometers and riverbed temperature in a 60-meter long river section. This
method allows researchers to generate a spatial distribution of hyporheic fluxes by
simply sampling temperatures over the river bed in relatively small river systems.
However, the point measurement-based approaches are often subjected to a great level
of uncertainties due to simplified assumptions and instrument accuracy. Most of them
are not suited for large-scale studies because of the intensive data requirement over
large spatial and temporal domains, especially in our study river reach (explained in
next section) which has a width of nearly 1000 m and a depth of over 10 m along the
thalweg. Therefore, using numerical modeling to estimate the hyporheic flux became
popular in the past few decades because of its flexibility on domain configurations and
reduction in measurement and computational expenses. Numerical modeling has been
proven in many studies as a robust tool for quantifying flow dynamics and for
understanding fundamental physical and biogeochemical processes in the hyporheic
zone [e.g. Cardenas et al., 2004; Lautz and Siegel, 2006; Tonina and Buffington, 2007;
Stonedahl et al., 2010; Janssen et al., 2012; Trauth et al., 2013; Zhou and Endreny, 2013].
However, applying a coupled surface water — groundwater model in a large river reach

remains less explored.

Hyporheic exchanges in rivers occur at various scales ranging from a single point
or transect to a basin. Yet, most of the previous studies mentioned above focused on

small-scale applications. The increasing needs of linking small-scale hyporheic physical
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and biogeochemical processes to larger scale integrated behaviors have attracted
attention from the community in recent years [Harvey and Gooseff, 2015]. Kiel and
Cardenas [2014] estimated lateral hyporheic exchanges in three large river basins
(Missouri, Upper Mississippi, and Ohio) using a simple relation at the river reach scale
that connects lateral hyporheic fluxes to river discharge and local channel geomorphic
features such as channel width, depth, sinuosity, and valley slope. Gomez-Velez et al.
[2015] attempted to compare the relative importance of hyporheic exchange through
sedimentary structures on the river bottom and lateral transfer using a physically based
hyporheic flow model along the river network of the Mississippi River Basin. These
applications demonstrate the feasibility of establishing linkages across scales in
hyporheic studies. However, these studies were limited to steady flow conditions,
therefore their approaches aren’t very applicable to the study of regulated rivers with

highly dynamic flow rates.

In this study, we aim to quantify the hyporheic exchange based on numerical
simulations and link the reach-scale exchange with the river discharge and inland water
table level in a large, dam-regulated river reach. Such a linkage is crucial for
parameterizing reach-scale hyporheic exchange rates from small-scale mechanistic
models to applications at larger scales in both space and time, such as the one by Kiel
and Cardenas [2014]. In our modeling framework, a loosely coupled computational fluid
dynamics (CFD) model was established and validated against surface flow hydraulics
data and fluxes estimated based on field temperature measurements. The CFD model
was then applied over the selected river reach under various flow conditions and inland
water level configurations to investigate the relation between net hyporheic exchanges

at the reach scale in response to various flow conditions.

To summarize, the goals of this study are 1) to quantify the averaged hyporheic

exchange rates over a large river reach with highly variable flows caused by dam-
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regulation using a CFD model; and 2) to examine how the reach-scale hyporheic
exchange is driven by the highly dynamic river stage versus the more stable inland
water table conditions; and use the established relation to reconstruct historical
hyporheic dynamics in the study reach. In section 2, we describe the study domain and
CFD model validations. In section 3, we analyze the results, and then discuss the

uncertainties of the methods and conclude in section 4.

2. Method

2.1 Study reach

Our study reach is a 7-km long, 800-meter wide, nearly straight river segment
inside the U.S. Department of Energy Hanford Site, near the 300A area (Figure 1). The
Columbia River flows from north to south through the study reach over a 40 - 60 m
thick aquifer, which consists of two major hydrogeological units: a highly permeable
Pleistocene flood gravel layer of the Hanford Formation on top and a more consolidated
and less permeable Miocene to Pliocene fluvial deposition layer of the Ringold
Formation at the bottom. At the very top of the river bed, there is a thin layer of
alluvium with varying thicknesses ranging from one to three meters [Hartman and
Dresel, 1998]. Along the river there are a number of sandbar islands, forming a deep
primary channel and a relatively shallower secondary channel on the opposite side of
the islands (Figure 1). A hydroelectric dam (Priest Rapids Dam) is located about 80 km
upstream of the study reach. According to the historical river stage record at the study
reach during the past 40 years, the stage levels could vary two meters in maximum
within a day with a range between 105 m to 109 m based on the North American
Vertical Datum of 1988 (NAD&SS). In this study, the river stage observations were
recorded every 30 mins by a pressure transducer logger (SWS-1) installed inside our
study domain since the year 2001. A monitoring well (Well 2-3), about 150m from the

river, was used as the reference point of the inland water level (Figure 1).
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2.2 Modeling strategy
The surface water hydrodynamics and hyporheic flows were simulated in a CFD
model for the study river reach (Figure 2). In the following sub-sections, model

configurations, inputs, and validations will be explained in details.

2.2.1 High resolution CFD model

The centerpiece of our modeling framework is a high resolution CFD model that
seamlessly couples surface and subsurface flow simulations in a two-region mesh setup
using the commercial code STAR-CCM® (CD-adapco, 2015). The modeling domain is
divided into surface flow and subsurface flow regions with a shared river bed surface.
The simulation was first spun up in the surface flow region to reach the equilibrium and
then the established pressure field at the riverbed was applied as the upper boundary
condition for the subsurface domain. The CFD model solves the mass and momentum
conservation equations for surface fluid dynamics using the finite volume method with
turbulences represented by k-e two-layer model and the fluid-air interface captured by
the Volume of Fluid (VOF) approach. In the subsurface domain, a large viscous
resistance term was applied to the flow in order to mimic the resistance induced by the
porous media. The viscous porous resistance tensor is determined by the horizontal and
vertical permeability of the sediment. The equations of the CFD model are described in

the supplementary materials (S.1).

We used unstructured prism meshes for both domains. The horizontal resolution
of the mesh ranges from 1 m to 25 m, and is finer close to the river-sediment interface
and near the river banks and coarser toward the center of channels. To better capture
the dynamic vertical exchange, the vertical resolution of the mesh was set to 0.25 m to
0.45 m and denser near the riverbed. The total number of grid cells is ~6,500,000 for the
surface water domain and ~8,600,000 for the subsurface domain. The channel geometry

in the CFD model was configured based on the riverbed bathymetry derived from a 1-
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m resolution LiDAR river bathymetry dataset taken in the year of 2008 [Coleman et al.,
2010]. We simplified the subsurface domain as three geological layers overlapping with
each other horizontally (from top to bottom: Hanford, Ringold Gravel, Ringold Lower
Mud) and a 2-m thick fourth layer on top of the riverbed to represent the alluvium layer
(Figure 3). The porosity and permeability of the three horizontal layers were estimated
based on the well data collected previously in the 300 Area [Hartman and Dresel, 1998]
(Table 1). Given that the alluvium layer was formed by the sediment depositions, the
permeability, which is essentially governed by the grain sizes of the sediments and
strongly affects the hyporheic flux rate, is highly dependent on the local stream power
(i.e. flow speed and slope). Thus a great heterogeneity of the alluvium layer
permeability is expected over the river bed. In this study, the spatial distribution of the
alluvium layer permeability was extrapolated from an underwater video-camera
footage based grain-size analysis [Fritz et al., 2007]. In this analysis, underwater video
footage of the riverbed was collected along numerous transects across the study reach.
The grain size of the largest sediment was measured in each footage, with the sizes
ranging from sand to boulder. We used the Kozeny—Carman equation (Eq 1) to estimate

the permeability of the alluvium layer based on the grain size of the bedload sediment:

_ DZ@ZTLZ
" 180pg(1-n)2 (1)

where K is the permeability, D is the median grain size of the sediment, @ is the
sphericity of the particles in the river bed, n is the porosity, p is the density of water, g is
the gravitational acceleration. Given that only the largest bedload sediment was
measured in the video footage, we normalized these grain size measurements to the
range between the Hanford and Ringold sediment (Figure 4) as these layers might be
the major sediment sources of the alluvium layer. We assumed the sphericity was 0.7

and porosity was 0.2.
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The boundary conditions that drove the CFD model were generated based on
model estimates and field measurements. For the surface flow simulation, the river
stage and velocity at upstream and downstream boundaries were directly taken from a
well-established 1-D hydraulic model (Modular Aquatic Simulation System in 1-
Dimension or MASS1). The MASS1 model was originally developed for simulating
hydrodynamics in the Hanford Reach of the Columbia River [Richmond and Perkins,
2002; Richmond and Perkins, 2009; Niehus et al., 2014]. It simulates transient flow in rivers
and canals by solving the one-dimensional, cross-section averaged equations of mass
and momentum conservations (St. Venant equations). The simulation results have been
applied to a variety of problems in the Columbia River basin with relatively high
accuracy in predicting flow stage profiles along the Hanford Reach (MAE less than
0.15m and bias less than 0.06 m against field measurements at hourly basis during
validation periods) (e.g. McMichael et al., 2005; Tiffan et al., 2002). Calibration and
validation details of MASS1 model can be found in the supplementary materials (S.2).
In this study, flow conditions were simulated at hourly basis in MASS1 from 1 January
1976 to 19 February 2016 for the Hanford Reach from the Priest Rapids Dam to the 300
Area (about 80 km). The MASS1-simulated river stage, discharge, and averaged flow
velocity were exported at a series of cross-sections along the river with an interval of
~200 m. The two cross-sections that are close to the CFD upstream and downstream
boundaries were selected to provide CFD boundary conditions for the historical
simulations. For the simulation period that the MASS1 simulation is not available (i.e.
after 19 February 2016), the river stage data was first taken from SWS-1 river gauge
observations and then translated to river discharge data via a long term (over 40 years)
rating curve generated from MASS] at the SWS-1 cross-section. CFD boundary
conditions were then derived from the estimated discharge based on MASS1 rating

curves at upstream and downstream cross-sections. The inland water table level was
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based on the Well 2-3 recorded data, with a consistent water table gradient (1.2x10)

averaged from historical well monitoring data [Williams et al., 2008].

2.2.2 CFD model validation

We validated the CFD model for both surface and subsurface domains. The CFD
simulated hyporheic flow was driven by the pressure gradients across the river bed.
Therefore an accurate pressure boundary at the surface-water and groundwater
interface is a prerequisite for modeling the hyporheic flux. Given that the pressure on
the river bed is essentially a combination of river stage and pressure from the near-bed
surface flow velocity, we validated the flow velocity profiles and flow surface elevation
against the Acoustic Doppler Current Profiler (ADCP) measurements and MASS1
simulated results. The ADCP measurements were carried out at four transects over the
study reach (A, B, C, and D in Figure 1) on 19 February 2016 from 12 pm to 4 pm. These
transects were selected to cover the entire channel width (transect C), main channel
with deep bathymetry and relatively high flow velocity (transects A and D), and
secondary channel with shallow bathymetry and lower flow velocity (transect B). A
vessel mounted 1200 kHz RDI Workhorse Sentinel ADCP was used to measure the flow
velocity profiles with 0.5 m vertical interval and 0.2 Hz output frequency.
Measurements at each transact were repeated twice and the total discharge were
consistent within 10% error range. The CFD model was driven by boundary conditions
from the MASS1 model on the same day at 2pm PST. The CFD simulated streamwise
velocity (vy) vs. depth profiles at 1/6, 1/3, 1/2, 2/3, and 5/6 width of the four cross
sections were compared with ADCP measurements, and overlaid on the spatial
distributions of the percentage difference between ADCP measurements and CFD
predictions over the transect-averaged ADCP streamwise velocity (Figure 5). The
comparisons suggested that the CFD simulation results captured the velocity profiles

and patterns reasonably well with over 80% of the area having differences less than 20%
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of the mean velocity. In some cases such as the cross-sections C and D, noticeable
deviations can be observed near the bed. This may be due to the uncertainties of the
ADCP measurements, the spatial resolution of the CFD model and the geometry used
in the CFD model. In addition, the river stage raised about 0.2 m during the measuring
period, which may also lead to the deviations between the measurements and the

simulation results.

CFD simulated river surface elevations along the study reach were compared
with the MASS] simulated stage every 200 m along the study reach (Figure 6). In each
segment, the CFD simulated stage were extracted from every node within the segment
and presented as box plots against the MASS1 simulations. The comparisons showed
that the CFD model adequately captured the general gradient of the flow surface.
Greater stage variations were observed in the CFD simulations because MASS1 is a 1-D
model which cannot predict the wave heights and the stage differences from two sides
of the islands. The validation results of flow velocity profiles and river stage suggested
that pressure heads assigned to the subsurface domain in the CFD model captured the

spatial distribution and magnitude of the reality.

Next, the CFD simulated hyporheic fluxes were validated with temperature
based flux estimates. We quantified point hyporheic exchanges by combining
temperature measurements and inland water table and flow conditions. The
temperature data was measured by sensors (iButton® DS1922L) at five locations along
the west bank of the river (see Figure 1). The monitoring locations were selected based
on the local hydrodynamic conditions and river bed properties. From north to south,
sites A and B are located in the secondary channel with relatively low flow velocities
and small sediment sizes on the river bed, while sites D and E are located in the
primary channel with relatively high flow velocities and large grain sizes in riverbed.

Site C is in the transient zone between sites B and D. All sensors were programmed to

12



281  record every 10 minutes from 2 March to 30 March 2016. The vertical hyporheic fluxes
282  at these monitoring sites were estimated using a method that combines a Maximum

283  Likelihood estimator (LPML) developed by Vandersteen et al. [2015], a 1-D heat transfer
284  model described in Turcotte and Schubert [1982], and a regression relationship between
285  flow conditions and hyporheic fluxes [see Zhou et al. 2017 for details]. Three flow

286  conditions from the iButton monitoring period were selected as the validation

287  scenarios, representing the high flow (i.e., March 10%), median flow (i.e., March 28t),
288  and low flow (i.e.,, March 8%) conditions, respectively (Figure 7A). The CFD simulated
289  wvertical flux rates across the river bed were exported from the three simulation

290  scenarios (Figure 7B) and compared with iButton estimated flux ranges (Figure 7C).

291  The comparisons suggest that most of the hyporheic fluxe rates at the five iButton sites
292  were predicted within the ranges indicated by the ibutton-based estimates, and the CFD
293  model adequately captures the differences between primary and secondary channels in
294  terms of magnitudes of fluxes. Due to limitations such as accessibility, we were unable
295  to validate the hyporheic flux rate in deep water by measurements. However, the CFD
296  simulated spatial patterns of vertical fluxes over the riverbed (Figure 7B) did agree with
297  field observations [e.g. Gerecht et al., 2011] and numerical modeling results [e.g. Boano et
298  al., 2008] from other studies, featuring strong exchanges near the bank and weak

299  exchanges at the center of the channel due to head gradient differences.

300 2.2.3 CED modeling setups

301 The validated CFD model was then used to investigate the reach-scale hyporhic
302 exchange under different flow conditions. A historical period from 1 January 2008 to 31
303 December 2014 was selected to provide representitive CFD modeling flow conditions,
304  during which the Well 2-3 data and MASS1 output both are availabe and continuous.
305 We randomly selected 50 daily flow conditions for the surface flow and the inland

306  water table level to drive the CFD model. These flow condition samples were
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representitive of this period as they have similar empirical distribution functions to
those based on data from the entire period (Figure 8). We assume that the reach-scale
hyporheic exchange rate is highly related to the river discharge (stage) and the inland
water table level. Therefore a response surface analysis was conducted based on the 50

simulation cases to quantify the historical hyporheic exchanges.

3. Results

The 50 simulation results were analyzed at the reach scale. For each case, we
aggregated the vertical fluxes at the riverbed over the study domain but discarded
those within the first and last 200 meters of the domain to avoid numerical uncertainties
near boundaries. By doing so, the net hyporheic exchange for the entire river segment is
calculated and denoted as reach-scale hyporheic exchange rate (Qz). The rates range
from -3.33 m?®s! to 1.55 m?® s! over the 50 cases. Figure 9 shows the spatial distributions
of vertical fluxes of the modeling domain at the lowest and highest river discharge (Qr)
(Figure 9 A, B) and at the strongest hyporheic zone discharging (maximum Qz) and
strongest recharging (minimum Qz) conditions (Figure 9 C, D). The results revealed
that stronger hyporheic exchanges always occurred along the shoreline in shallow
water area, with magnitudes of the fluxes ranging between +5x10¢ m s!. The results also
suggest that low flow (Figure 9 A, C) and high flow conditions (Figure 9 B, D) are
usually associated with discharging and recharging conditions in the hyporheic zone,
respectively. However, the river discharge is not monotonically related to the reach-
scale hyporheic exchange. That is, the highest river discharge does not imply the
strongest recharging condition and vice versa. Previous studies at the point scale in our
study reach [Fritz and Arntzen, 2007; Zhou et al., 2017] suggest that the point-scale
hyporheic exchange flux was linearly related to the head difference between the river
stage and the inland water table level, indicating that the inland water table elevation
(h) is another major factor that controls the reach-scale hyporheic flux (Qz). Here we
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empirically related the Qz to the Qr and & by constructing a response surface using a 1st

order polynomial function (Eq 2) with a R? of 0.8 (Figure 10).
Q, = —0.002356QR + 4.998h — 519.5 2)

Based on this response surface, values of Qz for the study domain over a seven-year
period (i.e., from January 2008 to December 2014) were estimated based on water level
measurements from Well 2-3 and river discharge data from the MASS1 model (Figure
11). The results suggested that about 70% of the time the hyporheic zone in our study
domain is under recharging conditions from the river to subsurface with a median Q: of
~-0.6 m? s or ~0.02% of the median river discharge. By analyzing the seasonality of the
time series, we find that the hyporheic zone discharge always occurs in the early fall
(e.g. September) with a mean Q: of about 0.1 m® s'. This might be caused by the rapid

dropping in river stage during this period.

4. Discussion and conclusion

In this study, we introduced an approach to infer reach-scale hyporheic exchange
rates based on numerical simulations combining with the stage-flux relationship. The
strength of this approach is that it considers short-term river stage variations imposed
by flow regulations (i.e., dam operations). Such short-term variations rarely occur in a
natural river except for during a big flooding event. This assumption was supported by
the field data at our study site [Zhou et al. 2017] manifested as prompt head variations
created by river stage fluctuations as a results of releases from the upstream
hydroelectric dam. However, it may not be generally applicable to other fluvial systems
if there is a confined aquifer with its pressure driven by more distant locations such as
natural rivers with constant groundwater discharge. In small highland rivers, local

geomorphological features such as riffles and pools might be a greater dominant factor
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than the head difference in controlling hyporheic exchange rates [Crispell and Endreny,

2009; Byrne et al., 2014].

A coupled CFD model was employed to simulate hyporheic exchange dynamics
under various flow conditions. Although the CFD model was parameterized and forced
by field measurements and observations, it is subject to uncertainties rooted from the
following sources: 1) uncertainty about the thickness of geological units. For this study,
we simplified these units as horizontal layers with constant thicknesses across the
domain. However variations of the boundary between the highly permeable Hanford
layer and Ringold layer with a low permeability could be up to 4 m along the shoreline
of the 300A area, therefore could significantly affect local hyporheic flow directions and
magnitudes [Slater et al., 2010]. 2) the physical properties of the geological units, such as
sediment permeability and grain sizes. The values currently used in the CFD model are
either from literature or from point measurements in the riverbed (e.g., by extracting
freeze cores [Hou et al., 2016]), therefore does not represent the heterogeneity over the
whole domain. 3) the bathymetry data and the associated meshing in the CFD model.
The bathymetry data were taken in 2008 and used to validate surface flow
hydrodynamics measured in 2016. Although the segment of the Columbia River in the
study domain is relatively stable, the geometry of the channel still gradually changed
over time. For example, a land slide occurred in 2015 reshaped the east bank of the
channel about 2km downstream of the northern boundary of our study reach. There are
also uncertainties associated with the boundary conditions to the CFD model, such as

the simulations from the MASS 1 hydrodynamic model.

By examining the spatial distribution of vertical fluxes at the riverbed over the
study domain, we found that the direction of hyporheic fluxes at some areas (e.g. the
fluxes are always positive in some areas between the two major islands) regardless the

direction of Qz. This indicates that even in large regulated rivers, some hyporheic fluxes
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may still be dominated by the local geomorphological features [Cardenas et al., 2004].
The hyporheic flow is controlled by hydrostatic and hydrodynamic drivers. The
hydrostatic driver is determined by the flow height and tends to be more influential
beneath the larger, emergent topographic features; while the hydrodynamic driver is
determined by local flow velocity fields and tends to drive shallow hyporheic flows
through pathways that are typically shallower than the stream depth [Boano et al., 2014].
This also suggests that the consistent hyporheic fluxes near the islands may not go too

deep into the sediment.

Based on the CFD simulations for the 50 scenarios we established an empirical
relationship for reach-scale hyporheic exchange estimations. This simple method allows
us to extend the study domain from a single segment of the river to the whole
watershed when taking into account water table information from large-scale
groundwater models such as from MODFLOW applications (e.g. over the Yakima Basin
by Ely et al. [2011]). One limitation of this study is that we treat the segment as a straight
channel and only vertical flux was calculated. In a meandering river, a combination
with lateral flux estimation is necessary when accounting for fluvial geomorphic
teatures such as valley slope and channel sinuosity [Cardenas, 2009]. In addition, the
depth of the permeable layer is an important factor that may control the magnitudes of
vertical and lateral hyporheic fluxes, which also needs to be taken into account in large

scale surface water - groundwater interaction studies.

To summarize, in this study, a coupled CFD model, validated by the field
observations and other modeling results, was employed to simulate the reach-scale
hyporheic dynamics. Our estimates suggest that from 2008 to 2014 about 70% of the
time the hyporheic zone in the study domain was under recharging conditions with the
median hyporheic discharge of about -0.6 m? s'. This approach is general and

extendable to other natural and managed river reaches for quantifying hyporheic
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exchange dynamics as well as the residence time of water and solute in the hyporheic
zone. It helps developing parameterizations of hyporheic exchanges in larger scale
models by relating the estimated fluxes with river discharge through simple relations,
such as the simple response surface constructed in this studies, and combining with
geomorphological and hydrogeological characterizations of river reaches for watershed

scale applications [e.g. Gomez-velez and Harvey, 2014].
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modeling domain at the lowest river discharge (A), highest river
discharge (B), as well as strongest hyporheic zone discharging

condition (C) and strongest recharging condition (D).
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653 Table 1 Physical parameters used in the simulations
Aquifer unit
t - -
Parameters Alluvium layer Hanford Ringold Ringold
gravel lower mud
Porosity 0.18 0.373 0.294 0.351
H(')'rlzontfl est'lma'lted from 1.23><10' §.93><10' 5 53%10°15
permeability (m?) grain size
Vertical estimated from 1.23x10° 6.76x10° 16
. 5 o 9 10 6.8x10
permeability (m?) grain size
654
655
656

40



657

658

659

660

661

662

663

664
665

666
667

668

669

670

671

672

Supplementary Materials for

Quantifying hyporheic exchange dynamics in a highly

regulated large river reach

Zhou T}, J. Bao!, M. Huang!, Z. Hou!, E. Arntzen!, S. Harding!, S. Titzler!, C.

Murray?!, W. Perkins!, X. Chen!, J. Stegen!, G. Hammond?, P. Thorne’, J. Zachara!

3. Pacific Northwest National Laboratory, Richland, WA, USA
4. Sandia National Laboratory, Albuquerque, NM, USA

41



673

674
675
676
677

678
679
680

681
682

683
684
685
686

687
688
689
690
691

S.1 the Computational Fluid Dynamic (CFD) Model

STAR-CCM+ CFD software [CD-adapco, 2015] was used for 3-dimensional surface
and subsurface flow simulations. The numerical model involves solving the mass and
momentum conservation equations for fluid dynamics. The mass conservation equation
is

% 4+V- (pD)=0, 1)
where p is fluid density, ¥ is velocity vector, and t is time. With the Boussinesq

hypothesis [Schmitt, 2007], the RANS [O.Reynolds, 1895] momentum equation is in the

form of

200 4 V- (piD) = —Vp — V- [u(V5 + V5")] + pg, )
where p is pressure, g is gravity acceleration, and u is effective viscosity, which can be

calculated as

I= fm + He 3)
Um is molecular dynamic viscosity, and p, is turbulent viscosity. In this study, for
acquiring the flexibility on the mesh, realizable k — ¢ two-layer turbulence model and
two-layer all y* wall treatment are used [Versteeg and Malaasekera, 1995; Liu et al., 2012;

CD-adapco, 2015]. Therefore u, is calculated by a blending function as follows:

pe = Ateli-e + (1 = Dite|ewo-tayer- 4)
Ut | k—e 1s turbulent viscosity derived from the realizable k — € model (Shih et al.,
1995), and p¢|two-1ayer is turbulent viscosity derived from a two-layer formulation
through the Wolfstein model [Wolfstein, 1969]. 4 is a blending factor, which is a function
of Reynolds number depending on the wall distance [Jongern, 1998]. The VOF model is

applied for simulating and tracking the water-air interface:

day,
at

+V- (Pay,) =0, (5)
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where a,, is the water volume fraction. The fluid density p and molecular dynamic

viscosity p,, become

p=awpyw + (1 —ay)pg, (6)
i = Gyl + (1 — @) lma (7)
where p,, is water density, p, is air density, p,,, is water molecular dynamic viscosity,

and [, is air molecular dynamic viscosity.

In the subsurface domain, because the magnitude of velocities is very small, by
adding a large viscous resistance term for subsurface porous media, the momentum

equation (2) is simplified to [Huang and Ayoub, 2006]

Vp = _ﬁvﬁ 8)
R, is the viscous porous resistance tensor. For the subsurface domain, it can be

assumed as

[ 0 0] 9)
| <H |
= Hm
Rv= 0 E 0
0 0 Hm
ky

ky and ky are the horizontal and vertical permeability respectively.

The simulation domain is divided into two sub-domains: the surface flow region
and the subsurface flow region, which share the river bed surface as the interface. For a
given set of boundary conditions, including the upstream river stage, averaged
upstream river water velocities, the downstream river stage, the model spins up surface
water dynamics to an equilibrium state by assuming the riverbed as a non-penetrable

wall. The pressure field at the river bed surface (Figure S1) and VOF field are then
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extracted from the surface flow region and applied to the subsurface flow domain as the
upper boundary condition. By applying the pressure and VOF boundary conditions on
the river bed, the velocity, pressure, and VOF in the subsurface flow region can be
solved by Egs. (1), (5) and (8). Meanwhile, flow velocities across the river bed can be
solved as well in the subsurface region, and an instantaneous map of simulated
hyporheic fluxes on the river bed is shown in the subsurface flow region in Figure S1.
This coupling strategy is therefore a one-way coupling approach because fluxes on the
river bed are not fed back into the surface flow region to inform its simulation. There
are two main reasons to using the one-way coupling. Firstly, the magnitude of the
hyporheic flux (~ 1 x 107® m/s) is negligible, compared to the velocity of surface water
(~1m/s) in the river channel . Secondly, the turbulent flow velocity profile near the
river bed in the surface flow region is derived from the turbulence wall function
[Versteeg and Malaasekera, 1995; Liu et al., 2012; CD-adapco, 2015] instead of using the
simple Dirichlet boundary condition at the river bed. However, the available wall

functions cannot handle the situation that flux penetrates the boundary wall.

S.2 MASS1 model

The Modular Aquatic Simulation System in one-Dimension (MASS1) model was
developed at the Pacific Northwest National Laboratory. and has been applied to a
variety of problems in the Columbia River basin. Richmond et al. [2002] applied MASS1
to analyze several dissolved gas reduction strategies for Columbia and Snake River
dams; Richmond and Perkins [2002] used MASSI to simulate temperature in the lower
Snake River; McMichael et al. [2005] estimated dewatering time histories at a salmon
spawning location using MASS1; and MASS1 was used by Tiffan et al. [2002] to supply
stage and discharge boundary conditions to a two-dimensional model of the Hanford
Reach. MASS1 simulates steady and unsteady flow in rivers and canals by solving the

one-dimensional, cross-section averaged equations of mass and momentum
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conservations (St. Venant equations). The friction slope used in the momentum
equation was derived based on Manning’s equation with the Manning’s n values
ranging from 0.022 to 0.029 for the Hanford Reach. This range is consistent with

measured values.

Calendar years 1998-2000 were used to validate the MASS1 model simulation
results. In each simulated year, there was a strong linear relationship between
simulated and observed stage. The R? values between the stages were greater than 0.9
during the validation period with average bias about £0.03m. Generally, MASS1
simulated hourly stage with an MAE of less than 0.15m and with a bias of less than 0.06
m, indicating that the MASS] results were very close to the observations at the hourly

basis.
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