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Abstract

Hyporheic exchange between a river channel and its floodplain region assists in mediating
processes such as nutrient removal and temperature regulation. Floodplain restoration in the form
of levee setbacks are often carried out to improve the hyporheic exchange. In this study Light
Detection and Ranging (LiDAR) data were used along with the head data from observation wells
and stage data from rivers to setup and calibrate a groundwater model for 458km? of area within
Gap to Gap reach of the Yakima River, WA. This area has witnessed several efforts of floodplain
restoration in the form of levee setbacks. The groundwater model was used to quantify hyporheic
flow emerging from the Yakima River in steady and transient states during pre-restoration (using
LiDAR data of 2008) and post-restoration period (after levee setback using LiDAR data of 2013).
The comparison of results from the model runs during pre and post-restoration periods showed
that the length of the pathlines increased after levee setback for both steady and transient state
model simulations. The largest increase of about 62m was noticed in the month of September 2014
(pre: 398m and post: 460m). The study also showed that the direction of the flow changed
following levee setback, expanding the area for hyporheic flux exchange between surface and
groundwater. The model run during transient state also suggested that pathlines were longer during
drier months compared to wet months. Overall, the study showed that levee setbacks improved the
hyporheic connection between surface and groundwater in the Yakima floodplain which
demonstrates that levee setback can provide a valuable hydrologic tool to restore ecosystem
processes in previously leveed rivers.
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1. Introduction

The movement of water between river channel and floodplain plays a crucial role in
influencing the river ecosystem (Poff et al., 1997) and over the years, its study had gathered
considerable interest (Stanford and Ward, 1993, Ward et al., 1999, Forshay and Stanley,
2005, Helton et al., 2014, Stoffels et al., 2016). Some of this research has focused
specifically on the hydrology of the hyporheic zone, defined as the region where
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groundwater and surface water interaction takes place (Dahm et al., 1998, Faulkner et al.,
2012). Realizing the importance of connectivity between river and floodplain and their role
in designing the habitats in flood plain areas (Snyder et al., 2002, Stanford et al., 2002), tens
of thousands of river restoration projects have taken place across the world and will continue
as infrastructure ages (Doyle et al., 2008). In the United states alone there were 37,099 river
restoration projects as listed in National River Restoration Science Synthesis (NRRSS)
database as of July 2004 (Bernhardt et al., 2005), many of which intend to enhance
connectivity between river and floodplain.

In view of this, it is also essential to evaluate the effects of implementing restoration projects
to benefit ecosystems (Gonzalez et al., 2015, Pess et al., 2005). Several studies have
investigated the effect of river and stream restoration and connectivity on the hydrology and
water quality (Tockner et al., 1998, Gergel et al., 2002, Singer and Dunne, 2004, Singer and
Dunne, 2006, Bukaveckas, 2007, Kroes et al., 2015, Ahilan et al., 2016). Other
ecohydrologic benefits of hyporheic flow in floodplains have also been studied (Rains et al.,
2004, Singer et al., 2014, Sargeant and Singer, 2016). Different methods have been applied
to assess the effects of restoration projects on the hydrology and ecosystem. For instance,
Tague et al., 2008 used statistical modelling to study the effects of channel restoration on the
hydrology of the streamflow and groundwater at EI Dorado County, California. The results
from their statistical analysis indicated that the streamflow during snowmelt recession
increased significantly after restoration. This was attributed to lower channel gradient from
the infilling of the channel and greater storage in the riparian channel. Heine and Pinter
(2012) studied the before and after effects of levees on the floodplain by using regression
residual analysis to compare the step-trends in the stage discharge curves before and after
levees. It was found that flood conveyance capacity reduces after the levee constructions due
to the shortening of floodplain width. Apart from the use of empirical models, a finite
difference groundwater model, MODFLOW (McDonald and Harbaugh, 1984) has been used
effectively to study the effect restoration projects on groundwater flow (Kasahara and Hill,
2006, Rogiers et al., 2011, Traum et al., 2014).

Although MODFLOW has been applied to restoration hydrology research, there is limited
evaluation of hyporheic flow pre and post restoration in large river floodplain systems.
Kasahara and Hill (2006) studied the effect of stream restoration on flow in the hyporheic
zone in some lowland streams in Toronto, Canada. Surface and groundwater interactions in
degraded lowland streams were improved by constructing riffles and steps. Rogiers et al.
(2011) developed a transient MODFLOW model to study the effect of river restoration on
the local groundwater and ecological system. It was noticed in the study that the high-
resolution transient modeling considerably improved the assessment of groundwater
fluctuations. While MODFLOW can be used to assess the impact of restoration on the
groundwater and surface water interaction, it is often difficult to compare the hydrology of
the system pre and post-restoration due to data limitations. This evaluation of hyporheic flow
in floodplains that undergo levee setback that also coincides with necessary hydrologic data
are critical opportunities to advance understanding of restoration in large river floodplain
systems. Thus, there is a critical need to develop example groundwater model systems that
can demonstrate the before and after effects of restoration projects on the hyporheic flow,
particularly with respect to levee setback and large river reconnection. Further, to better
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understand the seasonality of river discharge effects, the application of transient models can
elucidate the temporal variations in the hyporheic flow and inform future river floodplain
management decisions.

The Gap to Gap reach of the Yakima River, Washington (Fig. 1) has experienced nearly 50
floods since 1894 with the largest flood in 1933 (Yakima County, WA, 2006-2016), which
led to the construction of a federal levee system (Anchor and LLC, 2014). Levees were
constructed for controlling erosion and flood protection. While levees are intended to
prevent overbank flows (Heine and Pinter, 2012), they can adversely affect the river
floodplain ecosystems through loss of connection between river and floodplain (e.g. Poff et
al., 1997, Gergel et al., 2002). Considering the importance of hydrologic connectivity
between river channel and floodplains (Snyder et al., 2002, Stanford et al., 2002), the
floodplain restoration in Gap to Gap region of Yakima Watershed was undertaken to
improve flood control and to preserve the habitat of salmonids (Snyder and Stanford, 2001).
The restoration is being done through levee setback which is a commonly used hydro-
geomorphic strategy that focuses on alteration of water to initiate modifications in the
ecosystem (Gonzélez et al., 2015). In other words, during levee setback levees are moved
further away from the river to improve the river floodplain ecosystem. While it is assumed
that the levee setback improves the connectivity between surface and groundwater in flood
plain areas, to the best of our knowledge the effect of levee setback on the direction and
length of pathlines of hyporheic flow has not been studied. So the hypothesis of the study
was that levee setbacks improve the surface water and groundwater connection in the
floodplain regions.

In an earlier attempt to study the groundwater hydrology and chemistry in the Yakima
Watershed, a MODFLOW model used by USGS for the entire Yakima River Basin (Ely et
al., 2011). The Yakima Basin covers 16,058km? and it was represented in the MODFLOW
grid using 600 rows and 600 columns with a uniform length of approximately 305m. In our
study, we focus on the Gap to Gap region which is a part of Yakima Basin (Fig. 1), using a
groundwater MODFLOW model with much finer resolution for grid size. In the model
developed by USGS the aquifer was considered as confined, while in this study the model is
developed with an unconfined aquifer. This will help describe the hydrology of Gap to Gap
region in greater depth and aid in the analysis of hyporheic flow in unconfined zone. In
addition to the MODFLOW model we will use a particle tracking system, MODPATH
(Pollock, 1994) to track the flow pathlines for particles emerging from the Yakima River.
Length of the pathlines and their residence time will be used to evaluate the changes in the
areal extent of hyporheic exchange due to levee setbacks. For instance, longer pathlines
should correspond to larger area for hyporheic exchange.

Hyporheic exchange between river and floodplains not only improves the hydrologic
connectivity between surface and groundwater, it may help regulate stream temperature
(Fernald et al. 2006), improve biological connectivity (Stanford and Ward, 1993) and
nutrient removal (Hill et al., 2000, Forshay and Stanley, 2005). The overall goal of this study
is to determine the effect of floodplain restoration activities (specifically levee setback) on
the hydrology of the study area. The specific objectives were to: (i) parameterize a
groundwater model for the Gap to Gap region of Yakima Watershed using MODFLOW; (ii)
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simulate groundwater flow for pre and post-restoration using the LiDAR data from 2008 and
2013, respectively; and (iii) compare hyporheic flow pathlines emerging from Yakima River
for pre and post-restoration.

2. Methodology

2.1. Study area

The Gap-to Gap region is a part of the Yakima basin (Fig. 1a) bounded by Selah Gap in the
North and Union Gap from south. It is located in Yakima County, Washington (Fig. 1b) and
is drained mostly by the Yakima River. The Yakima River originates from Cascade
Mountains, converges with Naches River (north-west of the study area; Fig. 1a) and
confluence with Ahtanum Creek (south west of the study area; Fig. 1a) and finally joins
Columbia River. It travels a distance of approximately 14km from Selah Gap to Union Gap
(Gap to Gap). The climate of study area (Fig. 1c) is mostly semi-arid and it receives
approximately 0.2m of precipitation with the majority occurring between October and
March. It encompasses an area of approximately 458km2.

The study area geology is a part of the Columbia River Basalt Group (CRBG, formed by
sequences of lava flows of basalt during Miocene Epoch. Since then it has experienced
subsidence and other compressions resulting in folds and faults (Tolan et al., 2009). These
folds and faults act as barriers with low permeability to groundwater flow (Burns et al.,
2015). In addition to the basalt faults and folding, the study area comprises of the lowlands
where CRBG is overlain by consolidated and unconsolidated sedimentary deposits (from the
Quaternary age). For additional details about the geology of Yakima River Basin, refer to
Fuhrer et al., 1994, Jones et al., 2006.

According to the National Land Cover Database of 2011, obtained from Multi-Resolution
Land Characteristics Consortium (Homer et al., 2015), approximately 23 percent of the
study area is developed open spaces, and residential areas. The rest of the study area is
dominated by shrubs (36.9%), followed by agricultural (27.7%) and pasture (8.2%) land.

2.2. Digital elevation data

The topographic input data, such as elevation and slope for the watershed and its elements
(rivers, drains, observation wells), were obtained from the Light Detection and Ranging
(LiDAR) data collected during flights in 2008 and 2013. The data were obtained from
Yakima County and were collected using aircraft by Quantum Spatial (Sheboygan,
Wisconsin) for Rogers Surveying, Inc. (Richland, Washington). LiDAR data were verified
using surveyed data collected at various check points along Yakima and Naches River.
Maximum and minimum error on comparing LiDAR data with the checkpoints was 0.2m
and —0.08m with an average of 0.03m. The LiDAR data obtained in 2008 is representative of
the topographic conditions before the restoration (levee setback) and the 2013 LiDAR data
represent conditions post-restoration in the form of levee setback. Fig. 2 presents a
comparison of the channel cross-sections obtained from the two datasets for transects at two
different places along the Yakima River. While, at the first transection A (Fig. 2), the levee
was setback by about 200m towards the southeastern side, at the second transect, B, levee
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was setback by about 330m towards west. Similar levee setbacks were achieved at other
places along the Yakima River.

2.3. Hydrologic data

Observation wells were installed by the US EPA Office of Research and Development in the
study area. Groundwater table elevation data were collected between 2013 and 2015 for 5
different wells (BHP 531, BHP 533, BHP 534, BHP 536, and BHM 931) located on either
side of the Yakima River (Table 1; Fig. 1). The data were collected using leveloggers from
Solinst (Solinst Canada Ltd., Ontario, Canada). Water table elevation data from wells were
compensated using the Barologger data. Barologger data were downloaded from weather
station network, AgWeatherNet managed by Washington State University (http://
weather.wsu.edu/?p=88650). The weather station is located approximately 10km east of the
Yakima River at Moxee, WA (Fig. 1).

River stage data were obtained for Yakima River (USGS station 12500450 at Union Gap)
and Ahtanum Creek (USGS station 12502500 at Union Gap) from USGS website. Fig. 3
presents river stage data (m) for Yakima River and Ahtanum Creek along with the
precipitation data (mm) from weather station located at Moxee, WA (Fig. 1), obtained from
AgWeatherNet (http://weather.wsu.edu/?p=92850). The stage at Ahtanum Creek was
slightly higher than Yakima River. The flow in Yakima River is regulated by dams and
irrigation canals.

2.4. Hydrogeological units

2.5.

Borehole data were collected by the US EPA Office of Research and Development from
various locations (n=668) in the study area with the deepest cross-section at approximately
490m below ground surface. Although the exact locations of the boreholes were unavailabel
from the data logs, the sections in a township where the boreholes were located were known.
For the purpose of constructing hydrogeology of the study area to setup the groundwater
model, the locations of the boreholes were determined by generating random points within
different sections of various townships. The randomization of borehole locations was
achieved by using “Create Random Points” tools from ArcToolbox (ArcGIS version 10.3).
The data from borehole logs were narrowed down to five types of soil materials, the first two
material types consisted of larger particles (sand and gravel), third material type included
particles smaller than sand (such as silt and clay), basalt was recognized as the fourth
material category and strongly cemented material of sand, clay and gravel was also found
during the borehole data collection which was categorized as the fifth material type,
cemented. The median and range (maximum, minimum and interquartile range (IQR)) of
hydraulic conductivity (m/day) obtained using slug test for all the categories are presented in
Table 2. The borehole data were used to simulate the hydrogeology of the study area. Details
about the model setup are presented in next section.

MODFLOW and MODPATH

A groundwater flow model was setup for the Gap to Gap region of Yakima, Watershed using
MODFLOW model developed by USGS (MODFLOW-2005, Harbaugh, 2005). The
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principal equation solved in the model for simulating ground-water flow is (McDonald and
Harbaugh, 1984)

d oh 0 oh d oh oh
E(Kxxa) + a—y(Kyya—y) + a_Z(KZxa_Z) = SSE -W 1

where /1is potentiometric head (m); Kyx, Kyy refers to the values of horizontal hydraulic
conductivities (m day 1) in the direction of xand y coordinate axes and K, to the vertical
hydraulic conductivity (m day1) along the zaxis; Ss is the specific storage (m™1) of the
porous media, Wis a volumetric flux per unit volume into or out of the groundwater system,
representing sources of water such as precipitation and sinks such as evapotranspiration.
Various options exist to solve the finite difference approximation to the above equation; in
this study Preconditioned Conjugate-Gradient 2 (PCG2: Hill, 1990) package was used to
solve the groundwater flow equations.

The study area is comprised of CRBG units and the permeability of CRBG units declines by
several orders of magnitude at depths below 600m from the ground surface (Ely et al.,
2014). The groundwater model for Gap to Gap region was developed as a single layer
unconfined aquifer with a depth of 600m. The bottom of the layer was considered as a no-
flow condition. The elevations for top surface of each cell were obtained by mapping the
model to LiDAR data. The model was discretized into 220 rows and 660 columns. Vertical
discretization was obtained using Hydrogeologic Unit-Flow (HUF) package (Anderman and
Hill, 2000) as implemented by a user interface known as Groundwater Modeling System
(GMS version 8.3; AQUAVEDO, Provo, Utah). The HUF package was used to divide the
thickness of model into several hydrological layers based on the borehole data. This package
also provides a convertible option which allows the simulation of fluctuating saturation
condition within an unconfined aquifer by the substitution of specific yield for specific
storage in the above equation. The specific yields for the materials were obtained from a
U.S. Geological Survey report prepared by Heath (1983) as gravel: 0.19, sand: 0.22, clay:
0.02, basalt: 0.08. For cemented material the specific yield was assumed to be 0.19, since
most of the cemented material were composed of gravels.

Transitional Probability Geostatistical Software (T-PROGS; Carle, 1999) was used for
simulating geology of the study area using boreholes data. GMS does not allow layers with
single sequence to be used in construction of the hydrogeology for the MODFLOW model,
so the borehole data from the borehole logs that only had one sequence were eliminated.
Finally, 1,688 data points (from 266 individual boreholes) were used for creating
MODFLOW layers.

Several individual packages are provided in MODFLOW to represent the boundary
conditions for any specific site and to simulate the hydrologic system. The packages that
were used for model setup of Gap to Gap region in Yakima watershed included River,
Barrier, Drain, Recharge and Evapotranspiration package. The details about these packages
can be found at Harbaugh, 2005.

The study area is bounded on all the sides by intense folds of the Columbia River Basalt
Group. The hydrologic barriers present due to low hydraulic conductivities of the CRBG
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units were used as the boundary conditions of north, east, west and south east side of the
model (Fig. 4). The barriers were classified into three categories based on their hydraulic
characteristic (hydraulic conductivity/width of the horizontal flow barrier) values which
were obtained from the MODFLOW model developed by USGS for the Yakima Basin (Ely
etal., 2011): Low (0.000005day~1; northern boundary), Medium (0.000039day1; eastern
boundary) and High (0.00042day~1; western boundary). Ahtanum River was used to
represent the southwest boundary of the groundwater model (Fig. 4). The River package was
used to represent the surface and groundwater interactions of Yakima and Ahtanum rivers
(McDonald and Harbaugh, 1984) as,

0= C(hl - hz) 2

where, Qis the flow between surface and groundwater, Cis river conductance, /1, is the
elevation of the river bottom and can be estimated from the LiDAR data and /4, is the head in
the river. The value of riverbed conductance can be obtained by calibration. Details about
calibration process are presented in the next section. Drain discharge is also estimated using
similar equation by replacing riverbed conductance with the drain conductance. The
locations of drains were obtained from the National Hydrography Dataset obtained from
USGS.

A particle tracking system, MODPATH (Pollock, 1994), was used to generate pathlines of
hyporheic flow in the form of groundwater emerging from Yakima River. The pathlines were
generated from points generated adjacent to the Yakima River. The hyporheic flows were
compared for MODFLOW models developed using LiDAR data from the years 2008 and
2013. The analysis of these pathlines could also be used to reveal temporal changes in the
movement of groundwater in the hyporheic flow between the river and its floodplain during
different times of year.

2.6. Model calibration and validation

The model was calibrated using Parameter Estimation (PEST version 12.2) in two phases.
The model independent PEST, calibrates the model by minimizing the least square error
between the model simulated and observed value using an algorithm developed by Doherty
(2016). In the initial phase model was run in steady state for the data corresponding to
February 1, 2013 and was calibrated to obtain the optimum values for hydraulic
conductivity, river and drain conductance by minimizing the simulated and observed head at
the observation wells. It is important to note that no precipitation was observed on February
1, 2013. The heads achieved using the calibrated model for steady state were used to provide
starting head for the transient state model. In the second phase, the model was run from
February 1, 2013 to September 5, 2013 and was calibrated again to obtain optimal values for
river, drain conductance, and specific yield to accurately represent the transient behavior of
the five wells in the study area.

In the validation phase, parameters obtained after the calibration were used to run the
MODFLOW model from September 8, 2013 to June 24, 2015. It should be noted that for the
validation phase, data were not availabel for observation wells BHP531 and BHP536
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between September 8, 2013 to November 10, 2013, so for these two wells observed and
simulated head values were compared between November 11, 2013 to June 24, 2015.

Hyporheic flow before and after levee setback in steady state

The pathlines for hyporheic flow were developed using MODPATH by generating particles
at the cells adjacent to the Yakima River. In order to compare the pathlines during pre and
post-restoration (levee setback) conditions, the MODFLOW and MODPATH models were
run using LiDAR data from 2008 and 2013 in steady state. The length, time and velocity
attributes of the pathlines emerging near the transects A and B (Fig. 2), before and after
levee setback (using 2008 and 2013 LiDAR data) were compared visually (using figures)
and compared statistically. All the statistical analyses were conducted using R software (R
3.2.5). The attributes of the pathlines were checked for normality using Shapiro-Wilk test
(Shapiro and Wilk, 1965) and the differences in their medians were compared using Mann-
Whitney test (Mann and Whitney, 1947).

2.8. Hyporheic pathlines during transient period

The transient MODFLOW model was run on monthly basis for entire calibration and
validation period. Subsequently, MODPATH was used to generate hyporheic lines emerging
from the Yakima River. It should be noted that although the calibration and validation were
conducted on daily basis, due to the computational limitations, pathlines were generated
using MODFLOW and MODPATH runs on monthly basis. The length of pathlines and their
residence time were compared visually using boxplots and statistically using Mann-Whitney
test (Mann and Whitney, 1947). A statistical test, Thats (De Livera et al., 2011) was
conducted to detect any seasonal trends.

3. Results and discussion

3.1

This section presents the results from MODFLOW model simulations during steady and
transient state, along with the hyporheic flow pathlines results from MODPATH simulations.

Model calibration

In the initial phase, the model was setup for steady state using the observed data for various
elements such as heads at the observation wells, river stages for the Yakima River and
Ahtanum Creek and precipitation and evapotranspiration on February 1, 2013. The model
was calibrated for heads at all the observation wells. Model parameters used for calibration
include hydraulic conductivity, river and drain conductance. The river conductance
multiplier values were 71.70m? /day and 5.22m?/day for Yakima River and Ahtanum Creek,
respectively. Drain conductance was estimated as 607.49m? /day using parameter estimation.
The hydraulic conductivity values for gravel, sand, clay, basalt and cemented material were
378, 66.83, 6.00, 1.05, and 0.66m/day respectively. Results of the observed and computed
heads for the observation wells are presented in Table 3. While the mean absolute error was
0.34m, the maximum absolute residual head was 0.43m for southernmost well BHP 533 and
minimum residual was for the northernmost well BHP 536 (Table 3). According to one of
the criteria for evaluating model calibration results, the residual head should be less than
10% of the variability in the field data across the model domain (Khadri and Pande, 2016).
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The low residual values for observation wells (compared to 10% variability in field data,
1.70m) suggest that model was calibrated appropriately for heads at all the grids. It is
important to note that no precipitation was observed on February 1, 2013.

3.2. Transient calibration

In the second stage, the model was calibrated during transient state (transient calibration)
with the first day (February 1, 2013) as the steady state. The model was further calibrated to
improve the groundwater simulations during the transient state from February 1, 2013 to
September 5, 2013. The drain conductance value obtained after calibration during transient
run was 975.18m?2/day. While the optimum value for the conductance of Yakima River
estimated after the calibration during transient period was 87.79m?/day, the conductance for
Ahtanum River (5.22m?/day) remained unchanged after transient calibration. This could be
due the fact that the observation wells are in close proximity to Yakima River (Fig. 1),
rendering the value of conductance of Yakima River critical for better estimation of heads at
the observation wells. In contrast, Ahtanum Creek is farther away from the observation wells
(Fig. 1) and changes in the conductance of Ahtanum River did not improve the simulated
heads at the observation wells. Further alterations to the values of other parameters did not
improve the model performance. The results from the transient calibration are presented in
the form of plots for the five observation wells (Fig. 5). It can be noticed that although the
model was able to predict mean behavior of the transient heads at the observation wells, it
was not able to capture the peaks and the magnitude of several other fluctuations. The model
performance can be improved by using more accurate boundary conditions (Chinnasamy
and Hubbart, 2014). For instance, the boundary on southwest side was represented by using
River package for Ahtanum creek, and observed stage data were only availabel for the
downstream end and the upstream data were interpolated. The model performance could
improve if the observed data were availabel for the upstream end as well. Similarly, this
could also be attributed to the rainfall data which were obtained from the gauge located at
Moxee, WA. Rainfall data for the period of our study were not availabel at any other rain
gauge closer to the study area. The model simulations can also be further improved with
gauge adjusted higher resolution Next Generation Radar (NEXRAD) rainfall data (Skinner
etal., 2009).

Model performance during the calibration period was also measured using different
statistical parameters (Table 4). Mean error (Me) between observed and simulated heads at
different observation wells was between —0.36m and 0.27m. Maximum error was highest for
observation well BHP 536 (1.15). Compared to other wells, the observed head at BHP 536
was behaving differently during the calibration period. While the observed head at BHP 536
was decreasing until 4 April 2013, after that the head kept on increasing and was highest at
the end of the calibration period (306.7m), resulting in maximum error (Table 4). In contrast
to the observed heads at other wells it is possible that some malfunction occurred with the
levelogger at observation well BHP 536, during the data collection. Other small differences
between the observed and simulated heads at the observations can be attributed partially to
the variation in river width and the grid cells of the model (Brunner et al., 2010).

Ecol Eng. Author manuscript; available in PMC 2020 January 06.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Singh et al. Page 10

3.3. Transient validation

The validation was conducted by running the model from September 8, 2013 to June 24,
2015. The results from the validation are presented in the graphs (Fig. 5). Data were not
availabel for BHP 531 and BHP 536 for the period between September 8, 2013 to November
10, 2013. Similar to the observation in calibration phase, it was noticed that while the
simulated data for BHP 536 followed the same trend as other wells, the observed heads for
BHP 536 had different trend compared to observed heads at other wells. The model
performance was also evaluated using statistical measures (Table 4). Maximum residual was
for BHP 531 well (1.64m) on January 6, 2015 during validation period. This could be
attributed to the rainfall data. For instance, while the peak groundwater level was observed
on January 6, 2015, rainfall was not detected by the gauge. Overall, the lower range of mean
errors (—0.39 to 0.27) and mean absolute errors (0.16 — 0.53) suggest that model was able to
simulate fluctuations in the ground water levels during the transient period in the Gap to
Gap.

3.4. Pre and Post-restoration hyporheic flow

3.4.1. Hyporheic flow during steady state—Hyporheic flow pathlines were
obtained by generating particles at the grids adjacent to the grids representing Yakima River
and were tracked using MODPATH. The pathlines were obtained by using head solutions
obtained from calibrated model at steady state condition on February 1, 2013. In an attempt
to compare the pathlines from pre and post-restoration (levee setback) periods, the model
parameterized using LiDAR data from 2013 was also run in steady state using the LIDAR
data of 2008. The pathlines created for the particles generated adjacent to the Yakima River
were compared for the models with LiDAR from 2008 and 2013 (Fig. 5). It was observed
(visually from Fig. 6) that pathlines for the hyporheic flow were longer after levee setback
(using 2013 LiDAR data). The longer pathlines corresponds to the greater spatial extent of
hyporheic zone resulting in larger area for ecosystem processes such as improved microbial
activities and greater nutrient retention (Kasahara and Wondzell, 2003, Lautz and Siegel,
2006). Konrad et al. (2008) documented that levee setback resulted in an improved river-
floodplain connectivity and increase in aquatic habitat area in glacial-melt water rivers.
While, it was observed that near Transect A, the direction of flowlines shifted anti-clockwise
moving from south and southeast towards east, the direction of flowlines near the Transect
B, changed clockwise from southeast to south and southwest. The shift in flow directions of
the hyporheic flow pathlines due to levee setback resulted in more area for connectivity
between the river and the floodplain.

The Shapiro-Wilk normality test was conducted on the attributes of hyporheic pathlines
(length, time and velocity) near transects A and B (Fig. 6) before and after levee setback.
The sample data for all the attributes passed the normality test (with p-value higher than
0.05), except for time taken for pathlines at Transects A during post-restoration which was
almost normal with a p-value of 0.05. The medians of the attributes of pathlines are
presented in Table 5. The results from the Mann-Whitney test established that the median
length of hyporheic pathlines increased significantly after restoration, suggesting that levee
setback helped in the increase of surface and groundwater interaction. It was noticed that the
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residence time for the pathlines near the transects reduced significantly after levee setback
resulting in increased velocity at which the water travels.

The normality test conducted on the attributes for all the pathlines emerging from Yakima
River within Gap to Gap region during pre and post-restoration suggested that data were not
normally distributed for most of the attributes. Hence, the non-parametric Mann-Whitney
test was conducted to test the statistical difference between the medians of the attributes of
pathlines from pre and post-restoration periods. The results from the Mann-Whitney test
(Table 5) also revealed that while the travel time of pathlines reduced significantly after
restoration, the length of all the pathlines were significantly greater after restoration. This
shows that overall, for the shorter residence time the area of hyporheic zone increased
significantly after the restoration. In other words, surface and groundwater interaction area
increased after levee setback.

3.4.2. Transient period-hyporheic lines—Hyporheic flow pathlines were generated
during calibration period (February 2013 — September 2013) and validation period
(September 2013 — June 2015) for pre (before levee setback using LiDAR data from 2008)
and post-restoration (after levee setback using LiDAR data from 2013). The results from the
model simulations in the form of length of pathlines and their residence time for different
months are presented for pre-restoration (Fig. 7) and post-restoration (Fig. 8) periods. The
residence times of the hyporheic pathlines during pre and post-restoration periods varied
between 30days — 225days and 30days — 274days, respectively. Longest pathlines during
both pre and post-restoration periods (Fig. 9) occurred during September 2014 (pre:
398.19m and post:460.57m) which was relatively drier month with an average rainfall of
0.27mm. In contrast May 2013 during which the Gap to Gap region experienced highest
amount of average rainfall (1.88mm) had much shorter pathlines of 137.2m and 160.9m for
pre and post-restoration periods, respectively. Faulkner et al., 2012 also encountered similar
results with longer pathlines during wet seasons compared to drier seasons in their study of
hyporheic flow patterns in river floodplain. During drier periods, hyporheic flow follows
deeper potentiometric surfaces compared to wet periods (Faulkner et al., 2012), resulting in
early re-emergence of hyporheic flow to the surface. Overall, the longer pathlines occurred
during the months of August to October (Fig. 9). Shorter pathlines were observed near the
barriers on upstream and near the boundary at downstream. The shorter pathlines near the
boundaries could be attributed to the low hydraulic conductivities of folds and faults from
basalt layer since hydraulic conductivity has been identified as one of the dominating factors
in controlling the extent of the hyporheic flow (Lautz and Siegel, 2006). For the entire time
period of transient model simulation, most of the hyporheic flow was directed away from the
river in southeast direction. A trend was also noticed in the boxplots (Fig. 7, Fig. 8) with
longer pathlines during September to February. Although trends were noticed in the time
series boxplots representing the length of the pathlines, results from the Thbats test suggested
that they were not statistically significant.

The length of pathlines obtained during different months for pre and post-restoration periods
did not pass the normality test conducted using Shapiro-Wilk test. A non-parametric test,
Mann-Whitney test was used to compare the medians of length of hyporheic pathlines
during different months for the entire period (February 2013 — June 2015). The test showed
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that significant difference (P<0.001) exist between the length of pathlines obtained for each
month during pre and post-restoration. The monthly average increase in the median length of
pathlines after restoration was 28% during the transient period. The standard error of
increase was estimated to be 1.30m. The biggest difference between the medians (44.9m)
was observed in the month of September 2014. Overall, the comparisons of the pathlines
during pre and post-restoration periods showed that after levee setback, a larger area of river
connected flood plain corresponded with greater hyporheic flow.

This work shows that levee setback and a larger area of river connected floodplain with
greater groundwater and surface water interaction provides the hydrologic structure and
opportunity for more hyporheic ecosystem processes. Although the effects of river
connection (Kondolf et al., 2006) and the drivers of hyporheic flow (Poole et al., 2006) are
complex. An expanded hyporheic zone with more hydrologically connected floodplain area
may enhance biogeochemical cycling (Fischer et al., 2005) with more opportunity for
biogeochemical reactions in the surface (Forshay and Stanley, 2005), subsurface (Hill et al.,
2000), and carbon-rich wet fringe (Forshay and Dodson, 2011) of the floodplain that include
processes such as nitrification, denitrification, metal redox and immobilization. These
processes can result in the retention of excess nutrients, pathogens and metals (Herzog,
2016). This restored hydrology may also support greater diversity of habitat in the surface
and subsurface (Sedell et al., 1990, Stanford and Ward, 1988). Thus, the restoration of
floodplains that include levee setback could be useful in improving the ecosystem of the
river and its adjacent floodplains. This study provides a base for evaluating hydrological
changes that occur due to levee setback, future studies should further investigate the
ecological changes that occur when hyporheic flow and floodplain reconnection occurs to
ensure that the desired ecosystem processes and associated restoration goals are achieved. In
addition to this hydrologic study further evaluation of the ecosystem outcomes will be a
valuable future contribution to improve restoration efforts where large scale hydrologic re-
connection and enhanced groundwater and surface water interaction has been achieved
through levee setback.

4. Conclusions

The parameterized groundwater model was used to study the effects of floodplain restoration
on hyporheic flow in Gap to Gap region of Yakima Basin during steady and transient states.
The attributes of hyporheic flow pathlines generated from the particles adjacent to Yakima
River were compared for pre and post-restoration periods. It was noticed that at two
transects along the Yakima River where levee setback occurred, there was change in the
directions of hyporheic pathlines. The change in the directions of the pathlines resulted in
wider area of coverage and likely surface water and groundwater interactions. Statistical
tests conducted to compare the lengths of the hyporheic pathlines for pre and post-
restoration conditions, showed that restoration in the form of levee setback resulted in
increase in the length of pathlines after floodplain restoration. Model simulations during
transient state showed that the longest pathlines during both pre and post-restoration (pre:
398.19m and post:460.57m) occurred in relatively drier periods. Overall this study supported
the hypothesis that flood plain restoration efforts in the form of levee sethack should
improve the hyporheic flow in the floodplain regions. The improved hyporheic flow and

Ecol Eng. Author manuscript; available in PMC 2020 January 06.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Singh et al. Page 13

river reconnection to greater floodplain area should improve the ecosystems conditions that
support more opportunities for enhanced biogeochemical processing, improved water
quality, and restoration of habitat to occur.
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Highlights

Floodplain restoration in the form of levee setback can improve hyporheic
flow between rivers and their floodplain region.

Hyporheic pathlines emerging from the rivers tend to be relatively longer
during drier periods.

MODFLOW can be used to assess the impact of floodplain restoration
activities on river and floodplain ecosystem.
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Fig. 1.
(a) Yakima basin with Rivers: Yakima, Naches and Ahtanum Creek; (b) map of Washington

State with the location of Yakima Basin; (c) LiDAR imagery (1m horizontal resolution) of
the Gap to Gap study area along with Yakima River (blue line) and the locations of
observation wells (black hexagons) and weather station (black star).
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to December 31, 2015. Precipitation data obtained from weather station at Moxee, WA is
also presented for the same period.
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Fig. 4.

Conceptual model showing boundary conditions (Barriers and Ahtanum River), along with
Yakima River, Drains and locations of observation wells.

Recharge and evapotranspiration were specified for the top face of the model.
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Fig. 5.
Spline curves presenting observed and model simulated heads for five wells near Yakima

River during calibration and validation periods of the transient state model simulations.
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Fig. 6.

Pathlines of hyporheic flow emerging from particles located adjacent to the Yakima River
generated using MODPATH model with LiDAR data (a) before levee setback from 2008 and

(b) after levee setback from 2013.
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Fig. 7.
Boxplots of the length and residence time of the hyporheic flow pathlines emerging from

Yakima River during pre-restoration (using LIiDAR data from 2008) for January 2013 — July
2015.
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Fig. 8.
Boxplots of the length and residence time of the hyporheic flow pathlines emerging from

Yakima River during post-restoration (using LIiDAR data from 2013) for January 2013 —
July 2015.
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Fig. 9.
Monthly median and maximum lengths of the hyporheic flow pathlines emerging from

Yakima River during pre and post-restoration periods (using LiDAR data from 2008 and
2013) for January 2013 — July 2015.
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Location of the observation wells (latitude and longitude) along with their ground surface elevation and

installation date.

Table 1.

Well Installation date  Latitude Longitude Elevation (m)
BHP531  1/26/2013 46.61049 -120.48377 318.6
BHP533  1/29/2013 46.57737 -120.45779 301.9
BHP534 1/29/2013 46.57630 —-120.45751 301.6
BHP536  1/31/2013 46.58553 -120.47556 311.5
BHM931  1/24/2013 46.58014 -120.46517 305.4
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Table 2.

Page 28

Hydraulic conductivities (m/day) of the materials obtained from slug tests in Gap to Gap region of the Yakima

Watershed.
Material ~ Number of samples  Minimum Maximum IQR* Median
Gravel 9 11.66 711.44 1750 4431
Sand 23 0.66 286.08 19.77  6.45
Clay 4 0.94 6.00 3.03 3.94
Basalt 3 1.05 1.05 3125 1.05
Cemented 2 0.66 0.71 0.03 0.69

*
Inter Quartile Range.
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Table 3.

Page 29

Comparison of observed and simulated heads at the observation wells after calibration of the model during

steady state.

Well Observed Simulated Residual
BHP 531 (m) 316.82 316.41 0.41
BHP 533 (m)  300.44 300.86 -0.43
BHP 534 (m)  300.06 300.41 -0.35
BHP 536 (m)  305.84 305.67 0.17
BHM 931 (m) 302.68 303.07 -0.36
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Table 4.

Page 30

Comparison of observed and simulated heads at the observation wells during calibration and validation periods

for the transient state model simulations.

Calibration Validation

n Me(m) Ma(m) Mx(m) n Me(m) Ma(m) Mx(m)
BHP 531 217 -0.15 0.16 031 592 -0.36 0.36 1.64
BHP 533 217 0.13 0.28 0.65 655 0.09 0.34 0.92
BHP 534 217 0.11 0.26 0.61 655 -0.30 0.34 1.16
BHP 536 217 -0.36 0.53 1.15 592 -0.39 0.51 1.35
BHM 931 217 027 0.32 0.74 655 0.27 0.31 1.12

Me=Mean error, Ma=Mean absolute error, Mx=Maximum error.
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Table 5.

Comparison of medians of length, time and velocity of pathlines at transects A and B before and after levee
setback for MODFLOW models in steady state. The medians of length, time and velocity for all the pathlines
are also presented.

Length Time Velocity

Before  After p-value Before After p-value Before After p-value

Transect A 258.42 398.04 <0.001 34412 34233 <0.001 0.75 1.16 <0.001
Transect B 258.04 364.45 0.001 34320 34195 <0.001 0.75 1.07 0.001
Overall 252.65 32400 <0.001 34463 343.02 <0.001 0.74 0.95 <0.001
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